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Abstract

Transforming growth factor-a ('l'OF-a) is a multifunctional polypeptide

growth factor which is bclieved to play an impOltant role in the bJfOwth and

differentiation of uterine ceUs. Although the expression of 'l'OF-a in the uterus has

becn prcviously dcscribed, the receptors for TOF-f3 in this tissue have not been

characterizcd. In the present study, the cell surface receptors for 'l'OF-fi were

characterized on cultures of stromal ceUs prepared l'rom human endometrial biopsies,

and on a human endometrial epithelial cell line (RL95-2) using affinity labeling

techniques. On stromal ceUs, five TOF-/3 binding proteins were identified. Analysis

of the sensitivity of these proteins to dithiothreitol and phosphatidylinositol-specific

phospholipase C, together with results l'rom immunoprecipitations with anti-TOF-/3

reccptor antibodies, confirmed that three of thesc binding proteins correspond to the

cloncd type l, Il, and III TOF-f3 receptors. The other IWo binding proteins exhibited

characteristics of isoform-specific glycosyl-phosphatidylinositol-anchored TOF-/3

binding proteins. On RL95·2 cells, three TOF-/3 binding proteins, corresponding to

the typP, l, Il, and III TOF-/3 receptors, were identified. The number of receptors on

cildometrial ceUs and their relative affinity for l'OF-/3 was estimated by Scatchard

analysis. These receptors are responsive to physiological concentrations of TOF-/3

as demonstrated by the eITect of TOF-/3 on DNA synthesis in these cells.

Accordingly, they have the potential to respond to l'OF-/3 expressed in the

cndometrium in an autocrine and/or paracrine manner.
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Résumé

Le TGF-13 est un facteur de croissance polypeptide multifonctiollncl ljui jouc

un rôle important dans la croissdnce et la dilTén:nciation dcs ccllulcs utérines.

Malgré l'expression du TGF-13 dans l'utérus, les récepteurs du l'OF-L\ n'ont pas

encore été earactérisés dans ce tissu. Dans la présente étude, les récepteurs du '1'01'­

13 ont été caractérisés sur des cellules stromales préparées il partir de biopsies

endométriales humaines, ainsi que sur une lignée cellulaire endométriale épithéliale

(RL95-2) par marquage d'affinité. Sur les cellules stromales, cinq protéines liant

le TGF-13 ont été identifiées. L'analyse de la sensibilité de ces protéines au

dithiothré itol ct à la phospholipase C spécifique au phosphatidylinositol, ainsi que

les résultats des immunoprécipitations utilisant des anticorps contre les récepteurs

du TGF-B, ont confirmé que trois de ces protéines correspondent aux récepteurs de

type J, II, et III du TGF-B. Les deux autres protéines identifiées démontrent des

caractéristiques de protéines ancrées à la membrane par liaison covalente au

glycosyl-phoshatidylinositol. Sur les cellules RL95-2, les récepteurs de type l, Il ct

III du TGF-13 ont été identifiés. Le nombre de ces récepteurs sur les cellules

endométriales ainsi que leur affinité pour le TGF-13 ont été estimés en analysant les

données de liaisons par la méthode de Scatchard. L'effet du TGF-13 sur la synthèse

de l'ADN dans les cellules endométriales démontre que ces récepteurs répondent à

des concentrations physiologiques de TGF-B. Ils ont donc le potentiel de répondre

au TGF-13 exprimé dans l'endomètre de manière autocrine et/ou paracrine.
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1. Introduction

1.1 The TGF-fi family

Transfonning growth factor-B (TOF-B) is a 2S kDa disulphide-linked dimeric

peptide which was tirst isolated l'rom human platelets (Assoian et al., 1983). It was

cloned l'rom a human complementary deoxyribonucleic acid (cDNA) library

(Derynck et al., 1985), and later named TOF-BI (Cheifetz et al., 1987). Five TOF-B

isoforms, denoted TOF-BI to TOF-BS, each encoded by a different gene, have now

been identitied in vertebrates (Massagué, 1990; Roberts and Spom, 1990). Of the

tive isofonns, TOF-BI, -B2, and -B3 are found in mammals, while TOF-B4 and -BS

are found in chick and frog, respectively (Jakowlew et al., 1988; Kondaiah et al.,

1990).

The three mammalian TOF-B isofonns, which show approximately 70 to 80%

amino acid homology (Massagué, 1990), are initially synthesized as larger,

biologically inactive precursor polypeptides that dil'fer markedly in sequence outside

of the C-tenninal TOF-B motif (Derynck et al., 1987). The TOF-Bs may be secreted

either as a small latent complex which is composed of the active C-tenninal TOF-B

dimer Iinked in a non-covalent association with a dimer of the N-tenninal remnant

of the TOF-B precursor, referred to as latency associated peptide (LAP), or as a large

latent complex which, in addition to the active TOF-B and LAP, consists of a third

component denoted latent TOF-B binding protein (Miyazono et al., 1993; Fig. 1).

1
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Fig. 1. Schematic represcntation of the small and large latent TGF-81 complex.

(A) Small latent TGF-Bl complex. BI-LAP is the N-tenninal remnant of the TGF-

BI precursor. Two of the N-linked carbohydrates may contain mannose 6-phosphate

(shown by P'). The number of interchain disulphide bonds in the mature TGF-Bl

is not known. (H) Large latent TGF-Bl complex. A single molecule of latent TGF-

B binding protein (LTBP) is bound to Bl-LAP by disulphide bonds. Reproduced

from Miyazono et al. (1993), with modifications.
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TGF-B can be activated by the dissociation of these latent complexes in vitro by

transicnt acidification, hcating, urca, sodium dodccyl sulfate (SDS), or by treatment

with protcascs such as plasmin and cathepsin D (Lyons et al., 1988; 1990).

Although a variety of mechanisms have been proposed (Dennis and Ritkin, 1991;

Kojima et al., 1993; Schultz-Cherry and Murphy-Ullrich, 1993), the conditions that

activatc latent TGF-B under physiological circumstances in vivo are not known.

Whatcver the physiological mechanism for activation may be, it represents an

important potel1tial control step for the regulation and localization of the effects of

TGF-B.

The TGF-13 isoforms often exhibit similar actions and overlapping patterns

of expression. Although their biological potencies are similar in many in vitro

assays (Cheifetz et al., 1987, 1988b; Seyedin et al., 1987), marked differences have

been observed in certain cases (Cheifetz et al., 1988b, 1990; Ohta et al., 1987; Rosa

et al., 1988; Tsunawaki et al., 1988). Additionally, there is evidence indicating that

each isoform may have distinct activities in vivo (Rosa et al., 1988; Joyce et al.,

1990). In support of this idea, immunohistochemical analysis using isoform-specific

anti-peptide antibodies to the TGF-Bs has recently shown that the protein expression

patterns for each isoform are both temporally and spatially unique throughout the

processes of embryonic development (Pelton et al., 1991), wound repair (Levine et

al., 1993), and carcinogenesis (Gold et al., 1992; Gorsch et al., 1992). This implies

ccll-specific functions and complex gene regulation for TGF-B isoforms in vivo.

3
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1.2 Biological activities of TGF-fJ

Although originally defined lor its ability to cause reversible phenotypic

transformation and anchorage-independent growth of normal libroblasts (Anzano et

al., 1983), a wide spectrum of biological activities is now altributed to l'OF-LI, one

of the Most notable ofwhich is TOF-L1's potent regulatory effects on cell growth and

differentiation (Massagué, 1990; Roberts and Spom, 1990, 1993). In this respect,

l'OF-LI is bifunctional, that is, it May act as either a positive or negative regulator

of cell division (Moses et al., 1990). ln general, l'OF-LI stimulates the prolilcration

of mesenchymal stromal cells, but inhibits the proliferation of epithelial cells.

Whether cells are stimulated or inhibited to proliferate by l'OF-LI May also depend

on their state of differentiation.

In addition to its complex growth-regulatory activities on essentially ail cell

types, compelling evidence has accumulated documenting the role of l'OF-LI as a

potent immunomodulatory molecule. Studies have shown that l'OF-LI induces

monocyte-macrophage chemotaxis and growth factor production (Wahl et al., 1987,

1990; McCartney-Francis et al., 1990), but suppresses their release of both

superoxide and nitric oxide (Tsunawaki et al., 1988; Ding et al., 1990). l'OF-LI also

suppresses the activity of natural killer cells (Rook et al., 1986) as weil as the

proliferation and function of lymphocytes (Kehrl et al., 1986a, 1986b). Moreover,

it antagonizes the effects of inflammatory effector cytokines such as interleukin-1 fi,

tumor necrosis factor-a, and interferon-y (Ruscetti and Palladino, 1991; Wahl, 1992).

4
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Thus, TOF-fi plays a central role in the modulation of immune response.

Another important function of TOF-fi is in the regulation of extracellular

matrix formation. Studies have shown that TOF-fi increases the synthesis of

proteins such as collagen, fibronectins, and cell surface integrins; decreases the

synthesis of enzymes such as collagenase that catalyse degradation of extracellular

matrix components; and increases levels of inhibitors of these degradative enzymes

(Massagué, 1990; Roberts and Spom, 1990). Henee, the net effect of these activities

is an increase in production and deposition of extracellular matrix which may be

important in various processes such as tissue repair and wound healing. This

hypothesis has been strengthened by findings that TGF-fi enhances wound healing

in animal models (Mustoe et al., 1987, 1991; Quaglino et al., 1991; Cox et al.,

1992), and that anti-TGF-fi antibodies reduce scarring (Shah et al., 1992).

TGF-fi is also involved in numerous other physiological processes inc1uding

angiogenesis, myogenesis, osteogenesis, and steroidogenesis (Roberts and Spom,

1990). In addition, TGF-fi has been detected as e!ll'Iy as the four-cell stage of

preimplantation development (Rappolee et al., 1988), and ail three mammalian TGF­

fi isoforms have been identified in embryonic tissues suggesting an important role

for TGF-fi in development (Akhurst et al., 1991; Pelton et al., 1991). In fact, there

is evidence that TGF-fi is involved in embryonic hematopoiesis as weil as in the

formation of the palate and in the development of the eye, heart, nervous system,

skeletal system, and adrenal cortex (Pelton et al., 1990, 1991; Akhurst et al., 1991,

5
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1992; Johnson et al., 1993).

Despite evidence for the role of TOF-ll in developmenta1 processes,

transgenic mice deficient in TOF-ll 1 show no gross developmental abnormalities. but

they succumb to a wasting syndrome accompanied by a multifoeal. mixed

inflammatory eell response whieh leads to organ làilure and death shortly aller

weaning (Sehull et al., 1992; Kulkarni et al., 1992). 1nterestingly, genotyping of

pups born from intererosses of mice heterozygous for the TOF-ll 1 mutation revealed

that less than half of the expeeted TOF-lII homozygotes arc born. lt is unclear why

the majority of TOF-ll1 homozygotes die during embryonic development. but since

there is evidenee that TGF-B is present in murine breast milk, and that it can cross

the placenta, sorne have suggested that maternaI TOF-B may "rescue" some of the

TOF-B 1 homozygote mutant mice (Letterio et al., 1994). The hypothesis that TOF-ll

may be transferred to mutant miee via the mother's milk, and the onset of

inflammatory dysfunetion at weaning emphasize the important role of TOF-ll as an

anti.inflammatory protein.

The creation of miee that overexpress TOF-ll has also been attempted.

Although sueh att<::mpts have often led to embryonie lethality, restriction of TOF-ll

expression to specifie organs using appropriate promoters has been suceesslùl (Sporn

and Roberts, 1992). For exarnple, overexpression ofTOF-lI in the mammary gland

impairs the development and seeretory funetion of mammary tissue during sexual

maturation and pregnancy (Jhappan et al., 1993; Pierce et al., 1993), while

6
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overexpression ofTGF-B in the Iiver causes multiple tissue lesions, including hepatic

fibrosis and extensive glomerulonephritis (Sanderson et al., 1995).

1.3 TGF-jJ receptors and binding proteins

Once active, TGF-B elicits its effects through binding to specifie cell surface

receptors. Studies have shown that TGF-B binds with high affinity to many cell

types (Wakefield et al., 1987). Affinity labeling studies using chemical cross­

Iinking agents have revealed that the type 1 (53 kOa), II (70-85 kOa), and III (200­

400 kDa) TGF-B receptors are the most widely distributed cell surface mo1ecu1es

that bind TGF-1.I (Massagué, 1992). Ali three receptors have been c10ned (Lapez­

Casillas et al., 1991; Wang et al., 1991; Lin et al., 1992; Franzén et al., 1993). The

type 1 and II receptors are transmembrane serine/threonine kinases (Lin et al., 1992;

Franzén et al., 1993) which are thought to form a signaling complex (Wrana et al.,

1992). Although the details of the signal transduction pathway remain to be

established, studies with TGF-1.I resistant cell mutants have shown that the type 1

receptor requires the presence of the type II receptor to bind ligand (Laiho et al.,

1991; Wrana et al., 1992), while the type II receptor requires the presence of the

type 1 receptor for signaling (Wrana et al., 1992), but not for ligand binding (Lin et

al., 1992). Thus, both the type 1 and II receptors appear to be necessary for signal

transduction. According to the current model for the initiation of signaling by the

TGF-B receptor (Wrana et al., 1994; see Fig. 2), TGF-B binds direct1y to the type

7
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Fig. 2. A general model for the initiation of signaling by the TGF-Il rcccptor.

Receptor Il is the primary TGF-B receplor and is a constilulivcly aClive

serine/threonine kinase that recruits receptor 1by mcans of bound TGF-B (diamond).

Subsequent phosphorylation of of the GS domain (Glycine ~crine rich domain,

striped box) by receptor II allows the rcceplor 1 kinase lo propagate the signal la

downstream substrates that mediate antiproliferative as well as gene responscs.

Reproduced from Wrana et al. (1994).
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" receptor whieh is a constitutively active kinase. Sound l'OF-fi is then reeognized

by the type 1 receptor which is reeruited to the eomplex and beeomes

phosphorylated by the type II reeeptor. Phosphorylation allows the type [ reeeptor

to propagate the signal to downstream substrates.

The type III receptor, also known as betaglyean, is a transmembrane

proteoglyean (Cheifetz et al, 1988a). It contains both heparan and ehondroitin

sulfate glyeosaminoglycan ehains which eause it to migrate heterogenously upon gel

eleetrophoresis as a protein in the range of 200-400 kOa (Cheifetz et al., 1988a;

Segarini and Seyedin, 1988). Studies have shown that these glyeosaminoglyean

chains are not required for the folding, targeting, or l'OF-fi binding aetivity of the

reeeptor (Cheifetz and Massagué, 1989; Pépin et al., 1994). In eontrast to the type

[ and II receptors, the type III receptor has a short eytoplasmie domain wilh no

apparent signaling motif (L6pez-Casillas et al., 1991; Wang et al., 1991). In fact,

many l'OF-fi responsive eells lack the type III reeeptor (Segarini et al., 1989).

Although this receptor appears to be dispensable for signaling, ils expression is

believed to enhance binding of l'OF-fi ligands to the type II reeeptor (Wang et al.,

1991 ). There is also evidence suggesting that the type III receptor forms a stable

non-covalent heteromeric complex with the type II receptor (L6pez-Casillas et al.,

1993; Moustakas et al., 1993). Hence, this receptor has been proposed to regulate

access of l'OF-fi to the signaling receptors. Soluble forms of the type III receptor

which bind l'OF-fi similarly to the membrane-bound form have also been detected

9
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(Andres ef al., 1989). Il appears as though the soluble forrn of bctaglycnn is dcrivcd

l'rom the membrane-bound form by a hydrolytic proccss (Lopcz-Casillas ef al.,

1991 ).

