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ABSTRACT

Human cartilage does not have the capacity for parent-like regeneration; instead,

following injury, there is a programmed attempt at regeneration that ultimately results in

fibrocartilage formation. This lack of intrinsic repair has been attributed to the avascular

state of the tissue and chondrocyte dedifferentiation towards a cell incapable of type II

collagen production and with altered responsiveness to the structural and regulatory

mediators within its microenvironment. For several decades, debate has existed regarding

the role Transforming Growth Factor-Beta (TGF-P) plays in modulating articular

cartilage. Blocking of TGF-p signaling in mice by a dominant negative type II TGF-p

receptor and transgenic knockouts of Smad 3, a central mediator of TGF-p signaling,

result in osteoarthritic-like phenotypes, whereas local up-regulation of TGF-p promotes

cartilage healing in degenerative joint disease models.

Despite TGF-p being implicated as a key player In the regulation of chondrocyte

phenotype and extracellular matrix (ECM), little is known about TGF-p action in human

chondrocytes. These investigations have established a critical link between variation in

TGF-p receptor expression at the cell surface and TGF-p action in cartilage. In addition

to the TGF-p signaling receptors, the presence of betaglycan and RIIB (a spliced variant

of the type II signaling receptor) was confirmed on human chondrocytes. Moreover, the

expression of three novel TGF-p receptors was identified, namely Sol RI (a soluble form

of the type I receptor), Alk-l, and endoglin. These receptors formed a variety of

heteromeric complexes and regulated TGF-p signaling. More importantly, RIIB and

endoglin were demonstrated to regulate type II collagen levels and evidence was provided



that they likely represent chondrocyte phenotypic markers. A critical link between

endoglin expression, cell phenotype, TGF-~ responsiveness, and ECM was established.

These results demonstrate the formation of TGF-~ receptor heteromeric complexes of

various subtype composition on chondrocytes suggesting that such complexes may

regulate TGF-~ signaling pathways in those cells. Cell surface TGF-~ binding proteins,

acting as phenotypic markers in human cartilage, are potential modulators of complex

interactions between the cell and its microenvironment. Therefore, novel TGF-~ receptors

may provide an avenue to regulate the effects ofTGF-~ locally and establish new insights

into cartilage regeneration or repair.
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Le cartilage humain n'a pas de pouvoir de regeneration parentale; suite it une blessure,

une tentative programmee de regeneration resulte finalement en une formation de

fibrocartilage. Cette absence de reparation intrinseque est attribuee it l' etat avasculaire du

tissu, la dedifferenciation du chondrocyte en une cellule incapable de produire Ie

collagene de type II, et la sensibilite modifiee aux mediateurs structuraux et regulateurs it

l'interieur de son micro-environnement. Pendant plusieurs dizaines d'annees, il y a eu

debat concernant Ie role joue par Ie Facteur de Croissance Transformant Beta (TGF-~)

dans la regulation du cartilage articulaire. Chez la souris, Ie blocage de la signalisation du

TGF-f3 par l'empressions daim recepteur de type II it dominante negative et l'invalidation

transgenique de Smad 3 - un mediateur central de signalisation du TGF-~ - produisent des

phenotypes analogues it ceux de l'osteite, alors qu'une augmentation locale regulee du

TGF-~ favorise la guerison du cartilage dans les cas d'arthrose.

Bien que Ie TGF-f3 soit un acteur de dans la regulation des phenotypes chondrocytaues

et de la matrice extra-cellulaire (MEC), son action sur les chondrocytes humains est peu

connue. Ces recherches ont permis d'etablir un lien critique entre la variation de

l'expression des recepteurs du TGF-~ it la surface des cellules et l'action du TGF-~ sur Ie

cartilage. En plus des recepteurs de signalisation du TGF-~, la presence de beta-glycans

et de RIIB (produit d'epis sage alternatif du gene du recepteur de signalisation de type II)

a ete confirmee dans les chondrocytes humains. De plus, l' expression de trois recepteurs

atypiques du TGF-~ a ete identifiee, asavoir Ie Sol RI (une forme soluble du recepteur de

type I), l'Alk-l, et l'endogline. Ces recepteurs constituent un assortiment de complexes
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heteromeriques et regulent la signalisation du TGF-~. Mieux encore, il a ete demontre

que Ie RIIB et l'endogline pouvaient reguler les niveaux de collagene de type II; il a

aussi ete prouve qu'ils sont susceptibles de servir d'indicateurs des phenotypes

chondrocytaues. Un lien critique entre l'expression de l'endogline, Ie phenotype des

cellules, la sensibilite au TGF-~, et la MEC a ete etabli.

Ces resultats demontrent la formation de sous-compositions diverses de complexes

heteromeriques des recepteurs du TGF-~ sur les chondrocytes, evoquant la possibilite que

de tels complexes puissent reguler les voies de signalisation du TGF-~ dans ces cellules.

Les proteines de liaison du TGF-~ ala surface des cellules, agissant comme un indicateur

de phenotype dans Ie cartilage humain, constituent potentiellement des modulateurs

d'interactions complexes des cellules avec leur micro-environnement. C'est pourquoi les

recepteurs atypiques de TGF-~ pourraient ouvrir la voie a la regulation locale des effets

du TGF-~ et ainsi etablir de nouvelles perspectives dans Ie domaine de la regeneration et

de la reparation du cartilage.

IV



CONTRIBUTION TO ORIGINAL KNOWLEDGE

I. 1 have characterized the TGF-J3 receptor profile on immortalized nonarticular and

articular and primary articular human chondrocytes using affinity cross-link labeling with

1251_TGF-J31 and 1251_TGF-J32. 1 have confirmed the presence of the TGF-J3 signaling

receptors, RIIB, a spliced variant of the type II signaling receptor, and betaglycan on

human chondrocytes. More importantly, 1 have demonstrated the presence of three novel

receptors not previously recognized on chondrocytes. These include the accessory

receptor endoglin, the orphan receptor Activin Receptor-like kinase-I (Alk-I), and a

soluble form of the type 1 signaling receptor (Sol Rl). The presence of these receptors was

confirmed by immunoprecipitation studies and Western blot analysis.

2. 1 have demonstrated that endoglin is expressed on chondrocytes at levels

comparable to human microvascular endothelial cells (HMEC-I) where it plays a role in

vasculogenesis and neoangiogenesis. Endoglin's role in cartilage, an avascular tissue, is

intriguing.

3. 1 have demonstrated that endoglin and betaglycan form a heteromeric complex on

the chondrocyte surface in the presence of ligand and in a ligand independent manner and

type II receptor (RII) independent manner.

4. 1 have also demonstrated the heteromeric complex formation between Alk-I and

betaglycan as well as Sol Rl and betaglycan both at endogenous receptor concentrations
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and ratios. Similarly, I showed that Alk-l and Sol RI themselves associate on the

chondrocyte surface.

5. I have presented data that overexpreSSlOn of Alk-l and Sol RI results III

enhancement ofTGF-13 signaling in human chondrocytes.

6. I have demonstrated that endoglin is also expressed on DR26, 293, and L6

myoblast cells but at levels less than seen for human microvascular endothelial cells

(HMEC-l) or chondrocytes.

7. I have confirmed the RII independent nature of the endoglin-betaglycan

association and in addition demonstrated that this association occurs in the absence of the

cytoplasmic domain of betaglycan or the glycosaminoglycan (GAG) side chains of its

extracellular domain.

8. I have presented data that endoglin is able to bind TGF-131 in the absence of RII

which refutes the currently accepted TGF-13 signaling paradigm.

9. I have also demonstrated that TGF-13 binding by endoglin is enhanced by the

presence of betaglycan. Moreover, I have shown that, in the absence of RII, endoglin

requires betaglycan to be present to bind ligand.
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10. I have shown usmg overexpreSSlOn studies that endoglin inhibits whereas

betaglycan enhances TGF-~I, -~2, and -~3 responses in human chondrocytes and have

provided evidence that suggests the inhibitory effect by endoglin on -~2 signaling is

likely mediated through its heteromeric complex formation with betaglycan.

11. I have identified the heteromeric receptor complex formation between RIlB and

both the TGF-~ signaling receptors (RI and RIl) as well other TGF-~ receptors

(betaglycan, endoglin, Alk-1, and Sol RI) establishing the concept of a hetero-oligomeric

receptor complex on human chondrocytes.

12. I have demonstrated that exogenous overexpreSSlOn of RIlB in human

chondrocytes enhances TGF-~ signaling and type II collagen levels; however, I have

shown that elevated endogenous RIlB levels correlate with a decreased TGF-~

responsiveness. In addition, I have illustrated that RIlB expression on osteoarthritic (OA)

chondrocytes is markedly enhanced as compared to normal primary articular cells

suggesting RIlB may be a phenotypic marker in these cells.

13. I have utilized Morpholinos antisense oligo technology to block endoglin

expression on human chondrocytes and demonstrate that this negates the inhibitory action

on TGF-~ signaling by endoglin in these cells.
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14. Using serial photomicroscopy, I have extensively characterized the cell

morphology of immortalized and primary human chondrocytes at vanous stages of

differentiation in monolayer, 3-D alginate beads, and explant cultures.

15. I have presented evidence that endoglin is expressed in osteoarthritic (GA)

chondrocytes at markedly higher levels than in normal primary articular cells.

16. I have demonstrated that endoglin expression correlates with type II collagen

levels in human chondrocytes. More importantly, I have established a critical link

between endoglin expression, the dedifferentiated state of the human chondrocyte, and

the cells' responsiveness to TGF-~ strongly suggesting that endoglin can be used as a

phenotypic marker in these cells.
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introduction to provide an overview of the TOF-P signaling pathway and potential levels

of regulation. Included with the discussion are two additional figures, a proposed theory

of TOF-P receptor interactions forming hetero-oligomeric complexes at the chondrocyte

surface and a schematic theorizing the complex multilevel influential factors regulating

the chondrocyte and its microenvironment (Schematics).

Results

Fig. A: TOF-P responses in human chondrocytes

i: Stimulation of Smad 2 phosphorylation by TOF-P 1.

ii: Triphasic growth response demonstrated by 3H-Thymidine incorporation.

iii: Effect on Co12a-promoter activity by TOF-P 1.

iv: Stimulation ofSmad 2 phosphorylation by TOF-pl, -p2, and -p3.

Fig. B: Human chondrocytes produce TOF-p.

Xlll



Fig. C: Affinity labeling of human chondrocytes with 1251_TGF-~ I prepared using the

Chloramine T versus Bolton Hunter method of iodination analyzed.
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Fig. F: Immunoprecipitation ofTGF-~ signaling receptors on human chondrocytes.

Fig. G: Immunoprecipitation ofbetaglycan: antibody efficacy for endoglin co-

immunoprecipitation

i: under nonreducing conditions.

ii: under reducing conditions.

Fig. H: Dedifferentiated primary articular chondrocytes are less TGF-~ responsive than

differentiated cells.

Schematics

Fig. a: Schematic representation ofthe TGF-~ signaling cascade.

Fig. b: Potential levels of regulation of the TGF-~ cascade and of crosstalk with other

signaling pathways.

Fig. c: The hypothesized fluid hetero-oligomeric TGF-~ receptor complex on human

chondrocytes.

Fig. d: The human chondrocyte, its microenvironment and the overwhelming complexity
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Section 1

INTRODUCTION AND BACKGROUND KNOWLEDGE
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GENERAL THOUGHTS

"from Hippocrates to the present age it is universally

allowed that ulcerated cartilage is a troublesome thing

and that, once destroyed, it is not repaired"

- Hunter (1743)

Although cartilage damage and degenerative joint disease seem to be the endpoint, it is

the failure of innate repair, as noted by Hippocrates, which defines the start line in the

race towards cartilage regeneration and repair. Before beginning this race, it is necessary

to understand: 1. the normal structure and physiology of cartilage; 2. the normal aging

process of this specialized connective tissue; 3. what happens when this normal aging

process goes awry and leads to the to pathogenic states of osteoarthritis (GA) and

Rheumatoid arthritis (RA); and 4. the history of attempts at cartilage repair and their lack

of success.

Armed with this background and prepared to enter the race, the discovery of growth

factors and cytokines in the chondrocyte microenvironment and how they affect human

cartilage becomes the starter's gun. Improved understanding of the complex

microenvironment provides incentive to continue the race. Animal models provide

evidence that implicate Transforming Growth Factor-Beta (TGF-P) in degenerative joint

disease and cartilage healing, as researchers delve deeper into the action of TGF-p in

chondrocytes. Using knowledge gained from the investigations of TGF-p receptors in

other systems, one recognizes that accessory receptors may provide a novel avenue to

modulate TGF-p responses in chondrocytes providing new found energy at mid-race.
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Data is collected and analyzed as the race continues. Ultimately, to reach the finish line,

one must have a vision of how to incorporate the action of TGF-~ in human

chondrocytes, specifically an understanding of the role its heteromeric receptor

complexes hold in clinical applications to promote cartilage regeneration and repair.

CARTILAGE

INTRODUCTION

The rapid growth of our aging population has generated increased attention towards

diseases which particularly impact this group. A preface to this must be an understanding

of tissue aging (Clark 1999). Previously, much of this focus has been on cardiovascular

and neuronal tissues with little research into cartilage aging. However, degenerative joint

disease is the disease most related to increasing patient age (Buckwalter and Lappin

2000); it presents the greatest challenge against mobility, and few diseases impose a

larger burden on health care (Praemer et al 1999). The cost of joint disease to the United

States in the year 2000 was estimated at 95 billion dollars (Elders 2000).

DEVELOPMENT/PHYSIOLOGY

Hyaline cartilage is distinct from elastic and fibrocartilage in its architecture and

extracellular matrix (ECM) components. During skeletal development, cartilage serves as

a template for long bone formation (Erlebacher et al 1995). This process of endochondral

ossification begins by the condensation and differentiation of mesenchymal stem cells

(MSC) into cartilage. Chondrocytes then undergo proliferation, differentiation, and

hypertrophy; their ECM becomes calcified and apoptotic cell death follows. Articular

cartilage, unlike that confined within the epiphyseal growth plate of these long bones, is
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arrested before tenninal hypertrophic differentiation and resides as a frictionless gliding

surface for diarthrodial joints.

Cartilage is a very specialized connective tissue which affords joint surfaces both gliding

and load resistance properties. It is composed of 95% highly hydrated ECM with a unique

architecture and 5% of chondrocytes, its only resident cell type (Liebennan et al 2002).

As a tissue, cartilage is aneural, alymphatic, and avascular. Chondromodulin-l, a cartilage

specific growth modulating factor, has been implicated in angiogenesis inhibition in

avascular zones of growth plate cartilage (Hiraki et al 1997) although this has not been

investigated for articular cartilage. The ECM of articular cartilage, produced by resident

chondrocytes, is composed primarily of proteoglycans (PG) and type II collagen. The PGs

are highly negatively charged resulting in water retention and account for the load bearing

ability of the tissue (van den Berg 1999). The most abundant PG is the large aggregating

PG or aggrecan (Poole 2001). This molecule is found at increased concentration within

the depths of the cartilage and has a leucine rich protein core with glycosaminoglycan

(GAG) side chains of chondroitin sulphate and keratin sulphate. These carboxylated and

sulphated groups are responsible for aggrecan's negative charge and water binding. Other

leucine rich PGs found at lower concentration within the ECM are decorin, fibromodulin,

and biglycan (Poole 2001). Decorin and biglycan are more concentrated at the articular

surface where collagen fibrils tend to run parallel to the surface and where cartilage

demonstrates its greatest tensile strength (Poole et al 1996).

Type II collagen, the other principal ECM component, fonns fibrils which provide a

cartilage endoskeleton. Other fonns of collagen have also been identified in nonnal

human hyaline cartilage including type IX, which resides primarily at the articular

surface, and type XI, which is found both at the surface and within its substance. Within
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the intrafibrillar spaces of the collagen backbone are resident chondrocytes and PGs

linked to these fibrils via hyaluronic acid (HA). In addition to HA, many other proteins

referred to as link proteins contribute to the organization within the ECM (Roughley

2001). Abnormalities of these link proteins have provided a great deal of insight into a

genetic basis for various cartilage disorders.

Cartilage is not an inert tissue. Chondrocytes are thought to sense changes such as

alteration In ECM composition, deformation, and load variation In their

microenvironment. These cells tightly regulate their own environment primarily through

growth factors (GF), cytokines, and enzymes in an autocrine and paracrine fashion to

achieve a normal steady state of turnover. Interleukin -1 (IL-1), Insulin-like Growth

Factor-1 (IGF-1), Tumour Necrosis Factor-a (TNF-a), Transforming Growth Factor-~

(TGF-~), matrix metalloproteinases (MMPs), and tissue inhibitors of metalloproteinases

(TIMPs) are all considered important players in this regulation (Fukui et al 2001).

However, in pathophysiologic states chondrocytes and ECM will also be affected by

synovial factors.

It is clear from the structural organization of hyaline cartilage that it is not a

homogeneous tissue (Aydelotte et al 1988, Aydelotte and Kuettner 1988). Similar to

growth plates, articular cartilage has been divided into four zones, a superficial,

transitional, least mature, and hypertrophic zone (Fukumura et al 1998) or more simply in

to superficial, intermediate and deep layers (Moldovan et al 1997). It has been suggested

that chondrocytes within superficial zones exhibit increased responsiveness to IL-1 and

increased resistance to IL-1 antagonists (Hauselmann et al 1996). This suggests that these
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cells may represent a distinct chondrocyte phenotype and play a specific role in ECM

regulation.

NORMAL AGING

Normal aging of human articular cartilage involves changes in structure, matrix

composition, and mechanical properties distinct from those seen in disease states (Roth

and Mow 1980, Verzijl et al 2000, Buckwalter and Lane 1997, Buckwalter et al 2000). A

change in chondrocyte function and its inability to maintain the tissue are implicated in

this aging process. The ECM, specifically type II collagen turnover, is focused in a

pericellular region for the first 30 to 35 years of life (Wu et al 2002, Nelson et al 1998).

This corresponds to the peak in tensile strength noted at approximately 30 years of life

(Kempson 1982). With time, however, this strength progressively declines and there is a

shift to where ECM turnover is focused at the articular surface. At early stages, a zone of

demarcation between superficial aging layers and a normal deeper zone is evident but

cyclic damage and resynthesis of ECM proteins eventually progress from superficial to

deep cartilage layers (Nelson et al 1998, Hollander et al 1995). Hyaline surface

fibrillation is a universal age-related process and has not been associated with joint pain

or dysfunction (Koepp et al 1999, Buckwalter et al 2000). With increasing age

chondrocytes themselves show a decrease in mitotic rate (Bolton et al 1999, Martin and

Buckwalter 2001). In addition, they demonstrate a decreased responsiveness to anabolic

GFs (IGF-1) in their microenvironment (Martin and Buckwalter 2000) and a reduced

capacity for protein synthesis (Campisi 1999). All human cells destined toward a

differentiated maturity will eventually reach growth arrest; however, chondrocytes may

achieve this early. One hypothesis as to why these cells become senescent is that of

telomere erosion (Blackburn 1991, Campisi 1999) possibly from a history of repeated
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vigorous mitotic activity in response to microtrauma. Oxidative damage may also be

responsible for degeneration of chondrocyte mitochondria and multiple downstream

effects leading to a lack of cell division (Dumont et al 2000, Toussaint et al 2000).

Regardless of mechanism, age-related changes in chondrocytes result in ECM disruption.

Increased collagen crosslinking and decreased water content have been described

(DeGroot et al 1999, Verzijl et al 2000). PGs are seen to decrease in size secondary to a

decrease in individual lengths of protein cores, decrease in length of GAG side chains and

decreased numbers of aggregating proteins per group. This is suggested to be a result of

age-related changes in chondrocyte PG synthesis, an increased degradation, or a

combination of both (Buckwalter et a11985, Thonar et al 1986). Overall, an accumulation

of collagen fibrils is seen and nonenzymatic glycation of end products leads to increased

cartilage stiffness (Verzijl et al 2002).

These changes seen with normal cartilage aging were once thought to be the precursor of

degenerative joint disease. It is now believed that advanced age simply increases the risk

for OA and that OA results from a compromised ability of chondrocytes to restore the

tissue after an insult (Buckwalter and Mankin 1997, Buckwalter et al 2000). What tips

this delicate connective tissue balance over to a negative state of degeneration is

uncertain. Genetic susceptibility may account for this shift as may anchorage dependence.

This phenomenon presupposes that the initial perturbation in the ECM disturbs the

chondrocytes' microenvironment and that cells relying on a cell-cell or cell-ECM

interaction for survival will be unable to withstand these changes. The severely altered

pericellular matrix seen in OA provides support for this theory (Poole et al 1991,

Hambach et al 1998). Whether the fundamental problem lies within the chondrocytes or
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their ECM, the pathophysiologic changes (when nonnal cartilage agmg becomes

degenerative joint disease) have a profound impact on functional outcome.

PATHOPHYSIOLOGY

Degenerative Joint Disease

The pathophysiologic state of hyaline articular cartilage is an identifying feature of both

noninflammatory and inflammatory fonns of arthritis. Despite the acceptance that OA

does, in fact, have an inflammatory component it remains an entity distinct from RA and

other related diseases. Each will be discussed separately.

Osteoarthritis

Incidence of OA either radiographically or clinically has been reported as 85% of the

population by the age of 75 (Sack 1995) or radiographically in 80% over the age of 65

(Oddis 1996). The overall incidence in the adult population is thought to be upwards of

9% (Lawrence et al 1998) to 15% (Poole and Webb 2000) and with each decade over 40

there is a dramatic increase in the numbers affected (Praemer et al 1999, Buckwalter and

Lappin 2000, Buckwalter et al 2000). Various risk factors have been cited including

advanced age, female gender, obesity, occupation, sport activity, and genetics (Creamer

and Hochberg 1997). Genetics have been implicated in the pathophysiology of OA since

the description of Heberden's nodes in 1941 (Stecher 1941) and research has continued to

support this theory with Col 2Al as an example of a candidate gene target (Ala-Kokko et

al 1990, Ritvaniemi et al 1995). Genetic background also appears to contribute to disease

prevalence in 38-65% of all cases, with mutations in collagen genes most commonly

affected (Spector et al 1996, Olsen 1995, Prockop and Kivirikko 1997). Occupation and

sport and other mechanical factors as risk factors coincide with the theory of mechanical

wear resulting in OA (Buckwalter 1995, Buckwalter and Mankin 1997, Gonnan 1996).
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However, now more commonly accepted is the idea of normal age-related changes

resulting in a hyaline surface which is more susceptible to mechanical forces and altered

joint loading leading to focal erosions (Neuhold et al 2001, Stoop et al 1999 and 2000).

Therefore, age itself is likely not a risk factor but normal cartilage aging does predispose

to further insult.

OA is not a single disease entity but instead represents a group of diseases with different

underlying pathophysiologies, the development of which may take 20 to 30 years to reach

clinical manifestations (Poole and Webb 2000). Regardless of etiology, OA generally

presents with a degeneration of articular cartilage, new bone formation (osteophytes) at

joint margins, a loss of PO and surface fibrillation and eventually cleft formation and

erosion. Cartilage becomes soft; eburnation or sclerosis of underlying subchondral bone

and cyst formation occur (Hamerman 1989). This results in joint space narrowing

(Kellgren and Lawrence 1957) as well as pain and decreased range of motion for the

patient.

Typical ultrastructural changes seen III OA include lacunar emptying with an

accumulation of debris (Mitrovic et al 1983, Bullough 1997, Stockwell 1971)

representative of cell death. Whether the loss of chondrocytes is from necrosis (Vignon et

al 1976, Bullough 1997, Meachim et al 1965) or is a programmed apoptotic response

(Blanco et al 1998, Hashimoto et al 1998a and 1998b) is controversial. Only a minor

increase in empty lacunae in OA lesions has been clearly documented (Aigner et al 2001)

and this may have been caused by technical artefact (Aigner and Kim 2002). Possible

apoptotic initiators in OA include nitric oxide synthase (NOS) (Blanco et al 1995).

Increased NOS levels have been measured in the synovial fluid of OA patients (Sakurai et

al 1995). However, other well known mediators of apoptosis were not shown to modulate
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chondrocyte death (Blanco et a1 1995, Kuhn and Lotz 2001, Kim et a1 2001a).

Alternatively, a loss of type II collagen has been demonstrated to increase apoptosis in

cartilage (Yang et a1 1997, Cao et a1 1999) and in addition, chondrocytes isolation

protocols and ECM removal have also been linked to accelerated apoptosis (Kim et a1

2001 a, Blanco et a1 1998). Whether ECM alterations directly increase cell death or are a

secondary effect of chondrocyte loss is debateable. Mechanical stress at low levels has

also been demonstrated to accentuate apoptosis (Loening et al 2000). Chondrocytes have

a high capacity to recover from stress. The problem arises if cell death ensues as

chondrocytes are the sole ECM regenerators in articular cartilage and undoubtedly tissue

failure will follow.

It is likely that if apoptosis is a prominent feature of OA it occurs later in the disease. In

fact, early stages of OA demonstrate clonal growth, a transient proliferation of

chondrocytes forming clusters or chondrons of multicellular clones (van der Kraan and

van den Berg 2000, reviewed in Mankin 1982). Accompanying this clonal growth is not

only an increased rate of catabolic cytokine and enzyme synthesis but also increased

production of anabolic factors, PG and type II collagen (reviewed in Poole et a1 2002) and

with this heightened ECM turnover. However, a loss of PG and type II collagen occurs at

the joint surface along with an increase in water content and a decrease in strength

(reviewed in Goldring 2000a). Decreased decorin, big1ycan, and aggrecan are seen at the

surface but increase in deeper levels and an increase in denatured type II collagen

combined with abnormally produced collagen and PG (reviewed in Poole et al 2002)

result in a severely altered chondrocyte microenvironment. This likely then contributes to

cell death. In addition, it is believed that damaged fibrils block cell proliferation as the

avascular state of the tissue precludes scavengers from clearing debris (Poole et a1 2002).
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A loss in cell number results in progressive changes in ECM. Late changes in OA include

a decrease in cell proliferation and a shift in chondrocyte responsiveness (Goldring

2000a). OA is not considered an inflammatory arthritis but, in late stages, enhanced ECM

breakdown and release of wear particles cause secondary inflammation of synovial

tissues which then contributes to the proinflammatory state of the joint.

A change in chondrocyte phenotype in OA is evident. Van den Berg attributed the

deranged phenotype to prolonged exposure to increased levels of destructive mediators

and noted, interestingly, a disturbed receptor expression on these cells (van den Berg

1999). A change in gene expression pattern is seen for ECM synthesis (Goldring 2000a)

with up-regulation of type III, VI, and X collagen which is normally a marker for

hypertrophy in growth plate chondrocytes. An up-regulation of Matrilin-3, which effects

ECM assembly, has also been documented (Pullig et al 2002). A characteristic feature of

this phenotypically altered chondrocyte is an altered responsiveness to regulators within

its microenvironment. Therefore, in addition to the increased synthesis of catabolic

factors and inhibitory cytokines produced, the chondrocytes themselves have been shown

to be more responsive to IL-l and to have more IL-l receptors (Martel-Pelletier et al

1992). A re-expression of type IIA procollagen, a chondroprogenitor spliced variant of

type II procollagen, is also noted (Aigner et al 1999) with an increase in Sox 9 expression

(Salminen et aI2001).

What incites the actual change in cell phenotype remains unclear but is most certainly

related to changes in the ECM. This has generated a vicious cyclical argument regarding

the etiology of OA. One possibility is that age-related changes present in cartilage result

in chondrocytes less able to combat ECM insults. An insult, traumatic, genetic, or of

unknown etiology then results in more aggressive changes to the ECM which by way of
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local mediators or a shift in microarchitecture leads to a variation III chondrocyte

phenotype. This results III a cell with less anabolic capabilities and continued ECM

degeneration.

Rheumatoid Arthritis

Most reports suggest a 1% world wide incidence of RA (Alarcon 1995). There is a clear

gender bias with incidence in women 2.5 fold higher than men (Lawrence et al 1998). In

addition, RA encompasses many subtypes of disease with variation in clinical symptoms,

age of onset, course, and outcome. Inflamed synovial tissue is pathonmuemonic for the

articular component of this disease. Damage to the hyaline joint surface occurs secondary

to an invading pannus and increased exposure to destructive cytokines and enzymes

resulting in early loss of ECM and a decreased synthetic response by chondrocytes (van

den Berg 1999).

RA can be considered in three stages (Szekanecz and Koch 2001). The first, initiation, is

likely caused by a genetic susceptibility combined with an environmental trigger (Jirholt

et al 2001). This is followed by a central stage with activated synovial cells which release

GFs and cytokines to perpetuate the synovitis and result in pannus formation. The final

stage is evidenced by cartilage and bone destruction.

The genetic susceptibility and autoimmune phenomenon associated with RA find a

common link in the synovial tissue. Autoantigens found in this tissue, although as yet

unidentified, are thought to be the target of a directed immune response involving

monocytes, macrophages, lymphocytes, endothelial cells and fibroblasts. These cells

contribute to enhanced cytokine expression which results in increased angiogenesis,

chemotaxis, and inflammation eventually leading to aggressive growth and proliferation

of synovial fibroblasts and surrounding joint destruction. As mentioned, cartilage and
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underlying bony destruction are secondary to invasion by this advancing synovial tissue

as well as an increased production of proteases (MMPs), plasminogen activators, toxic

oxygen radicals, and arachadonic acid metabolites by the synovium (Konttinen et al

1999). Moreover, TIMPs and plasminogen activator inhibitor antagonists are decreased in

RA synovial endothelium (Jackson et al 1998).

The first genetic association with RA was described in 1978 as HLA-D (Stastny 1978)

but these associations have grown to include a variety of proposed triggers. Monozygotic

and dizygotic twin studies have confirmed this genetic bias (Silman 1997, Seldin et al

1999, Wiles et al 1999). Despite this, these influences are thought to be polygenetic and

are exceedingly complex. Regardless, continued focused studies of these conditions and

potential genetic markers may provide avenues for therapy and further insight into the

mechanisms of cartilage destruction.

LACK OF INTRINSIC REPAIR

Tissue repair falls under two categories, intrinsic and extrinsic. Intrinsic cartilage repair

involves the replication of cells adjacent to a defect and an increase in ECM production to

fill it. Extrinsic repair instead is the metaplasia of cells from other connective tissue stem

cell sources such as synovium or subchondral bone marrow to chondrocytes (Sokoloff

1974 and 1978). Most cartilaginous lesions do not penetrate subchondral bone and the

focal erosion that results leads to progressive OA changes and a painful debilitated joint

(Lieberman et al 2002). Injury that does penetrate subchondral bone provides a source of

progenitor cells. A fibrin clot initially fills the defect; vascular ingrowth follows. A few

hyaline like chondrocytes may initially form but ultimately the defect is filled with

fibrocartilage (reviewed in Mankin 1982).
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There may be some symptomatic relief afforded by fibrocartilage reconstitution of the

defect (Lieberman et al 2002). Even for those who claim to have generated a hyaline-like

repair, within 12 months the tissue is fibrous and fibrillated (reviewed in Mankin 1982).

There has been some evidence that continual passive motion (CPM) may lead to a more

normal hyaline cartilage repair (Salter et al 1980) but this also has been inconsistent.

Connective tissue such as bone, tendon, and synovium demonstrate healing with a parent

like tissue (Mankin 1982). However, articular cartilage, like many other human tissues

lacks this intrinsic regenerative potential. Instead, it forms a fibro-cartilaginous scar

resulting in an irregular joint surface which is unstable and eventually undergoes further

degeneration.

This inability for self-renewal has been attributed to the following features: 1. a lack of

chondrocyte proliferation; 2. the avascular state of the tissue that precludes clearing of

debris and provision of new cellular elements; 3. a change in cell phenotype which shows

altered sensitivity to catabolic and anabolic regulators in the microenvironment and

subsequently a decreased synthetic capacity to retain or regenerate ECM. Despite not

reaching an end result of repair, when cartilage injury occurs, a battle does ensue and has

been described in three steps (Fukui et al 2001). Step 1 is the initial cartilage assault; in

Step 2 the chondrocytes generate an attempt at repair with an enhanced rate of ECM

turnover. Step 3 is the unsuccessful outcome of cartilage degradation. Why chondrocytes

fail in Step 2 at repairing cartilage is not clear.

Chondrocytes from immature cartilage show evidence of mitosis (reviewed in Mankin

1982) and in this second phase of attempted healing there is a documented hypertrophic

chondrocyte response and cell proliferation (Goldring 2000a). With simultaneous high

matrix turnover, chondrocytes are subject to microenvironmental changes that likely
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contribute to their phenotypic shift. Not only does the responsiveness profile of the cell

change, its ECM production decreases and rather than generating type II collagen

necessary for hyaline cartilage resiliency and visco-elastic properties, type I and III

collagen predominate. These represent the main constituents of fibrocartilage, explain the

presence of this tissue in the healing response, and are characteristic of a dedifferentiated

chondrocyte (reviewed in Mankin 1982). At long term follow-up, dysfunctional

fibrocartilage formed during the hypertrophic phase demonstrates significant substance

loss and consistent with Step 3, failure of repair is noted.

THE HISTORY OF ATTMEPTED CARTILAGE REPAIR-

DE/REDIFFERENTIATION

In vivo

Research continues its aggressive efforts toward cartilage regeneration and repair because

historically little success has been achieved. The race to restore a stable joint began early

and on a large scale. In 1925, Lexer attempted transplants of half and whole joints from

amputated limbs and cadavers to restore damaged joints (Lexer 1925). His failure was

attributed to poor fixation and rejection by the host. Despite similar findings in many

animal models which showed this approach to be impractical (reviewed in Bentley and

Greer 1971), Volkov repeated these studies in 1970 (Volkov 1970) and faced the same

problems. Prior to his work, however, Chesterman and Smith began a very dissimilar

approach on a much smaller scale using isolated adult articular chondrocytes in

suspension to fill the cartilage defect (Chesterman and Smith 1968). Their enthusiasm for

the technique stemmed from the immune privileged nature of the tissue, its avascularity

and the inhibitory action of dense ECM on invading antibodies (Chesterman and Smith

1968, reviewed in Bentley and Greer 1971). These attempts resulted in fibrocartilage
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production. Two explanations were offered: 1. the cells were not secured in the defect and

as a result the defect had healed by extrinsic repair from subchondral bone; 2. the moving

joint created an "unfavourable" environment for healing. Bentley and Greer considered

these results and those previously described and concluded that cell transplantation using

immature cells capable of division would provide an advantage. They repeated this work

with articular chondrocytes of immature rabbits; however, this again resulted in

fibrocartilage formation and poor incorporation of the tissue into the defect (Bentley and

Greer 1971). Holding to the theory that extrinsic repair from subchondral bone MSCs

could result in hyaline cartilage repair, the previously established Pridie technique of

subchondral drilling (Insall 1974), resurfaced (Mitchell and Shepard 1976). Rabbit femurs

subjected to subchondral drilling showed resurfacing of defects but by 8 months

fibrocartilage predominated and was poorly incorporated at the joint surface.

Throughout the 1970's, reports were published on the potential of perichondrium to

generate cartilaginous tissue. Initially reports of the use of rib perichondrium to fill

defects in rabbit femoral condyles were encouraging. Evidence of hyaline cartilage

formation was reported although incorporation was not optimal and follow-up was only

for short periods (Engkvist and Wilander 1979). The lack of success with extrinsic repair

and the somewhat encouraging results of cell transplantation resulted in extensive

literature in the 1980's and early 1990's. These provided an exhausting variation on

connective tissue replacement techniques for cartilage defects. Use of perichondrium,

periosteum, growth plate chondrocytes, isolated articular chondrocytes, cartilage grafts or

explants, stem cell transfers including osteoblasts, chondroblasts, and MSCs were

described as well as a return to innate repair through cartilage shaving (Wakitani et al

1994, Odenbring et al 1992, Goransson et al 1995). Some success was elucidated for
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chondral shaving VIa arthroscopy although most investigators believe that it is the

extensive joint washout with arthroscopy which simply alleviates patient symptoms

(Mankin 1982). In one study, no healing was evident at 12 weeks with chondral shaving

although variable results were evident with the addition of CPM (Kim et al 1991).

Similarly, connective tissue replacements were met with a lack of success. Cultured

growth plate chondrocytes and articular and growth plate allograft inserted into papain

induced and surgically created defects in rabbit knees resulted in a lack of graft

incorporation, inadequate defect filling and eventually a fibrous repair (Aston and Bentley

1986). Attempts followed to secure grafts. Grande et al showed evidence of repair with

autograft explants sutured in rabbit knees although only at 6 weeks of follow-up (Grande

et al 1989). Homminga et al also showed encouraging results with costal perichondrium

secured with fibrin glue into partial thickness defects of rabbit knees at 4 months

(Homminga et al 1989). Kawabe and Yoshinao attached growth plate cartilage into full

thickness defects with fibrin clot and demonstrated that all implants died by 12 weeks and

were replaced by fibrous scar (Kawabe and Yoshinao 1991). In addition to securing the

graft, CPM was compared to cast immobilization with periosteal transplants in rabbit

knees. Increased chondrogenic potential with CPM was seen at 3 weeks (O'Driscoll et al

1986) and persisted at one year (O'Driscoll et al 1988). A similar study was reported

using perichondrial autograft and CPM in rabbit knees but is difficult to interpret as

failure of the graft to generate sufficient cartilage to fill the defect was considered an

exclusion criterion (Woo et alI987).

Although cartilage is considered an immune privileged tissue, Stevenson et al tested

antigen matched and non-matched osteochondral allograft against autografts in dog

knees. Non-matched tissues resulted in inflammation, synovial fibrosis and no healing
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whereas matched grafts and autografts demonstrated repair but showed thinning and

fibrillation at 11 months (Stevenson et al 1989).

The need to consider more than defect filling and graft incorporation when determining

successful repair was established. Wakitani et al claimed success with allograft

chondrocytes in a collagen gel suspension in full thickness defects at 24 weeks because he

achieved an 80% type II collagen production (Wakitani et al 1989). One year later,

Robinson et al reviewed the failure of the preceding decades-worth of research to attain a

successful model of cartilage repair (Robinson et al 1990). He attributed the failure to a

lack of adherence of transplanted tissues (Bentley and Greer 1971), resultant

fibrocartilage production from dedifferentiated cells or extrinsic repair (Bentley and Greer

1971, Bentley et al 1978, Aston and Bentley 1986), and degeneration with time of any

hyaline repair achieved. With this review, Robinson et al brought to the forefront the

importance of the chondrocyte microenvironment. Cells were being seen as having a

distinct phenotype which could be influenced by their architectural and regulatory

surroundings.

Pursuing these ideas, transplanted cells were instead delivered on scaffolds. A past

argument has been that grafts were inadequately secured (van Susante et al 1995);

therefore, demineralised bone matrix (DBM) was trialed as a scaffold and seeded with

articular chondrocytes. Tissue generated within the defects neither filled them nor was

consistently hyaline in nature (Billings et al 1990, Dahlberg and Kreicbergs 1991).

Scaffolds seeded with human articular and costal chondrocytes in vitro did, however,

develop tissue resembling cartilage with type 11 collagen (Freed et al 1993). A

combination of HA as a delivery substance with embryonal chondrocytes with

theoretically improved proliferative capacity was described as successful in reconstituting
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partial and full thickness defects in chickens although there was no conformation of

collagen content or type noted (Robinson et al 1990). Perichondrial cells were

successfully proliferated at high density on biodegradable carriers but at one year none

appeared normal; all showed decreased GAG content and inadequate filling (Chu et al

1997).

The inconsistency of cartilage repair with chondrocyte transplantation seen in animal

models warranted the slow progression of its use in humans. Early reports showed

satisfactory resolution of symptoms up to 9 years post-treatment (Peterson et al 2000) but

limited information exists on tissue composition at repair sites (Richardson et al 1999)

and that which does exist demonstrates inconsistent healing and frequent fibrocartilage

formation (Peterson et a12000, Richardson et al 1999, Roberts et a1200l).

Approaches to regenerating articular cartilage have been extensive and diverse. Cell

source has ranged from MSC, perichondrium, and periosteum to autogenous

chondrocytes. Grafts have been secured with sutures, fibrin clot, glues, and DBM.

Intrinsic and extrinsic healing has been pursued with shaving, drilling, and osteotomies.

Transplanted cells have been delivered in collagen gels and HA or on non/biodegradable

scaffolds. The common link between failures of these techniques is the formation of

fibrocartilage production by a phenotypically altered chondrocyte.

In vitro

Paralleling the aforementioned in vivo research on cartilage repair, a tremendous body of

literature was emerging based on phenotypic changes of chondrocytes in vitro. Benya and

Shaffer introduced the term "dedifferentiated" chondrocyte in 1982 (Benya and Shaffer

1982) based on previous work (reviewed in Benya and Shaffer 1982, Thonar et al 1986).

This dedifferentiated state of the chondrocyte was deemed responsible for the generation
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of the type I and III collagen of fibrocartilage seen with both intrinsic and extrinsic

cartilage repair noted in ongoing in vivo work. Benya and Shaffer theorized that

monolayer culturing resulted in the dedifferentiated chondrocyte phenotype and that

restoring a three-dimensional (3-D) architecture to the cells' microenvironment could

redifferentiate them. Cells were cultured in monolayers, allowed to undergo

dedifferentiation and then were suspended in 0.5% agarose. This was demonstrated to

restore spherical morphology and ECM production typical of hyaline cartilage (Benya

and Shaffer 1982). Many reports utilizing 3-D tissue culture techniques followed

(Thompson et al 1985, Guo et al 1989, Hauselmann et al 1992 and 1994, Redini et al

1997).

Combining a 3-D tissue culture system with evidence that accumulation of hyaline matrix

stabilizes phenotype (Searls and Janners 1969), rat muscle mesenchymal cells were

cultured in agarose in combination with DBM extract. Chondrogenesis ensued with

production ofPG and type II collagen (Thompson et al 1985). Guo et al demonstrated that

a 3-D matrix maintained chondrocyte morphology, caused cells to aggregate, and resulted

in a pericellular matrix deposition (Guo et al 1989). Alginate had been introduced as a

negatively charged unsulfated copolymer of L-guluronon and D-mannuronon which

polymerizes in the presence of divalent cations (Ca++) to form a gel (Martinsen et al

1989). Hauselmann et al saw the advantage of its use as a 3-D medium for chondrocytes

because it could be readily depolymerised with Ca++ chelation (NaCitrate) allowing the

study of both cell and matrix. The original article using alginate for chondrocyte culture

described ECM production as 1/3 cell associated matrix (CAM) and 2/3 scattered

intercellularly (Hauselmann et al 1992). They later demonstrated that these cells could be

maintained for up to 8 months in 3-D alginate matrix and that two cell populations
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emerged, one of flattened morphology at the bead surface and one of rounded interior

cells with CAM (Hauselmann et al 1994). The redifferentiation process of

dedifferentiated chondrocytes within alginate beads has been confirmed using polymerase

chain reaction (PCR) analysis for mRNA of type II collagen (Bonaventure et al 1994) and

was also seen with suspension cultures and pellets (reviewed in Solursh 1991) but not

with collagen matrix (van Susante et al 1995).

Pluripotent cells from periosteum in monolayer culture differentiated toward an

osteoblastic phenotype but in agarose gel suspension differentiated toward a

chondrogenic phenotype (Bahrami et al 2000). Dedifferentiated chondrocytes cultured in

3-D alginate beads at 5% and 21 % oxygen showed that cells redifferentiated and type II

collagen was produced at 5% but not at 21 % (reviewed in Domm et al 2002).

In vivo and parallel in vitro studies have demonstrated that differentiated chondrocytes

produce a predictable and tightly regulated ECM composed primarily of type II collagen,

and minor amounts of type IX, XI, and X (Petit et al 1992, Mayne and Brewton 1993,

Cancedda et al 1995). The OA chondrocyte is now considered a model of a

phenotypically altered or dedifferentiated cell producing types I, III, and X collagen and

an architecturally disturbed ECM (Ronziere et al 1990, Hoyland et al 1991, von der Mark

et al 1992). The type of collagen produced appears to be affected by culture conditions

and regulators within the cell's microenvironment (reviewed in Ronziere et al 1997).

Recently, using new DNA array technology, several genes have been identified to be

involved in the redifferentiation process including IL-6, gp130 (component of the IL-6

receptor) and various TGF-j3 related genes (Haudenschild et al 2001). In addition, Col

2Al promoter-reporter activity was inhibited in monolayer cultures but rescued in 3-D
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culture systems and appeared to be linked to Sox 9 modulation, a marker of OA

chondrocyte phenotype (Stokes et aI2001).

CURRENT THERAPY DISSATISFACTION

Despite these advances in the understanding of chondrocyte phenotype and ECM, an

effective cartilage regeneration or repair remains elusive. However, from this literature

has grown the notion that GFs and cytokines within the chondrocyte microenvironment

contribute equally with architecture in controlling phenotype. Therefore, efforts are being

made to combine these strategies. Sanchez et al have used alginate bead cultures in

conjunction with nonsteroidal anti-inflammatories (NSAIDS) to block PGEz, to

negatively regulate IL-6, and to enhance aggrecan synthesis (Sanchez et al 2002). Rabbit

perichondrial cells cultured in alginate beads were seen to initiate type II collagen

production with the addition ofIGF-l and TGF-p to the culture conditions (van Osch et al

2000).

These strategies to redifferentiate chondrocytes, maintain their phenotype, and generate

hyaline cartilage are currently focused in vitro. Ultimately, intervention of joint disease

would have to be at very early stages in vivo. For RA this means targeting the initiation

phase and autoantigens. However, autoantigens have yet to be conclusively identified and

current treatment strategies are based around the central phase of inflammation. Present

strategies target inflammatory mediators through non-specific suppression of lymphocyte

and macrophage activation. This inhibits inflammatory changes, synovial proliferation,

and reduces patient symptoms but does not completely prevent progression toward

cartilage destruction.
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Similarly, medical management of OA disease targets patient symptoms but fails to

prevent disease progression. Joint replacement is an invasive end stage option but has

limited application in the hand and wrist and is even more limited in the spine. If the

concepts of chondrocyte differentiation, the microenvironment (both architectural and

regulatory agents such as growth factors within), and techniques of in vivo delivery could

be incorporated into a unifYing treatment strategy, disease progression could potentially

be halted at early stages.

TGF-~

FUNCTION

The Superfamily

TGF-~ belongs to a large group of multifunctional cytokines which regulate development

and tissue homeostasis in invertebrates and vertebrates (reviewed in Massague et al

2000). They demonstrate a high degree of evolutional conservation and widespread

expression. Over 30 members of structurally related proteins have now been identified as

belonging to this TGF-~ superfamily of polypeptides and are generally grouped into four

major families (Massague 1992): (i) the Mullerian inhibitory substance family (MIS); (ii)

the inhibinJactivin family; (iii) the Vg-related family containing a variety of members

including the bone morphogenetic proteins (BMPs); and (iv) the TGF-~ family. This

family is thought to be derived from a common ancestral gene (Massague 1990a) and

each, with the exception of MIS, is encoded as a larger precursor which is then processed

to a C-terminal monomeric unit of 100-134 amino acids (Cate et al 1986).

Some of these family members are expressed only in a few cell types or for limited time

periods during development; however, others are ubiquitous and play diverse roles in
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embryogenesis and in adult tissues (Roberts and Sporn 1990, Kingsley 1994, Goumans

and Mummery 2000). Members of the TGF-~ superfamily influence a variety of normal

cellular processes including ECM secretion, cell adhesion through integrin expression,

cell proliferation and apoptosis, and immune response. Moreover, alteration in

superfamily signaling has been linked to various developmental abnormalities, cancer

progression, inappropriate wound healing, and several fibrotic and other disease states

(Arkwright et al 2000, Yamada et al 2000, Yokota et al 2000). BMPs are potent inducers

of bone and cartilage formation and play important developmental roles in the induction

of ventral mesoderm, differentiation of neural tissue, and organogenesis (reviewed in

Kingsley 1994 and Hogan 1996). Activins, named so because of their activation of

follicle stimulating hormone secretion from the pituitary, also promote erythropoeisis,

mediate dorsal mesoderm induction, and contribute to survival of nerve cells (reviewed in

Mathews 1994). MIS is a protein which regulates Mullerian duct regression in male

embryos (Cate et al 1986).

Characterization of TGF-~

The TGF-~ group of dimeric hormonally active polypeptides has been under much

investigation. It is suggested that TGF-~ was initially characterized as a growth

stimulating peptide capable of inducing anchorage independent growth in normal

fibroblast cell lines (de Larco and Todaro 1978). However, Cartilage-inducing Factor-A,

was previously isolated from DBM when it was shown to induce cartilage and bone

formation in subcutaneous and intramuscular tissue (Urist 1965, Reddi and Huggins

1972, Hanamura et al 1980, Seyedin et al 1983) and was later confirmed to share the

identity of TGF-~ (Seyedin et al 1985). TGF-~ was purified from human platelets and
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placenta (Assoian et al 1983 et aI, Frolik et al 1983) and characterized as a disulphide

linked homodimeric peptide with a molecular mass of 25 kDa. Five distinct genes

encoding TGF-B have been identified in vertebrates but only three isoforms (with 60-80%

homology) are present in mammals (TGF-B 1, -B2, -B3) (Massague 1990a and 1990b).

The TGF-Bl gene maps to chromosome 19q13.1-13.3, TGF-B2 to lq41, and TGF-B3 to

14q23-24 (reviewed in Grande 1997).

The TGF-B isoforms are generally homodimers although heterodimers of -B2/3 and -Bl/3

have been isolated from bone (Ogawa et al 1992). These isoforms are differentially

expressed in tissues (reviewed in Bonewald 1999) suggesting isoform specific functions.

TGF-B gene knockout studies in mice have also supported distinct functional roles for

TGF-B isoforms. Interestingly, their in vitro biologic activities are similar whereas in vivo

functions differ. The loss of an isoform is not compensated by the presence of others

which may be explained by the tissue-specific and spatio-temporal expression differences

in developing tissues. TGF-B I-deficient mice, ifborn alive, undergo early postnatal death

from excessive infiltration of inflammatory lymphocytes and macrophages into several

organs likely related to immune dysfunction (Diebold et al 1995, Shull et al 1992,

Kulkarni and Karlsson 1993). Approximately 50% die in utero with severe defects in

vasculogenesis and haematopoiesis (Dickson et al 1995a). TGF-B2-deficient mice exhibit

multiple developmental malformations of cranial, cardiac, lung and genitor-urinary

tissues resulting in perinatal death (Sanford et al 1997) and TGF-B3 null mice die shortly

after birth secondary to abnormal pulmonary and palate development (Kaartinen et al

1995, Proetzel et al 1995).

TGF-B Effects
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Unlike classical hormones, members of the TGF-p family produce different effects that

depend on the type and state of the cell. Although TGF-p has been widely viewed as a

growth-stimulatory factor for mesenchymal cells and a growth inhibitory factor for

epithelial cells, TGF-P is pluripotent. TGF-PI has the ability to suppress proliferation of

normal and oncogenically transformed cells of epithelial, hematopoietic, and endothelial

origin; to promote the development of bone and cartilage; to inhibit the differentiation of

muscle, adipose, and hematopoietic progenitor cells; and to influence the expression of

differentiated functions in cells of the immune and endocrine systems (reviewed in

Massague 1985). Focal administration of TGF-PI to chorioallantoic membrane in vivo

has resulted in gross angiogenesis and increased cell density of fibroblasts, epithelial and

endothelial cells. TGF-p inhibits cell proliferation by activating at least two distinct

inhibitors of cyclin-dependent kinases that phosphorylate the retinoblastoma gene (Rb)

(Reynisdottir et al 1995, Polyak 1996). In addition to this cell cycle regulation, TGF-P is

also capable of triggering apoptosis in several tumour cell lines (Yamamoto et al 1996,

Havrileskyet al 1995, Perry et al 1995). TGF-p's promotion of ECM deposition is a

result of increased production of matrix macro molecules, decreased synthesis of

proteases, and increased synthesis of protease inhibitors (Rosen et al 1988, Varga et al

1987, Madri et al 1988, Laiho et al 1986, Overall et al 1989). Taken together, with the

evidence that TGF-pl is a potent chemoattractant for monocytes (Wahl et al 1987) and

fibroblasts (Postlethwaite et al 1987), these findings implicate TGF-p as a key player in

wound healing.

Chemotactic effects of TGF-pI for dermal fibroblasts occur at levels much lower than

those required for growth inhibition or ECM synthesis (Postlethwaite et al 1987)
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indicating that distinct functions may be determined simply by the specific isoform or its

concentration. TGF-p 1 and -P2 are indistinguishable in most assays in vitro. However,

TGF-J31 has been reported as more potent than -132 at inhibiting hematopoietic progenitor

and aortic endothelial proliferation or at deactivating macrophages. TGF-p2 appears to be

stronger at inducing mesodermal differentiation markers (all reviewed in Massague

1990a). TGF-p isoforms have both autocrine and paracrine effects on tumour cells and

have been implicated in tumour suppression as well as progression and invasion

(reviewed in Derynck et al 2001). Loss of TGF-p responsiveness appears to provide a

distinct advantage for developing tumours. Abrogation ofTGF-p signaling leads to a loss

of growth inhibition and early tumour onset, paradoxically protecting against tumour

progression. However, in later stages, alterations in the TGF-p signaling pathway

contribute to increased tumour progression, invasion, and metastasis through TGF-p

effects on cell proliferation and the microenvironment (reviewed in Derynck et al 2001).

These findings exemplity the diversity and significance of TGF-p action III

developmental and adult tissues which cannot be simply explained by variation III

expression level of these highly homologous isoforms.

THE SIGNALING CASCADE

For all the diversity and physiologic importance of the responses that TGF-p can elicit, a

seemingly disarmingly simple system lies at the core of its signaling pathway. All

members of the TGF-J3 superfamily generate a response via two serine/threonine protein

kinase receptors (a type I and type II receptor) and a family of central mediators of

signaling known as Smads which act as substrates for the activated type I receptor. The

Smads translocate to the nucleus as an assembly to regulate transcription through
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interactions with other DNA binding factors known as co-factors, co-activators, and co

repressors. Multiple sites ofthe TGF-~ signaling cascade have been identified as potential

regulatable targets to modulate transcriptional response including ligand activation and

receptor binding, Smads, and alternate DNA binding elements. In addition, evidence of

crosstalk with other signaling cascades provides alternate avenues to regulate TGF-~

action. A simple schematic for TGF-~ signaling has been included (Fig. a).

The Ligands

As noted, all three TGF-~ isoforms are structurally similar proteins with distinct functions

in vivo. Each isoform is controlled by a differentially regulated promoter (Roberts et al

1991) which likely provides the first level of regulation of TGF-~ action.

Posttranscriptional control of TGF-~ isoforms provides an additional level of modulation

(Kim et al 1992). All of these members are synthesized as large precursor molecules that

are proteolytically processed in the Golgi by endoproteases such as Furin. The precursor

is cleaved into the mature C-terminal TGF-~ fragment and the N-terminal remnant known

as the latency-associated protein (LAP) (Munger et al 1997, Cui et al 1998). LAP remains

noncovalently linked to TGF-~ in the highly stable small latent complex. Prior to leaving

the Golgi, LAP covalently associates with latent TGF-~ binding proteins (LTBPs) to form

a large latent complex (Taipale and Keski-Oja 1997). This large complex provides

stability to TGF-~, ensures correct folding of the final ligand, and promotes secretion to

the ECM for storage and activation (Munger et al 1997, Taipale and Keski-Oja 1997).

LTBPs contain RGD sequences that allow these large latent complexes to bind integrins

(av~l) at the cell surface (Munger et al 1998) which may allow TGF-~ to activate integrin

related signaling pathways or may promote TGF-~ activation through changes in cell
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shape and cell-cell or cell-ECM interactions. Diversity in the TGF-p signaling cascade

can be explained by variability in LTBPs (types 1-4) and through potential interaction

with the integrin signaling pathways.

TGF-p must be activated from its latent complex before it can bind its receptors on the

cell surface. This requires TGF-p release from LAP through several potential mechanisms

including: protease cleavage (plasmin, cathepsin), LAP binding to mannose-6-phosphate

receptors (Munger et al 1997, Taipale and Keski-Oja 1997), its deglycosylation

(Miyazono and Heldin 1989), exposure to reactive oxygen species (Barcellos-Hoff and

Dix 1996), an acidic environment (Jullien et al 1989), or thrombospondin-1 which causes

a conformational change in LAP releasing TGF-p (Crawford et a1 1998). Biologically

active TGF-p forms homo or heterodimers (Cheifetz et al 1987, Ogawa et al 1992,

Massague 1998) which are then able to bind TGF-P signaling receptors on the cell

surface. The active ligand can be modulated by several extracellular proteins which have

been shown to bind and modify its activity. ECM proteins, decorin and biglycan, u2

macroglobulin, fibronectin, and type IV collagen have all been implicated in this

regulation (Yamaguchi et al1990, LaMarre et al1991, Mather 1996, Para1kar etal1991).

The Signaling Receptors

TGF-P signals through a heteromeric transmembrane (TM) complex consisting of two

type I (RI) and two type II (RII) receptors. Upon binding ligand, RII, a constitutively

active kinase, is autophosphorylated on its cytoplasmic tail and recruits RI into the

complex. RII phosphorylates RI in the GS domain of its juxtamembrane region causing

activation (reviewed in Piek et al 1999). RI is thought not to bind ligand in the absence of

its corresponding RII. The signaling diversity provided at the level of these TM receptors
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is multifold. Differential kinetics in receptor biosynthesis, receptor internalization, and

down-regulation of both signaling receptors may contribute to signaling modification and

downstream effects (Koli and Arteaga 1997, Wells et al 1997, Anders et al 1997 and

1998). It is also possible that competition by different ligands at the level of receptors

contributes to this variability. Moreover, a number of cytoplasmic proteins (TRIP-I,

STRAP, Ba, FKBPI2, FTa) are known to interact with the kinase domains of both

signaling receptors and modulate their activity (reviewed in Roberts and Dernyck 2001).

Because of the nature of the thesis and its focus on TGF-~ receptors in human

chondrocytes, TGF-~ receptors, their interactions and regulation of TGF-~ signaling is

discussed in more detail below.

RI/RII

An increasing number of distinct high affinity cell surface binding proteins for TGF-~

have been identified but the type I (RI) and type II (RII) remain as the key signaling

receptors and are both required to transduce the signal (Attisano et al 1994, Massague

1990a, Laiho et al 1990 and 1991, Wrana et al 1992, Franzen et al 1993, Bassing et al

1994, ten Dijke et al 1994). RI (65 kDa) and RII (85-11 0 kDa) are TM serine/threonine

kinases (Massague 1992). They share the following structure: an N-terminal signal

sequence, a short cysteine-rich extracellular region, a single hydrophobic membrane

spanning domain and a cytoplasmic region containing the kinase domain (reviewed in

Visser and Themmen 1998).

As noted, ligand activation of RII, its autophosphorylation, recruitment of RI, subsequent

phosphorylation and activation of its kinase domain result in transduction of the signal to

the nucleus via Smads. The heteromeric receptor complex between RI· and RII has been
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confinned by co-immunoprecipitation studies (Wrana et al 1992, Franzen et al 1993)

which concluded that RII can bind ligand in the absence of RI but RI cannot bind ligand

independently of RII and must be recruited into the complex (Wrana et al 1994). Both RI

and RII possess binding constants in the low nanomolar (nM) range (Massague 1992). In

addition, the RI/II complex binds TGF-~1 and -~3 with higher affinity than -~2.

Evidence that RII exists in a homodimeric complex independent of ligand suggests that

RI and RII fonn a heterotetrameric complex (Chen and Derynck 1994, Vivien et al 1995).

Although it has been difficult to demonstrate homodimers of RI, kinase-deficient and

activation-defective RI are complementary indicating that two RII are likely required for

signaling (Weis-Garcia and Massague 1996). Therefore, RII appears essential in ligand

binding, whereas RI is essential to propagate the downstream signal.

The ligand binding domain (LBD) of RII was found through detennination of its crystal

structure to be a 3-finger toxin fold in the ectodomain but within a region distinct from

that seen for the type II activin receptor (ActRII) (Boesen et al 2002). Site directed

mutagenesis was also used to map the LBD of RII to the extracellular domain (ECD) and

showed it to reside within the finger 1 region (Guimond et al 2002a).

Murine knockouts of RII die in utero with defects in hematopoietic and vascular

development (Oshima et al 1996) similar to Smad 2,4, and 5 knockouts. Mutations in the

RII gene correlate with loss of sensitivity to TGF-~ and have been associated with various

cancers and pre-cancerous states (Gobbi et al 2000, Inagaki et al 1993, Ionov et al 1993,

Markowitz et al 1995). These mutations result in a loss of RII surface expression and a

decrease in mRNA transcripts. In addition, truncated versions ofRII have been implicated
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in tumour development (Park et al 1994) as have dominant negative inhibitory mutants of

RII (Knaus et al 1996).

RI, also termed Activin Receptor-like kinase-5 (Alk-5), is one of now 8 Alk receptors

identified (reviewed in de Caestecker et al 2002). Mutation analysis of ECD residues of

RI indicated a region on the convex face of this structure that affected signaling and

ligand internalization suggesting it to be a functional site of RI and RII interaction

(Guimond et al 2002b). The process by which RI transmits the TGF-~ signal is becoming

increasingly complex. Caveolin-l, found within the cholesterol-rich membrane

microdomains of caveolae, has been shown to interact through its scaffolding domain

with RI to suppress Smad 2 phosphorylation and downstream signaling (Razani et al

2001). The complexity of and necessity for RI in signaling is evident. Mice lacking RI die

at midgestation with severe defects in vascular development of the yolk sac and placenta

and abnormal haematopoiesis (Oh et al 2000). RI was shown to be crucial for vascular

development but the abnormal haematopoiesis resulting from its absence could be

compensated for by Activin receptor-like kinase-l Alk-l (Larsson et aI2001).

Alk-I

In most cell types, TGF-~ signals VIa RI (Alk-5) but, as suggested by its role in

haematopoiesis rescue (Larson et al 2001), endothelial cells also express (Alk-l) which

binds TGF-~l (Oh et al 2000). However, Alk-5 signals through Smad 2 and 3 whereas

Alk-l has been shown to modulate phosphorylation of Smad 1 and 5 (Chen and Massague

1999, Oh et al 2000). The link between these receptors and their vital role in angiogenesis

has been identified through gene ablation studies in mice (Goumans and Mummery

2000). A human vascular disorder, hereditary haemorrhagic telangiectasia (HHT) II, has
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been attributed to mutations in Alk-l. The co-existence of Alk-l and Alk-5 on endothelial

cells and their opposing effects on cell migration and proliferation suggest that TGF-13

regulated the activation states of these cells via a fine balance of Alk-l and Alk-5

signaling (Goumans et al 2002).

Alk-l shares a high degree of similarity with the other type I receptors (Attisano et al

1993, Hanks et al 1988, ten Dijke et al 1993). In its constitutively active state, it

phosphorylates and activates Smad 1 and 5 (Macias-Silva et al 1998) but the true ligand

and corresponding type II receptor for Alk-l are unknown. In the presence of RII, Alk-l

binds TGF-131 and in the presence of ActRII, it binds activin A (Attisano and Wrana

1998, ten Dijke et al 1994, De Winter et al 1996). However, neither of these complexes

was shown to elicit a downstream signal; thus, Alk-l has been considered an orphan

receptor. In addition to binding TGF-131 and activin A, Alk-l binds TGF-133 and an

unknown ligand present in the serum (Lux et al 1999). It therefore is reasonable to group

Alk-l with the TGF-13 signaling receptors.

Other Novel TGF-13 Receptors

RI and RII Variants

It was observed that a truncated mutant of RII identified in gastric carcinoma (Park et al

1994) was able to suppress TGF-13 signaling and thus its inhibition of cell proliferation.

This suggests that variants of the TGF-13 signaling receptors themselves may function as

local regulators of the signaling cascade and TGF-13 action. The presence of another

variant of RII, RIIB, was previously described but has recently resurfaced as a potential

regulator ofTGF-13 action.
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The original description of RIIB appears to have been by Glansbeek et al in 1993

(Glansbeek et al 1993). Bovine chondrocytes freshly isolated had more of the higher

molecular weight type II receptor (RIIz) as compared to the monolayers cultured cells by

affinity labeling. This suggested that there was differential expression of the variant forms

RII with chondrocyte phenotype (Glansbeek et aI1997).

Hirai and Fujita then referenced 4 articles that depicted cell types, including human

vascular endothelial cells, in which TGF-~1 and -~2 act differently. They then isolated a

variant of the type II receptor (RIIb) in these cells (Hirai and Fujita 1996) suggesting that

this differential response was attributable to receptor heterogeneity. Using affinity

labeling, both the RII and RUb receptors were shown to be responsive to TGF-~ 1

competition but not to -~2, and RIIb was shown to be functional in cells absent ofRII.

Recently, Rotzer et al have further characterized this type II receptor variant, RIIB,

claiming that the expression of RIIB is restricted to cells originating from tissues such as

bone where the TGF-~2 isoform plays a predominant role and thus must be important in

isoform specific signaling. Response to the TGF-~2 isoform was restored through

transfection with RIIB in the absence of betaglycan suggesting that RIIB transmits signals

directly in response to TGF-~2 via RI. Co-immunoprecipitation of RIIB with RI, RII, and

betaglycan were also shown (Rotzer et a12001).

A soluble form ofRI has also now been identified and is a potential regulator ofTGF-~ at

the receptor level. A unique cDNA clone encoding a soluble form of Alk-5 (TGF-~ type I

.receptor, RI) was identified from a neonatal rat kidney cDNA library. This soluble

receptor (Sol RI) was demonstrated to occur naturally and bind TGF-~1 in the presence of
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RII. Sol RI has been shown to be a functional receptor that acts either as an agonist to

TGF-13 action or possibly as a ligand chaperone (Choi 1999).

Various extra and intracellular proteins that have also been shown to physically interact

with the TGF-13 signaling receptors include FKBPI2, BAMBI, TRIP-I, STRAP, Bu, FTu

among others (reviewed in Piek et al 1999 and Roberts and Dernyck 2001). There is also

evidence that regulation of these receptors can occur at the level of transcription and

translation and may be regulated by crosstalk with alternate signaling pathways. RI and

RII mRNA levels were induced in response to PDGF isoforms but only RII protein levels

were noted to increase (Czuwara-Ladykowska et al 2001). Several other compounds are

currently being investigated as potential regulators of receptor levels to locally modulate

TGF-13 action (Callahan et al 2002). Whether the regulation of alternate forms of

signaling receptors directly influences TGF-13 action or indirectly influences its action

through heteromeric complexes with the classic signaling receptors (RI and RII) and/or

additional accessory receptors is unclear.

Betaglycan

Betaglycan is an accessory TGF-13 receptor which increases the complexity of the TGF-13

signaling cascade and provides a novel avenue to locally modulate TGF-13 action. It is the

most commonly occurring accessory receptor (originally described as the type III TGF-13

receptor) (Massague 1985, Fanger et al 1986) with a molecular mass of 200-350 kDa.

Through biochemical interactions, betaglycan is able to form heteromeric complexes with

the TGF-13 signaling receptors. It has high affinity for TGF-131 and -132 isoforms (Cheifetz

et al 1987 and 1988) and has been shown to enhance signaling through ligand donation to

RII (Cheifetz et al 1987 and 1988, Ohta et al 1987, Ignotz and Massague 1987, Bassols
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and Massague 1988, Sankar et al 1995). Betaglycan is found on the surface of cells with

the same frequency as the signaling receptors (Cheifetz et al 1988). It contains a large

mass of carbohydrate contributed by heparan and chondroitin sulphate

glycosaminoglycan (GAG) chains. Digestion of these GAG chains did not prevent TGF-~

binding to the receptor core polypeptide and did not affect its anchorage in the cell

membrane. The binding site for the ligand appeared to reside in the 100-120 kDa core

(Cheifetz et aI1988).

Increased details of the structure of betaglycan continue to be determined. The receptor

has been shown to be cleaved into 2 fragments (95 and 58 kDa) held together by

disulphide bonds. In addition, a soluble form of the ECD could be shed with temperature

and ligand regulated protease cleavage near the TM domain (Philip et al 1999). Deletion

mutagenesis revealed 2 regions of the betaglycan ECD capable of binding TGF-~, the N

terminal portion (Lopez-Casillas et a11994) and the C-terminal portion (Pepin et aI1994).

These regions were further characterized (Esparza-Lopez et al 2001). Both were found to

have higher affinity for TGF-~2 than -~1 but only the N-terminal region could increase 

~2 labeling of RII yet, both could modulate Smad 2 phosphorylation. In addition, the N

terminal region was seen to bind inhibin A with greater affinity than TGF-~1 but less

affinity than -~2. These properties alluded to the potential regulatory mechanisms of

betaglycan in TGF-~ signaling.

Elucidation of the functional roles of the cytoplasmic domain (CD) of betaglycan was

also investigated (Blobe et al 2001). Betaglycan has a short CD; the interaction of

betaglycan with RII was previously concluded to be an ECD association as deletion of the

CD of betaglycan did not alter the interaction (Lopez-Casillas et al 1994). However, it
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was demonstrated that the CD of betaglycan and RII interact specifically in a manner

dependent on the kinase activity of RII and its ability to autophosphorylate (Blobe et al

200 I). It has become clear that betaglycan has an important, albeit uncertain, role in

regulation of TGF-~ signaling. This was confirmed in cell lines lacking endogenous

betaglycan (Eickelberg et al 2002). Interestingly, in L6 myoblasts betaglycan expression

was seen to enhance TGF-~ signaling whereas in LLC-PK1 cells, betaglycan expression

prevented the association of RIIRII in a GAG dependent manner and resulted in an

inhibition of response (Eicke1berg et al 2002). Evidence has been presented that the

soluble ectodomain of betaglycan could enhance and inhibit signaling dependent upon

TGF-~ concentration (Fukushima et al 1993), although in most cases soluble betaglycan

was believed to bind and sequester ligand acting as a receptor antagonist (Lopez-Casillas

et a11991, 1993 and 1994, Philip et aI1999).

Full-length forms of betaglycan have previously been reported to both enhance and

inhibit TGF-~ signaling. This inhibitory role, however, was attributed to the competitive

binding of inhibin by betaglycan which results in inhibition of downstream TGF-~

responses as opposed to activin binding which enhances responses (Lewis et al 2000).

Based on the previous findings that the soluble form of betaglycan could inhibit TGF-~

signaling, it was ascertained that recombinant soluble betaglycan could inhibit

angiogenesis and tumour growth of breast cancer in vivo (Bandyopadhyay et al 2002).

Similarly, overexpression of full-length betaglycan in breast cancer cells restored their

TGF-~ responsiveness and decreased c1onogenic tendencies (Chen et aI1997a).

GPI-Anchored Proteins
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Affinity labeling allowed for detection of many novel TGF-~ binding proteins of different

molecular masses in various cells (reviewed in Cheifetz and Massague 1991). Although

most of the integral membrane proteins identified are inserted into the membrane via a

polypeptide anchor, several proteins have been described which use a glycosyl

phosphotidylinositol anchor (reviewed In Low 1989). Sensitivity to a

phosphatidylinositol-specific phospholipase C (PIPLC) enzymatic cleavage suggests the

presence of such an anchor. Novel TGF-~ binding proteins with these characteristics have

been identified including a 180 kDa protein that preferentially binds TGF-~1 and 60 and

140 kDa proteins that preferentially bind TGF-~2 (Cheifetz and Massague 1991).

Recently, a 180 kDa PIPLC sensitive TGF-~ binding protein was identified on human

skin fibroblasts and shown to form a heteromeric complex with the signaling receptors

(Tam et al 1998). Another GPI-anchored TGF-~ binding protein (r150) was subsequently

identified on human keratinocytes (Tam et al 2001). It was demonstrated that the GPI

anchor was contained within the 150 kDa protein and that upon enzymatic release the

soluble form ofr150 could bind TGF-~1.

Endoglin

Endoglin IS a homodimeric integral membrane protein of two 95 kDa subunits

(Quackenbush et al 1986, Gougos and Letarte 1988) joined by a disulphide bond (Cys330_

Cys412; Raab et al 1999) in the ECD (Bellon et al 1993). It was first identified with a

monoclonal antibody against the HOON pre B leukemic cell line (Quackenbush and

Letarte 1985) and termed CDI05 (Lastres et al 1994). Endoglin was subsequently cloned

and its structure determined to consist of an ECD, TM region, and a short 47 residue CD.

It has 4 potential N-linked glycosylation sites in the N-terminal domain and a probable 0-
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glycan domain rich in serine/threonine residues proximal to the TM region. An RGD

tripeptide sequence has also been identified which is a key recognition structure in cell

adhesion and infers a potential role for endoglin in integrin recognition (Gougos and

Letarte 1990). Two forms of endoglin have been identified differing in their cytoplasmic

tails. The L or full length form predominates (Bellon et al1993) and has a 47 amino acid

tail (Gougos and Letarte 1990). It contains 3 sites of mainly serine residues which are

phosphorylated 8 times the magnitude of the single region on the S form (Lastres et a1

1994). This S or short form is a spliced variant with a cytoplasmic tail of 14 amino acids

(Bellon et a1 1993, Gougos and Letarte 1990). Interestingly, administration of TGF-~1

has been shown to decrease endoglin phosphorylation (Lastres et a1 1994), whereas

endoglin was previously thought to exist in a constitutively phosphorylated state

unaltered by TGF-~l stimulation (Miyazono et a11993).

Endog1in is expressed at increased levels on human endothelial cells of capillaries,

arterioles, and venu1es (Quackenbush and Letarte 1985, Gougos and Letarte 1988);

however, it is now known to be widely expressed but at variable levels. This glycoprotein

has been documented at low levels on acute lymphoblastic and myelocytic leukemia cells

and in a small percentage of normal bone marrow cells (Quackenbush and Letarte 1985,

Hanks et a11988). It has been shown on macrophages (Lastres et a11992, O'Connell et a1

1992), erythroid precursors (Buhring et a11991), placental syncytiotrophob1asts (Gougos

et al 1992), fibroblasts (Gougos and Letarte 1988), as well as ovarian tissue, uterus,

cardiac tissue, skeletal muscle and spleen. Its distribution has been compared and found

to be quite similar to TGF-~l (St-Jacques et al 1994) and A1k-1 expression (Jonker and
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Arthur 2002). Endoglin's expression on both nonnal and malignant tissues has been

reviewed (Fonsatii et aI200l).

Endoglin is recognized as an accessory TGF-~ receptor. It shares 71% sequence

homology with betaglycan in the TM region and cytoplasmic tail (Cheifetz et al 1992,

Gougos and Letarte 1990, Bellon et al 1993). Of this cytoplasmic tail, 40% is composed

of serine/threonine residues (Gougos and Letarte 1990, Gougos et al 1992, Lopez-Casillas

et al 1991) which suggest a possible site of phosphorylation. Endoglin binds TGF-~1 and

-~3 with high affinity (Wrana et al 1992) but does not demonstrate affinity for TGF-~2

(Cheifetz et al1992, Miyazono et al 1993). Approximately 1% of endoglin on endothelial

cells is thought to bind ligand (Cheifetz et al 1992); moreover, RII is presumed to be

required to enable this binding (Barbara et a11999, Letamendia et alI998a). Endoglin has

also been demonstrated to bind BMP 7 and activin A in the presence of ActRII and

ActRIIB respectively and BMP 2 in the presence ofAlk-3 and Alk-6 (Barbara et al 1999).

This receptor has been shown to fonn complexes with RI and RII (Cheifetz et al 1992,

Zhang et al 1996, Lastres et al 1996, Miyazono et al 1993) as well as betaglycan (Wong

et a12000) and Alk-l (Lux et aI1999).

Full length endoglin has been shown to interact with both RI and RII, independently of

their kinase activation state or the presence of exogenous TGF-~1. Truncated endoglin

constructs demonstrated that the association with the signaling receptors occurred through

both extracellular and cytoplasmic domains, although distinct sites for the endoglin/RI

and endoglin/RII interactions were noted. RI and RII phosphorylated endoglin's CD and

conversely endoglin expression resulted in an altered phosphorylation state of the
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signaling receptors, downstream Smads, as well as modulation of TGF-p signaling.

(Guerrero-Esteo et al 2002).

Insight into the function of endoglin has been gained through studies of HHT I or Rendu

Osler-Weber syndrome. This is an autosomal dominant vascular disorder affecting 1

2:100,000 individuals with age-related penetrance (Guttmacher et al 1995, Plauchu et al

1989) and a variable phenotype. Gene mutations on chromosome 9q33-34 linked

endog1in to this vascular disorder (McDonald et a1 1994, Shovlin et al 1994). Forty-one

mutations associated with HHT I have been described (reviewed in Paquet et al 2001).

