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ABSTRACT

Glomerular epithelial cells (GECs) are intrinsic components of the kidney
glomerulus and are in contact with extracellular matrix (ECM). Under normal
conditions, there is little turnover of GECs, but in glomerular injury, apoptosis and
proliferation of GECs, and expansion of ECM may lead to sclerosis and impaired
glomerular function and/or permselectivity. In order to better understand how adhesion
to ECM modulates GEC survival and proliferation, we monitored the activation of the
intracellular signaling pathways activated by adhesion to ECM (collagen), along with
their coordinate modulation of the growth factor signaling pathways. Adhesion to
collagen resulted in the activation of a focal adhesion kinase (FAK)/Src/Grb2 complex,
thus activating extracellular signal-regulated kinase (ERK), possibly within focal
adhesions. The ERK pathway was necessary to promote survival and growth factor-
dependent proliferation. ECM-induced ERK activation was also necessary to achieve
and maintain a cortical F-actin structure. There appeared to be a reciprocal relationship
between collagen-induced cortical F-actin assembly and collagen-dependent survival
signaling, including ERK activation. Moreover, maintenance of the cortical F-actin
architecture was associated with increased turnover of inositol phospholipids. Analogous
signals for GEC survival are activated in experimental focal segmental
glomerulosclerosis (FSGS) in vivo. These studies will provide insights into novel

therapeutic approaches to preserving intact glomerular permselectivity.
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RESUME

Les cellules épithéliales glomérulaires (CEGs) sont les composantes essentielles
du glomérule rehal et sont en contact avec la matﬁqe extracellulaire (MEC). Dans les
conditions nonnéles, il n.’y'a paé de grand changement des CEGs, mais en cas d’insulte,
l'apdptose et la prolifération gioméfulaires des CEGs, et 'expansion de la MEC peuvent
mener a la sclérose et 1’altération du fonctidnnement et/ou de la sélectivité glomérulaire.

Afin de mieux comprendre comment I'adhérence i la MEC (collageéne) controle la survie

et la prolifératioﬁ des CEGs, nous avons examiné l'activation des voies de signalisation

intracellulaires activées par 1’adhérence a la MEC et leur modulation des voies de
signalisation des facteurs de croissances. L'adhérence au collagéne a eu comme

conséquerice l'activation d’un complexe contenant FAK/Src/Grb2, ce qui résulte en

Pactivation de la kinase, ERK, probablement dans les .adhérences focales. La

signalisation a travers ERK était nécessaire pour favorisér la survie et la prolifération-
dependente des facteurs de croissance des CEGs. L'activation de ERK induite par la
MEC était .également nev'cessaire“pour induire e’; fnaintenir une structure de F-actine
corticale. Il semblait 'y avdir un rapport réciproque entre 1’organisation d_é F-actine -
corticale induite par le collagéne et la signalisation de survie provenant du collagéne, y
compris l'activation de ERK. D'ailleurs, le maintien de I'architecture corticale de F-actine

était associé avec une augmentation de la production et Iutilisation des phospholipides

~d'inositol. Des signaux semblables pour la survie des CEGs sont activés dans un modéle

expérimental de glomerulosclérose focale et segmentaire in vivo. Ces études fourniront
des perspectives pour de nouvelles apprbches thérapeutiques dans le but de préserver un

selectivité glomérulaire intacte.
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RATIONALE AND OBJECTIVES

This thesis is based on previous work in Dr. Cybulsky's laboratory, which has
established that adhesion of cultured GEC to collagen provides important physiological
signals, including inositol lipid turnover, and regulation of the epidermal growth factor
(EGF)-receptor-Ras-ERK pathway and proliferation. In vivo, proliferation of highly
differentiated GEC is generally not observed in the normal kidney. However, GEC
injury occurs in FSGS, and may include GEC apoptosis and proliferation, which along

with expansion of ECM, may lead to sclerosis and impaired glomerular function and/or

permselectivity.

The overall hypothesis is that ECM regulates mechanisms that promote survival
of GEC in culture and that these mechanisms are analogous to those characterized as
limiting apoptosis upon injury in vivo. Following GEC injury in vivo, signals from ECM
and growth factor receptors maintain cell survival and prevent apoptosis. GEC survival
and/or proliferation in vivo may be a beneficial response to limit injury and promote
healing.

The specific objectives of this study are to:

(1) study the intracellular signaling pathways activated by ECM and analyze the
interaction of these signals with growth factor signaling.

(ii) determine the relationship between actin organization and the survival phenotype.

(iii) identify the major survival and apoptotic signaling pathways activated in GEC.

(iv) verify whether analogous signaling pathways are activated in an experimental model

of focal segmental glomerulosclerosis in vivo.



SECTION 1: LITERATURE REVIEW

THE KIDNEY

The kidney is functionally indispensable to the organism since it is responsible for
maintaining the proper balance of water and inorganic ions in the extracellular fluid. It is
also responsible for the removal of metabolic waste products and foreign chemicals from
the blood, excreting them into the urine. Moreover, the kidney functions as an endocrine
gland, secreting erythropoietin, renin and 1,25-dihydroxyvitamin Ds. During prolonged
fasting, the kidney could also release glucose into the blood from the breakdown of
amino acids. Each kidney is composed of approximately one million nephrons
(functional unit of the kidney) bound together by connective tissue, containing blood
vessels, nerves and lymphatics. Each nephron is composed of the renal corpuscle, which
is the filtering component of the kidney and a tubule, which is the secreting and
reabsorbing element of the kidney. The renal corpuscle is composed of the filtration unit
of the kidney called the glomerulus, surrounded by a hollow capsule called Bowman’s
capsule, creating a fluid filled space for the filtrate called Bowman’s space. Briefly, the
glomerulus forms a filtrate free of cells and proteins which enters the tubule, where it is
concentrated and excreted as urine. The glomerular capillary wall, while allowing
passage of water and solute restricts passage of nearly all plasma proteins. Any defect in

its function could result in the presence of protein in the urine termed proteinuria (42).



GLOMERULOGENESIS

The nephron arises from the mesenchymal metanephric blastema by induction
through the ureteric bud during the fifth week of gestation. The ureteric bud induces the
cluster of mesenchymal cells which undergo many mitotic cycles and differentiation
stages, eventually generating a nephron. The three major stages of nephrogenesis are
illustrated in figure 1. Condensation of the renal mesenchyme results in the formation of
pre-tubular aggregates and renal vesicles (Fig. 1, left panel). Polarized epithelial-like
cells sitting on a basement membrane line the lumen of these vesicles. At the next stage
of nephron development, a cleft appears in the growing nephron, producing a comma-
shaped or S-shaped profile (Fig. 1, middle panel) allowing migratory endothelial cells to
invade and help with the formation of the glomerular capillary tuft. The layer of
epithelial cells lining the lower lip of the cleft eventually differentiates into podocytes.
After complete formation of the S-shaped body, further growth of the other segments of
the nephron gives rise to characteristic appearances of a fetal glomerulus including the

mesangial cells (Fig. 1, right panel) (8; 32).

Figure 1: Major stages of Nephrogenesis (8).



THE GLOMERULAR CAPILLARY WALL

The glomerular capillary wall is composed of a monolayer of glomerular
endothelial cells lining the capillary lumen, the glomerular basement membrane (GBM)
and the visceral glomerular epithelial cells (GEC) also called podocytes, which wrap
tightly around the capillary loops. The glomerular capillaries are supported by the
mesangium, which is composed of mesangial cells and their surrounding matrices (Fig.
2A). The initial barrier encountered by blood is made up of the fenestrated glomerular
endothelial cells. With a diameter of approximately 30nm, the fenestrations prevent the
passage of blood cells into the subendothelial space. Most likely, the negative surface
charge of the endothelial cells (glycocalyx) partially restricts passage of plasma proteins.
After the passage of filtrate through the fenestration of the endothelial cells, the next
barrier encountered by the filtrate is the GBM. With its net negative charge, the GBM is
responsible for the charge and size selectivity of the glomerular filter, repelling large
negative proteins. The third, and probably the most important line of defense against
protein leakage is the podocytes, where foot processes extend from their large cell bodies
and embed into the GBM, while interdigitating with the foot processes of adjacent
podocytes forming a pore, called the slit diaphragm (Fig. 2B-C). Podocytes also exhibit a
negative charge due to the negatively charged glycoproteins found on the surface of these

cells (18).



C Bowman's space
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Figure 2A: Light micrograph of a normal rat glomerulus. Major cell types found in a
glomerulus are the endothelial cells (E) lining the capillary lumen, the visceral epithelial
cells (V) or podocytes, the parietal epithelial cells (P) and the mesangial cells (M). Also
present in this picture are other portions of the nephron: the collecting duct (CD), the
proximal tubule (PT) and the macula densa (MD).

Figure 2B: Electron micrograph of a normal rat glomerulus displaying the structure and
components of the glomerular filter from the capillary lumen (CL) to Bowman’s space

(BS). Notice the fenestrated endothelial cells (E), the glomerular basement membrane



(GBM) and the podocytes (P) with its foot process (arrow head) in contact with the GBM

and the formation of the slit diaphragm (arrow).

Figure 2C: Schematic representation of the glomerular filter including the fenestrated
endothelium (~30nm) with its negatively-charged cell coat (glycocalyx), the glomerular
basement membrane (200nm-400nm thickness) and the glomerular epithelial cell foot
processes. The foot processes form filtration slits spanned by slit diaphragms (~40nm).

Arrows denote direction of filtration flow. Figure is not drawn to scale (18).

THE GLOMERULAR BASEMENT MEMBRANE (GBM)

The GBM is indispensable for the maintenance of glomerular filtration function
and structure. It is synthesized and maintained by the glomerular epithelial and
endothelial cells. The GBM is composed of three layers; the central dense layer termed
lamina densa and the two outer layers, lamina rara interna and lamina rara externa. The
GBM is composed of a combination of basement membrane protein isoforms: laminins
(laminin 11, a5, B2, y1), collagen type IV (a3, a4, o5), entactin/nidogen, perlecan and
sulphated proteoglycans (54). Perlecan is the major glycosaminoglycan present in the
GBM, giving its net negative charge thus contributing to its charge selective function.
Genetic alterations in the expression of some of these GBM components have been
shown to disturb podocyte architecture and result in nephrotic syndrome. Mice lacking
the laminin B2-chain develop podocyte foot process effacement and marked proteinuria
(59). Moreover, mice deficient in the collagen IV a3-chain develop Alport syndrome,

characterized by proteinuria, foot process effacement, sclerosis and renal failure (49).



THE GLOMERULAR VISCERAL EPITHELJAL CELL OR PODOCYTE

Podocytes are terminally differentiated cells, with limited ability to proliferate.
They possess a characteristically complex cell architecture, which includes foot processes
and a slit diaphragm. Foot processes of neighboring podocytes interdigitate (Fig. 3A-B).
The slit diaphragm allows the selective paracellular flow of ultrafiltrate through the
epithelium, while preventing passage of macromolecules. Maturing podocytes eventually
lose their mitotic activity and begin to express podocyte specific proteins. Terminally
differentiated podocytes express the slit membrane associated proteins, nephrin, podocin,
CD2AP, and NEPH-1, the actin associated protein synaptopodin, cell surface protein
podocalyxin, a podocyte-specific membrane protein tyrosine phosphatase, glomerular
epithelial protein 1 (Glepp 1) and the intermediate filament protein vimentin. The basal
cell membrane domain of the podocytes is in contact with the GBM, whereas the apical
or luminal membrane domains are covered by sialoglycoproteins, which are responsible
for providing the negative charge of the podocytes. At the border of the basal and
luminal membranes is the slit diaphragm, which has been the focus of attention of renal
researchers in recent years (Fig. 3C). The slit diaphragm bridges across the 30- to 40-
nm-wide filtration slit, connecting adjacent podocytes (Fig. 2B-C). A functional slit
diaphragm is necessary to maintain normal structure of foot processes. Mutational
analysis of several slit diaphragm proteins has shed light on the pathogenesis of
proteinuria and demonstrated the importance of the slit diaphragm in the maintenance of
a functional glomerular filter. Congenital nephrotic syndrome of the Finnish type

(NPHS1) is an autosomal-recessive disorder, characterized by massive proteinuria in



utero and nephrosis at birth. Mutations in the nephrin gene, NPHS1, have been linked to
the impaired development and function of the kidney filtration barrier in this disease (38).
CD2AP and NEPH-1 knockout mice also exhibit foot process effacement and nephrotic
syndrome (21; 74). Moreover, several mutations in the gene encoding for podocin
(NPHS2) were identified in patients with autosomal recessive steroid-resistant nephrotic
syndrome, developing proteinuria, end-stage renal disease and focal segmental
glomerulosclerosis (6). These studies along with many others demonstrate the crucial
role for most of the members of the slit diaphragm proteins in the formation and
maintenance of a functional glomerular filter. It is becoming increasingly clear that

nephrotic syndrome is a disease of the podocyte.
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Figure 3A: Scanning electron micrograph of a normal rat glomerulus. View from
Bowman’s space demonstrating the highly branched podocyte (P) and its foot processes

(FP) surrounding the glomerular capillaries (61).

Figure 3B: Low power transmission electron micrograph of a normal rat glomerulus.
The large cell body of the podocyte resting in Bowman’s space connects to the capillary

wall by its foot processes which interdigitate on the outer surface of the glomerular

basement membrane (61).

Figure 3C: Molecular structure of the glomerular slit diaphragm. This schematic
demonstrates the recently discovered members of the glomerular slit diaphragm;

nephrin, NEPH-1, P-Cad (P-cadherin), FAT, podocin, Z (ZO-1) and CD2AP. Also



demonstrated are the molecular components linking the apical, basal and lateral
membrane domains to the actin cytoskeleton: oact4d (ccactinin-4), oa3p1 (a3p1
integrin), a-DG (o-dystroglycan), NHERF2 (Na'/H" exchanger regulatory factor 2), P
(paxillin), Synpo (synaptopodin), ezrin, T (talin), V (vinculin) (57).

CYTOSKELETON

The cytoskeleton is formed of three structural elements: microfilaments,
intermediate filaments and microtubules. In the cell body of the podocyte, microtubules
and intermediate filaments (ex: vimentin and desmin) make the bulk of the cytoskeleton,
whereas cortical filamentous actin (F-actin) and microfilaments are present in the foot
processes. In addition to F-actin, the foot processes contain the major protein constituent
of the contractile apparatus of muscle, i.e. myosin and o-actinin, allowing the foot
processes to generate contractile force, thus helping the glomerular capillaries to resist
the high intraluminal hydrostatic pressure and actively modify the surface area for
filtration necessary to adapt to the cyclic distension caused by each cardiac contraction
(22). A functional glomerular filter is dependent upon an intact slit diaphragm and
podocyte-GBM interactions. These two functionally indispensable complexes are
structurally linked via the actin cytoskeleton. Genetic alterations in the expression of
certain cytoskeleton-modulating proteins initiates the collapse of these structures thus
leading to podocyte foot process effacement and proteinuria. A mutation in the gene
encoding for o-actinin-4, which increases the affinity of a-actinin-4 for F-actin, has been

associated with a familial form of autosomal dominant focal segmental
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glomerulosclerosis (36; 52). Altered expression of another actin binding protein,
synaptopodin, has been observed in various forms of glomerular disease (3; 37; 76).
Mice deficient in Rho GDP dissociation inhibitor-o. (which maintains Rho family
members in their GDP bound inactive state) develop massive proteinuria and
glomerulosclerosis, demonstrating the importance of the signaling pathways regulated by

Rho GTPases in maintaining glomerular permselectivity (79).

EXTRACELLULLAR MATRIX RECEPTORS

Integrins are a distinct family of transmembrane heterodimeric molecules
composed of an o (120-180kDa) and a §§ (90-110 kDa) subunit, with a long extracellular
domain binding to extracellular matrix (ECM), a transmembrane domain, and a short
cytoplasmic domain which associates with the actin cytoskeleton and recruits other
proteins (34). There are 14 o subunits and 8 [ subunits which have been cloned so far in
mammals. Although there could mathematically be over 100 combinations of o and 8
subunit heterodimers, the actual diversity appears to be more restricted. To date 24
integrins have been identified in humans (27). These restrictions are mainly due to the
fact that most o subunits could associate only with a single B subunit. Most integrins
could bind to several ECM proteins, while individual matrix proteins, such as fibronectin,
laminins, collégens and vitronectin could bind to several integrins. Although there
appears to be some functional redundancy between integrin receptors, genetic studies

have demonstrated that the loss of & certain integrin receptors is detrimental (35).

11



Integrins are capable of bi-directional signaling, i.e. integrin conformation and
binding affinity is regulated from inside the cell (inside-out signaling), or upon ECM
binding, integrins cluster and recruit actin filaments and signaling proteins thus
transmitting the signal into the cell (outside-in signaling) (28). The association of
integrins with the actin cytoskeleton is especially important when integrin ligand binding
leads to the formation of specialized macromolecular signaling complexes called focal
adhesions. Focal adhesions contain more than 50 structural and signaling proteins
creating the primary sites of adhesion between the cell and the surrounding ECM. In
addition to transmitting force or tension at adhesion sites to maintain a solid link to the
underlying ECM, focal adhesions act as localized signaling centers for numerous

intracellular pathways regulating cell growth, differentiation and survival (11; 67).

Given that integrins do not posséss any enzymatic features, they need to recruit
adapter molecules in order to transmit the extracellular signals. These adapter molecules
consist of proteins that connect the integrins to the actin cytoskeleton, proteins that
possess kinase activity and even transmembrane growth factor receptors. More than 20
different proteins have been shown to be recruited to focal adhesions, including the
cytoskeletal molecules, paxillin, F-actin, o-actinin, vinculin and talin as well signaling
molecules such as FAK, c-Src, phosphatidylinositol-3 kinase (PI3-K), Grb2, RhoA, Racl,
Ras, Rafl, and the mitogen activated kinases (MAPK)s such as extracellular-signal-

regulated kinases (ERK)s (55).