On most ceIls, the type 1and 11 receptors display a higher al1inity l'br ,(,(W-ll 1

than for TGF-132, while the type 111 reeeptor has been reported to bind both isoforms

with either a similar aft1nity (Cheifetz ef al., 1987, 1988b, 1990; Scgarini ef al.,

1989), or a somewhat higher affinity for TGF-132 (Mitchell and O'Connor-MeCourt,

1991). The observed dissociation constant (Kd) values range l'rom 2 to 50 pM for

the type 1and 11 reeeptors, and l'rom 50 to 300 pM for the type 111 receptor (Segarini

ef al., 1987; Cheifetz ef al., 1990; Massagué ef al., 1992). The receptor number is

tissue- and species-specific and varies l'rom as low as 380 rcceptors/cell on human

monocytes (Wahl ef al., 1987) to 120,000 receptors/cell on mouse embryo

fibroblasts (Andres ef al., 1989). Furtherrnore, there appears to be an inverse

relationship between the number of reeeptors expressed per ccII and lheir al1inity lor

TGF-13 (Wakefield ef al., 1987). Il has been speculated that the expression of

multiple forrns of TGF-13 that have varying degrees of affinity for the different types

of cell surface receptors may provide a means to finely tune the response of

multieellular systems to these polypeptides (Cheifetz ef al., 1987; Ohta ef al., 1987).

ln addition to the three well characterized TGF-13 receptors, other membrane­

bound proteins have been shawn to bind TGF-13 in an isoforrn-specific manner. For

example, proteins with membrane attachments sensitive to degradation by
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phosphatidylinositol-specilic phospholipase C (PI-PLC), which have high aflinity for

cither l'OF-li 1 or TOF-lI2, have been identilied in sorne eell lines (Cheifetz and

Massagué, 1991). Thesc proteins arc unique in that they appear to be attached to

the membrane via a glycosyl-phosphatidylinositol (OPI)-anchor. Although they

display al1inity constants for TOF-fi in the subnanomolar range, their aflinity for

'l'OF-fi is lower than that of the type 1 and II receptors (Cheifetz and Massagué,

1991; sec also Fig. 3). Another protein, known as endoglin, which is predominantly

expressed in vascular endothelial cells, has been shown to bind TOF-fi1 and TOF­

fi3, but not TOF-fi2 (Cheifetz et al., 1992). Endoglin is a homodimeric membrane

glycoprotein composed of disullide-linked subunits of 95 kDa (Oougos and Letarte,

1990). Ils cytoplasmic domain is remarkably similar (71 % amino acid sequence

identity) to that of the type III receptor, and there are also two regions of weaker

similarity in the ectodomains of these proteins (Cheifetz et al., 1992). As no signal

transducing structure is discemible in its cytoplasmic domain, a role similar to that

of the type III receptor has been proposed for endoglin (Yamashita et al., 1994).

I-Iowever, its functions as weil as those of the OPI-anchored TOF-fi binding protcins

rcmain to be elucidated. For a summary of the membrane·bound TOF·J3 binding

protcins described in this section including the TOF-J3 receptors, see Fig. 3.

1.4 TGF-.fJ in normal IIterine growth and.fùnction

ln addition to its multiple effects in many cell types, emerging evidence
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Fig. 3. Schematic representation of TGF-O receptors and other membrane-bound TGF-O

binding proteins. The type I, II, and III TOF-B receptors as weil as endoglin have been cloned.

The type I and II receptors are transmembrane serine/threonine kinases (checkered boxes). The

OS domain of the type I receptor is indicated by an empty rectangle. The type III receptor is a

membrane proteoglycan which contains both heparan and chondroitin sulfate glycosaminoglycan

chains (side chains + oval). Endoglin is a disulfide-linked dimeric peptide which binds TOF-BI

and TOF-B3, but not TOF-B2. The three principal regions of homology between the type III

receptor and endoglin are illustrated by the similar oval, shaded, and striped domain structures

which represent regions of 71 %, 48%, and 28% amino acid sequence identity, respectively. The

OPI-anchored proteins are unique in that they display high affinity for only one of the TOF-B

isoforms and th.:y can be released from the ccII surface by treatment with PI-PLC. Ail these

proteins display affinity constants for TOF-B in the subnanomolar range.
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suggests that TGF-ll is a potential regulator of uterine growth ilnd funelion

(Tabibzadeh, 1991; Guidice, 1994; Giudice and Saleh, 1995). Studies have shown

that ail three mammalian TGF-ll isoforms are expressed in the mouse uterus during

the periimplantation period suggcsting that TGF-ll may play important roles in

blastocyst implantation and in the decidualization of the endometrial stroma

(Tamada et al., 1990; Das et al., 1992). In agreement with these lindings is the

immunohistochemical localization of TGF-ll in hüman implantation sites (Seliek et

al., 1994), and evidence for the role of TGF-ll as a mediator of trophoblastic

invasion of the endometrium (Lala and Graham, 1990). TGF-ll has also been

identified at the fetal-maternal interface (Graham et al., 1992), and both TGF-ll

messenger ribonucleic acid (mRNA) and receptors have been identilied in the

placenta (Dungy et al., 1991; Mitchell and O'Connor-McCourt. 1991; Mitchell et

al., 1992). These results provide further evidence for the role of TGF·ll in the

regulation of endometrial-trophoblast interaction during implantation.

Recent studies have shawn that human uterine cells of ail types also express

mRNA and protein for ail three mammalian TGF-ll isoforms (Chegini et al., 1994b;

Tang et al., 1994). A.:cording to these studies, there appears to be considerable

variation in the expression of TGF-ll mRNAs and proteins in endometrial tissue

throughout the menstrual eycle with the highest levels being expressed during the

late proliferative and early to midsecretory phases. Bence, it has been suggested

that TGF-ll may contribute to inhibition of cellular proliferation during periods in
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which cellular differentiation is dominant, as is the case during the secretory phase

of the menstrual cycle. There is also evidence that TGF-B depresses both protein

and DNA synthesis in endometrial epithelial cells, but stimulates DNA synthesis in

endometrial stromal cells (Hammond et al., 1993; Marshburn et al., 1994; Tang et

al., 1994; Whitworth et al., 1994). Ali these findings taken together suggest that

TGF-B may participate in the regulation of endometrial cell proliferation and

di fferentiation in vivo.

TGF-B may also affect uterine growth and function indirectly by regulating

other growth factors and their receptors. For example, Casey et al. (1992) have

reportcd that TGF-B stimulates parathyroid hormone-related protein expression and

secretion in human endometrial stromal cells. Although the physiological role for

this hormone is currently unddined in the endometrium, Casey and co-workers

(1992) have suggested that it may promote placental calcium transport. 8ince ther:..

is evidence that parathyroid hormone acts on human placental trophoblasts to

promote an increase in epidermal growth factor receptors (Alsat et al., 1991),

parathyroid hormone-related protein may also interact with other growth factor

systems.

1.5 TGF-j3 in abnormal uterine growth and fùnction

ln addition to evidence for the role of TGF-B in normal uterine growth and

fi.mction, studies suggest that TGF-B may also implicated in uterine

14
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pathophysiologies such as endometriosis, endometrial hyperplasiu, und endometrial

cancer (Chegini el al., 1994a; Gold el al., 1994; Murphy, 1994).

Endometriosis is a disease characterized by the presence of viuble endometriul

celis and stroma outside their normal location within the uterine cuvity. Although

several theories relating to the etiology of endometriosis have been proposed, the

development and progression of the disease remain poorly understood (Dmowski,

1991; Rock and Markham, 1992; Olive and Schwurtz, 1993). There is, however,

emerging evidence lor the role of both growth factors (Surrey and Hulme, 1991;

Tabibzadeh, 1991; Zhang el al., 1991), and the immune system (Hill, 1992) in the

endometriotic process. Recent studies indicate that TGF-B muy be one of the

growth factors involved in this disease process. Using a model of surgically induccd

endometriosis in the rat, Chegini and co-workers (1994a) have reported that ectopic

endometrial implants contain immunoreactive TGF-Bs 1-3. There is ulso evidencc

that TGF-B activity is increased in peritoneal lluid l'rom women with endometriosis

compared to both fertile and infertile control groups (Oosterlynck el al., 1994).

Interestingly, sorne of the effects of TGF-B on the immune system, namely, its

induction of macrophage growth factor production, its suppression of natural killcr

cell activity, and its inhibition of lymphocyte function and proliferation, are all

effects also observed in patients with endometriosis (Halme el al., 1987; Zhang el

al., 1991; Oosterlynck et al., 1991, 1992; Gilmore et al., 1992). This suggests that

TGF-B may be responsible for the alterations in immune function associated with
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this disease.

ln addition, l'GF-B regulates other processes such as extracellular matrix

formation, chemotaxis, and angiogenesis which may also be relevant to the

devclopment and maintenance of endometriotic implants. Since extracellular

matrices pertorm many important functions in controlling attachment, migration,

proliferation, and differentiation of cells (Cybulsky et al., 1990; Koochekpour et al.,

1995), l'GF-B's potent stimulatory effect on extracellular matrix protein synthesis

may promote the attachment and growth of endometrial cells in the peritoneal

cavity, while its angiogenic properties may promote maintenance and further

outgrowth of these ectopie endometrial implants by enhancing vascularization.

l'GF-B has also been implicated in other uterine pathologies including

endometrial hyperplasia and endometrial cancer. Il is widely accepted that

prolonged unopposed estrogenic stimulation of the uterus, whether as a result of

endogenous estrogen overproduction or exogenous estrogen given as hormone

replacement therapy, often leads to endometrial hyperplasia which may then progress

to endometrial carcinoma (Silverberg, 1988; Fu et al., 1990; Mencaglia et al., 1990).

Since the endometrium is a target tissue for the action of cytokines and growth

tàctors, Gold and co-workers (1994) have recently investigated the role of l'GF-B

in this process, and have found that the glandular epithelium demonstrates a

significant stepwiSf) increase in the expression of aIl three mammalian TGF-B

isotbrms with progression from the normal proliferative endometrium to simple
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hyperplasia and on to complex hyperplasia. Interestingly. no further incrcasc in

TGF-B expression was observed l'rom pre-neoplastic complex hypcrplasia to

carcinoma. Nonetheless. TGF-B is expressed in many cndometrial cancer eclls

(Boyd and Kaufman, 1990; Murphy el al., 1991), and malignant tmnsfomlation is

often associated with reduced sensitivity to the inhibitory effects of TGF-B. In tbet.

resistance to the growth inhibitory effects of TGF-B appears to inereasc wilh

malignant transformation and in sorne cancer cell Iines, TGF-B actually stimulatcs

ceU proliferation (Boyd and Kaufman, 1990; Anzai el al., 1992; Croxtall el al.,

1992; Sakata el al., 1993).

Despite the identification of TGF-B in the human uterus (Kauma el al.• 1990;

Chegini el al., 1994b; Marshbum el al., 1994), and evidence làr the role of TGF-B

in both normal and abnormal uterine growth and function (see sections 1,4, 1.5, and

references therein), the receptors for TGF-B in this tissue have not been weil

defined. Although TGF-B binding proteins have been purified l'rom porcine uterus

membrane preparations (Ichijo el al., 1991), and specific 12SI-TGF-BI binding sites

have recently been detected in the mouse uterus (Takahashi el al., 1994), the only

evidence for TGF-B receptors in the human uterus cornes l'rom a study recently

conducted by Chegini and co-workers (1994b) in which mRNA and protein for the

type II receptor was identified by in situ hybridization and immunohistochemistry.

Thus, the objective of this study was to identify and characterize the different types

of TGF-B receptors as weU as any other TGF-B binding proteins expressed on
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human cndomctrial ccl1s 50 as to better understand the role of the mammalian TGF­

11 isoforms in uterine physiology and pathophysiology.

2. Materials and Methods

2.1 Cell culture

Human endometrial biopsies were obtained from premenopausal women

undergoing diagnostic laparoscopy for unexplained infertility or suspected

endometriosis. The biopsies col1ected from women with no obvious endometrial

pathologies were minced into smal1 pieces (-1 mm3
) using a razor blade, and were

then dissociated by enzymatic digestion in nutrient medium containing 0.25%

col1agenase/dispase (Boehringer Mannheim, W. Germany). After a one hour

incubation with agitation at 37°C, the suspension produced by col1agenase digestion

consisted of single stromal ceIls and fragments of epithelial glands. These!wo

populations were separated by differential sedimentation at unit gravity as previously

described by Kariya et al. (1991), with sorne modifications. Briefly, the ceIl

suspension was placed in a 15 ml polypropylene conical tube and cenlrifuged at 300

x g for 10 minutes. The ceIls were then resuspended in 10 ml of nulrient medium

and left in an upright position for 30 minutes to aIlow epithelial glands and ceIl

aggrllgates to precipitate to the bottom. The supematant, consisting of single
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stromal cells, was transferred to a new tube, centrifuged at 300 x g for 10 minutes,

and resuspended in as small a volume of nutrient medium as possible (-3-5 ml) so

as to obtain a concentrated population of cells. The ceIls were then plated into 25

cm2 plastic culture flasks. Erythrocytes and contaminating epithelial eclls \Vere

removed by changing the medium within one hour of plating (aller stromal cells had

adhered to the flask). The human endometrial epithelial cell line, RL95-2 was

obtained l'rom the American Type Culture Collection (Rockville, MD). 1\11 eells

were maintained at 37°C in a humidified atmosphere of 5% CO2 and 95% air using

nutrient medium consisting of a 1:1 mixture of Ham's F-12 and Dulbecco's

modified Eagle's medium supplemented with 10% l'etai bovine serum (FBS), 1()

Ilglml bovine insulin, 100 Ulml penicillin G sodium, 100 Ilglml streptomycin

sulfate, and 25 Ilglml amphotericin B (Gibco, Burlington, Ontario).

2.2 Immunofluorescence andflow cytometric studies

The purity and homogeneity of the stromal cell preparations was assessed by

immunof\uorescence microscopie studies using a mouse monoclonal antibody to

human Thy-l (Serotec, Toronto, Ontario), and a fluorescein isothiocyanate (FITC)­

conjugated mouse monoclonal antibody to human cytokeratin (Dako, Mississauga,

Ontario) as follows. Coverslip cultures of purified stromal cells were rinsed twice

with cold Dulbecco's phosphate-buffered saline (D-PBS), fixed in 100% methanol

for 20 min at -20 oC, and perrneabilized with acetone for 1-2 minutes at the same

19



• temperature. Aller permeabilization, cultures were rinsed twice with D-PBS

containing 1% bovine serum albumin (BSA), and incubated in D-PBS containing 3%

BSA for 30 minutes at room temperature ta black non-specific binding. Coverslips

were then transferred ta a humidified chamber and incubated with appropriate

dilutions (1:100) of the above-mentioned antibodies for 1 hour. Following three

washes with D-PBS containing 1% BSA, the cultures previously incubated with anti­

Thy-I were incubated for an additional hour in the dark using rat anti-mouse IgG­

phycoerythrin (Biomeda Corp., Foster City, CA) as the secondary antibody. After

extensive washing, ail cultures were mounted on glass microscope slides and

examined on a Leitz microscope equipped with fluorescence. Routine controls

included incubation with normal serum in place of the primary antibody, and

omission of the primary antibody to control for non-specific binding of the

conjugate.

Flow cytometric analysis was carried out using an EPICS(R) Profile Analyzer.