According to gene mutation studies in humans, there is a termination mutation in the

ECD and if translated should result in soluble proteins. However, analysis of mutant

proteins showed them to be unstable and to undergo intracellular degradation leading to a

50% decrease in endoglin expression at the surface of endothelial cells (Pece et al 1997).

This haploinsufficiency model has been supported by several other studies (Shovlin et al

1997, reviewed in Paquet et a1 2001). A single study demonstrated a dominant negative

mutant which formed heterodimers on the cell surface (McAllister et al 1995).

Phenotypic characteristics associated with HHT I have been reviewed (Haitjema et al

1996) and classified into diagnostic criteria (Shovlin et al 2000). Typically, abnormal

vasculogenesis is noted in the nasal mucosa, alimentary tract, pulmonary and cerebral

tissue, and hepatic vasculature beds with telangiectasias as a classic feature and

pulmonary and cerebral arteriovenous malformations (AVM) present in 15-20% and 10

15% of patients, respectively. Sophisticated murine models of endoglin heterozygote

knockouts have been developed. Null mutants die at day 10-10.5 in utero as a result of

defects in vasculogenesis and cardiac malformations (Bourdeau et al 1999) accounted for
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by poor vascular smooth muscle development and arrested endothelial remodelling (Li et

al 1999). Phenotype heterogeneity seen in human disease is also represented in these

models (Bourdeau et aI2001).

As with other accessory TGF-~ receptors, endoglin has been shown to modulate TGF-~

signaling (Letamendia et al 1998a, Lastres et al 1996, Li et al 2000a). Overexpression of

endoglin in monocytes has led to an inhibition of TGF-~ responses (Lastres et al 1996)

and myoblasts (Letamendia et al 1998a). Endoglin has been demonstrated to increase

ligand binding to RI and RII (Letamendia et al 1998a) and endoglin itself appears to be

regulated by TGF-~1 at mRNA and protein levels (Lastres et al 1996, Rius et al 1998,

Botella et al 2001). TGF-~1 increased endoglin, -~1, RII and ECM (type I and IV

collagen, fibronectin) in human mesangial cells while endoglin overexpression decreased

collagen levels (Diez-Marques et al 2002).

Endoglin appears to have 2 distinct but likely interacting roles in angiogenesis and ECM

regulation. Administration of TGF-~1 resulted in increased type I collagen, -~ 1, and

endoglin levels consistent with its increased expression in renal glomerular sclerosis

(Rodriguez-Pena et al 2001). Increased endoglin expression has also been documented in

fibroblasts of scleroderma patients but whether it functions to increase ECM production

or its overexpression is part of a negative feedback loop to decrease TGF-~ response is

unclear (Leask et al 2002). Mouse fibroblasts demonstrated decreased migration with

endoglin overexpression possibly related to integrin (a5~1) expression (Guerrero-Esteo et

al 1999).

Developmentally, endoglin plays a clear role in cardiogenesis (Arthur et al 2000, Qu et al

1998) as well as in vasculogenesis and angiogenesis (RayChaudhury and D'Amore 1991,
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Folkman and D'Amore 1996). In fact, endoglin is now considered as a cell marker for

both endothelial damage and repair and for angiogenesis, specifically in malignant tissues

(reviewed in Li et al 2000a,b,c). Increased endoglin expression has been documented on

endothelial cells of the central nervous system and breast carcinoma and malignant

melanoma (Bodey et al 1998a, b, c). This increased expression of endoglin in tumours has

been correlated with markers of cell proliferation (cyclin A and Ki-67) (Miller et al

1999). Interestingly, a soluble form of endoglin has been observed in human serum and is

thought to result from a normal physiologic shedding process (Wang et al 1994) and

increased levels of soluble endoglin in cancer patients have been suggested as a potential

marker of metastatic risk (Li et al 2000a and b).

The Smads

Smads are the only known direct substrates of TGF-13 (reviewed in Roberts and Demyck

2001). R-Smads or receptor regulated Smads for TGF-13 in mammalian cells are Smad 2

and 3. Their Co-Smad or co-operative Smad is Smad 4, whereas Smad 7 represents the 1

Smad or inhibitory Smad. Once active, RI is thought to undergo a conformational change.

The protein SARA contains a FEYI zinc finger domain which anchors it to the

intracellular surface of the cell membrane. Sara associates with RI and is thought to target

Smads to the cell surface. Activation of RI causes a corresponding conformational change

in SARA resulting in presentation of the R-Smads to RI for phosphorylation on C

terminus, activation, and release from SARA. These activated R-Smads form a complex,

via the L3 loop, with Smad 4 (Co-Smad) in the cytoplasm and translocate to the nucleus.

The nuclear localization mechanism of Smads appears highly complex but seems

dependent on the C-terminus of Smad 4. However, it is now better appreciated that Smads

43



are also likely sequestered along cytoplasmic microdomains possibly organized by

intracellular structural proteins.

Gene Transcription

Once in the nucleus, these Smads function as transcription factors to control target gene

expression. Smad 3, once activated by RI, undergoes a conformational change which

results in a dissociation of its terminal MH domains. The MHI domain is then available

for DNA binding. Smad 4 is also able to bind DNA and in its complex with Smad 3 does

so at specific sequences known as Smad binding elements (SBEs). Smad 2 has not been

shown to bind DNA directly. The Smad complex, however, requires the presence of

cofactors or other transcription factors to efficiently bind DNA. FAST-1 is an example of

a cofactor which binds not only DNA but also Smad 4 and 2 and provides further DNA

interactions. AP-l is another well known transcription factor which interacts at the level

of DNA with Smads and provides an avenue for crosstalk with the mitogen-activated

protein kinase (MAPK) pathway. In addition, various coactivators (p300, CBP) and

corepressors bind DNA as part of the Smad and cofactor complex and modifY the

transcriptional activity. Smad 7 does not bind DNA but instead inhibits the TGF-13

signaling cascade through negatively regulating the Rand Co-Smad complex formation

or by blocking activation of the R-Smads at the level of RI. Therefore, although the

process of activation and trafficking of Smads to the nucleus seems quite structured,

many avenues are present for regulation of signaling. Proteins that interact with RI or

SARA and prevent Smad activation will interfere with signaling. Similarly, many

proteins are now known to bind either of the MH domains of Smads and prevent their

activation, complex formation, nuclear localization, or DNA binding. Cofactors,
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coactivators, and corepressors are all capable of altering Smad function at the level of

gene transcription (above reviewed in Piek et al 1999, Massague 2000, and Roberts et al

2001). All of the above modulators of TGF-f3 receptors and their central mediators,

Smads, demonstrate the actual complexity of the TGF-f3 signaling and suggest potential

avenues of regulation ofTGF-f3 action in cells.

CROSSTALK

The possible involvement of alternate signaling pathways modulating TGF-f3 action was

recognized when classic effects of TGF-f3 were found to occur independently of Smad 4.

Pathways which have been implicated in mediating TGF-f3 effects include: RhoA,

MAPK, PI3K and its downstream target Akt/PKN, Wnt, TNF-a and IFN-y mediated

cascades, and others. The direct links of these pathways to TGF-f3 receptors are unknown

apart from the recently described role of the adaptor protein DAXX in mediating

activation of JNK by TGF-f3 (Perlman et al 2001). However, several members of these

pathways have been shown to directly interact with Smads and or have been activated

themselves through TGF-f3 (reviewed in Roberts 2002). A schematic representation has

been included to illustrate the level of complexity of TGF-f3 signaling and potential

interactions among various signaling pathways (Fig. b). The TGF-f3 signaling pathway

receives regulatory inputs pre and post receptor phase. The TGF-f3 pathway shows some

evidence of internal regulation through inhibition of Smad complexes and Smad-RI

interactions by I-Smads (Smad 7) and through ligand induced receptor internalization.

More importantly, novel TGF-f3 receptors, through interactions with RI and RII appear to

provide another avenue to locally influence TGF-f3 action. In addition, alternate signaling
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pathways indirectly modulate the TGF-13 cascade via interactions with TGF-13 receptors,

Smads, and other transcriptional regulatory proteins (reviewed in Massague et a12000).
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Fig. a: Schematic representation of the TGF-p signaling cascade. The basic TOF-P 

signaling motif consists of two serine/threonine protein kinase receptors (receptors type I 

(RI) and type II (RII» and a family of central mediators of signaling known as Smads. 

Ligand binds RII (possibly with the aid of betaglycan (BO), autophosphorylates and 

recruits RI into a complex. RI is phosphorylated by RII and its kinase domain is activated. 

R-Smads (Smad 2 and 3) act as substrates for the activated RI and are sequestered at the 

membrane by SARA. The R-Smads associate with the Co-Smad (Smad 4) and all are 

localized to the nucleus as an assembly to regulate transcription. Smad 3 and 4 are able to 

bind DNA but with much higher affinity in the presence of transcriptional cofactors or 

DNA binding partners. In addition, co-activators and co-repressors modulate transcription 

at the level of DNA binding. 
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Fig. b: Potential levels of regulation of the TGF-P cascade and of crosstalk with other

signaling pathways. Several avenues of potential TGF-p regulation have been

demonstrated including: transcriptional regulation of the TGF-p genes, their translation to

protein products and storage as a latent complex, ligand activation, receptor expression and

ligand binding, Smad regulation, and gene transcription through modulation by co-factors,

co-activators, and co-repressors. Moreover, interaction with signaling pathways of alternate

regulators of cell function provides yet another level of complexity to this system. TGF-p

accessory receptors are now accepted as modulators of TGF-p signaling at the level of

receptor interactions. Regulation of ligand storage and activation has been omitted for

clarity.
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TGF-~ AND CARTILAGE

TGF-~ PRODUCTION AND CHONDROGENESIS

TGF-~ has been documented in abundance in cartilage (Ellingsworth et al1986, Frazer et

al 1991, Morales and Roberts 1988). mRNA of TGF-~l, -~2, and -~3 is evident in

cultured human chondrocytes as well as produced in the culture medium (Villiger et al

1993). Moreover, human cartilage explants liberate TGF-~ (Lafeber et al 1993).

However, the ratio of isoform production has yet to be investigated.

Chondrogenesis, the process of differentiation from an immature precursor cell to one

with a chondrogenic phenotype, is regulated by TGF-~. Cartilage-inducing Factor-A,

later identified as TGF-f3 (Seyedin et al 1985), was isolated from DBM and shown to

induce cartilage and bone formation in subcutaneous and intramuscular tissue (Urist

1965, Reddi and Huggins 1972, Hanamura et al 1980, Seyedin et al 1983). Some

controversy exists as to whether TGF-f3 promotes this differentiation process and

stabilizes the chondrocyte phenotype or promotes dedifferentiation into a fibroblastic-like

cell.

Various studies support the role of TGF-f3 in chondrocyte differentiation. TGF-f33 III

conjunction with Dexamethasone was shown to differentiate human MSCs toward a

chondrocyte phenotype (Mackay et al 1998). TGF-f3 induced rat muscle MSCs toward a

chondrocyte phenotype evidenced by increased type II collagen and PG production

(Seyedin et al 1985 and 1986, Sampath et al 1987). Interestingly, human MSCs were

noted to express endoglin (Majumdar et al 2000). These cells, when cultured in 3-D

alginate beads with TGF-f33, up-regulated type II collagen mRNA and protein levels as

compared to 3-D cultures in serum free medium (SFM). TGF-f31 has also been shown to
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promote chondrogenesis in periosteum in vitro (O'Driscoll et al 1994, Miura et al 1994)

and in vivo (O'Driscoll and Salter 1984). Moreover, synovial rabbit explants have

undergone chondrogenesis when cultured with TGF-f31 (Nishimura et al 1999). TGF-f31

in bone marrow MSCs showed an increased chondrocyte differentiation in a dose

dependent manner (Worster et al 2000).

In contrast, rabbit articular chondrocytes grown in TGF-f3 with or without fibroblast

growth factor (FGF) became fibroblastic (Inoue et al 1989) and could not induce colony

formation on agar (Iwamoto et al 1989). TGF-f31 has been shown to increase adult human

articular chondrocyte proliferation in monolayer culture but it also contributed to

dedifferentiation and a decrease in type II collagen synthesis (Jakob et al 2001).

Similarly, rat chondroblasts in vitro could not be differentiated toward chondrocytes with

TGF-f31 (Rosen et al 1988). No type II collagen was produced by these cells, decreased

levels of PG were noted, and a change in cell morphology was evident. This suggested

that this differentiation process or chondrogenesis also relied on a cell-ECM interaction.

GROWTH PLATE CHONDROCYTES

Many of the early studies on the role of TGF-f3 in cartilage were done in growth plate

chondrocytes. TGF-f3 was demonstrated to have a dose related biphasic effect on PG

synthesis in chick growth plate chondrocytes (O'Keefe et al 1988). TGF-f3 was also

demonstrated to have a biphasic effect on cell growth but resulted in a decrease in type II

collagen synthesis in these cells (Rosier et al 1989). This appeared to be related to the

particular zone of cartilage and the proportion of "high affinity" versus "low affinity"

TGF-f3 receptors on the cells. Unloading of rat joints was noted to cause a decrease in
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cartilage height within the growth plate but TGF-p2 administration responded by

increasing cell number in the proliferative zone (Zerath et al 1997).

Theoretical problems are inherent with these growth plate models. The response to TGF

P of chondrocytes, as for other cells, is proportional to their state of differentiation

(Rosier et al 1989, Centrella et al 1995). In addition, TGF-p 1 has been shown to have

different effects on old versus young cells (Gueme et al 1995, van Beuningen et al 1994,

Rosenthal et al 1994, Recklies et al 1989) or in normal versus diseased cells (Recklies et

al 1989, Rayan and Hardingham 1994, van Beuningen et al 1994). Chondrocytes of

different origins also respond differently to TGF-p (Lee et al 1997). Therefore, to

investigate the role of TGF-p action on growth plate chondrocytes and attempt to

extrapolate findings to articular cells is problematic.

ARTICULAR CHONDROCYTES

TGF-p Regulation In Vitro

Because of the inherent difficulties posed by studies in growth plates, in vitro

investigations using articular chondrocytes emerged. However, inconsistency in TGF-p

action is also apparent in these studies. In vitro evidence has suggested that TGF-p could

have both a mitogenic effect on chondrocytes and a role in ECM production. Early

studies of cells in monolayer cultures showed increased DNA synthesis, cell growth

(Skantze et al 1985), increased GAG synthesis (Anastassiades et al 1998) with TGF-p

stimulation and synergy with platelet derived growth factor (PDGF) or IGF-1 (Chopra

and Anastassiades 1998). This up-regulation of PG synthesis was subsequently

demonstrated in many cell systems. In rabbit articular chondrocytes, TGF-p increased PG

synthesis (Redini et al 1991) independent of cell proliferation (Redini et al 1988); in
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calves it decreased PG losses (Morales and Roberts 1988) and in canine articular cells it

increased PG synthesis (Venn et aI1990). In equine articular cells, TGF-~l increased PG

synthesis but this -~ 1 responsiveness was seen to decline with advancing age (Iqbal et al

2000). TGF-~2 has been described as a more potent stimulator of chondrogenesis, PG

synthesis and cell proliferation of rabbit articular chondrocytes in vitro as compared to

other TGF-~ isoforms (Okazaki et aI1996).

In addition to PG synthesis, fibronectin was shown to be up-regulated in canine articular

explants by TGF-~l (Burton-Wurster and Lust 1990) and TGF-~ increased type II and XI

collagen and PG in rabbit articular chondrocytes and was able to counteract the

destructive effects ofIL-1 (Pujol et aI1991). TGF-~l and -~2 administration with IGF-1

or insulin resulted in an increase in type II collagen and aggrecan in dedifferentiated adult

cells (Yaeger et al 1997). Taken together, these investigations make a convincing

argument for the regenerative potential of TGF-~ in cartilage. However, notably few

studies have been performed with human articular chondrocytes.

Despite this evidence of TGF-~ promoting the chondrocyte phenotype and matrix

synthesis, data also exist that suggests TGF-~ negatively regulates these parameters. In

rabbit articular cells, TGF-~ inhibited type II collagen and PG synthesis (Rosen et al

1988). In bovine articular chondrocytes, TGF-~2 initially stimulated proliferation in

monolayer cultures but could not retain the cell phenotype and within several passages

type II collagen expression was lost (de Haart et al 1999).

Alternate Regulation

Indirect effects of TGF-~ on chondrocytes and ECM have also been described. TGF-~

can exert its effects on cartilage indirectly through MMPs and TIMPs or other ECM
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players. Decorin and biglycan (1-2% of PG) bind TGF-~ and could potentially mediate

its effects on cell proliferation and ECM synthesis (Yamaguchi et al 1990, Hildebrand et

al 1994, Iozzo and Murdoch 1996). It is quite well established that TGF-~ regulates

MMP and TIMP production (Edwards et al 1987). Human articular chondrocytes have

been shown to produce increased collagenase 3 (MMP-13) with the addition ofTGF-~ in

OA explant cultures (Moldovan et al 1997) which correlated with the cell's physiologic

state (Moldovan et al 2000) and appeared to be mediated by increased furin levels (Tardif

et al 1999). In addition, TGF-~l has been demonstrated to increase aggrecan synthesis in

CAM, intracellular MMP-13 and TIMP-l and TIMP -3 all corresponding to RII levels in

human articular chondrocytes cultured in agarose gel (Wong et aI2000).

Furthermore, other members of the TGF-~ superfamily have been implicated in cartilage

regulation. BMP-2 was seen to promote healing in full-thickness defects in rabbit

articular cartilage but with evidence of poor integration of regenerated tissue (Frenkel et

al 2000). BMP-2 was also noted to increase TIMP-l mRNA and protein expression in

bovine articular chondrocytes (Frenkel et al 2000).

TGF-~ has also been combined with various 3-D culture systems to promote repair while

maintaining cell phenotype. In bovine articular chondrocytes, increase of exogenous type

II collagen in the culture conditions augmented the TGF-~1 up-regulation of aggrecan,

DNA synthesis, and mRNA for procollagen aI(II) (Qi and Scully 1998), implicating

ECM as a regulator of TGF-~ action in cartilage. TGF-~ caused an increase in dense

pericellular matrix in bovine articular chondrocytes cultured in alginate beads (van

Susante et al 2000) and up-regulation of PG synthesis by TGF-~1 was greater in alginate

beads than monolayer cultures (Demoor-Fossard et al 1998). The increase in PG
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observed in monolayer was found only in the medium but in bead cultures the increase

was noted intracellularly and in the CAM (Demoor-Fossard et al 1999). Redifferentiation

of human articular chondrocytes in pellets with the addition of TGF-~1 resulted in the

largest increase in type II collagen mRNA, aggrecan, and tissue accumulation as

compared to other factors tested (Jakob et aI2001).

TGF-~ Regulation In Vivo

It has been argued that the inconsistency with TGF-~ administration to in vitro systems is

a result of the invariable dedifferentiation of chondrocytes in monolayer cultures. An

alternative to in vitro TGF-~ administration to assess its regulation of articular

chondrocytes is local delivery to the cell or joint surface. Adenoviral transfers have been

shown to be a feasible option for gene delivery in chondrocytes (Smith et al 2000).

Subsequently, transfer of the TGF-~1 gene in rabbit articular cells was demonstrated to

result in increased PG and type II collagen synthesis in a dose dependent manner (Shuler

et al 2000). Attempts have been made to activate TGF-~ locally through photodynamic

therapy (Sullivan et al 2002). This caused an increase in both latent and active TGF-~,

and a decrease in IL-113 stimulated loss ofPG.

Repeated injection of TGF-~1 into murine knee joints has been shown to prevent IL-l

induced destruction (van Beuningen et al 1993). Similarly, surgically created full

thickness defects in rabbit knees with implanted periosteal cells on fibrin gel underwent

chondrocyte differentiation and increased PG synthesis with the addition of TGF-~1

(Perka et al 2000).

Despite this apparent regenerative potential ofTGF-~ in vivo, in other studies TGF-~ has

demonstrated adverse effects leading to joint inflammation, osteophytes and cartilage
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destruction (Elford et al 1992, van den Berg et al 1993). Moreover, TGF-131 administered

to unloaded joints in growing rats caused age-related changes throughout the articular

zones consistent with degenerative and inflammatory joint disease (ltayem et al 1999).

Theoretical Problems with these Models

Articular cartilage can be morphologically divided into zones thought to reflect different

phenotypes and responsiveness of cells (Iwamoto et al 1989, Moldovan et al 2000).

Growth effects ofTGF-13 are proportional to proliferative state of the cell population, that

is the distribution of cells within each phase of the cell cycle (Sigel et al 1996). GO/G1

rabbit articular chondrocytes were growth inhibited by TGF-131 whereas actively dividing

S phase cells were shown to be growth stimulated (Vivien et al 1990 and 1992). There is

also evidence that S phase cells demonstrate lower TGF-131 binding (Vivien et al 1993a).

In addition, TGF-13 in rabbit articular chondrocytes causes recruitment of chondrocytes

from the non-cycling SQ or G2Q phases and results in stimulation of cell proliferation

which is clearly cell cycle dependent (Vivien et al 1990).

O'Connor et al have reviewed this TGF-13 controversy in cartilage (O'Connor et al 2000).

TGF-13 has been reported to both increase and decrease PG synthesis, type II collagen

synthesis, cell proliferation and differentiation, TIMPs and MMPs. One possible

explanation offered for this inconsistency is the effect on TGF-13 or cells directly from

other cytokines or serum factors (reviewed in O'Connor et al 2000). In addition, other

modulators may affect chondrocyte responsiveness to TGF-13. These include the state of

cell differentiation or proliferation (cell cycle), culture conditions (monolayer, 3-D,

serum, cytokines), as well as cell origin, species, and age, all of which may vary between

in vivo and in vitro conditions and are likely to contribute to the TGF-13 controversy.
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Therefore, the therapeutic potential of TGF-~ in cartilage repair will remain unrealized

until its mechanism of action in this specialized connective tissue is further elucidated. A

clearer understanding of the mechanism of action of TGF-~ in chondrocytes may be

gained through knowledge ofTGF-~ receptor expression on these cells.

TGF-~ RECEPTORS IN CHONDROCYTES

Resting, proliferative, and mature zones of growth plate chondrocytes of growing rats

express RI. RII is co-expressed in these zones but was only detected up to 6 weeks of

development (Matsunaga et al 1999). RI, RII, betaglycan, and RV (likely a higher order

complex) have been described in rabbit articular chondrocytes (O'Grady et al 1991) and

shown to form complexes on the cell surface (Hall et al 1996). RI and RII have been

localized to distinct zones of rat articular cartilage including the superficial, transitional,

and least mature zones (Fukumura et al 1998). Addition of TGF-~1 in rabbit articular

chondrocytes resulted in increased inositolphosphate glycan (IPG) levels which were

inhibited with anti-TGF-~ 1 antibody (Vivien et al 1993b). The same increase in IPG was

seen with PIPLC treatment suggesting the presence of a GPI anchored protein in rabbit

articular chondrocytes. No evidence was presented that this represented a TGF-~ binding

protein but the increased IPG levels corresponded to an up-regulation of DNA synthesis

and were thought to mimic TGF-~ action in these cells.

Rapid turnover of TGF-~ receptors on human bone has been described for growth plate

chondrocytes (Centrella et al 1996). RI and RII have been demonstrated in hypertrophic

and mineralizing zones of human growth plate chondrocytes (Homer et al 1998,

Moldovan et al 1997). The limited information available on TGF-~ receptors in human

cartilage contributes minimally to our understanding ofTGF-~ action in cartilage.
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REVELANCE OF TGF-(3 ACTION

Some interesting concepts implicating TGF-p in cartilage regeneration and repair have

arisen out of the aforementioned in vitro and in vivo studies and ongoing investigations of

diseased and normal cartilage.

Spontaneous regeneration of partial-thickness articular cartilage defects with hyaline

cartilage have been documented in lambs in utero (Namba et al 1998). However, beyond

in utero development cartilage does not undergo intrinsic repair with type II collagen.

Cartilage injury can be regarded as a wound healing process in which growth factors,

particularly TGF-p, play an integral role in many tissues (reviewed in Bos et al 2001).

Increased growth factor expression including TGF-p 1 and -P3 have been demonstrated

after cartilage injury for up to 2 weeks which appears to correspond to the hypertrophic

phase of attempted regeneration (Bos et al 2001). Although there has been controversy

regarding the articular cartilage healing potential of TGF-P 1 in vivo, it has been

implicated in joint disease in 2 murine models. Transgenic mice, expressing a

cytoplasmically truncated functionally inactive RII (dominant negative), develop joints

which histologically resemble human OA (Serra et al 1997). Similarly, degenerative joint

disease results in null mice with deletions in exon 8 of Smad 3 (Yang et al 2001). These

models implicate TGF-p dysregulation in the development ofOA phenotypes.

That TGF-p receptor levels correlate with cell phenotype and may reflect cell

responsiveness has been demonstrated in normal articular chondrocytes. RI expression

was found to be several fold higher in GO/G1 cells and overexpression of RI in the S

phase suppressed TGF-p's mitogenic effect. This suggested that the ratio of RIIRII

regulated cell proliferation as a function of cell cycle (Boumediene et al 1998b). A

59



change of TGF-13 receptor expression has also been implicated in the development of an

OA chondrocyte phenotype. OA cells have been described as having decreased RII

expression (Boumediene et al 1998a). In addition, TGF-131 effects were demonstrated to

differ in OA versus normal cells causing an increase in PG synthesis in OA cells.

Chondrocytes in upper layers of explants, more dedifferentiated, exhibited increased

sensitivity to TGF-131 (Lafeber et al 1997). However, TGF-13 was found to up-regulate

aggrecanase-1 gene expression in human synovial cells. This gene is also expressed in

OA and RA chondrocytes but was not inducible by TGF-13 indicating these cells may not

be responsive to TGF-13 (Yamanishi et al 2002). Despite this, increased TGF-131

expression in synovial fluid of OA and RA patients has been described (reviewed in

Bakker et aI2001).

It appears that dysregulation of TGF-13 signaling may be correlated with an altered

chondrocyte phenotype, TGF-13 receptor expression profile, and TGF-13 responsiveness.

Over-administration of TGF-13 by repeated in vivo injections of active TGF-131 resulted in

hyperplasia of synovium and osteophytes (van Beuningen et al 1994, Lafyatis et al 1989,

Chu et al 1992). In contrast, appropriate local modulation of TGF-13 appears to positively

regulate cartilage repair. Adenoviral mediated TGF-131 delivery into a synovial depleted

joint did not demonstrate degenerative changes (Bakker et al 2001). Similarly, TGF-13

increased u3/u5 integrin expression in bovine articular chondrocytes leads to an increase

in cell adhesion to fibronectin and type II collagen (Loeser 1997). These findings

underscore that multiple factors in the chondrocyte microenvironment are potentially

regulating cell phenotype directly or indirectly by modulating TGF-13 responsiveness.

60



Therefore, it is not surprising that TGF-13 genes have recently been described as candidate

genes for degenerative joint disease (Yamada et al 2000).

RATIONALE

Degenerative joint disease inflicts over 60% of the agmg population (Ferlic 1985,

Praemer et al 1999, Oddis 1996). The articular cartilage of these diarthrodial joints is

physiologically unique in that it does not possess the intrinsic healing capabilities seen in

other connective tissues. This had been attributed to the avascular state of the tissue, a

lack of proliferation by mature chondrocytes, and their dedifferentiation into a

fibroblastic cell which produces type I and III rather than type II collagen and which

displays altered sensitivity to anabolic and catabolic cytokines. This loss of visco-elastic

cartilage results in a non-gliding, painful, and often unstable joint and ultimately a

negative global impact on functioning. Despite extensive investigative efforts to achieve

cartilage regeneration, hyaline repair has been elusive. Therefore, current medical

treatment of degenerative joint disease focuses on alleviating patient symptoms and

surgical treatment involves invasive soft tissue rebalancing or joint replacement and is

focussed on end stage disease.

Research aimed at restoring hyaline cartilage has been fuelled by the success of tissue

engineering in other areas. Although investigators have demonstrated the ability to steer

mesenchymal stem cells and other precursors toward a chondrocyte phenotype

(Johnstone et al 1998), this approach has its own limitations. The foundations of this

work are in vitro studies where individual components of a cells microenvironment can

be independently modulated. However, in vivo applications remain limited because of the

complex milieu of regulatory factors influencing the tissue.
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An important avenue of the tissue engineering field has been the investigation of wound

healing and it is here that TGF-p has grown in stature. It has become readily apparent that

TGF-p is intimately related to all phases of the wound healing process, namely cell

growth and differentiation, ECM regulation, angiogenesis, and immune response.

Applying the analogy of wound healing to cartilage injury led to the discovery of TGF

p's role as a key mediator in cartilage repair. Despite conflicting reports on the action of

TGF-p on ECM in vitro, in vivo animal studies suggested that it promotes healing of full

and partial thickness articular defects. In addition, homozygote Smad 3 (exon 8)

knockout mice (Yang et al 2001) and transgenic mice expressing a dominant negative

form of RII (Serra et al 1997) develop degenerative joint disease. In mice with a papain

induced OA, an inhibition of endogenous TGF-p by addition of a scavenger soluble form

of the type II signaling receptor, resulted in an enhanced proteoglycan loss and impaired

cartilage repair (Scharstuhl et al 2002). These models provide a convincing link between

dysregulation of the TGF-p signaling cascade and articular cartilage degeneration.

Although clearly implicated in the pathophysiology of cartilage degeneration, little is

known about TGF-p action in human chondrocytes. Even less has been elucidated

regarding TGF-p receptors on these cells. A single study by Homer et al (Homer et al

1998) describes the expression of RI and RII in growth plate chondrocytes.

Immunolocalization of RI, RII, and betaglycan in distinct zones of OA cartilage explants

has been documented (Moldovan et al 2000). In an insightful paper, Boumedeine et al

demonstrate that OA chondrocytes are less sensitive than normal cells to TGF-p and

exhibit decreased RII mRNA levels (Boumediene et al 1998). This change in functional
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activity of OA cells and their altered ECM was attributed to the variation in receptor

expreSSIOn.

Unlike may other complex cell signaling pathways, TGF-p signals through a highly

structured cascade, with Smads as direct substrates, to influence multiple target genes.

Therefore, to elicit the appropriate downstream response, diversity in TGF-p signaling

must arise at another level, potentially the TGF-p receptors at the cell surface. Increased

information of TGF-p action in chondrocytes must be obtained before its application in

cartilage repair and regeneration is realized. More clearly defining the expression profiles

of TGF-p receptors and biochemical interactions between them, leading to the formation

of hetero-oligomeric complexes in human chondrocytes, is critical to this understanding

ofTGF-p and its role in degenerative joint disease.

HYPOTHESES

(1) that novel cell surface TGF-p binding proteins are expressed on human

chondrocytes

(2) that these novel receptors are able to form hetero-oligomeric complexes with the

TGF-p signaling receptors (RI and RII) and with other TGF-p receptors

(3) that these novel TGF-p receptors and complexes modulate TGF-p signaling and

thus action in human chondrocytes

(4) that TGF-p receptors are potential markers of human chondrocyte phenotype and

reflect cell responsiveness to TGF-p

(5) that TGF-p receptor expression modulates chondrocyte ECM production
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OBJECTIVES

(i) to define the expression profile ofTGF-13 receptors on human chondrocytes

(ii) to determine the structural features ofTGF-13 receptor interactions on the cell

surface

(iii) to determine the functional role of TGF-13 receptors and complexes in regulating

TGF-13 signaling in human chondrocytes

(iv) to investigate phenotypic differences in TGF-13 receptor expreSSIOn among

chondrocytes at different stages of differentiation and determine if this correlates

with cells responsiveness to TGF-13 and ultimately ECM regulation
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Section 2

MANUSCRIPTS AND ADDITIONAL RESULTS
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CHAPTERl

BRIDGE

Characterization of immortalized and primary human chondrocytes.

Preliminary identification ofTGF-f3 receptors on these cells with specific

emphasis on endoglin and its interaction with betaglycan.
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CHAPTERl

BRIDGING DOCUMENT

Introduction and Rationale

The dramatic consequences of articular cartilage injury leading to degenerative joint

disease arise from the lack of inherent repair seen in this specialized connective tissue.

Efforts made to facilitate cartilage repair and regeneration have had limited success. TGF

13 has emerged as a potential regulator of chondrocyte growth, differentiation, and ECM

turnover but its action is poorly understood. Accessory TGF-j3 receptors in other cell

types have been shown to regulate TGF-j3 signaling; however, the expression profile in

chondrocytes has been poorly defined.

Hypotheses

(1) that human chondrocytes are responsive to TGF-j31, -132, and -133 isoforms

(2) that novel cell surface TGF-j3 binding proteins are expressed on these cells

(3) that these novel receptors form heteromeric complexes on the chondrocyte surface

Objectives

(i) to demonstrate the responsiveness of human chondrocytes to TGF-j31, -132, and 

133 isoforms

(ii) to define TGF-j3 receptor expression profiles on human chondrocytes

(iii) to identifY biochemical interactions between receptors leading to the formation of

oligomeric complexes on the cell surface

Summary of Manuscript Findings

In the first manuscript, the expression profiles of TGF-13 receptors on human articular and

nonarticular chondrocytes are demonstrated. Endoglin is shown to be expressed on
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chondrocytes at levels comparable to human microvascular endothelial cells and its

formation of a heteromeric complex with the type I (RI) and type II (RII) TGF-p

receptors is confirmed. Moreover, endoglin's ability to form a heteromeric complex with

betaglycan at endogenous receptor concentrations and ratios is demonstrated and shown

to occur in the presence of ligand and ligand-independent manner and independently of

RII.

Additional Data

In addition to the relevant findings noted within the first manuscript, other important data

requires presentation. The role of TGF-p in chondrocytes in vitro has been controversial.

This has been attributed to the diverse systems within which TGF-p has been studied

(O'Connor et al 2000). Therefore, the immortalized and primary human chondrocytes

obtained for these investigations were first confirmed to be representative of human

chondrocytes (manuscript 1). The immediate aims were then to confirm that these cells

were responsive to all three TGF-p isoforms and to optimize investigative techniques

which were to be subsequently utilized.

The following section contains this pertinent information, describes the experimental

procedures used, the relevant findings with accompanying figures and legends, and the

conclusions drawn from these results in conjunction with those contained within the first

manuscript.
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Experimental Procedures

Western Blot Analysis

Immortalized human chondrocytes were obtained from Dr. M. Goldring (Boston, MA).

Human juvenile costal cartilage was used to isolate the C-28/I2 cell line by retroviral

infection with SY-40 large T antigen. Similarly, tsT/AC62 cells were isolated from adult

human articular cartilage with retrovirus expressing a temperature-sensitive mutant of

SY-40 large T antigen functional at 32° C (Robbins et al 2000). TGF-J31 and -J32 were

obtained in standardized concentrations from Genzyme Inc. (Framingham, MA) and

TGF-J33 was purchased (standardized concentration) from Austral Biochemical (San

Ramon, CA).

To determine the regulation of the phosphorylated form of Smad 2 by TGF-J31 and to

optimize conditions for future chondrocyte stimulation, cells were grown in 60mm dishes,

serum starved for 24 hours, then treated with increasing concentrations (0, 1, 10, 50, 100,

250, 500 pM) of TGF-J31 for 60 minutes to generate a dose response curve. Cell lysates

were prepared and samples were standardized for protein content using the Bradford

Protein Assay Kit (Bio-Rad; Mississauga, Ont.). The extracts were then fractionated by

7.5% SDS-PAGE and transferred by electrophoresis to nitrocellulose membranes

(Scheicher and Schuell; Keene, NH.). The membrane was blocked for 3 hours in a milk

protein/Tween blocking solution (1M Tris, pH 7.5; 5M NaCI; Tween 20,Sigma;Camation

Skim milk powder) and incubated with a rabbit polyc1onal anti-phosphoSmad 2 antibody

(a gift from Dr. S. Souchelnytskyi, Uppsala, Sweden; Souchelnytskyi et al 2001, Nakao et
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al 1997) at 4°C overnight. The membrane was washed and incubated for 1 hour with goat

anti-rabbit HRP conjugated secondary antibody (Santa Cruz Biotechnology Inc.; Santa

Cruz, CA) at room temperature and protein was detected using the ECL system

(Amersham Pharmacia Biotech Inc.; Baie d'Urfe, Que.). The membrane was reprobed

with anti-Smad 2 (non-phosphorylated form) or anti-STAT 3 antibody (a member of the

JAKISTAT pathway not inducible by TGF-J3 stimulation) (both from Santa Cruz

Biotechnology Inc.; Santa Cruz, CA) to confirm equal protein loading.

Thymidine Incorporation

Regulation ofDNA synthesis was determined using the Thymidine incorporation assay with

modifications as described previously by our lab (Wong et al 2000). Briefly, cells were

seeded at a density of 7.Ox105 cells/24 well plate and cultured for 24 hours. The cells were

washed with PBS then serum starved for 4 hours. Wells were then incubated increasing

concentrations of TGF-J31 under serum free conditions overnight. eH]-Thymidine

(lIlCi-mr1
) (Amersham Pharmacia Biotech Inc.) was added per well for the final 4 hours

of TGF-J31 treatment. The cells were washed 3 times with PBS and once with 5%

trichloroacetic acid (A&C American Chemicals Ltd.; Montreal, Quebec). They were then

solubilized in 1% SDS and incorporated radioactivity was determined by liquid

scintillation counting.

Luciferase Reporter Assay

The Col 2a, an IL-l J3 and TGF-J3-inducible promoter-reporter construct (Robbins et al

2000), containing the luciferase gene under the control of a portion of the type II collagen

promoter region, was used to determine cellular responsiveness to TGF-J3. Chondrocytes

were grown to 90% confluency in a 6-well plate and transiently transfected with Illg of
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pCol 2a and 1Jlg of p~-ga1actosidase(~-gal) per well using Lipofectamine Reagent (Life

Technologies) in serum-free medium according to the manufacturer's specifications. Cells

were allowed to recover overnight, serum starved the following day for 4 hours, then

treated with 100pM ofTGF-~l, 2ng/ml ofIL-ll3' or a combination of both overnight. The

cells were lysed and assayed for luciferase activity (BD Pharmingen; Mississauga, Ont.)

using the EG&G Berthold Microplate Luminometer (Berthold Technologies USA; Oak

Ridge, TN). Light emission by the TGF-~l treated cells was expressed as a percentage of

the emission by the control cells and adjusted for transfection efficiency obtained using

the ~gal assay.

PAl Assay

C-28/12 and tsT/AC-62 cells were plated in 24 well tissue culture plates each at a density

of 2.5x 105 cells for 2 wells. The following day cells were washed with PBS and 500Jll of

serum free medium was added per well and incubated for 24 hours. At the same time that

serum free medium was added, MLEC cells (stable transfectants of mink lung epithelial

cells with the PAI-1-luciferase reporter; Mazzieri et a12000) were plated into a 96 well

plate incorporating blanks, triplicate wells for TGF-~ standards (Opm, 5, 10, 20, and 40),

and triplicate wells for the treatment media at 100Jll per well from a stock of cells of

1.65x 105 cells/ml. At 24 hours, media was collected from the C-28/12 and tsT/AC-62

cells and samples, kept at 37°C (active) or heated to 70°C (total) to activate TGF-~, were

then mixed (50Jll:50Jl1) with .1 %BSA-DMEM. Standard concentrations of TGF-~1 were

also prepared in .1 %BSA-DMEM. 1001-11 of the TGF-~ standard solutions or treatment

media were added to individual wells of MLEC. The following day cells were lysed and

luciferase activity determined. Luciferase activity from TGF-~ standard wells were used
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to generate a standard curve and TGF-~ concentration of the total and active treatment

samples was determined from the standard curve and depicted as pM concentration for

cell density.

Chloramine T TGF-~ Iodination

Iodination of TGF-~1 or TGF-~2 (gifts from Genzyme Inc.; Framingham, MA) using the

Chloramine T method was performed at the Biomedical Research Institute (BRI;

Montreal, Quebec) as previously described (Philip and 0'Connor 1991). A regulatory

leaded and ventilated hood was used and appropriate safety precautions maintained

throughout the procedure.

Briefly, a PD-I0 Column (Amersham Pharmacia Biotech.) was equilibrated with column

buffer (0.2 g BSA, 0.88 g NaCl, 200 ml dH20) and capped until ready for use. 5~1 of 1M

NaP04 (pH 7.4) was added to 2~g ofTGF-~ (carrier free; prepared in 4nM HCI to dilute,

pH 7.4) then 1O~1 of NA_ 125 I (ImCi; Amersham Pharmacia Biotech.) was added and

iodination was achieved with three sequential additions of 5~l of Chloramine T (1 Omg/ml

in 1M NaP04) at 0, 2 and 3.5 minute intervals. The reaction was terminated at 4.5

minutes with 20~1 of L-Tyrosine (9mg/ml in 50mM NaP04, pH 7.4), 200~1 KI (10mg/ml

in 50mM NaP04, pH 7.4) and 200~1 urea (1g/ml in 1M HCI) to stop reaction. The final

volume was chromatographed on the pre-equilibrated column and twelve 0.8ml fractions

were collected into siliconized eppendorfs containing storage buffer (0.4 g BSA, 40 ml

4mMHCI).

5~1 aliquots of above collected fractions were transferred to scintillation vials and

radioactivity determined. The two hottest fractions were pooled into the final product.

Labeling efficiency (product specific activity) and concentration were determined (1 ~Ci
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ofNA_ 125 I equal to 2.22x106 cpm and a final volume of 1600fll). The final product was

stored in lead pigs at -80°C. The specific activity of 125I_TGF_~1 ranged from 2-4

mCi/pmole and biologic activity was evaluated using a receptor binding assay on C-28/I2

cells.

Affinity Labeling

Affinity labeling was performed as described previously with modifications (Wong et al

2000). Briefly, monolayers of cells were washed with ice-cold binding buffer [Dulbecco's

PBS (dPBS) with Ca++ and Mg++, pH 7.4 containing 0.1% bovine serum albumin (BSA)]

and were incubated with 100 pM of 125I-TGF_~1 or 125I_TGF_~2 prepared using the

Chloramine T (described above) or Bolton Hunter method (gift from Dr. O'Connor

McCourt; Montreal, Quebec) in the absence or presence of increasing concentrations of

unlabeled TGF-~I, -~2 or -~3 (Genzyme Inc. or purchased from Austral Biochemical;

San Ramon, CA). The receptor ligand complexes were cross-linked with Bis

sulfosuccinimidyl suberate (BS3; Pierce; Rockford, 11.). The reaction was stopped by the

addition of glycine and the cell membrane extracts were prepared and separated by SDS

PAGE (3-11 % gradient) under reducing (with ~-Mercaptoethanol, Sigma) conditions and

analyzed by autoradiography.

Immunoprecipitation of TGF-O Receptors

The anti-RI and anti-RII TGF-~ receptor antibodies were obtained from Santa Cruz

Biotechnology Inc (Santa Cruz Biotechnology Inc.). The anti-betaglycan antibody (Get 1;

corresponding to the intracellular domain of betaglycan raised against the peptide

sequence GETARRQQVPTSPPASENSS) was a gift from Dr. S. Souchelnytskyi

(Uppsala, Sweden; Piek et al 1997). This peptide sequence is not present in human
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endoglin (Accession Number J05481 GenBank) and the Get 1 antibody exhibits no

crossreactivity to endoglin (personal communication Dr. S. Souchelnytskyi; Uppsala,

Sweden). The anti-pig endoglin antibody (EG(591-609)); corresponding to the

intracellular domain of endoglin raised against the peptide sequence

KREPVVAVAAPASSESSST) was a gift from Dr. K. Miyazono (Japan; Yamashita et al

1994). This peptide sequence is not present in human betaglycan (Accession Number

XM_001924 GenBank. The anti-betaglycan antibodies, 277 and 272, were a gift from Dr.

M. O'Connor-McCourt (BRI; Montreal, Quebec; Philip et al 1999) or purchased from

Santa Cruz Biotechnology Inc.

Immunoprecipitation studies were performed as described previously (Wong et al 2000,

Dumont et al 1995) with modifications. Cells were affinity labeled with 200 pM 1251_

TGF-~I, and the membrane extracts were incubated with 3Jlg/ml of the various

antibodies or respective IgG controls. Immune complexes were then incubated with

protein G-Agarose (PGA) slurry (Roche Diagnostics; Laval, Que.) or protein A-sepharose

(PAS) (Amersham Pharmacia Biotech Inc.) and the beads were pelleted by centrifugation.

The immune complexes were analyzed by SDS-PAGE under non-reducing or reducing

conditions followed by autoradiography.

Results

These results demonstrate the optimization of investigative techniques and present data

which are relevant to and support that which is presented in the manuscript to follow

(manuscript 1).

TGF-~ stimulates Smad 2 phosphorylation, DNA synthesis, and regulates Col 2a

promoter activity in human chondrocytes
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To illustrate the sensitivity of human chondrocytes to TGF-~, various endpoints were

chosen. TGF-~ treatment was to be used extensively throughout these studies; thus, in

illustrating the cellular response to TGF-~, a time curve and dose response to determine

optimal treatment conditions were generated. In addition, because there is a consensus

that cells may respond differently to the three TGF-~ isoforms, the chondrocyte response

to TGF-~I, -~2, and -~3 isoforms was compared.

To demonstrate the TGF-~ sensitivity of chondrocytes and to illustrate signaling through

Smad 2, a central mediator ofTGF-~ action, TGF-~ induced Smad 2 phosphorylation was

examined. Fig. Ai (panel A) demonstrates that incubation of C-28/I2 chondrocytes with

increasing concentrations of TGF-~1 for 60 minutes resulted in a graded increase in Smad

2 phosphorylation and detected stimulation with as little as 1-10 pm of treatment. Of note,

a corresponding decrease is seen in Smad 2 levels. However, this likely represents

somewhat unequal loading of protein rather than a true finding as it was not repeated.

Despite, the decrease protein loaded the increase in Smad 2 phosphorylation is

convincing. A time-dependent increase in Smad 2 phosphorylation with 100 pM of TGF

~1 treatment is evident in panel B with maximum stimulation seen at 60 minutes but as

early as 5 minutes after treatment. Fig. Aiv demonstrates that chondrocytes were

responsive to all three TGF-~ isoforms. Treatment with 10 or 250 pM ofTGF-~I, -~2, or

-~3 for 15 minutes demonstrated an up-regulation of Smad 2 phosphorylation.

Interestingly, the cells appear to be more responsive to the TGF-~2 isoform both at low

and high concentrations which is consistent with the view that this isoform is particularly

important in bone related tissues (Rotzer et al 2001).
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Growth response (DNA synthesis) to TGF-~ was demonstrated using a eH]-Thymidine

incorporation assay (Fig. Aii). Regulation of DNA synthesis was determined and used to

express TGF-~ responsiveness in tsT/AC-62 cells with increasing concentrations ofTGF

~ I treatment. The results demonstrate a triphasic response to TGF-~ I stimulation with

growth stimulation as compared to untreated cells at low dose range (1 pM, p= 0.04; 10

pm, p= 0.09), marked growth inhibition at mid dose range (50 pM; P =0.006), no

stimulation at 100 pM (p=0.45) and again stimulation at high dose range (200 pM; P

=0.05). The data shown is representative of three experiments done in quadruplicate.

Similar results were seen for C-28/12 cells (data not shown).

Cellular signaling has been demonstrated by a Col 2a-driven luciferase reporter assay as a

marker for TGF-~l responsiveness (Robbins et al 2000). Chondrocytes were transiently

transfected with pCol 2a and the induction of luciferase activity by exogenous TGF-~1,

IL-II3' or a combination of both was measured. As illustrated in Fig. Aiii, luciferase

activity of cells treated with 100 pM of TGF-~I was inhibited approximately 40%, with

2ng/ml of IL-l 13 or a combination 60%, as compared to untreated cells (control) for the

tsT/AC-62 cell line (upper panel). Luciferase activity of cells treated with 100 pM of

TGF-~l was inhibited approximately 20%, with 2ng/ml of IL-113 or a combination 40

50%, for C-28/12 chondrocytes (lower panel). The results were normalized by co

transfection of the ~-gal plasmid. Transfection of the empty vector and treatment with

TGF-~ in control experiments did not result in any alteration of luciferase activity (data

not shown).

Chondrocytes produce TGF-~
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Fig. A demonstrated chondrocytes sensitivity to all three TGF-~ isoforms and illustrated

an appropriate dose range and time points for subsequent exogenous TGF-~ treatment.

The question remained as to whether these cells produce endogenous TGF-~ which could

interfere with exogenous TGF-~ stimulation. To demonstrate TGF-~ production by

human chondrocytes, a PAI-luciferase assay was performed using MLEC cells (stable

transfectants of mink lung epithelial cells with the PAI-1-luciferase reporter; Mazzieri et

a12000). Fig. B illustrates TGF-~ production at 24 hours by both tsT/AC-62 and C-28/I2

cells in the range of 40-70 pM of total and 5-20 pM for active TGF-~ from confluent

wells of a 24 well plate (1.25x105 cells). To eliminate this endogenously produced TGF

~, cells are serum starved or washed extensively with a mild acid (0.1 % glacial acetic

acid; Glick et al 1990) prior to any exogenous TGF-~ stimulation.

TGF-~ receptor profiles on human chondrocytes

Affinity labeling with 1251_TGF-~1 is a standard technique used to determine expression

profiles of TGF-~ receptors on various cells. To optimize this technique for chondrocyte,

cells were affinity labeled with 1251_TGF-~ 1 prepared by the Chloramine T method (as

described in Experimental Procedures) or Bolton Hunter (gift from Dr. M. O'Connor

McCourt; Montreal, Quebec) and analyzed by SDS-PAGE (3-11% gradient). The

receptor profiles representative of human chondrocytes are illustrated in Fig. C. The

competition using 2.0 nM of unlabeled TGF-~1 and -~2 demonstrated that both forms of

1251_TGF-~ 1 labeled the cells equally well and the relative binding affinity of the

receptors for the TGF-~l and -~2 isoforms appeared similar using both iodination

techniques. The type I TGF-~ receptor (RI) was observed at 65 kDa, the type II TGF-~

receptor (RII) at 85 kDa, betaglycan at 250-300 kDa, and an additional protein with TGF-
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f3 affinity was noted at 180 kDa. The remainder of the affinity labeling experiments were

performed using Chloramine T prepared 1251_TGF-f31.

Competition profiles using increasing concentrations of unlabeled TGF-f31, TGF-f32, and

TGF-f33 isoforms depict the relative binding affinity of the receptors for the TGF-f3

isoforms (manuscript 1). To demonstrate that very low concentrations of unlabeled ligand

had been accurately prepared, affinity labeling was performed simultaneously with two

sources of TGF-f31 (Genzyrne Inc. and Austral Biochemical; Fig. D). The competition

using 2.0 nM of both unlabeled TGF-f31 sources demonstrated equally well displacement

of labeled ligand from the TGF-f3 receptors. The remainder of the affinity labeling

experiments were performed using the TGF-f31 donated by Genzyrne Inc.

TGF-f3 receptor-ligand affinity can be determined by affinity labeling with 1251 labeled

ligand and competition with an unlabeled ligand. Increasing concentration of unlabeled

TGF-f3 isoforms will displace receptor-bound labeled ligand proportionate to the

receptor's affinity for the particular ligands. A standard approach to determine TGF-f32

affinity involves labeling the cells with 1251_TGF-f31 and competing with the -f32 isoform.

An alternative is to label receptors directly with 1251_TGF-f32 (Fig. E.) The competition

using increasing concentrations of unlabeled TGF-f31, TGF-f32, and TGF-f33 isoforms

demonstrated the relative binding affinity of the receptors for the TGF-f3 isoforms. 1251_

TGF-f32 labeling in the absence of unlabeled ligand (lanes designated as '0') revealed

three major binding complexes of relative molecular weights of 65, 85, and 250-300 kDa

under reducing conditions. The migration patterns and isoform specificities of these

complexes were characteristic of the cloned type I receptor (RI), type II receptor (RII),

and type III (betaglycan) receptor, respectively (Wong et al 2000, Tarn and Philip 1998).
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This was confinned later by immunoprecipitation studies using specific anti-receptor

antibodies (see below). All receptors demonstrated affinity for all three TGF-~ isofonns.

TGF-~ signaling receptors form heteromeric complexes

To confinn the identity of the TGF-~ signaling receptors expressed on human

chondrocytes and to study potential associations between them, cells were affinity labeled

with 125I_TGF_~1 and immunoprecipitated using specific anti-receptor antibodies directed

against RI and RII. In these studies, whereas immunoprecipitation with a specific anti

receptor antibody confinned the identity of its cognate TGF-~ receptor, co

immunoprecipitation of another receptor which is not recognized by this antibody was

indicative of heteromeric complex fonnation between those receptors. In addition, both

PAS and PGA were used to incubate the immune complexes to detennine any difference

in their efficacy.

As shown in Fig. F (C-28/I2 left panel and tsT/AC-62 right panel), the

nonimmunoprecipitated membrane lysate (NIP) of 50llg and IOOllg of protein

demonstrated the presence ofTGF-~ binding proteins consistent in mobility and size with

RI, RlI, and betaglycan (Lane 1,2,7, 8). The anti-RI antibody with PAS (a-RI-PAS, Lane

4) immunoprecipitated RI and co-immunoprecipitated trace amounts of RII and

betaglycan. Similarly, with PGA, the anti-RI antibody (a-RI-PGA, Lane 10) precipitated

RI and co-immunoprecipitated RII and betaglycan. The anti-RII antibody with PAS (a

RlI-PAS, Lane 5) immunoprecipitated RII and co-immunoprecipitated RI and betaglycan.

However, with PGA, the anti-RII antibody (a-RlI-PGA, Lanes 6 and 11) precipitated RII

and co-immunoprecipitated RI and betaglycan with greater efficacy suggesting that PGA

may be more effective at sequestering the antibody-receptor complexes. The co-
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immunoprecipitation of RI and RII with betaglycan in other cells is well documented

(Franzen et al 1993) and has been confirmed on human chondrocytes (Homer et al 1998).

No receptors were immunoprecipitated with the control (rabbit) immunoglobulin (IgG,

Lane 3,6).

Multiple antibodies against TGF-J3 receptors are commercially available or have been

independently generated by individual laboratories. Antibody sensitivities may vary and

thus affect detection of co-immunoprecipitation of associated receptors.

Immunoprecipitation with anti-betaglycan antibody demonstrated betaglycan but also

suggested co-immunoprecipitation of endoglin (manuscript 1). To determine which

available anti-betaglycan antibody would be most efficient in detecting endoglin co

immunoprecipitation, studies were performed with various anti-betaglycan antibodies

under nonreducing (Fig. Gi) and reducing (Fig. Gii) conditions. In Fig. Gi, the anti

endoglin antibody (a-Eg, Lane 6) immunoprecipitated the endoglin dimer which is also

evident in the non-immunoprecipitated lanes (NIP, Lane 1, 2). The anti-betaglycan

antibody which both demonstrated the highest level of betaglycan immunoprecipitation

and traces of endoglin co-immunoprecipitation was Get 1 (Lane 3). This was also evident

under reducing conditions (Fig. Gii, Lane 2). No receptors were immunoprecipitated with

the control (rabbit) immunoglobulin (Fig. Gii; IgG, Lane 1).

Conclusions

This additional data confirmed the responsiveness of human chondrocytes to all three

TGF-J3 isoforms and suggested optimal conditions for exogenous TGF-J3 treatment (Fig.

A) used in subsequent studies (manuscripts 1-5). Fig. B demonstrated the production of

TGF-J3 by human chondrocytes and suggested that the active form comprises
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approximately 15-25% of the total TGF-~ produced. This illustrates the need to serum

starve cells prior to exogenous TGF-/3 treatment to remove endogenous ligand which, if

unequally produced by cells, will confound results. This endogenous TGF-~ must be

removed with mild acid wash (0.1 % glacial acetic acid; Glick et al 1990) to conclude

ligand independence when determining receptor interactions. These modifications were

thus made in subsequent investigations (manuscripts 1-5).

Optimization of affinity labeling and immunoprecipitation techniques has been

demonstrated. Fig. C indicated that the efficiency of affinity labeling with Chloramine T

labeled 125TGF_~1 was equal to that of commercially available Bolton Hunter labeled

125TGF_~1 and thus the Chloramine T form was subsequently used for all affinity labeling

studies (manuscripts 1-5). Similarly, data indicated that the unlabeled TGF-/31 (a gift

from Genzyme) was accurately diluted and prepared as compared to that purchased from

Austral (Fig. D) and could be used for further competition profiles with confidence. The

effectiveness of TGF-~ anti-receptor antibodies was also determined. Anti-RI and anti

RII antibodies, combined with PAS or PGA, were investigated (Fig. F). It was apparent

that the immune complex was more efficiently detected using PGA and therefore PGA

was used for betaglycan-endoglin co-immunoprecipitation studies (manuscript 1). The

presence of the TGF-~ signaling receptors and betaglycan on human chondrocytes and

the heteromeric receptor complexes between them (Homer et al 1998) was confirmed for

the chondrocyte cell lines (Fig. F). The efficacy of the anti-betaglycan antibodies required

for endoglin co-immunoprecipitation studies (manuscript 1) were investigated (Fig. G)

and indicated that the anti-endoglin antibody obtained from Dr. K. Miyazono (Tokyo,

Japan; Yamashita et al 1994) was effective at detecting this receptor. In addition, Get 1
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(Piek et al 1997) was the most efficient antibody for betaglycan detection as well as for

endoglin co-immunoprecipitation. All immunoprecipitations for betaglycan were

subsequently performed using Get 1 antibody (manuscript 1-5).

Results demonstrated in Fig. E confirmed the receptor affinities for TGF-~ isoforms using

labeled 125I-TGF-~2. The TGF-~ signaling receptors (RI and RII) and betaglycan are

shown to bind TGF-~2 and demonstrate affinity for all three unlabeled isoforms.

Therefore, the results presented above have demonstrated the optimization of techniques

used throughout the thesis (manuscript 1-5). Together with the data contained in

manuscript 1, the responsiveness of human chondrocytes to all three TGF-~ isoforms has

been confirmed. TGF-~ production by human chondrocytes (15-25% active form) is

documented. The TGF-~ receptor expression profile of chondrocytes is well characterized

and the heteromerization of the signaling receptors with betaglycan are demonstrated. For

the first time, endoglin expression on human chondrocytes at high concentrations is

demonstrated. It is shown to form higher order complexes with RI and RII and more

importantly, a heteromeric complex with betaglycan on these cells. Also, that this

endoglin-betaglycan complex formation occurs at physiological receptor concentrations

and ratios, and in the presence of ligand and ligand-independent manner has been

illustrated. Furthermore, this heteromeric complex can occur independently of RII.

Elucidating the role of endoglin in the regulation of TGF-~ signaling and understanding

the significance of the endoglin-betaglycan association in human chondrocytes are critical

to unravelling the molecular mechanisms governing TGF-~ action in these cells and thus

the role ofTGF-~ in mediating cartilage repair.
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Summary

Previous work has implicated transforming growth factor ~ (TGF~) as an essential

mediator of cartilage repair, and TGF~ signaling as a requirement for the maintenance of

articular cartilage in vivo. However, the mechanisms regulating TGF~ action in

chondrocytes are poorly understood. Endoglin, an accessory receptor of the TGF~

receptor superfamily, is highly expressed on endothelial cells and has been shown to

potently modulate TGF~ responses. It is not known whether chondrocytes express

endoglin or whether it modulates TGF~ signaling in these cells. In the present study, we

demonstrate that endoglin is expressed on human chondrocytes at comparable levels to

endothelial cells and that it forms higher order complexes with the types I and II TGF~

receptors. More importantly, we show that endoglin forms a heteromeric complex with

betaglycan on these cells at endogenous receptor concentrations and ratios. Endoglin

complexes with betaglycan in a ligand independent and dependent manner as indicated by

co-immunoprecipitation in the absence of TGF~ and after affinity labeling with

radiolabeled TGF~, respectively. Also, the endoglin-betaglycan association can occur

independently of the type II TGF~ receptor. These findings, taken together with the

available evidence that endoglin and betaglycan are potent modulators of TGF~ signal

transduction, imply that the complex formation between endoglin and betaglycan may be

of critical significance in the regulation ofTGF~ signaling in chondrocytes.

Key Words: chondrocytes, TGF-~ receptors, endoglin, betaglycan, cartilage
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INTRODUCTION

Cartilage, one of the body's five major connective tissues, displays poor intrinsic healing

which is the key element in a variety of common joint diseases. Although the potential

for restoring diseased or injured cartilage has generated much interest, a successful model

of cartilage regeneration or repair has been elusive. This has been attributed to the lack of

regenerative or proliferative ability of mature chondrocytes, their dedifferentiation into

fibrocartilage (type I and type III collagen producing cells) (1) and the avascular state of

the tissue (2). Increased attention has focused on the chondrocyte environment as a

critical determinant of phenotypic matrix synthesis and reparative capacity in which

growth factors play important roles. Transforming growth factor P (TGFP)! has emerged

as a potential regulator of chondrocyte growth and differentiation. For example, a positive

relationship between cellular maturity and proliferative response to TGFp has been

demonstrated in growth plate chondrocytes (3). Furthermore, chondrocytes derived from

the different layers of articular cartilage are differentially stimulated by TGFp (4).

TGFp is a member of a large family of multifunctional proteins intricately involved in

growth, differentiation, and development (5) and was described initially as "cartilage

inducing factor" (6). Three distinct isoforms of TGFp (TGFp 1, 2, and 3) which are

encoded by distinct genes have been described in mammals (5). TGFp is secreted in a

latent form that requires activation before it can bind to its receptors. The TGFp signal is

transduced by a pair of transmembrane serine/threonine kinases, known as the types I and

! The abbreviations used are: TGFp, transforming growth factor beta; PAl - 1,
plasminogen activator inhibitor-I; RI, TGFp type I receptor; RII, TGFp type II receptor;
HHT, hereditary hemorrhagic; PAGE, polyacrylamide gel electrophoresis; FBS, fetal
bovine serum; DMEM, Dulbecco's minimal essential medium; dPBS, Dulbecco's
phosphate buffered saline; BSA, bovine serum albumin; pgal, beta-galactosidase.
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II receptors which are present on almost all cell types (7, 8, 9, 10). The type I receptor

does not bind TGF~ in the absence of the type II receptor. The binding of TGF~ to the

type II receptor, a constitutively active kinase, results in the recruitment, phosphorylation

and concomitant activation of the type I receptor. The activated type I receptor in tum

transmits the signal via downstream mediators such as Smads, resulting in the regulation

of target gene expression. Other cell surface TGF~ binding proteins include the

accessory receptors, betaglycan (type III TGF~ receptor) and endoglin (CDI05) which

have a limited tissue distribution. Betaglycan, a membrane proteoglycan, binds all three

TGF~ isoforms with high affinity and is believed to facilitate TGF~ binding to the type II

TGF~ receptor(ll, 12, 13).

Endoglin binds TGF~1 and TGF~3 with high affinity through its association with the

type II receptor (reviewed in 14). Furthermore, endoglin appears to interact not only

with TGF~ but also with activin and bone morphogenic protein in the presence of their

respective ligand binding receptor (15). Endoglin was originally identified with the

monoclonal antibody 44G4 generated against the HOON pre-B leukemic cell line (16) but

was subsequently found to be highly expressed on endothelial cells. Other cell types that

express endoglin include monocytes, lymphocytes and placental and uterine cells

(17,18,19). Endoglin, a homodimeric transmembrane protein of ~180 kDa, composed of

disulfide-linked protein subunits of ~95 kDa, has limited species-specificity and shows

70% homology to betaglycan. Two different isoforms, Land S-endoglin, have been

described and both are constitutively phosphorylated. The functional role of endoglin in

TGF~ signaling is poorly understood. It has been shown to facilitate ligand binding to the

types I and II receptors (20). However, over-expression of endoglin decreases TGF~
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responses III monocytes and myoblasts (19,20,21). In contrast, overexpression of

betaglycan enhanced TGF~ responses in these cells (20).

The gene encoding endoglin is located on chromosome 9q34 (22). Hereditary

hemorrhagic telangiectasia (HHT) is attributable to mutations in the endoglin gene with

each mutation providing a slightly modified disease phenotype (23). Heterozygotes, both

human and animal models, display the classic phenotype of epistaxis, telangiectasia, and

visceral vascular malformations (24). Null alleles are embryonically lethal secondary to

abnormal yolk sac vasculogenesis and abnormal cardiac development (25). The specific

function of endoglin responsible for HHT is likely related to alterations in TGF~ action

(20,26).

TGF~ receptor profiles on human chondrocytes are poorly defined and it is not known

whether chondrocytes express novel TGF~ receptors. Expression of TGF~ accessory

receptors such as endoglin and glycosyl phosphatidylinositol-anchored TGF~ binding

proteins have been shown to regulate TGF~ signaling and TGF~ responses in other cell

types (20,27,28). Defining the expression profiles of the TGF~ receptor types and the

biochemical interactions between these receptors leading to the formation of oligomeric

complexes on chondrocytes is critical to understanding the mechanism ofTGF~ action in

these cells.

In the present study, we report the expression profiles of TGF~ receptors on human

articular and nonarticular chondrocytes and demonstrate for the first time that endoglin is

expressed on chondrocytes. More importantly, we show that in addition to the well

documented formation of a heteromeric complex with the type I/type II TGF~ receptors,

endoglin forms a heteromeric complex with betaglycan on chondrocytes at endogenous
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receptor concentrations and ratios. Also, we present data to illustrate that the

heteromerization of endoglin with betaglycan occurs III a ligand-induced and ligand

independent manner as shown by their co-immunoprecipitation after affinity cross-link

labeling with radiolabeled TGF~ and their association in the absence of TGF~,

respectively. Furthermore, we demonstrate that the complex formation between endoglin

and betaglycan can occur independently of the type II TGF~ receptor.

EXPERIMENTAL PROCEDURES

Cell Culture

Primary human articular chondrocytes were obtained from cartilage specimens obtained

at total knee replacement surgery. Digestion of the specimens was performed according to

standard techniques (29). Briefly, cartilage was washed with phosphate-buffered saline

(PBS), incubated with 0.25% trypsin (10ml/g of tissue) (Life Technologies; Burlington,

ON.) for 30 to 45 minutes, minced with a scalpel, and incubated with hyaluronidase

(lOmllg of tissue) and collagenase (lmg/ml; 1Omllg of tissue) (both from Sigma;

Oakville, ON.) overnight. The suspension was pelleted, washed, and plated at 1x106

cells/m!' The immortalized human chondrocyte cell lines (C-28/I2 and tsT/AC62) have

been described previously (29,30). The C-28/12 cell line was developed using

chondrocytes isolated from juvenile human costal cartilage by retroviral infection with

SV-40 large T antigen. The tsT/AC62 cells were developed using chondrocytes isolated

from adult human articular cartilage by immortalization with a retrovirus expressing a

temperature-sensitive mutant of SV-40 large T antigen. This mutant is functional when

the cells are cultured at 32°C but not at 37°C (29). The 293 cells (CRL-1573) were

obtained from the American Type Culture Collection (Rockville, MD) and the human
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microvascular endothelial cells (HMEC-I) were a gift from Dr. F.W. Ades and Dr. T.J.

Lawley (National Center for Infectious Disease; Atlanta, GA). All cells with the

exception ofHMEC-1 were grown in DMEM/Ham's FI2 (1:1, v:v) containing 10% fetal

bovine serum (FBS) and 100U/ml penicillin, 100llg/ml streptomycin and 0.251lg/ml

amphoteracin (all from Life Technologies). HMEC-I were grown in MCDB 131 (Life

Technologies) containing 10% fetal bovine serum (FBS) and 100U/ml penicillin,

100llg/ml streptomycin and 0.251lg/ml amphoteracin (all from Life Technologies). Cells

were cultured at 37°C in an atmosphere of 5% C02/air with the exception of the

tsT/AC62 line which was maintained at 32°C.

Analysis of RNA by Reverse Transcriptase Polymerase Chain Reaction (RT-PCR)

To verify chondrocyte phenotype of the immortalized cell lines and primary

chondrocytes, aggrecan and type II collagen mRNAs were analyzed by RT-PCR as

described previously (29) with modifications. Total RNA was extracted using Trizol

Reagent (Life Technologies) and chloroform with final resuspension of the RNA in

DEPC-treated water (Sigma). The concentration of RNA in the samples was determined

using spectrophotometry and RNA stability was determined on a 1% agarose-ethidium

bromide gel. RTPCR was performed with 51lg samples using a Superscript First Strand

Kit and custom primers (Life Technologies) according to the manufacturer's instructions.

Final DNA preparations were visualized on a 1.5% agarose-ethidium bromide gel and

photographed.

Luciferase Reporter Assay

The p3TP-Lux, a TGF~-inducible promoter-reporter construct (31), containing the

luciferase gene under the control of a portion of the plasminogen activator inhibitor-I
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promoter region was used to determine cellular responsiveness to TGFp. Chondrocytes

were grown to 90% confluency in a 6-well plate and transiently transfected with Illg of

p3TP-Lux and Illg of pp-galactosidase (p-gal) per well using Lipofectamine Reagent

(Life Technologies) in serum-free medium according to the manufacturer's specifications.

Cells were allowed to recover overnight in regular medium, serum starved the following

day for 4 hours, then treated with 100pM of TGFp 1 overnight. The cells were lysed and

assayed for luciferase activity (BD Pharmingen; Mississauga, ant.) using the EG&G

Berthold Microplate Luminometer (Berthold Technologies USA; Oak Ridge, TN).Light

emission by the TGFp 1 treated cells was expressed as a percentage of the emission by the

control cells and adjusted for transfection efficiency obtained using the pgal assay.

Optimal transfection conditions were determined using pHGFP (high green fluorescent

protein plasmid; Q-biogene; Carlsbad, CA.).

Western Blot Analysis

To determine the regulation of the phosphorylated form of Smad 2 by TGFp 1,

chondrocytes were grown in T25 flasks and serum starved for 24 hours. Cells were then

washed with PBS and treated with TGFp 1 as indicated. Cell lysates were prepared and

samples were standardized for protein content using the Bradford Protein Assay Kit (Bio

Rad; Mississauga, Ont.). The extracts were then fractionated by 7.5% SDS-PAGE and

transferred by electrophoresis to nitrocellulose membranes (Scheicher and Schuell;

Keene, NH.). The membrane was blocked for 3 hours in a milk protein/Tween blocking

solution (1M Tris, pH 7.5; 5M NaC1; Tween 20,Sigma;Carnation Skim milk powder) and

incubated with a rabbit polyclonal anti-phosphoSmad2 antibody (a gift from Dr. S.

Souchelnytskyi, Uppsala, Sweden) at 4°C overnight. The membrane was washed and
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incubated for I hour with goat anti-rabbit HRP conjugated secondary antibody (Santa

Cruz Biotechnology Inc.; Santa Cruz, CA) at room temperature and detected using the

ECL system (Amersham Pharmacia Biotech Inc.; Baie d'Urfe, Que.). The membrane was

reprobed with anti-Smad 2 (non-phosphorylated form) antibody (Santa Cruz

Biotechnology Inc.) to confirm equal protein loading. To determine the expression of

endoglin in chondrocytes and HMEC-I, cells were grown in 60mm dishes until confluent.

Celllysates were prepared, and analyzed by Western blot using a rabbit polyc1onal anti

endoglin antibody (SN6h; Dako Inc.; Carpinteria, CA). The addition of secondary

antibody and detection were performed as described above. The membrane was reprobed

with anti-Smad 2/3 (non-phosphorylated form) antibody (Santa Cruz Biotechnology Inc.)

to confirm equal protein loading.

To verify the presence of endoglin in cartilage, a plasma membrane fraction from fresh

human articular cartilage was prepared as described by Gruppuso et al (32). Briefly,

tissue was rinsed with dPBS, weighed, minced, and homogenized using a hand

homogenizer in 4 volumes of homogenization buffer (Sucrose .25M ,EDTA ImM, Hepes

50mM pH 7.5) containing a mixture of protease inhibitors (lmM phenylmethanesulfonyl

fluoride, 20 Ilg.mr1 aprotinin, 20 Ilg.mr1 leupeptin, 20 Ilg.mr1 soybean trypsin inhibitor,

and 25 mM benzamidine; all from Sigma). The membrane fraction was centrifuged at

IOO,OOO x g for 2 hours at 20°e. The supernatant was removed and the pellet resuspended

in Ix sample buffer and boiled for 5 minutes. The samples were then analyzed by 7.5%

SDS-PAGE under nonreducing or reducing (with ~-Mercaptoethanol, Sigma) conditions

and immunoblotted as noted above for endoglin.

Affinity Labeling of Cells
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Affinity labeling was perfonned as described previously with modifications (33) Briefly,

monolayers of cells were washed with ice-cold binding buffer [Dulbecco's PBS (dPBS)

with Ca++ and Mg++, pH 7.4 containing 0.1% bovine serum albumin (BSA)] and were

incubated with 100 pM of 1251_TGF~ 1 in the absence or presence of varying

concentrations of non-radioactive TGF~1, 2, or 3. The receptor ligand complexes were

cross-linked with Bis-sulfocsuccinimidyl suberate (BS3; Pierce; Rockford, 11.). The

reaction was stopped by the addition of glycine and the cell membrane extracts were

prepared. The solubilized samples were separated by SDS-PAGE on a 3-11 %

polyacrylamide gradient gels under non-reducing or reducing (with ~-Mercaptoethanol,

Sigma) conditions and analyzed by autoradiography.

Immunoprecipitation of TGF-8 Receptors

The anti-type I TGF~ receptor antibody and anti-type II TGF~ receptor antibody were

from Santa Cruz Biotechnology Inc (Santa Cruz Biotechnology Inc.). The anti-betaglycan

antibody (Get 1; corresponding to the intracellular domain of betaglycan raised against

the peptide sequence GETARRQQVPTSPPASENSS) was a gift from Dr. S.

Souchelnytskyi (Uppsala, Sweden; 34). This peptide sequence is not present in human

endoglin (Accession Number J05481 GenBank) and the Get 1 antibody exhibits no

crossreactivity to endoglin (personal communication Dr. S. Souchelnytskyi; Uppsala,

Sweden). The monoclonal anti-human endoglin antibody (44G4; 35) was a gift from Dr.

S. St. Jacques (Universite Laval, Canada), the anti-pig endoglin antibody (EG(591-609));

corresponding to the intracellular domain of endoglin raised against the peptide sequence

KREPVVAVAAPASSESSST) was a gift from Dr. K. Miyazono (Japan; 36). This peptide
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sequence is not present in human betaglycan (Accession Number XM_001924 GenBank).

The SN6h anti-human endoglin antibody was from Dako Inc.

Immunoprecipitation studies were performed as described previously (33,37) with

modifications. Cells were affinity labeled with 200pM 125I-TGF131, and the membrane

extracts were incubated with 3flg/ml of the various antibodies and with respective IgG

controls. Immune complexes were then incubated with protein G-Agarose (Roche

Diagnostics; Laval, Que.) slurry and the beads were pelleted by centrifugation. The

immune complexes were analyzed by SDS-PAGE under non-reducing or reducing

conditions followed by autoradiography.

Overexpression of endoglin and betaglycan

cDNAs encoding human RII and rat betaglycan subcloned into pcDNA3 were obtained

from Dr. M. O'Connor-McCourt, Montreal (38), and the pcEXV-Endo-L expression

vector encoding the human L-endoglin isoform was from Dr. C. Bemabeu, Spain (39).

The 293 cells grown in 6-well plates were transiently transfected with 1flg each of

pEndo-L, pbetaglycan and p13gal per well. In some experiments cells were also

transfected with pRII. Parallel transfections with pcDNA3 empty vector and p13gal were

performed as mock controls. The transfections were carried out using Superfect Reagent

(Life Technologies) according to the manufacturer's specifications. Cells were affinity

labeled wl"th 200 pM 125I_TGF A 1 d b ttl fttJ an mem rane ex rac s were e

nonimmunoprecipitated or immunoprecipitated with the indicated anti-receptor

antibodies, fractionated by 3-11 % gradient gels, and analyzed by autoradiography. In

parallel, transfected cells were not affinity labeled, but immunoprecipitated as indicated,

fractionated on 3-11 % gradient gels and electrophoresed onto nitrocellulose prior to
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Western blotting with anti-endoglin antibody (SN6h; Dako) using the ECL detection

system (Amersham Pharmacia Biotech Inc.).

