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The signaling pathways linking integrins to nuclear
events are incompletely understood. We have examined
intracellular signaling by the ogf, integrin, a laminin
receptor expressed in basal keratinocytes and other
cells. Ligation of agB,4 in primary human keratinocytes
caused tyrosine phosphorylation of Shc, recruitment
of Grb2, activation of Ras and stimulation of the MAP
kinases Erk and Jnk. In contrast, ligation of the
laminin- and collagen-binding integrins a3, and a,B;
did not cause these events. While the stimulation of
Erk by agf, was suppressed by dominant-negative Shc,
Ras and RhoA, the activation of Jnk was inhibited by
dominant-negative Ras and Racl and by the phospho-
inositide 3-kinase inhibitor Wortmannin. Adhesion
mediated by agf, induced transcription from the Fos
serum response element and promoted cell cycle pro-
gression in response to mitogens. In contrastep-
and a,B;-dependent adhesion did not induce these
events. These findings suggest that the coupling o4
integrin to the control of cell cycle progression mediated
by Shc regulates the proliferation of basal keratinocytes
and possibly other cells which are in contact with the
basement membranein vivo.
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Introduction

integrins to induce intracellular signaling (Giancotti and
Mainiero, 1994; Clark and Brugge, 1995; Schwastal,,
1995), but the mechanisms involved are incompletely
understood.

To elucidate the effects of laminins on epithelial cells,
we have focused on thegB, integrin. Cell adhesion
assays withagf3,-transfected K562 cells and radioligand
binding studies with purified recombinamig3, have
indicated that this integrin is a receptor for various laminin
isoforms and binds with the highest apparent affinity to
laminins 5 and 4 (Niessest al, 1994; Spinardiet al,
1995). In accordance with its role as a basement membrane
receptoragf, is expressed in epithelial cells (Kajgt al,,
1989), Schwann cells (Sonnenbergal, 1990; Einheber
et al., 1993) and a subset of endothelial cells (Keraiell,,
1992; Klein etal, 1993) and thymocytes (Wadsworth
etal, 1992).

Theagf, integrin has a distinctive structure and subcel-
lular localization. The large cytoplasmic domain of fhe
subunit, which is characterized by two pairs of type llI
fibronectin (Fn)-like domains separated by a 142 amino
acid sequence (connecting segment), does not contain any
region of homology with the cytoplasmic domains of other
known integrinf subunits (Hogervorsdt al., 1990; Suzuki
and Naitoh, 1990). Furthermore, whikg anda, integrins
are concentrated in focal adhesions and linked to the
actin filament system, theigB, integrin is found in
hemidesmosomes boaithvivo and in cultured cells (Carter
etal, 1990a; Steppetal, 1990). These observations
suggest that the unique cytoplasmic domaif ointeracts
with cytoskeletal elements of hemidesmosomes, thereby
linking agP3, to the keratin filament system.

Our previous studies have indicated that the association
of agf34 with the hemidesmosomal cytoskeleton is mediated
by the cytoplasmic domain o8, and specifically by a
region which includes the first pair of type Il Fn-like
repeats and the connecting segment (Spiretrdl., 1993).

In accordance with the hypothesis tlogf, plays a crucial
role in the assembly of hemidesmosomes and their linkage
to the keratin filament system, we have observed that the
introduction of a truncated tail-leg%, subunit into cells
possessing endogenousf3, integrins and hemidesmo-
somes results in a dominant-negative effect on hemi-
desmosome assembly (Spinaetial, 1995). Since the
tail-less integrin binds efficiently to extracellular ligand,
its dominant-negative effect is likely to result from its
ability to co-cluster with the endogenous wild-type recep-

In addition to promoting cell adhesion and contributing tor and block a signal necessary for hemidesmosome
to the organization of tissues and organs, basement mem-assembly. In accordance with this hypothesis, recent stud-
branes exert complex and often divergent effects on theies have revealed theagB, is associated with an intracellu-
survival, proliferation and differentiation of epithelial cells lar tyrosine kinase. Mutagenesis experiments have
(Adams and Watt, 1993; Lin and Bissel, 1993). The provided evidence that the phosphorylation of a tyrosine
influences of basement membranes on epithelial cells areactivation motif (TAM) located in the connecting segment
likely to be mediated by the ability of laminin-binding controls the associatianpf with the hemidesmosomal
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cytoskeleton, presumably via the recruitment of a signaling W6.32 and in keratinocytes adhering to collagen | or
molecule containing two tandem Src homology 2 (SH2) poly-L-lysine-coated dishes (Figure 1A). The inability of
domains (Mainiercet al,, 1995). collagen | to induce tyrosine phosphorylation of Shc and