For detection of the Thy-I cell surface glycoprotein, live cell suspensions were

incubated with the above-mentioned anti-human Thy-I antibody or an ascites fluid

control at a concentration of 5 11g/106 ceIls for 1 hour at 4°C. The cells were then

pelleted by centrifugation at 300 x g for 10 minutes, washed with D-PBS, and

incubated for an additional hour at 4°C with rat anti-mouse IgG-FITC (Jackson

ImmunoResearch Laboratories, West Grave, PA) at a concentration of 5 1.lg/106

cells. After two washes with D-PBS, the cells were resuspended in 500 111 of D-
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• PBS and analyzed. For detection of intracellular cytokeratins. thorollghly washed

cells in D-PBS were fixed by adding absolute ethanol (-20°C) drop by drop to a

final concentration of 70% ethanol in D-PBS while slowly vortexing. and incllhated

ovemight at -20°C. The cells were then washed with D-PBS. pelleted. and

resuspended in D-PBS containing 4% heat-inactivatcd FBS. Non-specilic hinding

was blocked by incubating the ceIls with mouse IgG whole molecule (50 ~lgll (Jh

cells) for 30 minutes at room temperature. Cells were then incubated either with the

above-mentioned FITC-conjugated mouse anti-human cytokeratin or an FITC­

conjugated mOllse IgG 1 negative control for 1 hour at room temperature with

continuous gentle agitation. Following extensive washing, cells were resuspended

in D-PBS and analyzed.

2.3 Iodination of TGF-fJ and ajJinity labe/ing of cells

Recombinant TGF-131 (Bristol Myers-Squibb Pharmacelltical Research

Institute, Seattle, WA) and recombinant TGF-/32 (Celtrix Pharmaceuticals Inc., Santa

Clara, CA) were iodinated using the chloramine-T method of Frolik et al. (1984) as

previously described by Philip and O'Connor-McCourt (1991). Affinity labeling

studies were performed as described by Mitchell et al. (1992). Briefly, cells l'rom

stock culture flasks were trypsinized and plated into 12-well plates at a density of

4-6 x lOs cells/ml. Approximately 48 hours afier plating, confluent cell monolayers

were washed three times with ice-cold binding buffer (D-PBS with 0.5 mM Ca'2 and
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• 1 mM Mg'2, pH 7.4, containing 0.\% BSA) over 30 minutes, and incubated with

cithcr 100 pM 12s\_TGF_B\ or 12S\_TGF_B2, in the absence or presence of varying

concentrations of unlabeled TGF-B \ or TGF-B2 for 3 hours - the time required for

the formation of Iigand-receptor complexes under equilibrium binding conditions.

ThIs incubation was carried out at 4°C with continuous gentle agitation. The

receptor-Iigand complexes were then cross-Iinked with 400 J.l1 of \ mM

Bis(sulfosuccinimidyl)suberate (Pierce, Rockford, Il) on ice. After \0 minutes, the

reaction was stopped with the addition of 100 J.l1 of 500 mM glycine and a further

5 minute incubation. Cells were washed twice with O-PBS, and solubilized in 20

mM Tris-HCI buffer, pH 7.4, containing 1% Triton X-IOO, 10% glycerol, 1 mM

EOTA, and the following protease inhibitors: 1 mM phenylmethylsulfonyl fluoride,

2 J.lg/ml aprotinin, 1 J.lg/ml leupeptin, 10 J.lg/ml soybean trypsin inhibitor, and 10

J.lg/ml benzamidine (solubilization buffer). Solubilized material was recovered from

each weil. One-fifth volume of 5x electrophoresis sample buffer (0.25 M Tris-HCl,

pH 6.8, 5% SOS, 50% glycerol, and trace bromophenol blue) was added to each

sample. The samples were then divided into equal volumes and analyzed under both

reducing and non-reducing conditions by SOS-polyacrylamide gel electrophoresis

(SDS-PAGE) and autoradiography. SOS-PAGE was perforrned by the method of

Laemmli (Laemmli and Favre, 1973), with 3-11% polyacrylamide gradient gels.

Following electrophoresis, gels were stained with Coomassie BrilIiant Blue,

destained, dried, and exposed to Kodak Omat AR film at -80°C with use of Dupont

Cronex Lightning Plus intensifying screens. The apparent relative molecular weights
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of the proteins were estimated using 14C-labe!ed molecular mass standards which

included lysozyme (14 kDa), B-Iactoglobulin (18 kDa), carbonic anhydrasc (29 kDa),

ova!bumin (43 kDa), BSA (68 kDa), phosphorylasc B (97 kDa), and myosin hcavy

chain (200 kDa).

2.4 Treatment ofcel/s lVith Pl-PLe or dithiothreitol (DIT)

Confluent ccli monolayers were washed three times over 30 minutes with D­

PBS containing 0.5% BSA, twice with protein-free D-PBS, and then incubated at

37°C with either 0.3 Ulm! of PI-PLC (Boehringer Mannheim, W. Germany) for 30

minutes or ImM DTT for 5 minutes. Following incubation, the celis were washed

twice with ice-cold D-PBS containing 0.1 % BSA, and affinity-labeled with 1251_TGF_

BI or 125I_TGF_B2 as described above.

2.5 lmmunoprecipitation of TGF-fJ receptors

Anti-peptide antibodies against the type II and type III TGF-B receptors were

a gift l'rom Dr. A. Moustakas (Whitehead Institute for Biomedical Research,

Cambridge, Massachusetts). Immunoprecipitations were carried out as follows.

Cells were affinity labeled with 200 pM of either '2sI_TGF_BI or 1251-TGF-B2 as

described above. After a 30 minute incubation with solubilization buffer, cell

!ysates were centrifuged at 5000 x g for 10 minutes. Aliquots of the supernatants

were incubated overnight at 4°C with antibodies specifie for either the type 11 or
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type III TGF-f.I receptors in the absence or presence of equimolar amounts (3 Ilg/m1)

of the respective immunizing peptides. Other supematant aliquots were boiled 5

minutes in the presence of 1% SDS prior to incubation with the antibodies. Immune

complexes were then incubated with 50 III of a protein A-Sepharose slurry (50%

packed beads in D-PBS containing 0.2% Triton X-IDO) at 4°C for 2 hours. The

beads were pelleted by centrifugation and washed thoroughly with D-PBS containing

0.2% Triton X-IOO. The immune complexes were resuspended in lx sample buffer

containing 5% B-mercaptoethanol, boiled for 5 minutes, and analyzed by SDS-PAGE

and autoradiography.

2.6 Pre-incubatioll of cells \Vith TGF-j3

Cells from stock culture flasks were trypsinized and plated into 12·well

plates. Alter 24 heurs, the cells were washed twice with D-PBS and incubated

under both serum and insulin free conditions in the absence or presence of either

100 pM of TGF-BI or TGF-B2 for 16 hours. Ali incubations were carried out at

37°C in a humidified atmosphere of 5% CO2 and 95% air. Appropriate vehicle

controls were included in each experiment. Following pre·incubation with TGF·I3,

the cells were washed extensively with D·PBS containing 0.1 % BSA to allow

dissociation of any pre-bound TGF-B. The cells were then affinity labeled with

either 100 pM of 12sI_TGF_BI or 12sI·TGF_132 as described above (section 2.3).

24



• 2.7 Equi/ibriulIl saturation binding assay and Scatchard ana(l'sis

Equilibrium saturation binding assays were earried out in a manner similar

to the affinity labeling assays describcd above (section 2.3), with the Illllowing

modifications. Cell monolayers in 24-wcll plates were washed three times over 30

minutes with ice cold binding bulTer (D-PBS, pH 7.4, eontaining 0.3% BSA), and

incubated with varying concentrations of either Il5I-TGF-BI or '~jl-TGF-l\2 ranging

between 1 and 500 pM. Non-specific binding was determined in the presence of a

100-fold excess of unlabeled TGF-B. Duplicate wells were used for eaeh condition.

At the end of a 3 hour incubation period at 4°C, the binding buller was eolleeted

to measure the concentration of free 12sl_TGF_B, and the ceIls were quickly washed

with D-PBS. Bound counts were then solubilized in 300 ~I of 20 mM Tris-Ilel

buffer, pH 7.4, containing 1% Triton X-IOO, 10% glycerol, and 1 mM EDTA, lor

30 minutes at 4°C with gentle agitation. Cell number was determined using a

hemocytometer on wells treated as above except that trypsinization substituted for

the solubilization step. Binding data were analyzed by the mcthod of Scatchard

(1949) using GraphPad Prism software. The equation Y=Bmax*X1(Kd+X) was used

for analysis of one site binding, while the equation Y=Bmaxl*X1(Kdl+X) +

Bmax2*X(Kd2+X) was used for analysis of two site binding. Goodness-of-Iit lor

both Iinear and non-\inear regressions of Scatchard transformations was assessed by

the value r.
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2.8 tH]-Th)'midine incorporation assay

Human endometrial stromal cells and RL95-2 cells were plated into 24-well

dishes at a density such that al the time of TGF-13 addition the ceUs were semi­

conlluent. Approximately 24 hours aller plating, the ceUs were washed with D-PBS

and incubated under serum and insulin free conditions in the absence and presence

of varying concentrations (0.1-500 pM) of TGF-BI or TGF-132, in triplicate, for

either 24 hours (RL95-2) or 48 hours (stromal). [Methyl- 3H]-thymidine (Amersham,

Lite Science, 2 /lCi/ml of medium) was added to RL95-2 ceils during the last 3

hours of the 24 hour test period, and to stromal ceUs either during the last 24 hours

of the 48 hour test period, or during the entire 48 hour test period in the presence

of 2% FBS. At the end of labeling, the ceIls were placed on ice and washed three

times with 200 mM NaCI • 50 mM Tris buffer, three times with 10% ice coId

trichloroacetic acid, and finally, three times with 95% ethanol. The ceUs were then

air dried. solubilized with 1% SDS, and the incorporated radioactivity measured in

a Iiquid scintillation counter using UniverSol™ scintillation cocktail (lCN

Biomedicals, Montréal, Québec).
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3. ResuUs

3. J Evaluation of stromal cell preparations

The purity and homogeneity of the stromal cell preparations was assessed hy

immunofluorescence microscopic studies using a mouse monoclonal antihody to

human Thy-I which labels a cell surface glyeoprotein present on stroma\ cells, hut

:10t on epithelial cells ermindez-Shaw et al., 1992), and a mouse monoclonal

antibody to human cytokeratin which labels a wide range of intermediate liIamcnts

(including keratin Nos 5, 6, 8, 17 and 19) in epithelial cells, but not in stromal celis

(Matthews et al., 1992). As indicated in Fig. 4, the stroma\ cell preparation stains

positively for the Thy-I stromal marker. Although specific cell surlàcc staining is

not apparent on fixed ceUs such as these, such staining was observcd on live cell

preparations (data not shown). No staining was observed with the eytokeratin

antibody, indicating the absence of epithelial contamination (data not shown).

These results were confirmed quantitatively by 110w cytometry which

indicates that 99.9 % of the stromal ceil population is positive for the stromal

marker, Thy-I (Fig. 5, gate 3), while 97.9 % is negative for cytokeratin (Fig. 6, gate

1). The RL95-2 endometrial epithelial ceU line was used as a positive control for

cytokeratin stainÎlig, and as demonstrated in Fig. 7 (gate 2), 99.2 % of this ceU

population is positive for cytokeratin.
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Fig. 4. Immunofluorescence micrograph of human endometrial stromal cells

stained with an antibody to human Thy-l, x250.
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Fig. 5. Flow cytometric analysis of human endometrial stromal ceUs using a

stromal marker. Live cell suspensions were labeled either with an ascites-FITC

control (A), or with anti-human Thy-I-FITC (B) and anaIyzcd on an EPICSIR
)

Profile Analyzer.
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Fig. 6. Flow cytometric analysis of human endometrial stromal cells using 110

epithelial marker. Fixed cell suspensions were labc\ed eilhcr wilh an IgO \-FITC

control (A), or with anti-human cytokeratin-FITC (B) and analyzcd on an EPICSllll

Profile Analyzer.
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Fig. 7. Flow cytometric analysis of RL95-2 cells using an epithelial mllrker.

Fixed cell suspensions were labeled either with an IgGI-FITC control (A), or with

anti-human cytokeratin-FITC (B) and analyzed on an EPICSIR) Profile Analyzer.
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3.2 Affinity labeling of cell sUlface TGF-jJ bindillg pl'oteills

Affinity labeling of human endometrial stromal cells with 100 pM of Il~l_

TGF-BI reveals four binding complexes with apparent relative molecular weights of

65, 85, 180 and 200-300 kDa. As illustrated in the autoradiogram in Fig. 8A,

competition experiments using unlabeled TGF-BI and TGF-B2 indicate that 0.5 nM

of unlabeled TGF-BI markedly blocks the labeling of the 65 and 85 kDa binding

complexes while ten times the amount (5 nM) of unlabeled TGF-B7. only slightly

blocks their labeling. This indicates that these two binding complexes display a

much higher affinity for TGF-BI than for TGF-B2. In contrast, the 200-300 kDa

binding complex binds strongly to both TGF-B isoforms. The apparent relative

molecular weights, isoform specificity, and migration patterns of the 65, 85, and

200-300 kDa binding complexes are characteristic of the type 1, 11 and 111 TGF-B

receptllrs that have been previously described on most cell types (Cheifetz el al.,

1986, 1988b; Segarini el al., 1989; Massagué, 1990). Under reducing conditions,

the type 1 receptorrrGF-B complex migral~s as a binding complex of approximately

65 kDa (53 kDa for the receptor plus 12.5 kDa for the TGF-B monomer). Aiso

noteworthy is the diffuse banding pattern of the 200-300 kDa binding complex

which is a distinctive feature of the type 111 receptor proteoglycan (Cheifetz el al.,

1988a; Massagué el al., 1992). In addition, the competition experiments

demonstrate that the 180 kDa binding complex, later identificd as a GPI-anchorcd

protein (see section 3.3), binds TGF-BI but not TGF-B2.
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Fig. 8. Aflinity labeling of TGF-8 binding proteills on human endometrial stromal cells.

Cells were affinity-Iabeled with 100 pM 12sJ_TGF_Bl (A) or 100 pM 12sJ_TGF_B2 (B), in the

absence and presence of the indicated concentrations of unlabeled TGF-Bl or TGF-B2. Samples

were analyzed by SDS-PAGE under reducing conditions. The type J, II, and III TGF-B receptors,

the 65 and 180 kDa GPJ-anchored TGF-B binding proteins, and the molecular weight standards

are indicated in the margins.
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When 12s[_TGF_B2 is used as the radiotraeer, a prominent binding complex

of 65 kDa, and a weakly labeled binding complex of 200-300 kOa are observed

(Fig. 8B). The 85 and 180 kDa binding complexes are not detectable, which is

consistent with their low affinities for TGF-B2. Although the 200-300 kDa binding

complcx displays similar affinity for both TGF-B isoforms when it is labeled with

12S[_TGF_BI, it binds TGF-B2 preferentially when 12sl_TGF_B2 is used as a

radiotraccr. This suggests that there may be two distinct subtypes of the type III

receptor with different affinities for TGF-BI and TGF-B2 expressed on stromal cells.

Interestingly, subtypes of the type l, II, and III TGF-B reeeptors have been observed

on human placental trophoblast eells (Mitchell et al., 1992). As for the 65 kOa

binding complex, when it is labeled with 12SI_TGF_B2, it behaves differently l'rom

the type 1 receptor sinee it binds TGF-B2 but not TGF-BI, as demonstrated by the

inability ofTGF-BI to eompete for binding. In fact, this protein was later identified

as a GPI-anchored TGF-B binding protein (see section 3.3).