ImmunoprecipitationlWestern Blot Analysis

Chondrocytes and 293 cells overexpressing endoglin and betaglycan were washed three

times with 0.1 % BSA-dPBS, twice with dPBS, and membrane extracts of cells were

prepared, and immunoprecipitated with anti-betaglycan antibody (Get 1) or anti-human

endoglin antibody (SN6h; Dako), or not immunoprecipitated. In some experiments, cells

were washed with a mild acid (0.1 % glacial acetic acid) to ensure complete removal of

endogenous TGF~ (40, 41) before membrane extraction and subsequent

immunoprecipitation. In some other experiments, cells were pretreated with 100 pM

TGF~l at 37°C for 2 hrs before being washed twice with dPBS followed by membrane

extraction and immunoprecipitation. The extracts or immune complexes were

fractionated by SDS-PAGE on 3-11 % gradient gels and Western blot analysis was

performed as described above using anti-human endoglin antibody (SN6h; Dako) and the

ECL system for detection (Amersham Pharmacia Biotech Inc.).

Two-Dimensional Gel Electrophoresis

Two-dimensional gel electrophoresis was performed as described by MacKay et al (42)

except that 3-mercaptopropionic acid was omitted in the second dimension (40).

Solubilized membrane extracts of cells were affinity labeled with 1251_TGF~ 1 were first

fractionated on a 1.0 mm-thick 3-11 % gradient gel under non-reducing conditions in the

first dimension and on a 1.5 mm-thick 3-11 % gradient gel under reducing conditions in

the second dimension. The gel was then subjected to autoradiography.

RESULTS
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Expression of Aggrecan and Type II Collagen by Chondrocytes

The tsT/AC62 and C-28/12 cell lines provide a reproducible model that mimics human

articular and costal phenotypes respectively (43,44,45,46). To confirm the chondrocyte

phenotype of the immortalized cell lines and the human primary articular chondrocytes in

culture, we determined the production of aggrecan and type II collagen by these cells

using RTPCR. As displayed in Fig. lA, aggrecan and type II collagen mRNAs were

expressed by both chondrocyte cell lines and the primary chondrocytes. In addition, light

microscopic examination of the cells in culture at early passage showed that they

displayed the typical chondrocyte morphology as detected by a spherical to polygonal

shape with a cell-associated matrix when suspended in alginate bead cultures (data not

shown).

TGFpl Stimulates PAl promoter Activity and Smad2 Phosphorylation in

Chondrocytes

To illustrate the sensitivity of the chondrocyte cell lines and primary chondrocytes to

TGFp, cellular signaling was determined by a PAl-driven luciferase reporter assay using

p3TP-Lux which has been used extensively as a marker for TGFp responSIveness

(47,11). The chondrocytes were transiently transfected with p3TP-Lux and the induction

of luciferase activity by exogenous TGFp 1 was measured. As illustrated in Fig. 1B,

luciferase activity of cells treated with 100pM of TGFp 1 was stimulated approximately a

10-fold compared to untreated cells for the C28/12 line, 6-fold for TST/AC62, and 5-fold

for primary chondrocytes. The results were normalized by co-transfection of the p-gal

plasmid and are representative of three different experiments each done in triplicate.
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Transfection of the empty vector and treatment with TGF~ in control experiments did not

result in any alteration ofluciferase activity (data not shown).

To demonstrate further the TGF~ sensitivity of these chondrocytes and to illustrate the

cellular signaling through Smad 2, a central mediator of TGF~ action, we examined

TGF~ induced Smad 2 phosphorylation. Cells were treated with 100 pM ofTGF~1 for 15

or 30 minutes or were left untreated and the phosphorylated form of Smad 2 was

determined using Western blot analysis. As shown in Fig. 1C that is representative of

three different experiments, incubation of C-28/12 chondrocytes with 100 pM of TGF~1

for 15 minutes resulted in a marked increase in Smad 2 phosphorylation (upper panel).

There was a time-dependent increase in Smad 2 phosphorylation as detected by 30

minutes of TGF~1 treatment (data not shown). 1mmunoblotting of total Smad2 was also

performed to demonstrate equal protein loading (lower panel). Similar results were

obtained using tsT/AC62 cells and primary chondrocytes (data not shown).

TGFf3 receptor profiles on human chondrocytes

To analyze TGF~ receptor profiles on human chondrocytes, cells were affinity labeled

with 1251_TGFf31 and the labeled receptors were analyzed by SDS-PAGE. The receptor

profiles representative of human articular and nonarticular chondrocytes are illustrated in

Fig. 2 and 3 respectively. The competition using increasing concentrations of unlabeled

TGF~1, TGF~2, and TGF~3 isoforms demonstrated the relative binding affinity of the

receptors for the TGFf3 isoforms. 1251_TGFf31 labeling in the absence of unlabeled ligand

(lanes designated as '0') reveals five major binding complexes of relative molecular

weights of 65, 85, 100, 180 and 200-300 kDa under reducing conditions (Fig. 2). The

migration patterns and isoform specificities of the 65, 85, 100, and 200-300 kDa

98



complexes were characteristic of the cloned type I receptor (RI), type II receptor (RII),

endoglin monomer and type III (betaglycan) receptor respectively (48,49). This was

confirmed later by immunoprecipitation studies using specific anti-receptor antibodies

(see below). The band at 180 kDa may represent the endoglin homodimer which was

cross-linked inadvertently during the affinity labeling procedure and thus became

reductant insensitive (Fig. 2). All receptor complexes showed high affinity for TGF~1

and an intermediate affinity for TGF~3. With the exception of betaglycan, these

receptors showed virtually no affinity for TGF~2.

TGF~ receptor profiles of 1251_TGF~ 1 labeled chondrocytes analyzed under non-reducing

conditions are shown in Fig. 3. In addition to the RI (65 kDa), RII (85 kDa), endoglin

dimer (180 kDa) and betaglycan (200-300 kDa), two binding complexes of relative

molecular weights of 115 kDa and 145 kDa were detected in the absence of unlabeled

ligands (middle lane designated as '0'). These 115 and 145 kDa complexes were

confirmed later as the RI homodimer and RI and RII heterodimer respectively by two

dimensional gel electrophoresis (see below), consistent with our previous observations in

other cell types (33,40). Also evident were two higher molecular weight bands at 240

kDa and 320 kDa which were unmasked in the presence of the unlabeled ~2 isoform

which has very low affinity for these bands but competes out betaglycan effectively. The

240 kDa and 320 kDa bands were later identified as oligomeric complexes containing

endoglin, RII and/or RI (see below). Once again, all receptor complexes, with the

exception of betaglycan, show high affinity for TGF~ 1 and virtually no affinity for

TGF~2.
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As expected of endoglin, the 100 kDa band (monomer under reducing conditions, Fig. 2)

and the 180 kDa band (dimer under non-reducing conditions, Fig. 3) displayed high

affinity for TGFI31, intermediate affinity for TGF133 and no affinity for TGFI32.

However, the almost complete lack of affinity of the types I and II receptors for the

TGF132 isoform in these cells which express ample amounts ofbetaglycan (which exhibits

high affinity for TGFI32) is intriguing.

Endoglin is present in human articular cartilage and is expressed on chondrocytes at

a level comparable to that on endothelial cells

The results shown in Figure 2 and 3 demonstrate binding patterns consistent with the

presence of endoglin. Endoglin had not been documented previously on chondrocytes. To

confirm the presence of endoglin on these cells, its expression on primary human articular

chondrocytes and chondrocyte cell lines (nonarticular and articular) was compared to that

of human microvascular endothelial cells using Western blot and affinity labeling. In

addition to confirming the expression of endoglin on human chondrocytes at levels

comparable to those on HMEC-1, results shown in figure 4A and 4B under conditions of

equal protein loading suggest that articular chondrocytes express higher levels of

endoglin than nonarticular chondrocytes. Also, the primary articular cells display higher

amounts than the articular cell line (tsT/AC62). Figure 4C demonstrates the presence of

endoglin in human cartilage tissue by Western blot confirming that its expression is not

an artefact of chondrocytes cultured in monolayers.

Endoglin forms a heteromeric complex with betaglycan in a ligand-induced manner

To confirm the identity of the TGFI3 receptors expressed on human chondrocytes and to

study potential associations between endoglin and other TGFI3 receptors, chondrocytes
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were affinity labeled with 1251_TGF131 and immunoprecipitated usmg specific anti

receptor antibodies directed against RI and RII, betaglycan and endoglin. In these

studies, whereas immunoprecipitation with a specific anti-receptor antibody confirmed

the identity of its cognate TGFI3 receptor, co-immunoprecipitation of another type of

receptor which is not recognized by this antibody was indicative of heteromeric complex

formation between those receptors.

As shown m Fig. 5A, SDS-PAGE under reducing conditions of the

nonimmunoprecipitated membrane lysate (NIP) demonstrated the presence of TGFI3

binding proteins consistent in mobility and size with RI, RII, the endoglin monomer and

betaglycan (lane 1). The anti-betaglycan antibody (a-BG) immunoprecipitated betaglycan

and co-immunoprecipitated not only RI and RII but also trace amounts of the endoglin

monomer (Lane 2). Similarly, the anti-endoglin antibody (a-Eg; 44G4) precipitated the

endoglin monomer, thus confirming the presence of endoglin on human chondrocytes

(Lane 3). Interestingly, a-Eg co-immunoprecipitated betaglycan in addition to RI and RII.

The co-immunoprecipitation of RI and RII with a-BG (8,36) or with a-Eg (50) is well

documented. However, the co-immunoprecipitation of betaglycan with a-Eg and that of

endoglin with a-BG has not been reported previously with the exception of our recent

demonstration on microvascular endothelial cells (33). The findings of co-

immunoprecipitation of endoglin with a-BG and that of betaglycan with a-Eg suggest

that endoglin and betaglycan form a heteromeric complex on the cell surface of

chondrocytes. The anti-RI antibody (a-RI) immunoprecipitated RI and co

immunoprecipitated RII and betaglycan (lane 4). Similarly, the anti-RII antibody (a-RII)

precipitated RII, RI, and betaglycan (Lane 5). The patterns of co-immunoprecipitation
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observed with the anti-RI and RII antibodies have previously been documented and

confirm the association of these receptors on the cell surface. No receptors were

immunoprecipitated with the control (rabbit) immunoglobulin (IgG, Lane 6).

Under nonreducing conditions (Fig. 5B), the a-BG immunoprecipitated betaglycan (Lane

2), and the a-Eg precipitated the endoglin dimer (Lane 3) as expected. Again, a-BG co

immunoprecipitated the endoglin dimer along with the RI, and RII, as well as the 115

kDa and 145 kDa bands that were later identified as the RI homodimer and RI-RII

heterodimer, respectively (Lane 2). Significantly, a-Eg co-immunoprecipitated trace

amounts of betaglycan as well as RI and RII (Lane 3). The 240 kDa band which was

later identified as an endoglin-containing heteromeric complex was also precipitated. No

receptor was immunoprecipitated using control (rabbit) immunoglobulin (IgG, Lane 1).

The immunoprecipitation results with a-BG and a-Eg under reducing (Fig. SA) and

nonreducing (Fig. 5B) conditions on chondrocytes affinity labeled with 1251_TGF~1

strongly suggest that endoglin associates with betaglycan in a ligand-dependent manner.

Endoglin associates with betaglycan in a type II TGF~ receptor independent manner

Since RII has been shown to form a complex with betaglycan and with endoglin, it can be

argued that the association between endoglin and betaglycan observed on chondrocytes is

a result of the complex formation of RII with both betaglycan and endoglin

simultaneously. Therefore, we tested whether the endoglin-betaglycan association occurs

in the absence of the type II receptor using a cell type exhibiting virtually no type II

receptors, the 293 cells (38). The 293 cells were transiently transfected with cDNAs

encoding L-endoglin and betaglycan with and without the cDNA encoding RII. Cells

were then affinity labeled with 1251_TGF~ 1, immunoprecipitated with a-Eg or a-BG, and
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analyzed by SDS-PAGE under reducing conditions, as shown in Fig. 5C. On 293 cells

transfected with the empty vector, pcDNA3, it was not possible to detect any TGFf3

binding proteins except trace amounts of betaglycan (Lanes 1-5). In contrast, the 293

cells transfected with vectors encoding endoglin and betaglycan, displayed those

receptors on the cell surface visualized as 1251_TGFf31 labeled complexes in non

immunoprecipitated lysates (NIP, Lane 6). The migration patterns of betaglycan and

endoglin in transfected 293 cells, however, were different from those of their endogenous

counterparts in chondrocytes, with betaglycan migrating at 180-250 kDa and endoglin at

130 kDa. This may be due to differential glycosylation in 293 cells compared with

chondrocytes. Importantly, immunoprecipitation with a-BG resulted m the

immunoprecipitation of both betaglycan and endoglin (Lane 8). Similarly,

immunoprecipitation with a-Eg resulted in the precipitation of both endoglin and

betaglycan , where the co-immunoprecipitation of betaglycan was more abundant than

the precipitation of endoglin (Lane 9). Immunoprecipitation with a rabbit control IgG

showed no receptor complexes (Lane 7). Finally, 293 cells co-transfected with RII in

addition to endoglin and betaglycan, when affinity labeled but not immunoprecipitated,

showed the expression of all three transfected receptors and specified the migration

position of all three receptors. Results shown in lanes 1 and 5 confirm that the 293 cells

express virtually no endogenous RII. Taken together, these findings indicate that

endoglin forms a complex with betaglycan independent ofRII.

The association of endoglin and betaglycan can occur in a ligand-independent

manner

103



Thus far, our immunoprecipitation studies of affinity labeled chondrocytes and 293 cells

indicated that endoglin forms a heteromeric complex with betaglycan in a ligand-induced

manner, indicating ligand dependence. It was important to confirm this association and to

determine whether such complex formation also could occur in the absence of ligand.

Membrane extracts of chondrocytes, extensively washed with dPBS, were prepared and

immunoprecipitated with a-BG, a-Eg, or with control IgG, or not immunoprecipitated.

They were then fractionated by SDS-PAGE under reducing conditions and analyzed by

Western blotting using a-Eg (SN6h), as shown in Fig.6A. No endoglin was detected in

the control experiment in which the immunoprecipitation was done with rabbit control

IgG (IgG) before Western blotting (Lane 1). Western blotting of membrane extracts

immunoprecipitated with a-Eg (Lane 4) confirmed the presence of endoglin monomer at

100 kDa. Importantly, Western blotting of extracts immunoprecipitated with a-BG (Lane

2) revealed the endoglin monomer at 100 kDa, thus demonstrating that endoglin was co

immunoprecipitated with betaglycan in the absence of TGF~. In addition, when

chondrocytes were pretreated with 100 pM TGF~1, there was no increase in the amount

of endoglin monomer detected (Lane 3, a-BG/~l). Western blotting of

nonimmunoprecipitated membrane extracts (NIP, Lane 5) also confirmed the presence of

endoglin in chondrocytes. Furthermore, parallel experiments in which cells were washed

with mild acid to ensure complete removal of any endogenous TGF~ (40,41) before

membrane extraction and immunoprecipitation with a-BG revealed similar levels of

endoglin upon Western blot using a-Eg (data not shown). These results taken together

confirm that endoglin forms a complex with betag1ycan in a ligand independent manner.

This is consistent with our observation in microvascular endothelial cells (33).
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To further confinn that endoglin associates with betaglycan in the absence of ligand and

in the absence of RII, 293 cells were transiently transfected with endoglin and betaglycan

and the immunoprecipitationlWestern blot analysis was done as above, and the data are

shown in Fig.6B. Western blotting of nonimmunoprecipitated membrane extracts of 293

cells (Lane 1, NIP) and those immunoprecipitated with a-Eg (Lane 4) demonstrated the

endoglin monomer at 100 kDa that is expressed in the transfected 293 cells. Once again,

Western blot of extracts immunoprecipitated with a-BG (Lane 3) revealed the endoglin

monomer at 100 kDa, indicating endoglin-betaglycan association while extracts

immunoprecipitated with control IgG revealed no detectable bands (Lane 2). These

results obtained in the absence of TGFp in 293 cells which express no type II receptors

but overexpression of endoglin and betaglycan confinn that endoglin associates with

betaglycan in a ligand- and RII- independent manner.

Endoglin forms higher order complexes with TGFp signaling receptors on human

chondrocytes

When chondrocytes labeled with 125I_TGFP1 were analyzed under nonreducing

conditions, the results represented in Fig. 3 showed binding complexes at 115 kDa, 145

kDa, 270 kDa and 320 kDa, in addition to RI, RII, endoglin and betaglycan. To further

characterize the nature of these binding complexes and to test whether they represent

oligomeric complexes of TGFp receptors, two-dimensional gel electrophoresis was

perfonned. Chondrocytes were affinity labeled with 1251_TGFp 1 and the membrane

extracts were not immunoprecipitated (Fig. 7A) or precipitated with a-Eg (SN6h)(Fig.

7B) and two-dimensional gel electrophoresis was perfonned under nonreducing

conditions in the first dimension and reducing conditions in the second dimension. The
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results shown in Fig 7A revealed a spot of identical mobility as the endoglin monomer

that fell from the 180 kDa position. Traces of spot with identical mobility as RI fell from

the 115 kDa position. Similarly, two spots with mobilities identical to those of RI and RII

fell from the 145 kDa complex. These results suggest that the 180 kDa complex

represents endoglin while the 115 kDa complex corresponds to the RI homodimer and the

145 kDa complex to the RVRII heterodimer. These data are consistent with our

observations in microvascular endothelial cells (33). The 240 kDa and the 320 kDa

complexes were reductant sensitive and gave rise to spots of mobilities identical to those

of the endoglin monomer and detectable amounts of RII and RI indicating that endoglin

forms higher order complexes with the TGFp signaling receptors on chondrocytes. The

180 kDa that fell from the 240 and 320 kDa complexes may correspond to the endoglin

dimer that is either reductant insensitive or to endoglin monomers that were cross-linked

inadvertently during the affinity labeling procedure.

Membrane extracts immunoprecipitated with a-Eg (SN6h) upon two dimensional

electrophoresis revealed a 100 kDa spot of identical mobility as endoglin monomer that

fell from 180 kDa, 240 kDa and 320 kDa positions (Fig. 7B). These results provide

further evidence that the 180 kDa complex represents endoglin and demonstrate that the

240 and 320 kDa complexes contain endoglin.

DISCUSSION

Although TGFp has been implicated as a key mediator of cartilage repair and TGFp

signaling has been demonstrated to be required for the maintenance of articular cartilage

(50), the mechanisms regulating TGFp action in chondrocytes are poorly understood.

The question of whether chondrocytes express novel or accessory TGFp receptors has not
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been addressed in previous studies. Localization of the types I, II and III TGF~ receptors

(RI, RII and betaglycan) have been demonstrated in the growth plate and articular

cartilage of growing rats and rabbits using immunohistochemistry, in situ hybridization or

RT-PCR (49,51,52). However, information on the expression of TGF~ receptors in the

human cartilage or chondrocytes is limited to a single study by Homer et al (53) who

described the expression of RI and RII in growing human bone. On the other hand,

several recent studies report that TGF~ rapidly induces several signaling pathways such

as the Smad and mitogen activated protein kinases (MAPK) pathways such as the

extracellular signal regulated kinase (ERK), and p38 pathways in chondrocytes

(48,54,55). The relative contribution of these pathways in determining the chondrocyte

response to TGF~ is unknown. The expression profiles of accessory TGF~ receptors and

their interactions with the signaling TGF~ receptors at the membrane level leading to the

formation of heteromeric receptor complexes may be critical in specifYing the relative

contributions of the various signaling pathways, and thus may play a central role in

regulating the diverse actions of TGF~ in chondrocytes. Interaction of novel and

accessory receptors with TGF~ signaling receptors have been reported previously to be

important regulators ofTGF~ signaling in other cell types (10,20,28).

In the present study we demonstrate for the first time that endoglin is expressed on human

articular and nonarticular chondrocytes at high concentrations and that it forms higher

order complexes with RI and RII on the cell surface. More importantly, endoglin forms a

heteromeric complex with betaglycan on human chondrocytes. This complex formation

occurs at normal physiological receptor concentrations since the chondrocytes used were

not transfected with any receptor cDNAs. Significantly, we found that endoglin
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heteromerizes with betaglycan in a ligand-induced manner as indicated by their co

immunoprecipitation after affinity cross-link labeling with 1251_TGFp 1. Interestingly,

endoglin complexes with betaglycan also in the absence of TGFp, demonstrating ligand

independent association. Furthermore, endoglin-betaglycan association is observed in

the absence of RII, indicating that the association can occur independently of RII.

The phenotype of the human chondrocytes used in the present study has been

characterized extensively (43,44). The primary human articular chondrocytes and

immortalized chondrocytes expressed both aggrecan and type II collagen mRNAs, and

their responsiveness to TGFp was shown by stimulation of PAl promoter activity and

Smad 2 phosphorylation. Prior studies analyzing the interactions between TGFp receptors

and the stoichiometry of the signaling complex employed primarily mutant cell lines or

cells overexpressing the wild-type or chimeric receptors (56,57). In the present study, we

used normal TGFp responsive human chondrocytes to demonstrate the association of

endoglin with betaglycan, and the formation of higher order complexes containing

endoglin and TGFp signaling receptors. Thus, our results illustrate that these associations

occur at endogenous receptor concentrations and ratios.

The presence of endoglin on chondrocytes has not been documented previously.

Endoglin is primarily expressed on endothelial cells, and its expression at comparable

levels on chondrocytes which resides in an avascular tissue, cartilage, is intriguing. While

it is possible that the variable expression of endoglin observed in the three cell types

studied (primary articular versus articular cell line versus nonarticular cell line) is related

to the phenotype of the cell, further studies are needed to make more definitive

conclusions. However, it is interesting to note that the stimulation of TGFp-induced PAl
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promoter activity was inversely related to the level of endoglin observed in these cells

(Figure 1). In fact, our preliminary data suggest that overexpression of endoglin in

chondrocytes leads to a diminution in TGF-~ responses (Parker and Philip, unpublished

observation).

In addition to providing confirmation of the identity of endoglin, the findings of

immunoprecipitation studies using cells affinity labeled with 1251_TGFB 1, indicated that

endoglin forms a ligand-induced heteromeric complex with betaglycan. This was

demonstrated by co-immunoprecipitation of endoglin with a-BG and that of betaglycan

with a-Eg when analyzed under either reducing or non-reducing conditions.

Furthermore, the endoglin-betaglycan association was detectable not only on

chondrocytes expressing endogenous receptors, but also on 293 cells transiently

transfected with cDNAs encoding betaglycan and endoglin. Although

immunoprecipitation results provided evidence for the occurrence of TGF~ induced

complex formation between endoglin and betaglycan, it was not possible to detect an

endoglin-betaglycan heteromeric complex on SDS-PAGE analysis. The very large

molecular weight of such a complex and the highly heterogeneous nature of betaglycan

will preclude the detection of that complex.

That endoglin exists in a heteromeric complex with betaglycan on chondrocyte. cell

surface was confirmed using membrane extracts that were immunoprecipitated with a

BG and then subjected to Western blotting with a-Ego In addition, since the latter study

was done in the absence of TGF~, it suggested that the endoglin-betaglycan complex

formation could occur in a ligand-independent manner. Also, the occurrence of this

complex was observed even after a mild acid wash (which ensure complete removal of

109



endogenous TGFf3 without affecting receptor integrity, (41) of chondrocytes before

immunoprecipitation and Western analysis, thus providing further evidence for ligand

independence of endoglin-betaglycan interaction. Furthermore, similar results were

obtained when the experiment was repeated with 293 cells transiently transfected to

express endoglin and betaglycan.

The results presented argue against the possibility that the association between betaglycan

and endoglin observed in our study is a result of RII interacting with betaglycan and also

with endoglin. For example, 293 cells expressing virtually no RII, exhibit endoglin

betaglycan complex formation endogenously and upon transfection with cDNAs

encoding endoglin and betaglycan. In addition, the observation that betaglycan does not

associate with RII in the absence of ligand (58), but complexes with endoglin in the

absence TGFf3, argues against the involvement of RII in the endoglin-betaglycan

association.

The finding that the betaglycan-endoglin association occurs on chondrocytes is consistent

with our recent demonstration of such an association on endothelial cells (33). Although

numerous studies have shown that both endoglin and betaglycan interact with RI and RII,

the observation that endoglin forms a complex with its homologue, betaglycan is novel.

That this association occurs in a ligand-induced manner and in a ligand independent

fashion is intriguing. Betaglycan has been shown to facilitate TGFf3 binding to the TGFf3

signaling receptors, specifically the binding of the TGFf32 isoform to RII, which occurs at

low affinity in the absence of betaglycan (59,60). However, the property of ligand

presentation of betaglycan does not account for the strict requirement of betaglycan for

the epithelial-mesenchymal transition involved in the heart valve formation (61). Thus, it
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has been postulated that betaglycan may playa more direct, albeit unknown, role in TGF~

signaling. In addition, a functional role for the cytoplasmic tail of betaglycan in

regulating TGF~ signaling has recently been described where autophosphorylated RII

phosphorylates the betaglycan cytoplasmic tail, thereby enhancing TGF~2 signaling (62).

Although there is increasing evidence to show that endoglin and betaglycan potently

modulate TGF- signaling, the mechanisms by which they exert their effects are poorly

defined. The vascular disorder HHT1 has been attributed to mutation in the endoglin

gene and thus alteration in TGFp action is believed to be responsible for HHTI. In

addition, TGF~ treatment upregulated endoglin expression on human and rat mesangial

cells (63). Interestingly, it has recently been reported that both the types I and II TGF-~

receptors phosphorylate endoglin cytoplasmic tail and that endoglin expression is

associated with increased phosphorylation of the type I TGF~ receptor and Smad 2, and

enhanced signaling (64). This is in contrast to the earlier studies which have

demonstrated that endoglin expression results in an inhibition of TGF~ signaling (20).

This discrepancy may reflect the differences in the activation by endoglin of the different

gene promoters examined in the above studies (64). Our preliminary results on the

overexpression of endoglin in chondrocytes indicate that endoglin inhibits transcriptional

activity and Smad 2 phosphorylation in these cells (Parker and Philip, unpublished

observation). Regardless of the precise mechanisms involved, it is clear that endoglin and

betaglycan are strong modulators or direct participants in TGF~ signal transduction. This

in tum implies that the complex formation between endoglin and betaglycan may be of

critical significance in the regulation ofTGF~ signaling.
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The two dimensional gel electrophoresis provided information on the nature of the higher

molecular weight receptor complexes, in addition to demonstrating the occurrence of

RI/RII heterodimers and RI homodimers on chondrocytes. This is consistent with our

previous observation on endothelial cells and the mechanism explaining their occurrence

has been detailed (33). The true molecular weight ofthe 240 kDa and 320 kDa complexes

containing endoglin, type II and or type I TGF~ receptors are likely to be different since

high molecular weight glycoprotein complexes are known to migrate anomalously on

SDS-PAGE. It is possible that they are derived from higher order complexes. Current

evidence indicates that the TGF~ signaling complex is a heterotetramer consisting of one

molecule each of the type I and type II receptor associated with each monomer of a TGF~

dimer molecule (65). While it is difficult to estimate the precise stoichiometry of the

endoglin-containing complexes, it is possible that endoglin associates with the

heterotetrameric TGF~ signaling complex. Moreover, multiple high molecular weight

receptor complexes containing endoglin, RI and RII with or without betaglycan may be

formed depending on the efficiency of cross-linking of the individual receptor

components to the 1251_TGF~ 1 subunits. Alternatively, TGF~ receptor complexes of

different subtypes and ratios may exist in parallel. Oligomerization of TGF~ receptors to

form complexes consisting of differing subtype composition and ratio may represent

modes of regulating distinct TGF~ responses.

Based on the results in the present study, we propose a model to illustrate the

significance of the endoglin-betaglycan complex formation in the modulation of TGF-~

signaling in chondrocytes (Figure 8). Endoglin associates with betaglycan on the cell

surface and this heteromeric complex may interact directly with the signaling receptors.
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However, the relative expression level of the individual receptor components may

determine the outcome on TGF~ signaling. Thus, as mentioned above, overexpression

of endoglin can inhibit (20) or enhance (64) TGF~ signaling. However, as shown in

Figure 8, complex formation between endoglin and betaglycan will allow the regulation

of each other's function at the level of ligand binding (A) or downstream signaling (B).

Thus, endoglin-betaglycan association may be critical for achieving a fine balance

between the positive and the negative regulation of TGF-~ signaling. It is interesting to

mention in this regard that complex formation between endoglin and betaglycan

association may also modulate signaling by other members of the TGF~ receptor

superfamily in the light of recent observations which show that endoglin is an accessory

receptor not only for TGF~, but also for the bone morphogenic proteins and activin (15),

and that betaglycan, in addition to binding the TGF~ isoforms, binds inhibin, thereby

facilitating inhibin antagonism of activin signaling (66).

In summary, the present results demonstrate for the first time that endoglin is expressed

on human chondrocytes at high concentrations and that it forms higher order complexes

with RI and RH on the cell surface. More importantly, we demonstrate that endoglin

forms a heteromeric complex with betaglycan on these cells. Also, our results illustrate

that this complex formation occurs at physiological receptor concentrations and ratios.

Significantly, we found that the endoglin complexes with betaglycan in a ligand-induced

and ligand-independent manner. Furthermore, this complex formation can occur

independently of RH. Elucidating the role of endoglin in the regulation of TGF~

signaling in chondrocytes and in the avascular cartilage and understanding the

significance of endoglin-betaglycan association in these cells are critical to unraveling the
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molecular mechanisms governing TGF~ action in chondrocytes, and thus the role of

TGF~ in mediating cartilage formation and repair.

FIGURE LEGENDS

Fig. 1. Expression of cartilage-specific matrix gene expression and TGF~ responses

in primary chondrocytes and nonarticular (C28/I2) and articular (tsT/AC62)

chondrocyte cell lines. A: Expression of aggrecan and type II collagen mRNAs:

Chondrocytes were cultured to confluence, total RNA was extracted, 5~g of total RNA

was reverse transcribed and PCR was performed using specific primers. Products were

analyzed on a 1.5% agarose-ethidium bromide gel. B: Stimulation of plasminogen

activator inhibitor-l (PAI-I) promoter activity by TGFf3. The chondrocytes were

transiently transfected with the PAI-l promoter-luciferase reporter construct, p3TP-Lux

and p~gal. 24 hours after transfection, cells were treated with 100pM of TGFB 1 for 24

hours or were left untreated. Luciferase activity was determined, normalized using the

f3gal assay and expressed as a percent control of untreated cells. The data shown are

representative of three different experiments each done in triplicates. C: Stimulation of

Smad 2 phosphorylation by TGF~1. Solubilized extracts of C-28/12 cells treated with

100pM of TGFB 1 for 15 minutes or left untreated were analyzed by SDS-PAGE (3-11 %

gradient gels) under reducing conditions and transferred onto nitrocellulose membrane.

The membrane was immunoblotted with an antibody against the phosphorylated form of

Smad2 (upper panel). Immunoblotting using an antibody directed against the

nonphosphorylated form of Smad 2 was performed to illustrate equal protein loading

(lower panel). The ECL system was used for chemiluminescence detection. Similar
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results were obtained using the tsT/AC62 cell line and primary chondrocytes (data not

shown).

Fig. 2. Affinity labeling of human chondrocytes with 1251-TGFpl and analysis under

reducing conditions. Confluent monolayers oftsT/AC62 cells were affinity labeled with

IOOpM of 1251_TGFp1 in the absence or presence of the indicated concentrations of

unlabeled TGFpl, p2, or p3. Solubilized cell extracts were analyzed by SDS-PAGE on 3

11 % polyacrylamide gradient gels under reducing conditions followed by

autoradiography. Similar receptor profiles were observed using primary chondrocytes and

the C-28/12 cell line (data not shown).

Fig. 3. Affinity labeling of human chondrocytes with 1251_TGFJU and analysis under

nonreducing conditions. Confluent monolayers of tsT/AC62 cells were affinity labeled

with IOOpM of 1251_TGFp 1 in the absence or presence of the indicated concentrations of

unlabeled TGFpl, or P2 or p3. Solubilized cell extracts were analyzed by SDS-PAGE (3

11 % gradient gels) under nonreducing conditions followed by autoradiography. Similar

receptor profiles were observed using primary chondrocytes and the C-28/12 cell line

(data not shown).

Fig. 4. Endoglin is expressed in human articular cartilage and its expression in

primary chondrocytes and chondrocyte cell lines is comparable to that in endothelial

cells (HMEC-l). A: Solubilized extracts of primary chondrocytes, C-28/12, tsT/AC62,

and HMEC-l cells were analyzed by SDS-PAGE (7.5% acrylamide) under reducing

conditions and transferred onto nitrocellulose membrane. The membrane was

immunoblotted with an antibody against endoglin (SN6h, Dako) (upper panel).

1mmunoblotting using an antibody directed against the nonphosphorylated form of Smad
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2/3 was performed to illustrate equal protein loading (lower panel). The ECL system was

used for chemiluminescence detection. B: C-28/12, tsT/AC62, and HMEC-1 cells were

affinity labeled with 100 pM of 1251_TGFP1 in the absence or presence of 2.5 nM of

unlabeled TGFp 1. Solubilized cell extracts were analyzed by SDS-PAGE (3-11 %

gradient gels) under nonreducing conditions followed by autoradiography. C: Plasma

membrane fraction of human articular cartilage was prepared as described in Methods and

were analyzed by SDS-PAGE (7.5% acrylamide) under reducing conditions or

nonreducing and transferred onto nitrocellulose membrane. The membrane was

immunoblotted with an antibody against endoglin (SN6h, Dako). The ECL system was

used for chemiluminescence detection.

Fig. 5. Immunoprecipitation of TGFp binding proteins on human chondrocytes and

transiently transfected 293 cells. Cells were affinity labeled with 200 pM of 1251_

TGFp 1 and solubilized cell extracts were immunoprecipitated with 3).tglml each of anti

receptor antibodies or control IgG. Complexes were fractionated on SDS-PAGE (3-11 %

gradient gels) under reducing (A and C) or nonreducing (B) conditions and visualized by

autoradiography. A: Non-immunoprecipitated (NIP) cell extract of C28/12 is shown in

Lane 1. Immunoprecipitations were performed using anti-betaglycan (Lane 2, a-BG),

anti-endoglin (Lane 3, a-Eg), anti-RI (Lane 4, a-RI), or anti-RII (Lane 5, a-RII) or

control IgG (Lane 6). B: tsT/AC62 cell extracts were immunoprecipitated with control

IgG (Lane 1), anti-betaglycan (Lane 2, a-BG), or anti-endoglin (Lane 3, a-Eg). C: 293

cells were transiently transfected with empty vector (pcDNA3, Lanes 1-5), or L-endoglin

(Eg) and betaglycan (BG) (Lanes 6-9) or Eg , BG and RII (Lane 10). After affinity

labeling, non-immunoprecipitated cell extracts (NIP) were analyzed by SDS-PAGE
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(Lanes 1, 6 & 10) or immunoprecipitations were performed using control IgG (Lanes 2 &

7) or specific anti-receptor antibodies as indicated (Lanes 3-5, 8-9) before analysis by

SDS-PAGE.

Fig. 6. Western blot analysis demonstrating complex formation between endoglin

and betaglycan on chondrocytes. A: Solubilized extracts of human chondrocytes (C

28/12) were not immunoprecipitated (NIP, Lane 5), or immunoprecipitated with control

IgG (Lane 1), or anti-betaglycan antibody (u-BG, Lane 2) or anti-endoglin antibody (u

Eg, Lane 4). In Lane 3, chondrocytes were pretreated with 100 pM ofTGF~1 at 37°C for

2 hrs before membrane extraction and immunoprecipitation. Complexes were fractionated

by SDS-PAGE (7.5% acrylamide) under reducing conditions and Western blotting was

performed, as described in Methods using anti-endoglin antibody (SN6h). B: Solubilized

extracts of 293 cells transiently transfected with L-endoglin (Eg) and betaglycan (BG)

were not immunoprecipitated (NIP, Lane 1), or immunoprecipitated with control IgG

(Lane 2), or anti-betaglycan (u-BG, Lane 3), or anti-endoglin (u-Eg, Lane 4) antibody.

Complexes were then fractionated and immunoblotted as in A above.

Fig. 7. Two-dimensional gel electrophoresis of TGF~ receptor complexes on

human chondrocytes. tsT/AC62 cells were affinity labeled with 100 pM of 1251_TGF~1

and solubilized extracts were not immunoprecipitated (A) or immunoprecipitated with

anti-Endoglin antibody (SN6h) (B) and analyzed by SDS-PAGE (3-11 % gradient gel)

under nonreducing conditions in the first dimension. The individual lane was then cut out,

laid horizontally on a second 3-11 % gradient SDS-PAGE gel and analyzed under

reducing conditions in the second dimension.
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Figure 8. Schematic representation of a possible model illustrating the significance

of endoglin-betaglycan complex formation in modulating TGFp signaling. Endoglin

associates with betaglycan on the cell surface and this heteromeric complex may interact

directly with the signaling receptors. Overexpression of endoglin may inhibit or enhance

TGFp signaling as has been reported using different promoter-reporter constructs (20,64).

Also. overexpression of betaglycan is believed to enhance signaling by facilitating ligand

binding to the signaling receptors and by an alternate mechanism involving the

phosphorylation of its cytoplasmic tail (62,65). However, formation of a heteromeric

complex between endoglin and betaglycan will allow the regulation of each other's

function at the level of ligand binding (A) and/or downstream signaling (B). Thus, the

interaction between endoglin and betaglycan may be of critical significance for achieving

a fine balance between the positive and the negative regulation of the TGFp signaling

pathways. Complex formation between endoglin and the signaling receptors has been

omitted for clarity.
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Fig. A. TGF-13 Responses in Human Chondrocytes. i): Stimulation of Smad 2

phosphorylation by TGF-131. Solubilized extracts of C-28/I2 cells treated with increasing

concentrations ofTGF-Bl (0, 1, 10,50,250,500 pM) for 60 minutes (panel A) or treated

with 100 pM of TGF-131 or left untreated for increasing time increments (5, 10, 30, 60,

120, 180 minutes) (panel B) were analyzed by SDS-PAGE (7.5% acrylamide) under

reducing conditions and Western blotting perfonned with an antibody against the

phosphorylated fonn of Smad 2 (upper panel). The membranes were reprobed with anti-

Smad 2 or anti-STAT 3 to illustrate equal protein loading. The ECL system was used for

chemiluminescence detection. ii): Triphasic growth response demonstrated by eH]-

Thymidine incorporation. Confluent monolayers of tsT/AC-62 cells were seeded at a

density of 7.0x105 cells/24 well plate and cultured for 24 hours. The cells were serum

starved for 4 hours and incubated with increasing concentrations ofTGF-131 under serum

free conditions overnight. eH]-Thymidine (l/lCi-mr l
) was added per well for the final 4

hours of TGF-131 treatment. The cells were solubilized in 1% SDS, and incorporated

radioactivity was detennined by liquid scintillation counting. The data shown are

representative of a minimum of three different experiments each done in triplicates and

statistically significant changes from control untreated cells are noted by an asterisk

(p<O.Ol). This triphasic response was also seen for C-28/I2 cells (data not shown). iii):

Effect on Col 2a-promoter activity by TGF-131. Chondrocytes (tsT/AC-62, upper panel;

C-28/I2, lower panel) were transiently transfected with the l/lg of pCo12a and p13-gal.

After 24 hours, cells were serum starved for 4 hours then treated with 100 pM of TGF-

B1, 2ng/ml of IL-1 p or a combination of both overnight or were left untreated (control).

Luciferase activity was detennined, nonnalized using the p-gal assay and expressed as a
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percent control of untreated cells. The data shown are representative of three different

experiments each done in triplicates. iv): Stimulation of Smad 2 phosphorylation by

TGF-f31, -f32, and -f33. Solubilized extracts of C-28/I2 cells treated with 10 and 250 pM

of TGF-B1 for 15 minutes or left untreated (-) were analyzed by SDS-PAGE (7.5%

acrylamide) under reducing conditions and transferred onto nitrocellulose membrane.

The membrane was immunoblotted with an antibody against the phosphorylated form of

Smad 2 (upper panel) and reprobed with anti-STAT 3 antibody to illustrate equal protein

loading. The ECL system was used for chemiluminescence detection.
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Fig. B. Human chondrocytes produce TGF-~. C-28/I2 and tsT/AC-62 cells were plated

in 24 well tissue culture plates each at a density of 2.5x 105 cells for 2 wells. Cells were

serum starved; medium was collected after 24 hours and kept at 37°C (active) or heated

to 70°C (total) to activate the TGF-~. Samples and standard concentrations of TGF-p 1

were prepared in .1 %BSA-DMEM and applied to TMLC cells, luciferase activity

measured and TGF-~ concentration determined from the standard curve and depicted as

pM concentration as described in Experimental Procedures.
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Fig. C. Affinity labeling of human chondrocytes with 12sI_TGF_~1 prepared using 

the Chloramine T versus Bolton Hunter method of iodination analyzed. Confluent 

monolayers of cells were affinity labeled with 100 pM of 1251_TGF-~ 1 prepared by the 

Bolton Hunter (Lanes 1-3) or Chloramine T (Lanes 4-6) method in the absence or 

presence of 2.0 nM of unlabeled TGF-~ 1 or -~2. Solubilized cell extracts were analyzed 

by SDS-PAGE (3-11 % gradient) under reducing conditions followed by autoradiography. 
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Fig. D. Competition profile of I2SI-TGF-~l affmity labeled chondrocytes with 

unlabeled TGF-~l (Genzyme versus Austral). Confluent monolayers of tsT/AC-62 

cells were affinity labeled with 100 pM of 125I_TGF_~1 in the absence or presence of the 

indicated concentrations of unlabeled Genzyme and Austral TGF-~ 1. Solubilized cell 

extracts were analyzed by SDS-PAGE (3-11% gradient) under reducing conditions 

followed by autoradiography. 
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Fig. E. Affinity labeling with I25I-TGF-~2. Confluent monolayers of tsT/AC-62 cells 

were affinity labeled with 100 pM of 1251_TGF-p 1 in the absence or presence of the 

indicated concentrations of unlabeled TGF-pI, -P2, or -p3. Solubilized cell extracts were 

analyzed by SDS-PAGE (3-11 % gradient) under reducing conditions followed by 

autoradiography. Similar receptor profiles were observed using primary chondrocytes and 

the C-28/12 cell line (data not shown). 
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Fig. F. Immunoprecipitation of TGF-~ signaling receptors on human chondrocytes. 

Cells were affinity labeled with 200 pM of 1251_TGF-~ 1 and solubilized cell extracts were 

immunoprecipitated with 311glm1 each of anti-receptor antibodies or control IgG. 

Complexes were fractionated on SDS-PAGE (3-11 % gradient) under reducing conditions 

and visualized by autoradiography. 50llg and IOOflg of protein of non

immunoprecipitated (NIP) cell extract of C28/12 and tsT/AC-62 cells is shown in Lanes 

1, 2 and Lanes 7, 8 respectively. Immunoprecipitations were performed using anti-RI 

with PAS (Lane 4, a-RI-PAS), anti-RI with PGA (Lane 10, a-RI-PGA), anti- RII with 

PAS (Lane 5, a-RII-PAS), or anti-RII with PGA (Lanes 6 and 11, a-RII-PGA) antibody 

or control IgG (Lane 3,9). 
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Fig. G. Immunoprecipitation of betaglycan: antibody efficacy for endoglin co

immunoprecipitation. Cells were affinity labeled with 200 pM of 125I-TGF-f3l and

solubilized cell extracts were immunoprecipitated with 31lglml each of anti-receptor

antibodies or control IgG. Complexes were fractionated on SDS-PAGE (3-11 %

gradient gels) under nonreducing (i) or reducing (ii) conditions and visualized by

autoradiography. i): Non-immunoprecipitated (NIP) cell extract ofT/AC-62 is shown in

Lanes 1 and 2. Immunoprecipitations were performed using anti-betaglycan antibodies

(Get 1, Lane 3; 277, Lane 4; 272, Lane 5) or anti-endoglin antibody (u-Eg, pig, Lane 5).

ii): Non-immunoprecipitated (NIP) cell extract of C-28/I2 is shown in Lane 7.

Immunoprecipitations were performed using anti-betaglycan antibodies (Get 1, Lane 2;

272, Lane 3; 277, Lane 4; Santa Cruz, Lane 5), anti-endoglin antibody (u-Eg, pig, Lane

6) or control IgG (Lane 1).
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CHAPTER 2

BRIDGE

Identification of Activin Receptor-like kinase-l (Alk-l) and Soluble type I

receptor (Sol RI) on human chondrocytes. The novel interaction of these

receptors with the TGF-J3 signaling receptors and additional accessory receptors

and their modulation of TGF-J3 response.
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CHAPTER 2

BRIDGING DOCUMENT

Introduction and Rationale

Identification of endoglin and its biochemical interaction with betaglycan and the TGF-j3

signaling receptors confirmed that novel accessory receptors exist on human chondrocytes

and form heteromeric complexes on the cell surface. In other cells, a soluble variant of RI

(Sol RI) has been identified and shown to regulate TGF-j3 signaling (Choi 1999). Previous

investigations identified an additional band at 47 kDa by affinity labeling techniques which

showed affinity for TGF-j31 and -133 isoforms (manuscript 1, Fig. D) but less affinity for

TGF-j32. The novel Sol RI cloned was found to have a molecular weight of 47 kDa; thus, it

was hypothesized that the novel 47 kDa band may indicate that a soluble form ofRI (Sol RI)

also exists on chondrocytes.

Alk-l, an orphan receptor, one of the eight cloned mammalian type I TGF-j3 receptors, has

been previously described. This receptor has been noted to co-exist with Alk-5 (RI) on the

surface of endothelial cells (Goumans et al 2002) and has been shown to form heteromeric

complexes with RI and RII (Attisano et al 1993). Alk-l mutations in humans are implicated

in HHT II and homozygote embryos die at midgestation with severe vascular abnormalities.

Endoglin gene mutations in humans result in HHT I with a remarkably similar phenotype.

This, taken together with the finding of endoglin on human chondrocytes, raised the question

ofthe presence ofAlk-l on these cells.

In addition, it is becoming increasingly accepted that accessory TGF-j3 receptors play an

important regulatory role in TGF-j3 signaling and action in many cells. Whether novel TGF-j3
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receptors identified on human chondrocytes could act as regulators of TGF-13 signaling was

also considered.

Hypotheses

(1) that novel cell surface TGF-13 binding proteins, namely Sol RI and Alk-1, are

expressed on human chondrocytes

(2) that these novel receptors form heteromeric complexes on the chondrocyte surface

(3) that Sol RI and Alk-1 modulate TGF-13 signaling in these cells

Objectives

(i) to identify Sol RI and Alk-1 and their heteromeric complex formations with TGF-13

signaling and other accessory receptors on human chondrocytes

(ii) to determine the role of Sol RI and Alk-1 in modulating TGF-13 signaling in these

cells

Summary of Manuscript Findings

In the second manuscript, the novel expression of Sol RI and Alk-l on human chondrocytes

was reported. For the first time, in addition to the documented formation of heteromeric

complexes with the type I and II TGF-13 signaling receptors (Docagne et al 2001, Choi 1999,

Lux et al 1999, Oh et al 2000), the association of both Alk-1 and Sol RI with betaglycan at

the cell surface, at endogenous receptor concentrations and ratios, is demonstrated. Also,

evidence is provided that Alk-1 and Sol RI form a heteromeric complex and when

overexpressed both enhance TGF-13 signaling. This supports the theory that expression of

novel TGF-13 receptors and their formation of heteromeric receptor complexes at the cell

surface may be critical in specifying the relative contributions of the various signaling

162



pathways, and thus may playa central role in regulating the diverse action of TGF-p In

chondrocytes.

Conclusions

Therefore, with the results demonstrated above (manuscript 2) the expression profile ofTGF

P receptors on human chondrocytes has been expanded to include Alk-l and Sol RI.

Evidence has been provided that, in addition to endoglin and betaglycan, both Alk-l and Sol

RI form heteromeric complexes with the signaling receptors (RI and RII) and with betaglycan

on the chondrocyte surface and that for Sol RI this occurs independently of betaglycan's

GAG chains. By demonstrating that Sol RI and Alk-l overexpression results in an

enhancement of TGF-P signaling, the importance of accessory receptors and their complex

formations in these cells is illustrated. With these findings, a theory of a variable hetero

oligomeric TGF-p receptor complex in human chondrocytes in which the relative expression

level of the individual receptor components may determine the outcome of TGF-p signaling

is being constructed. Thus, receptor associations and levels of expression may be critical for

achieving a fine balance between the positive and the negative regulation ofTGF-p signaling.
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Summary

Degenerative joint disease is evident in two murine models of TGF-p dysregulation.

Despite this and the implication of TGF-p as a key mediator of cartilage repair, its action

in human chondrocytes is poorly understood. The TGF-p signal is transduced by a pair of

transmembrane serine/threonine kinases, the type I receptor (RI) and the type II receptor

(RII). It is now acknowledged that accessory TGF-p binding proteins are able to modulate

this signaling through complex formations with RI and RII. We have recently described

two such accessory receptors, endoglin and betaglycan, in human chondrocytes and their

heteromeric complex formation in these cells. In the present study we document the novel

expression of the soluble type I receptor (Sol RI) and Activin Receptor-like kinase-I

receptor (Alk-I) on human chondrocytes and their heteromeric complex formation with

both the TGF-p signaling receptors and betaglycan. We demonstrate that Alk-l and Sol

RI overexpression leads to enhancement of TGF-p responses in these cells. The

expression of these receptors and their interactions at the cell surface support the theory

of a hetero-oligomeric receptor complex in which modulation of individual components

may specify alternate TGF-p signaling pathways and action in chondrocytes.

Key Words: chondrocytes, TGF-p receptors, TGF-p signaling, Alk-l, Soluble type I

TGF-p receptor, cartilage
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INTRODUCTION

Injury to articular cartilage resulting in degenerative joint disease affects the majority of

the aging population. Yet the potential for restoring diseased or injured cartilage, despite

generating much research interest, has remained elusive. Previous work has implicated

transforming growth factor-~ (TGF-~)l as an essential mediator of cartilage repair, and

TGF-~ signaling as a requirement for the maintenance of articular cartilage (1-6).

However, the mechanisms regulating TGF-~ action in chondrocytes are poorly

understood. In fact, knowledge of the expression of TGF-~ receptors in human cartilage

or chondrocytes has been very limited (7-9).

TGF-~ is a member of a large family of multifunctional proteins intricately involved in

growth, differentiation, and development (10-13) and was described initially as "cartilage

inducing factor" (14). Three distinct isoforms ofTGF-~ (TGF-~ 1,2, and 3) which are

encoded by distinct genes have been described in mammals (10,15,16). TGF-~ IS

secreted in a latent form that requires activation before it can bind to its receptors. The

TGF-~ signal is transduced by a pair of transmembrane serine/threonine kinases, known

as the types I (RI) and II (RII) receptors which are present on almost all cell types (17-

20). The type I receptor does not bind TGF-~ in the absence of the type II receptor. The

binding of TGF-~ to the type II receptor, a constitutively active kinase, results in the

I The abbreviations used are: TGF-~, transforming growth factor beta; PAl - 1,
plasminogen activator inhibitor-I; RI, TGF-~ type I receptor; RII, TGF-~ type II receptor;
Alk-1, Activin Receptor-like Kinase-I; Sol RI, soluble type I TGF-~ receptor; PAGE,
polyacrylamide gel electrophoresis; FBS, fetal bovine serum; DMEM, Dulbecco's
minimal essential medium; dPBS, Dulbecco's phosphate buffered saline; BSA, bovine
serum albumin; ~-gal, beta-galactosidase; GPI, glycosyl phosphatidylinositol; SBE, Smad
binding element; HHT, hereditary hemorrhagic telangiectasia.
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recruitment, phosphorylation and concomitant activation of the type I receptor. The

activated type I receptor in tum transmits the signal via downstream mediators such as

Smads, resulting in the regulation of target gene expression. Accessory TGF-~ receptors

are being increasingly recognized and are thought to play an important role in local

regulation of TGF-~ action by forming heteromeric complexes with the signaling

receptors (21-23). These receptors include glycosyl phosphatidylinositol (GPI)-anchored

proteins (24-27), the type III TGF-~ receptor (betaglycan) which binds all three TGF-~

isoforms (28,29) and endoglin which binds the ~ 1 and ~3 but not ~2 isoforms (22,30-31).

We have recently identified both endoglin and betaglycan on human chondrocytes. In

addition, we have shown that these novel receptors form a complex in the presence of

ligand and ligand independent manner and a type II receptor (RII) independent manner

(9).

It is also apparent that recombinant forms of TGF-~ receptors overexpressed at the cell

surface may function to modulate TGF-~ responsiveness (32-34). We identified a unique

cDNA clone encoding a soluble form (Sol RI) of Alk-5 (TGF-~ type I receptor, RI) from

a neonatal rat kidney cDNA library. This soluble receptor (Sol RI) was demonstrated to

occur naturally and bind TGF-~l in the presence of RII. We have shown this to be a

functional receptor which appears to act either as an agonist to TGF-~ action or as a

ligand chaperone (35). Others constructed a recombinant form of this receptor from the

extracellular domain of RI. This recombinant Sol RI required the presence of both RI and

RII signaling receptors to bind TGF-~1 and to generate a signal. In the absence of TGF-~

this receptor mimicked TGF-~ induced transcriptional and growth responses (34).
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Currently, eight mammalian type I TGF-p receptors have been cloned and for the

majority the ligand and corresponding type II receptor identified (reviewed in 36). Alk-l

however remains an orphan receptor. Its true ligand and corresponding type II receptor

are unknown. Yet, it is known that Alk-l binds TGF-pl in the presence of RII and

Activin A in the presence of ActR-II (37-39). In addition, Alk-l has been demonstrated to

bind TGF-p3 and an unknown ligand present in human serum (36). Alk-l gene mutations

in humans are implicated in HHT II and homozygote embryos die at midgestation with

severe vascular abnormalities (40). Importantly, during angiogenesis, Alk-l has been

shown to modulate TGF-p signaling (41) and during this process signals through Smads

with an end point which differs with respect to Alk-5 in mice (42). The apparent potential

of Alk-l and Sol RI to regulate TGF-p action and the recent identification of endoglin an

accessory receptor on human chondrocytes led us to investigate whether these TGF-p

receptors were present on human cartilage and to determine if they could modulate TGF

Presponse in these cells.

In the present study we report for the first time the expression of Sol RI and Alk-l on

human chondrocytes. More importantly, we demonstrate that in addition to the

documented formation of heteromeric complexes with the type I and II TGF-p signaling

receptors (34-36,41) both Alk-l and Sol RI associate with betaglycan at the cell surface at

endogenous receptor concentrations and ratios. In addition, we have provided evidence

that Alk-l associates with Sol RI and that when overexpressed, both Alk-l and Sol RI

enhance TGF-p signaling.

EXPERIMENTAL PROCEDURES

Cell Culture
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The immortalized human chondrocyte cell lines (C-28/I2 and tsT/AC62), a gift from Dr.

M. Goldring (Beth Israel Deaconness Medical Center, Harvard Institutes of Medicine,

Boston, MA) have been described previously (43,44). The C-28/I2 cell line was

developed using chondrocytes isolated from juvenile human costal cartilage by retroviral

infection with SV-40 large T antigen. The tsT/AC62 cells were developed using

chondrocytes isolated from adult human articular cartilage by immortalization with a

retrovirus expressing a temperature-sensitive mutant of SV-40 large T antigen. This

mutant is functional when the cells are cultured at 32°C but not at 37°C (43). The 293

cells (CRL-1573) were obtained from the American Type Culture Collection (Rockville,

MD) and the RlB-Ll7 cells were a gift from Dr. J. Massague (Howard Hughes Medical

Institute; New York, NY; 45). Chondrocytes and 293 cells were grown in DMEM/Ham's

Fl2 (1:1, v:v) containing 10% fetal bovine serum (FBS) and lOOD/ml penicillin,

100/lg/ml streptomycin and 0.25/lg/ml amphoteracin (all from Invitrogen Life

Technologies, Burlington, ON) and maintained at 37°C (C-28/I2, 293) or 32°C

(tsT/AC62) in an atmosphere of 5% C02/air. RIB-Ll7 cells were cultured in MEM, non

essential amino acids, 10% FBS (dialyzed), Histidinol .5mM, 1x glutamine, and lOOU/ml

penicillin, 100/lg/ml streptomycin and 0.25/lg/ml amphoteracin (all from Invitrogen Life

Technologies) and maintained at 37°C.

Affinity Labeling of Cells

Affinity labeling was performed as described previously with modifications (46). Briefly,

monolayers of cells were washed with ice-cold binding buffer [Dulbecco's PBS (dPBS)

with Ca++ and Mg++, pH 7.4 containing 0.1 % bovine serum albumin (BSA)] and were

incubated with 100 pM of 125I_TGF_Pl in the absence or presence of varying

171



concentrations of non-radioactive TGF-01, -02, or -03. The receptor ligand complexes

were cross-linked with Bis-sulfocsuccinimidyl suberate (BS3; Pierce; Rockford, 11.). The

reaction was stopped by the addition of glycine and the cell membrane extracts were

prepared. The solubilized samples were separated by SDS-PAGE on a 3-11 %

polyacrylamide gradient gel under reducing (with 0-Mercaptoethanol; Sigma Aldrich,

Oakville, ON) conditions and analyzed by autoradiography.

Immunoprecipitation of TGF-6 Receptors

The anti-betaglycan antibody (Get 1) was a gift from Dr. S. Souchelnytskyi (Uppsala,

Sweden; 47). The anti-Alk-l antibody, anti-RI, and IgG control were purchased from

Santa Cruz Biotechnology Inc. (Santa Cruz, CA). The Sol RI antibody was raised against

the divergent COOH-terminal region of the extracellular domain of Sol RI (Sma I) (35) to

specifically detect Sol RI. The Immunoprecipitation studies were performed as described

previously (25,46) with modifications. Cells were affinity labeled with 200 pM 125I_TGF_

01 and the membrane extracts were incubated with 311g/m1 of the various antibodies and

with respective normal rabbit serum controls or IgG. Immune complexes were then

incubated with protein A-sepharose slurry (Amersham Pharmacia Biotech Inc.; Baie

d'Urfe, Que.) and the beads were pelleted by centrifugation. The immune complexes

were analyzed by SDS-PAGE under non-reducing or reducing conditions followed by

autoradiography. Where Sol RI was overexpressed to determine antibody specificity,

RIB-L17 were transiently transfected with l11g of either empty vector (EV, pcMV5), pSol

RI, pRI for 48 hours per well using Lipofectamine Reagent (Invitrogen Life

Technologies) in serum-free medium according to the manufacturer's specifications. In

addition, prior to affinity labeling and immunoprecipitation, some of the cell lysates were
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pretreated with or without enzymes to cleave the glycosaminoglycan side chains (GAGs)

from betaglycan. The procedure was performed as previously described (48) with some

modifications. Briefly, confluent monolayers of cells were washed with dPBS and

incubated with chondroitinase-ABC and heparinase (0.5U/ml and 4U/ml respectively,

both from Sigma Aldrich) for 3 hours at room temperature. Thereafter, the cells were

washed with 0.1 % BSA in dPBS and affinity labeled with 200 pM of 1251_TGF-~ 1 as

described above. Extracts were fractionated by SDS-PAGE on 3-11 % polyacrylamide

gels and analyzed by autoradiography. The membrane extracts were incubated with

3/lg/ml of the various antibodies and with respective normal rabbit serum controls or IgG

as described above.

Western Blot of TGF-6 Receptors

Western blotting of TGF-~ receptors was performed as previously described (9). Briefly,

chondrocytes were grown to 90% confluency in 6 well plates and not transfected,

transfected with empty vector (EV, pcMV5), or receptor (pAlk-l or pSol RI) for 48

hours. Cells were then washed with PBS and lysed. Cell lysates were prepared and

samples were standardized for protein content using the Bradford Protein Assay Kit (Bio

Rad; Mississauga, Ont.). Samples were then fractionated on SDS-PAGE (7.5%

acrylamide) and transferred by electrophoresis to nitrocellulose membrane (Scheicher and

Schuell; Keene, NH.). The membrane was blocked for 3 hours in a milk protein/Tween

blocking solution (1M Tris, pH 7.5; 5M NaCl; Tween 20,Sigma Aldrich; Carnation Skim

milk powder) and incubated with anti-Alk-l antibody, control IgG (both from Santa Cruz

Biotechnology Inc.), or anti-Sol RI antibody at room temperature for 1-2 hours followed

by incubation for 1 hour with goat anti-rabbit HRP conjugated secondary antibody (Santa
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Cruz Biotechnology Inc.) at room temperature and detected usmg the ECL system

(Amersham Phannacia Biotech Inc.).

Immunoprecipitation/Western Blot Analysis

Immunoprecipitation followed by Western blotting to detect TGF-~ receptors was

perfonned as previously described (9, 46). Briefly, chondrocytes were washed three times

with 0.1 % BSA-dPBS, twice with dPBS, and membrane extracts of cells were prepared

and immunoprecipitated with anti-betaglycan antibody (Get 1), anti-Alk-l antibody, anti

Sol RI antibody, control IgG, or not immunoprecipitated. In some experiments, cells were

washed with a mild acid (0.1 % glacial acetic acid; American Chemicals Ltd., Montreal,

Quebec) to ensure complete removal of endogenous TGF-~ (26,49) before membrane

extraction and subsequent immunoprecipitation. In other experiments, cells were

pretreated with 100 pM TGF-~ 1 at 37°C for 2 hrs before being washed twice with dPBS

followed by membrane extraction and immunoprecipitation. The extracts or immune

complexes were fractionated by SDS-PAGE on 3-11 % gradient gels or 7.5% SDS-PAGE

and Western blot analysis was perfonned using anti-Sol RI antibody, anti-Alk-l antibody

or anti-HA antibody and the ECL system was used for detection (Amersham Phannacia

Biotech Inc.) as discussed above.

Two-Dimensional Gel Electrophoresis

Two-dimensional gel electrophoresis was perfonned as described by MacKay et al (50)

except that 3-mercaptopropionic acid was omitted in the second dimension (9,26).

Solubilized membrane extracts of cells affinity labeled with 1251_TGF-~ 1 were

immunoprecipitated with anti-betaglycan antibody (Get 1), anti-Sol RI, anti-Alk-l

antibody, or not immunoprecipitated and then fractionated on a 1.0 mm-thick 3-11 %
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gradient gel under non-reducing conditions in the first dimension and on a 1.5 mm-thick

3-11 % gradient gel under reducing conditions in the second dimension. The gel was then

subjected to autoradiography or Western blotted as described above with anti-Alk-l

antibody (Santa Cruz Biotechnology Inc.).

Receptor Overexpression and Western Blot Analysis

To determine the regulation of the phosphorylated form of Smad 2 by TGF-~1 treatment

in chondrocytes overexpressing Alk-l or Sol RI, cells were grown in 6 well plates until

90% confluency. Cells were then transiently transfected with Illg per well of pAlk-l,

pSol RI, pRI, or empty vectors (EV, pcMV5 and pcDNA3) using Lipofectamine Reagent

(Invitrogen Life Technologies) in serum-free medium according to the manufacturer's

specifications. Cells were allowed to recover for 48 hours in regular medium, serum

starved the following day for 4 hours, then treated with 50 pM ofTGF-~1 for 15 minutes.

Cell lysates were prepared and samples were standardized for protein content using the

Bradford Protein Assay Kit (Bio-Rad). The extracts were then fractionated by SDS

PAGE (7.5% acrylamide) and transferred by electrophoresis to nitrocellulose membrane

(Scheicher and Schuell). The membrane was blocked for 3 hours in a milk protein/Tween

blocking solution {lM Tris, pH 7.5; 5M NaCl; Tween 20,Sigma Aldrich; Carnation Skim

milk powder) and incubated with a rabbit polyclonal anti-phosphoSmad 2 antibody (a gift

from Dr. S. Souchelnytskyi, Uppsala, Sweden; 51,52) at 4°C overnight. The membrane

was washed and incubated for 1 hour with goat anti-rabbit HRP conjugated secondary

antibody (Santa Cruz Biotechnology Inc.) at room temperature and detected using the

ECL system (Amersham Pharmacia Biotech Inc.). The membrane was reprobed with

anti-STAT 3 antibody (Santa Cruz Biotechnology Inc.) to confirm equal protein loading.
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Receptor Overexpression and Luciferase Reporter Assay

The p3TP-Lux, a TGF-p-inducible promoter-reporter construct (53), containing the

luciferase gene under the control of a portion of the plasminogen activator inhibitor-l

promoter region was used to determine cellular responsiveness to TGF-p. pSBE 4-luc is

also a TGF-p sensitive reporter plasmid which has been used extensively to determine

cell response to TGF-p (34,54-56). Chondrocytes were grown to 90% confluency in a 6

well plate and transiently transfected with Illg of p3TP-Lux or pSBE 4 and Illg of pp

galactosidase (p-gal) per well using Lipofectamine Reagent (Invitrogen Life

Technologies) in serum-free medium according to the manufacturer's specifications. In

addition the reporter cells were either transfected with the empty vector (EV, pcMV5) or

one of pRI, pAlk-l, or pSol RI. Cells were allowed to recover for 48 hours in regular

medium, serum starved the following day for 4 hours, then treated with 100 pM ofTGF

pI overnight. The cells were lysed and assayed for luciferase activity (BD Pharmingen;

Mississauga, ant.) using the EG&G Berthold Microplate Luminometer (Berthold

Technologies USA; Oak Ridge, TN). Light emission by the TGF-p 1 treated cells was

expressed as a percentage of the emission by the control cells and adjusted for

transfection efficiency obtained using the p-gal assay.

RESULTS

TGF-p receptor profiles on human chondrocytes

The tsT/AC62 and C-28/I2 cell lines provide a reproducible model that mimics human

articular and costal phenotypes respectively (57-60). The chondrocyte phenotype of the

immortalized cell lines and the human primary articular chondrocytes in culture, have

previously been confirmed by determination of the production of aggrecan and type II
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collagen (9) and by ascertaining typical chondrocyte morphology as detected by a

spherical to polygonal shape with a cell-associated matrix when suspended in alginate

bead cultures (data not shown).

To determine whether human chondrocytes express novel TGF-~ receptors, the cells were

affinity labeled with 1251_TGF_~1 and the labeled receptors were analyzed by SDS-PAGE.

A receptor profile representative of human articular and nonarticular chondrocytes is

illustrated in Fig. 1. The competition using increasing concentrations of unlabeled TGF

~ I, TGF-~2, and TGF-~3 isoforms demonstrated the relative binding affinity of the

receptors for the TGF-~ isoforms. We have previously reported on four major binding

complexes of relative molecular weights of 65, 85, 100, and 200-300 kDa in human

chondrocytes under reducing conditions. These bands represented the cloned type I

receptor (RI/Alk-5), type II receptor (RII), endoglin monomer, and type III (betaglycan)

receptor respectively (62,63). This was confirmed later by immunoprecipitation studies

using specific anti-receptor antibodies (9).

In addition to the aforementioned receptors, a novel band at 47 kDa was detectable in the

absence of unlabeled ligands (Fig. 1, lanes designated as '0'). The migratory pattern (47

kDa) and isoform specificity of this band is characteristic of our recently identified

soluble type I TGF-~ receptor (35) which shows affinity for all three TGF-~ isoforms

with ~ 1>~3>~2. That this band represents Sol RI was later confirmed by

immunoprecipitation studies using a specific anti-Sol RI receptor antibody (see below).

The presence of Alk-l was also confirmed on these cells by Western blot and

immunoprecipitation (see below) and thus has been labeled at the 65 kDa position (Fig. 1)
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in addition to RI. Alk-l is partially responsible for the binding of 125I_TGF_~ and the

intensity of the 65 kDa band noted.

Sol RI and Alk-l are expressed on human cartilage

The results of Western blotting shown in Fig. 2 demonstrated the presence of Alk-l and

Sol RI in human articular (tsT/AC62) and nonarticular (C-28/I2) chondrocytes. Receptor

detection in untransfected cells (0) confirms that Alk-l and Sol RI are present

endogenously. This endogenous presence was also noted with transfection of empty

vector (EV). When Alk-l and Sol RI were overexpressed (Alk-l, Sol RI) the receptors

were observed to co-migrate with the endogenous receptors thus confirming their identity

and molecular weights.

Alk-l and Sol RI form heteromeric complexes with betaglycan in the presence of

ligand

To confirm the identity of Alk-l and Sol RI on human chondrocytes and to study

potential associations between these and other TGF-~ receptors, chondrocytes were

affinity labeled with 125I_TGF_~1 and immunoprecipitated using specific anti-receptor

antibodies directed against Alk-1, Sol RI, and betaglycan. In these studies, whereas

immunoprecipitation with a specific anti-receptor antibody confirmed the identity of its

cognate TGF-~ receptor, co-immunoprecipitation of another type of receptor which is not

recognized by this antibody was indicative of heteromeric complex formation between

those receptors.

As shown in Fig. 3A, SDS-PAGE of the nonimmunoprecipitated membrane lysate

demonstrated the presence ofTGF-~ binding proteins consistent in mobility and size with

RVAlk-l, RII, Sol RI, betaglycan, and the endoglin monomer (Lane 3; NIP). The anti-
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betaglycan antibody (LaneS; a-BG) immunoprecipitated betaglycan and co

immunoprecipitated RI/Alk-l, RII, and Sol RI. Similarly, the anti-Sol RI antibody (Lane

6;a-Sol RI) precipitated Sol RI, thus confirming the presence of Sol RI on human

chondrocytes. Interestingly, anti-Sol RI antibody co-immunoprecipitated betaglycan in

addition to RI/Alk-l and RII. The co-immunoprecipitation of RI and RII with a-BG

(18,30) is well documented. However, the co-immunoprecipitation of betaglycan with a

Sol RI and that of Sol RI with a-BG has not been previously reported and suggests that

Sol RI and betaglycan form a heteromeric complex on the cell surface of chondrocytes.

The anti-RI and anti-RII antibodies were used as controls (Lane 1; a-RI and Lane 2; a

RII respectively). No receptors were immunoprecipitated with the normal rabbit serum

control (Lane 4; NRS).

Fig. 3B demonstrated that this novel association between Sol RI and betaglycan does not

require the GAGs of betaglycan to be present. Prior to affinity labeling cells were either

left untreated (-) or were treated (+) with a combination of chondroitinase ABC and

heparinase enzymes (C/H) which are known to cleave the GAG chains from betaglycan's

extracellular domain (48). This results in the full length betaglycan being reduced to its

core molecule of 120 kDa (Lane 2,3; NIP). Again immunoprecipitation with anti

betaglycan antibody (Lane 4,5; a-BG) revealed betaglycan and co-immunoprecipitated

Sol RI. In addition, immunoprecipitation with anti-Sol RI antibody (Lane 6,7; a-Sol RI)

revealed Sol RI and co-immunoprecipitated betaglycan. These co-immunoprecipitations

were apparent in the absence or presence of enzyme treatment confirming that this

association occurs independently ofbetaglycan's carbohydrate side chains.

179



As shown In Fig. 3C, SDS-PAGE under reducing conditions of the

nonimmunoprecipitated membrane lysate demonstrated the presence of TGF-~ binding

proteins consistent in mobility and size with RI, RII, and betaglycan (Lane 1; NIP). The

anti-Alk-l antibody precipitated a band at 65 kDa, thus confirming the presence of Alk-l

on human chondrocytes (Lane 3; a-Alk-l). However, this band could be partially

comprised of RI also 65 kDa and know to co-immunoprecipitate with Alk-l.

Interestingly, a-Alk-l co-immunoprecipitated betaglycan in addition to RII. This novel

finding suggests that Alk-l and betaglycan form a heteromeric complex on the cell

surface of chondrocytes. No receptors were immunoprecipitated with the normal rabbit

serum control (Lane 2; NRS).

Confirmation of the expression of Sol RI on chondrocytes and characterization of

anti-Sol RI antibody

The Sol RI antibody was raised against the divergent COOH-terminal regIOn of the

extracellular domain of Sol RI (35) to specifically detect Sol RI. This antibody specificity

is demonstrated in Fig. 4A using RIB-Ll7 cells which are stably mutated Mink lung

epithelial cells exhibiting no type I TGF-~ receptor (45). RlB-L17 cells were transfected

with empty vector (EV, Lane 2), Sol RI (Lane 3,4), RI (Lane 6) or left untransfected

(Lane 1, 5,7). As anticipated the transfection efficiency of these cells is extremely low,

therefore, it is difficult to observe an increased expression of the transfected receptors.

Celllysates were then immunoprecipitated using the anti-Sol RI antibody (a-Sol RI, Lane

4-6), control rabbit IgG (Lane 7), or not immunoprecipitated (Lane 1-3). The absence of

type I receptor is apparent in the R 1B-Ll7 cells (Lane 1-7) as compared to the 65 kDa

band representing RI evident by immunoprecipitation with anti-RI antibody of C28-I2
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cell lysates (Lane 8) known to express RI. The a-Sol RI antibody was able to detect both

endogenous levels of Sol RI (Lane 5, 6) as well as overexpressed Sol RI (Lane 4). It was

previously noted that these cells did not express RI, both from affinity labeling of non

immunoprecipitated lysates and an inability to immunoprecipitate RI (data not shown). Of

note, when RI is overexpressed in RIB-LI7 cells a-Sol RI antibody is unable to detect RI

(Lane 6) indicating the Sol RI antibody does not cross-react with RI. Western blot using

the same a-Sol RI antibody confirms the presence of Sol RI on chondrocytes (Fig. 48).

Human chondrocyte lysates immunoblotted for Sol RI (right panel) demonstrate the

presence of the receptor at 47 kDa. However, Immunoblotting with control IgG (left

panel) failed to demonstrate a signal at 47 kDa.

The associations of Alk-l and Sol RI with betaglycan can occur in the presence of

ligand and ligand-independent manner

Using immunoprecipitation studies of affinity labeled chondrocytes, we have thus far

demonstrated that Alk-l and Sol RI form heteromeric complexes with betaglycan in the

presence of ligand. For confirmation and to determine whether such complex formation

also could occur in the absence of ligand, immunoprecipitation studies in tandem with

Western blot were performed. Membrane extracts of chondrocytes, extensively washed

with dPBS, were prepared and immunoprecipitated with a-BG, a-Alk-l, a-Sol RI

antibodies or with control IgG, or not immunoprecipitated. They were then fractionated

by SDS-PAGE under reducing conditions and analyzed by Western blot using a-Alk-l

antibody, as shown in Fig.5A or a-Sol RI antibody as shown in Fig.5B.
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Alk-I and Sol RI were not detected m the control experiments where

immunoprecipitation was preformed with rabbit control IgG (IgG) before Western

blotting (Lane I; Fig. 5A and B). Western blotting of membrane extracts

immunoprecipitated with a-Alk-I antibody (Fig. 5A; Lane 6) and with a-Sol RI antibody

(Fig. 5B; Lane 6) confirmed the presence of Alk-I at 65 kDa and Sol RI at 46 kDa

respectively. Importantly, Western blotting of extracts immunoprecipitated with a-BG

antibody (Lane 3) revealed Alk-I at 65 kDa (Fig. 5A) and Sol RI (Fig. 5B), thus

demonstrating that betaglycan co-immunoprecipitated Alk-I and also Sol RI in the

absence of exogenous TGF-f3. Furthennore addition of mild acid wash (0.1 % glacial

acetic acid) to remove any endogenous TGF-f3 followed by immunoprecipitation with a

BG antibody also demonstrated these associations (Lane 4, BG/acid; Fig. 5A and B).

When chondrocytes were pretreated with 100 pM TGF-f31, there was no apparent

increase in either the amount of Alk-l or Sol RI detected (Lane 5, BG/TGF-f3I; Fig. 5A

and B). Western blotting of nonimmunoprecipitated membrane extracts (NIP, Lane 2)

also confirmed the presence of Alk-I (Fig. 5A) and Sol RI (Fig. 5B) in chondrocytes.

Interestingly, immunoprecipitation with a-Sol RI antibody co-immunoprecipitated Alk-l

(Fig. 5A; Lane 7) suggesting that these two receptors are also capable of forming a

heteromeric receptor complex on the chondrocyte surface.

To further confirm the novel finding that Alk-l associates with betaglycan, 293 cells were

transfected with HA-tagged Alk-l pcDNA (Fig. 5C, Lane 3,4), empty vector (EV, Lane

2) or were left untransfected (Lane I). Cell lysates were not immunoprecipitated (Lane 1-

3) or immunoprecipitated with a-BG antibody (Lane 4; a-BG) and analyzed by SDS

PAGE under reducing conditions. Western blotting with a-HA antibody demonstrated the
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presence of Alk-l In Lane 3 (overexpressed, not immunoprecipitated) and 4

(overexpressed, immunoprecipitated with a-BG antibody) confirming the betaglycan

Alk-l association.