In the epidermis and other stratified epithelia, the recruitment of Grb2 was not a consequence of insufficient
expression ofogB, is restricted to the basal cell layer adhesion because the keratinocytes spread equally well
which contains cells endowed with proliferative capacity on laminin 5 and collagen | under our experimental
(Kajiji etal, 1989). It is known that keratinocytes exit conditions. Furthermore, we observed that antibody-medi-
the cell cycle and begin their differentiation program when ated cross-linking ofa,p3; does not induce tyrosine
they detach from the basement membrane to migrate to phosphorylation of Shc and recruitment of Grb2 (not
the upper epidermal layers (Hall and Watt, 1989). In fact, shown). These findings, which are consistent with previous
this process can be replicatiedvitro by depriving cultured results (Mainiewt al,, 1995; Waryet al,, 1996), indicate
keratinocytes of anchorage to their endogenously producedthat ligation ofagB,, but nota,B; andasf3;, can promote
extracellular matrix (Green, 1977), which is particularly signaling mediated by Shc in primary keratinocytes.
rich in laminin 5 (Carteretal, 1991; Rousselleet al, We next examined the role of cytoplasmic domain of
1991). Furthermore, squamous carcinoma cells endowedp, in the recruitment and tyrosine phosphorylation of Shc.
with high proliferative potential often express elevated Rat bladder 804G cells expressing either a recombinant
levels of agB, (Kimmel and Carey, 1986; Wolkt al, full-length humanf, subunit (clone A) or a tail-less
1990). Finally, the basal keratinocytes Bf knock-out version (clone L) were cross-linked in suspension with
mice display signs of degeneration even in areas of theamiiab 3E1 or the control anti-MHC Mab W6.32.
epidermis where no significant detachment from the base-Immunoprecipitation with the 3E1 Mab followed by
ment membrane is observed (Dowliagal., 1996). These immunoblotting with anti-Shc antibodies revealed that the
observations suggest thadf3, may provide epithelial cells  recruitment of all three isoforms of Shc I3, requires
with a signal important for cell survival and cell cycle the cytoplasmic domain ofifreubunit (Figure 1B). To
progression. examine if recruitment togB, was a prerequisite for

What is the mechanism by which tree3, integrin tyrosine phosphorylation of Shc, clone A and clone L
transduces biochemical signals capable of affecting cell were either cross-linked in suspension with the 3E1 or
proliferation? Immunoprecipitation and GST fusion pro- the W6.32 Mab or plated onto dishes coated with the same
tein binding experiments have indicated that ligation of antibodies. Immunoprecipitation with anti-Shc antibodies
0B, results in the association of the adaptor protein Shc followed by immunoblotting with anti-P-Tyr antibodies
with tyrosine-phosphorylatefl,. Shc is then phosphoryl-  indicated that ligation of wild-typ@g3, induces tyrosine
ated on tyrosine residues, presumably by the integrin- phosphorylation of the 52 kDa isoform of Shc (the major
associated kinase, and combines with the other adaptorisoform recruited to activatedigf3, in these cells). In
protein Grb2 (Mainiercet al, 1995). These observations contrast, ligation of tail-keg3, did not cause efficient
raise two key questions. First, what are the biochemical tyrosine phosphorylation of Shc (Figure 1C). These results
consequences of the recruitment of Shc and Grb2 to are consistent with the hypothesis that the recruitment of
agf4? Second, what is the biological significanceogf, Shc to activatedig3, is mediated by tyrosine phosphoryl-
signaling in epithelial cells? ation of the cytoplasmic domaigfThey also suggest

In this study, we provide evidence that thgB, integrin that this event is necessary for subsequent tyrosine
stimulates the Ras—Erk and Rac—Jnk mitogen-activated phosphorylation of the adaptor protein. Since in a number
protein kinase (MAP kinase) signaling pathways via Shc of experiments tail-lesggB, was able to induce a modest
and thereby controls immediate-early gene expression and level of tyrosine phosphorylation of Shc, it is possible
keratinocyte proliferation in response to laminin. that an additional indirect mechanism contributes to the
activation of Shc byogB,.

Since Grb2 is stably associated with the Ras-GTP

Results exchange factor mSOS, the recruitment of Grb2 to the
Ligation of agfi; causes activation of the Ras—Erk plasma membrane mediated by Shc is likely to bring
signaling pathway mSOS in close proximity to its target Ras (Schlessinger,

To examine the intracellular signaling pathways activated 1994). Ras-GTP loading experiments were therefore per-

by the agB, integrin in a physiologically relevant cellular formed to examine if ligatioag, resulted in activation
context, we elected to use primary human keratinocytes. of Ras. After growth factor starvation aivdvivo labeling

These cells express high levels off3;, a,B; and asB; with [32P]orthophosphate, primary human keratinocytes
and adhere to laminin 5 through, anda;B; (Xia et al,, were detached and either incubated in suspension with
1996) and to collagen | throughyp, (Carteret al,, 1990b). antiB, or anti-MHC beads or replated on dishes coated
Incubation of suspended keratinocytes with polystyrene with laminin 5 or anti§, Mab. As a control, adherent
beads coated with the arlir-monoclonal antibody (Mab) keratinocytes were either left untreated or were stimulated
3E1 as well as adhesion to laminin 5-coated dishes causedvith epidermal growth factor (EGF). As shown in Figure 2,
tyrosine phosphorylation of the 52 and 46 kDa mol. wt chromatographic analysis of nucleotides bound to Ras
isoforms of Shc (the 66 kDa isoform of Shc is expressed indicated that adhesion to laminin 5- or affi-Mab-