On the human endometrial epithelial cell line, RL95-2, affinity labeling with

both 12sl_TGF_BI (Fig. 9A) and 12sl_TGF_B2 (Fig. 98) reveals two binding complexes

with apparent relative molecular weights of 65 and 200-300 kOa. As on the stromal

cell preparations, the competition experiments show that the 200-300 kOa binding

complex displays similar affinity for both TGF-B isoforms when it is labeled with

ml-TGF-BI, but binds TGF-B2 preferentially when 12SI_TGF_B2 is used as a

radiotracer.

34



•

Fig. 9. Affinity la:'eling ofTGF-O binding proteins on RL95-2 eeUs. CeUs were affinity-labeled

with 100 pM 1251_TGF-ili (A) or 100 pM 1251_TGF-1l2 (B), in the absence and presence of the

indicated concentrations ofunlabeled TGF-lll or TGF-1l2. Samples were analyzed by SDS-PAGE

under reducing conditions. The type 1 and III TGF-ll receptors, and the molecular weight

standards are indicated in the margins.
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The 65 kDa binding complex, whcn it is labeled with '~sl-TGF-L1 l, displays higher

aflinity for TGF-L11 than tOI' TGF-L12. In contrast to the stromal cells, the 55 kDa

binding complex is very poorly labeled when 12S1-TGF-L12 is used as the mdiotmeer.

as expected for the type 1 receptor.

The autoradicgrams shown in Figures 8 and 9 are of polyacrylamide gels l'un

under reducing conditions. There were no changes in the allinity labeling paltems

of either cell type when the gels were run under non-reducing conditions (data not

shown). Therefore, ail subsequent autoradiograms shown arc of reducing SDS­

PAGE.

3.3 Effect ofPI-PLe and DIT on affinity labeling of TGF-fJ binding prolein.l'

Although most membrane proteins are inserted into the membrane via a

transmembrane domain, a number of proteins have been described which have a GI'I

anchor (Low, 1989). GPI anchors are phospholipid attachments sensitive to

degradation by PI-PLC. Thus, treatment with PI-PLC results in the cleavage of the

phospholipid u,1chor and the release of such proteins l'rom the cell surface. TGF-L1

binding proteins with GPI anchors, including ones of 60 and 180 kDa, have been

described in sorne celllines (Cheifetz and Massagué, 1991). Therefore, in order to

determine whether any of the TGF-L1 binding proteins identified on human

endometrial cells are anchored to the membrane in this manner, the cells were

treated with PI-PLC prior to affinity labeling. In addition, since brief lrealment of
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cclls with 1 mM DTr has been shown to completcly prevent labeling of the type

1TUF-f3 receptor without decreasing labeling of the type II or III receptors (Cheifetz

and Massagué, 1991), the effect of DTT on affinity labeling of TOF-f3 binding

proteins was also assessed. As illustrated by the autoradiogram in Fig. 10A, when

endometrial stromal cells are labeled with 1251_TOF-f3I, the 180 kDa binding

complcx is sensitive to PI-PLC treatment. None of the other 1251_TOF_f31 labeled

complexes are affected by the PI-PLC treatment. Similar1y, the only binding

complex sensitive to DTT is the 65 kDa complex. In contrast, when the ceIls are

labcled with 1251_TOF_f32 (Fig. lOB), the observed 65 kDa binding complex is

insensitive to DTT, but sensitive to PI-PLC. The 1251_TOF_f32 labeled 200-300 kDa

binding complex is unaffected by either treatment. Thus, human endometrial

stromal cells express the type l, II, and III TOF-f3 receptors, a 180 kDa OPI­

anchored TOF-f31 binding protein, and a 65 kDa OPI-anchored TOF-132 binding

protein which co-migrates with the type 1 receptor.

As shown in Fig. liA & B, when RL95-2 cells are labeled with either 1251_

TOF-131 or 1251_TOF_f32, neither the 65 or 200-300 kDa complexes are PI-PLC

sensitive indicating that they are not OPI-anchored TOF-13 binding proteins. The 65

kDa complex is DTT sensitive, regardless of which isoform is used for 1abeling.

3.4 lmmulloprecipitation of TGF-fJ receptors

ln order to confirm that the 85 and 200-300 kDa binding complexes observed
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Fig. 10. Effect ofPI-PLC and DTT on affinity labeling ofTGF-8 binding proteins in human

endometrial stromal cells. Cells were pretreated with PI-PLC or DIT, as indicated, and aflinity­

labeled with 100 pM 12sI-TGF-Bl (A), or 100 pM 12sI_TGf_B2 (8). Samples were analyzed by

SDS-PAGE under reducing conditions. The type 1, II, and III TGF-8 receptors, the 65 and 180

kDa GFI-anchored TGF-B binding proteins, and the molecular weight standards are indicated in

the margins.
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Fig. 11. Effect of PI-PLC and DIT on affinity labeling ofTGF-8 binding proteins in RL95-2

cells. Cells were pretreated with PI-PLC or DlT, as indicated, and affinity labeled with 100 pM

12sI_TGF_131 (A), or 100 pM '2sI_TGF_132 (B). Samples were analyzed by SDS-PAGE under

reducing conditions. The type 1 and III TGF-13 receptors, and the molecular weight standards are

indicated in the margins.
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on human endometrial stromal ccIls do in fact correspond to the type (( and III

TOF-/3 receptors, proteins cross-linked to ml-TOF-/31 and ml-TGF-lI2 \Vere

immunoprecipitated with specifie anti-type Il and anti-type III TGF-/3 reeeptor

antibodies. As ilIustrated in Fig. 12 (Iane 2), an anti-type (( receptor antibody.

which was generated against aC-terminai epitope of the type (( TOF-/3 receptor.

immunoprecipitates the 1251_TOF_/31 labelcd type 1 and type III l'OF-LI receptors in

addition to the 85 kOa type Il receptor. Immunoprecipitation in the presence of

equimolar amounts (3 Ilg/m1) of the immunizing peptide reduces the amount of

protein being immunoprecipitated indicating that the complexes arc being

immunoprecipit:üed specifically (Fig. 12, lane 3). As i1lustrated in Fig. 12 (Iane 4),

denaturation of cell extracts with SOS prior to immunoprecipitation prevents the

precipitation of the type 1 and III receptors along with the type (( reccptor. This

result indieates that the 85 kDa type !I receptor i~ being immunoprecipitated

directly, while the type 1 and III receptors are being co-immunoprecipitated as

heteromeric complexes with the type Il receptor.

When the cells are labeled with 1251_TOF_/32, the anti-type (( TOF-/3 receptor

antibody also immunoprecipitates the type Il and III receptors, and an 1251_TOF_/32

labeled 65 kDa binding complex (Fig. 12, lane 9). Since there is evidencc

indicating that the 65 kDa OPI-anchored protein observed in other cells does not co­

precipitate with the type Il receptor (Morello et al., 1995), the 1251_TOF-/32 labeled

65 kDa binding complex immunoprecipitated by the anti-type Il receptor probably
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Fig. 12. Immunoprecipitation of affinity labeled human endometrial stromal TGF-D binding

proteins with anti-type II and anti-type m TGF-D receptor antibodies. Cel1s \Vere amnit)'

labeled with 200 pM '2sl_TGF_lll or 12sl_TGF_1l2. Solubilized cel1 extracts \Vere either not

immunoprecipitated (nip), or immunoprecipitated with anti-type II (a-II) or anti-type III (a-III)

TGF-ll receptor antibodies as indicated. In lanes labeled peptide (+), the immunoprecipitations

were carried out in the presence of equimolar amounts (3 l!g/ml) of the respective immunizing

peptides. In lanes labeled SDS (+), the cel1 extracts were boiled 5 minutes in the presence of 1%

SDS prior to immunoprecipitation. The type l, II, and III TGF-B receptors, the 65 and 180 kDa

GPI-anchored binding proteins, and the molecular weight standards are indicated in the margins.

Note that lane 1 was exposed 8 days while the remaining lanes were exposed 14 days.
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corresponds to the type 1 receptor weaklylabeled with 1251_TGF-B2.

Immunoprecipitation of both '251_TGF_BI and 1251_TGF_B2 affinity labeled

proteins on stromal cells with an anti-type III antibody, which was generated against

aC-terminai epitope of the type III TGF-B receptor, confirmed the presence of the

type III rcccptor on thcsc cells (Fig. 12, lancs 5 and 12). The immunoprccipitation

of the type III reccptor is specific since no cross-linked proteins are precipitated

when equimolar amounts (3 f.lglml) of the immunizing peptide are included in the

immunoprecipitation reaction mixtures (Fig. 12, lanes 6 and 13).

ln order to confirm the presence of the type III receptor on RL95-2 cells, and

to determine whether our inability to detect the type II receptor on these cells is due

to the lack of sensitivity of the cross-link labeling technique, affinity labeled RL95-2

ccli TGF-B binding proteins were immunoprecipitated with the anti-type II and anti­

type III TGF-B receptor antibodies. As ilIustrated in Fig. 13, the results obtained are

similar to those obtained with human endometrial stromal cells. Thus, the presence

of the type 1 and III TGF-B receptors on these cells was confirmed, while the

previously undetected type II receptor was revealed. Denaturation of cell extracts

with SDS demonstrates that the type 1 and III receptors forrn heteromeric complexes

with the type II receptor on these cells as weil.
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Fig. 13. Immunoprecipitation of affinity labeled RL95-2 cell TGF-B binding proteins with

anti-type II and anti-type ID TGF-B receptor antibodies. Cells were affinity JabeJed with 200

pM 1251_TGF-1l1 or 1251_TGF-1l2. SoJubiJized cell extracts were either not immunoprecipitated

(nip), or immunoprecipitated with anti-type II (a-II) or anti-type III (a-III) TGF-ll receptor

antibodies as indicated. In Janes JabeJed peptide (+), the immunoprecipitations were carried out

in the presence of equimoJar amounts (3 IlglmJ) of the respective immunizing peptides. In lanes

Jabeled SDS (+), the èell extracts were boiled 5 minutes in the presence of 1% SDS prior to

immunoprecipitation. The type 1, II, and III TGF-ll receptors, and the moJecuJar weight standards

are indicated in the margins. Note that Janes 1 and 8 were exposed 6 days while the remaining

Janes were exposed 18 days.
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3.5 Effect of pre-incubation \Vith TGF-fJ 01/ qffinity labeling of TGF-Jl hil/ding

proteins

Studies have shown that the type 1, Il, and III TOF-lI reeeptors lIndergo

marked downregulation foUowing a 16 hour incubation with TOF-lI (MacKay and

Danielpour, 1991). In order to deterrnine whether the two OPI-anchored TOF-lI

binding proteins identilied on human endometrial stromal ceUs also lIndergo ligand­

induced downregulation, stromal ceUs were pre-incubated with 100 pM of lInlabcled

TOF-lIl or TOF-lI2, and affinity labeled with 12S1-TOF-lI1 (Fig. 14A) or 'Z51_TGF_l\2

(Fig. 148). The results indicate that both TOF-lI isoforms block the labcling of the

type J, II, and III receptors, but have liule or no effect on the labeling of cither the

180 kDa OPI-anchored TOF-lIl binding, or the 65 kDa OP1-anehored TOF-lI2

binding protein. Thus, OPI-anchored TOF-lI binding proteins are not only distinct

from the previously identified TOF-lI receptors in their sensitivity to PI-l'Le and in

their affinity for only one of the TOF-lI isoforrns, they are also unique in thcir

failure to downregulate.

3.6 Scatchard Analysis

In order to get an idea of the number of TOF-lI reccptors prcscnt on human

endometrial ceUs, equilibrium saturation binding experiments with 12sl_TOF_lIl and

125J_TOF_B2 were perforrned and ana1yzed by the method ofScatehard. Specifie 1251_

TOF-B1 binding to endometrial stromal cel1s indicated that saturation of TOF-lI
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Fig. 14. Effeet ofpre-ineubation with TGF-8 on affinity labeling ofTGF-8 binding proteins

on human endometrial stromal eeUs. CeUs were pre-treated with 100 pM ofTGF-BI or TGF­

112, as indicated, for 16 hours and affinity labe1ed with 100 pM 125I-TGF_BI (A), or 100 pM mI_

TGF-1I2 (B). Samples were analyzed by SDS-PAGE under reducing conditions. The type l, II,

and III TGF-1I receptors, the 6S and 180 kDa GPI-anchored TGF-ll binding proteins, and the

molecular weight standards are indicated in the margins.
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receptors at 4°C is achieved at a 'l'OF-Il concentration of 100 pM (Fig. IS).

Scatchard analysis of the binding data resulted in a linear plot suggesting the

presence of one single class of high affinity binding sites with a Kd of 14 pM and

approximately 3000 binding sites per cell (Fig. IS, inset).

Similar experiments with RL9S-2 cells using 1251_TOF-J3 1 indicated that

saturation of TOF-J3 receptors is achieved within the same range of 'l'OF-Il

cClncentrations required to saturate receptors on stromal cells (-100 pM), and

Scatchard analysis also resulted in a linear plot with a Kd of 20 pM (Fig. 16).

Although the Kd value observed for these cells is similar to that observed for stromal

cells (20 versus 14 pM, respectively), the number of binding sites on RL9S-2 cells

is approximately four times lower than that observed on stromal cells (700 versus

3000 binding sites/cell, respectively).

When equilibrium saturation binding experiments were performed with 1251_

TOF-J32, the results obtained were quite different. On stromal cells, Scatchard

analysis of the binding data resulted in a curvilinear plot (Fig. 17) characteristic of

at least two populations of receptors with distinct affinities for TOF-J3. The Kd and

maximal binding (B mnx) values obtained indicate that thcre are approximately SOO

high affinity sites per cell with a Kd of 4 pM, and 9000 low affinity binding sites

per cell with a Kd of 226 pM.

Similar experiments with 12S1-TOF-J32 binding to RL9S-2 cells also resulted

in a curvilinear Scatchard plot with Kd values of 14 and 28S0 pM and corresponding
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Fig. 15. Saturation curve of 12sI_TGF_Ol binding to human endometrial stromal cells. Cells

were incubated with increasing concentrations of 1251_TGF-1l1 (1-300 pM) to deterrnine total

binding. Non-specifie binding was deterrnined in the presence of a 100-fold excess of unlabeled

TGF-lll. Duplicate wells were used for each condition. The curve shown corresponds to specifie

1251_TGF_1l1 binding (cpm) as a fonction of free ligand concentration (PM), where 1251-TGF-1l1

specifically bound is the difference between the total and non-specifie binding. The inset shows

the corresponding Scatchard plot. For the linear regression of the Scatchard, r=0.9797. The Kd

value obtained is shown, and corresponds to 3000 binding sites ~er cell.