Sol RI and Alk-l form higher order complexes with TGF-J3 signaling receptors on

human chondrocytes

To further characterize the nature of these various TGF-J3 binding receptors and to test

whether they represent oligomeric complexes two-dimensional gel electrophoresis was

performed. Chondrocytes were affinity labeled with 1251-TGF-J31 and the membrane

extracts were immunoprecipitated with a-BG (Fig. 6A and D), a-Sol RI (Fig. 6B), or a

Alk-l (Fig. 6C) antibody and two-dimensional gel electrophoresis was performed under

nonreducing conditions in the first dimension and reducing conditions in the second

dimension. Fig 6A revealed spots at 250-300 kDa (betaglycan) and 85 kDa (RII) as well

as 2 spots (spot 1 and 2) at 47 kDa which represent Sol RI. It is apparent that these spots

have fallen from complexes of approximately 135 and 350 kDa off the diagonal. This

suggests that Sol RI forms a higher order complex with betag1ycan (spot 1) and likely RII

(spot 2). Membrane extracts, immunoprecipitated with a-Sol RI antibody (Fig. 6B) again

revealed 2 spots of 47 kDa demonstrating the presence of Sol RI. Betag1ycan is also

detected near the diagonal at 250-300 kDa and appears to form a higher order complex

with Sol RI (spot 1). Similarly, membrane extracts immunoprecipitated with a-Alk-1

antibody (Fig. 6C) revealed 2 spots at 47kDa representing Sol RI (spot 1 and 3) and 2

spots at 65 kDa representing A1k-1 (spot 1 and 2). As noted for the Sol RI

immunoprecipitate, betaglycan is observed at 250-300 kDa and is forming a higher order

complex with Alk-1 and Sol RI (spot 1). In Fig. 6D cells were immunoprecipitated with
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anti-betaglycan antibody, two dimensional gel electrophoresis was performed and

followed by Western blotting with a-Alk-l antibody. Two spots of 65 kDa are observed

(spot and 2) representative of Alk-l. The presence of spot 2 (the co

immunoprecipitation of Alk-1) and the presence of spot 1 (Alk-l descending from a

higher order complex) confirm the association of betaglycan with Alk-l and their

formation of higher order complexes on chondrocytes.

Overexpression of Sol RI and Alk-l enhances TGF-~ response in human

chondrocytes

Chondrocytes were transfected with pcDNA of RI, Sol RI, Alk-l, or empty vector (Fig.

7). Cells were then left untreated (Lane 1,3,5,7) or treated with 100 pM ofTGF-~l for 15

minutes (Lane 2,4,6,8) and Western blotting was performed to detect the phosphorylated

form of Smad 2 (Fig. 7A, upper panel). The overexpression of RI demonstrated an

upregulation of Smad 2 phosphorylation (Lane 3,4) consistent with its ability to enhance

TGF-~ signaling (36,61). Interestingly, both Alk-1 (Lane 7,8) and Sol RI (Lane 5,6)

overexpression demonstrated an upregulation of Smad 2 phosphorylation, in untreated

and TGF-~ 1 treated lysates. Thus, it appears that at endogenous TGF-~ levels and with

TGF-~ treatment, overexpression of these receptors can enhance signaling. The

membrane was reprobed for STAT3 (lower panel) to confirm equal protein loading in all

lanes.

The enhanced TGF-~ signaling with Sol RI and Alk-I overexpreSSlOn was also

demonstrated as stimulation of transcriptional activity. In Fig. 7B and C chondrocytes

were transfected with pcDNA of RI, Sol RI, or Alk-I in addition to either 3TP-Lux (Fig.

7B) or SBE 4 (Fig. 7C) and p~-gal. After 48 hours cells were serum starved for 4 hours
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then left untreated (-) or were treated with 100 pM of TGF-~ 1 (+) overnight and

luciferase activity was measured and standardized with a ~-gal assay. Data obtained with

the 3TP-Lux reporter construct demonstrated that overexpression of Sol RI (p=0.04) and

Alk-l (p=O.OOI) caused a marked enhancement of TGF-~ response as compared to

control untransfected cells. Overexpression of Rl was used as a comparison as it has

previously been reported to up-regulate TGF-~ response (36,61) but here did not show a

significant upregulation (p=0.19). Data obtained with the SBE-4 reporter construct

demonstrated that overexpression of Sol RI (p=0.12) and Alk-l (p=0.13) caused an

enhancement of TGF-~ response as compared to control untransfected cells, although not

at statistically significant levels.

DISCUSSION

Evidence indicates that cartilage destruction in osteoarthritis (GA) is linked to

dysregulation of cytokine expression. Transgenic mice with a dominant negative form of

RII (64) and a Smad 3 heterozygote murine knock out (62) have been established. These

two murine models develop early degenerative joint disease suggesting that dysregulation

of the TGF-~ signaling cascade may contribute to inadequate cartilage regeneration.

Chondrogenesis, the process of differentiation from an immature precursor cell to one

with a chondrogenic phenotype, is regulated by TGF-~. In addition, in vitro evidence

suggests that TGF-~ can have both a mitogenic effect on chondrocytes and a role in ECM

production. Despite TGF-~'s implication as a key mediator of cartilage repair (1-6,36,65

67) the mechanisms regulating TGF-~ action in chondrocytes are poorly understood. One

potential avenue of local modulation of TGF-~ action is at the level of its membrane

bound receptors. Recently we characterized the TGF-~ receptor expression profile on
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human chondrocytes (9) and demonstrated that novel accessory receptors do form

heteromeric complexes in these cells. Specifically we identified the presence of endoglin

but more importantly documented its association with betaglycan and demonstrated that

they form a heteromeric complex in the presence of ligand and independent manner and a

type II receptor independent manner. The expression profiles of novel TGF-~ binding

proteins and their interactions with the TGF-~ signaling receptors at the membrane level

leading to the formation of heteromeric receptor complexes may playa central role in

regulating the diverse actions of TGF-~ in chondrocytes.

In the present study we demonstrated for the first time that Sol RI and Alk-l are

expressed on human chondrocytes. Not only do these receptors form higher order

complexes with RI and RII on the cell surface but also associate with each other and more

importantly with betaglycan. These novel interactions of Alk-l and Sol RI with

betaglycan are shown to occur in the presence of ligand and ligand independent manner.

The complex formation between Sol RI and betaglycan occurs independent of the

carbohydrate side chains of betaglycan. Furthermore our results demonstrate that the

above receptor interactions occur at physiological receptor concentrations and ratios at

the cell surface and were not an artefact of overexpression. Importantly we demonstrate

that overexpression of Sol RI and Alk-l enhances TGF-~ responses in human

chondrocytes.

The phenotype of the human chondrocytes used in the present study has been

characterized extensively (57-60). In addition, we have shown that both primary human

articular chondrocytes and immortalized cells express aggrecan and type II collagen

mRNAs and are responsive to TGF-~ (9). Prior studies analyzing the interactions between
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TGF-~ receptors and the stoichiometry of the signaling complex employed primarily

mutant cell lines or cells overexpressing the wild-type or chimeric receptors (68,69). In

the present study, we used TGF-~ responsive human chondrocytes to demonstrate the

association of Alk-l and Sol RI with betaglycan, and the formation of higher order

complexes with TGF-~ signaling receptors. Thus, our results illustrated that these

associations occur at endogenous receptor concentrations and ratios.

In addition to providing confirmation of the identity of Sol RI and Alk-I (Fig. I and 2),

the findings of immunoprecipitation studies using cells affinity labeled with 1251_TGF-B I,

indicated that they form heteromeric complexes with betaglycan in the presence of ligand.

This was demonstrated by co-immunoprecipitation of Alk-l and Sol RI with a-BG

antibody and that of betaglycan with a-Sol RI and a-Alk-l antibody when analyzed with

SDS-PAGE (Fig. 3A,3C). Although immunoprecipitation results provided evidence for

TGF-~ induced complex formation between Alk-I and betaglycan, and Sol RI and

betaglycan, it was not possible to detect these heteromeric complexes on SDS-PAGE

analysis. The large molecular weight of such complexes and the highly heterogeneous

nature of betaglycan will preclude their detection.

That Sol RI and Alk-l exists in heteromeric complexes with betaglycan on the

chondrocyte surface was confirmed usmg membrane extracts that were

immunoprecipitated with a-betaglycan antibody and then subjected to Western blotting

with either a-Sol RI or a-Alk-l antibody (Fig. 5A,5B). In addition, cells were either left

untreated, treated with TGF-~ I or washed with a mild acid to ensure complete removal of

endogenous TGF-~ without affecting receptor integrity (49) demonstrating that the above

heteromeric complexes occur in the presence of ligand and ligand independent fashion.
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Furthermore, the Alk-l-betaglycan association is not unique to chondrocytes since this

interaction was detectable also on 293 cells transiently transfected with cDNA encoding

HA-tagged Alk-l (Fig. 5C). In addition, the association between Sol RI and betaglycan

was seen to occur independent of betaglycan's carbohydrate side chains (Fig. 3B)

suggesting that this may be core protein interaction.

Two dimensional gel electrophoresis provided information on the nature of the higher

molecular weight receptor complexes. Fig. 6A - D demonstrated that both Alk-l and Sol

RI were able to form higher order complexes with betaglycan as well as the type II TGF

~ signaling receptor. Sol RI could be seen to fall from a higher order complex involving

betaglycan and RII (350 kDa; Fig. 6A, 6B, 6C and 135 kDa; Fig. 6A respectively). Alk-l

could be seen to fall from a higher order complex involving betaglycan (365 kDa; Fig.

6D). It was also apparent that Sol RI and Alk-l together could associate with betaglycan

in a higher order complex (415 kDa; Fig. 6C). In addition, it is possible that all of these

receptors associate with the heterotetrameric TGF-~ signaling complex, although not

specifically investigated here. Moreover, multiple high molecular weight receptor

complexes containing the signaling receptors with or without betaglycan, Alk-l and Sol

RI may be formed during the cross-linking procedure.

Numerous studies have shown that accessory receptor such as endoglin and betaglycan

interact with RI and RII (30,55,69). Evidence has recently been presented that betaglycan

may playa more direct role in TGF-~ signaling. A functional role for the cytoplasmic tail

of betaglycan In regulating TGF-~ signaling has been described where

autophosphorylated RII phosphorylates the betaglycan cytoplasmic tail, thereby

enhancing TGF-~2 signaling (55). Therefore, additional TGF-~ binding proteins which
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fonn heteromeric complexes with betaglycan will undoubtedly modify its actions and

subsequent interactions with the signaling receptors.

Others have alluded to the regulatory potential of accessory TGF-p receptors. It has been

well established that betaglycan facilitates TGF-p binding to the TGF-p signaling

receptors, specifically the binding of the TGF-p2 isofonn to RII, which occurs at low

affinity in the absence of betaglycan (70,71). However, the property of ligand

presentation of betaglycan does not account for the strict requirement of betaglycan for

the epithelial-mesenchymal transition involved in the heart valve fonnation (72). In

addition, its extracellular domain can be shed into the medium where it may act as a TGF

Pantagonist (29,73). As previously mentioned, we recently identified endoglin on human

chondrocytes and demonstrate a complex fonnation with betaglycan (9).

We have now added Alk-l and Sol RI to the human chondrocyte TGF-p receptor

expression profile. The ligand and corresponding type II receptor for Alk-l are unknown.

In the presence of RII it binds TGF-P 1 and in the presence of ActRII it binds activin A

(37-39). However, neither of the complexes were shown to elicit a signal and Alk-l was

considered an orphan receptor. More recently, however, Alk-l has been shown to

modulate phosphorylation of Smad 1 and 5 (74, 41) suggesting it may play a role in

signaling of the TGF-p superfamily. Sol RI occurs naturally (35) and has been

demonstrated by us and others to associate with RII (34,35) although its role in

modulating TGF-p signaling is not certain A recombinant fonn of this receptor was

constructed from the extracellular domain of RI. This recombinant Sol RI required the

presence of both RI and RII signaling receptors to bind TGF-P 1 and to generate a signal.

In the absence of TGF-p this receptor mimicked TGF-p induced transcriptional and
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growth responses (34). Whether or not the enhancement of TGF-p signaling observed

here with Sol RI overexpression is related to Sol RI mimicking ligand, providing an

additional signaling pathway through RII, or modulating signaling through its interaction

with betaglycan remains to be determined. Importantly, we have provided evidence for a

functional role for Alk-l and Sol RI since overexpression of both of these receptors

enhanced TGF-p response in human chondrocytes (Fig. 7). Whether this is a result of a

direct interaction with signaling receptors or indirect through their associations with

betaglycan remains to be determined.

Current evidence indicates that the TGF-p signaling complex is a heterotetramer

consisting of one molecule each of the type I and type II receptor associated with each

monomer of a TGF-p dimer molecule (75). While it is difficult to estimate the precise

stoichiometry of the Sol RI and Alk-l containing complexes, it is possible that these

receptors associate with the heterotetrameric TGF-p signaling complex. However,

multiple high molecular weight receptor complexes containing Alk-l and Sol RI, RI and

RII with or without betaglycan may be formed as an artefact of the cross-linking

procedure which would not be present in endogenous states. Oligomerization of TGF-p

receptors to form complexes consisting of differing subtype composition and ratio may

represent modes of regulating distinct TGF-p responses.

Based on the results in the present study, we propose a model to illustrate the significance

of the Alk-l-betaglycan and Sol RI-betaglycan complex formation in the modulation of

TGF-p signaling in chondrocytes (Fig. 8). Alk-l and Sol RI associate with betaglycan

on the cell surface and this heteromeric complex may interact directly with the signaling

receptors. However, the relative expression level of the individual receptor components

190



may detennine the outcome ofTGF-p signaling. We demonstrated that overexpression of

Alk-l and Sol RI enhances TGF-p signaling. However, as shown in Figure 8, this

complex interaction between Alk-l, betaglycan and Sol RI may (A) regulate each others

function at the level of ligand binding or regulate the function of signaling receptors by

facilitating or decreasing ligand binding by RI and RII (B). Alternatively, these receptors

or their complex may regulate signaling receptors by interacting with them at the

extracellular domain level (C) or (D) at the downstream signaling level. Thus, these

associations may be critical for achieving a fine balance of TGF-p signaling and thus for

specifYing a particular TGF-p response. It is interesting to mention in this regard that the

novel complex fonnation between Alk-l and betaglycan may also modulate signaling by

other members of the TGF-p receptor superfamily in the light of recent observations

which show that Alk-l is able to bind Activin A in the presence of ActRII (39) and that

betaglycan binds inhibin (76).

In summary, our results demonstrated for the first time that Alk-l and Sol RI are

expressed on human chondrocytes and that they fonn higher order complexes with RI and

RII on the cell surface. More importantly, we demonstrated that they each fonn a

heteromeric complex with betaglycan and that these complex fonnations occur at

physiological receptor concentrations and ratios. Significantly, we found that Alk-l and

Sol RI complex with betaglycan in the presence of ligand and ligand-independent manner

and that the complex of Sol RI and betaglycan occurs independent of betaglycan's

carbohydrate side chains. Furthennore we have shown that overexpression of both Sol RI

and Alk-I enhance TGF-p signaling in human chondrocytes.
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It is becoming increasingly evident that accessory TGF-p receptors likely have functional

cytoplasmic domains and that their interactions with signaling receptors play a more

predominant role in regulation of TGF-p action than previously thought. TGF-p plays a

diverse role in the maintenance of cartilage from regulating cell proliferation and

differentiation to governing ECM turnover. Despite this the TGF-p and Smad mediated

signaling cascade appears quite rigid. The relative contributions of novel TGF-p receptors

and their formation of heteromeric receptor complexes at the cell surface may be critical

in specifying these various TGF-p signaling pathways and in regulating TGF-p action

towards cartilage regeneration or repair.

FIGURE LEGENDS

Fig. 1. Affinity labeling of human chondrocytes with 1251_TGF-p1 and analysis under

reducing conditions. Confluent monolayers of tsT!AC62 cells were affinity labeled with

100 pM of 125I_TGF_Pl in the absence or presence of the indicated concentrations of

unlabeled TGF-pl, p2, or p3. Solubilized cell extracts were analyzed by SDS-PAGE on

3-11 % polyacrylamide gradient gels under reducing conditions followed by

autoradiography. Similar receptor profiles were observed using primary chondrocytes and

the C-28!I2 cell line (data not shown).

Fig. 2. Sol RI and Alk-l are expressed on human articular cartilage. Solubilized

extracts of cell lines (C-28/12 and tsT!AC62) transfected with pAlk-l (Alk-l), pSol RI

(Sol RI), pcMV5 (EV) or left untransfected (0), were analyzed by SDS-PAGE (7.5%

acrylamide) under reducing conditions. They were then transferred onto nitrocellulose

membrane and the membranes were immunoblotted with anti-Alk-l (upper panel) or anti-
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Sol RI (lower panel) antibody. The ECL system was used for chemiluminescence

detection.

Fig. 3. Immunoprecipitation of TGF-~ binding proteins on human chondrocytes.

Cells were affinity labeled with 200 pM of 1251_TGF_~1 and solubilized cell extracts were

immunoprecipitated with 3~g/ml each of anti-receptor antibodies or control nonnal rabbit

serum. Complexes were fractionated on SDS-PAGE (3-11 % gradient gels) under

reducing conditions and visualized by autoradiography. A: Non-immunoprecipitated

(NIP) cell extract of tsT/AC62 is shown in Lane 3. Immunoprecipitations were

perfonned using anti-betaglycan (Lane 5, a-BG), anti-Sol RI (Lane 6, a-Sol RI) or anti

RI (Lane l,a-RI), anti-RII (Lane 2, a-RII) or control nonnal rabbit serum (Lane 4, NRS).

B: Cells were left untreated (-) or treated (+) with chondroitinase ABC and heparinase

enzymes (C/H) prior to affinity labeling. Non-immunoprecipitated (NIP) cell extract of

C28/12 is shown in Lane 2 and 3. Irnrnunoprecipitations were perfonned using anti

betaglycan (Lane 4 and 5, a-BG), anti-Sol RI (Lane 6 and 7, a-Sol RI) or control rabbit

IgG (Lane I). C: Non-imrnunoprecipitated (NIP) cell extract of tsT/AC62 is shown in

Lane 1. Irnrnunoprecipitations were perfonned using anti-Alk-I (Lane 3, a-Alk-I) or

control nonnal rabbit serum (Lane 2).

Fig. 4. Confirmation of the expression of Sol RI on chondrocytes and

characterization of anti-Sol RI antibody. A: RIB-LI7 cells were cultured to 90%

confluency in 6 well plates and transiently transfected with pcMV5 (EV, Lane 2), pRI

(RI, Lane 6) or Sol RI (Sol RI, Lane 3,4) or not transfected (Lane 1,5,7). C28/12 cells

were not transfected (Lane 8). All cells were affinity labeled with 200 pM of 1251_TGF-~ I

and solubilized cell extracts were irnmunoprecipitated with anti-Sol RI antibody (Lane 4-
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6), anti-RI antibody (Lane 8), or control IgG (Lane 7) or were not immunoprecipitated

(Lane 1-3). Complexes were fractionated on SDS-PAGE (3-11 % gradient gels) under

reducing conditions and visualized by autoradiography. B: Solubilized extracts of

immortalized chondrocytes, C-28/I2 and tsT/AC62, were analyzed by SDS-PAGE (7.5%

acrylamide) under reducing conditions and transferred onto nitrocellulose membrane. The

membranes were immunoblotted with anti-IgG (left panel, a-IgG) or anti-Sol RI antibody

(right panel, a-Sol RI). The ECL system was used for chemiluminescence detection.

Fig. 5. Western blot analysis demonstrating complex formations between betaglycan

and Alk-l and betaglycan and Sol RI on chondrocytes. AlB: Chondrocytes were left

untreated (Lane 1-3, 6 and 7), were treated with 100 pM of TGF-~ for 2 hours (Lane 5),

or were subject to a mild acid wash (Lane 4). A: Solubilized extracts of human

chondrocytes were not immunoprecipitated (NIP, Lane 2), or immunoprecipitated with

control IgG (Lane 1), anti-betaglycan antibody (a-BG, Lane 3; a-BG/acid, Lane 4; a

BG/TGF-~I,Lane 5), anti-Alk-I antibody (a-Alk-I, Lane 6), or anti-Sol RI antibody (a

Sol RI, Lane 7). Complexes were fractionated on 3-11 % gradient gels under reducing

conditions and Western blotting was performed, as described in Experimental Procedures

using anti-Alk-l primary antibody. B: Solubilized extracts of human chondrocytes were

not immunoprecipitated (NIP, Lane 2), or immunoprecipitated with control IgG (Lane I),

anti-betaglycan antibody (a-BG, Lane 3; a-BG/acid, Lane 4; a-BG/TGF-~I, Lane 5), or

anti-Sol RI antibody (a-Sol RI, Lane 6). Complexes were fractionated on 3-11 % gradient

gels under reducing conditions and Western blotting was performed, as described in

Experimental Procedures using anti-Sol RI primary antibody. C: 293 cells were cultured

to 90% confluency in 6 well plates and transiently transfected with pcMV5 (EV, Lane 2)
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or HA-tagged Alk-I (Alk-I·HA, Lane 3 and 4) or not transfected (Lane I). After 48

hours, solubilized extracts were not immunoprecipitated (Lane 1-3) or

immunoprecipitated with anti-betaglycan antibody (a-BO, Lane 4) and complexes were

fractionated by SDS-PAOE (7.5% acrylamide) under reducing conditions and Western

blotting was performed, as described in Experimental Procedures using anti-HA antibody.

Fig. 6. Two-dimensional gel electrophoresis of TGF-~ receptor complexes on

human chondrocytes. Chondrocytes were affinity labeled with 100 pM of 125I_TOF_~1

(A-C) or not affinity labeled (D) and solubilized extracts were immunoprecipitated with

anti-BO antibody (A and D), anti-Sol RI antibody (B), or anti-Alk-I antibody (C) and

analyzed by SDS-PAOE (3-11 % gradient gel) under nonreducing conditions in the first

dimension. The individual lane was then cut out, laid horizontally on a second gel (3-11 %

gradient) and analyzed under reducing conditions in the second dimension and subjected

to autoradiography. In D the gel was transferred to nitrocellulose membrane and Western

blotted with anti-Alk-l antibody, as described above.

Fig. 7. TGF-~ responses in chondrocyte cell lines overexpressing the Alk-l and Sol

RI receptors. A: Stimulation of Smad 2 phosphorylation by TOF-~1. Chondrocytes

were transiently transfected with pAlk-1 (Lane 7,8; Alk-I), pSol RI (Lane 5,6; Sol RI), or

pRI (Lane 3,4; RI), or empty vector (Lane 1,2; EV). After 48 hours cells were treated

with 100 pM of TOF-131 (+) for 15 minutes or left untreated (-). Solubilized extracts were

analyzed by SDS-PAOE (3-11 % gradient gels) under reducing conditions and transferred

onto nitrocellulose membrane. The membrane was immunoblotted with an antibody

against the phosphorylated form of Smad 2 (upper panel). Immunoblotting using an

antibody directed against STAT 3 was performed to illustrate equal protein loading
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(lower panel). The ECL system was used for chemiluminescence detection. B/C:

Stimulation of plasminogen activator inhibitor-l (PAI-I) promoter activity and Smad

binding element 4 (SBE) promoter activity by TGF-~. The chondrocytes were transiently

transfected with the PAI-I promoter-Iuciferase reporter construct, p3TP-Lux (B), SBE 4

(C), pl3-gal, in addition to either pSol RI or pAlk-l. 48 hours after transfection, cells were

treated with 100 pM of TGF-13l (+) overnight or were left untreated (-). Luciferase

activity was determined, normalized using the ~-gal assay and expressed as a fold

increase of untreated cells. The data shown are representative of three different

experiments each done in triplicates with statistically significant upregulation noted by an

asterisk.

Fig. 8. Schematic representation of a possible model illustrating the significance of

the Alk-l, Sol RI, and betaglycan complex formation in modulating TGF-13

signaling. Alk-l and Sol RI associate with betaglycan and each other on the cell surface

and this heteromeric complex may interact directly with the signaling receptors, although

the possibility that these receptors may interact individually with RI and RII cannot be

ruled out. Overexpression of Alk-l and Sol RI appear to enhance TGF-13 signaling. In

addition, overexpression of betaglycan is believed to enhance signaling by facilitating

ligand binding to the signaling receptors and by an alternate mechanism involving the

phosphorylation of its cytoplasmic tail (55,75). This complex interaction between Alk-l,

betaglycan and Sol RI may (A) regulate each others function at the level of ligand binding

or regulate the function of signaling receptors by facilitating or decreasing ligand binding

by RI and RII (B). Alternatively, these receptors or their complex may regulate signaling

receptors by interacting with them at the extracellular domain level (C) or (D) at the
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downstream signaling level. Thus, the interaction amongst these novel receptors may be

of critical significance as the relative expression level of the individual receptor

components may determine the outcome on TGF-~ signaling. Complex formation of Alk

1, Sol RI, betaglycan, with the signaling receptors has been omitted for clarity.
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CHAPTER 3

BRIDGE

Confirmation of the type II signaling receptor (RII) independent nature of the

endoglin-betaglycan association and the identification of further structural

determinants of this interaction. The novel discovery of endoglin's ability to

bind the TGF-f31 isoform independently ofRII but requiring betaglycan and

endoglin's inhibition of the TGF-f3 signaling cascade.
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CHAPTER 3

BRIDGING DOCUMENT

Introduction and Rationale

TGF-~ receptor heteromeric complex formations on the surface of cells are often complicated

biochemical interactions with specific structural determinants. Previously, endoglin and

betaglycan were shown to form a heteromeric complex on the surface of human chondrocytes

in the presence of ligand and ligand independent manner. Studies using 293 cells (lacking

RII) suggested that this heteromeric complex forms in the absence of RII (manuscript 1).

Therefore, it was important to confirm the RII independent nature but also to elucidate the

structural determinants governing the betaglycan-endoglin association. It was previously

considered that the short cytoplasmic tails of betaglycan and endoglin were devoid of

catalytic activity (Cheifetz et al1992, Lopez-Casillas et al 1993) but recent evidence suggests

that endoglin is able to modulate the phosphorylation of the TGF-~ signaling receptors

(Geurerro-Esteo et al 2002). However, regulation of TGF-~ signaling by endoglin and

betaglycan varies among different cells with both receptors seen to inhibit and enhance

responses (Lastres et al 1996, Li 1999 and 2000a, Letamendia et al 1998a, Blobe et al 2001).

The current TGF-~ signaling paradigm dictates betaglycan facilitating ligand binding by the

signaling receptors, playing an important role for the -~2 ligand as RII has low affinity for

TGF-~2. Endoglin, however, is thought not to bind ligand in the absence ofRII and its role in

signaling remains unclear. The specifics of their association and the role of these two

receptors in human chondrocytes remained to be determined.

Hypotheses
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(1) that the endoglin-betaglycan heteromeric complex on the chondrocyte surface can occur

independently of RII and may be a core protein interaction

(2) that endoglin and betaglycan have distinct roles in regulating TGF-B signaling in human

chondrocytes

Objectives

(i) to confirm that the complex formation between endoglin and betaglycan on human

chondrocytes occurs in the absence of RII

(ii) to determine the structural requirements of the endoglin-betaglycan heteromeric complex

on these cells

(iii) to elucidate the role of endoglin and betaglycan in the modulation of TGF-B signaling in

chondrocytes

Summary of Manuscript Findings

In the third manuscript, endoglin is shown to be expressed on DR26, L6, and 293 cells but at

endogenous levels less than seen for human microvascular endothelial cells or chondrocytes.

Most importantly, for the first time, endoglin is demonstrated to bind TGF-B 1 in the absence

of RII, and that not only is this binding facilitated by but requires betaglycan. The endoglin

betaglycan heteromeric complex is shown to occur independently of RII and, in addition,

independently of betaglycan's cytoplasmic domain or carbohydrate side chains. Lastly, the

overexpression of endoglin is seen to inhibit whereas betaglycan enhances TGF-B 1, B2, and

B3 responses in human chondrocytes.

Conclusions

Prior to the investigations seen in the following manuscript (manuscript 3) several novel

TGF-B receptors on human chondrocytes were identified and confirmed to form associations
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at the cells surface. Of these heteromeric receptor complexes, the Sol RI and betaglycan

complex was shown to occur in the absence of betaglycan's GAG chains and the endoglin

betaglycan complex in the presence or absence of ligand. That this endoglin-betaglycan

association forms independently of RII has been confirmed and that neither the GAG chains

nor betaglycan's cytoplasmic domain are necessary for this interaction has been

demonstrated. Investigations which illustrated the presence of endoglin on DR26, 293, and

L6 myoblasts led to more important findings. For the first time, endoglin's ability to bind

TGF-/31 in the absence of RII and that this binding is not only enhanced by betaglycan but

also requires its presence is shown. In addition, evidence that endoglin inhibits whereas

betaglycan enhances TGF-/31, -/32, and -/33 signaling in human chondrocytes is provided.

Endoglin is not known to bind TGF-/32; despite this, inhibition of TGF-/32 signaling by

endoglin was evident. This suggests that endoglin may be mediating this inhibition of TGF-/3

signaling through direct interactions with signaling receptors or alternatively, through its

heteromeric complex formation with betaglycan. Taken together, this information provides

new insights into the TGF-/3 signaling cascade and the passive manner in which accessory

receptors were once thought to participate in signaling is no longer an acceptable theory.
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Summary

TGF-~'s ability to regulate almost all aspects of the tissue repair process has incited

interest in its therapeutic use to promote cartilage regeneration. Despite this, the

mechanism of action of TGF-~ in human chondrocytes and in particular its receptor

expressions and interactions have been poorly defined. Endoglin and betaglycan are

accessory TGF-~ receptors and the current TGF-~ signaling paradigm indicates that

endoglin is unable to bind ligand in the absence of the type II signaling receptor (RII).

Endoglin's role in modulating TGF-~ response is uncertain. Previously, we have shown

that endoglin forms a heteromeric complex with betaglycan. In the present study we

confirm the RII independent nature of this interaction and demonstrate it occurs in the

absence of betaglycan's glycosaminoglycan (GAG) chains and cytoplasmic domain.

More importantly, we show for the first time that endoglin is able to bind ligand in the

absence of RII but requires the presence of betaglycan and paradoxically that endoglin

inhibits whereas betaglycan enhances TGF-~ signaling in human chondrocytes. Taken

together these novel findings further implicate accessory TGF-~ receptors as key

modulators of TGF-~ action. The endoglin-betaglycan complex may redefine the delicate

balance of TGF-~ signaling critical in regulating cartilage repair and regeneration.

Key Words: chondrocytes, TGF-~ receptors, TGF-~ signaling, endoglin, betaglycan
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INTRODUCTION

Tissue repair is a complex programmed biologic process that involves cell proliferation

and differentiation, neovascularization and extracellular matrix deposition. TGF-~l has

the potential to regulate almost all aspects of the tissue repair process (1) and of the

myriad of growth factors that have been studied in the context of tissue healing it has the

broadest spectrum of effects (2-4).

TGF-~ is a member of a large family of multifunctional proteins intricately involved in

growth, differentiation, and development (5-9) and was described initially as "cartilage

inducing factor" (4). Three distinct isoforms of TGF-~ (TGF-~ 1, 2, and 3) which are

encoded by distinct genes have been described in mammals (6). TGF-~ is secreted in a

latent form that requires activation before it can bind to its receptors. The current model

of TGF-~ signaling invokes a pair of transmembrane serine/threonine kinases, known as

the type I (RI) and type II (RII) receptors which are present in almost all cell types

analyzed (10). According to this model RI does not bind TGF-~ in the absence of RII.

The binding ofTGF-~ to RII, a constitutively active kinase, results in the recruitment and

phosphorylation of RI in its 'GS sequence' upstream from the kinase domain, resulting in

its concomitant activation. Recent evidence indicates that accessory receptors are

important regulators of TGF-~ action. Expression of TGF-~ accessory receptors such as

betaglycan (the type III receptor), endoglin and glycosyl phosphatidylinositol (GPI)-

1 The abbreviations used are: TGF-~, transforming growth factor beta; PAl - 1,
plasminogen activator inhibitor-I; RI, TGF-~ type I receptor; RII, TGF-~ type II receptor;
Alk-l, Activin Receptor-like kinase-I; Sol RI, soluble type I TGF-~ receptor; PAGE,
polyacrylamide gel electrophoresis; FBS, fetal bovine serum; DMEM, Dulbecco's
minimal essential medium; dPBS, Dulbecco's phosphate buffered saline; BSA, bovine
serum albumin; ~-gal, beta-galactosidase; GPI, glycosyl phosphatidylinositol.

230



anchored TGF-~ binding proteins have been shown to regulate TGF-~ signaling and

responses in various cell types (11-14). Betaglycan binds all three TGF-~ isofonns

(15,16) while endoglin has been shown to bind TGF-~l and TGF-~3, but not TGF-~2

(11,17). Endoglin and betaglycan are approximately 70% homologous. Their short

cytoplasmic tails were previously thought to be devoid of catalytic activity (15,18) but

recently endoglin has been shown to be intricately involved in phosphorylation of and by

the TGF-~ signaling receptors (19). Betaglycan is a proteoglycan which facilitates ligand

binding by the signaling receptors (15,18). We have demonstrated that RII and betaglycan

interact at their cytoplasmic domains in a manner dependent on the RII kinase activity

and its ability to autophosphorylate resulting in phosphorylation of betaglycan's

cytoplasmic tail (20). Although endoglin has also been shown to fonn a complex with RII

(17), its role in TGF-~ signaling is poorly understood. When overexpressed in myoblasts,

endoglin inhibits while betaglycan enhances TGF-~ responses (11,21). Endoglin has also

been reported to antagonize TGF-~ action in human microvascular endothelial cells

(22,23). The current signaling paradigm is that endoglin cannot bind ligand in the absence

of the respective type II ligand binding receptor (11,24). Recently we identified the

presence of endoglin on human chondrocytes and its complex fonnation with betaglycan

occurring in the presence of ligand and ligand independent manner. In addition, utilizing

293 cells (severely deficient in RII) we provided evidence that this association may occur

independently ofRII.

In the present report we further characterize the nature and significance of the endoglin

betaglycan association and the influence of this association on ligand binding using cell

lines of varying receptor status. We demonstrate that endoglin is expressed endogenously
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on DR26, L6 myoblast, and 293 cells at levels comparable with that of human

microvascular endothelial (HMEC-l) cells and chondrocytes (C-28/I2). We show that

TGF-~1 binding by endoglin requires the presence of betaglycan and can be enhanced by

its overexpression. More importantly, we refute the current TGF-~ signaling paradigm

and demonstrate for the first time that endoglin binds TGF-~1 independently of RII. We

present the association of endoglin and betaglycan in DR26 cells (lacking RII) and in

chondrocytes overexpressing the dominant negative form of RII, which abolishes TGF-~

signaling, confirming that this accessory receptor association does occur in a RII

independent manner and that endoglin binds TGF-~ in the absence of RII. Furthermore

we provide evidence that TGF-~1 binding by endoglin requires the presence of

betaglycan. We also show that the endoglin-betaglycan heteromeric complex occurs

independently of betaglycan's cytoplasmic domain or carbohydrate side chains. Lastly,

we demonstrate that overexpression of endoglin inhibits whereas betaglycan enhances

TGF-~l, ~2, and ~3 responses in human chondrocytes. Taken together, these findings

suggest that endoglin alone, or as part of the endoglin-betaglycan heteromeric receptor

complex, likely plays an intricate role in regulating the fine balance of TGF-~ signaling.

These studies may provide important information to determine endoglin's role in

modulating TGF-~ action in human chondrocytes.

EXPERIMENTAL PROCEDURES

Cell Culture

The immortalized human chondrocyte cell line (C-28/I2; obtained from Dr. Mary

Goldring, Beth Israel Deaconness Medical Center, Harvard Institutes of Medicine,

Boston, MA) has been described previously (25,26). The C-28/I2 cell line was developed
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using chondrocytes isolated from juvenile human costal cartilage by retroviral infection

with SY-40 large T antigen. The 293 cells (CRL-1573) were obtained from the American

Type Culture Collection (Rockville, MD) and the human microvascular endothelial cells

(HMEC-l) were a gift from Dr. F.W. Ades and Dr. T.J. Lawley (National Center for

Infectious Disease; Atlanta, GA). DR26 cells, stable mutants devoid of the type II TGF-~

signaling receptor generated from mink lung epithelial cells, were a gift from Dr. J.

Massague (Howard Hughes Medical Institute; New York, NY; 27). L6 myoblast have

been extensively characterized (20,28-30). The L6 parent cells lack betaglycan, whereas

stable transfectants have been developed to express either full length betaglycan or a form

deficient in its cytoplasmic domain (lacking residues 812-853) (20,28-30). The C-28/I2,

293, L6 parent myoblasts and DR26 cells were grown in DMEM/Ham's F12 (1:1, v:v)

containing 10% fetal bovine serum (FBS) and 100U/ml penicillin, 100Jlg/ml streptomycin

and 0.25Jlg/ml amphoteracin (all from Invitrogen Life Technologies; Burlington ON).

HMEC-l were grown in MCDB 131 (Invitrogen Life Technologies) containing 10% fetal

bovine serum (FBS) and 100U/ml penicillin, 100Jlglmi streptomycin and 0.25 Jlglml

amphoteracin (all from Invitrogen Life Technologies). L6 cytoplasmic deficient and full

length betaglycan stable mutants were cultured in DMEM (Ix glutamine), 10% FBS ,

100U/ml penicillin, 100Jlg/ml streptomycin, 0.25Jlg/ml amphoteracin, and .3mg/ml G418

(Geneticin, Invitrogen Life Technologies). Cells were cultured at 37°C in an atmosphere

of 5% C02/air.

Western and Immunoprecipitation-Western Blot of Endoglin

Western and Immunoprecipitation-Western blot procedures were performed as previously

described (31,32). Briefly, 293, DR26, L6 myoblasts, and HMEC-1 cells were grown to
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90% confluency in 6 well plates. Cells were then washed with PBS and lysed. Celllysates

were prepared and samples were standardized for protein content using the Bradford

Protein Assay Kit (Bio-Rad; Mississauga, Ont.). Samples were then fractionated on SDS

PAGE (7.5% acrylamide) under reducing or nonreducing conditions (with ~

Mercaptoethanol, Sigma Aldrich, Oakville, ON.) and transferred by electrophoresis to

nitrocellulose membrane (Scheicher and Schuell; Keene, NH.). The membrane was

blocked for 3 hours in a milk protein/Tween blocking solution (1M Tris, pH 7.5; 5M

NaCI; Tween 20,Sigma Aldrich; Carnation Skim milk powder) and incubated with anti

endoglin antibody (SN6h; Dako Inc.; Carpinteria, CA) overnight at 4°C followed by

incubation for 2 hours with rabbit anti-mouse HRP conjugated secondary antibody (Santa

Cruz Biotechnology Inc. Santa Cruz, CA) at room temperature and detected using the

ECL system (Amersham Pharmacia Biotech Inc.; Baie d'Urfe, Que.). Alternatively, cells

were grown to confluency in T75 flasks and washed three times with 0.1 % BSA-dPBS,

twice with dPBS, and membrane extracts of cells were prepared and immunoprecipitated

with anti-endoglin antibody (SN6h) (I: I00 dilution) or not immunoprecipitated. The

extracts or immune complexes were fractionated by SDS-PAGE (3-11 % gradient or 7.5%

acrylamide) and Western blot analysis was performed using anti-endoglin antibody, and

the ECL system for detection (Amersham Pharmacia Biotech Inc.) as discussed above.

Affinity Labeling With or Without TGF-~ Receptor Overexpression

cDNAs encoding human RII and RI and rat betaglycan subcloned into pcDNA3 were

obtained from Dr. M. O'Connor-McCourt (Montreal, Quebec; 33), and the pcEXV-Endo

L expression vector encoding the human L-endoglin isoform was from Dr. C. Bernabeu

(Madrid, Spain; 34). The 293 cells grown in 6-well plates were transiently transfected
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with l/-lg each ofpEndo-L, pbetaglycan, pRII, pRI, or combinations of these plasmids and

pp-galactosidase (pp-gal). Parallel transfections with pcDNA3 (empty vector) and pp-gal

were performed as mock controls. The transfections were carried out using Superfect

Reagent (Invitrogen Life Technologies) according to the manufacturer's specifications.

Similarly C-28/I2, DR26, and L6 myoblast cells were grown in 12 well plates to 90%

confluency were transiently transfected with l/-lg each of pcDNA3 (EV) or plasmids

encoding full length, cytoplasmically mutated (lacking residues 812-853) or GAG

mutated (serine to alanine mutations at positions 535 and 546) betaglycan (30), or were

not transfected.

Affinity labeling of all cells were then performed as described previously (35) with

modifications (31,32). Briefly, the 293 monolayers were washed with ice-cold binding

buffer [Dulbecco's PBS (dPBS) with Ca++ and Mg++, pH 7.4 containing 0.1 % bovine

serum albumin (BSA)] and were incubated with 100 pM of 125I_TGF_pl in the absence or

presence of 2.0 nM of unlabeled TGF-p 1. The receptor ligand complexes were cross

linked with Bis-sulfocsuccinimidyl suberate (BS3; Pierce; Rockford, IL). The reaction

was stopped by the addition of glycine and cell membrane extracts were prepared. The

solubilized samples were separated by SDS-PAGE (3-11 % gradient) under reducing (with

p-Mercaptoethanol, Sigma Aldrich) or nonreducing conditions and analyzed by

autoradiography.

Immunoprecipitation of TGF-p Receptors

The anti-type II TGF-p receptor antibody was obtained from Santa Cruz Biotechnology

Inc. The anti-betaglycan antibody (Get 1; corresponding to the intracellular domain of

betaglycan raised against the peptide sequence GETARRQQVPTSPPASENSS) was a gift
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from Dr. S. Souchelnytskyi (Uppsala, Sweden; 36). This peptide sequence is not present

in human endoglin (Accession Number J05481 GenBank) and the Get 1 antibody exhibits

no crossreactivity to endoglin (personal communication Dr. S. Souchelnytskyi; Uppsala,

Sweden). The anti-pig endoglin antibody (EG(591-609)), corresponding to the

intracellular domain of endoglin raised against the peptide sequence

KREPVVAVAAPASSESSST) was a gift from Dr. K. Miyazono (Japan; 17). This peptide

sequence is not present in human betaglycan (Accession Number XM_001924 GenBank).

The SN6h anti-human endoglin antibody was from Dako Inc.

Immunoprecipitation studies were performed as described previously (31,32,35,37) with

modifications. The various cells were transiently transfected with the pEXV (EV),

pendoglin (Eg), pDNRII (XFI20, DNRII; 38-41) for 48 hours or left untransfected and

then affinity labeled with 200 pM 125I_TGF_~1. The membrane extracts were incubated

with 31lg/ml of the various antibodies and with respective IgG controls. Immune

complexes were then incubated with protein G-Agarose (Roche Diagnostics; Laval, Que.)

slurry and the beads were pelleted by centrifugation. The immune complexes were

analyzed by SDS-PAGE (3-11 % gradient) under non-reducing or reducing conditions

followed by autoradiography.

Immunoprecipitation/Western Blot Analysis

DR26 cells were washed three times with 0.1 % BSA-dPBS, twice with dPBS, and

membrane extracts of cells were prepared, and immunoprecipitated with anti-betaglycan

(Get 1) or anti-endoglin (SN6h; Dako) antibody, or not immunoprecipitated. The extracts

or immune complexes were fractionated by SDS-PAGE (3-11 % gradient) and Western
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blot analysis was perfonned as described above using anti-endoglin antibody (SN6h;

Dako) and the ECL system for detection (Amersham Phannacia Biotech Inc.).

Luciferase Reporter Assay

The p3TP-Lux, a TGF-~-inducible promoter-reporter construct (42), containing the

luciferase gene under the control of a portion of the plasminogen activator inhibitor-1

promoter region was used to detennine the effect of the DNRII plasmid (XF120; 38-41)

on cellular responsiveness to TGF-~. 293 cells were grown to 90% confluency in a 6

well plate and transiently transfected with 1Jlg/per well of p3TP-Lux with pDNRII or

pcMV5 (EV) and 1Jlg of p~-galactosidase (~-gal) using Lipofectamine Reagent

(Invitrogen Life Technologies) in serum-free medium according to the manufacturer's

specifications. Cells were allowed to recover for 48 hours, serum starved the following

day for 4 hours, then treated with 100 pM ofTGF-~l overnight. The cells were lysed and

assayed for luciferase activity using the EG&G Berthold Microplate Luminometer

(Berthold Technologies USA; Oak Ridge, TN). Light emission by the TGF-~1 treated

cells was expressed as a fold change of the emission by the untreated cells and adjusted

for transfection efficiency using the ~-gal assay.

Chondroitinase/Heparinase Enzyme Treatment and Immunoprecipitation

Prior to affinity labeling and immunoprecipitation of lysates, C-28/I2 cells were

pretreated with enzymes to cleave the glycosaminoglycan side chains (GAG) from

betaglycan or were left untreated. The procedure was perfonned as previously described

(43) with some modifications (32). Briefly, confluent monolayers of cells were washed

with dPBS and incubated with chondroitinase-ABC and heparinase (0.5U/ml and 4U/ml

respectively, both from Sigma Aldrich) for 3 hours at room temperature. Thereafter, the
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cells were washed with 0.1 % BSA in dPBS and affinity labeled with 200 pM of 1251_TGF

~ 1 and not immunoprecipitated or immunoprecipitated with anti-betaglycan antibody as

described above. Extracts were fractionated by SDS-PAGE (3-11 % gradient) and

analyzed by autoradiography.

Receptor Overexpression and TGF-~ Responses

Receptor overexpression was performed as previously described (32). Briefly, to

determine the regulation of the phosphorylated form of Smad 2 by TGF-~1 treatment in

chondrocytes (C-28/12) overexpressing endoglin, betaglycan, or both receptors combined,

cells were grown in 6 well plates until 90% confluency. Cells were then transiently

transfected with Illg/per well of plasmids encoding endoglin, betaglycan (full length)

alone or in combination, or empty vectors (pEXV and pcDNA3) using Lipofectamine

Reagent (Invitrogen Life Technologies) in serum-free medium according to the

manufacturer's specifications. Cells were allowed to recover for 48 hours in regular

medium, serum starved the following day for 4 hours, then treated with 50 pM of TGF

~ 1, ~2, or ~3 for 15 minutes. Cell lysates were prepared and samples were standardized

for protein content using the Bradford Protein Assay Kit (Bio-Rad). The extracts were

then fractionated by SDS-PAGE (7.5% acrylamide) and transferred by electrophoresis to

nitrocellulose membrane (Scheicher and Schuell). The membrane was blocked for 3 hours

in a milk protein/Tween blocking solution (lM Tris, pH 7.5; 5M NaCl; Tween 20,Sigrna

Aldrich; Carnation Skim milk powder) and incubated with a rabbit polyclonal anti

phosphoSmad 2 antibody (a gift from Dr. S. Souchelnytskyi, Uppsala, Sweden; 44,45) at

4°C overnight. The membrane was washed and incubated for 1 hour with goat anti-rabbit

HRP conjugated secondary antibody (Santa Cruz Biotechnology Inc.) at room
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temperature and detected using the ECL system (Amersham Phannacia Biotech Inc.).

The membrane was reprobed with anti-STAT 3 antibody (Santa Cruz Biotechnology Inc.)

to confinn equal protein loading.

The p3TP-Lux (42) was also used to detennine cellular responsiveness to TGF-f3 with

receptor overexpression. Chondrocytes were grown to 90% confluency in a 6-well plate

and transiently transfected with l/-lg/per well of p3TP-Lux, pf3-gal, empty vectors or

plasmids encoding endoglin or betaglycan alone or in combination. Cells were allowed to

recover for 48 hours, serum starved the following day for 4 hours, then treated with 20

pM of TGF-f31, f32, or f33 overnight. The cells were lysed and assayed for luciferase

activity as described above.

RESULTS

Endoglin is expressed on 293, DR26, and L6 myoblast cells

We recently identified endoglin on human chondrocytes (31) and have shown that it

fonns a heteromeric receptor complex in the presence of ligand and ligand independent

manner. We also provided preliminary evidence that this association was occurring

independently of RII (31). To further characterize the nature of the endoglin-betaglycan

association and to detennine its influence on ligand binding, we used cell lines lacking or

deficient in TGF-f3 receptors, namely 293 (deficient in RII; 35), DR26 (lacking RII; 27),

and L6 myoblasts (lacking betaglycan; 20,28-30). We demonstrate the expression of

endoglin on these cell lines using Western blot and immunoprecipitation-Western blot

under nonreducing and reducing conditions (Fig. 1) and show that the levels of expression

on these cells are comparable to that of HMEC-1. In panel A cell extracts were analyzed

by SDS-PAGE (7.5% acrylamide) under nonreducing (NR) and reducing (R) conditions,
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transferred to nitrocellulose membrane, and Western blotted with anti-endoglin antibody.

Endoglin is detectable on all cell lines (Lane 1-4). In Panel B extracts of cells were

immunoprecipitated with anti-endoglin antibody (upper panel, Lane 2,4,6; lower panel,

Lane 1-4) or not immunoprecipitated (upper panel, Lane 1,3,5) and Western blotting for

endoglin was performed as above under nonreducing (NR) and reducing (R) conditions.

Again, endoglin is seen to be expressed in all cell lines tested and its level of expression is

notably higher in immunoprecipitated extracts (upper panel, Lane 2,4,6).

TGF-131 binding by endoglin is enhanced by overexpression of betaglycan but not

the signaling receptors

Affinity labeling of 293 cells (Fig. 2) illustrates that in cells transfected with the empty

vectors (Lane 1; EV), plasmids encoding endoglin (Lane 2; Eg), endoglin and betaglycan

(Lane 3; Eg/BO), betaglycan alone (Lane 4; BO), RI (Lane 7; RI), or endoglin and RI

(Lane 8; Eg/RI) no RII is detectable confirming the low expression levels of RII in these

cells. Overexpression of RII (Lane 5,6; RII and EgiRII) results in a band present at 85

kDa consistent with RII. The presence of the endoglin monomer at 100 kDa is not

detected in those cells transfected with the empty vectors (Lane 1). Overexpression of

endoglin results in a slight increase in the intensity of the 100 kDa band (Lane 2) as

anticipated. Of note, overexpression of betaglycan alone (Lane 4) or in combination with

endoglin (Lane 3) results in a marked increase of intensity of the band representing the

endoglin monomer suggesting that the presence of betaglycan is facilitating endoglin's

ability to bind ligand. This effect of enhancing ligand binding by endoglin is not evident

with overexpression of the TOF-13 signaling receptors alone or in combination with

endoglin overexpression (Lane 5-9) as no appreciable increase in the endoglin monomer
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is detectable. Thus betaglycan appears to facilitate TGF-131 binding by endoglin which

may be mediated through the complex formation of these receptors independently of the

signaling receptors.

Endoglin binds TGF-131 independently ofRII

Results shown in Fig. 1 demonstrate the presence of endoglin in DR26 cells, a mutant

mink lung epithelial cell that does not express RII (27). TGF-13 receptor profiles on DR26

cells were analyzed by affinity labeling with 1251-TGF-131 and SDS-PAGE. The receptor

profiles under reducing (R) conditions are illustrated in Fig. 3A (left panel). The

competition using 2.0 nM of unlabeled TGF-131 demonstrate the relative binding affinity

of the receptors for the TGF-131 isoform. 1251_TGF-131 labeling in the absence of

unlabeled ligand (Lanes designated as '0') reveals binding complexes of molecular

weights of 65, 85, 100, 180 and 200-300 kDa under reducing conditions in C-28/12 cells

and 100, 180 and 200-300 kDa in DR26 cells. The migration patterns and isoform

specificities of the 65, 85, 100, and 200-300 kDa complexes are characteristic of the

cloned type 1 receptor (RI), type II receptor (RII), endoglin monomer and type III

(betaglycan) receptor respectively (31). This was confirmed later by

immunoprecipitation studies using specific anti-receptor antibodies (see below). All

receptors showed high affinity for the TGF-131 isoform. TGF-13 receptor profiles of 1251_

TGF-131 labeled chondrocytes analyzed under non-reducing (NR) conditions are also

shown in Fig. 3A (right panel). RI (65 kDa), RII (85 kDa), the endoglin dimer (180 kDa)

and betaglycan (200-300 kDa) are evident in C-28/I2 cells and the endoglin dimer (180

kDa) and betaglycan (200-300 kDa) in DR26 cells. Once again, these receptors show high

affinity for TGF-131. Since detection by autoradiography of a receptor required that it
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binds 1251_TGF-~ 1 at the cell surface, the appearance of both the endoglin dimer and

monomer in DR26 cells indicates that endoglin in fact is able to bind ligand

independently of RII.

Endoglin and betaglycan form a heteromeric complex in the absence of RII

Previously we demonstrated that endoglin and betaglycan could form a heteromeric

receptor complex, using 293 cells, indicating that this association could occur in the

absence of RII (31). Results shown in Fig. 3B confirm this association occurs

independently of RH, using DR26 cells which are completely devoid of RH. Moreover,

these results confirm endoglin's ability to bind ligand in the absence of RII. C28-I2 and

DR26 cells affinity labeling with 125I_TGF_~1 and analyzed by SDS-PAGE under (3-11 %

gradient) nonreducing (left panel, NR) and reducing (right panel, R) conditions are

shown. The non-immunoprecipitated extracts reveal the presence of betaglycan (200-300

kDa) and the endoglin dimer (180 kDa) under nonreducing conditions (Lane 3, NIP) or

faint levels of the endoglin monomer (100 kDa) under reducing conditions (Lane 6, NIP).

This suggests that endoglin is able to bind ligand independently of RII.

Immunoprecipitation of labeled DR26 extracts with anti-RII antibody (Lane 4, a-RII)

demonstrates the absence of RII in these cells. This can be compared with the

immunoprecipitation ofRII in C-28/I2 cells (Lane 1, a-RII) which demonstrates a band at

85 kDa representative of RII. Control IgG failed to immunoprecipitate any receptors

(Lane 2, IgG).

In these immunoprecipitation studies, whereas immunoprecipitation with a specific anti

receptor antibody confirms the identity of its cognate TGF-~ receptor, co

immunoprecipitation of another type of receptor which is not recognized by this antibody
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is indicative of heteromeric complex formation between those receptors. In DR26 cells

anti-betaglycan antibody (Lane 7; a-BG) immunoprecipitated betaglycan and co

immunoprecipitated the endoglin monomer. Similarly, the anti-endoglin antibody (Lane

5; a-Eg) immunoprecipitated the endoglin monomer, thus confirming the presence of

endoglin in DR26 cells but also co-immunoprecipitated betaglycan. This co

immunoprecipitation of endoglin and betaglycan in DR26 cells confirms that their

heteromeric complex occurs in the absence of RII.

The co-immunoprecipitation of betaglycan with a-Eg and that of endoglin with a-BG has

not been reported previously with the exception of our recent demonstration on

microvascular endothelial cells (35) and human chondrocytes (31). The findings of co

immunoprecipitation of endoglin with a-BG and that of betaglycan with a-Eg confirm

the association of endoglin and betaglycan in the absence of RII but more importantly,

demonstrate that endoglin is present on DR26 cells and binds TGF-~1 independently of

RII. In addition, these results illustrate that endoglin associates with betaglycan

independently of RII at endogenous receptor concentrations and ratios and endogenous

ligand concentrations under reducing and nonreducing conditions (Fig. 3B). This

heteromeric complex formation of endoglin and betaglycan occurring independently of

RII was confirmed using immunoprecipitation-Western blot (Fig. 3C). Solubilized

extracts of unlabeled DR26 cells were immunoprecipitated with anti-betaglycan (Lane 3;

BG), anti-endoglin (Lane 4; Eg) antibody, control IgG (Lane 1; IgG), or were not

immunoprecipitated (Lane 2; NIP), analyzed by SDS-PAGE (3-11 % gradient), and

transferred to nitrocellulose membrane. Western blotting performed with anti-endoglin

antibody revealed the presence of endoglin in the nonimmunoprecipitated (Lane 2) and
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anti-endoglin immunoprecipitated (Lane 4) DR26 extracts confirming its expression on

these cells. However, endoglin was also detectable in anti-betaglycan immunoprecipitates

(Lane 3) demonstrating the heteromeric association of endoglin and betaglycan in DR26

cells and thus in the absence of RII. Western blotting was not performed using the anti

RII antibody for RII as a control for this experiment because RII is known not to be

expressed in DR26 cells. However, affinity labeling of these cells did not reveal the

presence of this receptor and neither did affinity labeling followed by

immunoprecipitation for RII (Fig. 3B) confirming the absence of expression on these

cells.

The dominant negative form ofRII abolishes TGF-~ signaling in 293 cells

It could be argued that although RII levels are undetectable in 293 cells there are enough

RII molecules to permit TGF-f3 signaling. Fig. 4A demonstrated that 293 cells are in fact

TGF-f3 responsive. Cellular signaling was determined by a PAl-driven luciferase reporter

assay (p3TP-Lux) which has been used extensively as a marker for TGF-~

responsiveness (42). 293 cells were transiently transfected with p3TP-Lux and the

induction of luciferase activity by exogenous TGF-~1 was measured. As illustrated in

Fig. 4A, luciferase activity of cells treated with 100 pM of TGF-f31 was stimulated

approximately a 6-fold compared to untreated cells. However, in 293 cells overexpressing

the dominant negative form of RII (DNRII; 38-41) TGF-~-induced signaling was

abolished (p=O.OI). The decrease in response was also detectable at endogenous ligand

levels in the absence of exogenous administration of TGF-~1 (p=0.005). The results were

normalized by co-transfection of the ~-gal plasmid and are representative of three

different experiments each done in triplicate. These results demonstrate that DNRII can
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be used to generate cells devoid of RII to study receptor interactions in the absence of

RII.

To explore whether endoglin associates with betaglycan on chondrocytes in the absence

of RII, we used C28-I2 cells transfected with DNRII (Fig. 4B). C-28/I2 cells were either

not transfected (Lane 7-10; 0) or transfected with empty vector (Lane 11; EV), DNRII

(Lane 1,2; DNRII), endoglin and betaglycan (Lane 3,4; Eg/BG) or endoglin and

betaglycan in combination with DNRII (Lane 5,6; DNRIVEg/BG). Chondrocytes were

affinity labeled with 125I_TGF_~1 and cells extracts were immunoprecipitated using

specific anti-receptor antibodies directed against betaglycan (Lane 2,4,6,10; a-BG),

endoglin (Lane 1,3,5,9; a-Eg), RII (Lane 8), or not immunoprecipitated (Lane 7,11). The

co-immunoprecipitations of betaglycan with anti-endoglin antibody and endoglin with

anti-betaglycan antibody are evident at endogenous receptor levels in untransfected cells

(Lane 9,10) and with receptor overexpression (Lane 3,4). Overexpression ofDNRII (Lane

1,2,5,6) results in the absence of RII as compared to cells not overexpressing DNRII

(Lane 3,4,7-11). Despite the absence ofRII with DNRII overexpression (Lane 1,2,5,6) the

association between endoglin and betaglycan is demonstrated confirming the RII

independent nature of the complex formation. Furthermore, the detection of endoglin in

the absence ofRII again suggests its ability to bind ligand independently ofRI!.

TGF-J31 binding by endoglin requires betaglycan but not the GAG chains of

betaglycan

We have provided evidence that endoglin binds TGF-~1 independently of RII (Fig.

3A,3B; Fig. 4B). Moreover, we have shown that this binding is enhanced by betaglycan

overexpression (Fig. 2). To determine if endoglin binding of TGF-J31 is dependent upon
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the presence of betaglycan, L6 myoblasts which lack betaglycan (20,28-30) were used to

investigate ligand binding by endoglin (Fig. 5A). Results shown in Fig. I demonstrated

the presence of endoglin in L6 myoblasts. To analyze TGF-~ receptor profiles on these

cells they were affinity labeled with 1251_TGF-~1 and the labeled receptors were analyzed

by SDS-PAGE (3-11 % gradient). The receptor profile of L6 myoblasts transfected with

empty vector under nonreducing conditions is illustrated in Fig. 5A (Lane 1; EV). Of

note, only RI and trace amounts of RII are evident, whereas no betaglycan is detectable.

However in cells transfected with full length betaglycan, under both reducing (Lane 4,5;

BG) and nonreducing (Lane 2,3; BG) conditions, RI and RII receptors are readily

identified at 65 and 85 kDa respectively. The band at 120 kDa represents the core of

betaglycan. The fact that the affinity labeling studies were performed 24 hours after

betaglycan transfection likely accounts for the observed core protein rather than a

glycosylated full length form as the cells may not have had adequate time to add these

complex carbohydrate chains to the betaglycan core. It is not uncommon to see the

presence of additional bands during affinity labeling procedures which are representative

of non-specific protein binding rather than TGF-~ binding proteins with clear ligand

affinity. Various competition studies have been performed prior to these final studies to

identifY the presence of such proteins on various cell types. Thus, they are not noted here.

That betaglycan enhances ligand binding to RI and RII is well established (43,46-49).

-More importantly, we show the expression of betaglycan resulted in ligand binding by

endoglin as demonstrated by the appearance of endoglin dimer (180 kDa) and endoglin

monomer (l00 kDa) under nonreducing (Lane 2,3) and reducing (Lane 4,5) conditions

respectively (Fig. 5A). Although endoglin could be demonstrated in these cells by
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Western blot (Fig. 1) endoglin is not identified in the empty vector transfected L6

myoblasts (Lane 1), but became apparent with the expression of betaglycan (Fig. 5A;

Lane 2,4). The competition using 2.0 nM of unlabeled TGF-p 1 demonstrated the relative

binding affinity of the receptors for the TGF-p 1 isoform (Lane 3,5). This suggested that

betaglycan not only enhances but is in fact required for endoglin to bind TGF-p 1. Also,

that the betaglycan transfection at 24 hours resulted in only the core protein being

expressed suggested that perhaps the GAG chains of betaglycan are not required to allow

TGF-p 1 binding by endoglin.

We therefore tested the significance of GAG chains of betaglycan in enhancing endoglin

binding of TGF-p using L6 myoblasts transfected with empty vectors or GAG deficient

mutant and full length forms of betaglycan. The cells were then allowed to recover for 48

hours (rather than 24 hours) and analyzed under nonreducing conditions (Fig. 5B). Again

endoglin is not detected in cells transfected with empty vector (EV) but with either full

length (BG-FL) or GAG (BG-GAG) transfected betaglycan the endoglin dimer became

apparent. The appearance of 1251_TGF-p 1 bound endoglin in cells transfected with full

length betaglycan but not in cells transfected with empty vector confirms the requirement

of betaglycan for endoglin binding. Of note, after 48 hours full length betaglycan is

detectable illustrating that GAG chains are being synthesized onto betaglycan.

Importantly, however, ligand binding by endoglin even in the absence of GAG chains of

betaglycan demonstrates that GAG chains are not required for ligand binding by

endoglin.

The endoglin-betaglycan heteromerization occurs independently of betaglycan's

cytoplasmic domain or GAG chains
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To determine the significance of the cytoplasmic domain of betaglycan and its

extracellular GAG chains on the endoglin-betaglycan association, affinity labeling studies

and immunoprecipitations were carried out in stable mutants of L6 myoblasts expressing

betaglycan deficient in its cytoplasmic domain or parent cells transiently transfected with

betaglycan deficient in carbohydrate side chains (GAG) (20,28-30). Specifically we

investigated whether the endoglin-betaglycan association could occur independently of

betaglycan's GAG chains or cytoplasmic domain. In Fig. 6A, L6 stable mutants

expressing cytoplasmic deficient betaglycan were transfected with plasmid encoding

endoglin (Lane 5-8; Eg) or its empty vector (pEXV; Lane 1-4; EV) and affinity labeled

with 125I_TGF_~1 and analyzed by SDS-PAGE (3-11% gradient). The receptor profile

under nonreducing conditions IS illustrated. Cells lysates were either not

immunoprecipitated (Lane 1,2,5,6) or immunoprecipitated with anti-endoglin (Lane 3,7)

or anti-betaglycan (Lane 4,8) antibody. Despite the absence of betaglycan's cytoplasmic

domain in these stable transfectants the endoglin-betaglycan heteromeric complex was

detectable. This was seen both at endogenous receptor concentrations and ratios (Lane

3,4) and with receptor overexpression (Lane 7,8).

To confirm that the betaglycan-endoglin heteromerization could occur in L6 cells with

betaglycan in its full length form L6 myoblasts expressing full length betaglycan were

used (Fig. 6B). Cells were transiently transfected with endoglin (Lane 4-6,9,10) or pEXV

(Lane 1-3, 7,8) then affinity labeled and immunoprecipitated as noted above for Fig. 6A

under both reducing (Lane 1-6) and nonreducing conditions (Lane 7-10). The co

immunoprecipitation of endoglin by anti-betaglycan antibody (Lane 3, 8) and betaglycan
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by anti-endoglin antibody (Lane 2,7) at endogenous receptor concentrations was not

enhanced by overexpression of endoglin (Lane 5,6 and 9,10 respectively).

It was determined that the presence of the GAG chains of betaglycan were not a

requirement for endoglin to bind ligand. To determine their significance in the endoglin

betaglycan association L6 myoblasts were transfected with plasmid encoding the GAG

deficient form of betaglycan. Cells were affinity labeled and immunoprecipitated with

anti-endoglin and anti-betaglycan antibodies as noted above under both reducing and

nonreducing conditions and the endoglin-betaglycan co-immunoprecipitation was

detected (data not shown) confirming the GAG independent nature of the association. To

confirm the cytoplasmic independent nature of the endoglin-betaglycan complex seen in

Fig. 6A, L6 myoblasts were transfected with plasmid encoding the cytoplasmic deficient

form of betaglycan, affinity labeled and immunoprecipitated as described above (data not

shown). The presence of the endoglin-betaglycan co-immunoprecipitation independently

ofbetaglycan's cytoplasmic domain was observed.

To determine if the GAG independent nature of the endoglin-betaglycan heteromerization

was also applicable to human chondrocytes, enzYmatic removal of these side chains of

betaglycan was carried out (Fig. 6C). C-28/I2 cells were affinity labeled then either left

untreated (Lane 1,3,5; -) or were treated (Lane 2,4,6; +) with a combination of

chondroitinase ABC and heparinase enzYmes which are known to cleave the GAG chains

from betaglycan's extracellular domain (43). This results in the full length betaglycan

being reduced to its core protein of 120 kDa. Cell extracts were then not

immunoprecipitated (Lane 3,4; NIP) or immunoprecipitated with anti-betaglycan

antibody (Lane 5,6; a-BG) or control IgG (Lane 1,2; IgG) and visualized by
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autoradiography. The heteromerization between endoglin monomer (100 kDa) and

betaglycan (200-300 kDa) is detected in the presence (Lane 6) and absence (Lane 5) of

enzyme treatment confirming that the presence of betaglycan's GAGs are not required for

the association.

Overexpression of endoglin inhibits whereas betaglycan enhances TGF-/3 responses

in human chondrocytes

Chondrocytes (C-28/I2) were transfected (Fig. 7A) with plasmid encoding endoglin

(panel A, Lane 5-8; Eg), betaglycan (panel B, Lane 1-4; BG), or both receptors in

combination (panel B, Lane 5-8; BG+Eg) or with respective empty vectors (panel A,

Lane 1-4; EV). Cells were then left untreated (-) or treated with 50 pM of TGF-/31, /32, or

/33 for 15 minutes and Western blotting was performed to detect the phosphorylated form

of Smad 2 (panel A and B, upper panels). Interestingly, endoglin overexpression inhibited

TGF-/3 isoform-induced Smad 2 phosphorylation, in the presence of all three isoforms

(panel A; Lane 6-8). Betaglycan had an opposite effect enhancing Smad 2

phosphorylation with all three TGF-/3 isoforms (panel B; Lane 2-4). Overexpression of

both endoglin and betaglycan in these cells resulted in up-regulation of TGF-/3-induced

Smad 2 phosphorylation (panel B; Lane 6-8) but to a lesser extent than with betaglycan

alone (panel B; Lane 2-4). This suggests that endoglin's inhibition of TGF-/3 signaling is

able to partially override betaglycan's enhancement. The membranes were reprobed for

STAT 3 (lower panels) to confirm equal protein loading. The data shown are

representative of three different experiments each done in triplicates.

The regulation of TGF-/3-induced transcriptional activity by endoglin and betaglycan is

shown in Fig. 7B. Chondrocytes again were transfected with plasmid encoding endoglin
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(panel B, Eg), betaglycan (panel A, BG), both receptors in combination (panel C,

Eg+BG) or with respective empty vectors (panel A, B, C; EV) in addition to 3TP-Lux

(42) and pp-gal. Cells were allowed to recover for 48 hours and then were treated with 20

pM of TGF-pl overnight or left untreated (-) and luciferase activity was measured and

standardized with a p-gal assay. Corresponding to the results obtained with Smad 2

phosphorylation, endoglin was noted to inhibit responses with all three TGF-p isoforms

whereas betaglycan enhanced luciferase activity. For endoglin this inhibition was

significant at endogenous ligand levels (p=O.OI) and with addition of exogenous TGF-p 1

(p =0.05), TGF-p2 (p=0.02), and TGF-p3 (p=O.OI). The enhanced activity with

betaglycan was also significant at both endogenous levels (p=0.03) and with all three

isoforms, TGF-pl, -P2, and -P3 (p=O.03, p=0.03, p=O.OI respectively). When both

endoglin and betaglycan were simultaneously overexpressed enhanced luciferase activity

was noted in response to TGF-p2 (p=0.07) and -P3 (p=0.03) isoform treatment but not

with TGF-p 1 (p=0.19), although only TGF-p3 and endogenous ligand (p=0.03) levels

were significant.

DISCUSSION

Dysregulation of the TGF-p signaling cascade has been shown to result in degenerative

joint disease in two murine models clearly depicting the significance of TGF-p signaling

in chondrocytes (50,51). TGF-p has the potential to regulate almost all aspects of the

tissue repair process, from cell proliferation and differentiation, to neovascularization and

ECM deposition and turnover (1-4,52,55).

There has been inconsistency and controversy as to TGF-p's mechanism of action in

cartilage. This may be attributable to the diverse models in which TGF-p and cartilage
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have been studied, that chondrocyte phenotype may change in culture, and a multitude of

regulatory agents present in the in vivo environment which may oppose or augment TGF

~ actions (56). The inconsistencies observed with exogenous administration of TGF-~ in

cartilage in vivo and in vitro demand an alternative means to regulate TGF-~-induced cell

proliferation, maintenance of phenotype and ECM production. Modulation of the action

of endogenous TGF-~ at the level of its receptors provides such an avenue. Interaction of

novel and accessory receptors with TGF-~ signaling receptors have been reported

previously to be important regulators of TGF-~ signaling in other cell types (11,57,58).

However, infonnation on the expression of TGF-~ receptors in cartilage or chondrocytes

is limited (59,60-63). We have recently identified several novel TGF-~ receptors on

human chondrocytes (Alk-l, Sol RI, endoglin) and demonstrated various heteromeric

complex fonnations between them, the TGF-~ signaling receptors and also betaglycan

(31,32). Further elucidation of the expression profiles of novel TGF-~ receptors and their

interactions leading to the fonnation ofheteromeric receptor complexes may be critical in

defining TGF-~ signaling pathways and thus action in chondrocytes.

In the present study we demonstrated for the first time that endoglin binds TGF-~1

independently of RII but requires the presence of betaglycan. We show that endoglin is

expressed on DR26 and 293 cells, and L6 myoblasts and using these cell lines show that

TGF-~1 binding by endoglin is enhanced by betaglycan but not the signaling receptors.

Moreover, we confinn that the heteromeric complex fonnation of endoglin and

betaglycan occurs in an RII independent manner and in the absence of betaglycan's

cytoplasmic domain or carbohydrate side chains. Lastly, overexpression of endoglin is

252



demonstrated to inhibit whereas betaglycan enhances TGF-~1, -~2, and -~3 responses in

human chondrocytes.

The phenotype of the human chondrocytes used in the present study has been

characterized extensively (64-67). The primary human articular chondrocytes and

immortalized chondrocytes expressed both aggrecan and type II collagen mRNAs, and

their responsiveness to TGF-~ was shown by stimulation of PAl promoter activity and

Smad 2 phosphorylation (31). The DR26 cells, developed from a mink: lung epithelial

cells line, have been shown not to express RII (27) and the L6 myoblasts are known not to

express betaglycan (20,28-30). We have previously characterized the TGF-~ receptor

profiles on human articular and nonarticular chondrocytes. We have identified, in

addition to RI, RII, and betaglycan, Alk-1 and Sol RI (32), and more importantly,

endoglin (31). We have previously demonstrated that endoglin on human chondrocytes

forms a heteromeric complex with betaglycan and that this complex occurs in the

presence of ligand and ligand independent manner. Betaglycan is found on most

mammalian cells (68). Endoglin was originally identified with the monoclonal antibody

44G4 generated against the HOON pre-B leukemic cell line (69) but was subsequently

found to be highly expressed on endothelial cells. Other cell types known to express

endoglin include monocytes, lymphocytes and placental and uterine cells (23,70,71).

Endoglin, a homodimeric transmembrane protein of ~180 kDa composed of disulfide

linked protein subunits of ~95 kDa, has limited species-specificity and shows 70%

homology to betaglycan. The functional role of endoglin in TGF-~ signaling remains

poorly understood.
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In the present study we have identified endoglin on DR26, 293 and L6 myoblast cells

(Fig. I). Western blot for endoglin (panel A) demonstrated the expression of endoglin at

levels similar to human microvascular endothelial cells (HMEC-I). Immunoprecipitation

studies using anti-endoglin antibody followed by Western blot of the immunoprecipitates

with anti-endoglin antibody revealed the receptor (panel B). The expression profile of

endoglin is likely much more diverse than previously thought. This accessory TGF-~

receptor may not been identified more frequently on other tissues because of low ligand

binding affinity in detection techniques relying on ligand binding, or simply because it

has not been considered.

We had previously noted that betaglycan and endoglin formed a heteromeric complex in

293 cells (31) suggesting that this association could occur in the absence of RH. In

addition, this suggested that endoglin may bind ligand in the absence of RII as the results

relied on affinity labeling and 125I_TGF_~1 binding by receptors. To further define the

ligand binding properties of endoglin, overexpression of various combinations of TGF-~

receptors in 293 cells were performed followed by affinity labeling (Fig. 2). We

demonstrated that endoglin binding of TGF-~1 is enhanced by the presence of betaglycan

but not by the presence of the signaling receptors (Fig. 2). Betaglycan overexpression

resulted in a marked increase in intensity of the band representing the endoglin monomer

indicating enhancement of ligand binding by endoglin which was not apparent with RI

and RII overexpression.

Betaglycan is known to bind all three TGF-~ isoforms and it is considered to facilitate

ligand binding by the signaling receptors (15,28,57) while it is generally accepted that

endoglin binds TGF-~1 and TGF-~3, but not TGF-~2 (11,24). Despite this, the roles of
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betaglycan and endoglin in signaling are poorly defined. Endoglin has been shown to

associate with Alk-l and RI in a ligand independent manner (72) and in fact it is thought

that only 1% of endoglin at the cell surface actually binds ligand (18). The mechanism by

which betaglycan is enhancing TGF-pl binding by endoglin is unclear. It is possible that

the heteromeric complex between these receptors induces a conformational change in the

ligand binding domain of endoglin facilitating TGF-p1 binding.

The current signaling paradigm is that endoglin cannot bind ligand in the absence of the

respective type II ligand binding receptor (11,24). The results presented in Fig. 3A and B

argue against this theory. These results demonstrate that endoglin binds TGF-p in the

absence of RII. We had previously demonstrated the presence of endoglin on DR26 cells

(Fig. lA). Analysis ofTGF-p receptor profiles on these cells (devoid of type II receptor)

revealed the endoglin dimer and monomer (Fig. 3A), later confirmed by

immunoprecipitation (Fig.3B), indicating that endoglin in fact is able to bind ligand

independently of RII.

In addition, co-immunoprecipitation studies in DR26 cells demonstrated that the

heteromeric association of endoglin and betaglycan formed in the absence of RII (Fig.

3B). Confirmation of this was achieved using immunoprecipitation-Western blot in these

cells (Fig. 3C).

Evidence that the betaglycan-endoglin association was also occurring independently of

RII in human chondrocytes has been presented (Fig. 4B). The complex formation

between endoglin and betaglycan was detectable by co-immunoprecipitation in

chondrocytes overexpressing the dominant negative form of RII (DNRII). Moreover, the
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detection of endoglin in chondrocytes overexpressing DNRII (Fig. 4B) (no functional RII

present) supports our theory of endoglin's ability to bind TGF-~ independently ofRII.

Thus far we have provided evidence that endoglin binds TGF-~1 in the absence of RII

and that this receptor-ligand affinity is enhanced by betaglycan. Therefore, we

investigated whether TGF-~1 binding by endoglin required the presence of betaglycan.