12



THE INTEGRIN-ACTIN CONNECTION

The integrin cytoplasmic tails play a crucial role in linking the extracellular
matrix proteins to the intracellular actin filaments. Upon integrin activation, the integrin
cytoplasmic tails interact with actin binding proteins such as talin, filamin, o-actinin and
integrin-linked kinase (ILK). Talin is recruited to focal complexes where it activates the
phosphatidylinositol ~ 4-phosphate  5-kinase type 1y (PIPKy), thus increasing
phosphatidylinositol (4,5) bisphosphate (PIP;) production (12; 51). Binding of PIP; to
vinculin increases its affinity for talin; this initiates actin polymerization by recruiting
ARP2/3, favoring actin nucleation (20). Talin is also involved in inside-out signaling,
where binding of talin to the cytoplasmic tail of P-integrins, causes integrin
conformational changes leading to the modulation of its extracellular binding affinity to
ECM (78). Integrins also recruit the actin-filament-crosslinking protein filamin, which
serves as a scaffold to recruit Trio, a guanine nucleotide-exchange factor (GEF) for Rho
GTPases, thus controlling actin reorganization (4). o-actinin is also involved in
connecting integrin cytoplasmic tails to the actin fibrils. In addition to its function of
crosslinking actin filaments, it binds to many signaling proteins including vinculin, ERKs
and PI3-K, thus serving as a scaffolding protein modulating integrin-cytoskeletal
interactions (48; 73; 82). ILK is a serine/threonine kinase that binds to the cytoplasmic
tails of B integrin subunits. ILK recruits several adaptor proteins that modulate the
integrin-actin connections either directly or indirectly. ILK has been shown to bind
paxillin as well as the double zinc finger domain (LIM)-only adapter proteins PINCH-1

and PINCH-2. PINCH-1 and PINCH-2 are able to recruit the adaptor protein Nck2,

13



which has the potential to bind through its src-homology-2 (SH2) domain to
phosphorylated-tyrosine residues of different receptor tyrosine kinases, thereby
crosslinking integrin signaling with growth factor signaling. Moreover, Nck2 can recruit
actin regulatory proteins such as WASP (Wiskott-Aldrich Syndrome protein), DOCK 180

and PAK (p21-activated kinase), thereby modulating actin organization (7).

INTEGRIN MITOGENIC SIGNAL TRANSDUCTION

Besides being a very important modulator of the structural and architectural
component of a cell, integrins are also involved in the signal transduction of multiple
biological functions including cell growth, differentiation and survival. Integrin receptors
have the potential to signal alone, i.e. direct signals are transmitted as a result of integrin
ligation, or indirectly with the collaboration of other membrane receptors such as growth
factor receptors. Normal cell growth requires the concomitant activation of signals
emanating from growth-factors and from adhesion to ECM. Intracellular signals
modulating cell growth and differentiation usually involve a family of closely related
proline-rich serine-threonine protein kinases, known as the mitogen-activated protein
kinases (MAPKs). MAPKSs could be divided into three families: extracellular signal-
regulated kinases (ERKs), c-Jun NH2-terminal kinases (JNKs) and p38 protein kinases
(9). It is recognized that the ERK pathway is typically involved in growth-related
signals, whereas the JNK and p38 MAP kinase cascades are activated by various stress

stimuli. The ERK pathway (Ras/Raf/MEK/ERK) is a vital pathway conserved
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throughout evolution that is activated in mammalian cells via stimulation of receptor
tyrosine kinases, G-protein coupled receptors and integrins. These cell surface signals
induce the conversion of Ras to its GTP-bound form, which then recruits the
serine/threonine protein kinase Raf. Localization of Raf to the plasma membrane leads to
its activation via mechanisms that are incompletely understood. Raf is then able to
activate mitogen-activated protein kinase kinase (MEK) by phosphorylating it on two
serine residues. Active MEK then activates ERK by phosphorylating it on a tyrosine and
a threonine residue. Activated ERK phosphorylates numerous intracellular substrates
that participate in cell cycle regulation, including the transcription factor Elk-1 and

RSK
0

p9 (63). Understanding how integrin activation influences the ERK pathway is of

utmost importance and will be discussed in the following text.

Upon integrin engagement it was shown that multiple intracellular proteins
underwent tyrosine phosphorylation (44). A predominant protein which was shown to
undergo rapid tyrosine phosphorylation upon integrin activation was a 125kDa non-
receptor protein tyrosine kinase called focal adhesion‘ kinase (FAK) (68). FAK co-
localizes with integrin receptors at sites of ECM attachment. FAK knockout in mice is
embryonic lethal, and these mice demonstrate a similar phenotype to fibronectin deficient
mice, reinforcing the theory that FAK lies within the integrin signaling pathway (24; 26).
Upon activation, FAK autophosphorylates at tyrosine 397 creating a docking site for
multiple SH2 domain-containing proteins including the Src family of tyrosine kinases,
PI3-K, phospholipase C-d (PLC9) and Grb7 (29; 64; 69; 86). Src family kinases can

further activate FAK by phosphorylating other FAK tyrosine residues.  Src
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phosphorylates two tyrosine residues (Y576 andY577) in the activation loop of the
catalytic domain which enhance the catalytic activity of FAK. Src also phosphorylates
FAK tyrosine 925, creating a binding site for Grb2, thus recruiting Grb2/SOS which may
be one of the mechanisms that FAK may employ to activate Ras and the ERK pathway
(71). The FAK C-terminal domain contains several proline-rich sequences which serve
as binding sites for src-homology-3 (SH3) domain containing proteins including the Crk-
associated protein (p130°) and the GTPase regulator associated with FAK (GRAF) (31;
62). Tyrosine phosphorylation of p130° by FAK or indirectly by Src results in the
recruitment of the Crk and Nck adaptor proteins, which associate with SOS, and thus
provides another mechanism for the stimulation of the Ras/ERK pathway (70). FAK has
also been shown to stimulate the JNK pathway through the recruitment of p130®*/Crk
(60). FAK activation could also promote the tyrosine phosphorylation of Shc, which also
recruits Grb2/SOS linking once again to the ERK pathway (72). The ERK pathway
could be stimulated by FAK through the recruitment of PI3-K which activates protein
kinase C (PKC)F and consequently Raf-1 (41). Alternatively, integrins are able to
stimulate the ERK pathway independently of FAK. One such mechanism includes the
ability of certain o integrin subunits to bind to a membrane protein called caveolin,
leading to the recrﬁitment of Src family kinases and Shc to this complex. Shc then
recruits Grb2/Sos and is able to signal to the ERK pathway (84). Moreover, an indirect
interaction between growth factor receptors and integrins via FAK/paxillin/talin has also

been demonstrated to activate ERK (65).
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SURVIVAL SIGNALING AND THE MAP KINASE PATHWAY

The physiological significance of integrin-mediated ERK activation is not clear,
since the stimulation of ERK1 and ERK2 by integrins alone is not sufficient to promote
cell cycle progression. It has been demonstrated in many different cell types that
adhesion signals require additional signals from growth-factors and their receptors to
promote cell proliferation and survival. Moreover, the sole presence of growth factors is
also not sufficient to promote cell proliferation and requires additional signaling from
integrin mediated cell adhesion. It is becoming increasingly clear that integrin and
growth factor signaling pathways are interconnected and it is almost impossible to
consider their effects on cell proliferation independently. The crosstalk between these
two signaling pathways has been the subject of extensive research and will be discussed

briefly in the following text.

Many studies have established that adding soluble mitogens to cells in suspension
triggers a weak and transient activation of ERK, whereas a strong and sustained
activation is observed in adherent cells. From a biological standpoint, optimal activation
of the ERK pathway is required to promote cell proliferation and survival, whereas non-
optimal activation may have no affect and may eventually lead to cell death.
Collaboration between growth factor receptors and integrin receptors has been
demonstrated at the level of the receptors themselves, as well as at multiple sites within
the Ras/Raf/MEK/ERK signaling pathways downstream of the receptors. Cooperation at

the level of the receptors was demonstrated in a study by Miyamoto et al., where
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epidermal growth factor (EGF), platelet-derived growth factor (PDGF) and basic
fibroblast growth factor (bFGF) receptor aggregation and tyrosine phosphorylation
required both aggregation and occupancy of integrin receptors (56). In contrast, Lin and
colleagues determined that although EGF and PDGF-induced activation of the ERK
pathway is impaired in NIH 3T3 cells in suspension, as compared to cells adherent to
fibronectin, growth factor receptor phosphorylation and Ras activation are similar in
adherent and suspended cells, suggesting the presence of an anchorage-dependent step
between Ras and Raf (50). On the other hand, Renshaw et al. examined the growth factor
induced activation of Ras and Raf in NIH 3T3 cells adherent to fibronectin vs suspended
cells. Their results showed that Ras and Raf activity were similar in adherent and
suspended cells in response to growth factors, whereas MEK activity was inhibited in
suspended cells. Moreover, NIH 3T3 cells transiently transfected with constitutively
active mutants of Ras and Raf were still adhesion-dependent, whereas cells expressing a
constitutively active mutant of MEK were able to stimulate cell growth in suspension.
These results suggest the presence of an adhesion dependent step between Raf and MEK
(66). Moreover, in NIH 3T3 fibroblasts, cell adhesion to fibronectin diminished the
association of the GTPase-activating protein of Ras (RasGAP) with the PDGF-receptor,
favoring the accumulation of GTP bound Ras (active), as compared to cells adherent to
polylysine. This was due to the increased association of the receptor with SHP-2, which
dephosphorylates the RasGAP tyrosine binding site on the receptor. These results
demonstrate the possible adhesion dependent step to be upstream of Ras (19). Another
study on NIH 3T3 fibroblasts analyzed the translocation of activated ERK from the

cytoplasm to the nucleus, where it is responsible for the phosphorylation of its nuclear
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substrate Elk-1. This study démonstrated that the growth factor induced phosphorylation
of Elk-1 was dependent upon adhesion to fibronectin. Moreover, ERK translocation to
the nucleus and consequent phosphorylation of Elk-1 was dependent on an intact actin
cytoskeleton, as fibronectin adherent fibroblasts failed to display Elk-1 phosphorylation
after cytochalasin D treatment. This study suggests that adhesion to ECM leads to a

certain organization of the actin cytoskeleton which modulates the localization of active

ERK in these cells (2).

One can appreciate the diversity of the signaling properties observed in the above
studies, which reinforce the importance of determining the limiting adhesion dependent

step or steps unique to each cell type and experimental condition.

PROGRAMMED CELL DEATH OR APOPTOQOSIS

Apoptosis is an essential physiological process required for normal development
and maintenance of tissue homeostasis. However, dysregulation of apoptosis has been
associated with a variety of diseases. Excess apoptosis is observed in diseases such as in
T cell depletion in HIV infection, neurodegenerative diseases (Alzheimer’s) and
hepatocellular degeneration (Wilson’s). In contrast, impaired apoptosis is usually
observed in most cancers (16). Apoptosis may be induced or is preprogrammed into cells
leading to the death of an individual cell, in contrast to necrotic cell death where groups
of cells within a tissue are affected. Apoptosis may be triggered in cells by insufficient

exposure to growth factors, disruption of the cytoskeleton, inadequate ECM-cell contacts

19



(anoikis) and other factors (23). There are currently three main pathways leading to
apoptotic cell death in mammalian cells (Fig. 4), the mitochondrial apoptotic pathway,
the death domain receptor pathway and the endoplasmic reticulum (ER) apoptotic
pathway, which are linked to the activation of inducer caspases-9, -8 and -12,
respectively. These inducer caspases amplify the apoptosis signal by activating effector
caspases such as caspase-3. Caspase-3 is able to degrade regulatory proteins and activate

endonucleases and other proteases required for apoptosis.
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Figure 4: Apoptosis signaling pathways in mammalian cells (16).

The mitochondrial apoptotic pathway is modulated by the expression of Bcl-2

family members which exert their effects on the mitochondrial membrane. Anti-

apoptotic Bcl-2 family members (ex: Bcel-2, Bcl-X;) reside on the mitochondrial outer
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membrane preventing the release of apoptogenic factors, such as cytochrome c, from the
intermembrane space into the cytoplasm. In contrast, DNA damage could activate pro-
apoptotic Bcl-2 family members (e.g. Bax, Bak), which reside in the cytoplasm, and
following an apoptotic signal, translocate to the mitochondrial membrane causing the
release of cytochrome c and thus instigating the activation of caspase-9. Alternatively,
ligation of death receptors such as CD95 (Fas) upon binding to their ligand (Fas ligand),
results in the formation of death-inducing signaling complexes by recruiting death
domain contain proteins (Fas-associated death domain;FADD). FADD recruits multiple
procaspase-8 molecules leading to their cleavage (active form) and subsequent activation
of the apoptotic caspase cascade (16; 87). The ER apoptotic pathway is activated by
conditions leading to the perturbation of ER calcium homeostasis or accumulation of
unfolded proteins in the ER.  This may lead to ER stress and the activation of the

unfolded protein response (UPR), resulting in the activation of caspase-12 and apoptosis.

While the activation of the three apoptosis signaling pathways leads to a similar
outcome (cell death by apoptosis), they have been demonstrated to be non-redundant in
the apoptosis program of mammalian cells. For example, embryonic thymocytes derived
from caspase-9 deficient mice proved to be resistant to mitochondrial disturbing stimuli
requiring the activation of the mitochondrial apoptotic pathway (47). In embryonic
fibroblasts derived from caspase-8 deficient mice, death ligands were unable to induce
apoptosis through the death domain receptor apoptosis pathway, while apoptosis was
successfully induced by other intracellular stresses (81). Moreover, embryonic

fibroblasts derived from caspase-12 deficient mice were resistant to ER stress-induced
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apoptosis, such as brefeldin A, tunicamycin and thapsigargin treatment, whereas they
showed similar sensitivity to non-ER stress-induced apoptotic signals as their wild type

counterpart (58).

Although these signaling pathways are independent and non-redundant as
mentioned above, caspases are able to activate each other. For example depletion of
caspase-9 from Jurkat cell extracts inhibited the cytochrome c-induced activation of
caspases-2, -3, -6, -7, -8 and -10, suggesting that these caspase are all active as a result of

caspase-9 activation, which is the initial caspase activated (75).

PODOCYTE SPECIFIC SIGNALING

There are two major adhesion complexes involved in the interactions between the
podocyte and the GBM, o3p1 integrin and the o, p dystroglycan. a3 1-integrin, found at
the sole of the podocytes foot processes along the GBM, is the major integrin expressed
by podocytes (43). It has been demonstrated that a3p1-integrins bind to laminin,
collagen type IV (a3, a4, oS isoforms), and entactin/nidogen, which are components of
the GBM, as well as fibronectin (17). The importance of the a3p1 integrin in podocytes
is demonstrated in o3 knockout mice that are unable to assemble podocyte foot processes
and die soon after birth due to glomerular dysfunction. Moreover, lack of the a3p1

integrin caused damage to the GBM, suggesting a role for the o3Pl integrin in

maintaining the structural organization of the GBM (46).
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In order to understand GEC growth and survival in greater depth, our lab has been
studying the effect of ECM on the signaling events responsible for proliferation of GEC.
As illustrated in figure 5, epidermal growth factor (EGF) stimulated the EGF receptor
(EGF-R) and the Ras/ERK pathway, and proliferation in GEC, when cells were adherent
to collagen matrices, but not plastic substratum. In GEC on collagen, EGF induced
sustained activation of EGF-R and ERK, in association with reduced EGF-R
dephosphorylation by phosphatases. On plastic, EGF-R activation was weak or transient,
as dephosphorylation appeared to be rapid (13). This study was among the first to
demonstrate that the activation of a growth factor receptor was regulated by ECM.
Similarly, Cybulsky et al. further demonstrated that bFGF, hepatocyte growth factor
(HGF) and thrombin stimulated GEC proliferation only when adherent to collagen
matrices, but not plastic substratum. HGF and thrombin activated ERK in collagen

adherent cells, while ERK activation was weak or transient in plastic adherent cells (15).

Stable transfection of GEC with a constitutively active mutant of Ras supplanted
the requirement of ECM, thus supporting EGF-induced proliferation and ERK activation
in GEC adherent to plastic substratum (15). These results support the hypothesis that the
adhesion dependent signal(s) in the growth factor pathway leading to proliferation in

GEC are mediated via Ras.
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Figure 5: Model for EGFR regulation by ECM.

Adhesion of GEC to collagen was also shown to increase the production of PIP,,
as well as its breakdown products 1,4,5-triphosphate (IP;) and 1,2-diacylglycerol (DAG),
independently of growth factors. The increase in PIP; production was due to increased
activity of phosphatidylinositol-4-phosphate 5-kinase, whereas the increased production
of IP; and DAG was due to the increased presence of PLC in the membrane fractions of

GEC adherent to collagen matrices, as compared to GEC on plastic (14).

Taken together, in GEC, there is substantial support for the involvement of the

ECM signaling pathway in modulating intracellular protein kinases responsible for cell
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‘ growth and survival. Understanding the precise interplay among ECM receptors and
growth factor receptors will help us identify specific intracellular targets that may

eventually serve as a target for therapy.

25



ABSTRACT

Glomerular epithelial cell (GEC) injury and apoptosis may contribute to sclerosis
in glomerulonephritis. The present study addresses signals that regulate survival of GEC
in culture, and in the acute puromycin aminonucleoside nephrosis (PAN) model of GEC
injury in vivo. Compared with GEC on plastic substratum, adhesion to collagen increased
activation of focal adhesion kinase (FAK), c-Src and extracellular signal-regulated kinase
(ERK), and facilitated survival (prevented apoptosis). GEC on plastic exhibited increased
caspase 8 and 9 activities, increased expression of the pro-apoptotic protein, Bax, and
decreased anti-apoptotic protein, Bcl-Xi, as compared with collagen. Stable expression of
constitutively-active mutants of FAK (CD2-FAK) or mitogen-activated protein kinase
kinase (R4F-MEK) activated the ERK pathway, and supplanted the requirement of
collagen for survival. In contrast, expression of a Ras mutant that activates
phosphatidylinositol 3-kinase, but blocks ERK activation, or pharmacological inhibition
of the ERK pathway decreased survival on collagen. Glomeruli isolated from rats with
PAN revealed increased 1 integrin expression, along with increased activation of FAK,
c-Src and ERK, as compared with controls. EGF receptor activation was undetectable in
PAN. Therefore, adhesion to collagen, resulting in activation of FAK and the Ras/ERK

pathway, supports GEC survival. Analogous signals for GEC survival are activated in

PAN.

