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Differential effect of components of the extracellular matrix

on differentiation and apoptosis

Dorit Aharoni*, Iris Meiri*, Ruth Atzmonf, Israel Vliodavsky'™ and

Abraham Amsterdam*

Background: Epithelial cells are closely associated with a basement membrane,
but the intimate relationships that affect growth, differentiation and survival
remain enigmatic. We have previously reported that granulosa cells adjacent to
the basement membrane of the ovarian follicle have a higher degree of
differentiation compared with cells located distal to the basement membrane. By
contrast, granulosa cells distal to the basement membrane are the first to
undergo apoptosis during follicular atresia. Moreover, growth of granulosa cells
in vitro on a naturally produced basement-membrane-like extracellular matrix
(ECM) enhances progesterone production and the cellular response to
gonadotropic hormones by an undefined mechanism.

Results: To investigate the effect of the ECM on granulosa cell differentiation
and death, primary granulosa cells were cultured on ECMs that lacked or
contained bFGF (basic fibroblast growth factor). These otherwise identical
ECMs were deposited by HR9 mouse endodermal cells, which do not synthesize
bFGF, or by HR9 cells transfected with the bFGF gene. Both ECMs provided
protection against apoptosis in serum-free medium, but only the bFGF-
containing ECM maintained expression of the steroidogenic P450scc enzyme
system and the production of progesterone. Moreover, culturing the cells on this
ECM enhanced the expression of the 30 kDa steroid acute regulatory protein
which plays a key role in steroid hormone biosynthesis. Laminin, but not
fibronectin, was able to replace the ECM in protecting the cells from apoptosis,
but not in maintaining steroidogenesis, whereas bFGF was able to enhance
steroidogenesis without protecting the cells against apoptosis. Cells cultured on
both ECMs or laminin had a well-developed actin cytoskeleton compared with
cells cultured on non-coated dishes, which underwent apoptosis.

Conclusions: Cellular responses to ECM are mediated by the combined action
of macromolecular constituents and regulatory molecules, such as bFGF, that
are sequestered and stored in the ECM. ECM or laminin protects against cell
death by interacting with specific integrin receptors and maintaining a well-
developed actin cytoskeleton. ECM-bound bFGF provides differentiation signals
for granulosa cells, which are in intimate contact with the ECM. Thus, a clear
distinction can be made between the survival activity and the differentiation
stimulus exerted by the ECM on epithelial cells.
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Background

Basement membranes and extracellular matrices (ECMs)
are the natural substrates upon which cells migrate, prolif-
erate and differentiate 7z vivo. Studies aimed at elucidat-
ing the mode of cellular responses to ECMs revealed that
the ability of cells to respond to various growth and differ-
entiation factors is determined to a large extent by their
shape and orientation, which in turn are modulated by
interactions between components of the ECM and spe-
cific transmembrane receptors called integrins [1-3].
Studies with mammary gland epithelial cells led to the
identification of genes that are dependent upon the ECM

for their transcription and to the discovery of ECM-
response elements [3,4]. On the basis of these and other
observations, it is recognized that the ECM plays an active
and complex role in regulating the morphogenesis of cells
that contact it, influencing their survival, migration, prolif-
eration and metabolic functions. Cellular responses to the
ECM seem to be mediated by the combined action of
basement membrane macromolecules, such as collagen
IV, laminin, nidogen/entactin and heparan sulfate-contain-
ing proteoglycans, and regulatory molecules, such as
growth factors and enzymes, that are immobilized and
stored in the ECM by attachment to its macromolecular
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Flow cytometry analysis of primary granulosa cells cultured in serum-
free medium on uncoated (control) or ECM-coated (HR9-bFGF/ECM)
tissue culture dishes. Cells were maintained in culture for 24 h and
DNA was stained using propidium iodide.

constituents, primarily to heparan sulfate proteoglycans
(HSPG) [5,6].