47

•



• •
Saturation Binding Isotherm

(stromal)

4000
..-.e
~
y 3000'--"
f:)J)
C Sc:atchard Plot
••
"0 300

- . = 2000 250~ •• Krl4pM= :200..
y ~ 150

..: li:
::::1
CI 100•• 1000 III

Y 50
Q,,)

Q.. 0

00 0 500 1000 1500 2000 2500 3000 3500

TGF·8 Sound (~pm)

0
0 sa 100 1S0 200 2S0 300 3S0

125I-TGF-(l1 Concentration (pM)



•

Fig. 16. Saturation curve of 115I-TGF-81 binding to RL9S-2 cells. Cells were incubated with

increasing concentrations of '251_TGF_BI (1-300 pM) to determine total binding. Non-specific

binding was determined in the presence of a 100-fold excess of unlabeled TGF-Bl. Dup!icate

wells were used for each condition. The curve shown corresponds to specific 1251_TGF_BI binding

(cpm) as a function offree ligand concentration (PM), where 125I-TGF_BI specifically bound is the

difference between the total and non-specific binding. The inset shows the corresponding

Scatchard plot. For the !inear regression of the Scatchard, r=0.9737. lbe Kd value obtained is

shown, and corresponds to 700 binding sites per cel!.
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Fig. 17. Saturation curve of 12sI_TGF_82 binding to hum:m endometrial stromal cells. Cells

were incubated with increasing concentrations of 1251_TGF_J32 (1-500 pM) to detennine total

binding. Non-specifie binding was detennined in the presence of a 100-fold excess of unlabeled

TGF-J32. Duplicate wells were used for each condition. The curve shown corresponds to specifie

\251_TGF-J32 binding (cpm) as a function of free ligand concentration (PM), where 1251_TGF-J32

specifically bound is the difference between the total and non-specifie binding. The inset shows

the corresponding Scatchard plot. For the non-linear regression of the Scatchard, r=O.9386. The

Kd values obtained are shown, and correspond to 500 and 9000 binding sites per cell, respectively.
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Fig. 18. Saturation curve of 125I-TGF-82 binding to RL95-2 cells. Cells were incubated with

increasing concentrations of 12sI_TGF_82 (1-400 pM) to detennine total binding. Non-specific

binding was detennined in the presence of a 100-fold excess of unIabeled TGF-82. Duplicate

wells were used for each condition. The curve shown corresponds to specific 12sI_TGF_82 binding

(cpm) as a fonction offree ligand concentration (pM), where I2SI-TGF_82 specifically bound is the

difference between the total and non-specific binding. The inset shows the corresponding

Scatchard plot. For the non-linear regression of the Scatchard, r=0.9865. The Kd values obtained

are shown, and correspond to 1000 and 30,000 binding sites per cell, respectively.
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receptor numbers of 1000 and 30,000 pel' ccII (Fig. 18). Interestingly. although the

affinity labeling profile with bath TGF-B isoforms is quite simitar on these eells.

Seatchard analyses of the binding data result in a tincal' plot for TOF-B 1 labeling.

but a curvilinear plot for TGF-B2 labeling. Thus. in both ccII types. it appears as

though TGF-B2 is binding ta two different classes of reeeptors white TGF-LII is

binding ta one class of high affinity reeeptors which probably correspond to the type

l, Il, and III receptors.

3.7 EfJect of TGF-j3 on DNA synthesis in Ill/man endometrial cel/s

Having characterized the receptors for TGF-B on Imman endometrial eells,

the responsiveness of these ceIls ta TGF-B was then examined by studying the elTeet

ofTGF-BI and TGF-B2 on DNA synthesis in endometrial cells. Stromal and R1.95­

2 cells were incubated under serum free conditions with varying concentrations of

TGF-BI or TGF-B2 (0.1-500 pM). DNA synthesis was measured using a 1)111­

thymidine incorporation assay. The results obtained indicate that 'rGF-B1 and TGF­

B2 inhibit DNA synthesis in RL95-2 cells (Fig. 19). This inhibitory eflcct is

concentration-dependent, and the leso is approximatcly 50 pM for both TGF-B 1 and

TGF-B2. No significWlt difference in potency was detected between the two TGF-B

isoforrns over the range of concentrations tested. In contrast, l'Gr-fi had no

significant effect on DNA synthesis in stromal cells under serum fi'ee conditions

(data not shawn), but had a slight stimulatory erfect on quiescent stromal cells in the
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Fig. ! 9. Effect of TGF-Dl and TGF-D2 on DNA synthesis in RL95-2 cells. Cells

were plated into 24-well plates, grown for 24 hours, and incubated under both serum

and insulin free conditions with varying concentrations ofTGF-Bl (e) or TGF-B2

(.) (0-500 pM), in triplicate, for 24 hours. [3H]-thymidine was added directly to

each well during the last 3 hours of the TGF-B incubation. The average [3H]_

thymidine incorporation for each concentration tested is plotted as percent

incorporation in the absence of TGF-B (% control). The standard error within

triplicates was calculated for each concentration tested.
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Fig. 20. Effeet ofTGF-81 and TGF-82 or.. DNA synthesis in human endometrial

stromal cells. Cells were plated into 24-well plates, grown for 24 hours, serum­

dcprivcd for 48 hours, and incubated with varying concentrations of l'OF-fi \ (.)

or TOF-f.l2 (.) (0-500 pM) in the presence of 2% FBS and 2IlCi/m\ of eH]­

thymidine, in triplicate, for 48 hours. The nverage [3H]-thymidine incorporation for

caç~ concentration tested is plotted as percent incorporation in the absence of l'OF-fi

(% control). The standard error within triplicates was calcu\ated for each

concentration tested.
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presence of 2% fctalbovine serum (Fig. 20). Although, this stimulatory effect was

observed in sorne stromal cell preparations, it was not reproduced in ail stromal cell

preparations. Thus, with respect to DNA synthesis, the responsiveness of these

primary cell cultures to TGF-I.\ appears to be variable.

4. Discussion

Using affinity cross·link labeling techniques, five TGF-I.\ binding proteins

have been identified on human endometrial stromal cells. Analysis of the affinity

of these proteins for TGF-I.\I and TGF-1.\2, their sensitivity to DIT, together with

results fronl immunoprecipitations with specifie antibodies against the type II and

111 TGF-I.\ recepl.ors, confirmed that three of these, the 65, 85, and 200-300 kDa

binding complexes, correspond to the c10ned type 1, II, and III TGF-I.\ receptors,

respectivcly. Analysis of affinities and PI-PLC sensitivity indicate that the other two

binding proteins observed represent a 180 kDa GPI-anchored TGF-I.\ 1 binding

protein and a 65 kDa GPI-anchored TGF-1.\2 binding protein. Thus, there are Iwo

distinct co-migrating 65 kDa binding complexes on stromal cells, namely, an 1251_

TGF·I.\ 1 labeled DIT-sensitive type 1 receptor and an 1251_TGF-1.\2 labeled GPI­

anchored binding protein.

Interestingly, the mRNA for endoglin, a membrane glycoprotein that is

predominantly expressed in endothelial cells and which binds TGF-I.\I and TGF-1.\3
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but not TGF-B2, has recently been identilied in murine uterine stromal cells (St.­

Jacques el al., 1994). However, this protein was not detected by al1inity labeling

in either the human endometrial stromal cell preparations or the RL95-2 eell line.

Aller chemical cross·linking with 125[.TGF-BI, dimeric endoglin migrates as a 180

kDa complex under non-reducing conditions, white under reducing conditions the

endoglin monomer co-migrates with the type Il reccptor (Cheilctz el al., 1992). The

180 kDa TGF-BI binding protein whieh was observed on the stromal cells was not

affected by reducing and non-reducing conditions, suggesting that this protein does

not correspond to endoglin. The sensitivity of this binding protein to 1'1·I'Le

treatment indicates that it is simitar to the 180 kDa GP[-anchored protein described

by Cheifetz and Massagué (1991).

A 65 kDa GPI-anchored TGF-B2 binding protcin was also identilied un

endometrial stromal cells. Although TGF-B binding proteins with membrane

attachments sensitive to degradation by pI-I'LC have been described in some cell

lines (Cheifetz and Massagué, 1991; Mackay, 1993), this is the f1rst report of Gp[·

anchored TGF-B bindiiig proteins in primary cell cultures. Unlike the type [, Il, and

III receptors, the~e GPI-ancho,"ed TGF-B binding proteins identilied on stromal cells

l'ail to downreg..:htte following a 16 hour 1I1cubation with TGF-B. Their failure to

downregulate, together with their sensitivity to p[-I'LC and their high affinity for

only one of the TGF-B isoforms, distinguishes them l'rom ail other TGP·iI binding

proteins.
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Interestingly, there is evidence that GPI-anchored proteins in other cell types

can b~come sequestered in small membrane invaginations called caveolae that have

heen implicated in the transport of folate and other small molecules (potocytosis)

and in intracellular signaling processes (Mayor et al., 1994; Lisanti et al., 1994).

Studies have al50 shown that antibodies directed against GPI-anchored proteins can

co-immunoprecipitate Src-related tyrosine kinases (Shenoy-Scaria et al., 1992;

Stefanova et al., 1993; Thomas and Samelson, 1992). This has led to the suggestion

that GPI-anchored proteins may function as signaling molecules byassociating \Vith

these kinases. Since GPI-anchored proteins and Src-related kinases are restricted to

opposite leallets of the membrane bilayer and cannot bind each other directly, a

transmembrane "linker" protein is proposed to mediate the interaction between the

two (Brown, 1993).

GPI-anchored proteins may also play an important role in cell-cell adhesion

(VestaI and Ranscht, 1992; Rader et al., 1993). In this respect, rapid lateral mobility

due to the Iipid lInchor might facilitate recruitment of the protein into areas of

contact, while subsequent cleavage of the anchor by a specifie phospholipase could

be a usefùl mechanism for breaking adhesion between cells. Altematively, cleavage

of GPI anchors resulting in the rapid release of proteins from the cell surface might

be advantageous in regulating the concentration of proteins as weil as their rate of

secretion (Low and Saltiel, 1988). Moreover, once released the proteins could

acquire altered or enhanced enzymatic function or behave as paracrine and/or
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autocrine factors. There is indeed evidence suggesting that a placl:nta-ul:rivl:u 34

kDa polypeptide with autocrine growth làctor propl:rtil:s is initially am:horl:u to the

membrane via phosphatidylinositol (Roy-Choudhury el al.. 1988). 'IIIUS, OPI­

anchored TGF-B binding proteins may bl: involved in a widl: varil:ty or functions,

but their precise physiological role in endometrial stromal cdls l'l:mains to hl:

elucidated.

On RL95-2 ceUs.. three TGF-B binding pl'oteins werl: iUl:ntitkd. Two of

these, namely, the 65 and 200-300 kDa binding compll:xes, Wl:rl: Ul:tl:ctcd by al1inity

cross-Iink labeling. The sensitivity of the 65 kDa complcx to DTI' indicatcd that

this binding protein corresponds to the type 1 receptor, whilc immunoprecipitatinn

with the type III TGF-B receptor antibody contirrned that the 200-300 kDa binding

complex corresponds to the typc III receptor. Although the type Il rcceptor was nnt

detected by affinity labeling, immunoprecipitation with an anti-typc Il HW-LI

receptor antibody revealed that the type II receptor is also present on RL95-2 cclls.

This suggests that the type Il receptor observed on thl'se ccIls is poorly cross-Iinkcd

and/or present at low concentrations. In fact, others have reported that antiserum

against type II receptors predominantly precipitates labeled type 1 rcccptor,

suggesting that the efficiency of cross-Iinking of the type 1 reeeptor is highcr than

that of the type II receptor (Franzén et al., 1993).

Interestingly, although the type III receptor is the major binding protein

observed on RL95-2 cells, it is only weakly labeled on stromal cells suggesting that
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the number of type III receptors might he lower in these cells. In contrast, the type

1 and Il receptors arc more prominent on stromal cells than on RL95-2 cells. In

both cell types, the type Il and 1 receptors, and the type Il and III receptors form

heteromeric complexes as evidenced by the ability of the anti-type Il TGF-13 receptm'

antibody to precipitate labeI.:d type 1 and III receptors in addition to the type Il

receptor. These lindings are consistent with previous studies which provide

evidence for heteromeric complex formation between the> TGF-13 receptors (Attisano

el al., 1993; Franzén el al., 1993; Moustakas el al., 1993), and support the theory

that the '.ype III receptor binds TGF-13 and then presents it to the type Il receptor.

lorming a high aflinity temary complex (L6pez-Casillas et al., 1993). It is also

interesting to note that the 12sl_TGF_131 labeled 180 kDa GPI-anchored binding

protein does not co-immunoprecipitate with the type Il receptor. Thus, this protein

does not appear to be involved in the heteromeric complex formation between the

type l, Il, and III receptors.

Unlike the anti-type Il TGF-13 receptor antibody, the anti-type III receptor

antibody does not co-immunoprecipitat!:' the type Il 1 type III heteromeric complex.

A possible explanation for this is that the amine acid sequence recognized by the

anti-type III receptor antibody becomes shidded upon interaction of the type III

receptor with the type Il receptor. Thus, the fraction of type III receptors engaged

in heteromeric complex fC·.mation with type Il receptors is not recognized by this

antibody. This would also explain the apparent inefficiency of th", type III receptor
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antibody in preeipitating the the type III receptor.

Seatchard analysis of 12S1-TGF-LlI binding to both stroma! and RL95-2 cclls

resu!ted in a Iinear Scatchard plot suggesting the presence of one c1ass of high

artinity receptors for TGF-Ll. However, al1inity labeling experiments and

immunoprecipitations with TGF-Ll receptor antibodies clearly demonstrate that all

three TGF-Ll receptors are expressed Ïi1 both ccli types, and that stroma! cells alSll

express GPI-anchored TGF-Ll bindbg proteins. Thus, the observation of one c1ass

of high affinity receptors suggests that the interactions brtween the receptors which

result from events such as the presentation of ligand by the type III receptor to the

type Il receptor, and the formation of a signaling complex between the type 1 and

Il receptors, render the detection of each individual reccptor impossible through

saturation binding experiments. In fact, previous studies have also shown Iinear

Scatchard plOlS for many cell Iines despite the presence of multiple receptors lor

TGF-Ll on these cells (Massagué ar.J Like, 1985; Segarini el al., 1987; Wakefield

el al., 1987). The Kd values obtained for both stromal (14 pM) and RL95-2 (20 pM)

cells, are within the same range of Kd values previously described for the type 1 and

Il receptors (Cheifetz el al., 1987; 1990). Thus, despite the lower al1inity of the

type III receptor, the affinity of ail three receptors collectively, is similar to that of

the type 1 and Il signaling receptors.

ln contrast, Scatchard analysis of 1251_TGF-Ll2 binding to both cell types

resulted in a curvilinear plot suggesting the presence of two classes of reccptors with
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distinct affinitics for TOF-B. Since the aflinity labeling profile with 1251_TOF_B2

binding to stromal cells reveals that the OPI-anchored 65 kDa binding complex is

by lar the most prominent 1251-TOF-B2-labeled binding complex, and since studies

have shown that the OPI-anchored TOF-B binding proteins observed on ccII Iines

display a lower aflinity for TOF-B than do the type J, II, and III receptors (Cheifetz

and Massagué, 1991), the low affinity binding site lor which there are a higher

number of binding sites per ccII probably corresponds to the 65 kDa OPJ-anchored

TOF-B2 binding protein. This would mean that the type III receptor corresponds to

the higher affinity site for which there are only 500 binding sites per ccII. However,

since the. type III receptor does not usually display such high affinity for TOF-B

(Massagué at al., J992), and since immunoprecipitations with TOF-B receptor

antibodies indicate that the type 1 and II receptors are also present on stromal cells,

it secms more Iikely that the higher affinity site corresponds to a combination of the

type J, II, and III receptors.

The observation of a curvilinear Scatchard plot on RL95-2 cells is intriguing

since the affinity labeling profile with 1251_TOF_B2 is very similar to the affinity

labeling profile with 1251-TOF-BI which resuJted in a linear SCfltchard plot. Thus,

therc may be a large number of low affinity TOF-B binding sites on these cells

which were not detected with the affinity labeling protocol used. These binding

sites might be revealed by raising the concentration of 1251_TGF_B used to label from

a picomolar to a nanomolar range. However, since most cells are responsive to
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picomolar concentrations of TGF-Ll (Massagué. 1990; Roherts and Spom. 1990)

which wouId not cffectively bind this class of receptors, the functional signilicance

of such low atTInity sites is unclear. Perhaps these sites play a mie in as yet

unidentified cellular events involving TGF-Ll.

The effeet ofTGF-Ll on DNA synthesis in endometrial cclls is consistent with

the effects of TGF-Ll on other cell types. A number of studies have indicated that

TGF-Ll inhibits DNA synthesis in epithetial cells, but stimulates DNA synthesis in

mesenehymal stromal eells (Moses el al., 1990). Similarly, in this study, holh TGF­

Ll isoforms inhibited DNA synthesis in the RL95-2 endometrial epithetial cell tine.