Key words: apoptosis, glomerulonephritis, protein kinases, signal transduction
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INTRODUCTION

Cell homeostasis reflects a balance of proliferation, apoptosis and differentiation
(20,21,26). Apoptosis may be triggered by insufficient exposure to growth factors,
disruption of the cytoskeleton, inadequate extracellular matrix (ECM)l—cell contact (also
known as “anoikis”), and other factors (20). Mechanisms reported to regulate cell
survival (prevention of apoptosis/anoikis) may involve adhesion receptors, such as
integrins, and protein or lipid kinases, including focal adhesion kinase (FAK),
extracellular signal-regulated kinase (ERK), phosphatidylinositol 3-kinase (PI3K)-Akt, or
integrin-linked kinase pathways, as well as multiple downstream effectors, including Bcl-
2 family proteins, caspases, nuclear factor-xB, and others (6,20,21,26,38,41). Signals
from ECM may directly affect cellular functions, or may interact with signals from
growth factors (41). FAK appears to play a major role in mediating signals emanating
from ECM via P1 integrins. In cultured cells, FAK may be recruited to focal contacts
directly or through cytoskeletal proteins, talin and paxillin, where FAK interacts with the
cytoplasmic tail of the P1 integrin subunit (6). Activation of FAK leads to
autophosphorylation at tyrosine397, creating a binding site for c-Src. Upon binding, c-Src
phosphorylates tyrosine’> of FAK, allowing the adaptor protein, Grb2, to bind to the
motif surrounding tyrosine’”. Grb2, which exists as a complex with Sos, may link
integrin signals to the Ras-ERK pathway (6,24,39,40). Phosphorylation/activation of
FAK may affect various cellular responses (6). For example, activation of FAK was able
to prevent apoptosis, although the mechanism for this effect remains unclear. One
possibility involves the binding of the Src homology 2 (SH2) domain of PI3K to

tyrosine397 of FAK, thus promoting survival through the PI3K-Akt pathway, or by the
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inhibition of pro-apoptotic proteins, such as p53. The role of ERK in mediating
downstream signals from FAK has not been well-defined.

Glomerular visceral epithelial cells (GEC) or podocytes are intrinsic components
of the kidney glomerulus and play a key role in the maintenance of glomerular
permselectivity (19,27,35). Under normal conditions, where GEC are in contact with
ECM and are exposed to trivial concentrations of growth factors, there appears to be little
turnover of GEC. Certain forms of glomerulonephritis feature GEC injury, which may
lead to apoptosis or proliferation, and in association with ECM expansion to
glomerulosclerosis, and/or impaired glomerular function or permselectivity. Crosstalk
between ECM receptors and growth factor receptors may modulate GEC proliferation
and/or survival. We have previously determined that epidermal growth factor (EGF),
basic fibroblast growth factor, and hepatocyte growth factor stimulate proliferation of
cultured GEC that are adherent to collagen, but not plastic substratum (12,14). Moreover,
in GEC on collagen, EGF was able to induce sustained activation of the EGF receptor
(EGF-R) and ERK, in association with reduced EGF-R dephosphorylation by
phosphatases. On plastic, EGF-R activation was weak or transient, as dephosphorylation
appeared to be rapid (12,14).

In vivo, GEC injury occurs in human focal segmental glomerulosclerosis (FSGS),
in the context of ECM expansion (4,5,36,46). Familial forms of FSGS, associated with
mutations in GEC structural proteins, further support the view that FSGS is a disease of
the GEC (19,27,35). FSGS may feature apoptosis, as well as proliferation; the latter is
observed in the collapsing variant of FSGS, where the proliferating cells appear to be

visceral GEC with dysregulated phenotype and loss of the p27 cyclin-dependent kinase
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inhibitor. Experimental rat models, including acute and chronic puromycin
aminonucleoside nephrosis (PAN) have provided a better understanding of the
pathophysiology of GEC injury in FSGS (22). These models generally feature GEC
injury with heavy proteinuria, sclerosis and some GEC detachment, expansion of ECM
components, as well as collapse of glomerular capillaries in chronic PAN (18,32,42).
DNA synthesis in GEC occurred early and late in the course of PAN, ‘with increasing
GEC apoptosis, and loss of GEC as the lesion became more chronic (42). Actually, it has
been proposed that GEC apoptosis may lead to “podocytopenia” and consequently
sclerosis in FSGS (19,27,28,35). Alterations in expression of GEC structural proteins and
filtration slit-diaphragm components have also been reported (19,27,32). Together, these
changes suggest that in PAN, there may be altered signaling from the ECM to GEC, but
precisely how such signals may regulate GEC apoptosis or proliferation requires further
study.

The aim of the present study was to address the signals that regulate
survival/proliferation of GEC in culture, and to determine if analogous signals are
activated in the PAN model of GEC injury in vivo. We demonstrate that adhesion of
GEC to collagen enhances activation of FAK, c-Src and ERK, and prevents apoptosis via
the ERK pathway. Stable expression of constitutively-active mutants of FAK, or
mitogen-activated protein kinase kinase-1 (MEK) supplanted the requirement of ECM for
promoting survival, and in the presence of growth factors, proliferation. Analogous

signals for GEC survival are activated in glomeruli of rats with PAN.
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MATERIALS AND METHODS

Materials

Tissue culture reagents, Transfinity CaPOy, transfection system, G418 (geneticin),
RNAse A and proteinase K were obtained from Invitrogen (Burlington, Ontario). Pepsin-
solubilized bovine dermal collagen I (Vitrogen) was from Cohesion (Palo Alto,
California). EGF, thrombin, puromycin aminonucleoside, Engelbreth-Holm-Swarm
sarcoma laminin, LY294002, and rabbit anti-actin antibody were obtained from Sigma
Chemical Co. (St. Louis, Missouri). Rabbit anti-phospho-ERK1/2
(threoninezoz/tyrosineZO4) and rabbit anti-ERK1/2 antibodies were purchased from New
England Biolabs (Mississauga, Ontario). NuSerum, collagen IV, and mouse monoclonal
antibodies to phosphotyrosine (PY20), Ras, Bax (6A7), and Bcl-X; were obtained from
BD Biosciences (Mississauga, Ontario). GST-Grb2 (1-217) fusion protein, rabbit anti-
FAK, and rabbit anti-Grb2 polyclonal antibodies were from Santa Cruz Biotechnology
(Santa Cruz, California). Rabbit anti-MEK1 was purchased from Stressgen
Biotechnologies Co. (Victoria, British‘ Columbia). Protein A-agarose and mouse anti-Src
monoclonal antibody were obtained from Upstate Biotechnology (Lake Placid, New

York). Rabbit anti-phospho-Src (tyrosine*'®

) was purchased from Biosource International
(Camarillo, California). Bisbenzimide H33342 fluorochrome, propidium iodide, caspase
8 substrate (granzyme B substrate I), caspase 9 substrate II, LEHD-CHO, PP2, and
PD98059 were obtained from Calbiochem (La Jolla, California). Rabbit anti-EGF-R
antibody, RK2, was described previously (14). Anti-B1 integrin rabbit antiserum was

kindly provided by Dr. Michael DiPersio (Albany Medical College, Albany, New York)

(34). Electrophoresis and immunoblotting reagents were from Bio-Rad Laboratories
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(Mississauga, Ontario). Male Sprague-Dawley rats (150 g) were purchased from Charles
River Canada (St. Constant, Quebec). An expression plasmid containing the
G12V/Q43E/D54N/E63K Ras mutant (J25 Ras) cDNA was kindly provided by Dr. Anne
Vojtek (University of Michigan, Ann Arbor Michigan) (48). Plasmid CDM8 containing
constitutively-active FAK (CD2-FAK) cDNA was kindly provided by Dr. Alejandro
Aruffo (Bristol Myers Squibb, Princeton, New Jersey) (7). R4F-MEK cDNA was

provided by Dr. Natalie Ahn (University of Colorado, Boulder, Colorado) (33).

Extracellular matrix and GEC culture

Type I collagen gel matrices were prepared as described previously (9). Collagen
IV solution was applied to culture wells at 0.02mg/cm” and was allowed to air-dry at
22°C. Collagen I was used in all experiments, except where indicated. Primary cultures
of rat GEC were established from explants of rat glomeruli, and have been characterized
previously (8,9,12,14). Unlike some other GEC culture lines, the cells used in the present
study do not contain the SV40 large T antigen, and thus, in our view are better suited for
studies of cell survival. Experiments were done with cells between passages 25 and 70.
Under standard conditions, GEC were cultured on collagen I matrices in K1 medium,
which consisted of DMEM/Ham F10 (1:1), confaining 5% NuSerum and hormone
supplements (9,12). GEC were maintained in culture by passaging onto collagen gels; for

experiments, GEC were replated onto collagen, laminin or plastic substrata in serum-poor

(DMEM-0.5% fetal calf serum) or K1 media.
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GEC transfection

GEC on collagen were co-transfected with the expression vector of interest (2 pg
of DNA per 100 mm plate), and a neomycin resistance gene pRc/RSV (molar ratio
12.5:1), using the CaPOy technique, as described previously (13). GEC were then
cultured on collagen in K1 medium containing 0.5 mg/ml G418. GEC clones resistant to
G418 were isolated and replated onto plastic substratum. Clones that proliferated on
plastic in K1 medium were selected, passaged, and assessed for the expression of the
specific protein by immunoblotting. A soft agar assay was used to test for anchorage-

independent proliferation (13).

Measurement of GEC proliferation

Cell number was determined by visual counting. Cells adherent to collagen gels
(35 mm plates) were placed into single-cell suspension with collagenase and trypsin-
EDTA. Cells on plastic substratum were placed into suspension by incubation with

trypsin-EDTA. Suspended cells were then counted in a hemacytometer (13,14).

Induction of PAN in rats

PAN was induced in Male Sprague-Dawley rats (150 g) by a single intravenous
injection of 80 mg/kg of puromycin aminonucleoside (22). Urine was collected on day

14, and rats were then sacrificed, and glomeruli were isolated by differential sieving (15).

Immunoprecipitation and immunoblotting

Preparation of GEC and glomerular lysates was described previously (15).
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Briefly, after treatment, ~6 x 10° GEC were lysed in immunoprecipitation buffer,
containing 1.0% Triton X-100, 125 mM NaCl, 20 mM Tris, 20 uM leupeptin, 20 uM
pepstatin, 0.2 mM PMSF, 25 mM NaF, 2 mM Na3;VOy, 5 mM NasP,0;, 1 mM EDTA,
pH 7.4 (4°C). The mixture was centrifuged at 14,000 x g for 10 minutes, and the
supernatant was then used for immunoprecipitation or immunoblotting. Glomeruli were
centrifuged, and resuspended in immunoprecipitation buffer, as above. After adjusting
protein concentrations, proteins were immunoprecipitated with primary antiserum under
quantitative conditions, as described previously (15). Immune complexes were incubated
with agarose-coupled protein A. Complexes were boiled in Laemmli sample buffer, and
subjected to SDS-PAGE wunder reducing conditions. Proteins were then
electrophoretically transferred onto nitrocellulose paper, blocked with 3% BSA/2%
ovalbumin, and incubated with primary antibody, and then with horseradish peroxidase-
conjugated secondary antibody. The blots were developed using the enhanced
chemiluminescence technique (ECL, Amersham Pharmacia Biotech AB). Protein content
was quantified by scanning densitometry, using NIH Image software (15). Preliminary
studies demonstrated that there was a linear relationship between densitometric

measurements and the amounts of protein loaded onto gels.

DNA fragmentation

Adherent cells were collected in PBS and centrifuged 5 minutes at 500 x g at 4°C.
Cell pellets were resuspended in buffer, containing 10 mM Tris-HCI, 1 mM EDTA, 0.2%
Triton X-100, pH 7.4 and incubated for 30 minutes (4°C). The mixture was centrifuged at

14,000 x g for 10 minutes. The supernatant was collected and incubated with 100 pg/ml
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of RNase A and 100 pg/ml of proteinase K for 1 hour (37°C). Ice cold 5 M NaCl and
isopropanol were added to the mixture in order to precipitate the DNA overnight (-20°C).
The pellet was then washed in ice cold ethanol and dissolved in Tris-EDTA buffer. After

adjusting DNA concentrations, 3 pg of DNA was separated on a 1.2% agarose gel

prestained with ethidium bromide.

Hoechst H33342 staining

To quantitate apoptosis, adherent cells were stained with Hoechst H33342 dye (1
pg/mi) for 10 minutes at 37°C without fixation (31). After washing with PBS, cells were
stained with propidium iodide (5 pg/ml) to visualize necrotic or late-apoptotic cells.
Nuclei of apoptotic cells were condensed and stained brightly with H33342 dye while
excluding propidium iodide. Cells were photographed using a Nikon Diaphot
immunofluorescence microscope and Nikon Coolpix 995 digital camera, and the number

of H33342-positive/propidium iodide-negative cells were quantified by visual counting.

Caspase activity assay

Intracellular caspase 8 and 9 activities were measured using a colorimetric assay
with p-nitroaniline (pNA)-labeled substrates, according to the manufacturer’s
instructions. Adherent cells were lysed in buffer containing 50 mM Hepes, 100 mM
NaCl, 0.1% CHAPS, 1 mM DTT, 100 uM EDTA, pH 7.4 (4°C). The mixture was
centrifuged at 14,000 x g for 10 minutes. Supernatants were collected and adjusted for
protein concentration. The reaction mixture contained 50 mM Hepes, 100 mM NaCl,

0.1% CHAPS, 10 mM DTT, 100 uM EDTA, 10% glycerol , pH 7.4 (37°C) with 2 mM
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substrate, i.e. Ac-Leu-Glu-His-Asp-pNA (caspase 9), or Ac-Ile-Glu-Thr-Asp-pNA
(caspase 8). The absorbance of the reaction was read at 405 nm every 5 minutes for 2
hours. After subtraction of background activity, the slope of absorbance versus time is

proportional to caspase activity.

Immunofluorescence microscopy

Cryostat kidney sections (4 um) were fixed with ether-ethanol (1:1, 10 minutes),
followed by ethanol (20 minutes) at 4°C. Sections were incubated with rabbit anti-
phospho-ERK IgG (2.5 pg/ml) overnight at 4°C. Non-immune rabbit IgG was used in
control incubations. After washing, sections were incubated with fluorescein-conjugated
goat anti-rabbit IgG for 1 hour at 22°C. The immunofluorescence signals were evaluated
using a Nikon Diaphot immunofluorescence microscope with visual output connected to a

Nikon Coolpix 995 digital camera.

Statistics

Data are presented as mean+SEM. The t statistic was used to determine significant
differences between two groups. One-way ANOVA was used to determine significant
differences among groups. Where significant differences were found, individual
comparisons were made between groups using the t statistic, and adjusting the critical

value according to the Bonferroni method.
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RESULTS

Collagen facilitates GEC survival

In keeping with previous results (12,14), addition of growth factors (K1 medium)
or EGF to cultured GEC adherent to collagen resulted in proliferation (as reflected by a
progressive increase in cell number) (Fig. 1). Cell number remained constant in GEC on
collagen in serum-poor medium. However, following adhesion, cell number decreased
steadily on plastic in the presence of serum-poor medium, and the decrease was slightly
attenuated by addition of growth factor-replete medium or EGF (Fig. 1). By light
microscopy, there were no significant differences in cell spreading between collagen and
plastic (not shown).

To determine if the decline in GEC number in the absence of collagen was due to
apoptosis, we analyzed DNA isolated from parental GEC plated onto collagen or plastic
in the presence or absence of growth factors. DNA fragmentation (“laddering”), a feature
consistent with apoptosis, was evident in parental GEC adherent to plastic after 72 hours
of plating, but not in GEC plated onto collagen (Fig. 2A). DNA 1addering occurred
whether or not growth factors were present in the medium. In addition, we quantified the
amount of apoptosis by staining GEC with Hoechst 33342 dye (H33342) and propidium
iodide. In this assay, nuclei of apoptotic cells (which show chromatin condensation and
fragmentation) stain brightly with H33342, but these cells generally do not stain with
propidium iodide, since apoptotic cells usually possess intact plasma membranes.
However, in cell culture, propidium iodide-positive cells are generally “late-apoptotic”,
as apoptotic cells are not phagocytosed and may proceed to necrosis. H33342-positive

GEC were evident almost exclusively in monolayers of cells adherent to plastic (Fig. 2B
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and 2C), consistent with the DNA laddering assay. The presence of growth factors did
not affect the amount of apoptosis in GEC on plastic (Fig. 2C), even though growth
factors slightly attenuated the decline in cell number (Fig. 1). Possibly the H33342 assay
was not sufficiently sensitive to detect minor differences. Substitution of collagen with
laminin was unable to promote GEC survival, shown by increased numbers of H33342-
positive cells in GEC plated onto laminin, as compared with GEC on collagen (Fig. 2D).

These results highlight a key role for collagen in promoting survival.

Effect of collagen on caspase activity and expression of Bax and Bcl-X.

The morphologic changes of an apoptotic cell are induced by the activation of
caspases (43), and may be modulated by pro- or anti-apoptotic actions of Bcl-2 family
proteins. Caspase-9 activity (linked to release of caspase-9-activating proteins from
mitochondria into cytosol) was increased in GEC adherent to plastic, as compared with
collagen (Fig. 3A). Interestingly, caspase-8 activity (typically linked to “death domain”
receptors) was also increased in GEC adherent to plastic (Fig. 3A). Pretreatment of GEC
with the caspase 9 inhibitor, LEHD-CHO (30), blocked both plastic-stimulated caspase 9
and caspase 8 activities (Caspase 9: Collagen 0.11+0.02, Plastic 0.7610.14, Plastic +
inhibitor 0.3310.05; Caspase 8: Collagen 0.1110.03, Plastic 0.7710.15, Plastic + inhibitor
0.341r0.02; N=4, P<0.0025 Plastic + inhibitor vs Plastic for both caspases; activity is
presented in arbitrary units). Finally, analysis of the expression of two proteins of the
Bcl-2 family revealed a significant increase in the pro-apoptotic pfotein, Bax, and a
significant decrease in the anti-apoptotic protein, Bcl-Xi, in GEC plated onto plastic

substratum, as compared with GEC on collagen (Fig. 3B).
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Adhesion to collagen induces activation of FAK and ERK

The next series of studies addressed collagen-induced signals that may mediate
survival. First, we examined activation of FAK. FAK protein expression and tyrosine
phosphorylation (which reflects FAK activation) were increased on collagen, as
compared with plastic substratum (Fig. 4A). The change in FAK phosphorylation
exceeded the increase in expression (Fig. 4A, right panel). FAK activation was due to a
direct effect of collagen, as EGF or K1 medium were unable to activate FAK (data not

shown).