L6 myoblasts, devoid of betaglycan (20,28-30), were affinity labeled with 1251_TGF-~ 1

(Fig. 5A). This suggested that betaglycan not only enhances but in fact is required for

endoglin to bind TGF-~1. We therefore repeated this experiment with L6 myoblasts

transfected with empty vector or transfected with full length and GAG deficient mutant

forms of betaglycan (Fig. 5B). Again endoglin was not detected in empty vector

transfected cells but with expression of either full length or GAG deficient betaglycan the

endoglin dimer became apparent confirming that endoglin required the presence of

betaglycan to bind ligand.

If betaglycan is required for endoglin to bind TGF-~1 it is important to further elucidate

the nature of their heteromeric complex formation. We have thus far confirmed that this

association occurs independently of RII. To investigate the role of betaglycan's

cytoplasmic domain and glycosaminoglycan side chains (GAG) in this association we

utilized stable transfectants of L6 myoblasts expressing betaglycan deficient in these

domains and transiently transfected parent cells with betaglycan expression plasmids also

lacking these regions. The findings presented in Fig. 6A, B, and C indicate that neither

the GAG chains nor cytoplasmic domain of betaglycan are essential in its complex

formation with endoglin. This suggests a core-core protein interaction of their

extracellular domains.
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Although their short cytoplasmic tails were previously thought to be devoid of catalytic

activity (15,18), there is increasing evidence to show that endoglin and betaglycan

potently modulate TGF-~ signaling. Endoglin has been shown to be intricately involved

in phosphorylation of and by the TGF-~ signaling receptors (19) and betaglycan' role in

regulating TGF-~ signaling is becoming increasingly complex (19,20). These receptors

have been shown to demonstrate opposing actions in cells. When overexpressed in

myoblasts, endoglin inhibits, whereas betaglycan enhances TGF-~ responses (11,21).

Endoglin has also been reported to antagonize TGF-~ action in human microvascular

endothelial cells (22,23). Moreover, endoglin has been shown to increase fibronectin

production in response to TGF-~ but inhibit cell adhesion in the same system (21)

demonstrating its diversity in modulating TGF-~ response.

TGF-~ responsiveness of human chondrocytes overexpressing endoglin and betaglycan

were used to determine their role in modulating TGF-~ signaling in these cells. Western

blot for Smad 2 phosphorylation (Fig. 7A) and TGF-~ induced luciferase activity (Fig.

7B) were used as indicators of TGF-~ responsiveness. Endoglin overexpression was

observed to inhibit whereas betaglycan overexpression enhanced TGF-~ signaling in

chondrocytes for all three TGF-~ isoforms at significant levels. Combined receptor

overexpression resulted in an up-regulation of TGF-~ signaling but to a lesser extent than

with betaglycan alone and only significant for endogenous ligand levels and for TGF-~3

stimulation. The results presented here are representative of the experiment performed in

triplicate all with similar findings.

Endoglin's influence on TGF-~ 1 and ~3 responses may be directly mediated through

interactions with the signaling receptors (17, reviewed in 73). It is well accepted that
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endoglin does not bind the P2 ligand (24). Despite this, endoglin overexpression in

chondrocytes inhibits the p2-induced TGF-p response. We hypothesize that this

inhibition is mediated through the endoglin-betaglycan heteromeric complex perhaps by

preventing betaglycan's donation of the P2 isoform to the signaling receptors. In our

previous characterization of the TGF-p receptor profile in human chondrocytes we noted

that RI and RIl showed relatively poor affinity for the TGF-P2 isoform despite the

presence of betaglycan in these cells. This may be explained by the abundance of

endoglin and its heteromeric complex with betaglycan in human chondrocytes. Two

regions of betaglycan's ECD bind ligand, one region at the amino end known as the

endoglin related region (74) and one region at the C terminal end or uromodulin related

domain important for inhibin A binding (75). Both of these domains bind TGF-p2 with

increased affinity than -p 1, however, only the endoglin related region increases -P2

labeling of RIl (76). Despite this, both domains cause a TGF-p2 dependent increase in

Smad 2 phosphorylation. These structural details provide insight into the potential role of

the endoglin-betaglycan heteromeric complex in its regulation of TGF-p2 signaling. If in

fact endoglin, during its association with betaglycan, prevents TGF-p2 donation to the

signaling receptors this may explain their apparent low affinity for this ligand.

In summary these results have demonstrated the presence of endoglin on 293, DR26 and

L6 myoblast cells. Most importantly, we showed for the first time that endoglin binds

TGF-~l in the absence of RIl, and that not only is this binding facilitated by but also

appears to require betaglycan. In addition, we confirmed that the betaglycan-endoglin

heteromeric complex formation occurs independently of RIl. Significantly, we

demonstrated that this association does not require betaglycan's cytoplasmic domain or
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GAG chains. Furthermore, in human chondrocytes we demonstrated that endoglin inhibits

whereas betaglycan enhances TGF-pl, P2, and P3 isoform responses and propose that

endoglin's inhibition of the p2-induced response is mediated through its complex

formation with betaglycan.

Taken together this information provides new insights into the TGF-P signaling cascade

and argues against the concept of endoglin requiring the presence of RII to bind ligand.

We now see the TGF-P signaling paradigm begin to shift. The passive manner in which

accessory receptors were once thought to participate in signaling is no longer acceptable.

The potential impact of accessory receptors in modulating TGF-P action has far reaching

implications in disease states where TGF-P dysregulation is prominent (77-80, reviewed

in 81). From angiogenesis and chronic fibrotic disease states to malignancy and

degenerative joint disease, these accessory receptors may provide novel avenues of

regulation ofTGF-p action towards tissue repair.

FIGURE LEGENDS

Fig. 1. Endoglin is expressed in 293, DR26, and L6 myoblast cells. Solubilized extracts

of 293, DR26, L6 myoblasts and HMEC-l cells were not immunoprecipitated (panel A;

panel B-NR, Lane 1,3,5) or immunoprecipitated with anti-endoglin antibody (panel B

NR, Lane 2,4,6; panel B-R, Lane 1-4) then analyzed by SDS-PAGE (7.5% acrylamide)

under nonreducing (NR) or reducing (R) conditions and transferred onto nitrocellulose

membrane. Membranes were immunoblotted with anti-endoglin antibody and the ECL

system was used for chemiluminescence detection.

Fig. 2. TGF-p receptor overexpression and affinity labeling with 1251_TGF-fH in 293

cells. Confluent monolayers of 293 cells were transfected with empty vectors (Lane 1;
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EY), plasmids encoding RI (Lane 7), RII (Lane 5), endoglin (Lane 2), betaglycan (Lane

4), endoglinlbetaglycan (Lane 3), endoglinlRII (Lane 6), endoglinlRI (Lane 8), or

endoglinlRII/RI (Lane 9) for 48 hours and then affinity labeled with 100 pM of 1251_TGF

~ 1. Solubilized cell extracts were analyzed by SDS-PAGE (3-11 % gradient) under

reducing conditions followed by autoradiography.

Fig. 3. Endoglin forms a heteromeric complex with betaglycan and binds TGF-~1 in

the absence of RII. Affinity labeling (A), Co-immunoprecipitation (B), and

Immunoprecipitation-Westem blot (C) in DR26 cells lacking RII indicate that endoglin

binds TGF-~1 in the absence of RII and confirm the RII independent nature of the

endoglin-betaglycan complex. A: Confluent monolayers of DR26 and C-28/12 cells were

affinity labeled with 100 pM of 1251_TGF-~ 1 in the absence or presence of 2.0 nM of

unlabeled TGF-~1. Solubilized cell extracts were analyzed by SDS-PAGE (3-11%

gradient) under reducing (R) and nonreducing (NR) conditions followed by

autoradiography. B: DR26 and C-28/12 cells were affinity labeled with 200 pM of 1251_

TGF-~ 1 and solubilized cell extracts were immunoprecipitated with 31lg/ml each of anti

receptor antibodies or control IgG. Complexes were fractionated on SDS-PAGE (3-11 %

gradient) under nonreducing (NR) and reducing (R) conditions and visualized by

autoradiography. Non-immunoprecipitated cell extract (Lane 3,6; NIP) and

immunoprecipitates of anti-betaglycan (Lane 7; a-BG), anti-endoglin (Lane 5; a-Eg),

anti-RII (Lane 1,4; a-RII) antibodies or control IgG (Lane 5; IgG) are shown. C:

Solubilized extracts of DR26 cells were not immunoprecipitated (Lane 2; NIP), or

immunoprecipitated with control IgG (Lane 2; IgG), anti-betaglycan (Lane 3; a-BG) or

anti-endoglin (Lane 4; a-Eg) antibody. Complexes were fractionated by SDS-PAGE (3-
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11 % gradient) under nonreducing conditions and Western blotting was perfonned, as

described in Experimental Procedures using anti-endoglin antibody. The EeL system was

used for chemiluminescence detection.

Fig. 4. The dominant negative form of RII abolishes signaling in 293 cells but fails to

prevent the endoglin-betaglycan complex formation in human chondrocytes. A: 293

cells were transiently transfected with the PAI-l promoter-luciferase reporter construct,

(3TP-Lux), p~-gal and the plasmid encoding the dominant negative RII (DNRII) or the

empty vector (EV). 48 hours after transfection, cells were treated with 100 pM ofTGF-Bl

overnight or were left untreated. Luciferase activity was detennined, nonnalized using

the ~-gal assay and expressed in relative light units (RLU) as a fold change of untreated

cells. Statistically significant changes are noted by an asterisk. B: C-28/12 cells were not

transfected (Lane 7-10; NIP), transfected with pcMV5 (Lane 11; EV), or transfected with

plasmids encoding DNRII (Lane 1,2; DNRII) endoglin and betaglycan alone (Lane 3,4;

Eg/BG) or in combination with DNRII (Lane 5,6; DNRIIIEg/BG). Cells were then

affinity labeled with 200 pM of 1251_TGF-~ 1 and solubilized cell extracts were

immunoprecipitated with 3).lg/ml each of anti-receptor antibodies. Complexes were

fractionated on SDS-PAGE (3-11 % gradient) under nonreducing conditions and

visualized by autoradiography. Non-immunoprecipitated cell extract (Lane 7,11; NIP)

and immunoprecipitates of anti-betaglycan (Lane 2,4,6,10; a-BG), anti-endoglin (Lane

1,3,5, 9; a-Eg), or anti-RII (Lane 8; a-RII) are shown.

Fig. 5. TGF-~l binding by endoglin is enhanced by betaglycan. A: Confluent

monolayers of L6 myoblasts were transiently transfected with plasmids encoding

betaglycan (Lane 2-5; BG) or pcDNA3 (Lane 1; EV). Cells were allowed to recover for
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24 hours and affinity labeled with 100 pM of 125I_TGF_Pl in the absence or presence of

2.0 nM of unlabeled TGF-Pl. Solubilized cell extracts were analyzed by SDS-PAGE (3

11 % gradient) under nonreducing (NR) or reducing (R) conditions followed by

autoradiography. Of note at 24 hours post-transfection only the betaglycan core can be

detected by autoradiography as it likely has not yet undergone addition of carbohydrate

chains. B: Confluent monolayers of L6 myoblasts were transiently transfected with

plasmid encoding full length betaglycan (BG-FL), the GAG mutant of betaglycan (BG

GAG), or empty vector (EV) for 48 hours then affinity labeled with 100 pM of 125I_TGF_

pl. Solubilized cell extracts were analyzed by SDS-PAGE (3-11 % gradient) under

nonreducing conditions followed by autoradiography. Of note at 48 hours post

transfection the betaglycan core and full length fOTITIS of betaglycan can be visualized by

autoradiography.

Fig. 6. The endoglin-betaglycan association does not require the cytoplasmic domain

or GAG chains of betaglycan. L6, cytoplasmic deficient or full length betaglycan, stable

mutants were transiently transfected with pEXV (EV) or plasmid encoding endoglin (Eg)

for 48 hours. Cells were affinity labeled with 200 pM of 1251_TGF-P 1 in the absence or

presence of 2.0 nM of unlabeled TGF-P 1 and solubilized cell extracts were

immunoprecipitated with 31lg/ml each of anti-receptor antibodies or not

immunoprecipitated. Complexes were fractionated on SDS-PAGE (3-11 % gradient)

under reducing (panel A,B,C) or nonreducing (panel B) conditions and visualized by

autoradiography. A: Non-immunoprecipitated extracts of L6 cytoplasmic deficient

betaglycan mutants (Lane 1,2,5,6; NIP) and immunoprecipitates of anti-betaglycan (Lane

4,8; a-BG) or anti-endoglin (Lane 3,7; a-Eg) antibody are shown. B: Non-
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immunoprecipitated extracts of L6 full length betaglycan stable mutants (Lane 1,4; NIP)

and immunoprecipitates of anti-betaglycan (Lane 3,6,8,10; a-BG) or anti-endoglin (Lane

2,5,7,9; a-Eg) antibody are shown. C: C-28/I2 cells were left untreated (Lane 1,3,5; -) or

treated (Lane 2,4,6; +) with chondroitinase ABC and heparinase enzymes (C/H) prior to

affinity labeling. Non-immunoprecipitated extract of C28/I2 cells (Lane 3,4; NIP) and

immunoprecipitates of anti-betaglycan (Lane 5,6; a-BG) or control rabbit IgG (Lane 1,2;

a-IgG) are shown.

Fig. 7. Endoglin and betaglycan overexpression regulates TGF-~ responses in

human chondrocytes. A: Regulation of TGF-~ isoform-induced Smad 2

phosphorylation by endoglin and betaglycan. Chondrocytes were transiently transfected

with plasmids encoding endoglin (panel A, Lane 5-8; Eg), betaglycan (panel B, Lane 1-4;

BG), both in combination (panel B, Lane 5-8; BG + Eg) or empty vectors (panel A, Lane

1-4; EV). After 48 hours solubilized extracts of cells treated with 50 pM of TGF-131 (Lane

2,6) -~2 (Lane 3,7), or -~3 (Lane 4,8) for 15 minutes or left untreated (Lane 1,5; -) were

analyzed by SDS-PAGE (7.5% acrylamide) under reducing conditions and transferred

onto nitrocellulose membrane. The membranes were immunoblotted with an antibody

against the phosphorylated form of Smad 2 (upper panels) and reprobed with anti-STAT

3 antibody to illustrate equal protein loading (lower panels). The ECL system was used

for chemiluminescence detection. B: Regulation of TGF-~ isoform-induced plasminogen

activator inhibitor-l (PAI-I) promoter activity by endoglin and betaglycan. The

chondrocytes were transiently transfected with plasmids encoding the PAI-l promoter

luciferase reporter construct (3TP-Lux), ~-gal, in addition to either endoglin (panel B,

Eg), betaglycan (panel A, BG), both in combination (panel C, Eg + BG), or their
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respective empty vectors (panel A, S, C; EV). 48 hours after transfection, cells were

treated with 20 pM of TGF-B1, ~2, or ~3 overnight or were left untreated (-). Luciferase

activity was determined, normalized using the ~-gal assay, and expressed as a fold

increase of untreated cells. The data shown are representative of three different

experiments each done in triplicates and statistically significant values are indicated by an

asterisk.
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CHAPTER 4

BRIDGE

Identification of a spliced variant of the TGF-J3 type II signaling receptor (RIIB)

on human chondrocytes and its receptor associations. The effects on TGF-J3

responsiveness of RIIB overexpression as compared to endogenous RIIB levels

and the correlation of expression with cell phenotype.
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CHAPTER 4

BRIDGING DOCUMENT

Introduction and Rationale

In 1997, Glansbeek et al identified an additional TGF-p binding protein on human

chondrocytes (Glansbeek et al 1997) which was believed to be a variant of RII. However, this

finding was only based on the presence of a band noted with affinity labeling. In addition, the

authors mistakenly identified RII as the variant and the variant as RII. This receptor was later

cloned and shown to have a predominant role in TGF-p2 signaling (Rotzer et al 2001). It was

suggested that this spliced variant, RIIB, is restricted to cells originating from tissues such as

bone; however, it has previously been identified and cloned on human vascular endothelial

cells (Hirai and Fujita 1996). Affinity labeling profiles of human chondrocytes (manuscript 1)

had demonstrated a potential TGF-p binding protein with a molecular weight of

approximately 12 kDa higher than RII which was thought to potentially represent RIIB.

Gene targets and cellular responses of TGF-p are numerous; yet, TGF-p signaling appears to

follow a relatively simplistic cascade involving Smads, which until recently were believed to

be the only direct substrate of TGF-p. Thus, there must exist a means of distinguishing the

signal to initiate the intended downstream response. One possibility is that variations in

signaling and accessory receptors, in forming complexes with different receptor subtypes and

concentrations provide this needed diversity. Evidence for this has been observed in growth

plate chondrocytes. The biphasic growth response seen in growth plate chondrocytes has

been attributed to a differential expression of "high affinity" receptors (Rosier et al 1989). In

addition, the ratio of RI to RII as also been shown to modulate TGF-p responsiveness with

respect to cell cycle and proliferation (Vivien et al 1993a). An alternative means of
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distinguishing the TGF-p signal may be afforded by ligand concentration; TGF-p is known to

result in differential responses at low and high dose ranges (Pepper et al 1993).

Hypotheses

(1) that a variant of RII (RIIB) is present on human chondrocytes and similar to RII is able to

form complexes with accessory receptors

(2) that the expression of this novel signaling receptor will vary between chondrocytes of

distinct phenotypes

(3) that overexpression ofRIIB will regulate TGF-p signaling and ECM in these cells

Objectives

(i) to confirm the presence of RIIB and its heteromeric complexes with other TGF-p

receptors on human chondrocytes

(ii) to investigate phenotypic differences in RIIB expression between differentiated and

dedifferentiated chondrocytes

(iii) to determine the functional role of RUB in modulating TGF-p signaling and ECM in

these cells

Summary of Manuscript Findings

In the fourth manuscript, the presence of RUB on human chondrocytes and its complex

formation with the signaling receptors and novel TGF-p receptors including endoglin,

betaglycan, Alk-l, and Sol RI is documented. RUB's affinity for all three TGF-p isoforms

(P 1>P3>P2) is demonstrated. Evidence is provided that exogenous or overexpressed RUB

enhances TGF-p responses whereas endogenous RIIB levels correlate with a decreased TGF

P responsiveness and that this corresponds to chondrocyte phenotype. The novel finding of

marked increased RUB expression in OA versus normal human chondrocytes is presented
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and increased RUB expression in these dedifferentiated primary cells suggests that RUB may,

in addition to its important role in TGF-13 signaling, be a marker of chondrocyte phenotype

and thus playa role in governing TGF-13 responsiveness in these cells.

Conclusions

The results demonstrated in the following manuscript show that the expression profile of

TGF-13 receptors on human chondrocytes has been expanded to include RIlB. Evidence

suggests that, in addition to the signaling receptors (RI and RIl), RIlB forms heteromeric

complexes with endoglin, betag1ycan, Sol RI and A1k-l. These findings add merit to the

theory of a fluid hetero-o1igomeric TGF-13 receptor complex on human chondrocytes in

which the relative expression level of the individual receptor components may determine the

outcome of TGF-13 signaling. More importantly, RIlB and the state of chondrocyte

differentiation are critically linked suggesting that RIlB may be a phenotypic marker in these

cells. The high levels of RIlB expression in dedifferentiated OA chondrocytes and the type II

collagen regulation evident with its overexpression demonstrate that RUB may playa role in

governing TGF-13 responsiveness in these cells. Thus, receptor associations and levels of

expression may be critical for achieving the fine balance of TGF-13 signaling and ECM

regulation.
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Summary

The poor innate reparative ability of human cartilage has been attributed to the lack of

mature chondrocyte proliferation, their differentiation into a fibroblastic-like cell and the

avascular state of the tissue. TGF-p, a key player in the chondrocyte microenvironment,

has been implicated in cartilage healing, in modulating the phenotypic state of the cell

and ultimately the turnover of the extracellular matrix (ECM). The mechanisms by which

TGF-p and its receptors modulate these diverse actions in cartilage are unclear. In the

current study, we document the presence of RIIB, a spliced variant of the type II receptor

(RII) in human chondrocytes and demonstrate its heteromeric complex formation with

novel TGF-p receptors (endoglin, betaglycan, Sol RI, Alk-l) in addition to signaling

receptors on these cells. Moreover, we show that RIIB varies with cell phenotype; it is

markedly up-regulated in osteoarthritic (GA) cells as compared to normal chondrocytes

while the level of RII in these cells remains unchanged. We provide evidence that

overexpression of RIIB enhances TGF-p signaling in human chondrocytes whereas high

endogenous expression of RUB correlates with inhibition of response. Thus RUB appears

to be a marker of cell differentiation and reflects chondrocyte responsiveness to TGF-p.

This taken together with the potential regulation of TGF-p action by novel receptors

suggests that variation in RUB expression may contribute to TGF-p's role in cartilage

healing.

Key Words: chondrocytes, TGF-p receptors, TGF-p signaling, RUB, phenotype,

cartilage, osteoarthritis
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INTRODUCTION

Articular cartilage injury, whether post-traumatic, of unknown etiology, or associated

with systemic chronic autoimmune diseases, results in progressive umelenting joint

degradation and ultimately dysfunction. Medical management of hyaline cartilage injury

is limited apart from controlling synovitis and symptomatology in arthritis patients.

Despite advances in surgical techniques for rebalancing soft tissues at early stages and

vascularized or implant based joint replacements, joint dysfunction is never completely

regained.

With advances in tissue engmeenng, interest in the potential to regenerate or repaIr

diseased or injured cartilage is growing as an alternative to conventional surgical

reconstruction. However, a successful model of cartilage restoration has been elusive.

This has been attributed to the lack of regenerative or proliferative ability of mature

chondrocytes, their dedifferentiation into fibrocartilage (type I and type III collagen

producing cells) (I) and the avascular state of the tissue (2). It is hypothesized that

chondrocytes express distinct phenotypes and this phenotypic "fingerprint" determines

the cells capacity to not only produce extracellular matrix (ECM1
) but also modulate the

1 The abbreviations used are: ECM, extracellular matrix; TGF-p, transforming growth
factor beta; PAl - 1, plasminogen activator inhibitor-I; RI, TGF-p type I receptor; RII,
TGF-p type II receptor; Alk-I, Activin Receptor-like Kinase- I; Sol RI, soluble type I
TGF-p receptor; PAGE, polyacrylamide gel electrophoresis; FBS, fetal bovine serum;
DMEM, Dulbecco's minimal essential medium; dPBS, Dulbecco's phosphate buffered
saline; BSA, bovine serum albumin; p-gal, beta-galactosidase; GPI, glycosyl
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constituent collagen. As chondrocytes dedifferentiate, type II collagen production

diminishes with a corresponding increase in type I and III collagen (3-6) and ultimately

fibrocartilage is formed. This results in a scarred joint surface rather than the uniform

gliding viscoelastic surface seen in a normal joint.

What controls this process of chondrocytes dedifferentiation has generated much research

interest as it poses a potential avenue of regulation of ECM synthesis and thus cartilage

repair. Equally important is identifying phenotypic markers of chondrocytes as these

markers may also provide clues as to triggers of dedifferentiation and a means of

preventing of this phenomenon. The concept being that if chondrocytes within an injured

articular joint surface could be encouraged to proliferate and maintain their distinct

phenotype of type II collagen secreting cells, cartilage repair could be encouraged as in

situ phenomena - regeneration, as is seen with various other connective tissues such as

ligament and bone. TGF-P has emerged as a key player within the chondrocyte

microenvironment. It likely plays a role m governmg the

dedifferentiation/redifferentiation process of chondrocytes and in addition TGF-p

receptors may in fact serve as phenotypic cell markers.

TGF-p is a member of a large family of multifunctional proteins intricately involved in

growth, differentiation, and development (7) and was described initially as "cartilage

inducing factor" (8). Three distinct isoforms of TGF-p (TGF-p 1, 2, and 3) which are

encoded by distinct genes have been described in mammals (7). TGF-p is secreted in a

latent form that requires activation before it can bind to its receptors. The TGF-p signal is

phosphatidylinositol; SBE, Smad binding element; Col II, type II collagen; GA,
osteoarthritis; N, normal.
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transduced by a pair of transmembrane serine/threonine kinases, known as the types I and

II receptors which are present on almost all cell types (9-12). The type I receptor does not

bind TGF-~ in the absence of the type II receptor. The binding of TGF-~ to the type II

receptor, a constitutively active kinase, results in the recruitment, phosphorylation and

concomitant activation of the type I receptor. The activated type I receptor in tum

transmits the signal via downstream mediators such as Smads, resulting in the regulation

of target gene expression. Accessory receptors which form heteromeric complexes with

the type I (RI) and type II (RII) signaling receptors have been identified and may playa

role in modulating TGF-~ signaling and response. These include glycosyl

phosphatidylinositol (GPI)-anchored proteins (13-16), the type III TGF-~ receptor

(betaglycan) which binds all three TGF-~ isoforms (17,18) and endoglin which binds the

~1 and ~3 but not ~2 isoforms (19-21). We have now expanded the TGF-~ receptor

profile on chondrocytes to include endoglin, a soluble variant of RI (Sol RI), and the

orphan receptor Activin Receptor-like kinase I (Alk-1) in addition to RI, RII, and

betaglycan (22,23). We have demonstrated that these novel receptors form hetero

oligomeric complexes with both the signaling receptors and with other receptors and in

doing so influence TGF-~ response in human chondrocytes.

In addition to Sol RI a variant of RI (24), a variant of RII known as RUB has been

observed and we believed it to be restricted to tissues in which the TGF-~2 isoform plays

a predominant role (25). We have shown that RUB is a functional receptor and can restore

TGF-~2 response in cells deficient in betaglycan (25). The original description of this RII

variant was in chondrocytes (26); however, the variant was mistakenly identified as the

lower molecular weight receptor of the two type II signaling receptors (27). The presence
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of RIIB was later noted in human vascular endothelial cells and its signaling capacity

confirmed in DR26 cells lacking RII (28).

The gene targets and cellular responses to TGF-f3 are numerous yet in isolation the TGF-f3

signaling appears to follow a relatively simplistic cascade involving Smads as central

mediators. Thus, there must exist a means of distinguishing the signal to provide variable

and correct downstream responses. One possible level of regulation is at the cell surface

receptors and their complex formations. These receptors may provide means of

modulating TGF-f3 response and ultimately cell growth, differentiation, and ECM

production. Therefore, further defining TGF-f3 receptors in human chondrocytes and

identifying them as potential markers of cell phenotype are critical to understanding the

role ofTGF-f3 in cartilage repair.

In the current study we established the presence of RIIB on human chondrocytes and its

complex formation with the TGF-f3 signaling receptors as well as several other receptors

on these cells (endoglin, Sol Rl, Alk-l, and betaglycan). We demonstrated that RIIB has

affinity for all three TGF-f3 isoforms (f31>f33>f32) on chondrocytes and that its affinity for

TGF-f32 is higher than that seen for RII. Moreover, we have shown that the expression of

RIIB is enhanced in OA cells. Importantly, we provide evidence that high endogenous

RUB levels correlate with a decreased TGF-f3 responsiveness whereas exogenous

overexpression of RUB enhances TGF-f3 response in chondrocytes. This suggests that

RIIB may, in addition to its important role in TGF-f3 signaling, be a marker of

chondrocyte phenotype and playa role in governing TGF-f3 responsiveness.

EXPERIMENTAL PROCEDURES

Cell Culture
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The immortalized human chondrocyte cell lines (C-28/I2 and tsT/AC62), a gift from Dr.

Mary Goldring (Beth Israel Deaconness Medical Center, Harvard Institutes of Medicine,

Boston, MA), have been described previously (29,30). The C-28/I2 cell line was

developed using chondrocytes isolated from juvenile human costal cartilage by retroviral

infection with SV-40 large T antigen. The tsT/AC62 cells were developed using

chondrocytes isolated from adult human articular cartilage by immortalization with a

retrovirus expressing a temperature-sensitive mutant of SV-40 large T antigen. This

mutant is functional when the cells are cultured at 32°C but not at 37°C (29).

Human articular cartilage was obtained intraoperatively from adult total knee arthroplasty

specimens (osteoarthritic cartilage, OA) or from adults with traumatic open joint injuries

with no history of degenerative joint disease and normal appearing cartilage (normal

cartilage, N). For experiments involving fresh cartilage specimens OA samples were

obtained from at least 3 different individuals and for normal tissue from at least 2

different individuals. Therefore experiments comparing diseased versus normal cartilage

were performed in triplicate. Specimens were either digested to obtain monolayer cultures

or protein extracts were obtained by two methods of solubilization.

Digestion of the specimens was performed according to standard techniques (29). Briefly,

cartilage was washed with phosphate-buffered saline (PBS), incubated with 0.25% trypsin

(lOml/g of tissue) (Invitrogen Life Technologies; Burlington, ON) for 30 to 45 minutes,

minced with a scalpel, and incubated with hyaluronidase (IOml/g of tissue) and

collagenase (Img/ml; 10ml/g of tissue) (both from Sigma Aldrich; Oakville, ON)

overnight. The suspension was pelleted, washed, and plated at 1x106 cells/m!. All

chondrocytes were grown in DMEM/Ham's F12 (1:1, v:v) containing 10% fetal bovine
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serum (FBS) and 100D/ml penicillin, 100f.lg/ml streptomycin and 0.25f.lg/ml

amphoteracin (all from Invitrogen Life Technologies) and maintained at 37°C (C-28/I2,

293) or 32°C (tsT/AC62) in an atmosphere of 5% C02/air.

Protein extracts from fresh human articular cartilage were prepared as described by

Gruppuso et al (31) or as in Current Protocols (32). Briefly, for Sucrose Preparation tissue

was rinsed with dPBS, weighed, minced, and homogenized using a hand homogenizer in

4 volumes of homogenization buffer (Sucrose .25M, EDTA ImM, HEPES 50mM pH 7.5)

containing a mixture of protease inhibitors (I mM phenylmethanesulfonyl fluoride, 20

f.lg.mr 1 aprotinin, 20 f.lg.mr l leupeptin, 20 f.lg.mr 1 soybean trypsin inhibitor, and 25 mM

benzamidine; all from Sigma Aldrich). This fraction was obtained by centrifuging at

100,000 x g for 2 hours at 20°C. The supernatant was removed and the pellet resuspended

in HEPES buffer. For SDS Preparation of protein extracts, tissue was homogenized in a

similar fashion but 2ml of Sodium Dodecyl Sulfate (SDS; Bioshop, Burlington,

ON)/solubilization buffer (for 10 ml final volume: 0.1 g 2-(N-cyclohexylamino)

ethanesulfonic acid (CHES), 0.2g SDS, O.lg DTT, l.Oml glycerol, distilled water to 10

mls) per 100mg of tissue and boiled for 5 minutes prior to centrifugation.

All experiments were done at early passage (Passages 1-5) unless stated otherwise. Late

passage experiments were performed with cells at Passage 10 or above and recovered

passage experiments were performed with chondrocytes immediately recovered from 3

dimensional (3-D) alginate bead cultures and allowed to settle onto tissue culture plates.

The 3-D alginate culture system has been described previously (33-36) and is used to

redifferentiate chondrocytes to their type II collagen producing phenotype. Briefly,

several 10cm plates of chondrocyte monolayers are trypsinized and washed with PBS.

304



Pelleted cells are resuspended in a 1.2% alginate (Keltone LVCR, NF; ISP Alginates Inc.,

San Diego, CA.) solution at 4 x 106 cells/ml and expressed through a 10ml syringe with a

25 gauge needle into a polypropylene tube containing 102 mM CaCho Cells are allowed to

polymerize for 10 minutes then are washed with sterile saline. Beads are decanted into

T75 flasks and maintained in regular medium as noted above. After 3 weeks in 3-D

culture cells are recovered. Medium is aspirated and beads are washed with PBS.

Alginate is depolymerised with 55mM Na Citrate (Sigma Aldrich) at 37° for 10 min, cells

are dislodged, pelleted, washed with PBS then plated as required for analysis.

Western Blot of TGF-6 Receptors

Western blotting was performed as previously described (22). Briefly, chondrocytes were

grown to 90% confluency in 6 well plates and not transfected, transfected with pcDNAl

(empty vector, EV), receptor (pRIIB or pRII) for 48 hours. Cells were then washed with

PBS and lysed. Cell lysates were prepared and samples were standardized for protein

content using the Bradford Protein Assay Kit (Bio-Rad; Mississauga, Ont.). Alternatively,

protein extracts of human cartilage were prepared as described above and standardized for

protein content. Samples were then fractionated on SDS-PAGE (7.5% acrylamide) and

transferred by electrophoresis to nitrocellulose membrane (Scheicher and Schuell; Keene,

NH.). The membrane was blocked for 3 hours in a milk protein/Tween blocking solution

(1M Tris, pH 7.5; 5M NaCI; Tween 20, Sigma Aldrich; Carnation Skim milk powder)

and incubated with primary antibody. For RIIB detection, anti-RIIB antibody and for RII

detection, anti-RII antibody (Santa Cruz Biotechnology Inc.) or a preincubated mixture of

anti-RII antibody-blocking peptide at a ratio of 1: 10. All antibodies were applied at room

temperature for 2 hours and were followed by incubation for 1 hour with goat anti-rabbit
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HRP conjugated secondary antibody (Santa Cruz Biotechnology Inc. Santa Cruz, CA) at

room temperature. For type II collagen detection ImmunobIotting was performed with

anti-type II collagen antibody (a gift from Dr. AR Poole; Montreal, Quebec; 37) followed

by goat anti-mouse HRP conjugated secondary antibody (Santa Cruz Biotechnology Inc.

Santa Cruz, CA) at room temperature. The ECL system (Amersham Pharmacia Biotech

Inc.; Baie d'Urfe, Que.) was used for detection. Equal protein loading was verified by

reprobing membranes with Smad 2, Smad 2/3, or STAT 3 antibody (all from Santa Cruz

Biotechnology Inc.).

Affinity Labeling of Cells

Affinity labeling was performed as described previously (38) with modifications. Briefly,

monolayers of cells were washed with ice-cold binding buffer [Dulbecco's PBS (dPBS)

with Ca++ and Mg++, pH 7.4 containing 0.1% bovine serum albumin (BSA)] and were

incubated with 100 pM of 125I_TGF_~1 or 125I_TGF_~2 in the absence or presence of

varying concentrations of non-radioactive TGF-~1 or -p2. The receptor ligand complexes

were cross-linked with Bis-sulfocsuccinimidyl suberate (BS3; Pierce; Rockford, IL). The

reaction was stopped by the addition of glycine and the cell membrane extracts were

prepared. The solubilized samples were separated by SDS-PAGE (3-11 % gradient) under

reducing (with p-Mercaptoethanol, Sigma Aldrich) or nonreducing conditions and

analyzed by autoradiography. In one experiment cells were not transfected, transfected

with empty vector, or transfected with RIIB for 48 hours prior to affinity labeling in the

presence or absence of 0.5 nM unlabeled TGF-p 1 to determine the relative molecular

weight of the exogenous RIIB.

Immunoprecipitation of TGF-6 Receptors
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The anti-betaglycan antibody (Get 1) was a gift from Dr. S. Souchelnytskyi (Uppsala,

Sweden; 39) and the anti-RII was purchased from Santa Cruz Biotechnology Inc.

Immunoprecipitation studies were performed as described previously (14,38) with

modifications. Cells were affinity labeled with 200 pM 1251_TGF-~ 1, and the membrane

extracts were incubated with 3/lg/ml of the various antibodies and with respective normal

rabbit serum controls or IgG. Immune complexes were then incubated with protein A

sepharose slurry (Amersham Pharmacia Biotech Inc.) and pelleted by centrifugation. The

immune complexes were analyzed by SDS-PAGE under non-reducing or reducing

conditions followed by autoradiography.

ImmunoprecipitationfWestern Blot Analysis

The anti-betaglycan antibody (Get 1) was a gift from Dr. S. Souchelnytskyi (Uppsala,

Sweden; 39) and the anti-Sol RI antibody was a gift from Dr. M. Choi, (New Haven,

Connecticut; 23,24). The anti-Alk-l antibody and control IgG were purchased from Santa

Cruz Biotechnology Inc. and the anti-endoglin antibody (SN6h) was purchased from

Dako Inc. (Carpinteria, CA). Immunoprecipitation was performed as previously described

(22). Briefly, chondrocytes were washed three times with 0.1 % BSA-dPBS, twice with

dPBS, and membrane extracts of cells were prepared, and immunoprecipitated with anti

betaglycan, anti-Alk-l, anti-Sol RI, anti-endoglin antibody or control IgG, or not

immunoprecipitated. The extracts or immune complexes were fractionated by SDS-PAGE

(3-11 % gradient or 7.5% acrylamide) and Western blot analysis was performed using

anti-RIIB antibody or anti-endoglin antibody and the ECL system was used for detection

(Amersham Pharmacia Biotech Inc.) as discussed above.

Two-Dimensional Gel Electrophoresis-Western Blot
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Two-dimensional gel electrophoresis was performed as described by MacKay et al (40)

except that 3-mercaptopropionic acid was omitted in the second dimension (16).

Solubilized membrane extracts of cells immunoprecipitated with anti-RII antibody (Santa

Cruz Biotechnology Inc.) were affinity labeled with 125I_TGF_~1 were first fractionated

on a 1.0 mm-thick 3-11 % gradient gel under non-reducing conditions in the first

dimension and on a 1.5 mm-thick 3-11 % gradient gel under reducing conditions in the

second dimension. The protein was then transferred to nitrocellulose membrane and

immunoblotted as described above with anti-RIIB antibody.

Receptor Overexpression and Western Blot Analysis

To determine the regulation of the phosphorylated form of Smad 2 by TGF-~1 treatment

in chondrocytes overexpressing RIIB, chondrocytes were grown in 6 well plates until

90% confluency. Cells were then transiently transfected with Illg of pRIIB, or empty

vector (EY, pcDNAl) per well using Lipofectamine Reagent (Invitrogen Life

Technologies) in serum-free medium according to the manufacturer's specifications. Cells

were allowed to recover for 48 hours in regular medium, serum starved the following day

for 4 hours, then treated with 50 pM of TGF-~1 for 15 minutes. Cell lysates were

prepared and samples were standardized for protein content using the Bradford Protein

Assay Kit (Bio-Rad.). Immunoblotting was performed as described above using primary

rabbit polyclonal anti-phosphoSmad 2 antibody (a gift from Dr. S. Souchelnytskyi,

Uppsala, Sweden; 41,42) or anti-RIIB antibody (to confirm receptor overexpression) at

4°C overnight followed by goat anti-rabbit HRP conjugated secondary antibody (Santa

Cruz Biotechnology Inc.) for 1 hour at room temperature. In other experiments cells of

differing phenotypes (C-28/I2, tsT/AC62, primary articular chondrocytes) or stages of

308



differentiation (early, late, recovered) were plated and treated with 50 pM of P1 for 15 or

30 minutes, or not treated, and Smad 2 phosphorylation determined as above.

Receptor Overexpression and Luciferase Reporter Assay

The p3TP-Lux, a TGF-p-inducible promoter-reporter construct (43), containing the

luciferase gene under the control of a portion of the plasminogen activator inhibitor-l

promoter region was used to determine cellular responsiveness to TGF-p. Chondrocytes

were grown to 90% confluency in a 12-well plate and transiently transfected with Illg of

p3TP-Lux and Illg of pp-galactosidase (p-gal) per well using Lipofectamine Reagent

(Invitrogen Life Technologies) in serum-free medium according to the manufacturer's

specifications. In addition to the promoter-reporter construct, cells were either transfected

with the empty vector (EV, pcDNAl), pRIIB or pRII or were not transfected. Cells were

allowed to recover for 48 hours in regular medium, serum starved the following day for 4

hours, then treated with 100 pM of TGF-p 1 overnight. The cells were lysed and assayed

for luciferase activity using the EG&G Berthold Microplate Luminometer (Berthold

Technologies USA; Oak Ridge, TN). Light emission by the TGF-p 1 treated cells was

expressed as a percentage of the emission by the control cells and adjusted for

transfection efficiency using the p-gal assay.

eH)-Thymidine Incorporation

Regulation of DNA synthesis was determined using the ThYmidine incorporation assay with

modifications as described previously by our lab (38). Briefly, cells at various stages of

differentiation were seeded at a density of 7.0x105 cells/24 well plate and cultured for 24

hours. The cells were washed with PBS then serum starved for 4 hours. Wells were then

incubated with 50 or 200 pM of TGF-p 1 under serum free conditions overnight. eH]-
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Thymidine (lIlCi-mr') (Amersham Pharmacia Biotech Inc.) was added per well for the

final 4 hours ofTGF-131 treatment. The cells were washed 3 times with PBS and once with

5% trichloroacetic acid (A&C American Chemicals Ltd.; Montreal, Quebec), then were

solubilized in 1% SDS and incorporated radioactivity was determined by liquid

scintillation counting.

RESULTS

RUB is expressed on human chondrocytes as detected with a specific anti-RUB

antibody

The tsT/AC62 and C-28/I2 cell lines provide a reproducible model that mimics human

articular and costal phenotypes respectively (44-47). We have previously confirmed the

chondrocyte phenotype of these immortalized cell lines and the human primary articular

chondrocytes in culture by demonstrating the production of aggrecan and type II collagen

using RTPCR (22) and by documenting their typical chondrocyte morphology as detected

by a spherical to polygonal shape with a cell-associated matrix when suspended in

alginate bead cultures (data not shown).

The results of Western blotting shown in Fig. IA demonstrate endogenous expression of

RIIB (lanes represented by 0) in human articular (tsT/AC62) and nonarticular (C-28/I2)

chondrocytes as compared to overexpression (lanes represented by RIIB) and empty

vector controls (lanes represented by EV). The relative molecular weight of endogenous

RIIB is confirmed by the co-migration of overexpressed RIIB on SDS-PAGE (upper

panel). The membrane was reprobed with anti-STAT 3 antibody to confirm equal protein

loading (lower panel).
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Human immortalized chondrocytes were analyzed for levels of RII with Western blot

(Fig. IB). The antibody used to detect RII (Santa Cruz biotechnology Inc.) produced two

bands, one representative of RII (85 kDa) and one of RlIB (97 kDa) (upper panel). Of

note, increased levels of both receptors were evident in articular (tsT/AC62) as compared

to nonarticular (C-28/12) cells. To determine the specificity of the anti-RII and anti-RIIB

antibodies both were used for Immunoblotting and the resulting bands compared. OA and

normal primary human chondrocytes were used (primary cells digested and plated as

monolayer cultures had previously been observed to exhibit both type II receptors by

affinity labeling - data not shown). Blotting with anti-RII antibody (lower left panel; u

RII) resulted in three bands; however, when preincubated with blocking peptide the upper

two bands are no longer apparent leaving only the lower non-specific band (lower center

panel; u-RII+BP). The anti-RIIB antibody was also used for Immunoblotting a parallel

membrane. This demonstrated a single band corresponding to the upper band of the anti

RII antibody treated membrane and represents RIIB (lower right panel; u-RIIB). The

anti-RIIB antibody did not detect RII. Interestingly, a comparison of the relative intensity

of the RIIB bands suggest that OA cells express greater amounts of RIIB than normal

chondrocytes whereas the relative abundance of RII did not differ between these

phenotypically distinct cells. (This difference in RIIB expression was later confirmed 

see below).

Overexpression of exogenous RUB can be demonstrated by affinity labeling and

demonstrates affinity for TGF-pt, p2, and P3 isoforms

To analyze the expression profile of RIIB and its affinity for the three TGF-p isoforms,

human chondrocytes were affinity labeled with 1251_TGF-p I and the cell lysates were
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analyzed by SDS-PAGE. Initially C-28/I2 cells were either transfected with pcDNA I

(EV), pRIIB (RIlB), or not transfected (0) (Fig. 2A) prior to affinity labeling in the

absence or presence of unlabeled TGF-131. An increased intensity at 97 kDa in the cells

transfected with pRIIB confinned its size and position as the same as that of the

endogenous RIlB. Alternate lanes demonstrate the TGF-13 receptor expression profile of

cells labeled in the presence of 0.5 nM of unlabeled TGF-131. In these lanes bands which

decrease in intensity from those affinity labeled in the absence of unlabeled ligand (0 nM)

demonstrate affinity for TGF-131 by displacing 1251-TGF-131. This demonstrates binding

proteins with specificity for TGF-13 at predictable molecular weights including previously

identified receptors RI (65 kDa), RIl (85 kDa), betaglycan (250-300 kDa), the endoglin

dimer (180 kDa), and a 145 kDa heteromeric complex of RI/RIl, RI/endoglin, or

RIIIendoglin (22).

Competition profiles were then created with TGF-131 and 133 (Fig. 2B) to more clearly

define the relative ligand binding affinity of overexpressed RIlB. It is apparent that RIlB

has affinity for the 131 isofonn as shown by others evidenced by the graded displacement

of 1251_TGF-131 with increasing concentrations of unlabeled -131 ligand. Some RIlB

affinity is seen for the TGF-133 isofonn but to a much lower extent and only at higher

concentrations of unlabeled ligand. Although no apparent affinity could be appreciated

with 125I-TGF-131 affinity labeling and cold competition with TGF-132 for RIlB (data not

shown), evidence that RIlB does bind the -132 isofonn is evident in Fig. 2C. As

anticipated, RIl also shows affinity for the TGF-131 and -133 isofonns and to a similar

extent as RIlB. This is also demonstrated in Fig. 2C in which affinity labeling was

perfonned with 1251_TGF-132. Both RIl and RIlB are apparent thus confinning their ability
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to bind the TGF-J32 isofonn. Competition with unlabeled TGF-J31 and -J32 shows that

RIIB's affinity for both of these ligands exceeds that of RII. This finding of RIIB's

affinity for TGF-J32 is consistent with our previously reported observations that in cells

deficient in betaglycan the cells' response to the -J32 ligand could be restored through

overexpression of RUB (25). However, others have been unable to document RUB as

having affinity for the J32 isofonn in the presence of betaglycan (28).

RUB forms a higher order complex with RU on human chondrocytes

We have previously shown that RIIB is able to fonn complexes with the TGF-J3 signaling

receptors using Cos-7 cells (25). To confinn that this association occurs on human

chondrocytes, two-dimensional gel electrophoresis was perfonned. In these studies,

whereas immunoprecipitation with a specific anti-receptor antibody confinned the

identity of its cognate TGF-J3 receptor, co-immunoprecipitation of another type of

receptor which is not recognized by this antibody was indicative of heteromeric complex

fonnation between those receptors.

Extracts of tsT/AC62 cells were immunoprecipitated with a-RII antibody. Two

dimensional gel electrophoresis was perfonned under nonreducing conditions in the first

dimension and reducing conditions in the second dimension. Protein was transferred to

nitrocellulose membrane and immunoblotted with anti-RIIB antibody and the ECL kit

was used for detection. The anti-RIIB antibody detected three spots of 95 kDa, the

molecular weight of and representative of RIIB (Fig 3A; spots 1-3). Spot 3 falls on the

diagonal at 95 kDa and consists of uncomplexed RIIB. Spot 1 and 2 have fallen from

higher molecular weights of 180 and 165 kDa respectively and represent RUB which has

descended from higher order receptor complexes. Because this follows
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immunoprecipitation of RII, it is likely that the higher order complex observed at 180

kDa is that of RII and RIIB and at 160 kDa is that of RI and RIIB as we have previously

demonstrated the RVRII association on chondrocytes (22).

RUB forms heteromeric complexes with accessory receptors in the presence of

ligand

To confirm the identity of RIIB expressed on human chondrocytes and to study potential

associations between it and other TGF-rJ receptors, chondrocytes were affinity labeled

with 1251_TGF-rJl and immunoprecipitated using anti-RIIB antibody or not

immunoprecipitated. As shown in Fig. 3B, SDS-PAGE under nonreducing conditions of

the nonimmunoprecipitated membrane lysate (Lane 1, NIP) demonstrated the presence of

TGF-rJ binding proteins consistent in mobility and size with Sol RI, RVAlk-l, RII, RIIB,

the endoglin dimer, the 145 kDa RI-RII heterodimer, and betaglycan (22). The anti-RIIB

antibody (Lane 2, a-RIIB) immunoprecipitated RIIB and co-immunoprecipitated the

aforementioned receptors. As mentioned we have previously demonstrated the co

immunoprecipitation of RI, RII, and betaglycan with a-RIIB in Cos-7 cells (25).

However, the co-immunoprecipitation of RIIB and endoglin or of RIIB and Sol RI has

not been reported.

To confirm the RIIB-accessory receptor interactions IP-Westem blot analysis was

performed. Membrane extracts prepared from extensively washed (dPBS) chondrocytes,

were immunoprecipitated with a-betaglycan, a-Alk-l, a-Sol RI, a-endoglin, a-RIIB

antibodies or with control IgG, or not immunoprecipitated. Immunoprecipitates were

then fractionated by SDS-PAGE (3-11 % gradient) under reducing conditions and
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analyzed by Western blotting using a-RIIB (Fig. 3C, panel A and C) or a-endoglin

antibody (Fig. 3C, panel B).

Fig. 3C demonstrates that no RIIB was detected in the control experiment in which the

immunoprecipitation was done with rabbit control IgG before Western blotting (panel A

and C, Lane 1; IgG). Western blotting of nonimmunoprecipitated membrane extracts

(panel A and C, Lane 2; NIP) confirmed the presence of RIIB in chondrocytes. Western

blotting of extracts immunoprecipitated with a-endoglin antibody (panel A, Lane 3; a

Eg) revealed RIIB at 97 kDa, thus demonstrating that RIIB was co-immunoprecipitated

with endoglin in the absence of exogenous TGF-p. Western blot of extracts

immunoprecipitated with a-RIIB antibody revealed endoglin at 100 kDa further

demonstrating this co-immunoprecipitation of RIIB and endoglin (panel B, Lane 2; a

RIIB). A control lane of immunoprecipitated endoglin confirms its presence on the

chondrocytes (panel B, Lane 1; a-Eg). Western blotting of extracts immunoprecipitated

with a-betaglycan (panel C, Lane 3; a-BG), a-Alk-l (panel C, Lane 4; a-Alk-l), and a

Sol RI antibody (panel C, Lane 5; a-Sol RI) antibody revealed RIIB at 97 kDa, thus

demonstrating that RIIB was co-immunoprecipitated with these accessory receptors in the

absence of exogenous TGF-p.

Chondrocytes of distinct phenotypes express variable amounts of endogenous RUB

A preliminary Western blot used to demonstrate the presence of RIIB on human

immortalized chondrocytes (Fig. IB) alluded to the fact that tsT/AC62 cells expressed

higher levels of not only RII but also RIIB than C-28/I2 cells. This differential RIIB

expreSSIOn is also evident after immunoprecipitation with anti-RIIB and anti-RII

antibodies (Fig. 4A). SDS-PAGE under nonreducing conditions of the
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nonimmunoprecipitated membrane lysate demonstrated the presence of TGF-~ binding

proteins consistent in mobility and size with RI, RII, Sol RI, the endoglin dimer,

betaglycan, and RIIB (Lane 1; NIP) (22,23). The anti-RII antibody (Lane 2; a-RII) co

immunoprecipitated the aforementioned receptors as did the anti-RIIB antibody (Lane 3;

a-RIIB). It is difficult to address whether the co-immunoprecipitation of RIIB with a-RII

seen here is a true association as we have shown that this antibody cross-reacts with the

RIIB receptor. However, we have shown above by immunoprecipitation-2D-Westem blot

that this association is in fact occurring (Fig. 3A). Fig. 4A also confirms the other RIIB

receptor associations with betaglycan, RI, Sol RI, and endoglin. Importantly, this

demonstrates the increased expression of RIIB as well as RII on articular as compared to

nonarticular cells.

Not only did we observe a difference in RIIB expression between articular and

nonarticular chondrocytes but also we noted that its expression varied according to state

of cell passage and thus phenotype. As seen in Fig. 4B, for both C-28/I2 and tsT/AC62

cells, early and recovered passages of cells express more RIIB by affinity labeling than

late passage whereas the levels of RII remain relatively unchanged. The autorads chosen

are representative of multiple repeats of affinity labeling (n>10). Early passage

monolayers (E) and chondrocytes harvested directly from 3-D alginate bead cultures (R)

are in a more differentiated state than late passage cultures (L) and have been shown to

produce higher amounts of type II collagen (6,33,36,48). That cells begin to

dedifferentiate with successive passages in monolayer culture and can be redifferentiated

to their original phenotype through various 3-D matrix culturing systems has been well

established (6,33-36,48,49). This variability of RIIB expression was confirmed using
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Western blot. Fig. 4C (upper panel) demonstrates RUB expression at increased levels in

early (Lane 1,4,7) and recovered (Lane 3,6,9) chondrocytes for both articular and

nonarticular cell lines as well as for primary articular cells as compared to late passage

cells (Lane 2,5,8). The membrane was reprobed with anti-Smad 2/3 antibody to

demonstrate equal protein loading (lower panel). This is representative of three separate

trials.

The results presented above suggest that the phenotype of human chondrocytes correlates

with RUB expression. We thus considered whether OA and normal human articular

chondrocytes which display distinct phenotypes would exhibit varied RUB expression.

We tested this hypothesis by determining RUB expression on normal and osteoarthritic

cartilage using Western blot (Fig. 4D, panel A,B,C; upper panels). Increased RUB

expression in OA cells is evident for protein extracts of SDS (panel A, Lane 1,2) and

Sucrose (panel B, Lane 1,2) preparations. Monolayers of OA and normal cartilage

prepared by enzymatic digestion or generated from explant cultures also demonstrate

increased RUB levels in OA cells (panel C, Lane 5,6). The membranes were reprobed

with anti-STAT 3 antibody to demonstrate equal protein loading (lower panels). This may

signifY the importance of the RUB receptor in modulating TGF-13 response in

phenotypically distinct chondrocytes.

Increased expression of endogenous RUB correlates with inhibition of TGF-13

response

We have shown that late passage dedifferentiated chondrocytes express decreased levels

of RUB as compared to early or recovered passages and that more RUB is expressed in
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tsT/AC62 than C-28/I2 (Fig. 4A-C). Thus, it was of interest to test whether the

endogenous expression levels ofRlIB correlated to the magnitude ofTGF-p response.

To illustrate the sensitivity of the chondrocyte cell lines and primary chondrocytes to

TGF-P, cellular signaling was determined by a Plasminogen Activator Inhibitor (PAI)

driven luciferase reporter assay (p3TP-Lux) which has been used extensively as a marker

for TGF-p responsiveness (43). The chondrocytes were transiently transfected with

p3TP-Lux and the induction of luciferase activity by exogenous TGF-p I was measured.

As illustrated in Fig. 5A, luciferase activity of cells treated with 100 pM of TGF-p 1 is

expressed as a percent control of untreated cells and it is evident that the C-28/I2 line are

almost twice as responsive to ligand as tsT/AC62 cells (panel A; p=0.02). Enhanced gene

transcriptional activation for late passage tsT/AC62 cells as compared to recovered

passages is also noted but not statistically significant (panel B; p=0.08). The results were

normalized by co-transfection of the p-gal plasmid and are representative of three

different experiments each done in triplicates.

To demonstrate further that this variable response to TGF-p may be related to cell

phenotype we examined TGF-p induced Smad 2 phosphorylation. Enhanced

responsiveness to TGF-p was seen for C-28/I2 and primary articular chondrocytes which

express lower levels of endogenous RUB (Fig. 5B). Cells were left untreated (Lane 1,2,3;

upper panel) or were treated with 50 pM of TGF-pl for 15 minutes (Lane 4,5,6; upper

panel). Up-regulation of phosphorylated Smad 2 is apparent for C-28/I2 (Lane 4) and

primary chondrocytes (Lane 6) whereas minimal increase with TGF-~l stimulation is

noted for tsT/AC62 cells (Lane 5). The membranes were reprobed with anti-STAT 3

antibody to demonstrate equal protein loading (lower panel).
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In addition, data shown in Fig. 5C illustrates that late passage cells which exhibit

decreased levels of endogenous RUB, in the presence of exogenous TGF-p, demonstrate

higher levels of phosphorylated Smad 2 than early and recovered passages. Early (E), late

(L) and recovered (R) passages of C-28/I2 (Lane 1,2,3), tsT/AC62 (lane 4,5,6), and

primary articular cells (Lane 7,8,9) were treated for 15 minutes with TGF-p 1. Levels of

phosphorylated Smad 2 are enhanced for late passage cells (Lane 2,5,8) as compared to

early (Lane 1,4,7) or recovered (Lane 3,6,9) passages.

Late passage cells of C-28/I2 demonstrate this enhanced response with treatment of TGF

plat 15 and 30 minutes (Fig. 5D). Early, late, and recovered passages of C-28/I2 cells

were left untreated (Lane 1,3,5 respectively) or were treated with 50 pM of TGF-p 1 for

15 (upper panel) or 30 minutes (lower panel) (Lane 2,4,6 respectively). Responsiveness to

TGF-pl was determined by immunoblotting with anti-phosphoSmad 2 antibody (upper

panels). Late passage chondrocytes (Lane 4) exhibit up-regulation of phosphoSmad 2 as

compared to early (Lane 2) or recovered (Lane 6) cells. The membranes were reprobed

with anti-STAT 3 antibody to demonstrate equal protein loading (lower panels). The

results demonstrated in the above Western blots are representative of duplicate or

triplicate trials.

Finally, differential response related to cell phenotype was demonstrated with eH]-Thymidine

incorporation (Fig. 5E). C-28/I2 cells were seeded at a density of 7.0x105 cells/24 well plate and

cultured for 24 hours. The cells were serum starved for 4 hours and incubated with 50 or 200 pM

of TGF-p 1 under serum free conditions overnight. [3H]_Thymidine (1 l-lCiemrI) was added per

well for the final 4 hours of TGF-p 1 treatment incorporated radioactivity was determined by

liquid scintillation counting. eH]-Thymidine incorporation expressed as a ratio oflate (Late) to
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recovered (Rec) cells demonstrates an almost two-fold higher sensitivity to TGF-~1 oflate passage

chondrocytes than recovered cells, although statistically significant values were seen only with the

200 pm (p=0.05) and not the 50 pm treatment (p=0.1 0).

Thus the data presented in Fig. 5 illustrates that lower levels of RIIB expression as seen in C28-12

and late passage chondrocytes correlates with an enhanced responsiveness to TGF-~ and suggests

that RIIB may act as a marker of cell phenotype.

Exogenous /Overexpressed RUB enhances TGF-~l, ~2, and ~3 response in human

chondrocytes

The effect of exogenous overexpreSSlOn of RIIB on human chondrocyte TGF-~

responSIveness was also investigated. Chondrocytes were transfected with plasmid

encoding RUB (RIIB) or pcDNAI (EV) (Fig. 6A). Cells were then left untreated (Lane

1,3; -) or treated with 100 pM of TGF-~1 (Lane 2,4; +) for 15 minutes and Western

blotting was performed to detect the phosphorylated form of Smad 2 (panel A; upper

panel). The overexpression of RIIB demonstrated an upregulation of Smad 2

phosphorylation (Lane 4). The membrane was reprobed for STAT 3 (panel A; lower

panel) to confirm equal protein loading. On a parallel gel, extracts of cells transfected

with plasmid encoding RIIB (panel B, Lane 2; RUB) or pcDNAI (panel B, Lane I; EV)

were analyzed by Western blot for RIIB to confirm receptor overexpression.

Fig. 6B illustrates that overexpression of RIIB results in enhanced gene transcriptional

activity. Chondrocytes were transfected with plasmids encoding RIIB (RUB), RII (RII),

or pcDNAI (EV) in addition to 3TP-Lux (a PAl-driven luciferase reporter construct; 43)

and p~-gal. Cells were allowed to recover for 48 hours and were then left untreated (-) or

were treated with 100 pM of TGF-~ 1, ~2, or ~3 overnight and luciferase activity was
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measured and standardized with a B-gal assay. Overexpression of RUB caused an

enhancement of TGF-B response as compared to control untransfected cells; however,

this was only significant for the TGF-B3 isoform (endogenous TGF-B, p=0.07; -BI,

p=0.07; -B2, p=0.08; -B3, p=0.02). Overexpression of RII was used as a comparison as it

is well known to enhance TGF-B response (24,50). This increase in responsiveness with

RII overexpression was evident with all isoforms but was not significant for TGF-B 1

(endogenous TGF-B, p=0.004; -BI, p=0.22; -B2, p=0.007; -B3, p=O.OI).

To demonstrate that the intended receptor was being overexpressed, residual lysates used

in the 3TP-Lux assay above (Fig. 6B) were separated by SDS-PAGE (7.5% acrylamide)

and Western blotting was performed to detect RU and RIIB expression (Fig. 6C; upper

panel). Enhanced detection of RII (Lane 2) and RIIB (Lane 6) was evident where

receptors have been overexpressed in these cells. The membranes were reprobed with the

non-phosphorylated form of anti-Smad 2 antibody to demonstrate equal protein loading

(lower panel).

The effect of RIIB overexpression on type II collagen production is seen in Fig. 6D

(upper panel). Cells were transfected with pcDNAl (Lane 3,4; EV) or pRIIB (Lane 5,6;

RIIB) for 48 hours or not transfected (Lane 1,2; 0). Western blotting was performed

using anti-type II collagen antibody (37) to detect type II collagen which was seen to

increase with RIIB overexpression (Lane 5 and 6). The membrane was reprobed with

anti-STAT 3 antibody to demonstrate equal protein loading (lower panel). This is

representative of duplicate experiments and multiple membrane blots.

DISCUSSION
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The inability of chondrocytes to maintain their type II collagen producing phenotype has

been implicated in the lack of regenerative capacity of mature articular cartilage. TGF-p

administration has been linked to increased ECM production, enhanced cell proliferation,

and cartilage healing (51-60) whereas dysregulation of the TGF-p signaling cascade has

been shown to result in degenerative joint disease in two murine models (61,62). TGF-p

is known to influence cell phenotype through an intricate involvement in growth,

differentiation, and development (7,8). TGF-p receptors may provide a means of

regulating the TGF-p signaling pathway. It has been suggested that various receptor

complexes or levels of receptor expression may impart specificity in TGF-p signaling

(63,64) or infer variable responsiveness to different TGF-p isoforms (28). In addition,

attempts have been made to identify receptors as potential markers of cell differentiation

(65-67).

RIIB, an alternatively spliced variant of RII, interacts with the TGF-p signaling receptors

at overexpressed levels and is implicated in TGF-p2 isoform responses (25). That RUB

expression has been demonstrated on human chondrocytes (27) and that the TGF-p2

isoform is uniquely expressed in bone-related tissue (25) both suggest RUB may play a

predominant role in human chondrocytes. Identifying and further defining RIIB, its

heteromeric complex formations with other TGF-p receptors, and its effect on TGF-p

signaling in human chondrocytes is critical. This may provide insight into its function as a

phenotypic marker or gatekeeper in determining specificity and sensitivity in TGF-p

signaling and thus variable response to TGF-p isoforms in specialized tissues.

In the present study we confirmed the presence of RIIB on human chondrocytes and its

complex formation with RI and RII in addition to other novel receptors namely
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betaglycan, endoglin, Alk-l, and Sol RI. We demonstrated that RIIB has affinity for all

three TGF-p isoforms (P I>P3>P2) and that its affinity for TGF-p2 exceeds that ofRII for

p2. Moreover, we present evidence that RIIB may function as a phenotypic marker in

chondrocytes. RIIB expression varies between chondrocytes of distinct phenotypes while

RII expression remains relatively unchanged. In keeping with this, we present the novel

finding of markedly increased RIIB expression in OA as compared to normal primary

articular chondrocytes. We provide important evidence that exogenous or overexpressed

RIIB enhances TGF-p response whereas increased endogenous RIIB levels correlate with

a diminished response.

The phenotype of the human chondrocytes used in the present study has been

characterized extensively (44-47). The primary human articular chondrocytes and

immortalized chondrocytes expressed both aggrecan and type II collagen mRNAs, and

their responsiveness to TGF-p was shown by stimulation of PAl promoter activity and

Smad 2 phosphorylation (22). We demonstrated that RIIB is expressed in human

chondrocytes and that this expression is significantly higher in tsT/AC62 than C-28/12

cells (Fig. lA, IB). In addition, RIIB expression is more abundant in OA than normal

human cartilage (Fig. IB).

The possibility of a type II TGF-p receptor variant was first suggested in bovine

chondrocytes (26). The authors suggested that that freshly harvested bovine chondrocytes

expressed more of the higher molecular weight type II receptor than cells progressively

cultured in monolayer, or dedifferentiated cells. Glansbeek et al later demonstrated that

RIIB was expressed in both murine and human articular chondrocytes and that the level

of expression varied between species and with passages in monolayer cultures (27).
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Human macrovascular endothelial cells have also been shown to express RIIB (28). RIIB

has been cloned by us and others (25,28) and we have suggested it to be a predominant

receptor in bone related tissues (25) where the TGF-p2 isoform is abundant.

Using L6 myoblasts, lacking betaglycan, RIIB overexpression was shown to restore cell

responsiveness to the TGF-p2 isoform and suggests that RIIB may be able to transmit its

signal directly in response to TGF-p2 via RI (25). Our results of affinity labeling of

human chondrocytes depict RIIB at approximately a 12 kDa higher molecular weight than

RII as anticipated from its cloned sequence (25). Moreover, transfection with plasmid

encoding RIIB confirmed the presence of endogenous RIIB in these cells and the nature

of the plasmid (Fig.2A). Fig. 2B demonstrates that RIIB has high affinity for the TGF-p 1

isoform and lesser affinity for the P3 isoforms, although others have been unable to

demonstrate this (28). In addition, RIIB displays a moderate affinity for the -p2 isoform

and this affinity supersedes that of RII at exogenous and endogenous levels (Fig. 2C and

data not shown). However, the true affinity of RII and RIIB for the TGF-p isoforms is

difficult to interpret in the presence of betaglycan which is expressed on these cells.

Prior studies analyzing the interactions between RIIB and TGF-p receptors and the

stoichiometry of these heteromeric complexes have employed primarily mutant cell lines

or cells overexpressing the wild-type or chimeric receptors (25,28). In the present study,

we used normal TGF-P responsive human chondrocytes to demonstrate the association of

RIIB with other TFG-p receptors. Thus, our results illustrate that these associations occur

at endogenous receptor concentrations and ratios. Fig. 3A, an immunoprecipitation with

anti-RII antibody, 2-D SDS-PAGE, followed by Western blotting with anti-RIIB antibody

depicts complex formations between RII and RIIB as well as RI and RIlB. In addition to
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providing confinnation of the identity of RIlB, the findings of immunoprecipitation

studies of cells affinity labeled with 1251_TGF-B I, indicated that RIlB fonns a heteromeric

complex with the signaling receptors, betaglycan, and Sol RI in the presence of ligand, as

detected by co-immunoprecipitation of these receptors with anti-RIlB antibody (Fig. 3B).

That RIlB exists in a heteromeric complex with other TGF-f3 receptors (endoglin,

betaglycan, Alk-l, and Sol RI) on the chondrocyte surface was confinned using

membrane extracts that were immunoprecipitated with combinations of anti-receptor

antibodies (a-BG, a-Eg, a-Alk-l, a-Sol RI or a-RIlB) and then subjected to Western

blotting with a-RIlB or a-Eg (Fig. 3C).

We have previously demonstrated that endoglin and betaglycan fonn a heteromeric

receptor complex on the chondrocyte surface in the presence of ligand and ligand

independent manner and RII independent manner (22). Also, we have shown that Alk-l

and Sol RI also fonn similar heteromeric associations with betaglycan (23). These

findings and that of RIlB fonning various TGF-f3 receptor interactions suggest a fluid

TGF-f3 receptor complex at the chondrocyte cell surface. That TGF-f3 receptors may all

interact at the cell surface and that their spatial or temporal expression within this

complex may regulate TGF-f3 signaling pathways to specifY which of the diverse TGF-f3

responses will result. Evidence in support of this theory is already available. Alk-l and its

downstream effector, Smad 5, are unable to rescue cells deficient in Alk-5 (RI) from

severe defects in vascular development despite its complex fonnation with other TGF-f3

receptors (63). In endothelial cells it has been demonstrated that TGF-f3 can activate two

distinct type I receptor/Smad signaling pathways with Alk-I/Smadl/5 inhibiting and

Alk-5/Smad 2 enhancing cell migration and proliferation (64). These opposing results
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could be attributed to the presence or absence of additional TGF-~ receptors In the

signaling complex.

That novel TGF-~ receptors and specifical1y RIlB may provide an avenue of TGF-~

regulation is supported by the data presented in Fig. 6. Overexpression of RIlB in human

chondrocytes resulted in enhanced response to TGF-~ as determined by Smad 2

phosphorylation (Fig. 6A) and luciferase activity of a TGF-~ sensitive promoter (Fig.

6B). We also demonstrated that overexpression of RIlB results in an upregulation of type

II col1agen detected by Western blot (Fig. 6D). Conversely, endoglin overexpression in

human mesangial cel1s has been shown to conversely decrease type I and IV col1agen

production (68). This implies that TGF-~ modulation of ECM turnover in tissues may be

regulated thorough its receptor expression. TGF-~ itself has been shown to regulate the

level of its own receptors (68,69) possibly through internalization and turnover at the cel1

surface (reviewed in 70).

Loss of chondrocyte type II col1agen producing phenotype and subsequent

dedifferentiation into a type I and III col1agen producing fibroblast-like cel1 plays a role in

the lack of regenerative potential of injured or diseased cartilage. Our preliminary data

(Fig. IB) suggests that RIlB levels are higher in dedifferentiated cel1s which fail to

produce type II col1agen (6,33-36,48,49). However, this is not in keeping with RIlB

overexpression resulting in increased type II col1agen production (Fig. 60). We

hypothesized that this observed inconsistency may be explained by endogenous RIlB

levels and thus further investigated endogenous RIlB expression on phenotypical1y

distinct cel1s.
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Affinity labeling and immunoprecipitation studies revealed that articular chondrocytes

(tsT/AC62) express significantly higher levels of RIlB as compared to costal

chondrocytes (C-28/I2) (Fig. 4A, 4B). RIlB expression was reduced in early and

recovered passage chondrocytes (Fig. 4B, 4C). Interestingly, the level of RIlB expression

was found to correspond to TGF-p responsiveness in these cells. Luciferase activity,

Smad 2 phosphorylation, and eH]-Thymidine incorporation (Fig. 5) depict differences in

TGF-p sensitivity of chondrocytes of distinct phenotypes. An increased endogenous

expression of RIlB appears to correspond to a decreased TGF-P responsiveness in human

chondrocytes. Hirai and Fujita proposed that variation in RIlB expression could account

for differential response to TGF-p by phenotypically distinct cells but was unable to draw

specific conclusions from his investigations (28). It thus seems contradictory and

controversial that exogenous overexpression of RIlB was seen to enhance TGF-p

responsiveness (Fig. 6A, 6B) whereas endogenous levels correspond to decreased

responsiveness. What could account for this apparent discrepancy is intriguing. It does

seem evident that RIlB forms a complex with the other TGF-p signaling receptors.

Perhaps RIlB at endogenous levels competes with RIl for ligand; therefore in cells with

high expression of RIlB less ligand is available for the signaling complex and TGF-p

response is diminished. Alternatively, exogenous overexpression of RIlB may be causing

the enhanced signaling through alternate means. It has been hypothesized that when

proteins are transfected they may have cellular effects within the cytosol before their

expression is manifested at the cell surface or in addition to this. It can be speculated that

RIlB within the cell may alter the TGF-p signaling pathway intermediates which could

potentially enhance responsiveness.

327



OA cells represent a distinct chondrocyte phenotype that exhibit a reduced capacity for

type II collagen production and ultimately a poor innate reparative capacity (71-75). We

have presented the novel finding of enhanced RIIB expression in OA versus normal

human articular chondrocytes (Fig. 4D). This was confirmed both with cells obtained

from monolayer cultures of digested cartilage and explant cultures as well as from whole

cartilage protein extracts (SDS and Sucrose Preparations). Perhaps it is the abundant

expression of endogenous RIIB and its inhibitory regulatory potential on TGF-p signaling

in OA chondrocytes which impairs their capacity to aid in cartilage repair or regeneration.

In summary, the present results have shown that RIIB is differentially expressed on

human chondrocytes of distinct phenotypes and that it forms higher order complexes with

RI and RII on the cell surface. More importantly, we illustrated that RIIB fonns a hetero

oligomeric complex with betaglycan, endoglin, Alk-l, and Sol RI on these cells.

Significantly, we demonstrated that exogenous/overexpressed RIIB enhances TGF-p

response whereas high endogenous levels correspond to diminished TGF-p signaling.

Moreover we have shown that OA human articular chondrocytes express high levels of

RIIB as compared to normal non-diseased cells while RII expression remains relatively

unchanged. Enhanced RIIB expression on OA cells may contribute to the inherent poor

reparative capacity of OA cartilage. Further elucidation of the molecular mechanisms

governing RIIB action in chondrocytes may lead to novel therapeutic avenues towards

cartilage regeneration and repair.

FIGURE LEGENDS

Fig. 1. RUB is expressed on human articular cartilage and chondrocytes. A:

Solubilized extracts of immortalized chondrocytes, C-28/I2 and tsT/AC62 transfected

328



with pRIIB (RIIB), pcDNA I (EV) or not transfected (0), were analyzed by SDS-PAGE

(7.5% acrylamide) under reducing conditions and transferred onto nitrocellulose

membrane. The membrane was immunoblotted with anti-RIIB (upper panel) and

reprobed with anti-STAT 3 antibody (lower panel). The ECL system was used for

chemiluminescence detection. B: Solubilized extracts of C-28/I2 and tsT/AC62 were

analyzed by Immunoblotting with anti-RII antibody (upper panel, a-RII) which detects

both RII and RIIB. Immunoblotting with a-RII and a-RIIB antibodies are shown in the

lower panels using OA and normal (N) human primary chondrocytes. The left panel

represents blotting with anti-RII antibody (a-RII), the right panel with anti-RIIB antibody

(a-RIIB), and the center with anti-RII antibody preincubated with blocking peptide (a

RII+BP).

Fig. 2. Affinity labeling of human chondrocytes with t25I-TGF-~l and 125I_TGF_~2.

A: Confluent monolayers of C-28/I2 cells were not transfected (0) or were transfected

with pcDNA I (EV) or pRIIB (RIIB) for 48 hours and then affinity labeled with 100 pM

of 125I_TGF_~1 in the absence or presence of 0.5 nM of unlabeled TGF-~l. Solubilized

cell extracts were analyzed by SDS-PAGE (3-11 % gradient) under nonreducing

conditions followed by autoradiography. B: Confluent monolayers of C-28/I2 cells were

transfected with pRIIB for 48 hours and affinity labeled with 100 pM of 1251_TGF-~ I in

the absence or presence of indicated concentrations of unlabeled TGF-~ I or -~3.

Solubilized cell extracts were analyzed by SDS-PAGE (3-11 % gradient) under

nonreducing conditions followed by autoradiography. C: Confluent monolayers of

tsT/AC62 cells were affinity labeled with lOa pM of 125I-TGF-~2 in the absence or

presence of 1.0 nM of unlabeled TGF-~ I or -~2. Solubilized cell extracts were analyzed
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by SDS-PAGE (3-11 % gradient) under nonreducing conditions followed by

autoradiography.

Fig. 3. Identification of TGF-P receptor complexes on human chondrocytes. A:

Solubilized extracts of chondrocytes were immunoprecipitated with anti-RII antibody and

analyzed by SDS-PAGE (3-11 % gradient gel) under nonreducing conditions in the first

dimension. The individual lane was then cut out, laid horizontally on a second gel (3-11 %

gradient) and analyzed under reducing conditions in the second dimension. The gel was

transferred to nitrocellulose membrane and Western blotted with anti-RIIB antibody. The

ECL system was used for chemiluminescence detection. Cells were affinity labeled (B)

with 100 pM of 125I_TGF_Pl or not affinity labeled (C) and solubilized cell extracts were

immunoprecipitated with 31lg/ml each of anti-receptor antibodies, IgG, or not

immunoprecipitated. Complexes were fractionated on SDS-PAGE (3-11 % gradient gels)

under nonreducing (B) or reducing (C) conditions and visualized by autoradiography (B)

or the gel was transferred to nitrocellulose membrane and Western blotted (C) with anti

RUB antibody (panel A and C) or anti-endoglin antibody (panel B). B: Non

immunoprecipitated (NIP) cell extract of tsT/AC62 is shown III Lane 1.

Immunoprecipitation was performed using anti-RUB antibody (Lane 2, a-RUB). C: Non

immunoprecipitated (NIP) cell extract of C-28/I2 is shown in Lane 2 of panel A and C.