Studies have reported that TGF-Ll generally interrupts the eell cycle in mid-to-late

G 1 phase, preventing induction of DNA synthesis and progression into S phase.

Although the mechanism by which TGF-Ll causes this cell cycle arrest is not yet

known, interesting correlations have emerged. For example, the retinohlastoma gene

produet (pRB) becomes hyperphosphorylated upon initiation of S phase, bUl

following addition of TGF-Ll to protiferating eeUs, pRB rcmains

underphosphorylated, possibly eausing the bloek in progression lo S phase (Laiho

el al., 1990). TGF-Ll aiso decreases RB gene expression (Yan el al., 1992), and

reduces transeription of the e-mye gene (Pietenpol el al., 1990), an eflccl lhal

eorrelates with inhibition of eeU proliferation.

No TGF-Ll effeet was deteeted on DNA synthesis in stromal ccUs under

serum free conditions. This lack of eITeet was also observed by Tang el al. (1994)
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under similar conditions, however, both this study and their's revealed that in the

presence of 2% FBS, TGF-f.I isoforms stimulate DNA synthesis in quiescent

endomelrial stromal cells. In contrast to these findings, others have reported a

stimulatory effcct of TGF-f.I on DNA synthesis in human endometrial stromal cells

even in the absence of serum (Hammond et al., 1993; Marshburn et al., 1994).

With the exception of the type III receptor, ail TGF-B binding proteins

observcd on both types of endometrial ceIls display a higher affinity for only one

of the TGF-B isoforms. The fact that the effect of TGF-B on DNA synthesis in

endometrial cells, Iike the type III receptor affinity labeling profile, does not display

any isoform specificity, supports the idea that the type III reeeptor "delivers" TOF-B

to the signaling receptors, thereby enhancing cell responsiveness to TOF-B and

eliminating marked biologica1 differences between TOF-B isoforms. However, while

this may be the case for the DNA synth.:sis response in vitro, other responses which

have not been assayed may show isoform specificity.

5. Summary, Conclusion, and Future Prospects

ln summary, the ana1ysis of TOF-B receptors in the two major cell types of

the endometrium demonstrates that severa1 cell surface receptors and binding

proteins are co-expressed in this tissue. These proteins show high affinity for TOF-B

\Vith apparent Kd values in the picomolar range, and appear to be functional as
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evidenced by the effect of TGF-ll on DNA synthesis in these cells. The resu\ts of

this study, together with the identitication of ail three mUl11l11alian niF-li isoforms

in the human endometrium (Kauma el al., 1990; Chegini el ,,1., 1994a, 1994b; Tang

el al., 1994) provide a basis for detining the l'Ole of TUF-lI in uterine physiology

and pathophysiology.

The cellular localization of TGF-ll in the endometrÏum supports autocrine

and/or paracrine roles for TGF-ll in this tissue, while its cycle-dependent expression

suggests steroidal regu\ation of expression. 1ndeed, there is now substantial

evidence that the expression of growth factors in reproductive tissues is hlll'monally

regulated, and that the effects of the various hormones on cellular prolilcration

might be mediated in part by these peptides (Roberts and Spom, 1992). For

example, the antiproliferative effects of progestins on lmman endolllelriai

adenocarcinoma ceIls appear to be due to the modulation of expression and action

ofTGFs CJ. and II (Gong el al., 1991). Likewise, the ability ofestrogens to stimulate

and of antiestrogens to inhibit the growth of breast cancer ccli lines has been

corre1ated with their opposite elTects on cellular secretion of TGF-ll (Knabbe el al.,

1987; Wakefield el al., 1990; Jeng and Jordan, 1991). The synthetic progestin,

gestodene, which inhibits the growth of several breast cancer ccli lines, has also

been shown to induce a I~lge incrcase in the secretion of TGF-ll (Collelta el al.,

1991 ).

These observed effects of steroids on TUF-ll in vitro, have al50 been
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demonstrated in vivo. In ovarieetomized miee, injection of estradiol has been

reported to eause a rapid inerease in TOF-fi2 mRNA levels in the uterus (Das el al.,

1992). Studies have also shown that androgen deprivation, as a resu1t of castration,

leads to enhaneed expression of both TOF-fi and TOF-fi reeeptors in rat ventral

prostate (Kyprianou and Isaaes, 1988), indieating that 'l'OF-fi is an important

negative regulator in prostate eell proliferation.

Given this evidenee, it would be interesting to determine whether the

expression ofTOF-fi reeeptors in the endometrium is regulated by steroid hormones,

as is 'l'OF-fi itself, and whether this expression pattern parallels the cycle-dependent

ligand expression pattern. This would provide valuable insight into the role of TOF­

fi in endometrial physiology during the menstrual cycle and in early pregnaney.

Moreover, the identification of endogenous regulatory moleeules responsible for the

selective expression of the different 'l'OF-fi isoforms and reeeptors may be an

important step toward identifying analogs or antagonists of these agents whieh

wouId allow manipulation of 'l'OF-fi expression and activity in a target-specifie

manncr.
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7. Claims of Originality

The following lindings presented in this thesis represent original contributions

to knowledge:

1. Identification and characterization of the type 1, II, and III TOF-B receptors in the

human cndomctrium.

2. Identification of OPI-anchored TOF-B binding proteins in primary cultures of

human cndometrial stromal cells.

3. Use of Iigand-induced downregulation studies as a means of distinguishing OPI­

anchored TOF-B binding proteins from TOF-B receptors in primary cultures of

human endometrial stromal cells.

4. Demonstration of ligand-induced TOF-B receptor downregulation in human

endometrial stromal cells.

5. Demonstration of the failure of the OPI-anchored TOF-B binding proteins

expressed on human endometrial stromal cells to undergo Iigand-induced

downregulation.
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6. Identificatiun of heteromeric complex fonnation between the type 1. Il. and III

TGF-B reeeptors in human endometrial stromal eells and RL95-2 eells.

7. Estimate of the number and relative aftinity or TGF-B reeeptOl's in the hunmn

endometrium.

82



•

•

8. Addcndum

83



"
ELSEVIER Molceular :md Cellular ~lIll(lcrinolo1lY J Il (19'l~) ~7-M

~
Mo!ewar and

CeDulllr

_, Enctocrlnotogy

Transforming growth factor-f3 receptors on human endometrial cells:
identification of the type l, II, and III receptors and glycosyl­

phosphatidylinositol anchored TGF-f3 binding proteins

Nancy Dumont3 •C, Maureen D. O'Connor-McCourld, Anie Philipn.h.•

aDt~af1mtnr ofAnimal Scitnct, McGifl Univtrsity. Monrrtll/. Il.W 1YII. ClUlIlIlIl

Dtparlllltnt 'ifSurJ:try, Mc:GUI Univtrsity. M,mUtai, I/JG 1rll. CflIItII/1I
CDtpartmtnrtl/ l'lIy.rio/(IKY. McGm Univtrsity, Mon/rral, IIJG JY6. Omw/Il

dRtctptor Group. Dimtchnll/(JXY Rrstarch lrutituu, Na1i01lt11 Rtunrch Cm4l1cil CII/llllia. Montrtll/. lUI' 2R2. C'IIIWI"

Rcccivcd 20 Oclober 1994: ~cceplcd 30 March 1995

Abslracl

ln lhe presenl sludy, we have characlerized the ccII surface receplors for lrnnsforming growlh faclor.{l (rGP·P) on monoillyer
cullures of stromal cells prepared from human endomelrial biopsies, and on a human endomelrial epilhclial cell line (RL95-2) lISillg
affinity cross·link labeling lechniques. On lhe slromal cells, five TGP-p binding proleins were idcnlilicd. Anlllysis of Ihe sensilivily of
lhesc proleins 10 dilhiolhrcitol and phosphalidylinosilol-specific phospholipase C, logelher wilh rcsulls from irnmunoprecipilnliol\s
wilh antibodies against the Iype Il Md III TGF-p rceeplors. conlirmed Ihal thrce of thesc binding prolcins correspond 10 Ihe cloned lype
l, Il. and 111 TGF-p reeeptors. The olher two binding prolcîns observed ellhibil lhe charoclerislics of isoform·specilic GPI·anchorcd
TOF-p binding proleins. On RL95-2 ceUs, lhrcetGF.p binding proleins. corrcsponding 10 lhe Iype l, Il, ond 111 TGF-p receplors, wcrc
idcnlificd. The receplors which we have eharaclcrized on cndomelrial eells arc responsive 10 physiologieal concenlmlions of TGP-p as
demonslrnled by lhe effeel of TGF.p on endometrial ccli proliferntion. Aecordingly, Ihese rceeplors have Ihe polenlinllo respond III Ihe
TGP.p isoforms which have recently been dclccled in Ihe endomelrium in an aUlocrine and/or paracrinc manner.

Keywords: Transforming growth faclor-p; Reeeplors; Endomelrium

)

1. Introduction

Transforming growlh factor.{j (TGF·P> is a 25 kDa
dimeric peptide which was first isolated from human
platelels (Assoian et al., 1983). Although originally de·
fined for ils ability to cause reversible phenotypic trans·
fonnation and anchorage independent growth of normal
fibroblasls (Anzano et al., 1983), a wide spectrum of
biological activities are now attributed to TGF-p, the most
notable of which include TGF-{j's paient regulalory ef·
fects on cell growth and differenlialion, extracellular ma·
Irix protein synlhesis, and immune function (for reviews
sec Massagué. 1990; Roberts and Sporn, 1990, 1993).
There are five c10sely relaled TGF-p isoforms in verte-

• Corresponding :author. University Surgie:ll Clinic. MOnITe:a1 Genel'3l
Hospil:al. 1650 Ced:ll Avenue. Monlre:al. C:ln:ad:a, HJO 1A4. Tel.: +1
5149376011. elli. 4535: F:all: +1 514 9J4 8289.

brates, thrce of which, TGF-pl, ·fJ2, and .p3. are known
in mammals. Alchough the biologieal potendes of Ihese
isoforms are similar in many in vilro assays (Cheifet7. el
al., 1987), marked differcnces have been observed in
certain cases (Cheifetz et aL, 1990). Addilionally, there is
evidence indicating thal each isaform may have distincl
activities in vivo (Rosa el aL, 1988; Joyce et a!., 1990).

TGF-p binds with high affinity 10 m::ny cell Iypes
(Wakefield et al., 1987). Affinity labeiing studies using
chemical cross-iinking agenls have revealed Ihat the Iype
[ (53 kDa). Il (70-85 kDll), and 111 (200-400 kDa) TGP.p
receplors (Massagué. 1992) are the mosi widely dislrib·
uted cell surface molecules Ihal bind TGP-p. The type [
and Il receptors are Iransmembrane serinc!threonine
kinases (Lin cl al.. 1992; Fr:m7.én et aL, 1993) which arc
Ihoughlto form a signaling complex (Wrana cl al.. 1992).
Although Ihe delails of the signal transduclion pathway
remain 10 bc eSlablished, sludies wilh TGF·p resistant cell

0303·72071951$09.50 (l1995 Elsevier Science Irel:and LUI. Ali righls rcsc:rved
SSDI 0303· 7207(95 )03 548·L
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mUl:mls have !"hown thnt the lype 1 rcceplOr requires the
presence of the type Il reccptnr tu hind ligOlnd (L:lihu el
al .. IWI' Wrana cl al.. 1992), while Ihe Iype 1\ receplor
rC(luires the presence nf the type 1reccplor for signaling
(W"ma cl "l., 1992), hm nol for Ii~and binding (Lin cl al.,
1992), Thos, holh Ihe Iype 1 and 1\ receplUrs appear lU be
ncccssnry for sign:al tmnsduction. In contrast, the Iype III
rcccptnr, which is :1 tmnsmernbrane protcoglycan. Ims a
short cytoplnsmic domnin with no npparcnt signaling mo­
IiI' (L6pel-Casillas cl "1.. 1991; Wan~ cl al., 1991). In
facI, m"ny TGF-fI responsive cells lack Ihe Iype III recep·
tor (Scgarini ct al., 1989). Howcvcr, expression of the
IYpe III receplor is believed 10 eohance bindin~ of TGF./l
li~"nds 10 Ibe Iype 1\ receptor (Wao~ el al .. 1991). There
is also evidenee su~~esling Ihat the lype III receplor
forms" stable oon·covaleot heleromeric complex wilh Ihe
Iype Il receplor (L6pel·Casilias et al., 1993: Mouslakas et
,,1., 1993). Hence, lhis receptor has been proposed to
regulllie IIccess of TGF./llo Ihe signaliog receplors, On
most cells, Ihe type 1 and Il receplors display a higher
affinity for TGF-/li than for TGF./l2, while Ihe lype III
receptor has becn reported 10 bind bolh isoforms with
eilher a similar affinity (Cheifelz et al.. 1987, 1988b,
1990; Segarioi ct al., 1989), or a somcwhal higher affinity
for TGF-/l2 (Mitchell and O'Coonor·McCourl, 1991).

ln addilioo to the three well·characlcrized TGF./l re·
ceptors, several olher membrane·bound proleios have
been shown to biod TGF./l in an isoform·specific manner.
For example, proleios with membrane allachments sensi·
tive 10 phosphatidylinosilol.specific phospholipase C (PI·
PLC), which have high affioity for eilher TGF·,8! or
TGF-/l2, have been identified in various cell Iines
(Cheifell and Massagué, 1991). Endoglin, a homodimeric
protein which is expressed io eodothelhl cells and which
shows sequence similarity 10 lhe Iype III TGF.,8 receplor,
has been shown 10 biod TGF.,81 and TGF·,83, but not
TGF.,82 (Cheifetz et al., 1992). The functiooal signifi­
cance of these TGF-/l bindiog proteios remaios 10 be elu·
cidaled.

Emerging evidence suggests that TGF·,8 is a potenlial
regulator of ulerioe growth and funclion (Guidice, 1994).
Receot studies have shown that humao uterine cells of ail
types express mRNA and protein for ail three mammalian
TGF-,8 isoforms as weil as for Ihe Iype Il TGF.,8 receptor
(Chegini ct al .. 1994b; Tang et al., 1994). According to
thcse studies, there appears to he considerable variation in
the expressioo of TGF./l mRNAs aod proleins in en·
dometriallis.sue during the menstrual cycle. Additiooally,
it has been suggested Ihat TGF.,8 may play a role in im·
plantation and placentolion (Tomado ct al., 1990; Das ct
01., 1992; Grahom ct al., 1992; Mitchell cl 01., 1992), as
weil os in the pathogenesis of uterine cancer ond en­
domelriosis (Chegini ct al., 1994a; Murphy, 1994).

Although Ihe expression of TGF·,8 in Ihe human uterus
has been prcviously described (Kauma ct 01., 1990;
Chegini ct al., 1994b), the receptors for TGF·,8 in this

tissue me poorly docUl1lcnleù. In Ihc present study. wc
Imve charncterii'.ed the ccII surface rcccptors fur TOP-lIon
l1lonolayer cultures of siromal cells prcparcd from human
cndomctrinl biopsies, and on :l hunHin cncJol1letrial
epilhelinl ccII line, RL95-2. In addilion, wc have evnlu­
nicd Ihe ~rowlh re~ulnlury effecl orTGF·fI on Ihese relis.