The nonreceptor protein tyrosine kinase, c-Src, is reported to regulate FAK

activity (6). In parallel with FAK, c-Src tyr‘osine418

phosphorylation (reflecting activation
of Src) was increased significantly in GEC adherent to collagen, as compared with plastic
substratum (Fig. 4B). Treatment of parental GEC on collagen with PP2, a selective
inhibitor of the Src family of protein tyrosine kinases (25), significantly inhibited FAK
phosphorylation, as compared with untreated GEC (Fig. 4C).

In addition to FAK, adhesion of GEC to collagen stimulated a ~2-fold increase in
ERK1 and ERK2 threonine”*/tyrosine®®* phosphorylation (Fig. 4D), which reflects ERK
activation (13,14). Collagen did not alter ERK protein expression significantly (Fig. 4D).
The phosphorylation of ERK was a direct effect of collagen, and was not dependent on
the presence of growth factors in the culture medium. The reduction in FAK
phosphorylation by the PP2 Src inhibitor (Fig. 4C) was paralleled by a reduction in ERK

phosphorylation (Fig. 4E; 40% inhibition by densitometry). These results suggest that

FAK is linked to and may signal via the ERK pathway.
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Expression of constitutively active FAK and MEK

To determine the downstream targets of FAK, and if FAK activation was
functionally important, GEC on collagen were stably co-transfected with a neomycin-
resistance gene plus a constitutively-active FAK cDNA (CD2-FAK). Of 68 G418-
resistant clones that proliferated on collagen in K1 medium, 34 were also able to
proliferate on plastic, and all of these clones expressed CD2-FAK at various levels
(representative clones are shown in Fig. 5A). Thus, expression of CD2-FAK supplanted
the requirement for collagen shown in Fig. 1. In the next series of experiments, we tested
if ERK is a potential target of endogenous FAK and CD2-FAK, i.e. if activated FAK or
CD2-FAK could bind Grb2, an adapter protein that would link FAK to the Ras-ERK
pathway. FAK was immunoprecipitated from parental GEC on collagen or plastic, or
from CD2-FAK-transfected GEC, and the immunoprecipitates were blotted with either
anti-phosphotyrosine antibody or GST-Grb2, followed by anti-Grb2 antibody. The results
demonstrate that CD2-FAK, as well as FAK in GEC on collagen, were intensely tyrosine
phosphorylated (activated), and that only the intensely phosphorylated CD2-FAK and
FAK bound Grb2 (Fig. 5B).

To examine the functional role of the Ras-ERK pathway, GEC on collagen were
stably co-transfected with a neomycin-resistance gene plus constitutively-active MEK
(R4F-MEK; N3/S218E/S222D). Among multiple G418-resistant clones that proliferated
on collagen in K1 medium, 17 clones were also able to proliferate on plastic substratum
in a growth factor-dependent manner, and all of these clones expressed R4F-MEK. Three
representative clones are shown in Fig. 5C (it should be noted that endogenous MEK was

not readily detectable by immunoblotting). In the absence of exogenous EGF (or other
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mitogens), ERK phosphorylation in the three R4AF-MEK-expressing GEC clones was at
least 5-fold greater, as compared with parental GEC on collagen (4 experiments) (Fig.
5D). By analogy to the stimulatory effect of collagen in parental GEC, as well as the
effect of R4F-MEK expression, ERK phosphorylation was readily detectable in the CD2-

FAK-expressing cells in the absence of exogenous EGF (Fig. SE, four left lanes).

FAK and the ERK pathwavy mediate GEC survival

Adhesion to collagen induced ERK activation, whereas expression of
constitutively-active FAK and MEK supplanted the collagen effect. In parallel, R4F-
MEK- or CD2-FAK-expressing GEC plated onto plastic showed levels of apoptosis
(determined by H33342 staining) similar to parental GEC on collagen, i.e. levels of
apoptosis in these clones were significantly lower, as compared with parental GEC on
plastic (Fig. 6, Untreated). In addition, DNA fragmentation was not observed in the GEC
that express CD2-FAK (Fig. 2A). To verify that the pro-survival signaling of collagen
was actually mediated through the ERK pathway, GEC clones were treated with the
MEK inhibitor, PD98059 (17), and apoptosis was quantified after 24 hours (Fig. 6). For
comparison, GEC were also treated with the PI3K inhibitor, 1.Y294002 (47). Inhibition
of the ERK pathway significantly increased the amount of apoptosis in parental GEC, as
well as in R4F-MEK- and CD2-FAK-expressing clones, as compared with untreated cells
(Fig. 6, PD98059). It should be noted that treatment of GEC plated on plastic substratum
with PD98059 did not further enhance apoptosis, thus excluding a potential nonspecific
or cytotoxic effect of this inhibitor (data not shown). PI3K inhibition significantly

increased the level of apoptosis only in the CD2-FAK clones (Fig. 6, L.Y294002). There
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were no significant increases in apoptosis in LY294002-treated R4F-MEK GEC, nor in

parental GEC on collagen, although an upward trend occurred in the latter.

Growth factor signals are regulated by collagen

The experiments described above focus on signals induced by collagen, which
regulate GEC survival. Previously, we demonstrated that in the presence of growth
factors, including EGF, GEC proliferate when adherent to collagen I or IV matrices, but
not plastic substratum, and that stable transfection of constitutively-active Ras (V'*Ras)
supplanted the requirement for collagen, but not for growth factors (12-14). Similar to
previous results (12), EGF further stimulated ERK activation in GEC on collagen I, but
was not able to activate ERK significantly on plastic (Fig. 7A and 7B). EGF also
stimulated ERK phosphorylation on collagen IV (a more physiological substratum for
GEC) (Fig. 7A). Moreover, in the CD2-FAK-expressing GEC and in the R4F-MEK-
expressing clones, ERK phosphorylation was further stimulated by EGF (Fig. 5E and
7B), similar to ERK activation in collagen-adherent parental GEC, but unlike parental
GEC on plastic (Fig. 7B). These results are similar to those observed earlier in GEC that
were stably transfected with V'?Ras, a constitutively—active. Ras mutant (13). Thus,
constitutively active Ras, FAK or MEK provided sustained ERK activation, and enabled
EGF to further stimulate ERK activity in the absence of collagen.

Proliferation of R4F-MEK- and CD2-FAK-expressing clones occurred
independently of collagen, but was nonetheless dependent on adhesion to plastic (i.e.
anchorage-dependent), and required addition of exogenous growth factors (Fig. 7C and

7D). Thus, R4F-MEK and CD2-FAK were able to supplant the requirement for collagen,
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but not growth factors, and the ability of EGF to induce proliferation correlates with its
ability to induce ERK activation (Fig. 7B). R4F-MEK- and CD2-FAK-expressing GEC

clones did not proliferate in soft agar (data not shown), indicating that these cells were

not transformed.

ERK is the principal Ras effector that mediates GEC survival

In addition to the ERK pathway, collagen or V'?Ras (which supplants collagen)
(13) may potentially activate other downstream effectors. To determine if the PI3K
pathway may be activated by collagen, or alternatively, if constitutive PI3K activation
would supplant the signal from collagen, GEC on collagen were stably transfected with
J25 Ras (Q43E/D54N/E63K Ras), a Ras mutant that constitutively activates PI3K, but is
unable to activate the ERK pathway (Fig. 8A). In the presence of growth factors, J25
Ras-expressing GEC were unable to proliferate or survive on plastic, suggesting that
activation of non-ERK Ras effectors (e.g. PI3K) is insufficient to supplant collagen. J25
Ras expression significantly reduced EGF-dependent ERK activation (on collagen),
which proceeds via EGF-R-Grb2-Ras (Fig. 8B), but not activation by thrombin, which
stimulates ERK via a G-protein receptor, independently of Ras (Fig. 8C and 8D). In the
absence of EGF or thrombin, ERK phosphorylation was lower in J25 Ras-expressing
GEC on collagen, as compared with parental cells (Fig. 8B and 8C). These results imply
that J25 Ras functioned as a dominant inhibitor of the Ras-ERK pathway, blocking both
EGF- and collagen-stimulated ERK phosphorylation.

Culture of J25 Ras-expressing GEC in growth factor-poor medium (on collagen)

resulted in a marked decrease in cell number, whereas cell number remained constant in

43



parental GEC under similar conditions (Fig. 8E). Together with the observed reduction in
ERK phosphorylation in J25 Ras-expressing GEC on collagen (Fig. 8B, no EGF), these
results indicate that J25 Ras most likely blocked a signal for GEC survival from the
collagen matrix, involving the Ras-ERK pathway. This inhibitory action of J25 Ras was
unrelated to growth factor-induced Ras-ERK activation, since growth factors were absent
in these experiment’s (Fig. 8E). The above results demonstrate the importance of the ERK
pathway in mediating the survival signals emanating from collagen. Possibly, PI3K may
also contribute to GEC survival (Fig. 6, LY294002), but this pathway is unable to
mediate survival independently of the ERK pathway.

In the presence of growth factors (K1 medium), GEC thét express J25 Ras
proliferated on collagen, but at a reduced rate, as compared with parental cells. Parental
GEC passaged at a ratio of 1:10 reached 50% confluency at 4.310.1 days (N=11), while
J25 Ras-expressing GEC passaged at a ratio of 1:3 reached 50% confluency only at
7.7£1.2 days (N=6, P<0.001). The result confirms that J25 Ras most likely functioned as
a dominant inhibitor of endogenous Ras, and blocked EGF-induced activation of the

ERK pathway.

Signals for GEC survival are activated in PAN

The above studies characterized signaling by ECM and growth factors in cultured
GEC, but it is important to demonstrate that analogous signaling pathways may be
activated in GEC in vivo. To address this question, we employed the acute PAN mode! of
GEC injury (22). First, we demonstrated that puromycin aminonucleoside markedly

enhanced the apoptosis of cultured GEC on plastic (Fig. 9). On collagen, there was an
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upward trend in apoptosis in the presence of puromycin aminonucleoside, but adhesion to
collagen largely protected GEC from puromycin aminonucleoside-induced apoptosis
(Fig. 9). These results suggest that the collagen-induced survival signals characterized
above (Fig. 4-6) can limit GEC injury. Treatment of GEC on collagen with puromycin
aminonucleoside did not enhance the level of collagen-induced ERK phosphorylation
significantly (puromycin aminonucleoside: 92% of untreated at 30 min, 115% at 2 hours,
and 99% at 24 hours; N=4). In vivo, two weeks after administration of puromycin
aminonucleoside, rats demonstrated marked proteinuria, a hallmark of GEC injury
(Control 813, PAN 246129 mg protein/24 hours). Expression of f1 integrin was
increased almost 2-fold in glomeruli isolated from rats with PAN, as compared with
controls (Fig. 10A), suggesting that in PAN, there may be amplification of those signals
from ECM, which are mediated via 1 integrins. Protein expression and phosphorylation
of FAK (Fig. 10B), c-Src (Fig. 10C) and ERK (Fig. 10D) were detectable in normal
(control) glomeruli, and significant increases in activation and expression of these
proteins were evident in glomeruli isolated from rats with PAN, as compared with
controls. In contrast, EGF-R protein expression was not significantly different between
control and PAN, and EGF-R tyrosine phosphorylation was not detected consistently in
either group (Fig. 10E). Thus, the protein kinases that are activated by collagen and
support survival in cultured GEC are also activated in vivo.

By immunofluorescence microscopy, glomeruli of rats with PAN showed
specific, although faint staining for phospho-ERK, with focal and patchy accentuation
(Fig. 11A). Staining of glomerular capillary loops was evident, particularly at the

periphery of glomeruli, in keeping with ERK activation in GEC (Fig. 11B). Phospho-
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ERK staining was also detectable in normal rat glomeruli, but was weaker than in PAN

(not shown).

DISCUSSION

This study demonstrates that adhesion of GEC to collagen facilitates survival,
principally via activation of FAK and a Ras-ERK pathway. After plating of GEC onto
collagen in the absence of growth factors, cell number remained constant, whereas cell
number declined on plastic substratum, and GEC demonstrated features of apoptosis (Fig. 1
and 2). It should be noted that the pro-apoptotic effect of plastic was not due to the inability
of GEC to attach and spread on plastic. Surprisingly, adhesion of GEC to laminin did not
facilitate survival (Fig. 2D) even though GEC express laminin-binding cell surface
receptors (1,10,11). The major cell surface receptors for ECM proteins are integrins, and
GEC in culture and in vivo express the o3f1 integrin (1,10,11). Cultured GEC adhere to
collagen 1, collagen IV, laminin and fibronectin, and show greater adhesion to the
collagens, as compared with the other substrata (1,11). Anti-B1 integrin antibody
significantly inhibited adhesion to ECM proteins (1,11). Thus, the anti-apoptotic effect of
collagen may be related to the greater efficiency of GEC adhesion to this ECM protein.

FAK, a key intermediate protein kinase that transmits some of the signals from
ECM that are relayed by integrins, was activated in parental GEC on collagen (Fig. 4A).
FAK protein expression was also enhanced on collagen, suggesting that increased
synthesis or decreased degradation of FAK protein may contribute to the regulation of
activity. Stable expression of a constitutively-active FAK (CD2-FAK) supplanted the

effect of collagen in facilitating GEC survival (Fig. 2A and 6), implying that FAK
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activation is anti-apoptotic. As reported in other cells (40), collagen-induced FAK
activation in GEC was, at least in part, dependent on the activation of c-Src (Fig. 4B and
4C). Activated endogenous FAK in parental GEC on collagen and CD2-FAK were able
to bind Grb2, but nonphosphorylated FAK in parental GEC on plastic did not (Fig. 5B).
In addition, adhesion of GEC to collagen or expression of CD2-FAK increased ERK
phosphorylation (Fig. 4D and 5E), while inhibition of Src reduced FAK and ERK
phosphorylation in parallel (Fig. 4C and 4E). Together, these results imply that
transmission of signals from collagen may occur via FAK and the ERK pathway.
Evidence for a functional role of the Ras-ERK pathway in blocking apoptosis was
provided by stable transfection of constitutively-active MEK (R4F-MEK). R4F-MEK
increased ERK phosphorylation (Fig. 5E), and facilitated survival (Fig. 6). Conversely,
inhibition of the ERK pathway with PD98059 increased apoptosis in parental GEC on
collagen, as well as in R4F-MEK- and CD2-FAK-expressing GEC clones (Fig. 6).
Moreover, expression of the J25 Ras mutant, which blocked the ERK pathway by
dominant inhibition of Ras (Fig. 8B), blocked GEC survival (Fig. 8E). Together these
results confirm the importance of the ERK pathway in mediating the survival signals
emanating from collagen. By analogy to GEC, fibronectin rescued a carcinoma cell line
from serum depletion-induced apoptosis through the ERK pathway, and cell survival on
fibronectin was significantly reduced by treatment with PD98059, or by expression of a
dominant-negative mutant of MEK1 (23). In other cells, survival appears to be dependent
on the activation of the PI3K-Akt pathway (20), or a combination of PI3K and ERK (16).
In GEC, inhibition of the PI3K pathway with L.Y294002 significantly increased the level

of apoptosis only in the CD2-FAK-expressing clones, but not in parental cells on
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collagen nor in GEC that express R4F-MEK (Fig. 6). Furthermore, the J25 Ras mutant,
which constitutively activates the PI3K pathway, did not facilitate survival, suggesting
that activation of PI3K downstream of Ras is insufficient to supplant signals from
collagen. Thus, the ERK cascade appears to be the major pathway that mediates the
survival signal emanating from collagen.

There are two major apoptotic pathways in mammalian cells, the death domain
receptor pathway, which leads to activation of caspase 8, and the mitochondrial pathway,
linked to caspase 9 (38). Both caspase 8 and 9 activities were increased in GEC adherent
tb plastic, as compared with collagen (Fig. 3A), but inhibition of caspase 9 inhibited
caspase 8 in parallel. This result suggests that activation of caspase 9 may have been
responsible for secondary activation of caspase 8 (43). Alternatively, a possible role for
death domains in triggering anoikis, perhaps by self-association of death domain
receptors or interaction with endogenous death ligands, has been proposed (20). Another
explanation may be that caspase 8 was activated as a result of non-ligated integrins, as
recently shown in T24E carcinoma cells (45). Involvement of the mitochondrial pathway
in GEC apoptosis was further supported by changes in the expression of Bax and Bcl-X|,
which exert some of their functional effects on the mitochondria (38). There was a
significant increase in the pro-apoptotic protein Bax and a significant decrease in the anti-
apoptotic protein Bcl-Xy, in GEC plated onto plastic substratum (Fig. 3B). Together, these
results substantiate an anti-apoptotic or survival-promoting effect of collagen. The
precise interplay among ECM, Bcl-2 family members and caspases will require further
study.