Immunoprecipitations were performed using anti-endoglin (panel A, Lane 3; panel B,

Lane 1; a-Eg), anti-RIIB antibody (panel B, Lane 2; a-RUB), anti-betaglycan antibody

(panel C, Lane 3; a-BG), anti-Alk-l antibody (panel C, Lane 4; a-Alk-l), anti-Sol RI

antibody (panel C, Lane 5; a-Sol Rl) or control rabbit IgG (Lane 1, panel A and C; IgG).
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Fig. 4. Endogenous RUB expression varies with chondrocyte phenotype. A:

Chondrocytes were affinity labeled with 100 pM of 1251_TGF_~I and solubilized extracts

were immunoprecipitated with anti-RII (Lane 2, a-RII) or anti-RIIB (Lane 3, a-RIIB)

antibodies, or not immunoprecipitated (Lane I, NIP) and analyzed by SDS-PAGE (3-11 %

gradient gel) under nonreducing conditions and visualized by autoradiography. B:

Confluent monolayers of early (E), late (L), and recovered (R) passages of chondrocytes

were affinity labeled with 100 pM of 1251_TGF-~ I and solubilized extracts were analyzed

by SOS-PAGE on a 3-11 % polyacrylamide gradient gel under reducing conditions

followed by autoradiography. C: Confluent monolayers of early (E), late (L), and

recovered (R) passages of chondrocytes were analyzed by SOS-PAGE (7.5% acrylamide)

under reducing conditions and transferred onto nitrocellulose membrane. The membrane

was immunoblotted with anti-RIIB antibody (upper panel) and reprobed with anti-Smad

2/3 antibody (lower panel) to confirm equal protein loading. The ECL system was used

for chemiluminescence detection. D: OA and normal cartilage was harvested and either

digested with enzymes or cultured as explants to obtain confluent monolayers (panel C).

Alternatively, SDS (panel A) and Sucrose (panel B) Preparations of protein extracts were

obtained. Solubilized extracts were analyzed by SOS-PAGE (7.5% acrylamide) under

reducing conditions and transferred onto nitrocellulose membrane. The membrane was

immunoblotted with anti-RIIB antibody (upper panels of A, B, and C) and reprobed with

anti-STAT 3 antibody (lower panels of A, B, and C) to confirm equal protein loading.

The ECL system was used for chemiluminescence detection.

Fig. 5. TGF-~ responses in phenotypically distinct chondrocytes correlate with

endogenous RUB expression. A: Stimulation of plasminogen activator inhibitor-I (PAI-I)
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promoter activity by TGF-~. Chondrocytes, C-281I2 and tsT/AC62 (Late passage; panel A)

and tsT/AC62 (Late and Recovered (Rec) passages; panel B) were transiently transfected

with the PAI-I promoter-Iuciferase reporter construct (p3TP-Lux) and p~-gal. 24 hours after

transfection, cells were treated with 100 pM of TGF-B I overnight or were left untreated.

Luciferase activity was detennined, nonnalized using the ~-gal assay and expressed as a

percent control of untreated cells. The data shown are representative of three different

experiments each done in triplicates and statistically significant values are indicated by an

asterisk. B-D: Stimulation of Smad 2 phosphorylation by TGF-~l. Solubilized extracts of

C-28/12, tsT/AC62, and primary chondrocytes or early (E), late (L), and recovered (R)

passages of these cells were treated (+) with 50 pM ofTGF-BI for 15 minutes, 30 minutes,

or left untreated (-) were analyzed by SDS-PAGE (7.5% acrylamide) under reducing

conditions and transferred onto nitrocellulose membrane. The membrane was

immunoblotted with an antibody against the phosphorylated fonn of Smad 2 (upper panels)

and reprobed with anti-STAT 3 antibody to illustrate equal protein loading (lower panels).

The ECL system was used for chemiluminescence detection. E: Confluent monolayers of

late (Late) and recovered (Rec) passages of C-28/12 were seeded at a density of 7.Ox I05

cells/24 well plate and cultured for 24 hours. The cells were serum starved for 4 hours and

incubated with 50 or 200 pM of TGF-~I under serum free conditions overnight. eH]

Thymidine (l/lCi-mr l
) was added per well for the final 4 hours ofTGF-~1 treatment. The

cells were washed 3 times with PBS and once with 5% trichloroacetic acid, solubilized in

1% SDS, and incorporated radioactivity was detennined by liquid scintillation counting.

eH]-Thymidine incorporation by chondrocytes is expressed as a ratio of Late to Recovered
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cells. The data shown are representative of three different experiments each done In

quadruplicates and statistically significant values are indicated by an asterisk.

Fig. 6. TGF-p responses in chondrocyte cell lines overexpressing the RUB. A:

Stimulation of Smad 2 phosphorylation by TGF-p 1. Chondrocytes were transiently

transfected with pRIIB (RUB) or pcDNA I (EV). After 48 hours cells were treated with

50 pM ofTGF-BI for 15 minutes (+) or left untreated (-) were analyzed by SDS-PAGE

(7.5% acrylamide) under reducing conditions and transferred onto nitrocellulose

membrane. The membrane was immunoblotted with an antibody against the

phosphorylated form of Smad 2 (panel A, upper panel) and reprobed with anti-STAT 3

antibody to illustrate equal protein loading (panel A, lower panel). Immunoblotting with

the anti-RUB antibody (panel B) was used to confirm receptor overexpression. The ECL

system was used for chemiluminescence detection. B: Stimulation of PAI-I promoter

(3TP-Lux) activity by TGF-p. Chondrocytes were transiently transfected with p3TP-Lux,

pcDNAI and pp-gal (EV) or p3TP-Lux, pp-gal and pRII (RU) or pRIIB (RUB). 48 hours

after transfection, cells were treated with 100 pM of TGF-B 1, P2, or P3 for 24 hours or

were left untreated (-). Luciferase activity was determined, normalized using the p-gal

assay and expressed as a fold increase of untreated cells. The data shown are

representative of three different experiments each done in triplicates and statistically

significant values are indicated by an asterisk. C: Confirmation of receptor

overexpresslOn IS shown. Extracts from B were analyzed by SDS-PAGE (7.5%

acrylamide) under reducing conditions and transferred onto nitrocellulose membrane. The

membranes were immunoblotted with anti-RU (upper panel, Lane 1,2,3; a-RII) or anti

RUB antibody (upper panel, Lane 4,5,6; a-RUB) and reprobed with anti-Smad 2 antibody
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(lower panel, Lane 1-6) to confirm equal protein loading. The ECL system was used for

chemiluminescence detection. D: Chondrocytes were transiently transfected with pRIIB

(RIIB), pcDNA 1 (EV), or not transfected (0). After 48 hours solubilized extracts were

analyzed by SDS-PAGE (7.5% acrylamide) under reducing conditions and transferred

onto nitrocellulose membrane. The membrane was immunoblotted with an antibody

against type II collagen (upper panel) and reprobed with anti-STAT 3 antibody (lower

panel) to confirm equal protein loading. The ECL system was used for

chemiluminescence detection.
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CHAPTERS

BRIDGE

The concept of endoglin as a phenotypic marker of human chondrocytes and

the critical link between endoglin expression, cell differentiation, and TGF-J3

responsIveness.
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CHAPTERS

BRIDGING DOCUMENT

Introduction and Rationale

Lack of innate healing by articular cartilage has been attributed to a decrease proliferation

of mature chondrocytes, the avascular state of the tissue, and a dedifferentiation of

chondrocytes into a fibroblast-like cell. This change in phenotype results in a cell with

decreased responsiveness to anabolic cytokines (van den Berg 1999), increased

responsiveness to catabolic cytokines (Martel-Pelletier et al 1992) and a shift in collagen

production from type II to type I and III. This altered phenotype is a well established

characteristic of OA chondrocytes. It has been postulated that a disturbed receptor

expression profile accounts for this dedifferentiation in OA cells (van den Berg 1999).

Alternately, TGF-p receptors may act as a marker of cell phenotype, reflecting the cells'

responsiveness to TGF-p. The variable expression of RIIB on human chondrocytes of

distinct phenotypes, its modulation of ECM, and association with TGF-p responsiveness

suggests that RIIB is a phenotypic marker in these cells. Endoglin has been described as a

phenotypic marker in choriocarcinoma cells (Letamendia et al 1998b, Arthur et al 2000)

and up-regulation of its expression in synovial tissues of OA and RA patients (Szekanecz et

al 1995) has been demonstrated. Whether endoglin represents a phenotypic marker in

human chondrocytes was uncertain.

Hypotheses

(l) that the expreSSIOn of endoglin on human chondrocytes vanes between

undifferentiated and differentiated cells and thus endoglin acts as a marker of cell

phenotype
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(2) that chondrocytes of distinct phenotypes show varied responsiveness to TGF-~

(3) that levels of endoglin expression, cell phenotype, and TGF-~ responsiveness

correlate with ECM production

Objectives

(i) to investigate the phenotypic differences in endoglin expressIOn between

differentiated and dedifferentiated human chondrocytes

(ii) to identify whether the state of chondrocyte differentiation is related to TGF-~

responsIveness

(iii) to determine if there is a link: between endoglin expression, TGF-~ responsiveness,

and ECM in these cells

Summary of Manuscript Findings

In the fifth manuscript, the morphology of immortalized and primary human chondrocytes

which depict a progressive dedifferentiation in monolayer culture is extensively

characterized. The use of morpholino antisense oligos to block endoglin expression is

shown to negate endoglin's inhibitory effect on TGF-~ signaling in chondrocytes.

Significantly, evidence is provided that endoglin expression modulates type II collagen

levels. More importantly, it is demonstrated that endoglin expression correlates with the

dedifferentiated phenotype of human chondrocytes, decreased levels of type II collagen,

and a decreased TGF-~ responsiveness.

Additional Data

Acknowledgements

No additional materials than those noted in the following manuscript were required to

complete this additional investigation.
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Experimental Procedures

Western Blot Analysis

To detennine the regulation of the phosphorylated fonn of Smad 2 by TGF-~1, nonnal

primary articular chondrocytes (late passage monolayer cultures from cartilage digestion

and early passage monolayers from explants) were treated with 100 pM ofTGF-~1 for 15

and 30 minutes and Western blotting was perfonned as previously described (Chapter 1,

Bridging Document; Experimental Procedures).

Results

Normal primary human chondrocytes of distinct phenotypes demonstrate variable

TGF-~ responsiveness

To compare the TGF-~ responsiveness of late monolayer, dedifferentiated pnmary

chondrocytes with those obtained from early passage explant differentiated cultures, cells

were treated with 100 pM ofTGF-~1 for 15 and 30 minutes or were left untreated and the

phosphorylated fonn of Smad 2 was detennined using Western blot analysis. Fig. H

illustrated that incubation of late passage dedifferentiated chondrocytes with TGF-~1

resulted in an increase in Smad 2 phosphorylation (Lane 2,4); however, a greater

enhancement of Smad 2 phosphorylation was apparent for TGF-~ 1 treated early passage

differentiated cells (Lane 6,8).

Conclusions

These final results offer a cohesive picture of TGF-~ receptors, their heteromeric complex

fonnations, and roles on human chondrocytes. In addition to the TGF-~ signaling receptors,

several other TGF-~ receptors have been demonstrated on these cells. Betaglycan has been

previously documented on chondrocytes (Homer et al 1998) and although confused with
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RIl, RIlB also has been noted on these cells (Glansbeek et al 1997). The presence of both

RIlB and betaglycan were confinned on primary and immortalized chondrocytes. For the

first time, the expression of endoglin, Alk-l, and Sol RI on human chondrocytes is

presented and multiple heteromeric complex fonnations between the signaling, accessory,

and other novel TGF-p receptors in various combinations are presented. Furthennore, some

of the structural detenninants of these interactions have been elucidated. The relative

expression of individual receptors within an oligo-heteromeric TGF-p receptor complex

may detennine the outcome of TGF-p signaling and provide diversity to the stringent

downstream intracellular Smad-mediated TGF-p pathway.

By demonstrating that endoglin is able to bind TGF-P in the absence of RIl, a discrepancy

in the TGF-p signaling paradigm becomes apparent. That this ligand binding is not only

enhanced by betaglycan but also requires its presence is novel and intriguing.

More importantly, these novel TGF-P receptors on human chondrocytes appear to play a

distinct role in modulating TGF-p signaling. Overexpression of betaglycan, Alk-1, Sol RI,

and RIIB enhanced signaling while overexpression of endoglin inhibited signaling and

interestingly, endogenous RIlB levels corresponded with decreased TGF-p responsiveness.

In addition to regulating TGF-p signaling, endoglin and RIlB were demonstrated to be

markers of chondrocyte phenotype with increased expression of both apparent in OA cells.

Endoglin expression was shown to correlate with the dedifferentiated phenotype of human

chondrocytes, decreased levels of type II collagen and a decreased TGF-p responsiveness

establishing a critical link among these factors.

Although clearly implicated in the pathophysiology of cartilage injury, little is known about

TGF-p action in human chondrocytes. Even less has been elucidated regarding TGF-p
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receptors on these cells. With this data, a complex interplay of TGF-f3 receptors on the

surface of human chondrocytes, which play distinct roles in TGF-f3 signaling, has been

established. These receptors may, in fact, confer signaling specificity, define the phenotype

of these cells, infer or alter their TGF-f3 responsiveness, and ultimately affect their

surrounding ECM. Although these studies are now beginning to define the roles of TGF-f3

receptors and their hetero-oligomeric complexes in human chondrocytes, they are but a part

of the highly complex microenvironment of the cell. Further elucidation of their regulatory

actions in the chondrocyte microenvironment must precede the successful application of

TGF-f3 in cartilage repair and regeneration.
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Summary

Degenerative joint disease constitutes a major medical problem in the aging population

and the innate reparative ability of other connective tissues is not shared by articular

cartilage. There is a flaw in the process of regeneration following cartilage injury which

results in a dedifferentiation of type II collagen producing chondrocytes into

fibroblastic-like type I and III collagen producing cells. TGF-~ has emerged as a key

player in the human chondrocyte proliferation and dedifferentiation with contributions to

cartilage healing. Dysregulation of its signaling cascade has been shown to result in

degenerative joint disease in animal models. Despite this, the available infonnation on

TGF-~ receptors and action in human chondrocytes is limited. Endoglin an accessory

TGF-~ receptor binds TGF-~ I and -~3 with high affinity in the presence of RII but does

not bind TGF-~2. This receptor has been shown to fonn complexes with RI and RII, as

well as betaglycan and Alk-I, and to modulate TGF-~ signaling. We have previously

reported the presence of Eg on human chondrocytes and its complex fonnation with BG

occurring in the presence of ligand and ligand independent manner. We have also shown

that endoglin inhibits TGF-~ signaling in chondrocytes.

In the present study, using morpholino antisense oligos of endoglin we show the

suppression of endoglin expression on chondrocytes and ablation of its inhibitory effect

on TGF-~ signaling in these cells. More importantly, we establish a critical link between

endoglin expression, the phenotypic state of the human chondrocyte, its TGF-~

responsiveness, and type II collagen expression. Our results demonstrating endoglin as a

potential marker of chondrocyte phenotype, and establishing the association between its

expression, TGF-~ signaling, and extracellular matrix (ECM) suggest that this accessory
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receptor plays a crucial role in TGF-~ signaling in chondrocytes. Regulation of endoglin

expression and action may lead to novel therapeutic approaches towards enhancing

cartilage regeneration and repair to combat degenerative joint disease.

Key Words: chondrocytes, osteoarthritis, TGF-~ receptors, TGF-~ signaling, endoglin,

phenotype, cartilage, morpholinos
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INTRODUCTION

Joint damage and subsequent dysfunction from articular cartilage injury is an expanding

health problem faced by our aging population. Osteoarthritis (OA I
), a slowly progressive

primarily monoarticular disorder is the most prevalent of all joint diseases and is now

thought to approach an incidence of 60% in those people over the age of 60 years (1,2). It

is characterized clinically by pain, deformity, and a limited range of motion all a result of

underlying cartilage destruction and accompanying joint changes. Articular injury and

hyaline cartilage destruction are also prominent features of rheumatoid arthritis (RA).

Although the prevalence of this chronic systemic inflammatory condition is only 0.3-

1.5% of the population, it affects large subsets of younger patients and being polyarticular

in nature has a profound impact on joint function and activities of daily living (3,4).

Medical treatment of joint diseases has aimed at alleviating patient symptoms but more

recently has targeted the underlying pathophysiology of arthritic changes (reviewed in 5).

Surgical treatment is currently limited to invasive soft tissue rebalancing procedures or

end stage joint replacement. Although the potential for restoring diseased or injured

cartilage has generated much interest, a successful model of cartilage regeneration or

repair has been elusive. This has been attributed to the lack of regenerative or

proliferative ability of mature chondrocytes, their dedifferentiation into fibrocartilage

(type I and type III collagen producing cells) (6) and the avascular state ofthe tissue (7).

1 The abbreviations used are: OA, osteoarthritis; RA, rheumatoid arthritis; N, normal;
ECM, extracellular matrix; TGF-13, transforming growth factor beta; PAl - I,
plasminogen activator inhibitor-I; RI, TGF-13 type I receptor; RII, TGF-13 type II receptor;
PAGE, polyacrylamide gel electrophoresis; FBS, fetal bovine serum; DMEM, Dulbecco's
minimal essential medium; dPBS, Dulbecco's phosphate buffered saline; BSA, bovine
serum albumin; 13-gal, beta-galactosidase; GPI, glycosyl phosphatidylinositol; SBE, Smad
binding element; Col II, type II collagen;
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OA has been viewed as three stages. The first is that of injury. The second is of attempted

repair which rather than regenerating a smooth viscoelastic gliding joint surface leads to

stage 3 highlighted by catabolism and further injury (8). What triggers this inherent flaw

in the process of regeneration, where there is a change from attempt to regenerate matrix

to not only a lack of repair but also to disease progression, is unknown but many theories

exist (8). One is an upregulation of cytokines which are destructive in nature rather than

anabolic. These lead to increased inflammation and enhanced cell death. Another is a

change in chondrocyte phenotype which demonstrates decreased responsiveness to

anabolic factors in the microenvironment of the cell (9) and increased responsiveness to

catabolic factors (10,11). It seems then that it would be of interest to not only be capable

of recognizing chondrocyte phenotype but also to be able to manipulate it. Reliable

markers of phenotype may provide clues as to problems within the cell as well as its

microenvironment and thus avenues to alter this environment to potentiate cartilage

regeneration or repair.

Transforming growth factor P (TGF-P) has emerged as a potential regulator of

chondrocyte growth and differentiation (12,13). It is a member of a large family of

multifunctional proteins intricately involved in growth, differentiation, and development

(14) and was described initially as "cartilage inducing factor" (15). Three distinct

isoforms of TGF-p (TGF-p 1, 2, and 3) which are encoded by distinct genes have been

described in mammals (14). TGF-p is secreted in a latent form that requires activation

before it can bind to its receptors. The TGF-p signal is transduced by a pair of

transmembrane serine/threonine kinases, known as the types I (RI) and II (RII) receptors

which are present on almost all cell types (16-19). RI does not bind TGF-P in the absence
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of RII. The binding of TGF-~ to RIl, a constitutively active kinase, results in the

recruitment, phosphorylation and concomitant activation of RI. Activated RI in tum

transmits the signal via downstream mediators such as Smads, resulting in the regulation

of target gene expression.

The diminished sensitivity to TGF-~ seen by OA chondrocytes has been attributed to

decreased levels of RII (20). Recently we described no difference in RII expression

between normal and OA human primary articular cells but a significant increase in RIlB

expression, a spliced functional variant of RII. Moreover high endogenous levels of RIlB

correlated with decreased TGF-~ responsiveness in phenotypically distinct chondrocytes

(21). Endoglin an accessory TGF-~ receptor, has been implicated as a phenotypic marker

in choriocarcinoma cells (22,23) and shows enhanced expression in RA and OA

synovium (24). Classic indicators of chondrocyte phenotype include cell morphology and

ECM production. Cells have been shown to undergo a change in morphology from a

rounded differentiated type II collagen producing phenotype to an elongated, spindle

shaped fibroblastic looking cell with multiple long processes. In this dedifferentiated state

the cell's capacity for type II collagen production is lost and replaced by enhanced type I

and III collagen synthesis. It is now well established that altering chondrocyte culture

conditions to a three-dimensional (3-D) system maintains the hyaline cartilage phenotype

and also results in redifferentiation of dedifferentiated cells toward the type II collagen

producing phenotype (25-31). In addition, increasing levels of type II collagen in these 3

D culture systems have also been shown to maintain chondrocyte phenotype and may

restore cell response to anabolic factors in the microenvironment (32). The established

link between RIlB and chondrocyte phenotype, identification of endoglin as a cell marker
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In disease states, and their association with cell responsIveness and ECM regulation

suggest that cell surface proteins such as TGF-~ receptors can be added to the list of

accepted markers of chondrocyte differentiation.

With the change in chondrocyte phenotype, there is an accompanying decrease in cell

proliferation, a decrease in cell responsiveness to local factors, and an abnormal matrix

production which all may aid in maintaining this dedifferentiated phenotype and provide

resistance to innate repair. The problem becomes circular in nature. Inability to control

cell phenotype leads to an abnormal microenvironment which then contributes to this

phenotype. Alternatively a change in this microenvironment through injury or altered

levels of regulatory anabolic or catabolic factors may trigger the cell dedifferentiation to

initiate this process.

TGF-~ has been manipulated in the chondrocyte microenviromnent to promote increased

cell proliferation, maintenance of phenotype and ECM production to mediate cartilage

repair (13,33-41). Despite this, local exogenous administration has been plagued with

problems (42,43). An alternative is to modulate the action of endogenous TGF-~ at the

level of its receptors. There is increasing evidence that accessory receptors play an

important role in regulating TGF-~ action locally (44-46). Therefore if TGF-~ receptor

expression could be correlated to chondrocyte phenotype and TGF-~ responsiveness then

these receptors could potentially be regulated locally to restore dedifferentiated cells,

enhance TGF-~ response - cell proliferation and ECM synthesis, and promote cartilage

repaIr.

In the present study, we begin characterizing the cell morphology of immortalized

nonarticular and articular chondrocytes and primary diseased versus normal articular
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chondrocytes and illustrate that morphological changes depict a progressIve

dedifferentiation in monolayer culture. We illustrate how cells derived from primary GA,

RA, and normal primary articular explant cultures follow a predictable cell morphology

related to phenotype. We block endoglin expression and demonstrate that this negates

endoglin's inhibitory effect on TGF-~ signaling in chondrocytes. Significantly, we have

provided evidence that endoglin expression influences type II collagen production. More

importantly, we show that endoglin expression correlates with the dedifferentiated

phenotype of human chondrocytes, decreased levels of type II collagen and a decreased

TGF-~ responsiveness. This critical link between endoglin and the dedifferentiated

chondrocyte, poorly responsive to TGF-~, provides insight into the inadequate inherent

reparative ability of human chondrocytes and suggests that accessory TGF-~ receptors

may provide a novel avenue to locally modulate TGF-~ action to facilitate cartilage

regeneration.

EXPERIMENTAL PROCEDURES

Cell Culture

The immortalized human chondrocyte cell lines (C-28/I2 and tsT/AC62) have been

described previously (47,48). The C-28/I2 cell line was developed using chondrocytes

isolated from juvenile human costal cartilage by retroviral infection with SY-40 large T

antigen. The tsT/AC62 cells were developed using chondrocytes isolated from adult

human articular cartilage by immortalization with a retrovirus expressing a temperature

sensitive mutant of SY-40 large T antigen. This mutant is functional when the cells are

cultured at 32°C but not at 37°C (47).
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Human articular cartilage was obtained intraoperatively from adult total knee arthroplasty

specimens (osteoarthritic cartilage, OA) or from adults with traumatic open joint injuries

with no history of degenerative joint disease and normal appearing cartilage (normal

cartilage, N). For experiments involving fresh cartilage specimens OA samples were

obtained from at least 3 different individuals and for normal tissue from at least 2

different individuals. Therefore experiments comparing diseased versus normal cartilage

were performed in triplicate. Specimens were either digested to obtain monolayer cultures

or protein was directly extracted by solubilization (see below). Digestion of the

specimens was performed according to standard techniques (47). Briefly, cartilage was

washed with phosphate-buffered saline (PBS), incubated with 0.25% trypsin (lOml/g of

tissue) (Invitrogen Life Technologies; Burlington, ON.) for 30 to 45 minutes, minced

with a scalpel, and incubated with hyaluronidase (lOml/g of tissue) and collagenase

(Img/ml; IOml/g of tissue) (both from Sigma Aldrich; Oakville, ON.) overnight. The

suspension was pelleted, washed, and plated at Ix I06 cells/m!. All chondrocytes were

grown in DMEM/Ham's F12 (1: I, v:v) containing 10% fetal bovine serum (FBS) and

100D/ml penicillin, 1001lg/ml streptomycin and 0.251lg/ml amphoteracin (all from

Invitrogen Life Technologies) and maintained at 37°C (C-28/I2, 293) or 32°C

(tsT/AC62) in an atmosphere of5% C02/air.

All experiments were done at early passage (Passage 1-5; P 1-5) unless stated otherwise.

Late passage experiments were performed with cells at Passage 10 (P I0) or above and

recovered passage experiments were performed with chondrocytes immediately recovered

from 3-dimensional (3-0) alginate bead cultures and allowed to settle onto tissue culture

plates. The 3-D alginate culture system has been described previously (27) and is used to
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redifferentiate chondrocytes to their type II collagen producing phenotype. Briefly,

several 10cm plates of chondrocyte monolayers are trypsinized and washed with PBS.

Pelleted cells are resuspended in a 1.2% alginate (Keltone LVCR, NF; ISP Alginates Inc.,

San Diego, CA.) solution at 4 x 106 cells/ml and expressed through a 10ml syringe with a

25 gauge needle into a polypropylene tube containing 102 mM CaCho The suspension was

allowed to polymerize for 10 minutes then are washed with sterile saline. Beads are

decanted into T75 flasks and maintained in regular medium as noted above. After 3

weeks in 3-D culture cells are recovered. Medium is aspirated and beads are washed with

PBS. Alginate is depolymerised with 55 mM Na Citrate (Sigma Aldrich) at 37° for 10

min, cells are dislodged, pelleted, washed with PBS then plated as required for analysis.

Explant cultures were plated from whole cartilage specimens obtained intraoperatively as

described above. Briefly, cartilage was washed repeatedly with sterile PBS and minced

into 2x2mm slices with a scalpel. The bottom of 10cm tissue culture plates were

scratched with a glass pipette to create a grid. Specimens were transferred to the plates

and left exposed to air for a few minutes to promote adherence to the plate and then

covered with medium. After 3-5 weeks, chondrocytes could be seen growing in

monolayers surrounding the explants. Once confluent the cells were trypsinized and

passaged as monolayers.

Phase Contrast Microscopy and H&E Staining

Monolayer cultures of immortalized and primary (OA and N) human chondrocytes were

followed through sequential passages by phase contrast microscopy (Olympus B202;

Carson Group Inc., Markham, ON) and photographed (DC-330; Dage-MTI Inc.,

Michigan City, IN) to document changes in cell morphology. Similarly, explant cultures
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were observed and chondrocytes derived from these explants were followed in monolayer

cultures. Cells suspended in 3-D alginate beads were also visualised and photographed in

this fashion. Both the 3-D matrix as well as the cells within the matrix is identifiable.

Some of these beads were also subjected to cryopreservation and H&E staining prior to

being imaged as described previously (49) with modifications. Briefly, beads were rinsed

with PBS and placed in 15ml tubes with 4% paraformaldehyde solution to cover (Sigma

Aldrich) and left at 4°C for 24 hours. Following this, they were rinsed with PBS and

placed in 20% sucrose solution (Sigma Aldrich) again at 4°C for 24 hrs. The solution was

aspirated beads were covered with tissue embedding media (Histo-Prep; Fisher Scientific,

Nepean, ON) and placed in liquid nitrogen. The beads were stored at -80°C until

sectioning. Samples were cut in 5 flm sections on a microtome and stained in the standard

H&E fashion and left at 50°C overnight to dry.

Blocking Endoglin Expression

The endoglin gene expression was blocked using Morpholino antisense oligos (sequence

CGCGGTCCATGCTGTCCACGT; Gene Tools LLC; Philomath, OR) to bind and

inactivate endoglin mRNA sequences. Morpholinos have the advantage of better

specificity and stability compared to the more commonly used antisense oligos

Phosphorothioates (50). The morpholino oligos were delivered to the chondrocytes as per

manufacturer's instructions (Gene Tools Inc.;51) Briefly, chondrocytes were grown to

90% confluency and the EPEI delivery agent was mixed with either the control oligos

(sequence CCTCTTACCTCAgTTACAATTTATA; Gene Tools LLC) or anti-endoglin

oligos and left at room temperature for 20 minutes. This mixture was then applied to the

cells in serum free medium for 3 hours at 37°C. The reagent was then replaced with
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regular medium and cells were allowed to recover for 24 hours or 48 hours for the initial

experiments. Remaining experiments were then conducted all at 48 hours after delivery of

the oligos as this was found to be the optimal time to reduce endoglin expression.

Affinity Labeling of Cells

Affinity labeling was performed as described previously with modifications (52) Briefly,

monolayers of cells were washed with ice-cold binding buffer [Dulbecco's PBS (dPBS)

with Ca++ and Mg++, pH 7.4 containing 0.1% bovine serum albumin (BSA)] and were

incubated with 100 pM of 1251_TGF_Pl in the absence or presence of varying

concentrations of unlabeled TGF-p I, -p2, or -p3. The receptor ligand complexes were

cross-linked with Bis-sulfocsuccinimidyl suberate (BS3; Pierce; Rockford, 11.). The

reaction was stopped by the addition of glycine and the cell membrane extracts were

prepared. The solubilized samples were separated by SDS-PAGE (3- I 1% gradient) under

non-reducing or reducing (with p-Mercaptoethanol, Sigma Aldrich) conditions and

analyzed by autoradiography. In some experiments chondrocytes were pretreated with the

morpholinos antisense oligos for endoglin or control oligos and a 48 hour recovery time

was permitted prior to affinity labeling.

Immunoprecipitation of Endoglin

The SN6h anti-human endoglin antibody used for immunoprecipitation was from Dako

Inc (Carpinteria, CA.) Immunoprecipitation studies were performed as described

previously (52,53) with modifications. Cells were affinity labeled with 100 pM 1251_TGF

PI, and the membrane extracts were incubated with 3Jlg/ml of the various antibodies and

with respective IgG controls. Immune complexes were then incubated with protein G

Agarose (Roche Diagnostics; Laval, Que.) slurry and the beads were pelleted by
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centrifugation. The immune complexes were analyzed by SDS-PAGE (3-11 % gradient)

under reducing conditions followed by autoradiography.

Western Blot Analysis

To determine the regulation of the phosphorylated form of Smad 2 by TGF-p 1,

chondrocytes were grown to confluency in 6 well plates and serum starved overnight. In

some experiments, prior to Western blotting, cells underwent treatment with morpholino

endoglin or control antisense oligos (Gene Tools) for 48 hours. Alternatively, endoglin

was overexpressed as previously described by our lab (54). Cells were transiently

transfected with l/lg of endoglin expression plasmid or empty vector (EV, pEXV) per

well using Lipofectamine Reagent (Invitrogen Life Technologies) in serum-free medium

according to the manufacturer's specifications. Cells were allowed to recover for 48 hours

in regular medium and serum starved the following day for 4 hours. Cells were then

washed with PBS and treated with 100 pM of TGF-p 1 or -P2 as indicated or left

untreated. Cell lysates were prepared and samples were standardized for protein content

using the Bradford Protein Assay Kit (Bio-Rad; Mississauga, Ont.). The extracts were

then fractionated by SDS-PAGE (7.5% acrylamide) and transferred by electrophoresis to

nitrocellulose membranes (Scheicher and Schuell; Keene, NH.). The membrane was

blocked for 3 hours in a milk protein/Tween blocking solution (1M Tris, pH 7.5; 5M

NaCI; Tween 20,Sigrna Aldrich; Carnation Skim milk powder) and incubated with a

rabbit polyclonal anti-phosphoSmad2 antibody (a gift from Dr. S. Souchelnytskyi,

Uppsala, Sweden; 55,56) or rabbit polyclonal anti-endoglin antibody (SN6h; Dako Inc.)

at 4°C overnight. The membrane was washed and incubated for 1 hour with goat anti

rabbit or rabbit anti-mouse HRP conjugated secondary antibody (Santa Cruz
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Biotechnology Inc.; Santa Cruz, CA) at room temperature and detected using the ECL

system (Amersham Pharmacia Biotech Inc.; Baie d'Urfe, Que.). The membrane was

reprobed with anti-Smad 2 (non-phosphorylated form), anti-Smad2/3, or anti-STAT 3

antibody (all from Santa Cruz Biotechnology Inc.) to confirm equal protein loading.

Luciferase Reporter Assays

The p3TP-Lux (containing the luciferase gene under the control of a portion of the

plasminogen activator inhibitor-I promoter region; 57) and SBE 4 (containing the

luciferase gene under the control of the Smad Binding Element; 58-61) both TGF-p

inducible promoter-reporter constructs were used to determine cellular responsiveness to

TGF-p. OA and normal primary human articular chondrocytes were grown to 90%

confluency in 6-well plates and transiently transfected with I Jlg p3TP-Lux of or pSBE 4

and I Jlg of pp-galactosidase (p-gal) per well using Lipofectamine Reagent (Invitrogen

Life Technologies) in serum-free medium according to the manufacturer's specifications.

Cells were allowed to recover for 48 hours in regular medium, serum starved the

following day for 4 hours, then treated with 100 pM ofTGF-pl overnight. The cells were

lysed and assayed for luciferase activity using the EG&G Berthold Microplate

Luminometer (Berthold Technologies USA; Oak Ridge, TN). Light emission by the TGF

pI treated cells was expressed as a percentage of the emission by the control untreated

cells and adjusted for transfection efficiency obtained using the p-gal assay.

Type II Collagen Detection

Western blot analysis was used to detect levels of type II collagen (Col II). The anti-type

II collagen antibody was purchased from Developmental Studies Hybridoma Band

(DSHB Iowa University, Iowa City, Iowa) and used in the manner previously described
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(25) with modifications. Briefly, chondrocytes were grown to confluency in T25 flasks.

Cells were then washed with PBS, lysates were prepared and samples were standardized

for protein content using the Bradford Protein Assay Kit (Bio-Rad). The extracts were

then fractionated by SDS-PAGE (7.5% acrylamide) and transferred by electrophoresis to

nitrocellulose membranes (Scheicher and Schuell). The membrane was blocked overnight

at 4°C in a milk protein/Tween blocking solution (lM Tris, pH 7.5; 5M NaCl; Tween 20,

Sigma Aldrich; Carnation Skim milk powder) and incubated with the rabbit serum anti

type II collagen antibody at room temperature for 2 hours. The membrane was washed

and incubated for 2 hours with rabbit anti-mouse HRP conjugated secondary antibody

(Santa Cruz Biotechnology Inc.) at room temperature and detected using the ECL system

(Amersham Pharmacia Biotech Inc.). The membrane was reprobed with anti-Smad 2/3 or

anti-STAT 3 antibody (both from Sigma Aldrich) to confirm equal protein loading. In

experiments where chondrocytes were to be treated with morpholino endoglin antisense

oligos (Gene Tools) or transiently transfected with endoglin expression plasmid

(Lipofectamine; Invitrogen Life Technologies) prior to collagen detection the cells were

grown in 6 well plates.

The protocol for extracting protein directly from 3-D alginate chondrocyte beads was

followed as previously described (25). Approximately 5 beads were obtained per sample

required and dissolved in the standard fashion with NaCitrate as noted above with a final

volume of 400111 of buffer per sample. lOOll1 of .25M acetic acid and lOOll1 of pepsin

(Sigma Aldrich) (lmg/ml in 50mM acetic acid; Sigma Aldrich) were added and the

sample left at 4°C for 24 hours. The following day samples were incubated at 37°C with

the addition of lOO1l1 of lOX TSB (lM Tris, 2M NaCI, 50mM CaCh, pH 8) and lOO1l1 of
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pancreatic elastase (Sigma Aldrich) (lmg/ml in Ix TSB) for 30 minutes. They were then

centrifuged for 10 minutes at 9000 x g and standardized for protein content using the

Bradford Protein Assay Kit (Bio-Rad; Mississauga, Ont.). The extracts were then

fractionated by SDS-PAGE (7.5% acrylamide), transferred by electrophoresis to

nitrocellulose membranes (Scheicher and Schuell; Keene, NH.), and blotted for type II

collagen as described above.

Endoglin Detection on Fresh Human Cartilage

To compare endoglin expression by OA and N human cartilage samples, protein extracts

were prepared as described by Gruppuso et al (62) and as in Current Protocols (63).

Briefly, for Sucrose Preparation, tissue was rinsed with dPBS, weighed, minced, and

homogenized using a hand homogenizer in 4 volumes of homogenization buffer (Sucrose

.25M, EDTA ImM, HEPES 50mM pH 7.5) containing a mixture of protease inhibitors

(ImM phenylmethanesulfonyl fluoride, 20 flg·mr 1 aprotinin, 20 flg·mr 1 leupeptin, 20

flg·mr 1 soybean trypsin inhibitor, and 25 mM benzamidine; all from Sigma Aldrich). The

protein fraction was centrifuged at 100,000 x g for 2 hours at 20°C. The supernatant was

removed and the pellet resuspended in HEPES buffer. For SDS Preparation, tissue was

homogenized in a similar fashion but 2ml of Sodium Dodecyl Sulfate (SDS; Bioshop,

Burlington, ON)/solubilization buffer per IOOmg of tissue and boiled for 5 minutes prior

to centrifugation. Protein content of samples was determined using the Bradford Protein

Assay Kit (Bio-Rad), prepared in IX sample buffer, and boiled for 5 minutes. The

samples were then analyzed by 7.5% SDS-PAGE under nomeducing or reducing (with ~

Mercaptoethanol, Sigma Aldrich) conditions and immunoblotted as noted above. Equal
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protein loading was verified by reprobing the membranes with anti-STAT 3 antibody

(Sigma Aldrich).

RESULTS

Growth characteristics and morphology of human chondrocyte lines in monolayer

and alginate beads.

The tsT/AC62 and C-28/12 cell lines provide a reproducible model that mimics human

articular and costal phenotypes respectively (64-67). We have previously confirmed the

chondrocyte phenotype of the immortalized cell lines and the human primary articular

chondrocytes in culture, as shown by the production of aggrecan and type II collagen by

these cells using RTPCR (68).

Here we document the morphology of these cells through serial passages in monolayer

cultures and in 3-D alginate beads. Phase contrast microscopy of early passage C-28/12

cells in monolayer cultures (Fig. lA) can be seen at low (lOX; a) and high (20x; b) optical

magnification and late passage monolayers at low {lOX; c) and high (20X; d) optical

magnification. C-28/12 cell morphology remains unchanged through multiple passages in

monolayer culture. These cells display the typical rounded to polygonal shape on 2-D

tissue culture plates. They are large vacuolated cells which proliferate rapidly in culture

and their growth is not impaired by contact inhibition. Representative chondrocytes have

been outlined to demonstrate this morphology in 2-D. Costal chondrocytes (C-28/12) were

trypsinized and suspended in 3-D alginate beads and maintained in culture for 3 weeks.

The ability of cells to maintain tl1isrounded morpllOlogy is evident (Fig. 1B) at low

(lOX; a,b) and high (20X; c-e) optical magnification.

Consistent with the accepted concept of dedifferentiation of articular chondrocytes in

monolayer cultures (27-29,31,69-71), tsT/AC62 cells when observed through serial
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passages were noted to change morphology (Fig. 2A). Cells in early passage are seen

under high (20X; a,b) optical magnification to have a polygonal shape; however, they

progressively acquire spindle shape morphology with long processes similar to a

fibroblast-like cell as demonstrated by low (lOX; c) and high (20X; d) optical

magnification. Dedifferentiated articular cells (tsT/AC62) of fibroblastic-like morphology

were trypsinized and suspended in 3-D alginate beads and maintained in culture for 3

weeks (Fig. 2B). These cells are evenly distributed throughout the alginate matrix and

maintain the appearance of a rounded differentiated cell as seen under low (lOX; a,b) and

high (20X; c-e) optical magnification. The capacity to redifferentiate chondrocytes to

their original type II collagen producing phenotype has been described (25,27-29,31).

Cryopreservation and H&E staining of some of these alginate beads was performed as

previously described (49) to further demonstrate the nature of the articular cells within the

3-D matrix (Fig. 2C). Eosinophilic stained cytoplasm of chondrocytes is evident under

low (lOX; a) optical magnification. To further delineate the haematoxylin stained nuclear

material within the cells (arrows) two cells have been enlarged (b,c). Despite artefact

created within the 3-D matrix caused by cryopreservation and sectioning of the beads, the

polygonal shape of the redifferentiated articular chondrocytes is appreciated.

Growth characteristics and morphology of primary human chondrocytes in

monolayer and alginate beads.

Human primary articular chondrocytes were obtained intraoperatively from adult total

knee arthroplasty specimens (osteoarthritic cartilage, OA) or from adults with traumatic

open joint injuries with no history of degenerative joint disease and normal appearing

cartilage (normal cartilage, N). Specimens were either enzymatically digested to obtain

monolayer cultures or cultured as explants. These cells were also observed using phase
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contrast microscopy and morphology was documented through serial monolayer passages

with photography. Cell derived from normal healthy adult articular cartilage specimens

are seen at first passage in Fig. 3A. As noted for early passage tsT/AC62 cells, these cells

demonstrate a rounded to polygonal shape on 2-D tissue culture plates throughout early

passages (Passage 1-5; Fig. 3A, a,b) at high (20X) optical magnification. Representative

cells have been outlined to illustrate morphology in 2-D. However, these cells did

undergo morphologic changes consistent with dedifferentiation such as development of a

spindle shape and long processes with late passages (Passage 10 and greater, data not

shown).

Phase contrast microscopy of human articular cartilage explants after 3 weeks in culture

are shown in Fig. 3B at low (lOX; a,b) and high (20X; c,d) optical magnification. In (a)

arrows indicate the regularity of the explant surface. In (c) the arrow denotes a cluster of

chondrocytes and in (d) the arrow denotes the pallisading nature of the cells toward the

cartilage surface. Monolayers of chondrocytes originating from the explants are noted

after 3 weeks in culture as seen at high (20X; e,f) optical magnification. The large

roughened surface seen in the upper right comer of the image in (e) is an area of the tissue

which has been scraped to allow for explant adhesion. Representative cells have been

outlined (e,f) to illustrate morphology in 2-D.

Cell derived from osteoarthritic (OA) adult articular cartilage specimens are seen in Fig.

4A at low (lOX; a,b) optical magnification. As noted for late passage tsT/AC62 cells (Fig.

2A; c,d), these cells demonstrate a spindle shape on 2-D tissue culture plates at first

passage (Fig. 4A; a,b) which persists throughout late passage monolayers (data not

shown). Arrows denote chondrons surrounded by cells of dedifferentiated spindle-shaped

fibroblastic morphology.

392



r

Phase contrast microscopy of human OA cartilage explants after 3 weeks in culture are

depicted in Fig. 4B at low (lOX; a,b) and high (20X; e,f) optical magnification. In (b)

arrows indicate the irregularity of the fibrillated explant surface. Monolayers of

chondrocytes originating from the explants are evident after 3 weeks in culture as seen by

low (lOX; c,e) and high (20X; d,f) optical magnification. In (e,f) arrows illustrate the

dedifferentiated phenotype of the cells as they emerge from the explants prior to

monolayer passaging. A representative cell has been outlined (d) to illustrate the

fibroblastic spindle-like morphology in 2-D.

RA represents another disease state of articular cartilage with poor innate reparative

capacity and insufficient type II collagen production (9). Phase contrast microscopy of

human RA cartilage explants after 3 weeks in culture are seen at low (lOX; a,b) and high

(20X; c,d) optical magnification (Fig. 4C). In (b) arrows indicate the regularity of the

explant surface. However, in (c,d) arrows illustrate the fibroblastic morphology consistent

with a dedifferentiated phenotype of the cells as they emerge from the explants.

Monolayers of chondrocytes originating from the explants are evident after 3 weeks in

culture at low (lOX; e) and high (20X; f) optical magnification. In (e) the arrow illustrates

the dedifferentiated phenotype of the cells as seen with monolayers derived from OA

cartilage (Fig. 4A and B).

Blocking endoglin expression with morpholino antisense oligos.

Traditional approaches to blocking protein expression by cells have involved

Phosphorothioates (50) but morpholinos have recently become available and have the

advantage of better specificity and stability (51). The results shown in Fig. 5 demonstrate

its effectiveness in blocking endoglin expression in human chondrocytes. OA and normal

(N) human primary cells were treated with either the anti-endoglin antisense oligos (Eg)
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or control oligos (C) and allowed to recover for 24 or 48 hours (Fig. 5A). We have

previously reported the presence of endoglin in human chondrocytes and extensively

characterized it's interaction with other TGF-p receptors by affinity labeling,

immunoprecipitation (IP), Western blot, and combined IP-Western (21,54,68). By 24 and

48 hours following antisense treatment endoglin is not apparent in normal primary cells

(Lane 2,5 and 6). Similarly in OA cells endoglin levels are reduced at 24 hours (Lane 8)

and nearly absent at 48 hours (Lane 10). Possible explanations for the residual small band

remaining at the 180 kDa position of the endoglin dimer include that OA primary human

chondrocytes are seen to express very high levels of endoglin (see below) and although

morpholino antisense is preventing new protein production residual endoglin may be

expressed for longer periods of time on the cell surface. In addition, morpholino antisense

is generally not 100% effective; there is some protein production usually of 10-20% (51).

To confirm that the morpholinos was in fact blocking new endoglin expression, Western

blot analysis was performed for endoglin (Fig. 5B). It is evident that the level of endoglin

detectable in OA cells treated with antisense oligos (Lane 3,4; Eg) is reduced as

compared to control oligos (Lane 1,2; C).

Blocking endoglin expression alters TGF-P responsiveness.

To determine the effect blocking endoglin expression would have on TGF-p response,

OA chondrocytes were pretreated with control (Lane 2,5; C) or endoglin antisense (Lane

3,6; Eg) oligos or not treated (Lane 1,4; -). Cells were allowed to recover for 48 hours

then serum starved and treated with 100 pM of TGF-p 1 (+) and Smad 2 phosphorylation

(Smad 2P) was determined by Western blotting with anti-Smad 2P antibody (Fig. 6A). It

has been suggested that endoglin inhibits TGF-p signaling (22) in other cells and we have
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previously reported this in immortalized chondrocyte cell lines where betaglycan

enhances signaling (54). In cells not treated with morpholino antisense (-) or treated with

control oligos (C) TGF-f3 caused a slight up-regulation of Smad 2P (upper panel; Lane

4,5 respectively) as compared to untreated cells (upper panel; Lane 1,2 respectively).

However, cells treated with antisense oligos (Eg) when stimulated with TGF-f31 resulted

in a marked upregulation of Smad 2P (upper panel; Lane 6) as compared to no TGF-f31

stimulation (upper panel; Lane 3). Equal protein loading is demonstrated by STAT 3

Western blotting (lower panel).

The effect of blocking endoglin expression by morpholinos in C-28/I2 cells as compared

to endoglin overexpression on Smad 2P was also investigated (Fig. 6B). In panel A cells

treated with control oligos (Lane 1,3; C) or endoglin antisense (Lane 2,4; Eg) were

allowed to recover for 48 hours, then were serum starved for 4 hours and were left

untreated (-) or treated (+) with 100 pM of TGF-f3 for 15 minutes. A marked up

regulation of Smad 2P with TGF-f31 stimulation is seen for endoglin antisense treated

chondrocytes (Lane 4) as compared to control oligo treated cells (Lane 3). In panel B

cells were transfected with plasmid encoding endoglin (Lane 2,4; Eg) or empty vector

(Lane 1,3; EV) for 48 hours. Cells were then serum starved overnight and left untreated (

) or treated (+) with 100 pM of TGF-f3l. Endoglin overexpression is noted to inhibit

Smad 2P both at endogenous (Lane 2) and exogenous (Lane 4) TGF-f3 1 levels as

compared to empty vector overexpression (Lane! ,3). Equal protein loading IS

demonstrated by STAT 3 Western blotting (panel A and B; lower panels).

Endoglin expression influences type II collagen production.
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Accessory TGF-~ receptors are emergmg as potential modulators of TGF-~ action

(22,45,53,72-75) and in tum may regulate downstream target genes and products. We

were interested in investigating how endoglin expression would affect type II collagen

levels. In Fig. 6C C-28/I2 cells were transfected with plasmid encoding endoglin (panel

A, Lane 3,4; Eg) or empty vector (panel A, Lanel,2; EV) or were treated with endoglin

antisense (panel B, Lane 3; Eg), control oligos (panel B, Lane 2; C) or were left untreated

(panel B, Lane 1; -). Cells were allowed to recover for 48 hours then solubilized extracts

were analyzed for type II collagen by Western blot. Endoglin overexpression (panel A,

Lane 3,4) appeared to result in a downregulation of type II collagen levels whereas

blocking endoglin expression (panel B, Lane 3) caused an increase in type II collagen

levels. Equal protein loading is demonstrated by STAT 3 Western blotting (panel A and

B, lower panels).

Endoglin expression varies with phenotype of immortalized human chondrocytes.

To analyze endoglin expression on human chondrocytes, cells were affinity labeled with

125I-TGF-~1 and the labeled receptors were analyzed by SDS-PAGE. The receptor

profile representative of human articular chondrocytes is illustrated in Fig.7A. We have

previously demonstrated seven major binding complexes of relative molecular weights of

47, 65, 85, 97, 145,180 and 200-300 kDa under nonreducing conditions in human

chondrocytes (68). In addition to Sol RI (47 kDa), RI/Alk-l (65 kDa), RII (85 kDa), RIIB

(97 kDa), the endoglin dimer (180 kDa) and betaglycan (200-300 kDa), a complex of

molecular weight of 145 kDa was detected. This 145 kDa complex likely represents

heterodimers of RI/RII, RVendoglin, or RII/endoglin consistent with our previous

observations (21,68). Also evident is a molecular weight band at 240 kDa representative
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of a higher order complex involving endoglin (68). Results presented here suggest levels

of endoglin expression vary between cells of distinct phenotypes. Late and early passage

tsT/AC62 cells affinity labeled with 100 pM of 1251_TGF-p 1 under nonreducing

conditions (Fig. 7A) reveal that the level of endoglin expression appears higher in late

passage (Lane I; Late) than in recovered passage (Lane 2; Rec) cells.

This differential endoglin expression is also evident by immunoprecipitation (Fig. 7B).

Early and late passage tsT/AC62 cells were affinity labeled with 1251_TGF-p I and

immunoprecipitated usmg anti-endoglin antibody (Lane 2,4; a-Eg) or were not

immunoprecipitated (Lane 1,3; NIP). SDS-PAGE under reducing conditions of the

nonimmunoprecipitated membrane lysate (Lane 1,3; NIP) demonstrated the presence of

TGF-p binding proteins consistent in mobility and size with RI, RII, RIIB, the endoglin

monomer, and betaglycan. The anti-endoglin antibody (a-Eg) immunoprecipitated

endoglin in both early (Lane 4) and late passage (Lane 2) chondrocytes confirming its

expression on these cells yet, more importantly, demonstrated that it is found at slightly

higher levels on late passage chondrocytes. Of note, anti-endoglin antibody co

immunoprecipitated the TGF-p signaling receptors, RIIB, and betaglycan as previously

described by our lab (68,76).

Early, late, and recovered passage tsT/AC62 chondrocytes were also analyzed for levels

of endoglin with Western blot (Fig. 7C; upper panel). Increased endoglin expression

appears to be observed in late passage cells (Lane 2, L) whereas both early (Lane I, E)

and recovered (Lane 3, R) cells expressed lower levels. The membrane was reprobed with

anti-STAT 3 antibody to demonstrate equal protein loading (lower panel). These blots are

representative of the experiments performed in triplicates.
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Cell phenotype and endoglin expression correlate with type II collagen levels.

As mentioned chondrocytes are thought to maintain or regain their inherent phenotype of

a type II collagen producing cell when cultured in 3-D systems (25-31). To confirm that

tsT/AC62 cells in 3-D alginate beads (Fig. 2B) were in fact retaining this phenotype we

assessed their type II collagen production by Western blot. Protein extracts were obtained

as previously described (25). Fig. 7D (panel A) shows detectable levels of type II

collagen from ECM of redifferentiated tsT/AC62 cells cultured in 3-D alginate beads for

3 weeks (Lane 2,3). Standard type II bovine collagen was used as an internal control

(Lane 1).

Similarly we would anticipate that increased levels of type II collagen would be detected

from solubilized extracts of early and recovered tsT/AC62 cells which express a more

differentiated morphology than late passage cells (Fig. 2A). Western blot for type II

collagen (Fig. 7D, panel B) supports this claim. Early (Lane 1, E), late (Lane 2, L) and

recovered (Lane 3, R) passage chondrocytes were cultured in monolayer and solubilized

extracts were analyzed for type II collagen levels. Late passage cells (Lane 2) seem to

exhibit reduced type II collagen levels than early or recovered chondrocytes.

Moreover, OA cells were noted to display a morphology similar to late passage

dedifferentiated tsT/AC62 cells (Fig. 4A and B) suggesting a distinct phenotype from that

of normal human primary chondrocytes which appear to maintain their morphology at

early passages and with explant cultures (Fig. 3A and B). Results of Western blot in Fig.

7D (panel. C) suggest that a dedifferentiated morphology of OA chondrocytes also

corresponds to decreased levels of type II collagen. Monolayers of OA and normal

articular chondrocytes were obtained from explant cultures and solubilized extracts were
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analyzed for levels of type II collagen. It appeared that higher levels of type II collagen

were detectable from normal (Lane 2; N) than from OA cell cultures (Lane I; OA).

Interestingly solubilized extracts of tsT/AC62 early and recovered passage cells (Fig. 7D,

panel B) and protein extracted from beads (Fig. 7D, panel A) apparently had the highest

detectable levels of type II collagen which correlates with diminished endoglin expression

(Fig. 7A, B, and C) on these cells.

Endoglin expression on OA and normal primary human chondrocytes corresponds

to phenotype and TGF-f3 responsiveness.

Thus far evidence is provided that levels of endoglin expression correlate with phenotype

of immortalized chondrocytes and levels of type II collagen. Levels of type II collagen in

OA primary cells appeared lower that that of normal cells (Fig. 7D, panel C) which also

appeared to correspond to a dedifferentiated cell morphology (Fig. 3A and B and Fig. 4A

and B). To determine if these findings could also be related to levels of endoglin found in

diseased OA versus normal human articular chondrocytes Western blot (Fig. 8A) to

detect endoglin on cartilage protein extracts was performed. Sucrose (panel A) and SDS

(panel B) Preparations of primary OA and normal cartilage were obtained as described in

Experimental Procedures and Western blotting was performed to detect endoglin

expression. Endoglin expression appeared higher in protein extracts (Lane 1, panel A and

B) for OA cartilage. Equal protein loading is demonstrated by STAT 3 Western blotting

(panel A and B; lower panels).

To illustrate the sensitivity- of the OA versus normal primary chondrocytes to TGF-f3,

cellular signaling was determined by both a PAl-driven (57) and SBE 4-driven luciferase

reporter assays (58-61). The chondrocytes were transiently transfected with p3TP-Lux or
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pSBE 4 and allowed to recover overnight, then serum starved for 4 hours and were treated

with 100 pM of TGF-p 1 overnight or were left untreated. As illustrated in Fig. 8B,

luciferase activity of OA cells treated with 100 pM of TGF-pl (+) was only mildly

stimulated as compared to untreated cells (-) whereas luciferase activity of nonnal treated

cells (+) was stimulated to a significantly higher level (3TP Lux p=O.03; SBE-4 p=0.05).

The results were nonnalized by co-transfection of the p-gal plasmid.

To demonstrate further the TGF-P responsiveness of phenotypically distinct chondrocytes

we examined TGF-p induced Smad 2P. Cells were treated with 100 pM ofTGF-pl or -P2

for 15 minutes or were left untreated and the phosphorylated fonn of Smad 2 was

detennined using Western blot analysis. In Fig. 8C (panel A) stimulation of C-28/I2 cells

with TGF-pl resulted in an up-regulation Smad 2P (Lane 3) as compared to untreated

cells (Lane 1). Up-regulation of Smad 2P was also noted for C-28/I2 cells stimulated with

TGF-P2 (Lane 5) but to a lesser extent than that seen with -P 1 treatment. OA

chondrocytes treated with TGF-p 1 (Lane 4) show a slight up-regulation of Smad 2P as

compared to untreated cells (Lane 2). However, treatment of OA chondrocytes with TGF

P2 did not result in an increase in Smad 2P levels (Lane 6). The membrane was reprobed

with anti-STAT 3 antibody to demonstrate equal protein loading (lower panel).

Responsiveness to TGF-p 1 was also compared for OA and nonnal primary articular

chondrocytes using Smad 2P as a marker of responsiveness (Fig. 8C, panel B). Up

regulation of Smad 2P is evideI1t for nonnal chondrocytes treated with TGF-p 1 (Lane 4)

as compared to untreated cells (Lane 2). Again, stimulation of OA cells with TGF-p 1

(Lane 3) results in a mild increase in Smad 2P levels as compared to untreated cells (Lane

1). This data is representative of duplicate experiments. C-28/I2 cells were shown to have

400



lower levels of endoglin expressIOn by affinity labeling and Western blot (data not

shown) as compared to articular cells (tsT/AC62). OA chondrocytes were demonstrated

to have high levels of endoglin expression (Fig. 8A) as compared to normal chondrocytes.

This suggests that endoglin expression is increased on dedifferentiated cells, which

corresponds to a significant decrease in TGF-p responsiveness seen for OA chondrocytes

(Fig. 8B and C).

DISCUSSION

Injury to a joint, whether traumatic, associated with autoimmune phenomena or of

unknown etiology, results in disruption of the regular viscoelastic hyaline cartilage and

ultimately joint dysfunction manifested by pain and decreased range of motion.

Connective tissue such as ligament, synovium and bone have the capacity for innate

repair following injury, however, articular cartilage is not afforded this regenerative

ability. This has been attributed to the lack of regenerative or proliferative ability of

mature chondrocytes, their dedifferentiation into fibrocartilage (type I and type III

collagen producing cells) (6) and the avascular state of the tissue (7). This

dedifferentiation into fibrocartilage cells and shift in collagen production away from type

II highlights the importance of cell phenotype in governing tissue repair. In tum, the

influence of a 3-D culture system on regulating chondrocyte phenotype is well established

(25-31 ).

Not only do structural aspects of the cells' microenvironment modulate their state of

differentiation but growth factors and cytokihes have also been implicated in this control.

TGF-p has emerged as a potential regulator of chondrocyte growth and differentiation

(12,13). A positive relationship between cellular maturity and proliferative response to
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TGF-~ has been demonstrated in growth plate chondrocytes (12). Furthermore,

chondrocytes derived from the different layers of articular cartilage are differentially

stimulated by TGF-~ (13). TGF-~ administration has been linked to increased ECM

production, enhanced cell proliferation, and cartilage healing (33-41,77) whereas

dysregulation of the TGF-~ signaling cascade has been shown to result in degenerative

joint disease in two murine models (78,79). Therefore it is imperative to understand how

TGF-~ relates to cell phenotype and conversely how cell phenotype correlates with TGF-

~ responsiveness and to elucidate whether TGF-~ receptors are markers of human

chondrocyte phenotype. Determining how phenotype, TGF-~ receptors and

responsiveness all correspond to ECM turnover is critical to understanding cartilage

regeneration and repair.

In the present study we characterized the cell morphology of human chondrocytes and

demonstrated a progressive dedifferentiation of articular cells in monolayer culture in

agreement with the findings of others. We illustrated that cells derived from primary OA

and RA articular explant cultures exhibit dedifferentiated cell morphology unlike those

derived from normal articular explants. We have blocked endoglin expression with the

use of morpholino antisense oligo nucleotide technology to demonstrate that this negates

the inhibitory effect of endoglin on TGF-~ signaling in chondrocytes. We provided

evidence that endoglin overexpression appears to lower type II collagen levels and that

blocking endoglin expression appears to raise this level. More importantly, we have

-- - -----" - .. _._------- - -- ----"

shown that endoglin expression correlates with the dedifferentiated phenotype of human

chondrocytes, decreased levels of type II collagen and a decreased TGF-~ responsiveness

establishing a critical link amongst these factors.
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The tsT/AC62 and C-28/I2 cell lines provide a reproducible model that mimics human

articular and costal phenotypes respectively (64-67). Our results presented in Fig. 1 and 2

substantiate the reported behaviour of articular and nonarticular chondrocytes in culture.

The polygonal morphology of C-28/l2 cells remained unchanged through multiple

passages in monolayer culture (Fig. I A) and when suspended in 3-D alginate beads the

chondrocytes maintain this rounded morphology beyond 3 weeks in culture (Fig. IB).

The phenomenon of articular chondrocyte dedifferentiation when proliferated m

monolayer culture is well accepted (25-31,80-82). Specifically, ECM of differentiated

articular chondrocytes consists primarily of type II collagen and cartilage-specific

proteoglycan. During serial monolayer culture this phenotype is replaced by that of a type

I and III collagen and low level of proteoglycan producing cell. Various 3-D culture

systems including alginate bead suspensions are seen to redifferentiate these cells toward

a spherical morphology and distinct type II collagen containing ECM which can be

separated into a cell associated or interterritorial matrix. The loss of normal 3-D

architecture of hyaline cartilage likely contributes to this loss of phenotype by altering

cell-cell and cell-matrix interactions. In addition it may alter the delivery of other local

regulatory factors to the chondrocyte indirectly affecting their responsiveness to them.

tsT/AC62 cells observed through serial passages were noted to change morphology. At

early passage cells can be seen to have a polygonal shape, however, they progressively

acquire spindle shape morphology with long processes similar to a fibroblast-like cell

(Fig. 2A). The capacity to redifferentiate chondrocytes to their origiflal type~lLc911ag~IL~_ _

producing phenotype has been described (25-31) and an actual cell associated ECM can

be appreciated as distinct from more distant generalized ECM within these systems

(27,34,38). We show that articular cells of fibroblastic-like morphology suspended in 3-D
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alginate beads acquire the appearance of a rounded differentiated cell which is maintained

beyond 3 weeks in culture (Fig. 2B) and thus is not an artefact of trypsinization from

monolayer.

This morphologic change represents one aspect of the articular chondrocytes' phenotypic

expression. Cells also exhibit an increased expression of proteolytic enzymes and

suppression of their inhibitors, increased expression of pro-inflammatory cytokines (IL-I,

IL-6, and TNF-a), increased cell death through apoptosis, and increased levels of nitric

oxide (83). Sox9 a critical enhancer of transcription of type II collagen is upregulated in

mice OA chondrocytes likely as attempt to regenerate injured ECM (84), however, type

III and X collagen are also upregulated (85) suggesting a misdirected attempt at repair.

The morphologic change toward a fibroblastic-like cell is a well recognized phenomenon

of accompanying dedifferentiation of articular chondrocytes in monolayer cultures.

However, results presented in Figs. 3 and 4 demonstrate that this dedifferentiation is not

simply a manifestation of cells grown in monolayer culture but is also likely evident in

vivo. Cells derived from digestion of normal healthy adult articular cartilage specimens

(Fig. 3A; a,b) demonstrated a rounded to polygonal shape on 2-D tissue culture plates

throughout early passages and dedifferentiated into fibroblastic-like cells after serial

monolayer passages (data not shown). Similarly, cells derived from normal cartilage

explants at early passages (Fig. 3B; e,t) appeared to have a differentiated morphology.

Interestingly, cells derived from OA articular cartilage specimens (Fig. 4A; a,b) at first

passage already exhibit a spindle shaped dedifferentiated morphology. Moreover,

chondrocytes budding from OA explants display a spindle shape with long process

consistent with a dedifferentiated phenotype (Fig. 4B; c-t). This appearance of OA
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articular cells thus is not simply a manifestation of progressive monolayer culture and

suggests that these cells probably exhibit this deranged phenotype in vivo. RA represents

another disease state of articular cartilage with poor innate reparative capacity and

insufficient type 11 collagen production to overcome injury (reviewed in 9). Cells

immediately derived from RA explants (Fig. 4C; c,e,£) displayed a similar

dedifferentiated morphology as those cells derived from OA explants which suggests that

these cells also exhibit a deranged phenotype in vivo and not simply as a result of

monolayer culturing.

Endoglin, a homodimeric transmembrane protein of ~180 kDa, composed of disulfide

linked protein subunits of ~95 kDa, has limited species-specificity and shows 70%

homology to betaglycan and was thought to have a limited tissue distribution (23,54,86

88). Two different isoforms, Land S-endoglin, have been described with their encoding

gene on chromosome 9q34 (89). Hereditary hemorrhagic telangiectasia (HHT) is

attributable to mutations in the endoglin gene with each mutation providing a slightly

modified disease phenotype (90). Heterozygotes, both human and animal models, display

the classic phenotype of epistaxis, telangiectasia, and visceral vascular malformations

(91). Null alleles are embryonically lethal secondary to abnormal yolk sac vasculogenesis

and abnormal cardiac development (92). The specific function of endoglin responsible for

HHT is likely related to alterations in TGF-~ action (22,93).

Endoglin is able to form a complex with RII (94) and to facilitate ligand binding to the

types I and II receptors (22). However, over-expression of endoglin decreases TGF-~

responses in monocytes and myoblasts (22,72,87). The short cytoplasmic tail of endoglin

was previously thought to be devoid of catalytic activity (95,96) but recently has been
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shown to be intricately involved in phosphorylation of and by the TGF-~ signaling

receptors (75). Despite this, its role in TGF-~ signaling is poorly understood. When

overexpressed in myoblasts, endoglin inhibits, while betaglycan enhances TGF-~

responses (22,72). Endoglin has also been reported to antagonize TGF-~ action in human

microvascular endothelial cells (88). The current signaling paradigm is that endoglin

cannot bind ligand in the absence of the respective type II ligand binding receptor (22,97).

Recently we identified the presence of Eg on human chondrocytes and its complex

formation with BG occurring in the presence of ligand and ligand independent manner

(68) and in the absence of betaglycan's cytoplasmic domain or carbohydrate side chains

(54). We have also shown that TGF-~l binding by endoglin is enhanced by betaglycan

but not the signaling receptors. Also, we have demonstrated that endoglin binds TGF-~1

independently of RII but requires the presence of betaglycan. Overexpression of endoglin

was seen to inhibit while betaglycan enhanced TGF-~ 1, ~2, and ~3 responses in human

chondrocytes (54).

Here we show the use of morpholino antisense oligo nucleotide technology to block

endoglin expression and that this negates the inhibitory effect of endoglin on TGF-~

signaling in chondrocytes. Fig. 5A and B demonstrate, by affinity labeling and Western

blot of endoglin, the ability of morpholino antisense oligos to block endoglin expression

in OA and normal primary human articular chondrocytes and chondrocyte cell lines (data

not shown). The effect of blocking endoglin expression by antisense on TGF-~

responsiveness was determined (Fig. 6A and B). TGF-~ 1 treatment of chondrocytes

overexpressing endoglin was demonstrated to inhibit Smad 2P whereas blocking of

endoglin expression in cells caused an up-regulation of Smad 2P with TGF-~1 treatment.
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This confinns that endoglin overexpression inhibits TGF-p 1 signaling in chondrocytes

and blocking endoglin expression negates this inhibition.

Fig. 6C demonstrated that endoglin expression influences type II collagen levels in

human chondrocytes. Endoglin overexpression resulted in a decreased levels of type II

collagen and blocking its expression negated this effect. TGF-p has been extensively

implicated in the regulation of ECM (98-103, reviewed in 104). In addition, endoglin

itself has been implicated in the regulation of ECM; its overexpression in human

mesangial cells has been shown to conversely decrease type I and IV collagen production

(105). Recently, we have shown that RIIB overexpression in chondrocytes leads to an

increased expression of type II collagen (21).

TGF-p receptor expression in chondrocytes likely contributes to the TGF-p

responsiveness of the cell and also its regulation of ECM. Decreased levels of RII in OA

chondrocytes has been implicated in their diminished sensitivity to TGF-p (20). We were

unable to detect a difference in RII expression between nonnal and OA human primary

articular cells but noted a significant increase in RIIB (a spliced functional variant of RII)

expression in OA chondrocytes as compared to nonnal cells (76). Moreover, we found

that the endogenous levels of RIIB correlated with decreased TGF-p responsiveness in

phenotypically distinct chondrocytes (21). Here we show that endoglin expression

modulates TGF-p responses in human chondrocytes and regulates type II collagen levels.

Endoglin has been implicated as a phenotypic marker in choriocarcinoma cells (22) and

-shows enhanced expression in RA and OA synovium (24). To detennine whether

endoglin also acts as a phenotypic marker in human chondrocytes we analyzed the

expression of endoglin in cells of distinct phenotype. Fig. 7A, B, and C demonstrated that
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endoglin levels appeared higher in late passage dedifferentiated cells than in early passage

cells or those immediately recovered from alginate beads suggesting that it is

differentially expressed by cells of distinct phenotypes. We show that, interestingly, this

endoglin expression not only correlates with the dedifferentiated phenotype but also with

type II collagen levels. Levels of type II collagen seemed to be higher in cultures of

differentiated chondrocytes was compared to cells of dedifferentiated phenotype (Fig.

7D). This finding was consistent for chondrocyte lines as well as primary cells. OA cells

are considered to represent a dedifferentiated phenotype (Fig. 4A, B) (reviewed in 8,106).

As anticipated we found these cells to express large amounts of endoglin (Fig. 8A) and

corresponding decreased type II collagen levels (Fig. 7D) as compared to normal primary

articular cells.

Thus, we determined that endoglin expression corresponds to chondrocyte phenotype and

type II collagen levels. As mentioned, the diminished TGF-p sensitivity of OA

chondrocytes has been attributed to decreased levels of RII (20). In OA human explants

where upper layers of chondrocytes were shown to have an altered phenotype they in fact

appeared to be more TGF-p sensitive (107). Our new data of increased endoglin

expression on dedifferentiated cells, taken together with its negative regulation of TGF-p

signaling, suggests that OA cells should show a decreased TGF-p responsiveness.

Luciferase reporter assays (Fig. 8B, statistically significant) and Western blot for Smad

2P (Fig. 8C) confirmed that phenotypically deranged OA chondrocytes exhibit markedly

reduced TGF-p respohsiVeness as-compared to normal primary cells.

Mice expressmg a dominant negative form of RII (78) have joints histologically

resembling human osteoarthritis and similarly homozygote Smad 3 knockout mIce
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develop degenerative joint disease (79). Both of these models suggest that a dysregulation

of the TGF-~ signaling pathway results in articular cartilage degeneration and joint

changes. A third model of TGF-~ dysregulation in mice, however, does not result in any

recognizable joint changes. Mice which are homozygote knockouts for endoglin die in

utero from abnormal yolk sac development and disorganized vasculogenesis.

Heterozygotes survive and display a phenotype remarkably similar to human patients

with Hereditary Hemorrhagic Telangiectasia (HHT I). The abnormality in their TGF-~

signaling cascade in this case is a downregulation of endoglin expression. We have shown

that endoglin inhibits TGF-~ signaling in chondrocytes and is related to a decrease in type

II collagen levels. Therefore, reduction in endoglin expression may provide joint

protection through up-regulation ofTGF-~ signaling and higher levels of type II collagen.

HHT mice do not show evidence of degenerative joint disease (91,92, I08-11 0) and a

recent review of 78 human patients with HHT which did not reveal any trend towards

joint disease in these patients regardless of advancing age (personal communication from

Dr. S. Shapshay; Boston, MA ; 111,112). This supports the theory of diminished endoglin

expression protecting against degenerative joint changes since the development of

degenerative joint disease is a prominent feature of several mice lineages at advanced age

as well as having high incidence in the aging human population.

In summary we have characterized the cell morphology of immortalized nonarticular and

articular chondrocytes and primary diseased versus normal articular chondrocytes all of

which, apart from costar-choridrocytes; display :Cprogressive dedifferentiation in serial

monolayer cultures. We demonstrated that cells derived immediately from normal

articular cartilage display morphologic characteristics of differentiated cells whereas cells
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derived immediately from OA or RA cartilage present morphologic characteristics

consistent with a dedifferentiated phenotype. This suggests that the deranged phenotype

of diseased chondrocytes is an in vivo phenomena and not a manifestation of monolayer

cultures. In addition, we showed the ability to block endoglin expression through the use

of morpholino antisense oligo nucleotide technology and that this negated the inhibitory

effect of endoglin on TGF-p signaling in chondrocytes. Significantly, we provided

evidence that endoglin overexpression inhibits type II collagen levels and blocking of its

expression results in an upregulation of type II collagen. More importantly, we have

demonstrated that endoglin expression correlates with the dedifferentiated phenotype of

human chondrocytes, decreased levels of type II collagen, and a decreased TGF-p

responsiveness. We have established a novel association between endoglin expression,

dedifferentiated chondrocytes and the inherent decrease in TGF-p responsiveness of OA

chondrocytes. This identification of endoglin as a potential marker of chondrocyte

phenotype and its critical link with ECM, specifically type II collagen, may provide an

avenue to locally modulate TGF-p action towards cartilage regeneration and repair.

FIGURE LEGENDS

Fig. 1. Growth characteristics and morphology of human costal chondrocytes in

monolayer and alginate beads. A: Phase contrast microscopy of C-28/I2 cells in

monolayer cultures. Early passage monolayers. Magnification lOX (a) and 20X (b)

optical zoom. Late passage monolayers. Magnification lOX (c) and 20X (d) optical zoom.

- Representative cells have been-outlined to illustrate morphology in 2·D. B: Phase contrast

microscopy of C-28/I2 cells suspended in 3-D alginate beads and maintained for 3 weeks

in culture. Magnification lOX (a,b) and 20X (c-e) optical zoom.
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Fig. 2. Growth characteristics and morphology of human articular chondrocytes in

monolayer and alginate beads. A: Phase contrast microscopy of tsT/AC62 cells in

monolayer cultures. Early passage monolayers. Magnification lOX (a) and 20X (b)

optical zoom. Late passage monolayers. Magnification lOX (c) and 20X (d) optical zoom.

B: Phase contrast microscopy of tsT/AC62 suspended in 3-D alginate beads and

maintained for 3 weeks in culture. Magnification lOX (a,b) and 20X (c-e) optical zoom.

C: Histology of tsT/AC62 cells in 3-D alginate beads. Magnification lOX (a) optical

zoom. Inserts of cells have been enlarged (b,c). Note that the cryopreservation has caused

some distortion of the cells and surrounding architecture.

Fig. 3. Growth characteristics and morphology of primary human articular explants

and chondrocytes in monolayer. A: Phase contrast microscopy of primary human

articular chondrocytes obtained through enzymatic digestion of cartilage as described in

Experimental Procedures in monolayer cultures. First passage monolayers. Magnification

20X (a,b) optical zoom. Representative cells have been outlined to illustrate morphology

in 2-D. B: Phase contrast microscopy of human articular cartilage explants after 3 weeks

in culture. Magnification lOX (a,b) and 20X (c,d) optical zoom. In (a) arrows indicate the

regularity of the explant surface. In (c) the arrow denotes a cluster of chondrocytes and in

(d) the arrow denotes the pallisading nature of the cells toward the cartilage surface.

Monolayers of chondrocytes originating from the explants are noted after 3 weeks in

culture. Magnification 20X (e,t) optical zoom. The large roughened surface seen in the

upper right corner of the iIIlag~jI1 (~)js_ a.!l.a..r~a.oLth~Jissue~llJm[~Qlat~F:hi9h hasl:>~en

scraped to allow for explant adhesion. Representative cells have been outlined (e,t) to

illustrate morphology in 2-D.
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Fig. 4. Growth characteristics and morphology of primary human OA and RA

explants and chondrocytes in monolayer. A: Phase contrast microscopy of primary

human OA chondrocytes obtained through enzymatic digestion of cartilage as described

in Experimental Procedures in monolayer cultures. First passage monolayers.

Magnification lOX (a,b) optical zoom. Arrows denote chondrons surrounded by cells of

dedifferentiated spindle-shaped fibroblastic morphology. B: Phase contrast microscopy of

human OA cartilage explants after 3 weeks in culture. Magnification lOX (a,b) optical

zoom. In (b) arrows indicate the irregularity of the explant surface. Monolayers of

chondrocytes originating from the explants are noted after 3 weeks in culture.