Our studies on the control of cell proliferation and differ-
entiation by the local environment focused on the inter-
action of cells with the ECM produced by cultured
corneal endothelial cells (CE/ECM) [7,8], and by HR9
mouse endodermal carcinoma cells which lacked or con-
tained basic fibroblast growth factor (bFGF): HR9/ECM
or HRIObFGF/ECM, respectively [9]. The morphology
and molecular composition of these ECMs closely resem-
ble those of basement membranes 7z vivo. We found that
vascular endothelial cells and other cell types plated on
CE/ECM no longer required soluble FGF and/or other
growth factors to proliferate and express their differenti-
ated functions [10]. Our studies on ovarian follicular cells
showed regulation of differentiation in preovulatory rat
granulosa cells following 48 hours of culture on ECM
[11,12]. Moreover, we observed a synergistic effect of the
ECM and gonadotropic hormones on the differentiation
of human granulosa cells 7z vitro [13—-15]. Studies on the
intact preovulatory ovarian follicle indicated that granu-
losa cell layers adjacent to the follicular basement mem-
brane are significantly more differentiated than cells
distal to the basement membrane, suggesting a role for
the basement membrane in induction of differentiation
in vivo [16,17].

Recent studies indicate that cell survival as well as prolif-
eration depend on appropriate signals mediated by growth
factors and/or adhesion molecules within the ECM
[18,19]. In addition, cell attachment to ECM proteins 77

vitro can regulate the apoptosis-related genes encoding
interleukin-1-B-converting enzyme and Bcl-2 [20], as well
as the cell-cycle inhibitors p21WAFI/CIPL and p27KIPL [21],
Disruption of cell-matrix interaction induced apoptosis in
human endothelial cells [22] and in kidney epithelial cells
(MDCK) [23]. Apoptosis was induced by fibronectin in
human hematopoietic cells, and by a laminin-derived mul-
timeric synthetic polypeptide containing the sequence
Tyr-Ile-Gly-Ser—Arg (YIGSR) in human fibrosarcoma
cells [24]. However, the active component(s) of the ECM
that protects against apoptosis remains enigmatic. More-
over, it is not clear whether the same ECM component(s)
that affect cell proliferation and differentiation can also
modulate apoptosis.

In the present study, we used highly steroidogenic primary
granulosa cells cultured on various types of ECM, or on
purified ECM components, for a comprehensive analysis
of their differentiation and apoptotic responses. For the
first time, we were able to distinguish clearly between the
differentiation stimulus exerted by the ECM-resident
bFGF and the anti-apoptotic activity exerted by bFGF-
free ECM or laminin alone, but not by fibronectin.

Results

Effect of ECM on granulosa cell survival

Mature rat granulosa cells isolated from pre-ovulatory folli-
cles underwent massive and rapid cell death after 24 hours
in culture when plated on tissue culture plastic in the
absence of serum. In contrast, cells cultured on dishes
coated with the ECM deposited by bovine corneal
endothelial cells (CE/ECM), attached rapidly to the
surface and survived for at least 72 hours [11]. The protec-
tive effect of ECM on cell survival was studied by flow
cytometry analysis of DNA content, using various types of
ECM or pure isolated components of the ECM, such as
laminin and fibronectin. When pre-ovulatory granulosa
cells were cultured on uncoated dishes in the absence of
serum, [B0O % of the cells contained a sub-G0 amount of
DNA, indicating massive degradation of DNA characteris-
tic of apoptosis [25-29]. Most of the remaining (20 %)
cells were in GO/G1 phase, while only 2 % were in G2/M
phase (Fig. 1). In contrast, only 20 % of cells cultured on
HRI9-bFGF/ECM were in sub-GO0 phase, while 70 % were
in GO/G1 and 8 % in G2/M (Fig. 1).