In earlier studies, we demonstrated that EGF stimulated ERK activation and
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proliferation of cultured GEC only when the cells were adherent to collagen matrices, and
that proliferation was abolished by PD98059 (12,14). GEC adherent to laminin were
unable to proliferate (9). In addition, stable transfection of a constitutively-active mutant
of Ras (VlzRas) supplanted the requirement for collagen, but not for growth factors (13).
These results imply that EGF most likely activated the ERK pathway through
endogenous Ras, whereas V'?Ras had activated a separate ERK pathway. In the present
study, expression of constitutively-active mutants of MEK or FAK did not induce GEC
proliferation independently of growth factors (Fig. 7C and 7D). However, by analogy to
V'?Ras, R4F-MEK or CD2-FAK enabled exogenously-added growth factors to further
stimulate ERK phosphorylation above resting levels (Fig. 7B), and to induce proliferation
of GEC in the absence of collagen (Fig. 7C and 7D). These experiments further support
the view that constitutively-active FAK and MEK mutants supplant ERK activation by
collagen, while growth factor-induced ERK activation occurs via a distinct Ras-ERK
pathway. Morever, a survival signal from collagen, or from constitutively-active protein
kinases that supplant this collagen effect, is a prerequisite for EGF-dependent activation
of EGF-R and the ERK pathway, as well as proliferation. In fibroblasts, EGF-dependent
ERK activation was dependent on adhesion to ECM and an intact cytoskeleton (2). ECM
enabled EGF to induce ERK translocation to the nucleus and phosphorylation of
transcription factors, whereas EGF was ineffective in suspended cells. Further studies
will be required to characterize the ERK pathways in GEC. For example, activation of
ERK by collagen might occur at focal adhesions and the target of ERK may be cytosolic
or nuclear, while growth factor induced ERK activation may occur near the receptor and

the target may be in the nucleus.
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To verify that. signals in cultured GEC are relevant to GEC in vivo, we studied
PAN, an experimental model of GEC injury that has been employed to obtain a better
understanding of FSGS pathophysiology (4,5,36,46). In PAN, GEC foot processes are
effaced, such that a greater area of the cell surface is in contact with the glomerular
basement membrane. Furthermore, expression of a3 and B1 integrin subunits, as well as
paxillin (a FAK-interacting protein), was upregulated in early PAN (29,32,44), and
increases in laminin and types I and IV collagen were evident as the lesion progressed
(18). Integrin-mediated signals may be amplified by increased integrin expression or
engagement by ECM (e.g. due to increased amounts of ECM proteins or adhesivity) (3).
Consequently, it is reasonable to propose that in PAN, there may be enhanced signaling
from the ECM to GEC (via B1 integrins). In keeping with the earlier report (32), we
demonstrate that glomerular B1 integrin expression was increased in rats with PAN, as
compared with controls (Fig. 10A). FAK, c-Src and ERK protein expression and
phosphorylation were detected at relatively low levels in normal glomeruli, and
expression and activation were increased in PAN (Fig. 10B-10D, Fig. 11). These results
are in keeping with the view that integrin signaling was amplified in PAN. Puromycin
aminonucleoside did not enhance ERK phosphorylation in cultured GEC, and it is
unlikely that changes in ERK phosphorylation in vivo were due to a direct effect of this
compound. These results contrast with findings in mesangial cells adherent to collagen
gels, where puromycin aminonucleoside enhanced tyrosine phosphorylation, including
phosphorylation of FAK (49). Based on our observation that adhesion to collagen limits
puromycin aminonucleoside-induced GEC injury in culture (Fig. 9), the role of enhanced

ECM signaling in PAN (including activation of FAK and ERK) may be to limit apoptosis
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of GEC, and development of sclerosis. Under resting conditions, a weaker signal from
ECM/integrins may be sufficient to block apoptosis. We cannot exclude activation of
FAK by growth factors (e.g. EGF) in PAN, but we did not observe EGF-R activation in
acute PAN (Fig. 10E), and growth factors could not activate FAK in cultured GEC. EGF-
R activation might occur during the chronic phase of PAN, when there is increased
expression of heparin binding-EGF mRNA (putative ligand for EGF-R in vivo) and
evidence for cell proliferation (37). Our in vivo results support the pathophysiological
relevance of the signaling pathways characterized in cultured GEC. However, further
studies, including development of animal models where glomerular signaling pathways
are disrupted, will be required to address the functional role of these signals in the

pathophysiology of GEC injury in vivo.
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‘ FOOTNOTES
1. Abbreviations: ECM, extracellular matrix; EGF-R, epidermal growth factor
receptor; ERK, extracellular signal-regulated kinase; FAK, focal adhesion kinase;
FSGS, focal segmental glomerulosclerosis; GEC, glomerular visceral epithelial
cells; MEK, mitogen-activated protein kinase kinase-1; PAN, puromycin
aminonucleoside nephrosis; PI3K, phosphatidylinositol 3-kinase; SH2, Src

homology 2.
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Figure 1. GEC number is sustained on collagen. Parental GEC (50,000 cells) were plated
onto collagen or plastic, and were cultured in growth factor-replete (K1) medium, serum-
poor (SP) medium + EGF (100 ng/ml), or serum-poor medium alone for five days. Cell
number increased on collagen in the presence K1 medium or EGF. In the absence of
growth factors, cell number was sustained on collagen. Cell number decreased on plastic,
independently of the culture media. *P<0.001 collagen K1 vs plastic K1, **P<0.001
collagen SP vs plastic SP, ***P<0.001 collagen EGF vs plastic EGF (8 experiments).
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Figure 2. Collagen facilitates GEC survival (decreases apoptosis). A) Total DNA was
isolated from parental (Par) GEC plated on collagen (COL) or plastic (PL) in K1 or
serum-poor (SP) media for 72 hours, and from CD2-FAK-expressing GEC. DNA
laddering is evident in parental GEC adherent to plastic in K1 or serum-poor media. B)
Parental GEC plated on collagen or plastic in K1 or serum-poor media for 48 hours were
stained with Hoechst H33342 and propidium iodide. The lower panels show
photomicrographs of propidium iodide-negative cells with H33342-positive nuclei
(arrows). C) Quantification of H33342-positive nuclei (apoptotic cells), as well as
propidium iodide-positive cells with H33342-positive nuclei (late apoptotic/necrotic
cells). *P<0.0001 collagen K1 vs plastic K1, **P<0.0001 collagen SP vs plastic SP (3-9
experiments). D) Parental GEC were plated on collagen, plastic or laminin (Lam) in
serum-poor medium for 48 hours. Apoptosis was identified as H33342-positive nuclei,
propidium iodide-negative cells. ¥*P<0.0001 vs collagen (5-6 experiments performed in

duplicate).
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Figure 3. A) Caspase 8 and 9 activities are increased in GEC on plastic. Parental GEC
were cultured in K1 or serum-poor (SP) media for 24 hours. *P<0.0001 collagen K1 vs
plastic K1 (caspase 9), *P<0.0001 collagen SP vs plastic SP (caspase 9), **P<0.0001
collagen K1 vs plastic K1 (caspase 8), **P<0.0001 collagen SP vs plastic SP (caspase 8)
(5-6 experiments). B) Collagen enhances expression of Bcl-X , and reduces expression of
pro-apoptotic Bax. Lysates of parental GEC that had been plated onto collagen or plastic
in K1 or serum-poor media (24 hours) were immunoblotted with antibodies to Bax and
Bcel-X, . Rat thymus was used as positive control. The lysates were also immunoblotted
for actin to demonstrate equal loading. *P<0.03 collagen K1 vs plastic K1 (Bax),
**P<0.01 collagen K1 vs plastic SP (Bax), ***P<0.007 collagen K1 vs plastic K1 (Bcl-
Xp), P<0.001 collagen K1 vs plastic SP (Bcl-X| ) (4 experiments).
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Figure 4. Activation of FAK and ERK in GEC (representative immunoblots and
densitometric quantification). A) Lysates of parental GEC on collagen (COL) or plastic
(PL) (24 hours after plating) were immunoprecipitated with antibody to FAK, and were
immunoblotted with antibodies to phosphotyrosine (upper panel; pFAK) or FAK (lower
panel). ¥*P<0.001, **P<0.03, ***P<0.015 COL vs PL (5-7 experiments). B) Lysates of
parental GEC were immunoblotted with antibodies to Src phosphotyrosine*!® (pSrc; upper
panel) or Src (lower panel). *P<0.02 COL vs PL. There were no significant differences in
Src protein expression (6 experiments). C) Lysates of parental GEC, treated with or
without PP2 (10 uM) for 24 hours, were immunoprecipitated with antibody to FAK, and
were immunoblotted with antibodies to phosphotyrosine (pFAK; upper panel) or FAK
(lower panel). *P<0.04 PP2 vs untreated. There were no significant differences in FAK
protein expression (4 experiments). D) Lysates of parental GEC that had been plated onto
collagen or plastic in K1 or serum-poor (SP) media for 24 hours were immunoblotted with
antibodies to ERK1/2 phospho-threonine?%/tyrosine?** (pERK; upper panel) or to ERK1/2
(lower panel). *P<0.01 COL vs PL (K1), **P<0.02 COL vs PL (SP; 4-6 experiments). E)
Lysates of parental GEC, treated with or without PP2 (10 uM) for 24 hours, were
immunoblotted with antibodies to phosphoERK (upper panel) or ERK (lower panel). PP2

decreased ERK phosphorylation, but not protein expression.
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Figure 5. Expression of constitutively active FAK and MEK. Parental (Par) GEC on
collagen (COL) were stably co-transfected with a neomycin-resistance gene and
constitutively-active FAK (CD2-FAK, 160 kDa) (A), or constitutively-active MEK (R4F-
MEK, 43 kDa) (C). Panel A shows several representative GEC clones that stably express
CD2-FAK. Equal amounts of total protein were loaded into each lane (PL, plastic). B)
Lysates of parental GEC on collagen or plastic (24 hours after plating), or of GEC stably
transfected with CD2-FAK, clone 213 (on plastic) were immunoprecipitated with
antibody to FAK, and immunoblotted with GST-Grb2 and anti-Grb2 antibody (left panel),
or antibodies to phosphotyrosine (PY; middle panel) or FAK (right panel). CD2-FAK is
tyrosine phosphorylated. GST-Grb2 binds to tyrosine phosphorylated FAK and CD2-
FAK. Panel C shows representative GEC clones that stably express R4F-MEK. D) ERK
phosphorylation in parental GEC on collagen, and three clones of GEC that stably express
R4F-MEK on plastic in the absence of EGF (immunoblot with antibody to phosphoERK).
E) Parental GEC were plated onto collagen; R4AF-MEK-expressing GEC (clone 16) and
CD2-FAK-expressing GEC (clones 23 and 213) were plated onto plastic for 24 hours in
serum-poor medium. Then, GEC were treated with (+) or without (-) EGF (100 ng/ml) for
30 minutes. Equal amounts of total protein were loaded into each lane prior to
immunoblotting with anti-phosphoERK antibody. Both R4F-MEK- and CD2-FAK-
expressing GEC showed higher levels of ERK phosphorylation, as compared with GEC
on collagen (in the absence of EGF). EGF further stimulated ERK phosphorylation in all

cell lines.
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Figure 6. Inhibition of the ERK pathway increases apoptosis. Parental (Par) GEC on
collagen or plastic, GEC that express R4F-MEK (clone 16), and GEC that express CD2-
FAK (clone 213) were plated in serum-poor medium, with or without the MEK inhibitor,
PD98059 (75 uM), or the PI3K inhibitor, 1L.Y294002 (10 uM), for 24 hours. Apoptosis
was monitored as H33342-positive nuclei. *P<0.001 Parental plastic vs Parental collagen,
R4F-MEK and CD2-FAK. **P<0.04 Parental (collagen) PD98059 vs untreated,
**3%P<0.03 R4F-MEK PD98059 vs untreated, +P<0.02 CD2-FAK PD98059 vs untreated.
++P<0.001 CD2-FAK LY294002 vs untreated (5-6 experiments performed in duplicate).
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Figure 7. Effect of collagen on growth factor-induced ERK activation and proliferation.
A) Parental GEC were plated onto collagen I, collagen IV, or plastic for 24 hours, in
serum-poor medium. Then, GEC were treated with (+) or without (-) EGF (100 ng/ml) for
30 minutes. Equal amounts of total protein were loaded into each lane prior to
immunoblotting with anti-phosphoERK antibody. Adhesion to collagen induced small
increases in ERK phosphorylation, while further increases occurred with EGF. B)
Densitometric quantification of EGF-induced ERK phosphorylation in parental GEC, as
well as R4F-MEK and CD2-FAK-expressing GEC (also see representative immunoblot in
Fig. 5E). *P<0.001 EGF vs no EGF (4-8 experiments). C) Parental GEC were plated onto
collagen (C) or plastic (P) and three clones of R4F-MEK-transfected GEC (MEK) were
plated onto plastic (~50,000 cells/well). GEC were cultured with or without EGF, 100
ng/ml, in serum-poor medium. Cell number was determined at 72 hours by visual
counting. *P<0.002 EGF vs no EGF. There were no significant differences among the
groups of cells cultured without EGF (7 experiments). D) Parental GEC on collagen and
two clones of CD2-FAK-transfected GEC on plastic were plated at ~50,000 cells/well and
were cultured in growth factor-replete K1 medium or serum-poor medium. Cell number
was determined at 72 hours by visual counting. *P<0.02 K1 vs Serum Poor (3-5

experiments).
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Figure 8. Stable transfection of GEC with J25 Ras. A) Parental (Par) GEC on collagen
(COL) were co-transfected with a neomycin-resistance gene and J25 Ras
(Q43E/D54N/E63K Ras, ~21 kDa). Transfection of constitutively-active Ras (V!?Ras)
(13) is shown for comparison (PL, plastic). B-D) Clones of parental GEC and GEC that
express J25 Ras were plated onto collagen in serum-poor medium. Then, GEC were
treated with (+) or without (-) EGF (100 ng/ml; B) or thrombin (5 units/ml; C and D) for
30 minutes. ERK phosphorylation (without EGF or thrombin) was greater in parental
GEC, as compared with J25 Ras-expressing cells. EGF was unable to stimulate ERK
phosphorylation in GEC that express J25 Ras. Thrombin activated ERK equally in J25
Ras-expressing and parental GEC. *P<(0.002 thrombin vs unstimulated (8 experiments).
E) Parental or J25 Ras-transfected GEC were plated onto collagen at ~5 x 10° cells/well,
and were cultured in serum-poor medium (that contained thrombin, 5 units/ml) for 72

hours. ¥*P=0.05 parental vs J25 Ras (4 experiments).
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Figure 9. Collagen attenuates puromycin aminonucleoside (PA)-induced apoptosis.
Parental GEC were plated onto collagen or plastic and were cultured in serum-poor
medium with or without puromycin aminonucleoside (50 pg/ml) for 24 hours. Apoptosis
was measured as H33342-positive nuclei (as in Fig. 2B and 2C). P<0.001 *PA plastic vs

collagen (3 experiments performed in duplicate).
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Figure 10. Activation of anti-apoptotic pathways in GEC in vivo. Glomeruli were
isolated from normal control (Ctrl) rats, or rats injected with puromycin aminonucleoside
(80 mg/kg; PAN) on day 14. A) Glomerular lysates were immunoblotted with anti-f1
integrin antibody. B) Glomerular lysates were immunoprecipitated with antibody to FAK,
and were immunoblotted with antibodies to phosphotyrosine (pFAK) or FAK. C)
Glomerular lysates were immunoblotted with anti-phospho-Src*® (pSrc) or anti-Src
antibodies. D) Glomerular lysates were immunoblotted with antibodies to ERK1/2
phospho-threonine®®?/tyrosine?®* (pERK) or ERK1/2. E) Glomerular lysates were
immunoprecipitated with antibody to EGF-R, and were immunoblotted with antibodies to
phosphotyrosine (pEGF-R) or EGF-R. There were significant increases in the expression
of B1 integrin (A, *P<0.04), as well as in the expression and phosphorylation of FAK (B,
*P<0.03, **P<0.0001), Src (C, ¥*P<0.001, **P<0.01) and ERK (D, *P<0.001, **P<0.001)
in PAN, as compared with control (7-14 experiments). There were no differences in EGF-

R protein expression between groups, and EGF-R tyrosine phosphorylation was not

detected consistently.

74



FIGURE 11

Figure 11. Phospho-ERK in glomeruli of rats with PAN. A) Glomerulus shows specific
staining for phospho-ERK with focal and patchy accentuation. B) Higher power view of a
portion of a glomerulus showing staining of glomerular capillary loops at the periphery of
a glomerulus (arrowheads), adjacent to Bowman’s space (“B”). The asterisks denote
capillary lumena. C) Negative control (i.e. incubation with non-immune rabbit IgG).

Tubular staining adjacent to the glomeruli (seen in all panels) is nonspecific. The bars

denote 10 um.
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Analysis of the intracellular signaling pathways activated by collagen in GEC
revealed that collagen facilitated survival, via activation of FAK and a Ras-ERK pathway.
Constitutively active protein kinases supplanted the ERK activation by collagen, but failed
to support EGF -induced ERK activity. These results indicate that there are two separate
ERK pathways activated in GEC: i) activation of ERK by collagen, perhaps occurring
within focal adhesions (necessary for GEC survival), and ii) EGF-induced ERK
activation (necessary for GEC proliferation). A survival signal from collagen is a
prerequisite for EGF-dependent activation of the EGF-R and the ERK pathway, as well

as proliferation. The next study addresses the relationship between the survival phenotype

and actin organization.
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ABSTRACT

Adhesion of rat glomerular epithelial cells (GEC) to collagen results in activation
of focal adhesion kinase (FAK) and the Ras-extracellular signal-regulated kinase (ERK)
pathway, and supports GEC survival (prevents apoptosis). The present study addresses
the relationship between actin organization and the survival phenotype. Parental GEC
(adherent to collagen), and GEC stably transfected with constitutively active mutants of
mitogen-activated protein kinase kinase (R4F-MEK) or FAK (CD2-FAK) (on plastic)
showed ERK activation, low levels of apoptosis, and a cortical distribution of F-actin.
Parental GEC adherent to plastic substratum showed increased apoptosis, disorganization
of cortical F-actin, and formation of prominent stress fibers. Assembly of cortical F-actin
was, at least in part, mediated via the ERK pathway. However, disruption of the actin
cytoskeleton with cytochalasin D or latrunculin B in parental GEC adherent to collagen,
as well as in GEC that express R4F-MEK and CD2—FAK on plastic led to decreased
activation of ERK and increased apoptosis. Stable expression of a consﬁtutively active
RhoA (L®RhoA) induced assembly of cortical F-actin, promoted ERK activation, and
supplanted the requirement of collagen for survival. Adhesion of GEC to collagen
increased phosphatidylinositol-4,5-bisphosphate (PIP,). Downregulation or sequestration
of PIP, by stable transfection with an inositol 5'-phosphatase or the plextrin-homology
domain of phospholipase C-d reduced F-actin content and decreased GEC survival. These
results demonstrate a reciprocal relationship between collagen-induced cortical F-actin

assembly and collagen-dependent survival signaling, including ERK activation.
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INTRODUCTION

Adhesion of cells to extracellular matrix (ECM) via integrins modulates cell
growth, differentiation, survival, and morphology (19; 20). Integrins are heterodimeric
transmembrane molecules consisting of o and B subunits. In addition to providing a
structural link between ECM proteins and the actin cytoskeleton, integrins are often
involved in signal transduction pathways in cooperation with growth factor receptors.
Among the many intracellular signaling pathways that may be activated independently or
synergistically by integrins and growth factor receptors, the Ras-extracellular-signal-
regulated kinase (ERK) pathway is one of the central pathways regulating cell
proliferation and survival. The level(s) at which crosstalk occurs may be dependent on
the cell type, i.e. crosstalk has been demonstrated at the level of growth factor receptors,
upstream of Ras, from Ras to Raf-1, from Raf-1 to mitogen-activated protein kinase

kinase (MEK), and at the nuclear translocation of activated ERK (27).