Magnification lOX (c,e) and 20X (d,f) optical zoom. In (e,f) arrows illustrate the

dedifferentiated phenotype of the cells as they emerge from the explants. A representative

cell has been outlined (d) to illustrate morphology in 2-D. C: Phase contrast microscopy

of human RA cartilage explants after 3 weeks in culture. Magnification lOX (a,b) and

20X (c,d) optical zoom. In (b) arrows indicate the regularity of the explant surface. In

(c,d) arrows illustrate the dedifferentiated phenotype of the cells as they emerge from the

explants. Monolayers of chondrocytes originating from the explants are noted after 3

weeks in culture. Magnification lOX (e) and 20X (f) optical zoom. In (e) the arrow

illustrates the dedifferentiated phenotype of the cells as is seen with monolayers derived

from OA cartilage (Fig. 4A and B).

Fig. 5. Blocking endoglin expression with morpholino antisense oligos. Affinity

labeling and Western blot demonstrate inhibition of ~pdoglinexp[e~~ionby'.antisenj;~.A; ...__ .. _

Normal and OA primary human chondrocytes were grown in monolayers and then were

treated with morpholino endoglin antisense (Eg; Lane 2,5,6,8,10) or control oligos (C;

Lane 1,3,4,7,9). At 24 (Lane 1,2,7,8) or 48 (Lane 3-6,9,10) hours cells were affinity
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labeled with 100 pM of 1251_TGF-~ I and solubilized extracts analyzed by SDS-PAGE (3

II % gradient gels) under nonreducing conditions followed by autoradiography. B: OA

monolayer cultures were treated with morpholino endoglin antisense (Lane 3,4; Eg) or

control oligos (Lane 1,2; C). At 48 hours solubilized cell extracts were analyzed by SDS

PAGE (7.5% acrylamide) under reducing conditions and transferred onto nitrocellulose

membrane. The membrane was immunoblotted with anti-endoglin antibody (upper panel)

and the ECL system was used for chemiluminescence detection. The membrane was

reprobed with anti-STAT 3 antibody to verifY equal protein loading.

Fig. 6. The effect of endoglin overexpression or antisense on TGF-~ response and

type II collagen in human chondrocytes. Western blot of anti-phosphoSmad 2 (AlB)

and type II collagen (C). OA (Fig. 6A) or C-28/12 (Fig. 6B) cells were grown in

monolayers and then were treated with morpholino endoglin antisense (Fig. 6A, Lane 3,6;

Fig. 6B, panel A-Lane 2,4; Fig. 6C, panel B-Lane 3; Eg), control oligos (Fig. 6A, Lane

2,5; Fig. 6B, panel A-Lane 1,3; Fig. 6C, panel B-Lane 2; C) or were left untreated (Fig.

6A, Lane 1,4; Fig. 6C, panel B-Lane 1; -). Alternatively, cells were transiently transfected

with pEXV (Fig. 6B, panel B-Lane 1,3; Fig. 6C, panel A-Lane 1,2; EV) or pEg (Fig. 6B,

panel B-Lane 2,4; Fig. 6C, panel A-Lane 3,4; Eg). At 48 hours solubilized cell extracts

pretreated with 100 pM of TGF-B I for 15 minutes (Fig. 6A, Lane 4-6; Fig. 6B, panel A

and B, Lane 3,4; +) or left untreated (Fig. 6A, Lane 1-3; Fig. 6B, panel A and B, Lane

1,2; -) were analyzed by SDS-PAGE (7.5% acrylamide) under reducing conditions and

transferred onto nitrocellulose membrane. The membrane was immunoblottedwith- an ---

antibody against the phosphorylated form of Smad 2 (AlB, upper panels) or anti-type II

collagen antibody (C, upper panels). The ECL system was used for chemiluminescence
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detection. Immunoblotting using an antibody directed against the STAT 3 was performed

to illustrate equal protein loading (lower panels).

Fig. 7. Endoglin expression correlates with phenotype of human chondrocytes. A/B:

Recovered and early passage differentiated human articular chondrocytes express lower

levels of endoglin than late passage cells. tsT/AC62 cells grown in early or late passage

monolayers or recovered from beads (allowed to settle onto tissue culture plates for 24

hours prior to treatment) were affinity labeled with 100 pM of 1251_TGF-p l. Solubilized

cell extracts immunoprecipitated with anti-endoglin antibody (Fig. 7B, Lane 2,4; a-Eg) or

not immunoprecipitated (Fig. 7A, Lane 1,2; Fig. 7B, Lane 1,3; NIP) were analyzed by

SDS-PAGE (3-11 % gradient gels) under nonreducing (A) or reducing (B) conditions

followed by autoradiography. C: Endoglin expression as detected by Western blot is

higher in late passage articular cells as compared to early and recovered passages. Early

(Lane I, E), late (Lane 2, L) and recovered (Lane 3, R) passages of tsT/AC62 cells were

grown to confluency in T25 flasks and solubilized cell were analyzed by SDS-PAGE

(7.5% acrylamide) under nonreducing conditions and transferred onto nitrocellulose

membrane. Western blotting was performed using antibody directed against endoglin

(upper panel) and the ECL system was used for chemiluminescence detection. The

membrane was reprobed with antibody directed against STAT 3 (lower panel) to verify

equal protein loading. D: Cell phenotype and endoglin expression correlate with type II

collagen levels. tsT/AC62 cells were resuspended in alginate beads and maintained in

culture for three weeks. Protein was extracted directly from 3-D alginate beads (described-- -- ---- - -

in Experimental Procedures; panel A, Lane 2,3). Early (Lane I, E), late (Lane 2, L), and

recovered (Lane 3, R) passages of tsT/AC62 cells (panel B) or OA (Lane 1, OA) and
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nonnal (Lane 2, N) primary articular chondrocytes (panel C) were grown to confluency in

T25 flasks. Western blotting for type II collagen was perfonned by described in C with

anti-type II collagen antibody. In panel A bovine collagen (Lane I) was used as a

standard control. Membranes were reprobed with antibody directed against Smad 2/3

(panel B) or STAT 3 (panel C) to verifY equal protein loading.

Fig. 8. Endoglin expression in OA and normal human articular cartilage

corresponds to phenotype and TGF-13 responsiveness. A: Western blot shows variable

endoglin expression with distinct chondrocyte phenotypes. Sucrose (panel A) and SDS

(panel B) Preparations of protein extracts of human articular OA (Lane 1, OA) and

nonnal (Lane 2, N) cartilage were prepared as described in Experimental Procedures and

were analyzed by SDS-PAGE (7.5% acrylamide) under reducing (panel A) and

nonreducing (panel B) conditions respectively and transferred onto nitrocellulose

membrane. Western blotting was perfonned with anti-endoglin antibody (upper panels)

and the ECL system was used for chemiluminescence detection. Membranes were

reprobed with antibody directed against STAT 3 (lower panels) to verifY equal protein

loading. B/C: TGF-l3l responsiveness of costal and primary articular OA and nonnal

chondrocytes. B: Nonnal and OA cells obtained by enzymatic digestion of cartilage were

grown to confluency in 6 well plates and then transiently transfected with p3TP-Lux or

pSBE 4 and pl3-gal. 24 hours after transfection, cells were treated with 100 pM of TGF

131 (+) overnight or left untreated (-). Luciferase activity was detennined, nonnalized

using the l3-gal assay and expressed in relative light units (RLU) as a percent control of

untreated cells. Values of statistical significance are indicated by an asterisk. C: Nonnal

(panel B, Lane 2,4) and OA (panel A, Lane 2,4,6; panel B, Lane 1,3) primary articular
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chondrocytes and C-28/I2 (panel A, Lane 1,3,5) cells were grown to confluency in

monolayers. Solubilized extracts pretreated with 100 pM of TGF-B I (panel A, Lane 3,4;

panel B, Lane 3,4) or -P2 (panel A, Lane 5,6) for 15 minutes or left untreated (panel A,

Lane 1,2; panel B, Lane 1,2) were analyzed by SDS-PAGE (7.5% acrylamide) under

reducing conditions and transferred onto nitrocellulose membrane. The membranes were

immunoblotted with an antibody against the phosphorylated form of Smad 2 (upper

panels) and reprobed with antibody directed against non-phosphorylated Smad 2 or STAT

3 to illustrate equal protein loading.
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Fig. H. Dedifferentiated primary articular chondrocytes are less TGF-(3 responsive

than dedifferentiated cells. Stimulation of Smad 2 phosphorylation by TGF-(31. Nonnal

articular cartilage was either enzymatically digested and plated through serial monolayer

passages (Late) representing dedifferentiated cells or early passage monolayer cultures

were obtained from articular cartilage explants (Early) representing differentiated cells.

Chondrocytes were treated with 100pM ofTGF-I31 for 15 or 30 minutes (Lane 2,4,6,8; +)

minutes or were left untreated (Lane 1,3,5,7; -), analyzed by SDS-PAGE (3-11%

gradient) under reducing conditions. Western blotting was perfonned with an antibody

against the phosphorylated fonn of Smad 2 and the ECL system was used for

chemiluminescence detection.
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DISCUSSION

BACKGROUND AND OVERVIEW OF FINDINGS

The human articular cartilage, which covers the ends of diarthrodial joints, is an

extremely complex tissue. The intricate association between chondrocytes, its sole host

cell, and their surrounding specialized ECM provide cartilage with its unique visco-elastic

properties. It is this character of hyaline cartilage which allows for a joint surface that not

only resists force and absorbs shock but also permits for a gliding, painless range of

motion.

Because of its prevalence in the elderly population (Sack 1995, Oddis 1996, Praemer et al

1999, Buckwalter and Lappin 2000, Buckwalter et al 2000), degenerative joint disease

has been considered to result from tissue aging. However, it has now been ascertained

that the processes which accompany the normal aging of articular cartilage are distinct

from true pathologic states (Martin and Buckwalter 2002). Normal aging results in an

increased risk of pathologic joint changes by compromising the ability of the chondrocyte

to maintain or restore tissue. In the aging state, hyaline cartilage is vulnerable to

secondary insults - morphologic, biochemical, or biomechanical in nature. Whether this

insult is in the form of direct joint injury, inflammation, or an imbalance in regulatory

factors in the microenvironment, it disrupts the tightly regulated ECM-chondrocyte

milieu and leads to cartilage degeneration.

However, human articular cartilage degeneration does not result in healing with parent

like tissue as is seen with other connective tissues (Mankin 1982). Instead, following a

partial thickness injury, inappropriate intrinsic repair with fibrocartilage is inevitable

(reviewed in Mankin 1982). Extrinsic repair of full thickness defects, impinging on
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subchondral bone, involves healing through fibrin clot formation and MSC precursors.

Although this form of tissue regeneration may initially stimulate hyaline cartilage

production, similar to intrinsic repair, it ultimately results in a fibrocartilage filled defect

and a scarred unstable joint surface (Lieberman et a1 2002, reviewed in Mankin 1982).

Throughout the preceding four decades, the approaches aimed at cartilage repair have

been numerous and diverse. Attempts to promote extrinsic healing by converting partial

thickness lesions to full thickness defects were made before it was fully appreciated that

the nature of the tissue filling the defect was fibrocartilage and that this did not constitute

a physiologically and biomechanically acceptable repair (Insall 1974, Mitchell and

Shepard 1976). Attempts to transplant mature or precursor cells into the defect, in hopes

that they would regenerate the deficient hyaline ECM, were equally unsuccessful. In

addition, whole tissue exp1ants of hyaline cartilage, periosteum, and perichondrium were

attempted; however, these did not consistently incorporate into joint defects, and at best

resulted in a mixed picture of hyaline and fibrocartilage and a non-uniform articular

surface (Engkvist and Wi1ander 1979, Wakitani et a1 1994, Odenbring et a1 1992, Aston

and Bentley 1986, Kawabeand Yoshinao 1991).

The lack of appropriate intrinsic hyaline repair by articular cartilage has been attributed to

the avascular state of the tissue, the poor proliferative capacity of mature chondrocytes,

and their phenotypic shift to a fibroblast-like cell.

The avascular state of cartilage impairs the normal wound healing process seen in other

tissues; with injury, a fibrin clot does not form, inflammatory cells and mediators are not

present, and importantly, no precursor cells are available for chondrogenesis or to

reconstitute the ECM.
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Controversy has surrounded the concept of chondrocyte proliferation. Mature

chondrocytes, albeit in a relatively quiescent state within their ECM, are able to

proliferate. In the hypertrophic phase of injury response, they replicate and form clusters

or chondrons within the matrix representative of clonal colonies (van der Kraan and van

den Berg 2000, reviewed in Mankin 1982).

Therefore, the shift in chondrocyte phenotype rather than a deficiency in cell population

may be responsible for the inadequate repair. This phenotypic shift can similarly affect

mature cells of explanted tissue introduced into the defect iatrogenically or bone marrow

precursors from full thickness defects invading subchondral bone. This dedifferentiation

of chondrocytes results in a fibroblastic cell that, as opposed to producing type II collagen

typical of hyaline cartilage, synthesizes increased amounts of type I and III collagen

(Benya and Shaffer 1982). The distinct rounded to polygonal morphology typical of

articular chondrocytes, instead, becomes that of an elongated spindle-shaped cell with

multiple long processes. Both of these features, the change in ECM components and

change in cell morphology, are fundamental to the production of fibrocartilage. To date,

the limited success in regenerating or repairing articular cartilage has encouraged

researchers to focus on this phenomena of chondrocyte dedifferentiation and to elucidate

which events promote or maintain the differentiated state.

Acknowledging advances and applying principles from the field of tissue engineering,

several key players have been recognized as modulators of chondrocyte phenotype and

thus, the tightly regulated cell-ECM microenvironment. These players include the 3-D

matrix itself (the architectural component of the microenvironment), cytokines, growth

factors and enzymes (the regulators within the microenvironment), and lastly, external

forces which act to modulate these. Direct injury, inflammatory processes, and other
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stresses such as change in pH, oxygen tension, and hydrostatic pressures are examples of

such external forces acting on the chondrocyte microenvironment. Alternatively, external

forces may have a more direct effect on chondrocytes by way of various intracellular

signaling pathways mediated through cell surface receptors or cytoskeletal changes.

Paralleling this increasing understanding of chondrocyte dedifferentiation, attempts at

cartilage repair have been made utilizing techniques that promote the type II collagen

producing chondrocyte phenotype. Awareness that proliferation of cells in monolayer

cultures results in progressive dedifferentiation has resulted in the use of 3-D tissue

culture techniques (Thompson et al 1985, Guo et al 1989, Hauselmann 1992 and 1994,

Redini et al 1997). Agarose, alginate, pellet, and suspension cultures have all been shown

to promote chondrogenesis and to redifferentiate cells to their native phenotype

(Hauselmann 1994, Bonaventure et al 1994, reviewed in Solursh 1991). Unfortunately,

there have been relatively few in vivo approaches using 3-D culture systems to maintain

cell phenotype. Instead, various non-biodegradable scaffolds have been seeded with

mature and precursor cells and transplanted into defects; however, chondrocytes

proliferate along these matrices in a manner similar to that seen in 2-D monolayer

cultures and, ultimately, form fibrocartilage.

Cytokines, growth factors, and enzymes have long been regarded as key mediators in

wound healing and tissue repair processes. In cartilage, they provide a means for

chondrocytes to regulate their ECM in both an autocrine and paracrine manner

(Ellingsworth et al 1986, Frazer et al 1991, Morales and Roberts 1988, Villiger et al

1993). These regulators are directly and intricately linked to matrix turnover in articular

cartilage (Anastassiades et al 1998, Burton-Wurster and Lust 1990, Redini et al 1991,

Morales and Roberts 1988, Venn et al1990, Iqbal et a12000, Pujol et al1991, Okazaki et
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al 1996, Yaeger 1997, Rosen et al 1988, de Haart et al 1999) and influence cell

phenotype.

Despite conflicting reports of the role TGF-p plays in the regulation of chondrocyte

phenotype and ECM turnover, the potential of this growth factor to modulate cartilage

repair is explicit. Confounding factors of culture conditions, chondrocyte source and cell

cycle state, the presence of other regulatory factors, as well as the delivery, concentration,

and timing of TGF-f3 administration, seen in in vitro and in vivo studies, may be avoided

through the use of OA murine models. A transgenic mouse expressing a DNRII (Serra et

al 1997) and a Smad 3exon8 knockout (Yang et al 2001) both exhibit degenerative joint

disease, implying, that dysregulation of the TGF-f3 signaling cascade results in a

pathologic process of articular cartilage consistent with the development of OA.

Similarly, administration of TGF-f3 was able to block IL-l induced OA in murine joints

(van Beuningen et al1994 and 1993).

A convincing link has been established between TGF-p, articular cartilage injury, and

attempted repair. TGF-f3 has been implicated in chondrocyte growth, differentiation, and

ECM regulation; however, limited information is available as to TGF-p action in human

chondrocytes. The diversity required by the TGF-f3 signaling cascade to mediate the

various TGF-f3 governed responses in cartilage may be provided by heterogeneity in its

receptor expression and their complex formations. Thus, defining the TGF-f3 receptor

expression profile, novel receptor interactions, and their role in modulating TGF-f3

signaling will provide valuable information to better define the varied actions of TGF-p

in human chondrocytes. Moreover, it has been suggested that diseased or injured

chondrocytes, representative of a dedifferentiated phenotype, display a deranged receptor
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profile (van den Berg 1999, Boumediene et al 1998a) that may be responsible for

observed differences in their sensitivity to cytokines (Martel-Pelletier et al 1992,

reviewed in Goldring 2000a). In addition, chondrocytes are thought to sense the altered

composition and conformation of ECM seen in OA and RA. Whether these ECM

alterations trigger the phenotypic change in the chondrocyte or alternatively, are a

manifestation of dedifferentiated cells with abnormal synthetic and replicative properties

has not been elucidated.

Throughout the course of these investigations, a TGF-p receptor expression profile on

human chondrocytes has been established. The presence of the TGF-p signaling

receptors, betaglycan, and RIIB was confirmed on these cells and, for the first time,

endoglin, Alk-1, and Sol RI were identified. All receptors were demonstrated to form

heteromeric complexes with betaglycan and the TGF-p signaling receptors. Endoglin

overexpression was shown to inhibit TGF-p signaling with all three isoforms whereas

betaglycan overexpression enhanced these responses. The use of morpholinos antisense

oligos to inhibit endoglin expression resulted in up-regulation of TGF-p signaling.

Overexpression of Alk-1, Sol RI, and RIIB was also seen to enhance TGF-p signaling.

Interestingly, endogenous RIIB levels correlated with a decreased TGF-p responsiveness

in phenotypically distinct cells. Moreover, evidence has been provided implicating RIIB

and endoglin as markers of chondrocyte phenotype and modulators of ECM synthesis.

Pursuing the relevance of chondrocyte phenotype, cells were followed morphologically

through serial passage monolayer cultures and their dedifferentiation documented.

Redifferentiation and regained capacity for type II collagen production were

demonstrated with 3-D alginate bead cultures. Chondrocytes derived from OA and RA
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cartilage explants immediately (PO) displayed a phenotype consistent with

dedifferentiated cells and, more importantly, OA cells demonstrated a decreased TGF-f3

responsiveness. Furthermore, the OA chondrocytes displayed high levels of RUB and

endoglin expression and a decrease type U collagen production establishing a critical link

between novel receptors, phenotype, TGF-f3 responsiveness and ECM.

Identification of novel TGF-f3 receptors, their heteromeric complex formations and

function, provide insight into TGF-f3 action in human chondrocytes. However, these

detailed and specific findings increase in value when incorporated into the concept of the

chondrocyte microenvironment. They provide a bridge between cell and matrix and when

viewed from a wound healing or tissue engineering angle, become more applicable to

cartilage regeneration.

RELEVANCE OF FINDINGS

Cell Characterization and TGF-f3 Responsiveness

Cells of all tissues do not exist in isolation. The appreciation of the microenvironment of

cells has greatly increased the understanding of cellular function and the complexity of

associations between the cell and its ECM. In no tissue is this more evident than in human

cartilage. TGF-f3 has emerged as a key player within the chondrocyte microenvironment;

it is a potent regulator of cell proliferation, phenotype, and ECM turnover. However, to

modulate such diverse gene targets, TGF-f3 must transmit signals to the chondrocyte and

the cells must in tum be responsive to these signals.

Therefore, these initial investigations involved characterization of human chondrocytes

and demonstration of their responsiveness to TGF-f3. Characterization of cells was based

on the premise that differentiated articular chondrocytes produce two structural

464



macromolecules that have been used to define their specific phenotype, PG (aggrecan)

and type II collagen (reviewed in Benya and Shaffer 1982). When removed from their

ECM and grown in serial passage monolayers, these cells eventually stop producing type

II collagen and assume a dedifferentiated state with a shift towards type I and III collagen

production.

Although the phenotype of the immortalized human chondrocytes (C-28/12 and

tsT/AC62) used throughout these studies has been extensively characterized (Robbins et

al 2000, Goldring and Berenbaum 1999), the expression of aggrecan and type II collagen

mRNA was confirmed for these cell lines using RTPCR (manuscript 1, Fig. 1). In addition,

primary human chondrocytes harvested through digestion of OA and normal articular

cartilage were also shown to express aggrecan and type II collagen mRNA (manuscript 1,

Fig. 1). The production of type II collagen by both cell lines and primary chondrocytes was

also later illustrated at the protein level by Western blot (see below). Articular chondrocyte

(tsT/AC-62 and normal primary cells) in early passage monolayer culture demonstrated a

rounded to polygonal morphology and, as anticipated, became fibroblastic with serial

passages. Cells suspended in 3-D alginate beads regained a rounded morphology and the

capacity for type II collagen production (see below). These features, characteristic of human

chondrocytes, allowed for the establishment of a cell culture system to investigate

phenotypically distinct cells. Experiments performed on early passage chondrocytes in

monolayer culture or those redifferentiated and recovered from 3-D alginate beads were

considered to represent a differentiated phenotype whereas late passage cells were deemed to

be in a dedifferentiated state.

465



The TGF-(3 responsiveness of these human chondrocytes was subsequently established.

Smad proteins are the central mediators ofTGF-(3 signaling and undergo phosphorylation by

RI after it is activated by the ligand-RII complex. Thus, detection of intracellular

phosphorylated Smad 2 is an indicator of cellular responsiveness to TGF-~. Human

chondrocytes exhibited a dose and time dependent increase in Smad 2 phosphorylation

with TGF-~l, -~2, and -~3 isofonns continning their TGF-~ sensitivity (manuscript 1,

Fig. 1; Fig. Ai, Aiv). Interestingly, these cells appeared to be particularly responsive to

the TGF-~2 isofonn. It has been suggested that the TGF-~2 isofonn plays a distinct role

in bone related tissues (Rotzer et al 2001). Moreover, in tissues where TGF-~2 signaling

is prominent, increased expression of betaglycan is noted. This is in keeping with the

pronounced betaglycan expression which was later observed for human chondrocytes (see

below).

As previously mentioned, TGF-~ regulates diverse responses by chondrocytes including

proliferation and ECM synthesis. Therefore, it was investigated whether TGF-13 would

regulate these parameters in the human chondrocyte lines and primary cells.

The growth response of human chondrocytes to TGF-~ was studied. A eH]-Thymidine

incorporation assay, used to detennine DNA synthesis, demonstrated a triphasic response

to TGF-~1 (Fig. Aii). Early passage differentiated chondrocytes were growth stimulated

at low dose ranges (1-10 pM), inhibited at mid dose ranges (50 pM), and stimulated again

at high doses (200 pM) of TGF-~ illustrating a variable response with differing

concentrations ofTGF-~ administered. TGF-(3 is known to result in differential responses

at low and high dose ranges (Pepper et al 1993). Therefore, the triphasic nature of the
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growth response demonstrated at varyIng concentrations of TGF-~ (Fig. Aii) IS not

unusual.

In addition, cells may respond differently to cytokines and growth factors in a manner

proportional to their state of differentiation or cell cycle. As growth plate chondrocytes

mature, the mitogenic TGF-~ response increases (Rosier et al 1989). It has also been

shown that growth responsiveness depends on the proliferative state of the cell and

therefore, the distribution of cells within each phase of the cell cycle (Sigel et al 1996).

Go/G J rabbit articular chondrocytes were growth inhibited by TGF-~ whereas cells in S

phase were stimulated (Vivien et al 1990 and 1992). Mitogenic affects of TGF-~ also

appear to differ with culture conditions. Rapidly proliferating undifferentiated rat

microvascular endothelial cells in 2-D monolayers were growth inhibited by TGF-~l;

however, 3-D cultures of these cells were refractory to TGF-~ 1 growth inhibition (Sankar

et al 1996). Therefore, chondrocyte proliferation is likely influenced by the phenotype of

the cells, their stage of cell cycle, and the concentration ofTGF-~ administered.

The ability ofTGF-~ to modulate the ECM ofhuman chondrocytes was also investigated.

Stimulation of PAI-promoter-reporter (Wrana et al 1994) activity by TGF-~ was

confirmed in these cells (manuscript 1, Fig. 1). Of note, the promoter up-regulation

differed among cell types with costal (C-28/I2) exceeding that of articular cells

(tsT/AC62 and primary). As alluded to previously, chondrocyte phenotype is thought to

be factor in determining cellular responsiveness to TGF-~.

TGF-~ was also seen to regulate activity of the Col 2a-lucifersase reporter (Fig. Aiii). A

down-regulation of Col 2a gene transcription with TGF-~ 1 administration was observed.

Similarly, IL-l treatment, alone or in combination with TGF-~ 1, inhibited luciferase
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activity. The inhibition of Col 2a gene transcription by TGF-I3, although unanticipated,

can be explained. TGF-13 regulation of type II collagen has been plagued with controversy

(Rosier et al 1989, Pujol et al 1991, Yaeger 1997, Rosen et al 1988, de Haart et al 1999).

The inconsistency of type II collagen production by TGF-13 (stimulation or inhibition)

has been attributed to variability in culture conditions, cell source, age, phenotype and

presence of additional regulatory agents (O'Connor et al 2000). The down-regulation of

Col 2a activity observed here (Fig. Aiii) might be explained by an inappropriate

concentration ofTGF-13 treatment. The concentration ofTGF-13 used to stimulate the cells

was the same as was used to measure PAl-induced luciferase activity (manuscript 1, Fig.

1) but may not adequately stimulate the Col 2a gene. As noted, despite extensive in vitro

investigations, the role of TGF-13 in modulating type II collagen is controversial and

inconsistent (O'Connor et al 2000). Therefore, stimulation of type II collagen by TGF-13

was not investigated; however, if used, higher concentrations of TGF-13 may have

enhanced type II collagen levels and Col 2a gene transcription. Despite this, the

modulation of Col 2a gene transcription by TGF-13 confinned the responsiveness of

human chondrocytes and suggests that TGF-13 is a regulator of their ECM.

Human chondrocytes are not only responsive to TGF-13 but also have been shown to

produce TGF-13 which then functions in an autocrine or paracrine manner. Human

cartilage explants have also been shown to produce TGF-13 (Lafeber et al 1993). In

addition, mRNA for all three TGF-13 isofonns has been detected in human chondrocytes

grown in monolayer and protein has been found in chondrocyte culture medium; both

were regulated by IL-1 and IL-6 (Villiger 1993). To confinn the production ofTGF-13 by

the human chondrocyte cell lines (C-28/12 and tsT/AC62), stably transfected mink lung
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epithelial cells containing a PAI-l-luciferase reporter construct were treated with culture

medium obtained from the chondrocytes after 24 hours in culture (Fig. B). Interestingly,

the articular cells (tsT/AC62) produced slightly more TGF-~ than the costal cells (C

28/12) but a decreased percentage of the total produced was in the active form. It is

important to consider endogenous TGF-~ production when interpreting results of

experiments. Variation in endogenous TGF-~ production by different cell types or cells at

different states of differentiation may interfere with responses of cells to exogenous TGF

~ administration. Therefore, serum starvation of cells prior to treatment with exogenous

ligand, repeated washing of cells, and application of acid washes (Glick et al 1990) to

remove endogenous ligand were utilized in the subsequent investigations.

Thus, the human chondrocyte cell lines and primary cells to be used for the remaining

investigations were characterized and their responsiveness to TGF-~, proliferation and

ECM regulation, was demonstrated.

TGF-~ Receptors and Signaling

The effects of TGF-~ on human chondrocytes are diverse. Other than ECM turnover and

cell proliferation, cell differentiation (chondrogenesis) is also under the influence of TGF

~ (Urist 1965, Reddi and Huggins 1972, Hanamura et al 1980, Seyedin et al 1983, 1985,

and 1986, Sampath et al 1987, MacKay 1998, Nishimura et al 1999, Worster et al 2000).

With respect to ECM regulation, type II collagen levels have been shown to be modulated

by TGF-~ (Rosier et al 1989, Pujol et al 1991, Yeager 1997, Rosen et al 1988, de Haart et

al 1999); in addition, fibronectin, PG and other noncollagenous proteins are TGF-~

regulated (O'Keefe et al 1988, Howard and Anastasiades 1993, Burton-Wurster and Lust

1990, Redini et al 1991 and 1988, Venn et al 1990). Moreover, TGF-~ administration has
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been shown to alter synthesis of other ECM regulating cytokines in the chondrocyte

microenvironment (reviewed in Goldring 2000a and 2000b).

Despite this observed multifunctional role in cartilage, TGF-p signals through a tightly

regulated and highly structured pathway with Smads as the central mediators. The

accepted TGF-p signaling paradigm dictates that two serine/threonine protein kinase

receptors (RI and RII) bind ligand and that a family of central mediators of signaling,

known as Smads, act as substrates for activated RI. The Smads are translocated to the

nucleus as an assembly to regulate transcription (Fig. a). There is a need, however, to

account for the multitude of downstream targets of TGF-P and how a seemingly

simplistic cascade can achieve such diverse responses. Novel TGF-p receptors on the

surface of human chondrocytes may provide such an avenue to locally modulate TGF-p

signaling and specify a definitive downstream response. Despite this, information

regarding the expression ofTGF-p receptors in human chondrocytes is limited.

RI, RII, and betaglycan expression have been described in several animal growth plate

models (Matsunaga et al 1999, O'Grady et al 1991, Hall et al 1996) and similarly on

articular cells (Fukumura et al 1998). With respect to human chondrocytes, rapid turnover

of TGF-p receptors has been described for growth plate chondrocytes (Centrella et al

1996). RI and RII have been demonstrated in hypertrophic and mineralizing zones of

human growth plate chondrocytes (Homer et al 1998, Moldovan et al 1997) constituting

the only studies describing TGF-p receptors in human articular cells. Therefore, studies

were designed to define the expression profile of TGF-P receptors on human

chondrocytes, to identify and determine the requirements of TGF-p receptor interactions
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on the cell surface, and to detennine the functional role of TGF-p receptors and

complexes in regulating TGF-p signaling in human chondrocytes.

Using affinity labeling techniques, in combination with immunoprecipitation and Western

blot, the TGF-p receptor profile on human chondrocytes was characterized. The presence

of the types I and II signaling receptors (RI and RII) and betaglycan, was confinned on

human chondrocytes (manuscript 1, Fig. 2, 3, 5A; Fig. C, D, E, F, G). RIIB, the spliced

variant of RII previously described on human chondrocytes (Glansbeek et al 1997), was

confinned on these human chondrocyte lines and primary cells (manuscript 4, Fig 1, 2A,

2C, 3, 4). In addition, for the first time, Sol RI, Alk-1 (manuscript 2, Fig. 1, 2, 3), and

endoglin (manuscript 1, Fig. 4, 5A, 5B, 7; Fig. Oi, Oii), were found to be expressed on

human chondrocytes.

Several variants of the signaling receptors as well as accessory TGF-p binding proteins

have been identified on the surface of many cell types. Furthennore, the role these

binding proteins play in modulating signaling is becoming increasingly complex. RII

initiates signaling by binding ligand. The presence of a spliced variant of this receptor,

RIIB, confinned here in human chondrocytes, has been described in other cells (Hirai and

Fujita 1996, Rotzer et al 2001). It was also observed in human chondrocytes but mistaken

for RII (Glansbeek et al 1993 and 1997). It is thought to be important in transmission of

TGF-p2 signals and has been demonstrated to fonn heteromeric complexes with RI and

RII (Hirai and Fujita 1996, Rotzer et al 2001). The soluble variant of the type I receptor

(Sol RI) identified here was cloned from a neonatal rat kidney cDNA library (Choi 1999).

Alk-1 is a member of the 8 identified type I signaling receptors of the TGF-p superfamily

(reviewed in de Caestecker et al 2002). Although the ligand and corresponding type II
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receptor for Alk-l are unknown, Alk-1 is able to form complexes with the TGF-~

signaling receptors (Attisano and Wrana 1998, ten Dijke et al 1994, De Winter et al

1996). Betag1ycan and endog1in, identified here on human chondrocytes, are accessory

TGF-~ receptors. Accessory receptors are TGF-~ binding proteins which do not have an

intracellular kinase domain but are able to bind ligand at the cell surface. These receptors

have been identified in isolation and in complexes with the signaling receptors.

Betaglycan is the most prevalent of these accessory receptors (originally described as the

type III TGF-~ receptor) (Massague 1985, Fanger et al 1986). It has high affinity for

TGF-~ and -~2 isoforms (Cheifetz et al 1987 and 1988), and is found on the surface of

cells with the same frequency as the signaling receptors (Cheifetz et al 1988). Endoglin

shares 71 % sequence homology with betag1ycan (Cheifetz et al 1992, Gougos and Letarte

1990, Bellon et al 1993) and binds TGF-~1 and -~3 with high affinity (Wrana et al 1992)

but does not demonstrate affinity for TGF-~2 (Cheifetz et al 1992, Miyazono et al 1993).

Therefore, through the investigations presented here, the TGF-~ receptor expression

profile of human chondrocytes has taken shape. Moreover, various heteromeric receptor

interactions were identified. RIIB, Sol RI, Alk-l, and endog1in were observed in

complexes with the signaling receptors, RI and RII. The three novel receptors, Alk-l and

Sol RI (manuscript 2, Fig. 3, 5, 6), and endoglin (manuscript 1, Fig. 5A, 5B, 6, 7) were

also seen to associate with betaglycan on the chondrocyte surface. Notably, these

associations occurred in the presence of ligand and ligand independent manner. In

addition, heteromeric complexes were noted between RIIB and endoglin (manuscript 4,

Fig. 3B, 3C, 4A), Alk-l and Sol RI (manuscript 2, Fig. 5A, 5B), RUB and Alk-l, as well
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as RIIB and Sol RI (both in manuscript 4, Fig. 3B, 3C, 4A). All of these complexes were

observed at physiologic receptor concentrations and ratios.

It was also demonstrated that the Sol RI-betaglycan complex formed in the absence of the

GAG chains of betaglycan (manuscript 2, Fig. 3B). Similarly the endoglin-betaglycan

association was depicted in the absence of these carbohydrate side chains (manuscript 3,

Fig. 5B, 6). More importantly, it was shown that the endoglin-betaglycan heteromeric

complex formed independently ofRII (manuscript 1, Fig. 5C; manuscript 3, Fig. 3). This

confirmed that this receptor interaction was not a consequence of endoglin and

betaglycan's independent associations with the signaling receptors.

The existence of such an extensive group of TGF-f3 binding proteins on human

chondrocytes and their multiple complex formations is consistent with the notion that

receptors expressed on the cell surface may modulate TGF-f3 signaling.

The co-existence of Alk-1 and Alk-5 on endothelial cells and their opposing effects on

cell migration and proliferation suggests that TGF-f3 regulates the activation states of

these cells via a fine balance of Alk-1 and Alk-5 signaling (Goumans et al 2002). RIIB is

able to mediate TGF-f32 signaling via the Smad pathway in the absence of betag1ycan

(Rotzer et al 2001). Sol RI is a functional receptor which appears to act either as an

agonist to TGF-f3 action or a ligand chaperone (Choi 1999). A recombinant form of this

receptor was constructed from the extracellular domain of RI. In the absence of TGF-f3

this receptor variant mimicked TGF-f3 induced transcriptional and growth responses

(Docagne et al 2001). Betaglycan and endoglin also regulate TGF-f3 signaling through

modifYing ligand donation to the signaling receptors (Cheifetz et al 1987 and 1988, Ohta

et al 1987, Ignotz and Massague 1987, Bassols and Massague 1988, Sankar et al 1995,
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Cheifetz et al 1992, Zhang et al 1996, Lastres et al 1996, Miyazono et al 1993), through

biochemical interactions with these receptors (Eickelberg et al 2002), and through

interactions with their CDs altering levels of phosphorylation and subsequent activation

(Guerrero-Esteo et al 2002).

It is also possible that ratios of receptors and thus their relative contributions in

heteromeric complexes may define the intended downstream target of TGF-p signaling.

Evidence for this theory can be found within of the TGF-p superfamily.

It has been suggested for BMPs that signaling specificity may be determined in part by

the particular type I receptor complexed with the type II receptor and the ligand

associated. In developing bone and precursor cells, the type Ib signaling receptor

regulated apoptosis whereas the type la receptor maintained cell differentiation (Zou and

Niswander 1996, Zou et a11997, Chen et aI1998). Studies have shown that the preformed

complex preferentially signals through the Smad pathway whereas the BMP 2-ligand

induced complex signals through the p38/MAPK pathway to regulate alkaline

phosphatase activity (Nohe et al 2002, Knaus and Sebald 2001). Rabbit periosteal grafts

(in vitro), while undergoing chondrogenesis, differentially express the type I and II BMP

receptor combinations. The type Ib receptor expression increases in response to TGF-p 1

treatment and precedes increases in type II collagen expression (Sanyal et al 2002).

Thus, it is evident that novel TGF-p binding proteins exist on cells and form heteromeric

complexes with the signaling receptors; these receptors and their complexes increase the

diversity of the signaling cascade and provide a means of modulating TGF-p activity.

Therefore, the next objective was to determine the role of these novel receptors, identified

on human chondrocytes, in TGF-p signaling regulation.
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Overexpression of Alk-l and Sol RI in human chondrocytes resulted in an enhancement

of TGF-~ signaling (manuscript 2, Fig. 7). This is consistent with previous investigations

in other cells. Sol RI has been shown to bind TGF-~1 in the presence of RII and regulate

signaling (Choi 1999). In the presence ofRII, Alk-l binds TGF-~1 and in the presence of

ActRII binds activin A (Attisano and Wrana 1998, ten Dijke et al 1994, De Winter et al

1996). Alk-l shares a high degree of similarity with the other type I receptors (Attisano et

al 1993, Hanks et al 1988, ten Dijke et al 1993) and in its constitutively active state it

phosphorylates Smad 1 and 5 (Macias-Silva et al 1998). In addition to binding TGF-~1

and activin A, Alk-l has been shown to bind TGF-~3 and an unknown ligand present in

the serum (Lux et al 1999).

Similarly, RIIB overexpression resulted in an enhancement of TGF-~ signaling

(manuscript 4, Fig. 6A, 6B). Interestingly, increased endogenous levels of RIIB in

chondrocytes correlated with a decrease in TGF-~ responsiveness (manuscript 4, Fig. 5)

suggesting that RIIB expression may play a more diverse role in these cells. RIIB has

been shown here to bind all three TGF-~ isofonns and modulate signaling. In addition, in

the absence of betaglycan, RUB overexpression has been shown to restore TGF-~

signaling (Rotzer et al 2001). It is possible that RIIB may compete for ligand with RII at

the cell surface. Alternatively, through its fonnation of various heteromeric receptor

complexes, RUB may prevent the RII/RI association as has been seen with betaglycan

(Eickelberg et al 2002) or modulate other interactions between novel TGF-~ receptors

and the signaling receptors.

Endoglin was shown to be expressed on human chondrocytes at levels comparable to

human microvascular endothelial cells (HMEC-l) (manuscript 1, Fig. 4). Considering the
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avascular nature of cartilage and the high levels of endoglin expression in this tissue, the

role of endoglin was intriguing. Thus, an important objective was to determine the

functional significance of this novel receptor on human chondrocytes. Overexpression of

endoglin was found to inhibit TGF-P signaling whereas betaglycan enhanced signaling.

This was evident for all 3 TGF-p isoforms (manuscript 3, Fig. 7). Similarly, Morpholinos

antisense oligos were used to bind and inactivate endoglin mRNA sequences. As

anticipated from overexpression studies, blocking endoglin expression with antisense

resulted in an up-regulation of Smad 2 phosphorylation with a corresponding decrease in

endoglin expression (manuscript 5, Fig. 5A, 5B, 6A, 6B).

The ability of betaglycan, and more importantly endoglin, to modulate signaling of all

three TGF-p isoforms is interesting. It has previously been shown that a soluble form of

betaglycan prevents binding of ligand to the signaling receptors and therefore blocks

TGF-p actions (Lopez-Casillas et al 1994). This was most dramatic for TGF-p2 activity

(Segarini et al 1987, Andres 1991). Two regions of betaglycan's ECD bind ligand, one

region at the amino terminal end, known as the endoglin related region (Lopez-Casillas et

al 1994) and one region at the C terminal end, or uromodulin related domain, are

important for inhibin A binding (Pepin et al 1994). Both of these domains bind TGF-p2

with more affinity than -PI; however, only the endoglin related region increases -P2

labeling of RII (Esparza-Lopez et al 2001). Despite this, both domains cause a TGF-p2

dependent increase in Smad 2 phosphorylation. These structural details provide insight

into the endoglin-betaglycan heteromeric complex and its regulation of TGF-p2

signaling.
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For example, endoglin has not been shown to bind TGF-p2 (Cheifetz et al 1992,

Miyazono et al 1993). However, in these studies, when human chondrocytes were

stimulated with TGF-p2, endoglin overexpression still resulted in inhibition of the TGF

P2 response and was able to down-regulate the betaglycan stimulation (manuscript 3, Fig.

7). Endoglin may be mediating its effects on TGF-p signaling through direct interactions

with RI and RH. In vitro phosphorylation assays have demonstrated the phosphorylation

of endoglin's CD by RI and RH and the regulation of RI and RH phosphorylation by

endoglin (Guerrero-Esteo et al 2002). On the other hand, it is possible that with the

endoglin-betaglycan heteromeric complex formation a structural change occurs which

prevents the donation of ligand to RH. If this structural change occurred in the N terminal

(endoglin associated) domain of betaglycan, preventing TGF-p2 donation, this could

potentially explain endoglin's ability to inhibit signaling despite not binding TGF-p2.

The rigid paradigm of the TGF-p signaling cascade is gradually becoming more flexible.

Evidence to support this change is apparent from the following endoglin-ligand binding

studies. Initial investigations of the determinants of the endoglin-betaglycan heteromeric

complex suggested that this was a RH independent association. These studies were

performed with overexpression of endoglin and betaglycan in 293 cells, severely deficient

in RH (Wong et al 2000) (manuscript 1, Fig. 5C). It was noted that in control

experiments, where receptors were not overexpressed, a band corresponding to endoglin

was apparent; however, endoglin had not previously been documented on 293 cells.

Therefore, the expression of endoglin on several other cell types (293, DR26, and L6

myoblasts) was investigated and endoglin was found to be present on these cells, but at

levels lower than observed for HMEC-l or chondrocytes (manuscript 3, Fig. 1). As
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mentioned, 293 cells are severely deficient in RII (Wong et al 2000). DR26 cells are

mutants of mink lung epithelial cells which do not express RII (Laiho et al 1990) and L6

myoblasts which do not expressing betaglycan (Wang et al 1991, Lopez-Casillas et al

1991, Blobe et aI200l). Utilizing the above properties of these cell lines and the knowledge

oftheir endoglin expression permitted investigations as to the requirements ofligand binding

by endoglin.

The initial aim was to confirm the RII independent nature of the endoglin-betaglycan

association. The co-immunoprecipitation of endoglin and betaglycan in DR26 cells (not

expressing RII) provided this confirmation (manuscript 3, Fig. 3B, 3C). To illustrate that

the endoglin-betaglycan complex could form in the absence of a functional RII in human

chondrocytes, cells were transfected with the dominant negative form of RII (DNRII).

This construct contains a mutant form of RII which binds to RII either intracellularly or at

the cell surface and prevents a TGF-~ signal from being transduced (manuscript 3, Fig.

4A). Despite the inactivation of RII, the heteromeric endoglin-betaglycan complex was

still observed (manuscript 3, Fig. 4B).

Affinity labeling, followed by immunoprecipitation, was used to demonstrate the co

immunoprecipitation of endoglin and betaglycan. This technique relies on the binding of

125I_TGF_~1 by endoglin and betaglycan to visualize the receptor complex. Therefore,

endoglin was observed not only to form a complex with betaglycan independently of RII

but also was able to bind ligand independently of RII. This is the first time that endoglin

has been demonstrated to bind ligand in the absence ofthe TGF-~ signaling receptors.

It has been previously argued that endoglin is unable to bind ligand in the absence of RII

(Barbara et al 1999, Letamendia et al 1998a). These previous studies both involved

478



,

transient transfections with endoglin and RII in affinity labeled COS cells and were

unable to detect the presence of endoglin without RII overexpression. Interestingly, RII

was immunoprecipitated in cells overexpressing endoglin; however, the presence of this

endogenous RII did not allow detection of endoglin (Barbara et al 1999) which

contradicts their argument. The discrepancy between these authors findings and those

seen here, using 293, DR26 cells, and human chondrocytes (manuscript 3, Fig. 2,3,4B),

could be explained in several ways. The investigations performed by the previous authors

were done in COS cells which exhibit a different receptor profile and binding affinities

than the cells used here. Poor separation between the endoglin monomer and RII is noted

in these COS cells and the band observed may not represent endoglin but instead be the

overexpressed RII. (Letamendia et al 1998a). It is difficult to conclude in their study that

endoglin required RII to bind ligand as only portions of the autorads are included and the

quality is not optimal both of which may impair endoglin detection (Letamendia et al

1998a). Similarly, in the study by Barbara et aI, there appears to be unequal protein

loading in the non-immunoprecipitated lanes of transfected COS cells (Barbara et al

1999). This may also be obscuring endoglin detection.

The requirement of betaglycan for the endoglin-ligand interaction was subsequently

investigated. L6 myoblasts (not expressing betaglycan) stably transfected with full-length

betaglycan and betaglycan absent in its CD, and transiently transfected parent cells

expressmg betaglycan deficient in its CD or GAG chains were used. Results

demonstrated that betaglycan overexpreSSlOn enhanced ligand binding by endoglin

(manuscript 3, Fig. 2) and, in fact, betaglycan expression was a requirement of this

receptor-ligand interaction (manuscript 3, Fig. 5). In addition, the co-immunoprecipitation
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of betaglycan and endoglin was confirmed to occur independently of betaglycan's CD

and GAG chains (manuscript 3, Fig. 6A, 6C).

Thus, it is clearly evident that multiple TGF-~ binding proteins are present on human

chondrocytes and that these receptors, through biochemical interactions, form

heteromeric complexes in various combinations. Evidence suggests that those

associations involving betaglycan tend to be of the ectodomain core independent of its

GAG chains or CD. It has been demonstrated that overexpression or blocking of various

receptor expression modulates TGF-~ signaling in these cells. Taken together with the

previous findings of receptor regulation in other systems, the potential of receptor

expression to regulate TGF-~ action in human chondrocytes is convincing. Moreover, the

novel finding that endoglin binds ligand in the absence ofRII refutes the TGF-~ signaling

paradigm. Endoglin, if able to bind ligand independently of the signaling receptor

complex, may mediate its effects on the TGF-~ cascade indirectly through interactions

with other novel receptors or by regulating ligand bioavailability. This provides an

additional level of diversity to its seemingly rigid scheme.

The TGF-~ binding protein complexes on the surface of human chondrocytes are likely

fluid in nature (Fig. c). This heterogeneity in endogenous ratios or concentrations of

individual receptors may be critical in specifYing the relative contributions of various

TGF-~ signaling pathways. In addition, endoglin and other novel receptors may act

independently of TGF-~ in conjunction with other signaling pathways. Therefore,

modification of receptor expression through overexpression or morpholino antisense

provides an avenue to locally regulate TGF-~ action in these cells.

TGF-~ Receptors, Chondrocyte Phenotype and their Microenvironment
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Although controversial, TGF-p's role in regulating ECM turnover is evident (O'Connor

et al 2000). To detennine whether changes in TGF-J3 receptor expression could result in

changes in ECM, effects on type II collagen were investigated. Overexpression of RIIB

was noted to increase type II collagen protein levels (manuscript 4, Fig. 6D). Endoglin,

however, when overexpressed decreased type II collagen levels and when expression was

blocked, by morpholino antisense, increased type II collagen levels (manuscript 5, Fig.

6C).

The ability ofTGF-J3 receptor levels to modulate ECM synthesis provides evidence of the

intricate association between the cell, its phenotype and the microenvironment. The

concept of cell phenotype is one of the most important advancements in the field of tissue

engineering and repair. The process of chondrocyte dedifferentiation has been recognized

in zones of attempted cartilage repair, both intrinsic and extrinsic, and was implicated in

the fibrocartilage healing response (Sandell and Aigner 2001, Aigner and Dudhia 1997).

In addition, chondrocytes of OA and RA cartilage are now recognized as having a distinct

phenotype which changes as the disease progresses (Fukui et al 2001). OA cells re

express type IIa procollagen, demonstrate enhanced Sox9 levels and, similar to

hypertrophic cells, increased production oftype III and X collagen (Fukui et aI2001).

To further investigate the association of cell phenotype, ECM, and the TGF-J3 signaling

cascade, the phenotype of the human chondrocytes were documented in varied culture

conditions. Cell lines (C-28/I2 and tsT/AC62) were serially passaged in monolayer

cultures and morphology was documented through photomicroscopy. Costal

chondrocytes (C-28/I2) maintained a rounded to polygonal morphology throughout

sequential passages and after three weeks in 3-D alginate bead cultures (manuscript 5,
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Fig. lA). Articular cells (tsT/AC62), however, became fibroblastic after several passages

in monolayer cultures (manuscript 5, Fig. 2A). The same dedifferentiation was noted for

primary articular chondrocytes after serial monolayer culturing (manuscript 5, Fig. 3A

and data not shown). When resuspended in 3-D alginate beads, the morphology of these

cells returned to that of a differentiated cell with a rounded appearance and was

maintained at three weeks in culture (manuscript 5, Fig. lB, 2B, 2C). In addition, these

redifferentiated chondrocytes were shown to re-express type II collagen (manuscript 5,

Fig.7D).

OA, RA, and normal cartilage explants were also cultured. Within three weeks,

chondrocytes originating from the explants were observed to proliferate in monolayer

(manuscript 5, Fig. 3B, 4B, 4C). Interestingly, cells originating from the OA and RA

explants were morphologically similar to the dedifferentiated articular chondrocytes seen

after repeated passages in monolayer cultures; they originated from the explants (PO) with

a fibroblast-like appearance (manuscript 5, Fig. 4A, 4B, 4C). This suggests that OA and

RA chondrocytes are representative of dedifferentiated cells, that this phenotypic shift is

not necessarily a product of non-physiologic monolayer cultures, and that other factors in

the chondrocyte microenvironment must be influencing cell phenotype.

The current concept is that the chondrocyte, as a result of various cues from its

microenvironment, shifts ECM production and morphology which reflect the cell

phenotype. It is also recognized that the cell may also alter receptor and other protein

expression on its surface as an indicator of its state of differentiation or in response to this

change.

Thus, the expreSSIOn levels of RUB and endoglin in human chondrocytes and the

correlation with cell phenotype were studied to determine the validity of this hypothesis.
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Endogenous RIIB expression was found to be increased in early and recovered passage

chondrocytes (manuscript 4, Fig. 4B, 4C). However, RIIB was expressed in OA cells to a

greater extent than normal primary articular chondrocytes (manuscript 4, Fig. 4D). This

seems contradictory in that early and recovered cells represent a more differentiated

phenotype whereas OA cells are thought to be dedifferentiated.

It is unlikely that the expression of only one receptor governs or reflects the phenotypic

state of a single cell. Therefore, the relationship between chondrocyte phenotype and

TGF-~ receptor expression was further investigated and endoglin expression also

correlated with cell phenotype. Enhanced expression was observed in dedifferentiated

cells, both late passage monolayer cultures of chondrocyte lines and in primary OA cells

(manuscript 5, Fig. 4B, 4C, 4D). This suggested that, in addition to RIIB, endoglin may

function as a marker of the state of cell differentiation for human chondrocytes.

That cell surface receptor expression may reflect phenotype has been previously

suggested in various cell types. Rat microvascular endothelial cells, in 2-D, behave as

undifferentiated cells but in 3-D cultures undergo a phenotypic shift of decreased cell

growth (Sankar et al 1996). These cells, in 3-D, have been found to express lower levels

of RII than cells cultured in 2-D inferring that RII expression is associated with the

undifferentiated phenotype. Furthermore, Parathyroid hormone (PTH) receptors in rabbit

costal chondrocytes can be regulated by retinoic acid and are expressed at higher levels in

differentiated cells suggesting they may be a marker of cell phenotype (Takigawa et al

1991). RI and RII are expressed in normal lung cells; however, decreased RI levels have

been noted in areas of injury in idiopathic pulmonary fibrosis (Khalil et al 2001).

Increased levels of RI and RII expression are observed in keloid fibroblasts along with
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increased Smad 3 phosphorylation (Chin et al 2001). In vitro, chondrocytes with

dedifferentiated fibroblastic phenotype express FGFR-3 (Robinson et al 1999) which is

lost when cells redifferentiate (Robinson et al 1998). IL-l receptors are overexpressed in

OA chondrocytes whereas mRNA levels of RII are significantly decreased in early stages

of the disease process (Boumediene et al 1998a). A change in TGF-B RIIB expression

with phenotype in human articular cells has also been described (Glansbeek et al 1997).

This link between chondrocyte phenotype and receptor expression has been hypothesized

by others (Vivien et a11990, 1991, and 1993a) but remains unclear.

The concept of endoglin as a marker of cell phenotype has been previously described in

other systems (O'Connell et al 1992). In addition, endoglin expression in synovial cells of

RA and OA patients is higher than in patients without disease (Szekanecz et al 1995). In

choriocarcinoma tissue, increased endoglin expression was noted on syncytiotrophoblast

like cells whereas no expression could be detected on cytotrophoblastic cells (Letamendia

et al 1998b). Increased endoglin expression has been observed with various inflammatory

skin conditions (Westphal et al 1993) such as in psoriatic skin (Rulo 1995).

Other cell surface proteins, notably integrins, are also differentially expressed in

correlation with cell phenotype. Cartilage-derived retinoic acid-sensitive protein (CD

RAP) levels are increased in human synovial cells of diseased joints and have been

suggested as a marker to monitor disease progression (Schmidt-Rohlfing et aI2002).

Integrins are heterodimeric transmembrane glycoproteins of a and B subunits with ECDs,

which bind ECM proteins, and CD, which interact with cytoskeletal proteins. These

glycoproteins mediate changes in cell shape and are involved in signal transduction

(Albelda and Buck 1990, Hynes 1992, Ruoslahti 1991). Adult articular chondrocytes
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express several integrins including al~l, a3~\' a5~1, aV~5 (Loeser 1997). There is

evidence that al~1 mediates adhesion to type II collagen and a5~1 to fibronectin. Various

components of the chondrocyte microenvironment, which reflect cell phenotype, also

correspond to levels of integrin expression on these cells (reviewed in Loeser 1997 and

Lee et al 2002).

There is an intriguing link between shift of endoglin and that of integrin expression with

state of chondrocytes differentiation. Endoglin expression on endothelial cells is

hypothesized to be important in ingress of polymorphonuclear cells in RA synovium

(Szekanecz et al 1995). Endoglin contains an RGD motif in its ECD that implicates it as a

potential adhesion molecule (Lastres et al 1992, Gougos and Letarte 1990). The potential

of endoglin to bind ECM components and mediate signaling between the cell and the

architectural component of the microenvironment could implicate endoglin in modulation

of cell-matrix interactions.

Therefore, a link has been established between endoglin, phenotype, and possibly ECM;

and, it is becoming increasingly difficult to separate these components as the phenotype

itself infers properties of ECM production as well as morphology. Moreover, all of these

factors play key roles in defining and disease states.

In OA cartilage, it is apparent that the ECM is abnormal and the phenotype of the cell is

dedifferentiated. The observation that endoglin is markedly overexpressed on

dedifferentiated (manuscript 5, Fig. 4B, 4C) and degenerative cells (manuscript 5, Fig.

4D) provides a critical link between ECM dysregulation and cell phenotype. It will be

important to further characterize cellular changes, expression profiles of receptors, and
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variation in gene expression to better understand this association of cell phenotype and

microenvironmental influences.

In addition to being a potential indicator of chondrocyte phenotype, differences in TGF-p

receptor expression may also be responsible for the variable sensitivity to TGF-p

stimulation observed for cells in alternate states of differentiation which again may be

reflected and likely contribute to variations seen in abnormal tissue states. Although it

was observed that RIlB overexpression resulted in an enhancement of TGF-p response

(manuscript 4, Fig. 6A,6B), endogenous RIlB expression appeared to correlate with the

TGF-p responsiveness of human chondrocytes. Cell expressing high levels of RIlB were

less responsive to TGF-p than cells expressing less RIlB. This was observed for Smad 2

phosphorylation (manuscript 4, Fig. 5B, 5C, 5D), eH]-Thymidine incorporation

(manuscript 4, Fig. 5E), and PAl-I-promoter activity (manuscript 4, Fig. SA). Hirai and

Fujita suggested that the differential responsiveness of cells to TGF-p isoforms was a

consequence of variable RIlB/RIl expression but were unable to demonstrate this (Hirai

and Fujita 1996).

Why overexpression of RIlB leads to an enhanced TGF-p response whereas endogenous

levels correspond to a decreased cell responsiveness is not clear. However, this suggests

that several factors are contributing to the regulation of chondrocyte responsiveness

which is likely intricately linked to cell phenotype, TGF-p receptor expression, and the

ECM. Corresponding to this hypothesis, cells expressing increased levels of endoglin

(OA cells (manuscript 5, Fig. 8A) and articular cells (manuscript 5, Fig. 7A, 7B, 7C))

were noted to be less responsive to TGF-p(manuscript 5, Fig. 8B, 8C).
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The concept of receptor expression determining cell responsiveness to growth factors and

cytokines has been previously described. In normal (non-OA) chondrocytes, TGF-~

receptor ratios appear to contribute to cell responsiveness. The RIVRI ratio, in rabbit

articular chondrocytes, appears to govern the stimulatory or inhibitory effects of TGF-~

on cell proliferation (Boumediene et al 1998b) corresponding to a decreased level of RI

and a down-regulation of binding of -~1 in S phase cells (Vivien et al 1993a). Similarly,

chick growth plate chondrocytes obtained from distinct zones express different levels of

"low and high affinity" TGF-~ receptors. The differential effects ofTGF-~ related to cell

phenotype were related to this receptor expression (Rosier et al 1989).

Similarly and as was seen in the investigations presented here with human chondrocytes,

the expression of receptors on OA chondrocytes has been shown to correspond to the

cell's responsiveness to cytokines and growth factors.

IL-l plays a central role in OA. These chondrocytes are more sensitive to IL-l and have

higher levels of IL-l receptor expression (Boumediene et al 1998a). Thus, the ratio of

TGF-~ receptor subtypes could also be a mechanism by which TGF-~ responsiveness is

modulated. The discrepancy presented, with regards to the increased TGF-~

responsiveness of OA cells previously reported (Moldovan et al 1997) and the decreased

sensitivity observed in manuscript 5, Fig. 8B and 8C or the diminished sensitivity to

TGF-~ seen by OA chondrocytes attributed to decreased levels of RII (Boumediene et al

1998a), requires explanation. The results presented by Moldovan et al demonstrate that

OA cells were more responsive to TGF-~ than normal chondrocytes; however, these

studies were performed using cells found in the upper layers of OA human explants

(Moldovan et al 1997). However, articular cartilage is not a homogenous tissue and has
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been described as having a zonal phenomenon similar to growth plate cells (Fukumura et

al 1998). This may account for the demonstrated differences in TGF-~ responsiveness

seen in OA chondrocytes. Moreover, increased endoglin expression on dedifferentiated

cells and endoglin's role in inhibiting TGF-p signaling suggests that OA cells,

representative of this dedifferentiated state, should show a decreased TGF-p

responsiveness as was noted (manuscript 5, Fig. 8B, 8C).

Progressing one step farther, attempts were previously made to correlate cell

responsiveness and ECM. Early loss of PG in OA may depend on TGF-p receptor

expression (Glansbeek et al 1993) and on the relative state of cell differentiation (Vivien

et al 1990, 1991, and 1993a). Furthermore, TGF-p induced increases in type II collagen

synthesis were preferentially noted in these dedifferentiated cells (Galera et al 1992). The

decreased RII expression in 3-D cultures of rat microvascular endothelial cells was

thought to be responsible for their refractory nature to TGF-~ 1 inhibition of cell

proliferation whereas RI expression appeared to mediate ECM regulation (Sankar et al

1996). Therefore, ECM composition and architecture as well as phenotypic changes of

cells may be regulated by changes in receptor expression and thus chondrocyte sensitivity

to TGF-p. This produces a complex picture in which the lines between the chondrocyte,

its phenotype, and correspondingly, the ECM and the cell's TGF-p responsiveness

become blurred. However, this sets the stage for microenvironmental cues to result in

diverse chondrocyte responses proportional to the cell's phenotypic characteristics.

Regulators of the Microenvironment

The manner in which a cell responds to signals from the microenvironment is likely

related to the chondrocyte phenotype and furthermore may be reflected in expression of
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vanous cell surface proteins. In vivo, chondrocytes reside in a complex 3-D

microenvironment which is subject to vanous extrinsic forces such as injury,

inflammation, and stress (Fig. d). These factors may result in changes to the 3-D

architecture through degradation of structural proteins, modulation of growth factors,

cytokines, and enzymes within the ECM or they may directly cause cell damage.

Chondrocytes are believed to detect alterations in their microenvironment and, through an

intricate circular system of regulation, in tum, alter the surrounding ECM. The cells may

detect architectural variation through integrin and CAM related cell-cell and cell-ECM

interactions. In addition, signaling pathways mediated through cell surface receptors

transmit information from the microenvironment to the cell. Chondrocyte responses may

involve growth, changes in synthesis of ECM structural components as well as autocrine

and paracrine regulatory factors, or a shift in cell phenotype. This change in phenotype, or

state of cell differentiation, may be manifested as a change in cell morphology and

expression of cell surface molecules. Therefore, receptors and integrins at the cell surface

could be considered as phenotypic markers, may provide clues as to changes occurring in

the microenvironment, and may alter the cell's responsiveness to further changes. TGF-13

receptors likely playa vital role in mediating interactions between the chondrocyte and

both its architectural and regulatory microenvironment.

Thus far, the results presented suggest that human chondrocytes exhibit specific

phenotypic characteristics which vary with culture conditions. Moreover, chondrocytes

obtained directly from diseased cartilage (PO) appeared dedifferentiated, irrespective of

culture conditions, suggesting this phenotype is reflective of the in vivo state of the cell.

In addition, expression of RIIB and endoglin were linked to the dedifferentiated state of
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human chondrocytes and to their ECM production. Furthermore, expreSSiOn of these

receptors was demonstrated to correspond to chondrocyte TGF-p responsiveness. Taken

together, these results suggest a critical link between chondrocyte phenotype, ECM, TGF

P receptors and responsiveness. However, because of the complexity of these

associations, it becomes increasingly difficult to distinguish cause and effect.

The other issue which arises from these investigations is that of unravelling the

complexity of the microenvironment within which the chondrocytes reside. Not only do

interactions between the chondrocyte and TGF-p need to be better defined, but also the

multitude of additional regulatory agents within the microenvironment which directly or

indirectly affect the cell or TGF-p need to be addressed.

Many of these regulators within cartilage and their effects on chondrocytes have been

extensively investigated and can be considered within the realm of normal, aging, and

diseased cartilage.

In normal human cartilage, cell-matrix interactions are tightly regulated. Cells sense

matrix deformation as well as changes in matrix composition, notably regulatory factors

within the microenvironment. Three classes of regulatory factors are prominent players in

the ECM and contribute to the cell-microenvironment association. These include

destructive cytokines (IL-I, IL-17, TNF-a, leukemia inhibitory factor (LIF)), regulatory

cytokines (IL-4, 11-10, IL-13, IL-6, and enzyme inhibitors), and anabolic cytokines or

growth factors (IGF-I, TGF-p, BMPs, and chondrocyte derived morphogenic proteins

(CDMPs) (reviewed in van den Berg 1999). The destructive cytokines suppress PG and

collagen synthesis and stimulate chondrocytes to produce destructive proteases.

Regulatory cytokines, directly or through intermediates, decrease production of their
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destructive counterparts, increase inhibitors of these destructive factors, and increase

TIMPs. Anabolic cytokines and growth factors enhance the general synthetic activity of

chondrocytes and directly counteract destructive cytokines.

An interesting association between these regulatory agents and chondrocytes has been

established through studies of integrins. Growth factors have been shown to modulate

integrin expression (Heino et al 1989, Heino and Massague 1989, Santala and Heino

1991, Zambruno et a11995, Zhang et al 1993). Specifically, TGF-~l increases US~I levels

(Loeser et al 1995) and IGF-1, together with TGF-~l, increases U3US expression and

enhances articular chondrocyte adhesion to fibronectin and type II collagen (Loeser

1997). Furthermore, these integrins may play a central role in cartilage repair via

promoting the assembly of ECM components and mediating changes in the production of

MMPs by these cells (Werb et al 1989). Therefore, integrins appear to provide an

important link between regulatory agents within the microenvironment and the cell.

Similar to integrins, cell surface receptors also provide a means to detect alterations in the

ECM; moreover, their expression may also be adjusted in response to these changes.

Retinoic acid, epidermal growth factor (EGR) and fibroblast growth factor (FGF) have

been shown to increase PTH receptors on costal chondrocytes whereas IGF-1 and TGF-~

decreased receptor levels (Takigawa et al 1991). Thus, both integrins and cellular

receptors provide an avenue for the chondrocyte to detect and respond to their

microenvironment.

ECM-chondrocyte interactions and extrinsic factors which regulate them contribute to the

understanding of changes seen in aging cartilage. Age-related decreases in NO production

by articular cells are thought to be associated with a decrease in cellular responsiveness to

491



IL-l (Hauselmann et al 1998). There is also an age-related down-regulation in anabolic

response to IGF-l and a proportionate up-regulation of IGF-l binding proteins (Martin

and Buckwalter 2002). Noncollagenous ECM proteins number over 40 and differ in

structure, distribution, and function (Roughley 2001). These proteins may also vary with

age and, because of their structural and regulatory role, may directly influence

chondrocytes or, Via their degradation products, alter the cell phenotype and

responsIveness.

Not only are changes in chondrocyte responsiveness thought to be a prominent factor in

cartilage aging, but also the contribution of cell death is significant and again reflects the

importance of the cells' microenvironment. In addition, cell death associated with aging

cartilage, the emptying of lacunae, and the resultant structural ECM changes may affect

the responsiveness of chondrocytes and has been suggested to be induced by changes in

cell-ECM interactions (Fukui et aI2001).

Furthermore, biomechanical features of the microenvironment have been shown to affect

aging cartilage. High magnitude cyclic tensile loads have been demonstrated to increase

destructive cytokines or alter regulatory cytokine levels to promote destructive changes,

which then may trigger the shift from normal aging to a disease state (Fukui et al 2001).

Alternatively, smaller tensile forces change fluid flow through the porous cartilage matrix

and have been demonstrated to exhibit anabolic effects on chondrocytes by delivering

positive growth factors to them (Bonassar et al 2001).

The importance of this complex relationship between the chondrocyte and its

microenvironment, both structural and regulatory, in the context of diseased cartilage is

paramount. Morphologic, biochemical, molecular and biomechanical changes contribute

to the altered state of cartilage seen in degenerative joint disease.
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Early disruption or alteration of structure and composition of ECM is seen in OA and

may constitute the triggering mechanism from aging to disease state (Martin and

Buckwalter 2002). These ECM changes stimulate cell anabolism and the proliferative

responses seen in stage 2, the hypertrophic phase, of attempted repair (Fukui et al 2001).

This phase, however, progresses to stage 3, where characteristic thinning and decreased

stiffness ofthe joint surface further accelerate ECM losses (Martin and Buckwalter 2002).

These studies have demonstrated that chondrocytes obtained from diseased cartilage, in

keeping with the tissue changes observed, exhibit a dedifferentiated phenotype

(manuscript 5, Fig. 4B). This altered phenotype is likely a manifestation of the cell's

response to stressful cues from its microenvironment coupled with normal aging. Thus,

despite a programmed response to injury and an attempt to repair the tissue, degeneration

ensues.

Growth factors and cytokines have been demonstrated to provide such

microenvironmental cues and directly or indirectly regulate chondrocyte phenotype and

ECM turnover (reviewed in Fukui et al 2001 and Goldring 2000a). Increased expression

and activation of growth factors are observed in OA cartilage and in synovium of both

OA and RA patients despite the distinct pathogenesis of these diseases (van den Berg

1999) suggesting that regulatory agents may be a trigger to initiate the disease process in

cartilage and may also be modulated in response to it.

The role of regulatory agents within the chondrocyte microenvironment, in normal and

aging tissue, implicate these mediators in the pathophysiology of degenerative joint

diseases. The net effect of these mediators depends on their abundance, their inhibitors

(for example soluble receptors) and the balance between them (van der Kraan and van

den Berg 2000). Altered receptor types, concentrations, and ratios may have profound
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consequences on the functional activity of cells and properties of the cartilage matrix.

They may also playa role in cell proliferation, all of which are essential to tissue healing.

IL-1, as a mediator of cells and ECM in joint disease, is a likely target; it has been

repeatedly implicated in the pathogenesis of RA (van den Berg 1999) but its role in OA

disease is less clear. OA cells have been shown to be more sensitive to IL-1 and to

express higher levels of the IL-1 receptor than normal cartilage (Moldovan et al 1997).

The failure of attempted repair in degenerative joint disease is likely related to interplay

of IL-1 and many other factors in the microenvironment including TGF-~. A serious

complicating factor in interpreting the roles of these cytokines and specifically TGF-~ is

the deranged phenotype of chondrocytes and their disturbed receptor expression (van den

Berg 1999, Boumediene et al 1998a). The confusion lies in whether the phenotypic

change of the cell resulting in ECM disruption or degenerative joint disease may actually

be a result of the cells' prolonged exposure to mediators or that this pathology results

from normal levels of regulatory agents but a disturbed cellular responsiveness to them,

which in a circular argument, is linked to aberrant receptor expression (van den Berg

1999). There is clearly a need to further characterize these regulatory factors and

determine their perspective roles in degenerative joint disease in hopes of attaining an

appropriate balance.

The Relevance of TGF-~ and its Receptors in Repair

Regulatory agents residing in the microenvironment have been defined as key mediators

of chondrocyte-ECM interactions. They appear to influence cell phenotype, reflected by

cell proliferation and morphology, ECM turnover, and responsiveness to the growth
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factors themselves. TGF-f3 is one such growth factor that has been clearly implicated in

the regulation ofboth normal and diseased cartilage.

Protective and pathologic roles of TGF-f3 have been studied extensively (Shuler et al

2000, van Beuningen et al 1993, Elford et al 1992, van den Berg et al 1993, Itayem et al

1999, Perka et al 2000). The conflicting nature of its actions is possibly related to the

changing phenotype of cells and their altered TGF-f3 receptor expression profile and

responsiveness (van der Kraan and van den Berg 2000). New perspectives to combat

degenerative joint changes will have to address all of these parameters and their complex

interactions to target cartilage repair; however, limited information is available on TGF-f3

receptors in human chondrocytes and yet their role in the cell-microenvironment

associations appears to be extensive.

The potential of TGF-f3 receptors to: allow the chondrocyte to detect and respond to

changes in the microenvironment, act as markers of cell phenotype, contribute to cell

responsiveness to TGF-f3 and other regulatory factors, function as detectors of structural

changes in the ECM to mediate cell-ECM interactions, alter the ability of the cell to

maintain its ECM 3-D structure and composition make them ideal targets for new

therapeutic regimens aimed at treating degenerative joint disease. Thus, the regulation of

chondrocyte function in physiologic and pathologic states may depend on manipulation of

TGF-f3 receptor expression in a temporally and spatially dynamic fashion.

The link established throughout these investigations between TGF-f3 receptor expression,

cell phenotype, cell responsiveness and the ECM, is critical to understanding the role of

TGF-f3 action in joint disease and potential cartilage repair. However, the cyclic

interactions between chondrocyte and microenvironment result in identification of
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influential factors but without a specific start or finish line. Ironically, these investigations

of human chondrocytes, TGF-f3 receptors and TGF-f3 action in these cells do not result in

crossing any finish line in the race towards cartilage regeneration. Instead, the race has

become a relay in which an expanding complex picture of TGF-f3, the chondrocyte, and

its microenvironment predominates. Despite this, new strategies have been acquired to

pursue the ultimate goal of cartilage repair.

Treatment strategies aimed at redifferentiating chondrocytes, maintaining their

phenotype, and generating hyaline cartilage are currently investigated primarily in vitro.

Ultimately, intervention of joint disease needs to occur at very early stages; presently, it

targets patient symptoms and fails to prevent disease onset or progression. To accomplish

early disease intervention, the concepts of cell aging and phenotype must be combined.

The decrease in chondrocyte numbers seen in normal aging cartilage must be replaced

with cells of a stable hyaline cartilage producing phenotype that respond appropriately to

alterations in the microenvironment and can maintain their surrounding ECM.

Alternatively, this cell senescence must be delayed. Mechanisms employed to promote

and maintain the differentiated phenotype will likely involve 3-D culture systems and

implant devices in addition to modulation of growth factors locally, specifically TGF-f3,

potentially through regulation of its receptor expression.

There is evidence that treatment strategies are already movmg m this direction.

Controlling cytokine and growth factor expression locally has generated a large focus of

therapeutic effort. However, the usefulness of growth factors to improve tissue repair has

been limited by delivery problems and the inability to sustain anabolic factors at an

appropriate level (reviewed in Lieberman et al 2002). The feasibility of delivering genes
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to chondrocytes has been demonstrated in vitro (Arai et al 1997) and in vivo (Baragi et al

1997, Kang et al 1997). The concept, to deliver genes encoding for therapeutic cytokines

which thus could be synthesized locally at sustainable concentrations, followed. Ideally,

these genes could be regulated so that local cytokine production would correspond to

appropriate cell phenotypic changes and would also combat increasing levels of

destructive cytokines. The delivery of the TGF-p 1 gene by adenoviral transfer has been

demonstrated to result in a dose dependent up-regulation of PG, collagenous and

noncollagenous protein synthesis in monolayer cultures of rabbit articular chondrocytes

(Shuler et al 2000).

Alternate strategies to locally regulate TGF-p action have been suggested. In vivo

delivery of a soluble form of RII (TGF-p scavenger molecule) was shown to penetrate

cartilage (van Lent et al 1987) and increase PG loss and a decreased thickness of articular

cartilage in a papain induced chicken OA model (Scharstuhl et al 2002). The potential

replication of a competent virus or insertional mutagenesis, the generation of an immune

response with repeat transfer, and the restricted size of transferable DNA pose

disadvantages with adenoviral transfers; however, lipofection transfer is a realistic

alternative (Stove et al 2002). Alternatively, liposomes and microspheres have been

shown to deliver TGF-p 1 to full thickness defects in articular cartilage (Hunziker 2001

and Hunziker et al 2001). In vitro transfer of regulatory agents through dense cartilage

matrix can be difficult but has been accomplished with liposomes and other vectors

(reviewed in Lieberman et al 2002). A related approach would be to genetically modify

autogenous cells ex vivo and optimize their expansion prior to transplantation. IGF-l,

BMPs, and TGF-p all promote phenotypic stability in chondrocytes (reviewed in
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Liebennan et al 2002); however, cells must be proliferated and transferred in a

physiologic-like 3-D matrix to preserve the differentiated state. An elegant in vivo

approach to tissue engineering using non-invasive injectables has recently been described

(Elisseeff et al 200 I). Bovine articular chondrocytes were encapsulated with polyethylene

oxide dimethacrylate (PEODM) microspheres of IGF-I, with or without TGF-~, in an

injectable hydrogel. The hydrogel was photopolymerized through the skin resulting in a

slow controlled release of the growth factors and an increased GAG production (Elisseeff

et aI2001).

On a molecular level, experimental treatments for OA now target production of catabolic

cytokines using anti-cytokine therapy, MMP inhibitors, or alternatively by targeting

protein kinases involved in their signaling pathways including SAPKsIJNKS, p38MAPK,

and NFKB. However, to affect these targets, there is a need to genetically engineer cells

prior to transplantation to promote cartilage-specific matrix synthesis and counteract

inflammation and destructive cytokines. This is a daunting task when considering the

complex regulation of these factors by binding proteins, receptors, and various signaling

pathways. A successful approach will likely require coordinative therapies to exploit the

chondrogenic potential of the cells.