T'o determine whether the adhesive property of the ECM
was responsible for cell survival, as reflected by the signifi-
cant increase in the number of cells arrested in GO/G1
phase, we tested the ability of poly-lysine-coated dishes to
prevent apoptosis in the absence of serum. We found that,
in spite of adhesion to the poly-lysine-coated surface, 80 %
of the cell population were in sub-G0 phase, which was
similar to the incidence of apoptosis in control cells grown
on uncoated dishes (Fig. 2). Cells cultured on bFGF-free
ECM deposited by mouse PF-HR9 endodermal cells
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'g 8: Effect of serum, ECMs, bFGF and gonadotropins on granulosa cell
B i survival and steroid hormone production. Primary granulosa cells
32 6 obtained from preovulatory follicles were cultured as monolayers for
% 8 i 24 h (a,b) or 48 h (c,d) on the various substrates or on uncoated
O3 4] dishes in the absence (control) or presence of 5% FCS, 2 ng mI-1
o i bFGF or 400 ng mi-1 ovine FSH. At the end of the incubation period,
\2 2 media were collected for the progesterone assay and the cells were
< | fixed with paraformaldehyde and stained with DAPI. Apoptotic nuclei
0 : : : were scored under the fluorescent microscope. Data are means of
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Cell-cycle analysis by flow cytometry of primary granulosa cells. Cells
were cultured on different substrates or on uncoated tissue culture
dishes in serum-free medium in the absence (control) or presence of
ovine FSH (400 ng miY) or bFGF (2 ng mi-1). Cells were stained with
propidium iodide before FACS (fluorescence-activated cell sorter)
analysis. The data are from one representative experiment (of three) and
the variation between different experiments did not exceed + 15 %.

(HR9/ECM) had a low incidence of apoptosis, similar to
that of cultures grown on CE/ECM. bFGF-containing
ECM deposited by HR9 cells transfected with the gene
encoding bFGF (HR9-bFGF/ECM) [9] were similarly pro-
tected against granulosa cell apoptosis in a serum-deprived
medium. In cultures grown on HR9/ECM or HR9-
bFGF/ECM, only 10-20 % of cells were in sub-G0, while
the vast majority (70-80 %) were in G0/G1, and 5-8 % were
in G2/M phase (Fig. 2). These observations indicate that
the protective activity of ECM against apoptosis induced by
serum deprivation is not due to bFGF. The presence of 5 %
fetal calf serum (FCS) produced a protective effect similar

three experiments in which progesterone and apoptosis were
determined in the same cultures, the variation between different
experiments was less than 15 %.

to that induced by the various types of ECM. The protec-
tive effect of the various ECMs or serum on cell survival,
which resulted in a pronounced elevation of G0/G1 cells
and a reduction in sub-GO cells, was highly significant when
compared with cultures grown on uncoated dishes in the
absence of serum (p<0.001, »=3; Student’s 7 test).
Because FSH (follicle-stimulating hormone) and bFGF are
known to be potent stimulants of granulosa cell differentia-
tion, we tested their effect on DNA content in cell popula-
tions maintained on regular tissue culture plastic. More than
80 % of the cells were found to contain sub-G0 quantities of
DNA (Fig. 2), which indicated massive degradation of
DNA characteristic of apoptosis [25-29]. Thus, bFGF or
FSH had no protective effect against apoptosis induced by
serum deprivation in granulosa cells.

Effect of ECM on steroidogenesis

ECM was previously found to enhance steroidogenesis 77
vitro, in both rat and human pre-ovulatory granulosa cells
[11,13]. To examine the correlation between stimulation of
steroidogenesis and cell survival by various types of ECM,
cells were cultured in serum-free medium on different
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Expression of cytochrome P450scc and StAR in primary granulosa
cells cultured on uncoated or ECM-coated dishes. Cells were cultured
in serum-free media on various ECM substrates and on uncoated
dishes in the absence (control) or presence of ovine FSH (400 ng mt1)
or bFGF (2 ng mi-1). Western-blot analysis of cell lysates was carried
out. The 37 kDa and 30 kDa forms correspond to the precursor and the
mature form of StAR protein, respectively.