Glomerular epithelial cells (GEC), or podocytes are highly differentiated cells that
play a key role in maintaining glomerular permselectivity (18; 25; 29; 32). The major
integrin expressed in GEC is o381, which preferentially binds to laminin, as well as
collagen, fibronectin, and entactin/nidogen (1; 2; 16; 17; 22; 26). GEC are anchorage-
dependent cells, as they require attachment to ECM via integrins for survival, and soluble
growth factors for proliferation. Under normal conditions, where GEC are in contact with
ECM, there is little GEC turnover. Podocyte injury occurs in many forms of human and

experimental glomerular diseases (4; 5; 30; 38). Injury, leading to foot process
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effacement and proteinuria, may be caused, at least in part, by disruption of the actin
cytoskeleton. For example, mutations in a gene encoding for a-actinin-4, which increase
the affinity of a-actinin-4 for filamentous (F)-actin, has been associated with a familial
form of autosomal dominant focal segmental glomerulosclerosis (23; 28). Altered
expression of another actin binding protein, synaptopodin, has been observed in various
forms of glomerular disease (4; 24; 34). Other factors that have been shown to affect the
organization of the actin cytoskeleton include Rho GTPases (7) and phosphatidylinositol-
4,5-bisphosphate (PIP;) (39). Mice deficient in Rho GDP dissociation inhibitor-c (which
maintains Rho family members in their GDP bound inactive state) develop massive
proteinuria and glomerulosclerosis, demonstrating the importance of signaling pathways
regulated by Rho GTPases in maintaining glomerular permselectivity (36). PIP, has been
shown to modulate the activity and targeting of actin regulatory proteins, promoting actin
polymerization (39). In addition to proteinuria, podocyte injury may also result in

apoptosis or proliferation, and in glomerulosclerosis (18; 25; 29; 32).

We have previously demonstrated that adhesion of GEC to collagen results in the
activation of focal adhesion kinase (FAK), a key mediator of integrin signaling. In GEC,
FAK activates the ERK pathway, which supports survival (prevents apoptosis) (6). In
contrast, apoptosis is markedly enhanced in GEC adherent to plastic substratum. Stable
expression of constitutively active mutants of FAK (CD2-FAK) or MEK (R4F-MEK) in
GEC activated the ERK pathway, and supplanted the requirement of collagen for
survival, whereas inhibition of the ERK pathway decreased survival of GEC on collagen.

Analogous signals for GEC survival were activated in experimental focal segmental
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glomerulosclerosis, a model of GEC injury in vivo (6). Earlier, we showed that adhesion
to ECM increased PIP, levels in GEC, possibly through the activation of
phosphatidylinositol 4-phosphate 5-kinase, although the involvement of PIP; in the

regulation of GEC actin cytoskeleton has yet to be demonstrated (13).

The aim of the present study was to address the relationship between GEC actin
organization and the survival phenotype. We demonstrate that in GEC adherent to plastic
(i.e. the apoptosis phenotype), F-actin is organized predominantly into stress fibers. On
collagen, and in GEC that express CD2-FAK, R4F-MEK, or a constitutively active
mutant of RhoA (i.e. the survival phenotype), there is a switch to cortical actin
organization. Disruption of the actin cytoskeleton with actin depolymerizing drugs
decreased ERK activation, and promoted GEC death. Moreover, F-actin content and
survival were decreased by downregulating/sequestering PIP, levels through the
expression of an inositol 5'-phosphatase (Pase) or the plextrin homology domain of

phospholipase C-8 [PH(PLCJ)].

MATERIALS AND METHODS

Materials

Tissue culture reagents, Transfinity CaPO, transfection system and G418 (geneticin) were
obtained from Invitrogen (Burlington, Ontario). NuSerum was obtained from BD
Biosciences (Mississauga, Ontario). Fugene 6 transfection reagent was obtained from
Roche Molecular Biochemicals (Indianapolis, Indiana). Pepsin-solubilized bovine dermal

collagen I (Vitrogen) was from Cohesion (Palo Alto, California). Epidermal growth
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factor (EGF), LY294002, cytochalasin D, latrunculin B and caspase-3 substrate were
obtained from Sigma Chemical Co. (St. Louis, Missouri). Bisbenzimide H33342
fluorochrome, propidium iodide, caspase-8 substrate (granzyme B substrate I), caspase-9
substrate II, PD98059, and Y27632 were obtained from Calbiochem (La Jolla,
California). Electrophoresis and immunoblotting reagents were from Bio-Rad
Laboratories (Mississauga, Ontario). Rhodamine conjugated-phalloidin and Alexa-Fluor
488 conjugated-deoxyribonuclease 1 (DNase I) were obtained from Molecular Probes
(Eugene, Oregon). Rabbit anti-phospho-ERK1/2 (threonine***/tyrosine®®*) and rabbit anti-
ERK1/2 antibodies were purchased from New England Biolabs (Mississauga, Ontario).
Mouse anti-RhoA and mouse anti-green fluorescent protein (GFP) antibodies were from
Santa Cruz Biotechnology (Santa Cruz, California). R4F-MEK, CD2-FAK and L*RhoA
cDNAs have been described previously (6; 15). pcDNA3-GFP-Pase and pEGFP-
PH(PLCS) cDNAs were kindly provided by Dr. Tobias Meyer (Stanford University, Palo

Alto, California) (33; 35).

Extracellular matrix and GEC culture

Type I collagen gel matrices were prepared as described previously (10). For
practical reasons, collagen I was used in all experiments in this study, but in previous
studies, some key observations were confirmed using collagen IV substrata (6; 15)
Primary cultures of rat GEC were established from explants of rat glomeruli, and have
been characterized previously (9-12). Unlike some other GEC culture lines, the cells used
in the present study do not contain the SV40 large T antigen, and thus, in our view are

better suited for studies of cell survival. Experiments were done with cells between
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passages 25 and 70. Under standard conditions, GEC were cultured on collagen I
matrices in K1 medium, which consisted of DMEM/F12 (1:1), containing 5% NuSerum
and hormone supplements (10; 11). GEC were maintained in culture by passaging onto
collagen gels; for experiments, GEC were replated onto collagen or plastic substrata in

serum-poor (DMEM-0.5% fetal calf serum) or K1 media.

GEC transfection

Production of GEC that stably express CD2-FAK, R4F-MEK and L®RhoA was
described previously (6; 15). Briefly, GEC on collagen were co-transfected with the
expression vector of interest (2 pg of DNA per 100 mm plate), and a neomycin resistance
gene pRc/RSV (molar ratio 12.5:1), using the CaPOy technique, as described previously
(14). GEC were then cultured on collagen in K1 medium containing 0.5 mg/ml G418.
GEC clones resistant to G418 were isolated and replated onto plastic substratum. Clones
that proliferated on plastic in K1 medium were selected, passaged, and assessed for the
expression of the specific protein by immunoblotting. A soft agar assay was used to test
for anchorage-independent proliferation (14). GEC on collagen were also co-transfected

with GFP-PH(PLCS) or GFP-Pase (10 pg of plasmid DNA per 100 mm plate) and a

neomycin resistance gene pRc/RSV (2.6 ug) using Fugene 6 transfection reagent,
according to the manufacturer’s instructions. GEC were then cultured on collagen in K1
medium containing 0.5 mg/ml G418. GEC clones resistant to G418 were isolated, sorted

by flow cytometry, and GFP positive GEC were expanded on collagen.

Measurement of GEC proliferation

&3



Cell number was determined by visual counting. Cells adherent to collagen gels
(35 mm plates) were placed into single-cell suspension by incubation with collagenase
and trypsin-EDTA. Cells on plastic substratum were placed into suspension by incubation

with trypsin-EDTA. Suspended cells were then counted in a hemacytometer (11; 14).

Immunoblotting

GEC lysates were subjeéted to SDS-PAGE under reducing conditions, as detailed
previously (6). Proteins were then electrophoretically transferred onto nitrocellulose
paper, blocked with 3% BSA/2% ovalbumin, and incubated with primary antibody, and
then with horseradish peroxidase-conjugated secondary antibody. The blots were
developed using the enhanced chemiluminescence technique (ECL, Amersham
Pharmacia Biotech AB). Protein content was quantified by scanning densitometry, using
NIH Image software (6). Preliminary studies demonstrated that there was a linear

relationship between densitometric measurements and the amounts of protein loaded onto

gels.

Hoechst H33342 staining

Staining with Hoechst H33342 dye was used to quantify apoptosis, as described
previously (6). Briefly, adherent cells were stained with H33342 (1 pg/ml) for 10 min at
37°C without fixation. After washing with PBS, cells were stained with propidium iodide
(5 ng/ml) to identify necrotic or late-apoptotic cells. Cells were examined using a Nikon
Diaphot fluorescence microscope, and the number of H33342-positive/propidium iodide-

negative cells was quantified by visual counting. Previously, we demonstrated that
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apoptosis, as assessed by H33342 staining, correlated with the DNA laddering assay (6).

Caspase activity assay

Intracellular caspase-3, -8 and -9 activities were measured using a colorimetric
assay with p-nitroaniline (pNA)-labeled substrates, as described previously (6). Adherent
cells were lysed in buffer containing S0 mM Hepes, 100 mM NaCl, 0.1% CHAPS, 1 mM
DTT, 100 uM EDTA, pH 7.4 (4°C). The mixture was centrifuged at 14,000 x g for 10
min. Supernatants were collected and adjusted for protein concentration. The reaction
mixture contained 50 mM Hepes, 100 mM NaCl, 0.1% CHAPS, 10 mM DTT, 100 uM
EDTA, 10% glycerol , pH 7.4 (37°C) with 2 mM substrate, i.e. Ac-Asp-Glu-Val-Asp-
pNA (caspase-3), Ac-Leu-Glu-His-Asp-pNA (caspase-9), or Ac-lle-Glu-Thr-Asp-pNA
(caspase-8). The absorbance of the reaction was read at 405 nm every 5 min for 2 h. After

subtraction of background activity, the slope of absorbance versus time is proportional to

caspase activity.

Fluorescence microscopy

Cells adherent to uncoated or collagen-coated glass coverslips were fixed with 3%
paraformaldehyde in PBS and were permeabilized with 0.5% Triton X-100. After
washing, cells were incubated with rhodamine-phalloidin (0.043 pg/ml) to visualize F-
actin and Alexa-Fluor 488 conjugated-DNase 1 (9 pg/ml, diluted in 3% BSA in PBS) to
visualize G-actin for 20 min. Covefslips were mounted onto glass slides and were
examined using both rhodamine and fluorescein filters in a Nikon Diaphot fluorescence

microscope. Slides were photographed using a Nikon Coolpix 995 digital camera locked
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at a constant exposure. Fluorescence intensity was then quantified using Adobe

Photoshop software.

Statistics

Data are presented as mean+SEM. The t statistic was used to determine significant
differences between two groups. One-way ANOVA was used to determine significant
differences among groups. Where significant differences were found, individual
comparisoﬁs were made between groups using the t statistic, and adjusting the critical

value according to the Bonferroni method.

RESULTS

Role of F-actin in GEC survival

Previously, we showed that adhesion of GEC to collagen induced ERK activation,
which was essential for GEC survival, while GEC adherent to plastic showed limited
ERK phosphorylation and underwent apoptosis. Second, stable expression of
constitutively active mutants of FAK (CD2-FAK) or MEK (R4F-MEK) both activated
the ERK pathway, and supplanted the requirement of collagen for survival (6). To study
the relationship between actin organization and the survival phenotype, we analyzed the
actin cytoskeleton in various GEC lines. Parental GEC adherent to plastic had
significantly greater levels of F-actin, as compared with parental GEC on collagen (Fig.
1A). In parental GEC on collagen, F-actin was distributed in a cortical pattern (Fig. 1B),

whereas parental GEC adherent to plastic demonstrated a complete loss of the cortical F-
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actin structure and formation of extensive stress fibers (Fig. 1B). GEC expressing CD2-
FAK or R4F-MEK on plastic had levels of F-actin comparable with parental GEC on
collagen (Fig. 1A). In addition, the GEC expressing CD2-FAK or R4F-MEK on plastic
showed a clear cortical actin distribution, comparable to parental GEC on collagen, and
in keeping with their survival phenotype (Fig. 1B). These results demonstrate the

association of a cortical actin cytoskeletal structure with GEC survival.

In a previous study, we demonstrated that the MEK inhibitor, PD98059, induced
apoptosis in parental GEC adherent to collagen, and in CD2-FAK- and R4F-MEK-
expressing GEC (on plastic) (6). Thus, survival of GEC was dependent on the activation
of ERK. To determine if ERK pathway activation was associated with reorganization of
the cytoskeleton, we examined F-actin staining in collagen-adherent GEC that were
treated with PD98059. Inhibition of the ERK pathway in parental GEC on collagen
resulted in a partial loss of the cortical F-actin staining pattern, and formation of stress
fibers (Fig. 1B), resembling F-actin staining in parental GEC adherent to plastic (Fig.
1B). This result suggests that the ERK pathway contributes toward cortical F-actin

organization, which is associated with the survival phenotype.

In the next series of experiments we addressed the importance of the cytoskeleton
in facilitating ECM-induced survival signaling. GEC were treated with two distinct
inhibitors of actin polymerization, cytochalasin D or latrunculin B. Cytochalasin D binds
to the growing end of actin filaments preventing stress fiber formation, whereas

latrunculin B sequesters G-actin monomers disrupting both actin stress fibers as well as
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cortical actin filaments. In GEC, both compounds were shown to disassemble F-actin
extensively (15). Incubation of GEC with cytochalasin D (20 pM) or latrunculin B (1
uM) for 24 h, significantly reduced ERK activation in parental GEC, as well as in R4F-
MEK- and CD2-FAK-expressing clones, as compared with untreated cells (Fig. 2, A-C).
Thus, there appears to be a reciprocal relationship between ERK activation and cortical
F-actin assembly, i.e. ERK activ>ation is associated with cortical F-actin organization

(Fig. 1B), while disassembly of F-actin impairs ERK activation.

F-actin disruption also led to increased levels of apoptosis in parental GEC, as
well as in R4F-MEK- and CD2-FAK-expressing clones (Fig. 2D). Moreover, analysis of
intracellular caspase activities revealed increased caspase-8 and -9 activities in R4F-
MEK- and CD2-FAK-expressing GEC treated with cytochalasin D or latrunculin B, as
compared with untreated cells (Fig. 2E). Parental GEC showed upward trends in caspase-
8 and -9 activities, which did not reach statistical significance, possibly due to lower

apoptosis rates and/or sensitivity limitations of these assays.

Expression of constitutively active RhoA (L63RhoA)

Rho GTPases are known to regulate the structure of the actin cytoskeleton (7). To
address the effects of RhoA on GEC survival and cytoskeletal. structure, GEC were stably
transfected with constitutively active RhoA (L®RhoA). Two representative clones are
demonstrated in Fig. 3A. In keeping with previous results, parental GEC proliferated only
on collagen, but not plastic substratum (Fig. 3B). In contrast, the two L®RhoA-

expressing clones (as well as several other L®RhoA clones that are not shown) were also
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able to proliferate on plastic substratum (Fig. 3B). Proliferation of L63RhoA-expressing
GEC on plastic was dependent upon the presence of growth factors in the medium (Fig.
3C, two left bars) and on the activation of the ERK pathway (Fig. 3C, PD98059).
Moreover, proliferation of L63RhoA—expressing GEC on plastic was adhesion-dependent,
as demonstrated by inability to form colonies in soft agar (not shown). Thus, expression
of L¥RhoA supplanted the requirement of GEC for collagen in supporting survival and

proliferation.

GEC expressing LRhoA (on plastic) showed levels of F-actin comparable to
parental GEC on collagen (Fig. 1A). Moreover, the GEC expressing L*®RhoA showed a
cortical actin distribution, comparable to parental GEC on collagen (Fig. 1B), and in
keeping with the survival phenotype. In addition, the L5RhoA clones had some stress
fiber formation, although these stress fibers were substantially smaller than those

observed in parental GEC adherent to plastic.

In the absence of mitogens (serum-poor medium), basal ERK phosphorylation in
the L63RhoA-expressing clones on plastic was approximately 4-fold greater as compared
with parental GEC on plastic, reaching ~50% of the level seen in parental cells on
collagen (Fig. 3D). Moreover, basal ERK phosphorylation in L%RhoA GEC on plastic
could be further stimulated by EGF (Fig. 3E), similar to parental GEC adherent to
collagen, but unlike parental GEC on plastic, where lack of signals emanating from the
ECM prohibited efficient activation of the EGF receptor and ERK pathway by EGF (6;

11). Survival of L®RhoA GEC was dependent on the ERK pathway, as inhibition of
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MEK with PD98059 increased apoptosis and caspase-3 activation (Fig. 3F and G).
L%RhoA-expressing GEC on plastic were relatively resistant to cytochalasin D- or
latrunculin B-induced apoptosis, demonstrated by reduced levels of apoptosis at similar
drug concentrations, when compared with parental GEC on collagen (Fig. 3H).
Nevertheless, cytochalasin D and latrunculin B treatments led to increased caspase-3
activity in L®RhoA-expressing GEC (Fig. 3G). For comparison, L”RhoA-expressing
GEC were also treated with the Rho kinase (ROCK) inhibitor, Y27632, or with the
phosphatidylinositol 3-kinase inhibitor, 1.Y294002. Y27632 and L.Y294002 had no
significant effects on apoptosis or caspase-3 activation (Fig. 3F and G), and did not affect
ERK phosphorylation (not shown). Thus, stable expression of L**RhoA in GEC induced
an actin organization that permitted efficient activation of ERK in the absence of ECM,

and thus supplanted the requirement of collagen for survival.