2, Materinls und mclhods

2,/. CcII clliture
Human endomelrial biopsies obl:lined l'rom palicnls

undergoing laparoscopy were dissocialed by enlymalic
digcslion in nutrienl medium containing 0.25% collnge­
nase/dispase (Boehringer Mannheim, Germany). ACIer a
I·h incubation at 37'C, the suspension produced by col­
lagenase digestion consisted of single stromal cells and
frogments of epithelial glands. TI,ese two populalions
were separaled by difrerenlial scdimentalion al unit grav­
ity as previously describcd (Kariya et al.. 1991). En­
dometrio! stromal cells were grown as monolayers in
75 cm2 plaslic cullure nasks. Erylhrocyles and contomi­
nating epithelial cells were removed by changing the
medium withiro 1 h of plating (afler slromal cells had ad­
hered to the nask). The purily and homogeneity of the
stromal ccII preparations was assessed by immunonuo­
rescence microscopie studies using a mouse monoclonal
antibody to human Thy·1 (Serolee Toronlo, Ontario), a
stromal ccII specific marker (Fernandez-Shaw ct al.,
1992) and a mouse monoclonal antibody to human cyto·
keratin (Dako, Mississauga, Ontario), an epithelial cell
specific marker. lmmunonuorescence dala were con­
firmed quantitatively by now cytometry which indicated
Ihot 99.9% of our stromal ccII population is positive
for the stromal marker, Thy-! (data not shown). The hu­
man endometrial epithelial cellline, RL95-2 was oblained
l'rom the American Type Culture Collection (Rockville,
MD). Ali cells were maintained in medium consisting of
a 1:1 mixture of Ham's F-12 and Dulbecco's modified
Eagle's medium supplemenled with 10% l'etai bovine
serum and 101lg/ml bovine insulin (Gibco, Burlington,
Onlario).

2.2. lodination ofTGF·fland affinit)' labeling ofcells
Recombinant TGF·,8 1 (Bristol Myers-Squibb Pharma­

ceutical Research Institute, Seollle, WA) and recombinant
TGF·,82 (Celtrix Pharmaceuticals lnc., Santa Clara, CA)
were iodinaled os previously described (Philip and
O'Connor-McCourt, 1991). Affinity labeling studies were
performed as described by Milchell et al. (1992). Brieny,
cells l'rom stock culture nasks were trypsinized and plated
in 12-well plaies at 0 dcnsity of (4-6) X lOs cells/ml.
Approximately 48 h al'ter plating, connuent ccII mono­
layers were washed three limes wilh ice·cold binding
bul'fer (Dulbecco's phosphate·buffered saline with Ca2'
and Mg2' (D·PBS), pH 7.4, containing 0.1 % bovine se­
rum albumin (BSA» over 30 min, and incubated with
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eilher 100 pM "'1·labeleu TGF-/li "r "~I·labeled TGF­
/32. in thc i:lbscnce or prcsencc of \';\rying com:cntrminns
of unlabcleu TGF-/li or TGF-(l2 f"r J h '" 4"C \Vith c"n·
tinuous gcntle agitation, Thc rcccptor·lig"'HI complexcs
were Ihen eross·linkeu wilh 400 1.1 of 1 mM bis(slIlfo·
succinimiuyl)suberate (BS3) (Pierce. Rock"",I. IL) on
iee. Afler 10 min. Ihe reaclion was sloppeu wilh Ihe audi­
lion of 100 III of 500 mM glycine onu a furlher 5 min
incubalion. Cells were washed Iwice wilh D-PBS. onu
solubilizeu in bul'fer conlaining 1% Triton X·IDD. 10%
glycerol. 1 mM EDTA. 20 mM Tris-HCI (pH 7.4). onu
Ihe following protease inhibitors: 1 mM phenyhnelhylslll­
fonyl nuoride (PMSF). 20I'g/ml aprotinin. 20IIg/mllell­
peplin, 20I'g/ml soybean lrypsin inhibilor, onu 25 mM
benzamidine. Solubilized material was recovereu l'rom
eaeh weil. One-tiflh volume of 5 x electrophoresis sample
buffer (0.25 M Tris-HCI, pH 6.8, 5% SDS. 50% glycerol.
and trace bromophenol bille) W05 added ta each sample.
The samples were then divided inlo equal volumes and
analyzed under bolh reducing and non-reducing condi­
tions using 3-11 % SDS-PAGE and aUloradiography as
previously described (Milchell and O'Connor-McCourt,
1991).

2.3. Treatmelll ofcells wirh P/-PLC or dirhiotlrreilOl
(DTT)

Connuent ccII monolayers were wnshed three limes
over 30 min wilh D·PBS conlaining 0.5% BSA. twice
with prolein-free D-PBS, and Ihen incllbnled at 37'C wilh
either 0.3 Ulml of PI-PLC (Boehringer Mannheim, Ger­
mnny) for 30 min or 1mM DTT for 5 min. Following
incubntion. the cells were washed twice wilh ice-cold D·
PBS conlaining 0.1 % BSA, and affinity-Iabeled wilh 12S1_
TGF-p 1 or 1251_TGF-p2 as described above.

2.4. /mmunoprecipitarion ofTGF·fJ receprors
Anti-peptide antibodies against the type Il and type III

TGF-p receptors were a gift l'rom Dr. A. Moustakas
(Whitehead Institute for Biomedical Research, Cam­
bridge, MA). Immunoprecipitations were cncried out ..,
follows. Cells were affinity labeled with 200 pM of either
IlSl_TGF_pl or IlSl-TGF-p2 05 described above. After a
30 min incubation with solubilizotion buffer. cell Iysates
were centrifuged at 5000 x g for 10 min. Aliquots of the
supernatants were incubated overnight at 4'C with anti­
bodies specitic for either the type Il or type III TGF-fJ
receptors in the absence or presence of equimolar
amounts (31'g/ml) of the respective immunizing peptides.
Other supernntant aliquots were boiled 5 min in the pres­
ence of 1% SDS prior ta incubation with the antibodies.
Immune complexes were then ineubated with 501'1 of a
protein A-Sepharose slurry (50% paeked beads in D-PBS
eontaining 0.2% Triton X-IOO) at4'C for 2 h. The beads
were pelleted by centrifugation and w05hed thoroughly
with D-PBS eontaining 0.2% Triton X·lOO. The immune
complexes were resuspended in 1X sample bul'fer con-

laining 5% fJ·rncrcaplnclh,mnl. hl1ikll for 5 min. ami
analYl.cd by SOS-PAGE :Iml aUlllrilllil\gmphy.

2.5, /"II/TIJ)'wic!illt' il/c'orpomt;oll tissa.\'
Hunmn cndomclriill strUln:,1 eclls :ml! RI})5·~ eclls

\Vcre plated inlo 24·well dishes in the :lho\'c-ml'IHioncd
medium nt n density such tlmt nt the limc uf TGF·/' midi­
tion the cells \Vere scmi-conOucnl. Approxinmtely 24 h
after plaling, Ihe eells were wnshed wilh euh.Mg.!· frce
pas and incubaled undcr serum lInd insulin frec l:0I1l1i­

tions in the nbscnce and presence of vilrying cnnl.:cntrit·
lions (1-500 pM) ofTGP·(l1 or TGP.(l2. in Iriplicale. for
eilher 24 h (RL95-2) or 4R h (stromal). l"I<',"yl-"H1­
'n,ymiuine (Amershmn. Lire Science. 21,Ci/ml of me­
dium) was added ta RL95·2 eells during the last 3 h "f Ihe
24·h test period, and ta slromal cells ullring Ihe lasl 24 h
of the 48-h lesl period. At the end of labeling. Ihe wells
were washed three times with 200 mM NllCI/50 mM Tris
buffer, lhree times with 10% ice·cold lrichlorullcelic llcid,
and tinally, three times with 95% ethanol. 11.e wells were
lhen air·dried. solubilized with 1% SDS, ,md the iaeorpn­
rated radioactivity mcasurcd in :, liquid scintilltltion
counter.

3. ResuUs

3.1. Afjillity labeJillg ofcell -'lIrface TGF.(l billdillg
proteills 011 IllIma1J e"dometrial cells

Affinity labeling of human endometrial stromal eells
wilh 100 pM llSl_TGF_pl reveals four bindiag complexes
with apparent relative molecular woights of 65. R5, 1RD
and 200-300 kDa. As iIIuslrated by Ihe autorlldiogrnm
in Fig. 1A. competition experiments using unlaheled
TGF·fJl onu TGF·p2 show that the 65. 85 llnd IRO kDll
binding complexes display mueh higher llffinity fnr TGF·
pl than for TGF·fJ2. i.e. binding of 125(.TGP·p 1 is mark·
edly blocked by 0.5 nM unlabeled TGF-fJl. but nnly
slightly blocked by 5.0 nM TGF·p2. In cnntrasl. lhe 200­
300 kDa binding eomplex binds strongly la both TGF-fJ
isoforms when 12S(.TGF.pl is used 05 a radiolracer. while
il preferentially binds TGF.p2 when IlS(_TGF·p2 is used.
Although 2.5 nM TGF-p 1 competed as expecteu for lhe
lype II and III receptors. and the 180 kDa GP(-llnchored
binding protein, it W05 not 05 effective as 0.5 nM TGF·fJ 1
in competing for the type ( reeeptor in the same lane. The
reason for this diserepaney is unclear at this time. how·
ever, positive cooperalivity in the presence of excess un·
labeled ligand has been observed previously for TGF·fJ
receptors (Segarini et al., 1992). The apparent molecular
weights. isoform speeitieity, and migration patterns of Ihe
65. 85. and 200-300 kDa binding complexes are charae·
teristie of the type l, Il and III TGF-p receplors that have
been previously deseribed on mosl ccII types (Cheifelz et
al., 1986, 1988b; Segarini et al., 1989; M05sagu~, 1990).
The diffuse banding paUern of the 200-300 kDa binding
eomplex is a distinctive feature of the type III receptor
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Fig. 1. A(finÎly l~be1ing of TOr·p binding ptotcins on hum:1n endome:trial Sltomal cells. Cclls WCIl: lICfinily·tabclcd with 100 pM ml.TOF.pl (A) or
100 pM ml.TOr.p2 (8). in the absence and presence of the jndjc~lcd concentrations of unlnbc:lcd TOF·ftl or TOF·ft2. S~mples wcre lIMlyzcd by
SOS·PAOE under n:ducing condilions. The type 1. Il. ~ndlll TOF-Il n:ccplors. the 6S :md 180 kOll OPI-anchorcd TOF-fJ hinding proleins. Ilndthe
moleeular wcight Slandards art: indicaled in Ihc mlllgins. The Ilulorndiogr:lm shown is rcprcscnt:ltivc of over 25 cllpcriments.

proteoglycnn (Chci fctz et al.. 1988a; Mnssagué et aL.
1992). The competition expcrimcnts also demonstrate thnt
the 180 kDIl binding complex, Inter identified as a OPI·
anchored protein (see Section 3.2), binds TGF·fJ 1 but nat
TGP·p2.

When t25l_TGF·p2 is used as the radiotracer, a prami­
nent binding complex of 65 kDa, and n wcakly labeled
binding complex of 200-300 kDa are observed (Fig. 1B;
also lane 8, Fig. 5). The 85 and 180 kDa binding corn·
plexes are not delectable. which is consistent wilh lheir
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Fig. 2. Affinity labeUng of TOF.p binding proleins on RL9S-2 cells. Cells were lIffinily·labcled with 100 pM 1251_TGF-tll (A) or 100 pM J2$1.TOF.p2
CH), in the Ilb5CnCe nnd presence of the indiclltcd concenlrlltions of unlllbc:led TOF·PI or TOF.p2. Sllmples were Ilnalyzed by SOS-PAGE under reduc­
ing conditions. The Iypc Illnd III TOF·p n:ceptors. lIIId lhe moleculllr weighl stnnd.:uds~ indicalcd in the: m~rgjns. The Ilulorlldiogrllm shown is rep­
resenul\Îvc of over 10 ellpcri ments.
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wcighl s1nndards arc indicalcd in the margins.

)

low affinities for TGF-p2. The 125I-TGF-p2 labeled 200­
300 kDa binding campiex displays a similar affinity for
bath TGF-p isoforms. as expected for the type III recep­
lor. However. the 65 kDa binding complex. when il is
labeled wilh 1251-TGF-fJ2. behaves differently from the
type 1receptor, since it is competed by TGF·fJ2 but not by
TGF-pl. In facto as demonslrated in Section 3.2. this pro­
tein is a GPI-anchored TGF-p binding protein.

On lhe human endometrial epithelial cellline. RL95-2,
affinity labeling with bOlh I25I-TGF-pt (Fig. 2A) and 12sl_
TGF-p2 (Fig. 2B) reveals two binding complexes with
apparent relative molecular weights of 6S and 200­
300 kDa. As on the stromal cell preparations. the com­
petition experiments show that the 200-300 kDa binding
complex. when il is labeled with eilher TGF-fJ isoform,
displays equal affinity for TGF-pl and TGF-fJ2. as ex­
pected for the type III receptor. The 6S kDa binding
complex. when il is labeled with ml-TGF-fJl, displays
higher affinity for TGF-p1 than for TGF-fJ2. In contrast to
the stromal cells. the 6S kDa binding complex is very
poorl) l:tbeled when 1251-TGF-fJ2 is used as the radio­
tracer.

The autoradiograms shown in Figs. 1 and 2 are of
polyacrylamide gels run under reducing conditions. There
wcre no changes in the affinity labeling patterns of either
ccli type when the gels were run under non-reducing

condilions (dala nol shown). 'nlcrefOTe, ail figures shuwn
are of reducing SDS-PAGE.

3.2. EfJecl ofPI-PLC (md D'rI' ml (ifft"il)' lCliJcU"K of
TGF-p billding proleills

Allhough most membranc proleins lm: inserted into Ihe
membrane via a transmembrane domain. a number of
proteins have been describcd which have a GPI :mchor
(Low. 1989). TGF·fJ binding proteins wilh such anclwrs,
including ones of 65 and 180 kDa, have been described in
sorne celllines (Cheifctz and Massagué, 1991). We then:­
fore examined whether any of lhe TGF-{J binding proleins
which we have identified on human endometrial cells lire
anchored in this manner by Ireating Ihe cells with PI-PLC
prior to affinity labeling. In addition. sinee bricf trcatment
of cells wilh 1mM DTT has been shown 10 completely
prevent labeling of Ihc type 1 TGF-{J receplor wilhout
decreasing labeling of the type Il or III receplors
(Cheifetz and Massagu6. 1991). Ihe effect of DIT on af­
finily lahcling of TGF-{J binding proleins W<lJi also as­
sessed. As iIIuslraled by Ihe aUloradiogram in Fig. 3A,
when cndometrial stromal cells arc labcled wilh 1251_TGF­
{JI. the 180 kDa binding complex is Sensilive 10 Pf·PLC
trealment. None of Ihe olher 1251-TGF-f11 labeled com­
plexes were affected by the PI-PLC Ireatment. The only
binding complex sensilive to DTT is the 6S kOa complex.
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ln cClnlrast, whclI Ihe ccl1s me Inbclcd with IHI.TGF·/J2
(Fig. 3B). Ihe ohscrvcd 65 kD,1 hinding cOlllplcx is in·
sensitive 10 DTI'. hut sensitive lu PI-l'I.e. 111e 12~I·T(jF­

/12 lahdecl 2(J{)-}OO kDa hincling complex is unaffeeled
hy cithcr Ircatmcnt. Thus, human cnl!nmclri:ll slrouml
cells express Ihe Iype Il ancl III 'l'GF-fI reeeplo", a
1HO kDa GI'I-anehorecl TGl'-fi 1 hinuing protein, ancl IWO
distinct cn-migmtint; 65 kDa binding complexes.