matrices. The incidence of apoptotic cells visualized by
DAPI (4,6' diamido-2-phenylindole hydrochloride) staining
was correlated with the amount of progesterone secreted
into the culture medium (Fig. 3). As shown in Figures 2,3,
there was a close agreement between the levels of cell sur-
vival as measured by FACS (fluorescence-activated cell
sorting) and by DAPI staining. Compared with control cells
cultured on uncoated dishes, all the types of ECM studied
— CE/ECM, HRY/ECM and HR9-bFGF/ECM — pro-
tected the cells from apoptosis induced by serum depriva-
tion. Interestingly, laminin had a protective effect against
apoptosis that was similar to that of the intact ECM; in con-
trast, fibronectin failed to provide significant protection
(Fig. 3a). Although CE/ECM and HR9bFGF/ECM
enhanced ([2-fold) progesterone production by granulosa
cells after 24 hours in culture, relative to the basal level of
progesterone production by cells cultured on uncoated
dishes, HR9/ECM, which lacks bFGF, or pure laminin,
both failed to do so (Fig. 3b). Moreover, compared with
control cells seeded on plastic, progesterone production was
clearly inhibited by HR9/ECM and laminin. Saturating
doses of bFGF (2 ngml!) or FSH (400 ng ml!) were
unable to protect the cells from apoptosis, but they did
enhance progesterone production by 3- and 5-fold above
control levels, respectively, after 24 hours of stimulation
(Fig. 3b). The protective effect against apoptosis by the
various ECMs remained constant during 48 hours in culture
(Fig. 3c). The differences in progesterone production by
cells plated on ECMs containing bFGF (CE/ECM and
HR9-bFGF/ECM), versus cells plated on laminin or on
ECM lacking bFGF (HR9/ECM), were much more

pronounced, however, because of the continuous proges-
terone production by cells maintained on bFGF-containing
ECMs (Fig. 3d). The synthesis of progesterone by cells
stimulated with soluble bFGF alone did not increase
during the second day of culture, probably because of
massive cell death observed in these cultures (Fig. 3d).

Effect of ECM on expression of StAR protein and P450scc
Acute enhancement of progesterone production may be due
to rearrangement of the steroidogenic organelles — mito-
chondria, smooth endoplasmic reticulum and lipid droplets
[30]. We examined whether the ECM-induced enhance-
ment in steroidogenesis was merely due to such rearrange-
ment, or to de novo synthesis of the recently discovered
steroidogenic acute regulatory protein (StAR), and/or the
steroidogenic enzyme P450 side-chain cleavage (P450scc),
which are among the limiting steps in steroidogenesis.

Using antibodies specific to P450scc and immunoblot
analyses of cellular proteins derived from cultures grown on
different substrates, we found that the 52 kDa P450scc
enzyme was expressed in significantly higher amounts in
cells grown on bFGF-containing ECMs (CE/ECM or
HR9-bFGF/ECM), compared with cells grown on ECM
devoid of bEFGF (HR9/ECM; Fig. 4). Interestingly, an even
higher level of P450scc was seen in cells treated with FSH
alone, supporting the view that apoptosis and steroidogene-
sis can co-exist in the same cultures [31]. As for the StAR
protein, the non-cleaved 37 kDa precursor, regarded as the
active form in cholesterol import into the mitochondria
[32], was more highly expressed in cells grown either on
CE/ECM or HR9-bFGF/ECM, compared with cells grown
on HRY/ECM devoid of bFGF. Expression of the 37 kDa
protein was also higher in bFGF- or FSH-treated cells than
in cells cultured on HRY/ECM or on uncoated dishes.
More of the 30 kDa cleaved protein was present in cells
grown on CE/ECM or HRObFGF/ECM and in cells stimu-
lated with bFGF, than in cells seeded on plastic or on
HR9/ECM. FSH-treated cells had a relatively low amount
of the 30 kDa protein in spite of a high amount of the 37
kDa protein (Fig. 4). This probably due either to slow con-
version of the 37 kDa precursor to the 30 kDa mature
protein, or to a rapid degradation of the mature form [32].

Effect of ECM on cell shape and organization of the actin
cytoskeleton

Because modulation of the actin cytoskeleton may be
involved in differentiation and apoptosis of steroidogenic
cells, we examined the organization of the actin cytoskele-
ton in cells cultured on various ECMs (Fig. 5). After
24 hours of culture in serum-free medium, the cell bodies
were reduced dramatically (Fig. 5a,h), probably due to
pinching off the apoptotic bodies and shrinkage of cells,
which are characteristic of the apoptotic process [33,34].
Phalloidin-bound actin was present in the cells in a diffuse
and non-organized form. The condensed and fragmented
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Figure 5