Epidemiologic studies have identified genetic influences as risk factors for the

development of degenerative joint disease. In RA, most treatments target the central

(activation and progression of synovitis) or the late (cartilage and bone destruction) phase

of disease. There is a need, rather, to target the initiation phase where a genetic

susceptibility and a triggering event begin the cascade of inflammation and destruction.

Similarly, in GA, identifying the genes involved in critical pathways leading to disease
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initiation or progression may be useful in developing new therapeutic strategies. DNA

microarrays and other readily advancing genetic tools will allow analysis of gene

expression profiles in these joint disease states to identify candidate genes as potential

targets for intervention. Despite these aims, current pharmacologic treatment is for

symptom alleviation and not disease prevention. Therefore, the need for early detection of

joint changes is critical if new strategies will be successful.

Utilizing the principle that gadolinium is normally excluded from the ECM by aggrecan,

magnetic resonance imaging with gadolinium can detect early aggrecan loss (reviewed in

Poole et al 2002). Assays have been developed to detect denatured type II collagen

(Hollander et al 1994). Alternatively, synthesis of type II procollagen can be ascertained

through measurement of released propeptides when procollagen is incorporated into

fibrils (Poole et al 2002). Detection of these degradative and synthetic markers has

already been used to predict joint space narrowing. Therefore, these biomarkers may be

used to detect joint damage at early stages, follow injury progression, to study the effects

of new treatment strategies, and possibly provide a screening tool to establish genetic

links to OA and RA.

It is unethical to take human cartilage biopsies. Advances in the fields of cytokines and

growth factors, 3-D matrices, and phenotypic modulation of cells and the combination of

these concepts thus require sound animal models of joint injury to determine their impact

on healing. In addition, as new detection strategies are employed and new therapeutic

targets are discovered, a model to test novel treatments will be essential. Ideally, this

animal model is "a homogeneous set which have inherited, naturally acquired, or

experimentally induced a biological process amenable to scientific investigation that in

one or more aspects resembles the disease in humans" (Pritzker 1994). It has been
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difficult to establish such a model of human joint conditions. Humans have a larger body

size than most models, stature is varied, and load distribution to joints is unique. Cartilage

of animals has different properties and therefore, results cannot be directly translated to

human conditions (Helminen et al 2002).

Various murine models of OA, genetically developed through mutations III collagen,

fibromodulin, biglycan, MMP-13, PI integrins, and growth hormones have been used

extensively (reviewed in Helminen et al 2002). STRJORT and BCBC/4 mice show

spontaneous OA development. Tiptoe walking and progressive ankylosis murine models

have defects in the pathways controlling mineral deposition which results in calcium

crystal deposits in synovial joints and degenerative joint disease (reviewed in Newman

and Wallis 2002). Two significant problems present in all of these models are that

chondrocyte density is much greater in murine cartilage than human and OA is of early

onset rather than the progressive late onset seen in humans.

Despite their shortcomings, murine models provide an ethical alternative to study

degenerative joint disease and novel treatment strategies. In addition, studying the

development of disease and genetic links in these models may identify new therapeutic

targets. Fifty to seventy percent of Smad 3exon8 homozygote murine knockouts die within

3 months of life from uncontrolled infectious processes; however, the surviving mice

develop early skeletal abnormalities that progressively worsen with age (Yang et al

2001). These mice demonstrate abnormal hypertrophic differentiation of articular

chondrocytes. By 4 months, there is obvious unusual differentiation of cells with surface

fibrillation, increased type I collagen, osteoca1cin, cartilage loss and osteophyte formation

(Yang et al 2001). Similarly, transgenic mice expressing a cytoplasmically truncated form
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of RII have been developed (Serra et al 1997). This mutant RII acts in a dominant

negative fashion to inhibit TGF-f3 signaling; these develop skeletal defects by 3 months

with progressively stiffening joints. With time, decreased levels of PG and increased type

X collagen are observed and formation of chondrons can be seen in deeper cartilage

layers. Cartilage becomes disorganized, calcified, hypertrophic cells are noted, and

fibrillation follows with osteophyte formation (Serra et al 1997). Taken together, these

two murine models implicate TGF-f3 dysregulation in the development of degenerative

joint disease and suggest that further investigation into the role ofTGF-f3 and cartilage is

warranted. Progressive understanding of the chondrocyte, its microenvironment and the

overwhelming complexity of their association may provide clues as to the nature of the

degenerative changes in diseased cartilage and may provide novel avenues to modulate

this association toward regeneration or repair.

CONCLUSIONS

Because of the complexity of degenerative joint disease, treatment strategies, often aimed

at late stage disease, are limited. Problems faced in attempts at repair of damaged

cartilage include the avascular state of the tissue and a dedifferentiation of chondrocytes

resulting in a cell with a varied response profile to cytokines and growth factors, a

decreased anabolic capacity and an inability to maintain its surrounding matrix.

TGF-f3 promotes the differentiated phenotype of chondrocytes, enhances cartilage

healing, and dysregulation of its signaling cascade results in degenerative joint disease.

TGF-f3 has been implicated in cell proliferation and differentiation and ECM regulation in

cartilage. The investigations presented here have established a critical link whereby the

action ofTGF-f3 in cartilage may be explained through variation in receptor expression at
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the cell surface. In addition to the TGF-~ signaling receptors on chondrocytes, the

presence of betaglycan and RIIB was confirmed and the novel expression of Sol RI, Alk

I, and endoglin was identified. These receptors were observed to form a variety of

heteromeric complexes and to regulate TGF-~ signaling. More importantly, RIIB and

endoglin were demonstrated to regulate type II collagen levels and evidence was provided

that they likely represent chondrocyte phenotypic markers. Furthermore, a critical

association between endoglin expression, cell phenotype, cell responsiveness, and ECM

was established. These results suggest that TGF-~ binding proteins in human cartilage are

potential modulators of complex interactions between the cell and its microenvironment

and may provide a novel avenue to regulate the effects ofTGF-~ locally.
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Fig. c: The hypothesized fluid hetero-oligomeric TGF-p receptor complex on human 

chondrocytes. Identification of TGF-p receptors in human chondrocytes has revealed the 

presence of RI and RIl signaling receptors and variants of these namely Sol RI and RIlB. In 

addition, Alk-l has been demonstrated on the cell surface as have the accessory receptors 

endoglin and betaglycan and a GPI-anchored 180 kDa TGF-13 binding protein. The 

signaling receptors form homodimeric (A) and heterodimeric complexes which may also 

involve accessory receptors such as betaglycan (B). The signaling receptors are thought to 

form a heterotetramer when transducing the TGF-13 response (C). Novel receptors likely 

provide a tight regulation ofTGF-13 signaling through heteromeric complex formations with 

each other as well as RI and RIl (C). These complexes, however, are potentially 

heterogeneous in nature (D). The ratios and concentration of individual components may be 

critical in specifying the relative contributions of the various signaling pathways, and thus, 

may playa central role in regulating the diverse actions of TGF-13 in chondrocytes. As 

evidence, overexpression of various receptors or inhibition of their expression (E) has been 

shown to modulate TGF-13 signaling in these cells. 
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Fig. d: The human chondrocyte, its microenvironment and the overwhelming

complexity of their association. In vivo, chondrocytes reside in a complex 3-D

microenvironment which is subject to various extrinsic forces such as injury, inflammation,

and stress. These factors may result in changes to the 3-D architecture through degradation

of structural proteins, modulation of growth factors, cytokines, and enzymes within the

ECM or may directly cause cell damage. Chondrocytes are believed to detect changes in

their microenvironment and, in tum, alter the surrounding ECM. Chondrocyte response to

these signals may involve growth, a change in synthesis of ECM structural components as

well as autocrine and paracrine regulatory factors, or a change in cell phenotype manifested

as a change in cell morphology or expression of cell surface molecules. Therefore,

receptors and integrins at the cell surface could be considered as phenotypic markers, may

provide clues as to changes occurring in the microenvironment, and may alter the cell's

responsiveness to further changes. TGF-~ receptors likely playa vital role in mediating

interactions between the chondrocyte and both its architectural and regulatory

microenvironment.
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FUTURE DIRECTIONS

The failure to establish a reliable bioavailability model for the administration ofTGF-j3 to

the joint surface lends support to the concept of local regulation of endogenous levels. In

addition, in vivo modulation of endogenous TGF-j3 allows for chondrocytes to remain in

their physiologic 3-D microenvironment. Alternatively, and to address the problem of

chondrocyte senescence, autogenous cells could be manipulated in vitro and delivered to

joint defects in 3-D matrices which mimic the microenvironment. TGF-j3 receptor

modulation, because of their association with cell phenotype, responsiveness and ECM, is

a promising route to locally regulate TGF-j3. A variety of TGF-j3 regulatory agents have

been identified, some of which directly effect receptor expression.

Anti-inflammatory medications are often used in symptomatic treatment of degenerative

and inflammatory joint disease. Administration of misoprostil to bovine articular

chondrocytes has been shown to stimulate GAG synthesis by a TGF-131 dependent

mechanism (Anastassiades et al 1998).

Many other potential TGF-j3 regulatory agents have been proposed. For example, NO has

been shown to act as an important regulator ofTGF-j3 (reviewed in Studer et al 1996). In

OA chondrocytes, Doxycycline administration depressed MMP-l and MMP-13 levels,

enhanced TGF-j33 levels and up-regulated both TGF-j3 signaling receptors (Shlopov et al

1999 and 2001). In addition, Retinoic acid (vitamin A) increases TGF-j32 synthesis and

its effects are antagonized by -132 administration (Morales and Roberts 1992). Retinoic

acid has been demonstrated to inhibit PG synthesis (Caputo et al 1987, Campbell and

Handley 1987) and there is some evidence that nuclear receptor signaling of RA and the

TGF-j32 signaling cascade may be linked (Glick et al 1989 and 1991). Methotrexate can
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up-regulate endoglin expression (Letamendia et al 1998b) and work with anti-endoglin

antibodies and cyc1ophosphamides in blood vessels of human tumours implicate endoglin

as a potential target of cell modulation.

Steroids, another frequently employed agent used in treating joint disease, have well

known associations with TGF-p (Roberts and Sporn 1992). Steroids increase expression

ofTGF-p isoforms and can induce expression ofTGF-p receptors (Glick et al 1989 and

1990, Ruscetti et al 1991). Glucocorticoids have been demonstrated to inhibit cartilage

growth (Datuin et al 2001) as well as increase osteopenia and enhance apoptosis in bone

and cartilage (Silvestrini et al 2000). Glucocorticoids are known to promote chondrocyte

differentiation but by unknown mechanisms (reviewed in Sekiya et al 2001).

The effects of glucocorticoids on chondrocyte differentiation may be mediated directly;

Dexamethasone increases Sox9 mRNA expression which in tum increases mRNA of Col

2A1 (Sekiya et al 2001). On the other hand, indirect actions of glucocorticoids include

up-regulation of betaglycan mRNA (Nakayama et al 1994), increased TGF-p1 binding to

betaglycan (Centrella et al 1991, Nakayama et al 1994) but not RII (Nakayama et al

1994), and decreased binding to RI (Centrella et aI1991). Glucocorticoid receptors inhibit

TGF-p induced PAI-1 and SBE 4 luciferase activity via an interaction that inactivates

Smad 3 (Song et al 1999).

The link between endogenous steroids and cartilage is also evident. Women on long term

estrogen replacement therapy exhibit increased cartilage thickness (Wluka et al 2001).

Moreover, epidemiologic studies indicate female gender as a risk factor for the

development of both inflammatory and degenerative joint disease. Taken together, with

the observation of functional estrogen receptors (ERa and ER(3 ) in articular cartilage, this
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information identifies estrogen (E2) as a potential regulator of cartilage. More

importantly, responses in growth plate chondrocytes to £2 (l7-~ estradiol) are regulated

by TGF-~1 (Nasatzkyet al 1999). £2 has been shown to inhibit chondrocyte proliferation,

stimulate protein synthesis and promote cell differentiation (reviewed in Nasatzky et al

1999).

The involvement of these agents in regulating chondrocytes, their microenvironment, the

interactions between them, and the potential regulation of them by TGF-~ makes steroids

and other factors likely candidates to address local modulation of TGF-~ action in

cartilage.

Further understanding of the action ofTGF-~ in human cartilage and better elucidation of

the role of TGF-~ receptors in this process is critical. Specifically, the aims of future

investigations in human chondrocytes should be:

1. to further elucidate the structural determinants of TGF-~ receptor interactions and

complex formations;

2. to better define the role of receptors and receptor complexes in modulating TGF-~

signaling;

3. to determine if levels of TGF-~ receptor expreSSIOn at the cell surface or their

contributions to heterogeneous complexes result in unique signaling pathways to

specify a particular TGF-~ induced response among the diverse downstream

targets

To accomplish these aims, the following objectives should be met:

(i). modify TGF-~ receptor expression to locally regulate TGF-~ action in cartilage;
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(ii). identifY regulatory agents of TGF-f3 receptors as a means of indirectly modulating

TGF-f3 signaling;

(iii). determine the role of endoglin in cartilage as a regulator ofECM turnover and cell

phenotype in modulating cell-ECM interactions;

(iv). determine if endoglin plays a role in promoting the avascular state of the tissue.

The use of available murine models (Smad 3exon8, DNRII, and HHT I) may allow for

these objectives to be pursued in vivo and will likely aid in identifYing the role of TGF-f3

and its receptors in joint disease.

FINAL THOUGHTS

The results presented and the literature reviewed agree that chondrocyte phenotype, cell

responsiveness to cytokines and growth factors, and the avascular state of the tissue

contribute to the lack of appropriate repair by injured cartilage. There is a need to

engineer replacement tissue with appropriate biochemical and biomechanical properties

or tissue failure will ensue. The production of a stable type II collagen containing hyaline

matrix may be realized if the microarchitecture of articular cartilage can be recreated.

However, the mechanical demands on this specialized tissue are a harsh discriminator of

inadequate repair. There is an increasing acceptance that degenerative joint disease is not

the equivalent of normal aging, rather, that normal age-related changes in cartilage make

the tissue more vulnerable to triggering events.

Independently, both in vitro and in vivo investigations have provided much insight into

cartilage engineering through genetics, studies of growth factors and cytokines, 3-D

matrices and local delivery of regulatory agents. What remains is to integrate these

concepts into a unifYing direction. The appropriate timing of interventions and
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appropriate models for their application must be in place to provide novel therapeutic

regimens that may include TGF-p and its receptors.

"there are ... no instances in which a lost portion of cartilage

has been restored with new and well formed permanent

cartilage in the human subject"

-Paget 1853

The move towards cartilage regeneration or repair appears to have become a marathon

since the time Paget withdrew from the simple race. It is with the hope that a concerted

effort and a combination of knowledge and strategies will provide the answers to restore

this specialized connective tissue that the race is continued.
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Endoglin Is Expressed on Human Chondrocytes and Forms a Heteromeric
Complex With Betaglycan in a Ligand and Type II TGFf3

Receptor Independent Manner
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ABSTRACT

Previous work has implicated transforming growth factor f3 (TGFf3) as an essential mediator of cartilage
repair and TGFf3 signaling as a requirement for the maintenance of articular cartilage in vivo. However, the
mechanisms regulating TGFf3 action in chondrocytes are poorly understood. Endoglin, an accessory receptor
of the TGFf3 receptor superfamily, is highly expressed on endothelial cells and has been shown to potently
modulate TGFf3 responses. It is not known whether chondrocytes express endoglin or whether it modulates
TGFf3 signaling in these cells. In this study, we show that endoglin is expressed on human chondrocytes at
levels comparable with endothelial cells and that it forms higher order complexes with the types I and II TGFf3
receptors. More importantly, we show that endoglin forms a heteromeric complex with betaglycan on these
cells at endogenous receptor concentrations and ratios. Endoglin complexes with betaglycan in a ligand
independent and -dependent manner as indicated by co-immunoprecipitation in the absence of TGFf3 and
after affinity labeling with radiolabeled TGFf3, respectively. Also, the endoglin-betaglycan association can
occur independently of the type II TGFf3 receptor. These findings, taken together with the available evidence

- that endoglin and betaglycan are potent modulators of TGFf3 signal transduction, imply that the complex
formation between endoglin and betaglycan may be of critical significance in the regulation of TGFf3 signaling
in chondrocytes. (J Bone Miner Res 2003;18:289-302)

Key words: chondrocytes, transforming growth factor f3 receptors, endoglin, betaglycan, cartilage

INTRODUCTION

CARTILAGE, ONE OF the body's five major connective
tissues, displays poor intrinsic healing, which is the key

element in a variety of common joint diseases. Although the
potential for restoring diseased or injured cartilage has
generated much interest, a successful model of cartilage
regeneration or repair has been elusive. This has been at
tributed to the lack of regenerative or proliferative ability of
mature chondrocytes, their dedifferentiation into fibrocarti
lage (type I and type III collagen producing cells),< II and the
avascular state of the tissue.(2) Increased attention has fo
cused on the chondrocyte environment as a critical deter
minant of phenotypic matrix synthesis and reparative ca
pacity in which growth factors play important roles.
Transforming growth factor (3 (TGF{3) has emerged as a
potential regulator of chondrocyte growth and differentia-

The authors have no conflict of interest.

tion. For example, a positive relationship between cellular
maturity and proliferative response to TGF{3 has been dem
onstrated in growth plate chondrocytes.(3) Furthermore,

chondrocytes derived from the different layers of articular
cartilage are differentially stimulated by TGF{3.(4)

TGF{3 is a member of a large family of multifunctional
proteins intricately involved in growth, differentiation, and
developmen{') and was described initially as "cartilage
inducing factor.',(6) Three distinct isoforms of TGF{3 (TGF{3

1,2, and 3), which are encoded by distinct genes, have been
described in mammals.()) TGF{3 is secreted in a latent form

that requires activation before it can bind to its receptors.
The TGF{3 signal is transduced by a pair of transmembrane
serine/threonine kinases, known as the types I and II recep
tors, which are present on almost all cell types.(7-IO) The

type I receptor does not bind TGF{3 in the absence of the
type II receptor. The binding of TGF{3 to the type II recep
tor, a constitutively active kinase, results in the recruitment,
phosphorylation, and concomitant activation of the type I

'Division of Plastic Surgery, Department of Surgery. McGill University, Montreal, Quebec, Canada.
1Beth Israel Deaconness Medical Center, Harvard Institutes of Medicine, Boston. Massachusetts, USA.
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receptor. Thc activated type I receptor in turn transmits the
signal through downstream mediators such as Smads, re
sulting in the regulation of targct genc expression. Other cell
surface TGFf3 binding proteins include the accessory recep
tors, betaglycan (type III TGFf3 receptor) and endoglin
(CD I05), which have a limited tissue distribution. Betagly
can. a membrane proteoglycan, binds all three TGFf3 iso
forms with high affinity and is believed to facilitate TGFf3
binding to the type II TGFf3 receptor. I I 1-131

Endoglin binds TGFf31 and TGFf33 with high affinity
through its association with the type II receptor. I 1-11 Further
more. endoglin appears to interact not only with TGFf3 but
also with activin and bone morphogenic protein in the
presenee of their respective ligand binding receptor.1]5) En
doglin was originally identified with the monoclonal anti
body 44G4 generated against thc HOON pre-B leukemic
cell linell('1 but was subsequently found to be highly ex
prcssed on endothelial cells. Other cell types that express
endoglin include monocytes, lymphocytes, and placental
and uterine cells.<17-19] Endoglin. a homodimeric transmem
brane protein of ~'180 kDa. composed of disulfide-linked
protein subunits of~90 kDa, has limited species-specificity
and shows 70% homology to betaglycan. Two different
isoforms, L- and S-endoglin, have been described, and both
are phosphorylated. The functional role of endoglin in
TGFf3 signaling is poorly understood. It has been shown to
facilitate ligand binding to the types I and II receptors. (211 )
However. overexpression of endoglin decreases TGFf3 re
sponses in monocytes and myoblasts.119-21 I In contrast.
overexpression of betaglycan enhanced TGFf3 responses in
these cellsY")

The gene encoding endoglin is located on chromosome
9q34.1221 Hereditary hemorrhagic telangiectasia (HHT) is
attributable to mutations in the endoglin gene, with each
mutation providing a slightly modified diseasc pheno
typey3) Heterozygotes, both human and animal models.
display the classic phenotype of epistaxis, telangectasia, and
visceral vascular malformations.(241 Null alleles are embry
onically lethal secondary to abnormal yolk sac vasculogen
esis and abnormal cardiac development(251 The specific
function of endoglin responsible for HHT is likely related to
alterations in TGFf3 action(2l1,2hl

TGFf3 receptor profiles on human chondrocytes are
poorly defined, and it is not known whether chondrocytes
express novel TGFf3 receptors. Expression of TGFf3 acces
sory rcceptors such as endoglin and glycosyl
phosphatidylinositol-anchored TGFf3 binding proteins have
been shown to regulate TGFf3 signaling and TGFf3 re
sponses in other cell types.1211.27.2X) Defining the expression
profiles of the TGFf3 receptor types and the biochemical
interactions between these receptors leading to the forma
tion of oligomeric complexes on chondrocytes is critical to
understanding the mechanism of TGFf3 action in these cclls.

In this study, we report the expression profiles of TGFf3
receptors on human articular and nonarticular chondrocytes
and show for thc first time that endoglin is cxpressed on
ehondrocytes. More importantly, we show that in addition
to the well documented formation of a heteromeric complex
with the type I1type II TGFf3 receptors, cndoglin forms a
hetcromeric complex with betaglycan on chondrocytcs at
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endogenous receptor concentrations and ratios. Also, we
present data to illustrate that the heteromcrization of endog
lin with betaglycan occurs in a ligand-induced and Iigand
independent manner as shown by their co
immunoprecipitation after affinity cross-link labcling with
radiolabeled TGFf3 and their association in the absence of
TGFf3. respectivcly. Furthermore. we show that the com
plex formation between endoglin and betaglycan can occur
independently of the type II TGFf3 receptor.

MATERIALS AND METHODS

Cell culture

Primary human articular chondrocytes were obtained
from cartilage specimens obtained at total knee replacement
surgery. Digestion of the specimens was performed accord
ing to standard techniques'<291 Briefly, cartilage was washed
with phosphate-buffered saline (PBS), incubated with
0.25% trypsin (10 mUg of tissue: Life Technologies, Burl
ington. Ontario, Canada) for 30-45 minutes, minced with a
scalpel, and incubated with hyaluronidase (10 mUg of tis
sue) and collagenase (I mg/mJ; lO mUg of tissue; both from
Sigma. Oakville, Ontario, Canada) overnight. The suspen
sion was pelleted, washed, and plated at I X 1rl' cells/ml.
The immortalized human chondrocyte cell lines (C-28/I2
and tsT/AC62) have been described previouslyY<uO) The
C-281T2 cell line was developed llsing chondrocytes isolated
from juvenile human costal cartilage by retroviral infection
with SY-40 large T antigen. The tsT/AC62 cells were de
veloped using chondrocytes isolated from adult human ar
ticular cartilage by immortalization with a retrovirus ex
pressing a temperature-sensitive mutant of SV-40 large T
antigen. This mutant is functional when the cells are cul
tured at 32°C but not at 37°c.12<)1 The 293 cells (CRL-1573)
were obtained from the American Type Culture Collection
(Rockville, MD. USA), and the human microvascular en
dothelial cells (HMEC-I) were a gift from Dr FW Ades and
Dr TJ Lawley (National Center for Infectious Disease. At
lanta, GA, USA). All cells with the exception of HMEC-I
were grown in DMEM/Ham's F12 (I: I, v:v) containing
10% FBS and 100 U/mI penici Ilin, 100 fLg/ml streptomycin.
and 0.25 fLg/ml amphoteracin (all from Life Technologies).
HMEC-I were grown in MCDB 131 (Life Technologies)
containing 10% FBS. IOOU/ml penicillin, 100 fLg/ml strep
tomycin, and 0.25 fLg/ml amphoteracin (all from Life Tech
nologies). Cells were cultured at 37°C in an atmosphere of
5% CO2/air, with the exception of the tsT/AC62 line, which
was maintained at 32°C.

Analysis o{ RNA by rel'erse transeriptase polymerase
chain reaction

To verify chondrocyte phenotype of the immortalized cell
lines and primary chondrocytes, aggrecan and type II col
lagen mRNAs were analyzed by a modified reverse tran
scriptase polymerase chain reaction (RT-PCR) as described
previously.(29) Total RNA was extracted using Trizol Re
agent (Life Technologies) and chloroform with final reslls
pension of the RNA in DEPC-treated water (Sigma). The
concentration of RNA in the samples was determined using
spectrophotometry. and RNA stability was determined on a
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I fJc agarose-ethidium bromide gel. RT-PCR was performed
with 5-JLg samples using a Superscript First Strand Kit and
custom primers (Life Technologies) according to the man
ufacturer's instructions. Final DNA preparations were visu
alized on a 1.5ck agarose-ethidium bromide gel and photo
graphcd.

Ll/cif'erase reporter assay

The p3TP-Lux, a TGF{3-induciblc promoter-reporter con
struct,L'I) contai ning the luciferase gene under the control of
a portion of the plasminogen activator inhibitor-I promoter
region was used to determine cellular responsiveness to
TGF{3. Chondrocytes were grown to 90% confluency in a
6-well plate and transiently transfeeted with I JLg of p3TP
Lux and I JLg of p{3-galaetosidase ({3-gal) per well using
Lipofectamine Reagent (Life Technologies) in serum-free
medium according to the manufacturer's specifications.
Cells were allowed to recover overnight in regular medium,
serum starved the following day for 4 h, and then treated
with !OO pM ofTGF{31 overnight. The cells were lysed and
assayed for luciferase activity (Pharmingen, Mississauga,
Ontario, Canada) using the EG&G Berthold Microplate
Luminometer (Berthold Detection Systems, Pforzheim,
Germany). Light emission by the TGF{31 treated cells was
expressed as a percentage of the emission by the control
cells and adjusted for transfection efficiency obtained using
the {3gal assay. Optimal transfection conditions were deter
mined using pHGFP (high green fluorescent protein plas
mid: Q-Biogene, Carlsbad, CA, USA).

Western blot analysis

To determine the regulation of the phosphorylated form
of Smad 2 by TGF{3I, chondrocytes were grown in T25
llasks and serum starved for 24 h. Cells were then washed
with PBS and treated with TGF{31 as indicated. Celllysates
were prepared, and samples were standardized for protein
content using the Bradford Protein Assay Kit (Bio-Rad,
Mississauga, Ontario, Canada). The extracts were then frac
tionated by 7.5% SDS-PAGE and transferred by electro
phoresis to nitrocellulose membranes (Scheicher and
Schuell, Keene, NH, USA). The membrane was blocked for
3 h in a milk protein/Tween blocking solution (I M Tris, pH
7.5; 5M NaCI; Tween 20;Sigma: Carnation Skim milk pow
der) and incubated with a rabbit polyclonal anti
phosphoSmad2 antibody (a gift from Dr S Souchelnytskyi,
Uppsala, Sweden) at 4 DC overnight. The membrane was
washed and incubated for I h with goat anti-rabbit HRP
conjugated secondary antibody (Santa Cruz Biotechnology
Inc., Santa Cruz, CA, USA) at room temperature and de
tected using the ECL system (Amersham Pharmacia Bio
tech, Baie d'Urfe, Quebec, Canada). The membrane was
reprobed with anti-Smad 2 (non-phosphorylated form) an
tibody (Santa Cruz Biotechnology Inc.) to confirm equal
protein loading. To determine the expression of endoglin in
chondrocytes and HMEC-l, cells were grown in 60-mm
dishes until confluent. Cell Iysates were prepared and ana
lyzed by Western blot using a rabbit polyclonal anti
endoglin antibody (SN6h; Dako, Carpinteria, CA, USA).
The addition of secondary antibody and detection were
performed as described above. The membrane was reprobed
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with anti-Smad 2/3 (non-phosphorylated form) antibody
(Santa Cruz Biotechnology Inc.) to confirm equal protein
loading.

To verify the presence of endoglin in cartilage, a plasma
membrane fraction from fresh human articular cartilage was
prepared as described by Gruppuso et al.('21 Briefly, tissue
was rinsed with Dulbecco's PBS (dPBS), weighed, minced,
and homogenized using a hand homogenizer in four vol
umes of homogenization buffer (sucrose 25 M, EDTA I
mM, HEPES 50 mM, pH 7.5) containing a mixture of
protease inhibitors (I mM phenylmethanesulfonyl fluoride,
20 JLg/ml aprotinin. 20 JLg/ml leupeptin, 20 JLg/ml soybean
trypsin inhibitor, and 25 mM benzamidine; all from Sigma).
The membrane fraction was obtained by centrifugation at
100,000g for 2 h at 20°e. The supernatant was removed,
and the pellet resuspended in I X sample buffer and boiled
for 5 minutes. The samples were then analyzed by 7.5%
SDS-PAGE under nonreducing or reducing (with {3-mer
captoethanoi: Sigma) conditions and immunoblotted as
noted above for endoglin.

Alfinitv labeling ()l cells

Affinity labeling was performed as described previously
with modifications03J Briefly. monolayers of cells were
washed with ice-cold binding buffer (dPBS with Ca2

' and
Mg2

+, pH 7.4, containing 0.1 % bovine serum albumin
lBSAj) and were incubated with 100 pM of 12'I-TGF{31 in
the absence or presence of varying concentrations of non
radioactive TGF{31. 2. or 3. The receptor ligand complexes
were cross-linked with bis-sulfocsuccinimidyl suberate
(BS3: Pierce. Rockford. IL, USA). The reaction was
stopped by the addition of glycine and the cell membrane
extracts were prepared. The solubilized samples were sep
arated by SDS-PAGE on a 3-11 % polyacrylamide gradient
gels under nonreducing or reducing (with {3-bercaptoetha
nol; Sigma) conditions and anal yzed by autoradiography.

Imllll/noprecipitation of'TGFf3 receptors

The anti-type I TGF{3 receptor antibody and anti-type II
TGF(3 receptor antibody were from Santa Cruz Biotechnol
ogy Inc .. The anti-betaglycan antibody (Get I: correspond
ing to the intracellular domain of betaglycan raised against
the peptide sequence GETARRQQVPTSPPASENSS) was a
gift from Dr S Souchelnytskyi (Uppsala, Sweden)."-!I This
peptide sequence is not present in human endoglin (Gen
Bank accession no. J0548 I), and the Get I antibody exhibits
no cross-reactivity to endoglin (S Souchelnytskyi. personal
communication, 200 I). The monoclonal anti-human endog
lin antibody (44G4)U5 J was a gift from Dr S St Jacques
(Universite Laval. Canada), the anti-pig endoglin antibody
lEG(591-609). corresponding to the intracellular domain of
endoglin raised against the peptide sequence KREPV
VAVAAPASSESSSTJ was a gift from Dr K Miyzono (To
kyo, Japan)06! This peptide sequence is not present in
human betaglycan (GenBank accession no. XM_OO 1924).
The SN6h anti-human endoglin antibody was from Dako.

Immunoprecipitation studies were performed as de
scribed previously<H371 with modifications. Cells were af
finity labeled with 200 pM l2:iI_TGF{3l, and the membrane
extracts were incubated with 3 JLg/ml of the various anti-
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bodies and with respective IgG controls. Immune com
plexes were then incubated with protein G-agarose (Rochc.
LavaL Quebec, Canada) sluny, and the beads were pelleted
by centrifugation. The immune complexes were analyzed
by SDS-PAGE under nonreducing or reducing conditions
followed by autoradiography.

Overexpression of' endog/in and betag/vcan

cDNAs encoding human RII and rat betaglycan sub
cloned into pcDNA3 were obtained from Dr M O'Connor
McCourt (Montreal. Canada),osl and the pcEXV-Endo-L
expression vector encoding the human L-endoglin isoform
was from Dr C Bernabeu. (Madrid, Spain)(39) The 293 cells
grown in 6-well plates were transiently transfected with I
fLg each of pEndo-L, p{3glycan, and p{3gal per well. In some
experiments, cells were also transfected with pRII. Parallel
transfections with pcDNA3 empty vector, and p{3gal were
performed as mock controls. The transfections were carried
out using Superfect Reagent (Life Technologies) according
to the manufacturer's specifications. Cells were affinity
labeled with 200 pM I25I-TGF{3 I and membrane extracts
were left non-immunoprecipitated or immunoprecipitated
with the indicated antireceptor antibodies, fractionated on
3-11% gradient gels. and analyzed by autoradiography. In
parallel. transfected cells were not affinity labeled. but im
munoprecipitated as indicated. fractionated on 3-11 % gra
dicnt gels. and electrophoresed onto nitrocellulose before
Western blotting with anti-endoglin antibody (SN6h; Dako)
using the ECL detection system (Arnersham Pharrnacia
Biotech).

Immunoprecipitation/Western blot analysis

Chondrocytes and 293 cells overexpressing endoglin and
betaglycan were washed three times with 0.1 % BSA-dPBS.
twice with dPBS. and membrane extracts of cells were
prepared and irnmunoprecipitated with anti-betaglycan an
tibody (Get I) or anti-human endoglin antibody (SN6h;
Dako) or not irnmunoprecipitated. In some experiments.
cells were washed with a mild acid (0. I% glacial acetic
acid) to ensure complete removal of endogenous
TGF{3(40A

I) before membrane extraction and subsequent
immunoprecipitation. In other experiments. cells were pre
treated with 100 pM TGF{31 at 37°C for 2 h before being
washed twice with dPBS and followed by membrane ex
traction and immunoprecipitation. The extracts or immune
complexes were fractionated by SDS-PAGE on 3-11% gra
dient gels, and Western blot analysis was performed as
described above using anti-human endoglin antibody
(SN6h; Dako) and the ECL system for detection (A mer
sham Pharmacia Biotech).

Two-dimensional gel electrophoresis

Two-dimensional gel electrophoresis was perfonned as de
scribed by MacKay et al..'42 1 except that 3-mercaptopropionic
acid was omitted in the second dirnension.'40 j Solubilized
membrane extracts of cells affinity labeled with 1251_TGF{31
were first fractionated on a 1.0-mm-thick 3-1 I% gradient
gel under nonreducing conditions in the first dimension and
then on a I.S-mm-thick 3-11 % gradient gel under reducing
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conditions in the second dimension. The gel was then sub
jected to autoradiography.

RESULTS

Expression of' aggrecan and type 1I collaxen hv
chondrocvtes

The tsT/AC62 and C-28/12 cell lines provide a reproduc
ible model that mimics human articular and costal phcno
types, respectively.'43-4(') To confirm the chondrocyte phe

notype of the immortalized cell lines and the human primary
articular chondrocytes in culture, we determined the pro
duction of aggrecan and type If collagen by these cclls using
RT-PCR. As displayed in Fig. 1A, aggrecan and type II
collagen mRNAs were expressed by both chondrocyte cell
lines and the primary chondrocytes. In addition. light mi
croscopic examination of the cells in culture at early pas
sage showed that they displayed the typical chondrocyte
morphology as detected by a spherical to polygonal shape
with a cell-associated matrix when suspended in alginate
bead culturcs (data not shown).

TGF{31 stimulates PAl promoter activity and S11lad2
ph{}.\phor.vlation in chondrocytes

To illustrate the sensitivity of the chondrocyte ccll lines
and primary chondrocytes to TGF{3. cellular signaling was
determined by a PAl-driven luciferase reporter assay using
p3TP-Lux, which has been used extensively as a marker for
TGF{3 responsivcness.'IIA7) The chondrocytes were tran

siently transfected with p3TP-Lux and the induction of
luciferase activity by exogenous TGF{3J was measured. As
illustrated in Fig. I B, luciferase activity of cells treated with
J00 pM of TGF{3J was stimulated approximatcly a IO-fold
compared with untreated cells for the C28/12 line, 6-fold for
TST/AC62, and S-fold for primary chondrocytes. The re
sults were normalized by co-transfection of the {3-gal plas
mid and are reprcsentative of thrce different expcrimcnts
each donc in triplicate. Transfection of the empty vector and
treatmcnt with TGF{3 in control experimcnts did not result
in any alteration of luciferase acti vity (data not shown).

To show further the TGF{3 sensitivity of these chon
drocytes and to illustrate the cellular signaling through
Smad 2, a central mediator of TGF{3 action. we cxamined
TGF{3 induced Smad 2 phosphorylation. Cells were
treatcd with 100 pM of TGF{31 for IS or 30 minutes or
were left untreated, and the phosphorylated form of Smacl
2 was determined using Western blot analysis. As shown
in Fig. IC, which is representative of three diffcrent
experiments, incubation of C-28!12 chondrocytes with
100 pM of TGF{31 for IS minutes resulted in a marked
increasc in Smad 2 phosphorylation (top panel). Therc
was a time-dependent increase in Smad 2 phosphoryla
tion as detccted by 30 minutes of TGF{31 treatment (data
not shown). Immunoblotting of total Smad2/3 was also
performed to show equal protein loading (bottom panel).
Similar rcsults were obtained using tsT/AC62 cells and
primary chondrocytes (data not shown).
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FIG. I. Expression of cartilage-specific matrix gene expression and TGFj3 responses in primary chondrocytes and nonarticular (C28/12) and
articular (tsT/AC62) chondrocyte cell lines. (A) Expression of aggrecan and type 11 collagen mRNAs: chondrocytes were cultured to conftuencc,
total RNA was extracted. 5 flg of total RNA was reverse transcribed, and PCR was performed using specific primers. Products were analyLed on
a 1.5°k agarose-ethidium bromide gel. (B) Stimulation of plasminogen activator inhibitor-I (PAl-I) promoter activity by TGFj3. The chondrocytes
were transiently transfected with the PAJ-I promoter-luciferase rcporter construct, p3TP-Lux, and pj3gal. Twenty-four hours alicr transfection,
cells were treated with 100 pM of TGFI3I for 24 h or were leli untreated. Luciferase activity was determined, normalized using the j3gal assay.
and expressed as a percent control of untreated cells. The data shown are representative of three different experiments each done in triplicates.
(C) Stimulation of Smad 2 phosphorylation by TGFI3I. Solubilized extracts of C-28/J2 cells treated with 100 pM of TGFj31 for 15 minutes or
left untreated were analyzed by SDS-PAGE (3-11 % gradient gels) under reducing conditions and transferred onto nitrocellulose mcmbrane. The
membrane was immunoblotted with an antibody against the phosphorylated form of Smad2 (top panel). Immunoblotting using an antibody
dirccted against the non-phosphorylated form of Smad 2 was performed to illustrate equal protein loading (bottom panel). The ECL system was
used for chemiluminescencc detection. Similar results were obtained using the tsT/AC62 cell line and primary chondrocytes (data not shown).
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TGFf3 receptor profiles on human chondrocytes

To analyze TGFf3 receptor profiles on human chondro
cytcs, cells were affinity labeled with 1251-TGFf31 and the
labeled receptors were analyzed by SDS-PAGE. The recep
tor profiles representative of human articular and nonarticu
lar chondrocytes arc illustrated in Figs. 2 and 3, respec
tively. The competition using increasing concentrations of
unlabeled TGFf3I, TGFf32, and TGFf33 isoforms demon
strated the relative binding affinity of the receptors for the
TGFf3 isoforms. 1251_TGFf31 labeling in the absence of
unlabeled ligand (lanes designated as "0") reveals five ma
jor binding complexes of relative molecular weights of 65,
85, 100, 180, and 200-300 kDa under reducing conditions
(Fig. 2). The migration patterns and isoform specificities of
the 65, 85, 100, and 200-300 kDa complexes were charac
teristic of the cloned Iype I receptor (RJ). type II receptor
(RIl), endoglin monomer, and type III (betaglycan) recep
tor, respectively.(4XAY) This was confirmed later by immu
noprecipitation studies using specific antireceptor antibod
ies (see below). The band at 180 kDa may represent the
endoglin homodimer that was cross-linked inadvertently
during the affinity labeling procedure and thus became
reductant insensitive (Fig. 2). All receptor complexes
showed high affinity for TGFf31 and an intermediate affinity

for TGFf33. With the exception of betaglycan, these recep
tors showed virtually no affinity for TGFf32.

TGFf3 receptor profiles of 1251-TGFf31-labeled chondro
cytes analyzed under nonreducing conditions are shown in
Fig. 3. In addition to the RI (65 kDa), RII (85 kDa).
endoglin dimer (180 kDa), and betaglycan (200-300 kDa),
two binding complexes of relative molecular weights of 115
and 145 kDa were detected in the absence of unlabeled
ligands (middle lane designated as "0"). These 115- and
145-kDa complexes were confirmed later as the RI ho
modimer and RI and RII heterodimer, respectively, by two
dimensional gel electrophoresis (see below), consistent with
our previous observations in other cell types C13

.40\ Also
evident were two higher molecular weight bands at 240 and
320 kDa that were unmasked in the presence of the unla
beled f32 isoform, which has very low affinity for these
bands but competes with betaglycan effectively. The 240
and 320-kDa bands were later identified as oligomeric com
plexes containing endoglin, RII, and/or RI (see below).
Once again, all receptor complexes, with the exception of
betaglycan, show high affinity for TGFf31 and virtually no
affinity for TGFf32.

As expected of endoglin, the] OO-kDa band (monomer un
der reducing conditions, Fig. 2) and the 180-kDa band (dimer
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FIG. 2. Affinity labeling of human chondro
cytes with I "1-TGFf31 and analysis under reduc
ing conditions. Confluent monolayers of bTl
ACr,2 cells were affinity labeled with 100 pM of
I 25t-TGFj3 I in the absence or presence of the
indicated concentrations of unlabeled TGFf3I,
f32. or j3J. Solubilized cell extracts were ana
lyzed by SDS-PAGE on 3-11 C/o polyacrylamide
gradient gels under reducing conditions followed
by autoradiography. Similar receptor profiles
were observed using primary chondrocytes and
the C-28/l2 cell line (data not shown).
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FIG. 3. Affinity labeling of human chondro
cytes with I "I-TGFf31 and analysis under non
reducing conditions. Confluent monolayers of
tsT/ACr,2 cells were affinitv labeled with 100
pM of 12Si-TGFf31 in the ab;ence or presence of
the indicated concentrations of unlabeled
TGFf31. f32. or f33. Solubilized cell extracts were
analyzed by SDS-PAGE (3-11'7r gradient gels)
under nonreducing conditions I'ollowed by auto
radiography. Similar receptor profiles were ob
served using primary chondrocytes and the
C-28/12 cell line (data not shown),

under nonreducing conditions, Fig. 3) displayed high affinity
for TGFl3l, intennediate affinity for TGFI33. and no affinity
for TGFf32. Howevcr, the almost complete lack of affinity of
the types I and II receptors for the TGFf32 isofOlID in these
cells that cxpress ample amounts of bctaglycan (which exhibits
high affinity for TGF(32) is intriguing.

Endoglin is present in human articular cartilage and is
expressed on chondrocytes at a level comparable with
that on endothelial celfs

The results shown in Figs. 2 and 3 show hinding patterns
consistent with the presence of endoglin. Endoglin had not

been documented previously on cholldrocytes. To confirm
the presence of endoglin on these cells, its expression on
primary human articular chondrocytes and chondrocyte cell
lines (nonarticuJar and articular) was compared with that of
human microvascular endothelial cells using Western blot
and affinity labeling. In addition to confirming the expres
sion of endoglin on human chondrocytes at levels compa
rable with those on HMEC-l, resu Its shown in Figs. 4A and
4B under conditions of equal protein loading suggest that
articular chondrocytes express higher levels of endoglin
than nonarticular chondrocytes. Also, the primary articular
cells display higher amounts than the articular cell line
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FIG. 4. Endoglin is expressed in human articular cartilage and its expression in primary chondrocytes and chondrocyte cell lines is comparable
with to that in endothelial cells (HMEC-I). (A) Solubilized extracts Df primary chondrocytes, C-28!I2, tsT!AC62, and HMEC-l cells were
analyzed by SOS-PAGE (7.5'k acrylamide) under reducing conditions and transfcrred onto nitrocellulose membrane. The membrane was
immunoblotted with an antibody against endoglin (SN6h, Oakol (ttlp panel). lmmunobloning using an antibody direetcd against the non
phosphorylatcd form or Smad 2!3 was performed ttl illustrate equal protein loading (bottom panel). The ECL system was used for chcmilumi
nescence detection. (B) C-28!12, tsT!AC62, and HMEC-l cells werc aftinity labeled with 100 pM of I "1-TGI'f31 in the abscnce or presence of
2.5 nM ofunlabclcd TGFf3I. Soluhilized cell extracts were analyzed hy SOS-PAGE (3-11 'if gradient gels) under nonreducing conditions followed
by autoradiography. (C) Plasma membrane fraction or human articular cartilage was prepared as described in the Materials and Methods section
and analyzed by SOS-PAGE (7.5% acrylamideJ under reducing conditions or nonreducing and tram,ferred onto nitrocellulose membrane. The
mcmbrane was immunoblotted with an antibody against endoglin (SN6h, Dako). The ECL system was used for chemiluminescence detection.
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(tsT/AC62). Figure 4C shows the presence of endoglin in
human cartilage tissue by Western blot, confirming that its
expression is not an artifact of chondrocytes cultured in
monolayers.

Endoglin forms a heteromeric complex with betaglycan
in {/ ligand-induced manner

To confirm the identity of the TGF{3 receptors expressed
on human chondrocytes and to study potential associations
between endoglin and other TGF{3 receptors, chondrocytes
were affinity labeled with 1251_TGF{31 and immunoprecipi
tated using specific antireceptor antibodies directed against
RI and RII, betaglycan, and endoglin. In these studies,
whereas immunoprecipitation with a specific antireceptor
antibody confirmed the identity of its cognate TGF{3 recep
tor, co-immunoprecipitation of another type of receptor that
is not recognized by this antibody was indicative of hetero
meric complex formation between those receptors.

As shown in Fig. SA, SDS-PAGE under reducing condi
tions of the nonimmunoprecipitated membrane lysate (NIP)
demonstrated the presence of TGF{3 binding proteins con
sistent in mobility and size with RI, RH, the endoglin
monomer, and betaglyean (lane I). The anti-betaglycan
antibody (cx-BG) immunoprecipitated betaglycan and co
immunoprecipitated not only RI and RII, but also trace
amounts of the endoglin monomer (lane 2). Similarly, the
anti-endoglin antibody (a-Eg; 44G4) precipitated the en-

doglin monomer. thus confirming the presence of endoglin
on human chondrocytes (lane 3). Interestingly. cx-Eg co
immunoprecipitated betaglycan in addition to RI and RH.
The co-immunoprecipitation of RI and RTI with cx_BG(H36)
or with cx_Eg(:\OI is well documented. However, the co
immunoprecipitation of bctaglycan with cx-Eg and that of en
doglin with cx-BG has not been reported previously with the
exception of our recent demonstration on microvascular endo
thelial cells.031 The findings of co-immunoprecipitation of
endoglin with a-BG and that of betaglycan with cx-Eg suggest
that endoglin and betaglycan form a heteromeric complex on
the cell surface of chondrocytes. The anti-RI antibody (cx-RI)
immunoprecipitated RI and co-immunoprecipitated RII and
betaglycan (lane 4). Similarly, the anti-RII antibody (a-RIl)
precipitated RH, RI, and betaglycan (lane 5). The patterns of
co-immunoprecipitation observed with the anti-RI and Rll
antibodies have previously been documented and confirm
the association of these receptors on the cell surface. No
receptors were immunoprecipitated with the control (rabbit)
immunoglobulin (lgG, lane 6).

Under nonreducing conditions (Fig. 5B), the cx-BG im
munoprecipitated betaglycan (lane 2) and the cx-Eg precip
itated the endoglin dimer (Lane 3) as expected. Again,
cx-BG co-immunoprecipitated the endoglin dimer along
with the RI and R II. as well as the 115- and 145-kDa bands
that were later identified as the RI homodimer and RI-Rll
heterodimer, respectively (lane 2). Significantly, cx-Eg co-



and visualized by autoradiography. (A) Non-immllnoprecipitated (NIP)
ccll extract of C2glI2 is shown in lane I. Immunopreeipitations wcre
performed Llsing anti-betaglycan (lane 2. ,,-HG), anti-endoglin (lane 3.
a-Eg), anti-RI (Ianc 4, a-RI). anti-Ril tlane 5. a-Rill. or control igG
(lane 6). IE) tsT/AC62 cell extracts wcre immunoprecipitated with
control igG (lane I). anti-betaglycan (lane 2. lX-BG). ur anti-cndoglin
(lane 3, lX-Eg). (C) 293 cells werc transicntly transfected with empty
vector (pcDNA3. lanes 1~5). or I.-endoglin (Eg) and betaglycan (BG:
lanes 6-9) or Eg. BG. and RII (lane 10). Aftcr affinity labeling.
nOll-immunoprecipitated cell extracts (NIP) were analyzed by SDS
PAGE (lanes I, 6. and 10) or immlliloprecipitations were perl<mned
using control IgG (lanes 2 and 7) or specific alltireceptor antibodies as
indicated (Iancs 3-5 and 8~9) bcfore analysis by SDS-PAGE.

immunoprecipitated trace amounts of hetaglycan as well as
RI and RII (lane 3). The 240-kDa hand. which was later
identified as an endoglin-containing heteromeric complex.
was also precipitated. No receptor was immunoprecipitated
using control (rabbit) immunoglobulin (lgG. lane I). The
immunoprecipitation results with a-BG and a-Eg under
reducing (Fig. SA) and nonreducing (Fig. SB) conditions on
chondrocytes affinity labeled with '2:iI_TGF{3! strongly sug
gest that endoglin associates with betaglycan in a Iigand
dependent manner.

Endoglin associates with hetaglycwl in a type 11 TGF{3
receptor independent manner

Because RII has been shown to form a complex with
betaglycan and with endoglin, it can be argued that the
association between endoglin and hetaglyean ohserved on
ehondroeytes is a result of the complex formation of RII
with both betaglycan and endoglin simultaneously. There
fore, we tested whether the endoglin-betaglycan association
occurs in the absence of the type II receptor using a cell type
exhibiting virtually no type II receptors. the 293 cells.(3X)
The 293 cells were transiently transfected with cDNAs
encoding L-endoglin and betaglycan with and without the
eDNA encoding RII. Cells were then affinity labeled with
'2:iI-TGF{3I, immunoprecipitated with a-Eg or a-BG, and
analyzed by SDS-PAGE under reducing conditions, as
shown in Fig. Sc. On 293 cells transfected with the empty
vector, pcDNA3, it was not possible to detect any TGF{3
binding proteins except trace amounts of betaglycan (lanes
I-S). In contrast. the 293 cells transfected with vectors
encoding endoglin and betaglycan displayed those receptors
on the cell surface visualized as '25I-TGF{31 labeled com
plexes in non-immunopreeipitatedlysates (NIP. lane 6). The
migration patterns of betaglycan and endoglin in transfected
293 cells, however, were different from those of their en
dogenous counterparts in chondrocytes, with betaglycan
migrating at 180-2S0 kDa and endoglin at 130 kDa. This
may be caused by differential glycosylation in 293 cells
compared with chondrocytes. ImpOitantly, immunoprecipita
tion with (x-BG resulted in the immunoprecipitation of both
betaglycan and endoglin (lane 8). Similarly, immunoprecipita
tion with a-Eg resulted in the precipitation of hoth endoglin
and betaglycan, where the eo-immunopreeipitation of beta
glycan was more abundant than the precipitation of endog
Jin (lane 9). Immunoprecipitation with a rabhit control rg:G
showed no receptor complexes (lane 7). Finally, 293 cells
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FIG. 5. immunoprecipitation of TGFf3 binding proteins on human
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FIG. 6. Western blot analysis showing complex formation between
cndoglin and betaglycan on chondrocytes. (A) Solubilized extracts of
human chondrocytes (C-2X/[2) were not immunoprecipitated (N[P.
Lane 5). or immunoprecipitated with control [gG (lane I). anti
betaglycan antibody (o-BG. lane 2). or anti-endoglin antibody (o-Eg.
lane 4). [n lane 3. ehondrocytes were pretreated with ]()() pM ofTGF131
at 37°C for 2 h before membrane extraction and immunoprecipitation.
Complexes were fractionated by SOS-PAGE (7.5o/c acrylamide) under
reducing conditions. and Western blotting was performed as described
in the Materials and Methods section using anti-endoglin antibody
(SN6h). (B) Solubilized extracts of 2')3 cells transiently transfected
with L-endoglin (Eg) and betaglycan (BG) werc not immunoprecipi
taled (NIP. lane I) or immunoprecipitatcd with conlrol IgG (lane 2).
anti-betaglycan (o-BG. lane 3). or anti-endoglin (ty-Eg. lane 4) anti
body. Complexes were then fractionated and immunoblotted as in A.

co-transfected with RII in addition to endoglin and beta
glycan, when affinity labeled but not immunoprecipitated,
showed the expression of all three transfected receptors and
specified the migration position of all three receptors. Re
sults shown in lanes I and 5 confirm that the 293 cells
express virtually no endogenous RII. Takcn together, these
findings indicate that endoglin forms a complex with beta
glycan independently of RII.

Association o{ endoglin and betaglycan can occlIr in a
ligand-independent manner

Thus far, our immunoprecipitation studies of affinity la
beled chondrocytes and 293 cells indicated that endoglin
forms a heteromeric complex with betaglycan in a ligand
induced manner, indicating ligand dependence. It was im
portant to confirm this association and to determine whether
such complex formation also could occur in the absence of
ligand. Membrane extracts of chondrocytes. extensively
washed with dPBS. were prepared and immunoprecipitated
with a-BG, a-Ego or control IgG. or not immunoprecipi
tated. They were then fractionated by SDS-PAGE under
reducing conditions and analyzed by Western blotting using

u-Eg (SN6h). as shown in Fig. 6A. No endoglin was de
tected in the control experiment in which the immunopre
cipitation was done with rabbit control IgG before Western
blotting (lane I). Western blotting of membrane extracts
immunoprecipitated with a-Eg (lane 4) confirmed the pres
ence of endoglin monomer at 100 kDa. Importantly. West
ern blotting of extracts immunoprecipitated with a-BG
(lane 2) revealed the endoglin monomer at 100 kDa, thus
showing that endoglin was eo-immunoprecipitated with be
taglycan in the absence of TGFf3. In addition. when ehon
drocytes were pretreated with 100 pM TGFf3I, there was no
increase in the amount of endoglin monomer detected (lane
3, a-BG/f3I). Western blotting of nonimmunoprecipitated
membrane extracts (NIP. lane 5) also confirmed the pres
ence of endoglin in chondrocytes. Furthermore, parallel
experiments in which cells were washed with mild acid to
ensure complete removal of any endogenous TGFf3\40.4I)
before membrane extraction and immunoprecipitation with
a-BG revealed similar levels of endoglin on Western blot
using a-Eg (data not shown). These results taken together
confirm that endoglin forms a complex with betaglycan in a
ligand-independent manner, This is consistent with our ob
servation in microvascular endothelial cells.',1,1)

To further confirm that endoglin associates with betagly
can in the absence of ligand and in the absence of RH, 293
cells were transiently transfeeted with endoglin and betag
lycan, the immunopreeipitation/Western blot analysis was
done as above, and the data are shown in Fig. 6B. Western
blotting of nonimmunoprecipitated membrane extracts of
293 cells (lane I. NIP) and those immunoprecipitated with
ex-Eg (lane 4) demonstrated the endoglin monomer at 100
kDa that is expressed in the transfected 293 cells. Once
again. Western blot of extracts immunopreeipitated with
a-BG (lane 3) revealed the endoglin monomer at 100 kDa,
indicating endoglin-betaglycan association while extracts
immunoprecipitated with control IgG revealed no detectable
bands (lane 2). These results were obtained in the absence of
TGFf3 in 293 cells that express no type II receptors, but
overexpression of endoglin and betaglycan confirm that
endoglin associates with betaglycan in a Iigand- and RII
independent manner.

Endoglin j(mns higher order complexes with TGFf3
signaling receptors on human chondrocytes

When chondrocytes labeled with 125I-TGFf31 were ana
lyzed under nonreducing conditions. the results represented
in Fig. 3 showed binding complexes at 115, 145. 270, and
320 kDa. in addition to RL RIL endoglin, and betaglycan.
To further characterize the nature of these binding com
plexes and to test whether they represent oligomeric com
plexes of TGFf3 receptors, two-dimensional gel electro
phoresis was performed. Chondrocytes were affinity labeled
with 125I_TGFf31 and the membrane extracts were not im
munoprecipitated (Fig. 7A) or precipitated with a-Eg
(SN6h; Fig. 7B) and two-dimensional gel electrophoresis
was performed under nonreducing conditions in the first
dimension and reducing conditions in the second dimen
sion. The results shown in Fig. 7A revealed a spot of
identical mobility as the endoglin monomer that fell from
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FIG. 7. Two-dimensional gel electrophoresis of TGf'j3 receptor com
plexes on human c!lllndrocyle.s. hT/AC6~ cel" were artinity labeled
with 100 pM of Ic51_TGFj3l and solubilized extracts were (A) not
irnmunuprccipitated ur (8) Imrnunuprccipitated with ami-Endoglin an
tibody (SN6h) and analyzed by SOS-PAGE (3-11(;( gradient gel)
under nonreducing conditions in the first dimension. The individual
lanc was then cut ouL laid horizontally on a second 3-11<;( gradient
50S-PAGE gel. and analyzed under reducing conditions in the second
dimension.

the l80-kDa posilion. Traces of spot with identical mobility
as RI fell from the IlS-kDa position. Similarly, two spots
with mobilities identical to those of RI and RH fell from the
l4S-kDa complex. These results suggest that the 180-kDa
complex represents endoglin, whereas the IlS-kDa com
plex corresponds to the RI homodimer and the 14S-kDa
complex to the RI/RII heterodimer. These data are consis
tent with our observations in microvascular endothelial
cells.I", The 240- and 320-kDa complexes were reductant
sensitive and gave rise to spots with mobilities identical to
those of the endoglin monomer and of RII and RI signaling
receptors (Fig. 7A), indicating that endoglin forms higher
order complexes with the TGFf3 signaling receptors on
chondrocytes. The 180-kDa complex that fell from the 240
and 320-kDa complexes may correspond to the endoglin
dimer that is either reductant insensitive or to endoglin
monomers that were cross-linked inadvertently during the
affinity labeling procedure.

Membrane extracts immunopreeipitated with a-Eg
(SN6h) when analyzed on two-dimensional electrophoresis
revealed a lOO-kDa spot of identical mobility as a endoglin

monomer that fell from 180-. 240-. and 320-kDa positions
(Fig. 7B). These results provide further evidence that the
180-kDa complex represents endoglin and show that the
240- and 320-kDa complexes contain endoglin.

DISCUSSION

Although TGFf3 has been implicated as a key mediator of
cartilage repair and TGFf3 signaling has been demonstrated
to be required for the maintenance of articular cartilage.ciO

)

the mechanisms regulating TGFf3 action in chondrocytes
are poorly understood. The question of whether chondro
cytes express novel or accessory TGFf3 receptors has not
been addressed in previous studies. Localization of the types
I, II. and III TGFf3 receptors (RI. RII. and betaglycan) have
been demonstrated in the growth plate and articular carti
lage of growing rats and rabbits using immunohistochem
istry. in situ hybridization, or RT_PCR.'.J9.51.52i However.
information on the expression of TGFf3 receptors in the
human cartilage or chondrocytes is limited to a single study
by Homer et al..'5 1

i who described the expression of RI and
RII in growing human bone. On Ihe other hand. several
recent studies report that TGFf3 rapidly induces several
signaling pathways such as the Smad and mitogen-activated
protein kinases (MAPK) pathways such as the extracellular
signal regulated kinase (ERK). and p38 pathways in chon
drocytes.'.Jli.'.J.5)) The relative contribution of these path
ways in determining the chondrocyte response to TGFf3 is
unknown. The expression profiles of accessory TGFf3 re
ceptors and their interactions with the signaling TGFf3 re
ceptors at the membrane level leading to the formation of
heteromeric receptor complexes may be critical in specify
ing the relative contributions of the various signaling path
ways and thus may play a central role in regulating the
di verse actions of TUFf) in chondrocytes. Interaction of
novel and accessory receptors with TGFf3 signaling recep
tors have been reported previously to be importanl regula
tors of TGFf3 signaling in other cell types.lllI.cll.2KI

In this study. we show for the first time thal endoglin is
expressed on human articular and nonarticular chondrocytes
at high concentrations and that it forms higher order com
plexes with RI and RII on the cell surface. More impor
tantly, endoglin forms a heterorneric complex with betag
Iycan on human chondrocytes. This complex formation
occurs at normal physiological receptor concentrations be
cause the chondrocytes used were not transfected with any
receptor cD.'JAs. Significantly, we found that endoglin het
eromerizes with betaglyean in a ligand-induced manner as
indicated by their co-immunopreeipitation after affinity
cross-link labeling with 1251_TGFf3I. Interestingly. endoglin
also complexes with betaglyean in the absence of TGFf3.
showing ligand-independent association. Furthermore, the
endoglin-betaglyean association is observed in the absence
of RH. indicating that the association can occur indepen
dently of RIJ.

The phenotype of the human chondrocytes used in this
study has been characterized extensively.'.Jq.J1 The primary
human articular chondrocytes and immortalized chondro
cytes expressed both aggrecan and type II collagen mRNAs.
and their responsiveness to TGFf3 was shown by stimulation
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of PAl promoter activity and Smad 2 phosphorylation. Prior
studies analyzing the interactions between TGFf3 receptors
and the stoichiometry of the signaling complex used pri
marily mutant cell lines or cells overexpressing the wild
type or chimeric receptors.(S6.S7) In this study, we used
normal TGFf3 responsive human chondrocytes to show the
association of endoglin with betaglycan, and the formation
of higher order complexes containing endoglin and TGFf3
signaling receptors. Thus, our results illustrate that these
associations occur at endogenous receptor concentrations
and ratios.

The presence of endoglin on chondrocytes has not been
documented previously. Endoglin is primarily expressed on
endothelial cells, and its expression at comparable levels on
chondrocytes that resides in an avascular tissue, cartilage, is
intriguing. While it is possible that the variable expression
of endoglin observed in the three cell types studied (primary
articular vs. articular cell line vs. nonarticular cell line) is
related to the phenotype of the cell, further studies are
needed to make more definitive conclusions. However, it is
interesting to note that the stimulation of TGFf3-induced
PAl promoter activity was inversely related to the level of
endoglin observed in these cells (Fig. I). In fact, our pre
liminary data suggest that overexpression of endoglin in
chondrocytes leads to a diminution in TGF-f3 responses
(W Parker and A Philip, unpublished observations, 2(02).

In addition to providing confirmation of the identity of
endoglin, the findings of immunoprecipitation studies using
cells affinity labeled with 12s]_TGFf31 indicated that endog
lin forms a ligand-induced heteromeric complex with beta
glycan. This was demonstrated by co-immunoprecipitation
of endoglin with a-BG and that of betaglycan with a-Eg
when analyzed under either reducing or nonreducing con
ditions. Furthermore, the endoglin-betaglycan association
was detectable not only on chondrocytes expressing endog
enous receptors, but also on 293 cells transiently transfected
with cDNAs encoding betaglycan and endoglin. Although
immunoprecipitation results provided evidence for the oc
currence of TGFf3-induced complex formation between en
doglin and betaglycan, it was not possible to detect an
endoglin-betaglycan heteromeric complex on SDS-PAGE
analysis. The very large molecular weight of such a com
plex and the highly heterogeneous nature of betaglycan will
preclude the detection of that complex.

That endoglin exists in a heteromeric complex with be
taglycan on chondrocyte cell surface was confirmed using
membrane extracts that were immunoprecipitated with
a-BG and then subjected to Western blotting with a-Ego In
addition, because the latter study was done in the absence of
TGFf3, it suggested that the endoglin-betaglycan complex
formation could occur in a ligand-independent manner.
Also, the occurrence of this complex was observed even
after a mild acid wash (which ensure complete removal of
endogenous TGFf3 without affecting receptor integrity)(4I)
of chondrocytes before immunoprecipitation and Western
analysis, thus providing further evidence for ligand inde
pendence of endoglin-betaglycan interaction. Furthermore,
similar results were obtained when the experiment was
repeated with 293 cells transiently transfected to express
endoglin and betaglycan.
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The results presented argue against the possibility that the
association between betaglycan and endoglin observed in
our study is a result of RIl interacting with betaglycan and
endoglin. For example, 293 cells expressing virtually no RII
exhibit endoglin-betaglycan complex formation endog
enously and on transfection with cDNAs encoding endoglin
and betaglycan. In addition, the observation that betaglycan
does not associate with RII in the absence of Iigand,(S8J but
complexes with endoglin in the absence TGFf3, argues
against the involvement of RII in the endoglin-betaglycan
association.

The finding that the betaglycan-endoglin association oc
curs on chondrocytes is consistent with our recent demon
stration of such an association on endothelial cells.<33J Al
though numerous studies have shown that both endoglin and
betaglycan interact with RI and RII, the observation that
endoglin forms a complex with its homolog, betaglycan, is
novel. That this association occurs in a ligand-induced man
ner and in a ligand independent fashion is intriguing. Beta
glycan has been shown to facilitate TGFf3 binding to the
TGFf3 signaling receptors, specifically the binding of the
TGFf32 isoform to RII, which occurs at low affinity in the
absence of betaglycan.(S9.6() However, the property of li
gand presentation of betaglycan does not account for the
strict requirement of betaglycan for the epithelial
mesenchymal transition involved in the heart valve forma
tion.(61! Thus, it has been postulated that betaglycan may
playa more direct, albeit unknown, role in TGFf3 signaling.
]n addition, a functional role for the cytoplasmic tail of
betaglycan in regulating TGFf3 signaling has recently been
described where autophosphorylated RII phosphorylates the
betaglycan cytoplasmic tail, thereby enhancing TGFf32 sig
naling. (62)

Although there is increasing evidence to show that en
doglin and betaglycan potently modulate TGF-signaling,
the mechanisms by which they exert their effects are poorly
defined. The vascular disorder HHT I has been attributed to
mutation in the endoglin gene and thus alteration in TGFf3
action is believed to be responsible for HHT1. In addition,
TGFf3 treatment upregulated endoglin expression on human
and rat mesangial cells.(63) Interestingly, it has recently been
reported that both the types] and II TGF-f3 receptors phos
phorylate endoglin cytoplasmic tail and that endoglin ex
pression is associated with increased phosphorylation of the
type I TGFf3 receptor and Smad 2 and enhanced signal
ing.(M) This is in contrast to the earlier studies that have
demonstrated that endoglin expression results in an inhibi
tion of TGFf3 signaling.(2()) This discrepancy may reflect the
differences in the activation by endoglin of the different
gene promoters examined in the above studies(M) Our pre
liminary results on the overexpression of endoglin in chon
drocytes indicate that endoglin inhibits transcriptional ac
tivity and Smad 2 phosphorylation in these cells (W Parker
and A Philip, unpublished observations, 2002). Regardless
of the precise mechanisms involved, it is clear that endoglin
and betaglycan are strong modulators or direct participants
in TGFf3 signal transduction. This in turn implies that the
complex formation between endoglin and betaglycan may
be of critical significance in the regulation of TGFf3 signal
ing.
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The two-dimensional gel electrophoresis provided infor
mation on the nature of the higher molecular weight recep
tor complexes, in addition to showing the occurrence of
RlfRlI heterodimers and R[ homodimers on chondrocytes.
This is consistent with our previous observation on endo
thelial cells and the mechanism explaining their occun'ence
has been detailed. (331 The true molecular weight of the 240
and 320-kDa complexes containing endoglin, type II, and or
type I TGFf3 receptors are likely to be different because
high molecular weight glycoprotein complexes are known
to migrate anomalously on SDS-PAGE. It is possible that
they are derived from higher order complexes. Current
evidence indicates that the TGFf3 signaling complex is a
heterotetramer consisting or one molecule cach of the type
1 and typc II receptor associated with each monomer of a
TGFf3 dimer molecule.1(5 ) Whereas it is difficult to estimate
thc precise stoichiometry of the endoglin-containing com
plexes. it is possible that endoglin associates with the het
erotetrameric TGFf3 signaling complex. Moreover. multiple
high molecular weight receptor complexes containing cn
doglin, RI, and RII with or without betaglycan may be
formed depending on the efficiency of cross-linking of the
individual receptor components to the 1]51-TGFI31 subunits.
Alternatively, TGFI3 receptor complexes of different sub
types and ratios may exist in parallel. Oligomerization of
TGFI3 receptors to form complexes consisting of differing
subtype composition and ratio may represent modes of
regu lating distinct TGFf3 responses.

Based on the results in this study, we propose a model to
illustrate the significance of the endoglin-betaglycan com
plex formation in the modulation of TGF-13 signaling in
chondrocytes (Fig. 8). Endoglin associates with betaglycan
on the cell surface, and this heteromeric complex may
interact directly with the signaling receptors. However, the
relative expressiolJ level of the individual receptor compo
nents may determine the outcome on TGFf3 signaling. Thus,
as mentioned above, overexpression of endoglin can inhib
itl20

) or enhance(M) TGFf3 signaling. However, as shown in
Fig. 8, complex formation between endoglin and betaglyean
will allow the regulation of each other's function at the level
of ligand binding (Fig. 8A) or downstream signaling (Fig.
88). Thus, endoglin-betaglycan association may be critical
for achieving a fine balance between the positive and the
negative regulation of TGF-f3 signaling. It is interesting to
mention in this regard that complex formation between
endoglin and betaglycan association may also modulate
signaling by other members of the TGFf3 receptor super
family in the light of recent observations that show that
endoglin is an accessory receptor not only for TGFf3, but
also for the bone morphogenic proteins and activin,1 151 and
that betaglycan, in addition to binding the TGFf3 isoforms,
binds inhibin, thereby facilitating inhibin antagonism of
activin signaling. t(6 )

In summary, the present results show for the first time that
endoglin is expressed on human chondrocytes at high con
centrations and that it forms higher order complexes with RI
and RII on the cell surface. More importantly, we show that
endoglin forms a heteromeric complex with betaglycan on
these cells. Also, our results illustrate that this complex
formation occurs at physiological receptor concentrations
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FIG, 8, SchematIC representation of a possible model illustrating the
significance of endoglin-betaglycan complex formation in modulating
TGFI3 signaling. Endoglin associates with betaglycan on the cell sur
face and this heteromeric complex may interact directly with the
signaling receptors. Overexpression of cndoglin may inhibit or enhance
TGFI3 signaling as has been reported using different promoter-reporter
constructs. ,20

,M) Also, overexpression of betaglycan is believed to
enhance signaling by facilitating ligand bioding to the sign'lling recep
tors and by an alternate mechanism involving the phosphorylation of its
cytoplasmic tai1.",,·651 However, formation of a heterumeric complex
between endoglin and betaglycao will allow the regulation of each
other's function at the level of (A) ligand binding and/or (BI down
stream signaling. Thus. the interaction hetween endoglin and betagly
can may be of critical significance for achieving a fine balance hetween
the positive and the negative regulation uf the TGFI3 signaling path
ways. Complex formation between endoglin and the signaling receptors
has been omitted for clarity.

and ratios. Significantly, we found that the endoglin com
plexes with betaglycan in a ligand-induced and ltgand
independent manner. FLlrthermore, this complex formation
call occur independently of RII. Elucidating the role of
endoglin in the regulation of TGFf3 signaling in chondro
cytes and in the avascular cartilage and understanding the
signi ficance of endoglin-betaglycan association in these
cells are critical to unraveling the molecular mechanisms
governing TGFI3 action in chondrocytes and thus the role of
TGFf3 in mediating cartilage formation and repair.
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9.112 Hall Radioactive Materials Area

9.145.1 Basic

9.177 Basic

(C) Authorised Users

(B) Authori7.ed Activity

IsotODe Max ManlDulated (MBal Max Purchase 'MBn'
1125 0.1 925
H3 3.7 185

P32 3.7 9.25
K;14 0.185 0.185

• Last Name First Name P32 P33 835 H3 C14 Fe59 1125 Ca45 Co57 Cr51 Na22 Rb86
Benhomeid Osama U U U U U U I U U U U U 0
Endo Monamoto U U U U LJ U IU U U U U U

aghighat Roya >0 U U U >0 U I~ U U U U U
orval nn Mary U ~ U U U L

osa Jamal U U U U L

~ok David U U 0 U U [] U 0
Negi Ranuka U "" U U U L U 0
Parker Wendy " U blI !>II 0 Ibli U U 0 0 0
Wang Jintang ~ [] U blI blI U I 1",1 U U [] [J 0

(D) Conditions

Conditions
1125 vials transported from BRI must not have more than 2.5 uCilvial

The internal permit holder and the persons listed In section (C) are authorised to use the designated radioisotopes. The radioisotopes
and their respective activities listed in section (8) can only be used in the laboratories listed in section (A) In accordance with the
conditions listed In section (D). Importation, storage, manipulation and disposition of radioactive material must be performed in
conformity with our CNSC licence, with Federal regulations and with the MUHC Radiation Safety Policies and Procedures. A copy of our
CNSC licence Is posted at RVH Research secretariat oH1ce and is also available at Radiation Protection Service (room S4.79, local 36133).

• ~ _ Dale issued: 01 November, 2002
Approved by: t.J..jlo....,

RodiotionSa(nyMan ~r(3'U3) Expiration dale: June 01, 2004

If Cf"lrf un,v."ila", d< ,am, M,GIN (CUSM) (omp'ffld I"1l61'ilol d< MOtU,tal pour [nfan". I'Hdpi'al gblml <H MM1,hI,
I·Hdpllal ~uralogiq<w <H M""I,ta'.r f"!IOpilal Ro~1 V"'laria. If Cu,M W afflM d '" fa<ull# <H mM«i~ d~ I·Un,...,,,I,< McGill
Th' McGUI Uni>'."il~ H<alrh c",r" (MUIIC) ,a",lm ar Tit, Mantr",1 (ltild,,,,·, Halpiral, rnt ManirtOl G"",,,,I fja'pital.
Th' Mamrf(J1 Nroralogkal Ho,piral. and fnt Rayai Vkto,la Ha.'pilal. Th, MUfj( i, aflilioted with lnt McCIff Unjv~"il~ fa<ully af M,<1,(in<.

HOPITAl GENERAL DE MONTREAL
1650, avo Cedar, Montreal (Quebec) H3C lA4, Tel.: (514) 937·6011



Permis interne:

Detentcur de permis: Anie Philip Hani Shcnnib

6-1007-04

Bureau: C9.185

Ocpulemenl:

(A) Localisation

Surgery Telephone:

(8) Activilc authorisee

44533/4809

Last Name First Name P32 P33 535 H3 C14 Fe59 1125 Ca45 Co57 Cr51 Na22 Rb88
!Benhomeid Osama [J [J [] U U [] IU u [J I [] IT U
Endo Monamoto U U U U U U U U U U U U

Haghighat Roya "" L U J "" U I ... LI L
Horvat IAnn Mary U L LI "" LI 1 L U L

osa Jamal U U LI U LI I L U U L U

~ok David U U U U LI U IU U U U LI

"091 Ranuka U U U "" U U IU LJ LI U L LI

arker ~endy "" LI U "" "" U .. U LI LI

rtYang Jintang "" U U o(j "" U l~ U U U U U

Room Classtflcatlon
87.103 EIl§mentaire

1C10.140 IElem-entaire
1C10.153 Elementaire
1C10181 Zone de matMaux radioactifs
1C9.112 Hall one de materiaux radioactifs
~9.145.1 lementaire
,v9.177 Elementaire

(C) Personnel authorise

(0) Conditions

Isotone Max Maninulated 'MBn\ Max Purchase 'MAn\
1125 0.1 9.25
l-i3 3.7 185
P32 3.7 9.25

14 0.185 0.185

Condition

•

les tioles transported de SRI ne peuvent pas avoire plus que 2.5 uCilfiole

Le delenleur de permls Inlerne et les personnes Inscrltes dans la section (C) sont autorlses;\ utiliser les radioisotopes designes. Les
radioisotopes et leur actlvite respective liste dans la sectlon (8) peuvent aue utilise dans les laboratoires IIstes dans la section (A), en
contonnite avec les conditions Inscrites dans la secllon (0). L'importatlon, Ie storage. la manipulation ainsl que la disposition du materiel
radioactlf dolt tue effectue en confonnite avec la license de la CC5N, les regles federales alnsl que les pollllques et procedures de la
radioprotection. La cople de la license de la CCSN est disponlble au secretariat de la recherche (HRV) et au bureau de la radioprotection
(HRV salle 54.79, ext. 36133)

Approuvee par:.~",,,,,=::;:====c:-;,,,,,,,,.. _
Chd du Suvlcc d. rldloprolWlun (J6IH)

!late d'entr~c en vigueur: 01 November. 2002

Date d'expiration: 01 Juin. 2004
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