As shown in Fig. 4A,IJ, when RL95-2 eells arc Inbelecl
wilh eilher 12'1.'I'GF·/1I or "'1.'I'GF·fl2, neilher Ihe 65 or
200-300 kDa complexes arc PI-PLC sensilive inuiealing
thal Ihey arc nol GPI-anehoreu 'l'Gr·fI binuing proleins.
'l1,e 65 kDa eomplex is DTT sensilive, regaruless of
whieh isofonn is useu for labeling.

.1.3. IIII1III/1IIJprec'i,ilatioll of TGF·fJ receplors
ln oruer la confirm that the 85 anu 200-300 kDa

binuing complexes observeu on human enuometrial siro·
mal cells ua in fael corresponulo the type Il anu JII Tor·
fi receptors, proteins cross-Iinkeu ta 12'I.TOF-pl anu ·fl2
wcre illllnunoprecipitateu with specific anti-type Il anu
anti-type JII TGF-fI receplor antibotlies. As illuslraled in
Fig. 5 (lane 2), an anti·type Il receplor anlibotly, whieh
was generateu against a C·terminal epitope of the type Il

A.

125~_roF-~1,
PI·PLC +

'l'GF·fI receptor, immunopreeipitntes nol only Ihc H5 kOa
type Il rcccptor. hut also il1ll1lunoprccipil:ltcs the 1251_
'l'OF-fil labelcu Iype 1ancl Iype JII 'l'GF·fI receptors. The
complexes me Îl1llllunoprccipitatcd spccilic:'IlIy sincc no
cross·linkcd protcins me precipit:lIed whcn cquimolar
mnounts (31'g/ml) of lhe illlllluniling peptide arc in­
c1uued in lhe imlllunoprecipitalion reactions (Fig. 5, lane
3). As illustrated in Fig. 5 (lane 4), denaluration of ccII
exlraets wilh SOS prior la immunoprecipitation docs not
affecl precipitaiion of lhe type Il receptor, while precipi­
tation of the type 1 and III receplors is prevented. This
resuil indicates Ihal the 85 kOa lype Il receptor banu is
being immunoprecipitated uirectly, while the lype 1 and
III reccptors are being co·immunoprecipitaleu as hel­
eromeric complexes wilh lhe lype Il receplor.

When lhe cells are labeled with 12'I-TGF-p2, the anti­
Iype Il TGF-p receptor antibody also immunoprecipitates
lhe type Il and III receptors, anu an 125(_TGF-p2 labeled
65 kOa binding complex (Fig. 5, lane 9). Since wc have
evidenee that Ihe 65 kDa GPI-anchored protein observed
in other cells docs not co-preeipilate with the lype Il re­
ceptor, the 1251_TGF.p2 labeled 65 kOa binding eomplex
immunoprecipitated by the anli-type Il receptor probably
corresponds ta 1251_TGF.p2 labeled type 1recoplor.

B.
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Fis:. 4. Erreel of PI·PLC Md OTT on amnil)' labeling or TOF·p bindin~roleins in RL9S·2 cells. Cells were prctre:lled wilh PI·PLC or OlT. as indi·
c"ed, llIld .mnily I,bclcd Wilh 100 pM 125I.TOF-Il1 (A), or 100 pM l '.TOF'/l2 (B). SlU1lples wc... llIl.lyzed by SOS·PAGE under ...ducing condi­
lions. The I)'pc 1ond III TOF.p receplors. ond the molecul:u' weighl st:u1danJs arc indiculed in Ihc margins.
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6 dtIys while the rcmllining IMes wcrc exposed for 16 dllYS.
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Immunoprecipitation of both 125I-TOP-Pl and -fJ2 af­
finity labeled proleins on stromal cells with an anti-type
III antibody, which was generated against a C terminal
epitope of the type III TGP-fJ receptor, confirmed the
presence of the type III receptor on these cells (Pig. 5.
lanes 5 and 12). The type III receptor is immunoprecipi­
tated specifically since no cross-linked proleins are pre­
cipÎlated when equimolar amounts (3 }tgJml) of the im­
munizing peptide are included in the immunoprecipitation
reaction mixtures (Fig. 5. Innes 6 and 13).

ln order ta confirm the presence of the type III recep­
tor on RL95-2 cells. and to detcrmine whether our inabil­
ily ta detect the type Il receptor by affinity labeling is due
10 the sensitivÎty of Ihe method, affinity labeled RL95-2
cell TGF-fJ binding protein!l were immunoprecipilated
with the anti-type Il and ami-type III TGF-fJ receptor an­
tibodies. As iIlustrated in Fig. 6, the results obtained are
similar to those obtained with human endomelrial stromal
eells. Thus the presence of the type 1and III TOF-p recep­
tors on these cells was confirrned. while the previously
undetected type Il receptor was revealed. Denaturation of
cell extracts with SOS demonstrates that the type 1and III
receptors form heteromeric complexes with the type II
receptor on these cells.

3.4. Effeel ofTGF-fl 011 1/11111(111 cnc/mllclrùll celllllClr
proliferation

Having charactcrizcd the rceeptors for TGF-fJ on hu·
man endometrial cells, wc then cxamined the responsjve­
ness of Ihesc eells to TGP-fJ by sludying the effect of
TGP-pi and TGP-fJ2 on cndomclrial ccII growth. Slromal
and RL95·2 cells wcre incubilled under serum frce condi­
lions wilh varying concenlrations of TGF-fJl or TGP-p2
(1-500 pM). Cellular proliferation was measured using a
[3H)Ihymidinc incorporai ion assay. Our resulls indicate
that TGF-pi and TGP-p2 inhibit RL95-2 cellular prolif­
eration (Fig. 7). This growlh-inhibitory effect is concen­
Iration-dependenl. and the IC50 is approximately 50 pM
for both TGF-pi and TGP-p2. No signifieant difference
in potency was delected bctween the Iwo TOF-fJ isoforms
over the range of concentrations tested. ln contrast, TOP·
Phad no signific~lnt effect on stromal ccli proliferalion
under serum-free conditions. but had a slight stimulatory
effect on quiescent stromal cells in Ihe presence of 2%
felnl bovine serum (data not shown).

4. Discussion

Using affinity cross-link labeling techniques. we have
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boih:d for S min in Ihe prc.~enec of 1"" SOS prior 10 immunopreci pilntion. The Iypc 1. Il. and III TOF·p reeeplor,ç, lInd Ihe moleeu lar weight standards
nre indicnled in Ihc m:lfgin~. Nele thallnnes 1and 8 wcre cllposcd 6 dnys whilc the remnining Innes werc cllposcd 18 days.

idenlified five TGF-fJ rinding proleins on hum:m en­
domctrial slrom:!1 ccIls. Analysis of the :lffinily of lhese
protcins for TGF-fJI and TGF-fJ2. thcir scnsitivily 10

DIT. and Iheir immunoprecipitabilily with specifie anli­
bodies ngainst Ihe type 11 and III TGF-fJ receplors, con­
firmcd that Ihrce of these, the 65, 85, :lnd 200-300 kDn
binding complexes. correspond 10 the c10ncd Iype l, Il,
Ilnd III TGF·fJ receplors, rcspeclivcly. Analysis of affini­
ties :md PI·PLC sensitivily indicale that the olher two
binding proteins obscrved include il 180 kDn GPI~

nnchored TGP-fJl binding protein Ilnd a 65 kDa GPI­
lInchorcd TGF-p2 binding prolein. Thus. there arc Iwo
distinct co·migraling 65 kDn binding complexes on stro­
mlll cells. namel)'. an 12~I-TGr.pI labeled DIT-sensitive
type 1rcceptor llnd an 12~I.TGF·fJ2 Inbeled GPI-llnchorcd
binding proIein.

Inlerestingly, Ihe mRNA for endnglin. il membrane
gl)'coprolcin thui is predllminanlly cxpressed in endOlhe­
Iinl cells und which binds TGF-fJ1 lmd TGF-fJ3 but not
TGF·fJ2. has recenlly been identified in murine uterine
slromal cells (SI.-JlIcques el al.. 1994). However. we wcre
unnblc to delect this protcin by nffinity Illbeling in our
human endomelrial cclls. Afler chemical cross-linking
with 12~I-TGF-fJl, dimeric enduglin migralcs as Il

180 kDa complex under non-reducing conditions, while
under redueing conditions Ihe endoglin monomer co­
migrales with the type Il receplor (Cheifelz ct al., 1992).
The l'~O kDn TGF-PI binding prolein which wc observed
on Ihe stromal cells was nol affeeted b)' redueing and
non.reducing condilions. suggcsting IhM this protein does
not correspond 10 endoglin. The sensilivity of this binding
prolein 10 PI-PLC trealment indicates thal it is similar to
Ihe 180 kDa GPI-anchored protein deseribed by Cheifetz
and Massagué (1991).

A 65 kDa GPI-anehored TGF-fJ2 binding protein was
nlso identified on endomelrinl stromal cells. Although
TGF-p binding proteins wilh membrane attachmenlS
sensitive to PI-PLC have been described in sorne cell
lines (Chcifelz and Massagué. 1991; Mackay, 1993), Ihis
is the first reporl of GPI-anchored TGF-fJ binding pro·
Icins on primary eells. There is evidence suggesting thnt
GPI-anchored proleins can function as signaling mole·
cules by nssocialing with Src-related protein tyrosine
kinases (Stef..novli et nI., 1993). and thal they can bccome
sequeslered in small membrane invaginalions caUcd
caveolae (Lisanli el a!.. 1994; Mayor et al.. 1994).
Whclhcr Ihe GPI-anchored TGF-p binding proleins ob­
served on ent10melriul stromal cells ..Iso become scques-

)
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Fig. 7. Effeet of TOF.p1 Md TOF.,82 on RL9S-2 cellular prolircl'lnion.
CeUs wcre pllltcd into 24-well platcs, grown Cor 24 h. lInd incublllcd
undcr serum free Md insulin Crec conditions with vlIl)Iing conccntrn·
lions otTOF',81 (e) or TOF.,82 (.) (0-500 pM), in tripliclIte, Cor 24 h.
13H1Thymidine WIlS Ildtkd din:etly to each weil during lhe 11lS! 3 h of
Ibe TOF·,8 incubation. The llverllgc 13Hlthymidinc incorporlll1on Cor
cach conccntrlnion teslcd is plOllCd ll.~ percent incorporlliion in Ihe
:lbsence of TGF·,B (% conltol). The sllIndard devialion within !riplicllles
WllS calculllied Cor ellch concentration lcsled. The curvcs shawn lire
reprcsentalive oC live e~p:riments.

lered to caveolae, and whelher lhey have any signating
capacity remains to he determined.

On RL95-2 cells, three TGF·p binding proteins were
identified. Two of these, namely, the 65 and 200­
300 kDa binding complexes, were delected by aflinity
cross-tink labeling. The sensilivity of the 6S kDa complex
to OlT indicated thnt this binding protdn corresponds to
the type 1 receptor, while immunoprecipitalion wilh lhe
type III TGF-p receptor anlibody confirmed thal the 200­
300 kDa binding complex corresponds to the lype III re­
ceptor. Although the type Il receptor was not detecled by
affinily labeling, immunoprecipitalion wilh an 'lnti-lype Il
TGF-p receptor antibody revealed lhat the type Il receptor
is also present on RL95-2 cells. This suggests thal lhe
type Il receplor observed on these cells is poorly cross·
Iinked and/or present at low concentrations. In fact, others
have reported thal antiserum against type Il receptors
predominantly precipitates labeled type 1 receptor, sug­
gesting thnt the efficiency of cross-linking of the type 1
receptor is higher than thal of the type Il receptor
(Franun et al., 1993).

Interestingly, although lhe type lU receplor is lhe ma·
jor binding protein observed on RL95-2 cells, il is only
weakly labeled on slromal cells suggesting that lhe num­
ber of type III receptors mi',:,t he lower in these cells. In
contrast, the type 1 and II I ...ceptors are more prominenl
on stromal cells than on RL9S-2 cells. In bath stromal

eells ami Ihe RL9S-2 ccII li ne. Ihe Iype Il lInd 1rcceplurs.
:1Od Ihe type Il allll 111 reccplms l'mm helerul1l1:ric com­
plexes sinœ the alltihlldy Slll'cilïc for the type Il '\'(;1=·/1
receplllr prccipilales lahclcli Iype 1allli type III rl'l'cptllrs
in :Idllitilln III the Iype: Il rcecplllr. Unlikc Ihe :lIIti-IYl'e II
TOF·p receptor :H1tibmly, Ihe aTlli-lype III 1I1ltiblldy ducs
nol co-im1l1umlprceipit:lte Ihe type II/type III hetcfllmcric
cOinplex. A possible cxplnnation fur this is thntthe nntino
:Icid sequellce recognizeù by lhe :Ulli·type III nnliblldy
becomes lihiclùed upon intcmelion uf the type 111 reecptor
\Vith the type Il receplor. 11 is inlcresling 10 note thal the
ml-TGF.pl labeled IllO kDa ClPl-anchored bitllling pm­
tein docs not cu-imlllunoprccipilatc wilh the type Il reecp·
lors.

Thc growth regulmury effccl of l'Q1:_fJ on Clltlllll1ctrinl
cclls is cunsistent with Ihe clTeels of TGF-fJ (lll !llher ccII
lypeS. A number of stutlies have intliealcd Ihnt TGF./J nels
as a neglllive growlh regulalor of cpithclial cel1s. :1011 n
positive growth regulator of mesenchymol stromal cells
(Moses ct aL, 1990). Similarly, Wc found that buth TGr.
pl and TGF·fJ2 inhibil prolifer:lIion of Ihe RL95-2 en­
domelrial epilhelial ccli line wilh similar potl'neies. Wc
\Vere unable to detecl any effeel of TGF·p on slromal ecll
proliferalion under serum·free conditions. 111is Inck of
effect was also observed by Tnng ct al. (1994) under
similar conditions, howevcr, buth we and they have found
that in lhe presence of 2% l'cial bovine serum, TGF-p
isoforms stimulate Ihe proliferation of quiescent ell­
dometrial stromal cells.

With the exception of thc Iype III rcccplor, 1111 TGF·p
bimling proleins observed on bath types of endurnelrial
cells display a higher affinily for one of the TGF·p Îso­
forms. The fact that lhe growlh rcgulatory cffeet uf 'l'GF·
{J on endomelrial cells, like lhe type III receptur affinity
labeling profile, does nol displ'lY any isoform specilicity,
supports the idea lhat lhe lype III receplor 'delivers' TOF.
P to the signaling receptors, thereby enhancing ccII re­
sponsivencss to TGF-p and eliminating marked biolugical
differences between TGF-p isoforms. However, while this
may be the case for growlh response in vitro, other re­
sponses which have not been ass'lyed may show isoform
specificity.

ln summary, our an'llysis of TGF·fJ receplors on two
ccII lypes l'rom the endomelrium demonSlrates that scv·
eral ccII surface receptors and binding proleim. are co·
expressed in lhis lissue. In situ hybridizalion lmd immu·
nohistochemical observalions have indicated thul mRNAs
for the three TGF.p isoforms are ellpressed in endomelrial
tissues lhroughout the menstrual cycle, wilh Ihe highesi
level expressed during the laie proliferative lInd eally
midsecrelory phases (Chegini et aL, 1994b). It would be
interesting 10 delermine whethcr the TGP·fJ receptor ex·
pression panern parallels lhe cycle.dependenl ligand ex­
pression pattern. Our results, logether with the identifica·
tion of TGF·fJ isoforms in lhe endometrium (Kauma el
al., 1990; Chegini el aL, 1994a,b; Tang et aL, 1994) pro-



N. Dumnflt" III J M"'t'cult" 'lfI,1 CtU>!',,, Enrl.lt:rifltJtt..-.:y III (/99.5) .~7-66

vide a basis for Ihe definilion of TGF-fl fonelion in Ihe
hurn:m ulerus.
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