Effect of ECM components on survival and
actin cytoskeleton development in granulosa
cells cultured for 24 h. Primary rat granulosa
cells obtained from pre-ovulatory follicles were
cultured in serum-free medium either on
uncoated tissue culture dishes (a,h) or dishes
coated with CE/ECM (b,i), HR9-bFGF/ECM
(c,j), HR9/ECM (d k), laminin (e,l), or
fibronectin (f,m). Cells were also incubated
on uncoated dishes in the presence of

2 ng mi=1 bFGF (g,n). Cellular DNA was
stained with DAPI (a—g) and the actin network
of the same cultures was stained with
phalloidin rhodamine and visualized under the
fluorescent microscope (h—n). DNA
condensation (asterisks) and fragmentation
(arrowheads) is evident in the vast majority of
cells cultured on plastic in the absence (a) or
presence (g) of bFGF or on fibronectin (f). A
high proportion of cells cultured on HR9-
bFGF/ECM (c), HR9/ECM (d) or laminin (e)
have normal nuclei moderately and
homogeneously stained with DAPI. Only these
cultures (i—l) have a well-developed network
of actin filaments (arrows) in well spread cells.
Cells grown on uncoated plastic dishes (h) or
on fibronectin-coated dishes (m) have a round
morphology with a diffuse pattern of actin (0).
Scale bar =20 pm.

20um

nuclear DNA found in the vast majority of the cells is also
typical of the apoptotic process [35]. In contrast, the
majority of cells cultured on CE/ECM or HR9-
bFGF/ECM had normal nuclei homogeneously stained by
DAPI (Fig. 5b,c), characteristic of non-apoptotic cells [36],
while up to 30 % of the cells had apoptotic nuclei, in
agreement with the FACS analysis. The non-apoptotic

nuclei were surrounded with a well-developed cytoplasm
(data not shown) and an extensive fine network of actin
filaments, which delineated the border of the cells which
were well spread over the ECM (Fig. 51,j).

Cells grown on HR9/ECM lacking bFGF had a morphol-
ogy and well-developed actin cytoskeleton that was
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similar to the cells grown on HR9-bFGF/ECM (Fig. 5d,k).
Interestingly, cells maintained on pure laminin had the
same morphological features as cells grown on a multicom-
ponent naturally produced ECM (Fig. 5e,1). Cells main-
tained on fibronectin alone had numerous fragmented and
highly condensed apoptotic nuclei (Fig. 5f). The actin
cytoskeleton in these cells was poorly developed, reflect-
ing a reduced cytoplasmic volume characteristic of cells
grown on uncoated dishes (compare Fig. 5i,j with 5m).
Cells exposed to soluble bFGF alone had a morphology
and a poorly developed actin cytoskeleton characteristic of
apoptotic cells (Fig. 5g,n).

After 48 hours in culture, differences in the organization of
the actin cytoskeleton in non-apoptotic cultures, as com-
pared with apoptotic cells grown on fibronectin or
uncoated dishes, were much more prominent (data not
shown). The actin cytoskeleton in the apoptotic cultures
was poorly developed around a small volume of cytoplasm,
while significant parts of the apoptotic nuclei were com-
pletely naked and did not contain any cytoplasmic rem-
nants. In contrast, cells cultured on the various types of
ECMs or on laminin had a well-developed actin cytoskele-
ton that was spread out more extensively than in cells cul-
tured for 24 hours (data not shown).

Discussion

Granulosa cells, which nurse the egg and make up the
main population of ovarian follicular cells, can serve as a
convenient model for studying the effect of ECM on cell
differentiation and cell survival. It was previously demon-
strated that a gradient of differentiation exists in the intact
follicle, where cells adjacent to the basement membrane
are more differentiated than cells distal to the basement
membrane [37]. Moreover, ECM produced by either
corneal endothelial cells or by mouse endodermal cells was
shown 7z vitro to enhance gonadotropin receptor formation,
intercellular communication and progesterone production
in granulosa cells obtained from pre-ovulatory follicles
[11,13]. In the present work, we have demonstrated for the
first time that the ECM may provide powerful protection
against granulosa cell apoptosis induced by serum depriva-
tion. Moreover, laminin, a single component of the ECM,
can protect almost as effectively as the multicomponent
basement membrane, whereas fibronectin failed to do so.