Downregulation of PIP, in GEC

Adhesion of GEC to collagen was shown to increase the mass of PIP; (13). To
address the role of PIP, in regulating cell survival, PIP, was downregulated or
sequestered by stably transfecting GEC on collagen with an inositol 5'-specific
phosphatase (GFP-Pase), or the plextrin-homology domain of phospholipase C-8 [GFP-
PH(PLC9)], which binds to PIP, with high affinity and specificity (33; 35). The
expression of GFP-PH(PLCS) and GFP-Pase are demonstrated in Fig. 4A. We observed a
significant increase in apoptosis in GFP-PH(PLCS) and GFP-Pase GEC, as compared

with parental cells, although the level of apoptosis observed in GFP-PH(PLCS) or GFP-

90



Pase GEC was less than in parental GEC adherent to plastic substratum (Fig. 4B). There
were no significant differences observed among the proliferation rates of parental, GFP-
PH(PLCS) and GFP-Pase-expressing GEC (Fig. 4C), however, this assay may not have
been sufficiently sensitive to detect small differences. Intracellular caspase-3 activity was
significantly increased in GFP-PH(PLCO) and GFP-Pase-expressing GEC, as compared
with parental GEC (Fig. 4D), in keeping with apoptotic cell counts (Fig. 4B). In addition,
basal ERK activity was not significantly different among the three cell lines (not shown).
The importance of the ERK pathway in promoting cell survival was further demonstrated
by treating GEC with the MEK inhibitor, PD98059, and quantifying caspase-3 activity.
In addition to the increased levels of caspase-3 observed in GFP-PH(PLCS) and GFP-
Pase-expressing GEC, there was a further increase in apoptosis in the PD98059-treated
GEC, as compared with untreated (Fig. 4E). This result suggests that sequestration of
PIP; and inhibition of the ERK cascade may lead to apoptosis via separate pathways,

since the inhibitory effects on the two pathways were additive.

GEC expressing GFP-PH(PLCJ) adherent to collagen had reduced levels of F-
actin, as compared with parental GEC on collagen (Fig. 1A). A trend toward lower F-
actin content was observed in GEC expressing GFP-Pase, although the result was not
statistically significant (Fig. 1A). GEC expressing GFP-PH(PLCS) or GFP-Pase

demonstrated cortical actin staining, however, at reduced intensity, as compared with

parental GEC on collagen (Fig. 1B).
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DISCUSSION

This study demonstrates the importance of an organized cortical actin
cytoskeleton in transmitting survival signals emanating from ECM. Adhesion of GEC to
collagen induced FAK and ERK activation, as well as survival (6), in association with the
assembly of a cortical actin cytoskeleton (Fig. 1 and 5). In contrast, adhesion to plastic,
which enhances apoptosis (Fig. 4B) (6), was associated with disorganization of cortical
actin, and formation of prominent stress fibers (Fig. 1). Assembly of cortical F-actin was,
at least in part, mediated via the ERK pathway (Fig. 5), as treatment of collagen-adherent
GEC with PD98059 resulted in loss of cortical actin and appearance of stress fibers,
resembling the distribution of F-actin in GEC adherent to plastic (Fig. 1B). However,
there also appeared to be a reciprocal relationship between ERK activation and cortical F-
actin assembly (Fig. 5). Thus, disruption of the actin cytoskeleton by cytochalasin D or
latrunculin B in parental GEC adherent to collagen, as well as in GEC that express R4F-
MEK and CD2-FAK led to decreased activation of ERK and reduced cell survival
(increased apoptosis) (Fig. 2). Cytochalasin D and latrunculin B had no effect on FAK
activation in parental GEC (data not shown), suggesting functional integrin-FAK
signaling despite cytoskeletal disruption. In GEC, collagen-induced FAK activation was
dependent on Src, and resulted in binding of Grb2, and activation of the Ras-ERK
cascade (Fig. 5) (6). Thus, the cytoskeleton-depolymerizing drugs most likely acted
downstream of FAK. Together, the results demonstrate the dependence of efficient Ras-
ERK pathway activation and transmission of survival signals from collagen on the proper

organization of the actin cytoskeleton.
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The role of the cytoskeleton in ERK activation has also been addressed in other
cells. In fibroblasts, EGF-dependent ERK activation was dependent on adhesion to ECM
and an intact cytoskeleton (3). In cells in suspension or in cells treated with cytochalasin
D, the nuclear translocation of activated ERK was absent because of the disruption of the
actin cytoskeleton (3). Insulin-induced Ras and ERK activation were inhibited by
cytochalasin D in L6 myotubes (37). Moreover, in human intestinal epithelial cells (HT-
29 or Caco-2), disruption of the actin cytoskeleton with cytochalasin D induced the
activation of NF-xB and p38 kinase, demonstrating the concomitant activation of certain

pathways resulting from actin disassembly (31).

GEC signaling, survival and organization of the actin cytoskeleton were
modulated by stable expression of L®RhoA. Survival of L*RhoA-expressing cells
adherent to plastic was comparable with that of parental GEC on collagen, and in the
presence of growth factors, the L%RhoA-expressing cells were able to proliferate on
plastic substratum, thus supplanting the requirement for ECM (Fig. 3). Basal ERK
phosphorylation was increased in L®RhoA-GEC, as compared with parental GEC on
plastic (Fig. 3), indicating that L RhoA stimulated a pathway that resulted in ERK
activation (Fig. 5). Also, stable expression of L%RhoA in GEC induced cortical
distribution of F-actin and some stress fiber formation (Fig. 1 and 5), in keeping with the
results of a recent study (15). L%RhoA could potentially activate various effectors, which
include Rho kinase/ROK/ROCK, the myosin-binding subunit of myosin phosphatase,
protein kinase N/PRK1, rhophilin, rhotekin, citron, p140 mDia, or phosphatidylinositol 4-

phosphate 5'-kinase. Some or all of these effectors could influence actin polymerization
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(Fig. 5), stress fibers formation, focal adhesion formation, cytokinesis, smooth muscle
contraction and cell motility (21). Disassembly of the actin cytoskeleton with
cytochalasin D or latrunculin B led to increased apoptosis in parental GEC on collagen
(Fig. 3), while L**RhoA GEC proved to be more resistant to these drugs, displaying
relatively lower levels of apoptosis at every concentration of cytochalasin D or
latrunculin B (Fig. 3). In our earlier study, treatment of L%RhoA GEC with latrunculin B
resulted in relatively less disassembly of the cortical actin structure, although the stress
fibers disappeared (15). This result reinforces the importance of the cortical actin
structure in maintaining cell survival. In L*RhoA GEC, the dependence of survival on
the ERK, phosphatidylinositol 3-kinase-Akt and Rho-kinase pathways was analyzed
using specific inhibitors for these cascades, PD98059, LY294002 and Y27632
respectively. GEC apoptosis and caspase-3 activity (an instigator of apoptosis) was
increased only after PD98059 treatment (Fig. 3), in keeping with previous results,
demonstrating that the ERK cascade is the major pathway that mediates the survival
signaling emanating from collagen (6). The absence of increased caspase-3 activity in
L®RhoA-GEC treated with Y27632 suggests that the survival signals emanating from
L®RhoA are not exclusively mediated through Rho kinase, implying the involvement of
one or more of the other aforementioned Rho effectors. It should be noted that we were
unable to detect activation of endogenous RhoA in parental GEC on collagen or plastic
(results not shown). Lack of detection may be related to a low expression level of
endogenous RhoA (Fig. 3), or other technical reasons, but it is also possible that
assembly of cortical F-actin and survival signaling in parental GEC may not involve

RhoA. Thus, the expression and function of L*>RhoA may be unlike those of CD2-FAK,
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and R4F-MEK, both of which appear to be supplanting the endogenous GEC kinases

activated by ECM.

It is becoming increasingly apparent that phosphoinositides, particularly PIP,
may regulate the actin cytoskeleton by modulating the activity and targeting of actin
regulatory proteins. PIP, promotes actin polymerization by activating proteins, including
WASP, gelsolin, cofilin, which favor the formation of positive ends on actin nuclei that
are necessary for the addition of actin monomers. Moreover, PIP, activates many actin
cross-linking proteins (¢-actinin, filamin, ezrin/radixin/moesin, talin, vinculin), further
facilitating actin polymerization (39). We have previously determined that adhesion of
GEC to collagen increases PIP, levels, possibly through the activation of
phosphatidylinositol 4-phosphate 5-kinase (Fig. 5) (13). In the present study, we
reduced/sequestered PIP, by stable transfection of GFP-Pase or GFP-PH(PLCJ). GEC
expressing either of these two proteins demonstrated increased levels of apoptosis (Fig.
4), although the levels of apoptosis were much lower, as compared with parental GEC on
plastic. In addition, GFP-PH(PLCS) and GFP-Pase cell lines had reduced levels of F-
actin (Fig. 1), as compared with parental GEC. However, the cortical F-actin pattern,
although reduced, was maintained in the GFP-PH(PLCJ) or GFP-Pase-expressing cell
lines (Fig. 1). These results indicate that PIP, facilitated survival, and was involved in F-
actin organization (Fig. 5). The results are in agreement with a recent study in 3T3-L1
adipocytes, where the induction of insulin resistance in these cells was paralleled by a
marked loss of cortical F-actin and a decrease in PIP; levels. Interestingly, cortical F-

actin and insulin responsiveness was restored after replenishing the plasma membrane
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with PIP; (8).

GEC injury or genetic alterations in the expression of certain cytoskeleton-
modulating proteins are observed in different forms of focal segmental
glomerulosclerosis, in association with proteinuria and foot process effacement.
Expanding our knowledge about these factors that control GEC survival will help us
understand the pathophysiology of GEC injury in vivo. Eventually, these insights will

provide novel therapeutic approaches to preserving a functional glomerular filter with

intact permselectivity.

FOOTNOTES

1. Abbreviations: ECM, extracellular matrix; ERK, extracellular signal-regulated
kinase; FAK, focal adhesion kinase; GEC, glomerular epithelial cell; GFP, green
fluorescent protein; MEK, mitogen-activated protein kinase kinase; Pase, inositol
5'-phosphatase; PH(PLCS), plextrin-homology domain of phospholipase C-3;
PIP,, phosphatidylinositol-4,5-bisphosphate.
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Figure 1. Actin cytoskeleton in GEC. The actin cytoskeleton was analyzed in parental
GEC on collagen or plastic, in GEC that express GFP-PH(PLCS3) or GFP-Pase on
collagen, and in GEC that express constitutively active RhoA (L5°RhoA), FAK (CD2-
FAK) or MEK (R4F-MEK) on plastic. A: F-actin content was quantified in these GEC
lines by rhodamine-phalloidin labeling of F-actin, normalized for Alexa-Fluro-488-
conjugated DNasel-labeled G-actin. Parental GEC on plastic had significantly greater
levels of F-actin, as compared with parental GEC on collagen (¥P<0.007 parental plastic
vs. parental collagen, 8 experiments). GEC expressing GFP-PH(PLCS) or GFP-Pase had
reduced levels of F-actin, as compared with parental GEC on collagen, but the decrease
reached statistical significance only in GEC expressing GFP-PH(PLCJ) (**P<0.02 GFP-
PH(PLCS) collagen vs. parental collagen, 8 experiments). GEC expressing L%°RhoA,
CD2-FAK or R4F-MEK on plastic had similar levels of F-actin as parental GEC on
collagen. B: Fluorescence micrographs of rhodamine-phalloidin labeled GEC.
Rhodamine-phalloiding staining of parental GEC on collagen (row 1, column 1)
demonstrates cortical F-actin distribution with faint cytosolic staining. Parental GEC
plated on plastic substratum (row 1, column 2) demonstrate extensive stress fibers with
loss of organized cortical staining. Parental GEC on collagen treated with the MEK
inhibitor (PD98059, 75 uM) for 24 h (row 2, column 1) had a similar F-actin staining
pattern as parental GEC on plastic with loss of the cortical F-actin, and formation of stress
fibers. GEC expressing GFP-PH(PLCJ) (row 3, column 1) or GFP-Pase (row 4, column 1)
on collagen demonstrate reduced levels of cortical staining, as compared with parental
GEC on coﬂagen. GEC expressing LRhoA (row 2, column 2) or R4AF-MEK (row 3,
column 2) or CD2-FAK (row 4, column 2) on plastic demonstrate obvious cortical

staining, comparable to parental GEC on collagen.
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Figure 2. Survival signals emanating from collagen are dependent upon an intact actin
cytoskeleton. Parental (Par) GEC on collagen (COL) (A), R4F-MEK GEC on plastic (PL)
(B) or CD2-FAK GEC on plastic (C) were untreated (Untr), or were treated with
cytochalasin D (CD, 20 uM) or latrunculin B (LtB, 1 pM) for 24 h in serum-poor
medium. Cell lysates were immunoblotted with antibodies to ERK1/2 phospho-
threonine?*%/tyrosine?®* (pERK; upper panel) or to ERK1/2 (lower panel). Representative
immunoblots are shown on the left, and densitometric quantification on the right. ERK
activation was decreased significantly in CD- or LtB-treated GEC, as compared with
untreated. A) ¥*P<0.002 CD vs. untreated, **P<0.001 LtB vs. untreated (3-5 experiments);
B) *P<0.001 CD or LtB vs. untreated (6 experiments); C) *P<0.001 CD or LtB vs.
untreated (6 experiments). There were no significant differences in ERK protein
expression. D: Apoptosis was monitored as H33342-positively stained nuclei in the three
GEC lines treated with or without CD or LtB. There were significant increases in
apoptosis in CD or LtB-treated GEC, as compared with untreated. *P<0.001 CD or LtB
vs. untreated (4 experiments). E: Caspase-8 and -9 activities were monitored in the three
GEC lines treated with or without CD or LtB. There were significant increases in caspase-
8 and -9 activities in GEC expressing R4F-MEK or CD2-FAK, treated with CD or LtB, és
compared with untreated. *P<0.02 CD vs. untreated (R4F-MEK; caspase-8), **P<0.03
LtB vs. untreated (R4F-MEK; caspase-8), +P<0.001 CD or LtB vs. untreated (CD2-FAK;
caspase-8 and caspase-9), CD vs. untreated (R4F-MEK; caspase-9), ***P<0.004 LtB vs.
untreated (R4F-MEK; caspase-9) (4-6 experiments). There were no significant increases

in caspase-8 or -9 activities in parental GEC treated with CD or LtB.
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FIGURE 3, Continued
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Figure 3. Stable transfection of GEC with constitutively active RhoA (LSRhoA). A: Two
representative GEC clones (clones 13 and 22) that stably express L5RhoA, adherent to
plastic (PL), and parental GEC on collagen are presented. Equal amounts of total protein
were loaded into each lane. Endogenous RhoA was not detectable by immunoblotting at
this exposure, but was detected in other experiments (not shown). B: Parental or LRhoA-
transfected GEC (clones 13 and 22) were plated at 2 x 10° cells/well and cultured on
collagen (COL) or plastic (PL) in K1 medium for 72 h. Parental GEC proliferated only on
collagen (*p<0.005 parental COL vs. parental PL, 11 experiments). L3RhoA clones
proliferated on collagen and plastic (*p<0.005, +p<0.04 LRhoA PL vs. parental PL, 11

experiments). Continued on following page
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C: L5*RhoA transfected GEC (50,000 cells) on plastic were cultured in serum-poor (SP)
medium, or growth factor-replete (K1) medium for 5 days. Cell number increased in the
presence of K1 (*p<0.001 K1 vs. SP, 8 experiments). Addition of PD98059 (75 uM)
abolished proliferation. D: Parental (Par) GEC on collagen (COL) or plastic (PL) and
L%RhoA-transfected GEC on plastic (clone 13) were cultured in serum-poor medium for
24 h. Lysates were immunoblotted with antibodies to ERK1/2 phospho-
threonine?*?/tyrosine?™ (pERK; upper panel) or to ERK1/2 (lower panel) (representative
immunoblots and densitometric quantification). ERK activation was low in parental GEC
on plastic, while ERK was activated in GEC on collagen. ERK phosphorylation was
increased in LS°RhoA GEC, as compared with parental GEC on plastic (*P<0.004
L5RhoA PL vs. Parental PL, 4 experiments). E: L5RhoA-transfected GEC on plastic
were cultured in serum-poor medium for 24 h. Cells were then treated with or without
EGF (100 ng/ml) for 30 min. Equal amounts of total protein were loaded into each lane
prior to immunoblotting with anti-phosphoERK antibody. Basal L%RhoA ERK
phosphorylation was further stimulated by EGF (*P<0.002 EGF vs. untreated, 6
experiments). F: Apoptosis (H33342-positively stained nuclei) in L*RhoA GEC on
plastic (PL) was monitored after treatment with or without PD98059 (PD; 75 uM), the
phosphatidylinositol 3-kinase inhibitor 1.Y294002 (LY; 10 uM) or the Rho kinase
(ROCK) inhibitor Y27632 (Y27; 10 uM) in serum-poor medium for 24 h. There was a
significant increase in apoptosis only in PD98059-treated cells (*P<0.001 vs. untreated, 8
experiments). G: Caspase-3 activity was monitored in L5*RhoA transfected GEC on
plastic (PL) cultured in serum-poor medium with or without PD98059 (PD, 75 uM),
1Y294002 (LY, 10uM), Y27632 (Y27, 10 uM), cytochalasin D (CD, 20 uM), or
latrunculin B (LtB, 1 uM) for 24 h. Caspase-3 activity was increased in the L®RhoA GEC
treated with PD98059, cytochalasin D and latrunculin B, as compared with untreated
(*P<0.001 vs. untreated, 4 experiments). H: Apoptosis of parental GEC on collagen
(COL) and L%°RhoA GEC on plastic (PL) was monitored after treatment with or without
cytochalasin D (CD; 4 or 20 pM) or latrunculin B (LtB; 0.2 or 1.0 uM) in serum-poor
medium for 24 h. Treatment with CD (4 or 20 uM) significantly increased apoptosis in
both cell lines, whereas treatment with 1.0 uM LtB significantly increased apoptosis only

in parental GEC (¥P<0.001 vs. untreated Parental or untreated L%RhoA; 8 experiments).
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Figure 4. Stable transfection of GEC with GFP-PH(PLCS) or GFP-Pase. A: Lysates of
parental GEC and of GEC clones that stably express GFP-PH(PLCS) or GFP-Pase were
immunoblotted with anti-GFP antibody. Equal amounts of total protein were loaded into
each lane. B: Apoptosis of parental (Par) GEC on plastic (PL) or collagen and of GEC
expressing GFP-PH(PLCS) or GFP-Pase cultured in serum-poor medium for 24 h was
quantified by monitoring H33342 staining of nuclei. Parental GEC on plastic substratum
had increased levels of apoptosis, as compared with parental GEC on collagen. GEC
expressing GFP-PH(PLCS) or GFP-Pase had significantly greater levels of apoptosis as
compared with parental GEC on collagen (*P<0.001 PH(PLCS) COL vs. parental COL,
parental COL vs. parental PL, **P<0.03 Pase COL vs parental COL, 6 experiments). C:
Parental (Par) GEC, GEC expressing GFP-PH(PLCd) or GFP-Pase (50,000 cells) were
cultured in KI medium. Cell number was quantified at 72 h. There were no significant
differences among groups. D: Caspase-3 activity was significantly increased in GEC
expressing GFP-PH(PLCJ) or GFP-Pase, as compared to parental (Par) GEC (*P<0.001
PH(PLCO) vs. parental, **P<0.003 Pase vs. parental, 5 experiments). E: Caspase-3
activity of parental (Par) GEC on collagen and of GEC expressing GFP-PH(PLCS) or
GFP-Pase on collagen cultured in K1 medium was monitored after treatment with
PD98059 (75 uM) for 24 h. Addition of PD98059 resulted in further increases in caspase-
3 activity in all cell lines, as compared with untreated (¥P<0.001 parental PD98059 vs.