Recent studies show that ECM protects human endothe-
lial cells and mammary epithelial cells from apoptosis
[20,22]. However, there are some conflicting data on the
active molecules in the ECM network that are responsible
for its protective activity. Sugahara ez a/. [38] suggest that
fibronectin can induce apoptosis in human hematopoietic
cell lines via interaction with very late antigen 5. On the
other hand, Zhang er a/. [39] claim that fibronectin
supports cell survival vi¢ a5B1 integrin which leads to up-
regulation of Bcl-2 expression. Integrin-mediated cell

attachment regulates cell survival and proliferation in
several cell types iz vitro [22,23,40]. It has been demon-
strated, for example, that integrin 233, whose expression
is enhanced on angiogenic vascular cells, promotes a sur-
vival signal, because antagonists of this integrin cause
unscheduled apoptosis of newly formed blood vessels
[41]. Laminin was shown to have a moderate and transient
effect which could not account for the entire effect of
Matrigel ECM in preventing apoptosis of Sertoli cells [42].
We demonstrate that laminin can account for nearly the
entire effect of three different types of ECM on granulosa
cell viability. It appears that the growing family of differ-
ent integrins that are recognized and activated by laminin
and/or fibronectin can increase cell-survival rates, or
promote apoptosis, in different cell types. Because, in the
present study, fibronectin failed to prevent apoptosis of
granulosa cells, integrin a6p4 or a6B1, which specifically
interact with laminin [43], may play a key role in preven-
tion of apoptosis in granulosa cells as well as in other cell
types. The anti-apoptotic response of cells to fibronectin
or laminin may differ among different cells and in differ-
ent stages of development due to modulation in expres-
sion of various integrin receptors [44].

The detailed FACS analysis of DNA content allowed us
to determine the cell-cycle distribution of granulosa cells
cultured for 24 hours on various types of ECM. It should
be noted that the presence of sub-GO cells, as revealed by
FACS analysis, is a reliable indicator of apoptotic cell
death in various cell types [25-29]. In granulosa cells cul-
tured on uncoated dishes in the absence of serum, most of
the cell population was in sub-GO phase which reflects the
intensive DNA degradation characteristic of apoptosis
[25-29]. The rest of the cell population was in the G0/G1
phase and only 2 % were caught in G2/M. Indeed, the pro-
liferative activity of pre-ovulatory granulosa cells is known
to be marginal [37,45]. In contrast, cells grown on different
ECMs were mainly arrested in GO phase, while the pro-
portion of sub-GO cells was reduced dramatically. Interest-
ingly, the number of cells in G2/M phase increased
significantly following plating on ECM, probably due to
integrin-mediated growth-promoting signals and the pos-
sible mitogenic effect of laminin, which contains
sequences similar to those of epidermal growth factor [46].
The protective effect of serum against apoptosis may
result from the activity of soluble components of the
ECM. The protective effect of ECM can not be explained
merely by its induction of cell adhesion, because adhesion
to poly-lysine was not able to protect against apoptosis.
Also, soluble factors known to enhance granulosa cell dif-
ferentiation, such as bFGF or FSH, did not protect against
apoptosis in serum-deprived cultures, suggesting a unique
role for ECM in the survival of highly differentiated gran-
ulosa cells. However, bFGF could show a moderate pro-
tective effect against apoptosis upon serum removal from
cultures that were pre-incubated with serum for 24 hours
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[36], suggesting that bFGF and serum factors can cooper-
ate in controlling granulosa cell survival.

In this work, we demonstrate that ECM containing bFGF
stimulated progesterone production, concomitant with a
protective effect against apoptosis. In  contrast,
HRY9/ECM, which lacks bFGF, protected against apopto-
sis, but was unable to enhance steroidogenesis; on the
contrary, it even reduced progesterone production relative
to control cells. The enhancement of steroidogenesis in
cells grown on HR9-bFGF/ECM clearly indicates that the
differentiation-stimulating activity of the ECM was
exerted by bFGF that is sequestered and stabilized by
heparan sulfate in the ECM [6,47]. We further docu-
mented here, and in a previous study [36] that bFGF by
itself is a potent stimulator of steroidogenesis in pre-ovula-
tory granulosa cells, in spite of its inability to protect effi-
ciently against apoptosis induced by serum deprivation.
Therefore, we can distinguish for the first time between
the survival activity and the differentiation stimulus
exerted by ECM. These studies /# vitro suggest that the
differentiation-promoting activity of the follicular base-
ment membrane on granulosa cells adjacent to a basement
membrane may also be exerted by bFGF produced in the
ovary [48] and sequestered by the ECM. In view of our
present data, it is tempting to suggest that the inner layers
of granulosa cells, distal to the basement membrane, are
more sensitive to apoptotic signals than cells in close
contact with the basement membrane where the anti-
apoptotic signal of the basement membrane, and in partic-
ular of laminin, has a direct effect.

Steroidogenesis can be enhanced by the rearrangement of
steroidogenic organelles containing steroidogenic enzymes,
and by proteins that regulate cholesterol transport into the
mitochondria; it may also be enhanced by ¢ #ovo synthesis
of the protein components of the steroidogenic machinery
that are limiting factors in steroidogenesis. Our observation
that ECM containing bFGF can maintain the expression of
P450scc, which was markedly reduced in cells plated on
ECM lacking bFGF, suggests that ECM-bound bFGF
may affect the turnover of this enzyme. Moreover, the
enhancement of StAR expression by CE/ECM and HR9-
bFGF/ECM suggests that bEGF sequestered in the ECM
may play an important role in up-regulating this key
element and in regulation of steroidogenesis iz vivo.

There is increasing evidence that reorganization of the
actin cytoskeleton may play an important role during apop-
tosis. Recent observations suggest that fodrin (an analog of
spectrin), which is a major component of the cortical
cytoskeleton of most eukaryotic cells, is degraded during
apoptosis in a variety of cells, including T-lymphoma cells
[49]. Moreover, it is known that a-spectrin can be ubiquiti-
nated [50] and is therefore susceptible to degradation by
the 26S proteasome, and that cells deficient in spectrin

tend to show a blebbing reminiscent of the morphology of
apoptotic cells [51]. In addition, partial degradation of actin
during apoptosis was recently observed in human leukemia
U937 cells [52]. Most recent observations indicate that, in
granulosa cells, detachment of the actin cytoskeleton from
the inner face of the cell membrane and rearrangement of
the actin filaments is a characteristic feature of cell apopto-
sis [31]. We clearly demonstrate that the integrity of the
actin cytoskeleton is a dominant feature of non-apoptotic
cells that are in close association with different types of
ECM, and may therefore play an important role in cell sur-
vival and maintenance of the differentiated phenotype.
Moreover, compared with intact ECM, laminin has a most
pronounced effect on the integrity and development of the
actin cytoskeleton; we therefore suggest that the interac-
tions between laminin and specific integrin molecules play
a key role in the maintenance and development of the
actin cytoskeleton and in cell survival.

In conclusion, our work provides a clear distinction
between two fundamental functions of the ECM: mainte-
nance of cell survival, which is exerted by laminin, and
stimulation of the differentiation of granulosa cells, which
is exerted by ECM-resident bFGF.

Materials and methods

Cell culture

Primary granulosa cells of pre-ovulatory follicles were obtained from 25-
day-old female rats treated with 15 [lU PMSG [11]. Cells were plated in
serum-free Dulbecco’s modified Eagle’s medium (DMEM):F12 (1:1),
either on plastic tissue culture dishes, or various types of ECM, or on
culture dishes coated with poly-lysine, laminin or fibronectin. Cells were
maintained at 37 °C in 7 % CO, in humidified incubators.

Cultures of bovine corneal endothelial cells were established from
steer eyes and maintained in culture as previously described [53]. PF-
HR-9 cells derived from a differentiated mouse endodermal carcinoma
[54] and PF-HR9 cells transfected with the bovine bFGF gene [9]
were cultured as described [9].

Preparation of dishes coated with ECM

Cultures of bovine corneal endothelial cells were dissociated from
stock cultures (passage 2-5), and plated (5 x 104 cells per dish) into
35 mm tissue cultures dishes as described above, except that bFGF
was not added and 5% dextran T-40 was included in the growth
medium. 6—8 days after the cells reached confluency, the subendothe-
lial ECM was exposed by dissolving the cell layer (3 min at 22 °C) with
a solution containing 0.5 % Triton X-100 and 20 mM NH,OH in PBS,
followed by four washes in PBS [7,8,10]. The ECM remained intact,
free of cellular debris, and firmly attached to the entire area of the
tissue culture dish.