parental untreated, PH(PLCS) PD98059 vs. PH(PLCS) untreated,**P<0.03 GFP-Pase
PD98059 vs. GFP-Pase untreated, 3 experiments).
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Figure 5. Schematic representation of the reciprocal relationship between ERK activation
and the cortical F-actin structure involved in the intracellular survival signals emanating

from the ECM. See text for details.
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SECTION 4: CONCLUSION

The discovery that mutations in podocyte specific proteins cause hereditary
kidney diseases, has reinforced the current understanding that among the cells present in
the glomerulus, the podocyte is the major cell type responsible for the progression of
many glomerular diseases. Certain forms of glomerulonephritis feature GEC injury,
which may lead to apoptosis or proliferation, and, in association with ECM expansion, to
glomerulosclerosis and/or impaired glomerular function or permselectivity.
Understanding the factors that modulate GEC proliferation and/or survival, and the
mechanisms utilized will help to identify future therapeutic targets toward improving the
renal survival of patients with glomerular disease. The objective of this study was to
identify and characterize the major intracellular signaling pathways that modulate GEC
proliferation and/or survival, and are activated by adhesion to ECM and involved in the

crosstalk between ECM receptors and growth factor receptors.

Of primary importance is the work, which revealed that adhesion of GEC to
collagen increased the activation of FAK, c¢-Src, and ERK, and facilitated survival
(prevented apoptosis). In contrast, GEC adherent to plastic underwent apoptosis,
characterized by increased oligonucleosomal DNA fragmentation, increased caspase-8
and -9 activities, chromatin condensation, increased expression of the active proapoptotic
protein, Bax, and decreased expression of the antiapoptotic protein, Bcl-X;. The result
also suggests the involvement of the mitochondrial apoptotic pathway. Moreover, the

survival signals emanating from collagen were supplanted by the stable expression of
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constitutively active mutants of FAK or MEK, which successfully activated ERK in GEC
clones on plastic, without replacing the requirement of growth factors for cell survival
and proliferation. This study supports the view that collagen and constitutively active
FAK and MEK mutants activated an ECM-specific ERK pathway (perhaps within focal
adhesions), whereas growth factor-induced ERK activation occurred via a distinct Ras-
ERK pathway, as illustrated in Fig. 1. In a previous study, stable transfection of a
constitutively active mutant of Ras (V'*Ras) supplanted the requirement for collagen, but

not for growth factors (15), further supporting this view.

The importance of the ERK pathway in supporting cell survival was further
demonstrated by the expression of a Ras mutant that constitutively activates PI-3K but
blocks ERK activation or by the use of a pharmacological inhibitor of the ERK pathway
(PD98059). In spite of the presence of ECM, inhibition of the ERK pathway led to
increased GEC apoptosis. The inability of the PI3-K pathway to promote GEC survival
is of a special interest since the PI3-K pathway has been viewed as an important survival
pathway in different cell types (10). Our studies revealed that the ERK pathway is
necessary to promote ECM-induced GEC survival, whereas the PI3-K pathway is neither

sufficient nor necessary for GEC survival.
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Figure 1: Crosstalk between ECM receptors and growth factor receptors modulating
GEC proliferation and/or survival in GEC. Adhesion to ECM (collagen) resulted in the
activation of FAK, which led to the phosphorylation of the Grb2 binding site of FAK in a
Src dependent manner. The FAK/Src/Grb2 complex was able to activate ERK within
focal adhesions, which was necessary to promote cell adhesion and growth factor
dependent GEC survival and proliferation. ECM-induced ERK activation was also
necessary to achieve and maintain a cortical actin structure required for growth-factor
induced ERK activation and adequate GEC proliferation and survival. Adhesion of GEC
to ECM may also favor the maintenance of the cortical F-actin architecture necessary for
GEC survival through the increased turnover of inositol phospholipids (i.e. PIP;
production). Disruption or inhibition of any of the aforementioned signaling components
leads to GEC apoptosis possibly through the mitochondrial apoptotic pathway. In
contrast, constitutive activation of certain signaling components is able to supplant the

requirement for ECM and thus promote survival and growth factor induced proliferation.
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Podocyte loss occurs in humans with type 1 diabetes, although podocyte cell
density is maintained. This suggests that the glomerular filter including the podocyte is
able to actively regulate its architecture to maintain the same number of cells per volume,
however this compensatory mechanism is limited and eventually podocyte loss leads to
the progression of the disease and renal insufficiency (77). Moreover, in experimental
focal segmental glomerulosclerosis (FSGS), ie. the puromycin aminonucleoside
nephrosis (PAN) model of GEC injury in vivo, 15, 31 and 53% of podocyte depletion
was observed after the administration of one, two or three injections of puromycin
aminonucleoside at 30 day intervals respectively. Podocyte loss was confirmed by the
identification of detached podocytes in Bowman’s space, the presence of the podocyte
specific proteins nephrin and GLEPP1 mRNA in urine and thé presence of TUNEL
positive (i.e. apoptotic) podocytes in glomeruli. Furthermore, glomerulosclerosis was
observed in the area of the glomerulus that did not contain podocytes (40). In our study,
glomeruli isolated from rats with PAN revealed increased p1-integrin expression, along
with increased activation of FAK, c-Src, and ERK, compared with controls, indicating
the presence of analogous GEC survival signals in vivo. In our case increased B1 integrin
signaling through FAK/Src/ERK may be an initial protective mechanism of GEC in order
to limit injury, which eventually may not be sufficient to maintain a stable GEC-GBM
interaction, thus leading to GEC detachment and apoptosis (anoikis). Hence, factors that
facilitate detachment of GEC from the GBM are key instigators of GEC apoptosis,

leading to glomerulosclerosis and should be analyzed in greater detail.
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Factors that may promote GEC detachment and apoptosis include alterations in
the integrin-binding affinity, intraglomerular hypertension, immune complexes, and C5-9
mediated injury to podocytes. Moreover, factors that affect the GBM integrity such as
diabetes, amyloidosis and immune complexes may also influence the GEC-GBM contact
(40). Integrin binding affinity can be regulated via inside-out signaling through the
cytoplasmic domain of integrin receptors. FAK and ERK signaling could modulate
integrin binding affinity for different extracellular matrices.  For example, in
differentiated prostatic epithelial cells, FAK was shown to be present at lower levels, as
compared to cells with a proliferative phenotype, suggesting that FAK may reduce
integrin binding to ECM, which is required for cell proliferation (80). Activation of ERK
has also been shown to reduce high affinity binding of 1 integrin to ECM. This may
serve as a negative feedback loop suppressing the growth promoting signals emanating
from ligated integrins (33). Moreover, integrin binding affinity could be regulated by
cytoskeletal components. In our study, disruption of the actin cytoskeleton with
cytochalasin D or latrunculin B in parental GEC adherent to collagen, as well as in GEC
that express R4F-MEK and CD2-FAK on plastic led to decreased activation of ERK and
increased apoptosis. ERK activation by collagen was necessary to maintain a cortical
actin architecture, which was abolished in GEC plated on plastic substratum. This intact
cortical architecture is required for efficient activation of the growth factor mediated
ERK activation leading to GEC survival and proliferation. Moreover, ERK activation
was also dependent upon an intact actin cytoskeleton, suggesting a reciprocal relationship

between collagen-induced cortical F-actin assembly and collagen-dependent survival ‘
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signaling, including ERK activation (Fig. 1). This study demonstrated the importance of
an organized cortical actin cytoskeleton in transmitting survival signals emanating from
ECM. The cortical cytoarchitecture may regulate integrin adhesivity and thus modulate
cell survival. However, disruption of the cortical actin may also influence growth factor
receptor translocation to focal adhesions upon integrin ligation. In human umbilical vein
endothelial cells (HUVEC), vascular endothelial growth factor (VEGF) is able to
stimulate the tyrosine phosphorylation of FAK, however upon treatmeﬁt with

cytochalasin D, tyrosine phosphorylation of FAK by VEGF was completely inhibited (1).

Our studies demonstrated the ability of membrane phosphoinositides to regulate
GEC architecture, and therefore GEC survival. Downregulation or sequestration of PIP,
by stable transfection with an inositol 5'-phosphatase or the plextrin-homology domain of
phospholipase C-3 reduced cortical F-actin content and decreased GEC survival. PIP; is
able to promote F-actin assembly through many of its effectors (85). Understanding the
process of ECM-induced inositol lipid production and breakdown in GEC may provide
insights into the regulation of GEC survival in normal conditions and during glomerular

njury.
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OTHER RESULTS AND FUTURE IMPLICATIONS

It is becoming increasingly apparent that there is no single protein or mechanism
responsible for the progression of FSGS, since multiple defects in podocytes result in the
same clinical (proteinuria) and histopathological (foot process effacement and sclerosis)
condition. Therefore, analyzing the molecular targets or pathways involved in the
pathogenesis of the disease is of greatest importance for eventually attaining a therapeutic

solution.

Additional studies need to address the upstream regulators of GEC survival. For
example, 1t would be important to determine if collaboration occurs between ECM
survival signaling and growth factor mediated activation of the ERK pathway at levels
other that those illustrated in Fig. 1. Moreover, it would be important to identify common
downstream targets of both of these signaling pathways, including cytosolic, nuclear or
focal adhesions proteins. Monitoring the translocation of certain proteins may also be

informative. Key protein kinases could eventually become targets for design of therapies.

In addition to the activation of caspases-3, -8 and -9 in GEC plated on plastic,
preliminary results also demonstrate slight increases in the endoplasmic reticulum (ER)
chaperone proteins Bip and Grp94, along with increased caspase-12 activity (unpublished
observations), suggesting activation of the unfolded protein response (ER stress).
Additional studies are required to address expression of GADD153 (CHOP; a gene

upregulated in ER stress), and the potential roles of caspase-12 and GADDI153 in
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apoptosis. Monitoring cytochrome c release from mitochondria, as well as Bax
translocation to mitochondrial or ER membranes will help us dissect the major apoptotic
pathways activated in GEC. We have determined that caspases-3 and -9, and Bax are
activated in glomeruli isolated from rats with PAN ie. in GEC injury in vivo
(unpublished observations). Increasing our knowledge of these apoptotic pathways in
vivo, may eventually lead to development of specific caspase inhibitors that can be

employed to maintain glomerular function or permselectivity in humans.

Another area of potential investigation may involve functional studies using GEC
stably transfected with wild type (WT) and K256E mutant-c.-actinin-4. This mutation
increases the affinity of a-actinin-4 for filamentous (F)-actin and has recently been
associated with a familial form of autosomal dominant FSGS. Mice with podocyte
specific expression of the mutated o-actinin-4 develop FSGS-like features similar to
humans with FSGS caused by a-actinin-4 mutations (53). Potential alterations inflicted
to the actin cytoskeleton by the expression of this mutant may render GEC more

susceptible to injury and consequently apoptosis through one of the above mentioned

pathways.

The availability of knockout gene technology allows more precise delineation of
the roles of specific mediators in podocyte injury. We carried out preliminary studies
using a mouse model of experimental FSGS that features GEC injury and proliferation.
This model consists of injecting mice with a sheep anti-rabbit glomerular antibody, which

results in DNA synthesis and proliferation of GEC (39). Our initial results demonstrate
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that mice injected with this antibody developed significant albuminuria, along with
increased ERK and FAK activation (unpublished observations). To address the
functional importance of these mediators, additional experiments may be performed with
mice genetically deficient in Src family kinases (which can potentially amplify the

activation of FAK), or podocyte specific proteins (e.g. CD2AP, a-actinin-4).

The present study has enhanced our knowledge about the factors that control GEC
survival and proliferation, which will help us understand the pathophysiology of GEC
injury in vivo. These findings may provide novel therapeutic approaches to preserve a
functional glomerular filter and prevent renal failure. However, the impact of this study
extends beyond GEC biology, since ECM-dependent regulation of growth factor
signaling, protein kinases, apoptosis and proliferation is likely to be applicable to other
cell types and diseases. Defective cell survival (both increased or decreased) is observed
in a wide range of pathological conditions, including neurodegenerative, cardiovascular

and immunological diseases, as well as in AIDS and cancer.

There is currently extensive documentation indicating irregular FAK expression
in human cancers. Although FAK is not regarded as an oncogene, FAK overexpression
has been reported in epithelial tumors of the breast, colon, thyroid, prostate, oral cavity,
liver, stomach, and ovary as well as in tissues of mesenchymal origin such as muscle and
glial cells. Under normal conditions, FAK regulates cell growth, survival and motility,
all of which are dysregulated in tumors. Moreover, in certain tumors, FAK

overexpression provides them the ability to undergo adhesion independent growth,
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preventing anoikis and thus supporting tumor malignancy. FAK also appears to play a
major role in cancer metastasis. FAK could regulate the secretion of matrix
metalloproteinases (MMPs), which are able to degrade basement membrane and thus
support metastasis (25). Recent studies also suggest the presence of atypical crosstalk
between the ECM and growth factor signaling pathways in tumors. It has been suggested
that integrin signaling through FAK could lead to the transactivation of growth-factor
receptors leading to harmful consequences. A study by Wang et al. demonstrated that
Met (the hepatocyte growth-factor (HGF) receptor) could be activated in hepatocytes by
cell adhesion in the absence of HGF. This may explain why transgenic mice
overexpressing Met in hepatocytes develop hepatocellular carcinoma, one of the human
tumors in which Met has been implicated, even though HGF is not present in normal liver
or in hepatocellular carcinoma tissues. The activation of the growth factor receptor by
cell adhesion is misinterpreted by the cell as a growth stimulatory signal and thus leads to
unwanted cellular growth, suggesting that cell adhesion can be an alternative mechanism
for growth factor receptor activation in human cancers (83). However, additional studies
analyzing the crosstalk between these two signaling pathways are required to eventually

discover therapeutic targets for these diseases.

These findings support the view that FAK may be an important therapeutic target
in human cancers. Inhibition of FAK impairs tumor growth and metastasis and induces
apoptosis in certain types of cancers. Hauch et al. analyzed the function of FAK in
supporting human AS549 adenocarcinoma cell migration/metastasis by reducing FAK

expression by use of antisense oligonucleotides or by promoting FAK dephosphorylation
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through the expression of FAK-related non-kinase (FRNK). FAK antisense treatment or
FRNK expression significantly reduced EGF-stimulated A549 cell motility. Moreover,
the inhibition of FAK affected the extent and duration of the EGF-stimulated ERK and
INK activation (30). This is in agreement with our findings in GEC, where in the
absence of ECM, and thus absence of FAK activation, EGF-stimulated EGFR and ERK

activation was weak/transient (Fig. 5; section 1).

ECM modulation of growth factor-induced cell proliferation is also observed in
occlusive lesions of atherosclerosis that result in myocardial infarction, stroke and
peripheral vascular disease. Theses conditions result from the accumulation of
monocytes and T-lymphocytes from the circulation and from migration and proliferation
of smooth muscle cells (SMC) from the underlying layer of the artery. Studies have
determined that the ECM surrounding SMC determines whether SMC remain quiescent
or whether they migrate and proliferate in response to growth factors released from
inflammatory cells. The ECM composition surrounding SMC in normal arteries is
mainly fibrillar type I collagen, which has been shown to maintain SMC in their
differentiated and non-proliferative state. In contrast, ECM composition in areas of
developing lesions of atherosclerosis contains degraded or monomeric collagen, which
may be required for SMC migration and proliferation. In a study by Koyama et al.,
fibrillar collagen inhibited cyclin E-associated kinase activity and cyclin-dependent
kinase 2 (cdk2) phosphorylation and increased the expression of the cdk2 inhibitors
p27%! and p21“PYWall a5 compared with SMC on monomeric collagen, thus inhibiting

the G1/S transition in SMC (45). A recent study by Bond et al., addressed the molecular
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mechanism underlying the regulation of p27Ki’D1 expression in SMC. The authors were
able to demonstrate that the downregulation of p27°"' in SMC in the absence of
appropriate ECM (i.e isolated SMC), was mediated via the S-phase-associated kinase
protein-2 (Skp-2), a ubiquitin-protein ligase involved in proteasome mediated
degradation. Serum stimulation of isolated SMC significantly increased Skp-2 protein
expression and FAK phosphorylation at tyrosine 397, as compared to intact SMC.
Overexpression of mutated FAK at tyrosine 397 or the FAK related non-kinase (FRNK)
in SMC, significantly decreased Skp-2 expression, demonstrating the importance of FAK
activity in regulating SMC proliferation (5). Although proteosome inhibitors have
proven to be useful in preventing SMC proliferation, they are associated with some
harmful side effects. Perhaps therapeutic strategies targeting FAK or any of the SH2-
domain-containg kinases binding to tyrosine 397, may prove to be valuable in preventing

the progression of disease.
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