For preparation of HR-9/ECM, cells (10° per 35 mm dish) were seeded
into tissue culture dishes coated with fibronectin (50 ng per dish) to
achieve a firm adhesion of the ECM to the plastic substratum. Ascorbic
acid (50 wg mi-1) was added on days 2 and 4 and the ECM denuded
6—7 days after seeding the cells [9]. Major constituents of the HR-
9/ECM were laminin, entactin, collagen type IV and heparan sulfate
proteoglycans HSPGs [9,55]. We have demonstrated previously that
wild-type PF-HR9 cells produce an FGF-free ECM (HR9/ECM); PF-
HR9 cells transfected with the gene encoding bFGF deposited an
identical ECM (HR9-bFGF/ECM) except for the inclusion of bFGF as a
complex with HSPGs.
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Coating of culture dishes with fibronectin, laminin and
poly-lysine

Fibronectin and laminin diluted in PBS were used at a concentration of
25 g mi—L. Poly-lysine was used at a concentration of 1 mg mt1 in PBS.
Tissue culture dishes were coated by incubation (1 ml per 35 mm dish)
for 1 h at 24 °C, followed by three washes in PBS, as described [56].

FACS analysis of DNA content

Cells grown either on non-coated dishes or on ECM coated dishes for 24
h or 48 h were trypsinized, washed with 10 ml cold PBS and fixed in cold
methanol (—20 °C) for 1 h. Subsequently, cells were centrifuged, resus-
pended in 1 ml cold PBS and stained for 15 min with 50 g mi-* propid-
ium iodide in presence of RNase A (100 pg mi-1). Cells were analyzed in
a fluorescence-activated cell sorter (FACSort; Becton Dickinson).

Fluorescence labeling of DNA and actin cytoskeleton

At the end of the culture period, medium was aspirated and stored at
—20°C for progesterone measurement. Cells were fixed (30 min,
24 °C) in 3% paraformaldehyde/PBS (pH 7.4), washed intensively
with PBS and permeabilized for 4 min with 1 % Triton X-100 in PBS,
followed by further washing. The fixed and permeabilized cells were
incubated for 30 min at room temperature with 0.5 pg mi-1 of DAPI
(4',6' diamido-2-phenylindole hydrochloride) and with 0.3 ug mi-1 of
rhodamine-labeled phalloidin. Cells were washed intensively with PBS
and mounted in Mowiol.

Quantitative analysis of apoptosis

Microscopic examination of the cell cultures was carried out using a
Zeiss Axioskop microscope in both phase and fluorescent modes. Four
to seven random fields of each treated culture were photographed
through a 40x objective lens in both modes. Apoptotic and total cell
nuclei were counted on photographs (at 400x magnification). The per-
centage of apoptotic nuclei was calculated, scoring 150-300 cell
nuclei per treatment.

Progesterone measurement

Progesterone accumulated in the culture medium was determined by
radioimmunoassay [57,58]. Antibodies to progesterone were kindly
provided by F. Kohen.

Immunoblot analysis

Cells were washed twice with cold PBS and incubated for 10 min on
ice with cold lysis buffer containing 50 mM Hepes (pH 7.2), 150 mM
NaCl, 2.5 mM MgCl,, 1 mM EGTA, 1 mM PMSF, 10 png mi-* leupeptin,
10 % glycerol, and 1 % NP-40. Lysates were heated (5 min, 95 °C) in
sample buffer and were separated by 8 % SDS—PAGE followed by
electrotransfer onto a nitrocellulose membrane overnight, on ice. The
membrane was probed with rabbit anti-StAR antibodies followed by a
horseradish peroxidase-conjugated second antibody and visualized
using enhanced chemiluminescence. Reprobing of the nitrocellulose
membrane with anti-P450scc antibodies was carried out as described
earlier [58]. Antibodies to StAR were kindly provided by D.M. Stocco.
Antibodies to P450scc were kindly provided by W.L. Miller.
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