at very low levels in keratinocytes) and thereby recruitment coated dishes results in an accumulation of GTP on Ras
of Grb2 (Figure 1A). No significant tyrosine phosphoryl- comparable with that caused by EGF. In suspended cells,
ation of Shc and recruitment of Grb2 was observed in however, antibody-mediated ligatigBy did not cause
keratinocytes treated with beads coated with the afi- activation of Ras (Figure 2). The results of this experiment
Mab P1B5 (not shown) or the control anti-MHC Mab indicate thgd,-mediated cell adhesion causes activation
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Fig. 1. Ligation of theagB, integrin induces recruitment of Shc, tyrosine phoshorylation of Shc and association of Shc with Aribgrosine
phoshorylation of Shc and association of Shc with Grb2 in responegfpligation. After growth factor starvation, primary human keratinocytes
were detached and either incubated in suspension with medium alone (d), éetds (3E1) or anti-MHC beads (W6.32) for 20 min or plated on
dishes coated with laminin 5 (LM-5), polysine (PL) or collagen | (COLL-I) for 30 min. Equal amounts of total proteins were
immunoprecipitated with anti-Shc Mab. The samples were probed by immunoblotting with HRP-conjugated anti-P-Tyr Mab RC20 (top panel) or
polyclonal anti-Grb2 antibodies (bottom paneB) (The recruitment of Shc to activatedB, is mediated by the cytoplasmic domain @4 Clone A

and clone L cells were serum starved and incubated in suspension with medium alone (C), withbaatils (3E1) or anti-MHC beads (W6.32) for
20 min. Equal amounts of total proteins were immunoprecipitated with 3E1 Mab. The samples were probed by immunoblotting with polyclonal
antibodies to the ectodomain Bf (top panel) and to Shc (bottom panell)(The cytoplasmic domain d3, is important for the activation of Shc in
response tagf, ligation. Clone A and clone L cells were serum starved and either incubated in suspension with medium alone & hemuts

(3E1) or anti-MHC beads (W6.32) for 20 min or plated on dishes coated witi3af8E1) or anti-MHC (W6.32) Mab for 30 min. Equal amounts

of total proteins were immunoprecipitated with anti-Shc Mab. The samples were probed by immunoblotting with HRP-conjugated anti-P-Tyr Mab
RC20 (top panel) or polyclonal anti-Shc antibodies (bottom panel).

of Ras. They also suggest that, in contrast to the sequential immdro kinase assays indicated that adhesion to
recruitment of Shc and Grb2 which can occur in suspendedlaminin 5- or anti, Mab-coated dishes causes activation
cells treated with ant, beads, optimal activation of Ras of Erk to a level similar to that induced by EGF. In
by agf34 requires adhesion and/or spreading on a substratumcontrast, adhesion to collagen I, pallysine or anti-
coated withagf3, ligands. MHC Mab did not result in significant activation of Erk

We next examined if ligation ofogP,; resulted in (Figure 3A). Adhesion to anti; Mab-coated dishes also
activation of the MAP kinase Erk. Growth factor-starved did not cause Erk activation (not shown). To examine the
keratinocytes were detached and either kept in suspensiorkinetics of Erk activation byogB,, keratinocytes were
or plated on dishes coated with the aptiMab 3E1, the plated on laminin 5 for various times and subjected to
anti-MHC Mab W6.32, laminin 5, collagen | or poly Erk immunoprecipitation and kinase assay. As shown in
lysine. As a control, adherent keratinocytes were treated Figure 3B, we detected a significant activation of Erk as
with EGF. As shown in Figure 3A, immunoprecipitation early as 5 min after plating the keratinocytes on laminin
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Fig. 2. Activation of Ras by thegf3,4 integrin. Primary human B
k?:azratinocytes were growth factor starved and labéhedvo with
[*“Plorthophosphate. After detachment, they were then either incubated :
in suspension with anti-MHC (W6.32) or arfiir (3E1) Mab-coated 0 5 15 30 60 120 min
beads for 20 min or plated on dishes coated with laminin 5 (LM-5) for
the indicated times or on dishes coated with @tMab (3E1) for
30 min. As a control, adherent cells were either left untreated or MBP —»- - *
stimulated with 200 ng/ml EGF for 5 min. After immunoprecipitation
of Ras, bound nucleotides were eluted and separated by TLC.
Numbers indicate the molar ratio of GTP over total nucleotides.
Fig. 3. Activation of Erk kinase byugP4. (A) Specificity of Erk
activation byogB,. Primary human keratinocytes were growth factor
5. The level of Erk activity peaked at 30 min of adhesion Stamved, detached and either kept i suspension (9) or plated on dishes
f [ : ~4i - coated with ant, Ma , anti- al .32), laminin
and declined thereafter. '_I'_hese results |nd|_cate that Il_gatlon(LM_S)’ collagen 1 (COLL-1) or polye-lysine (PL) for 30 min. As a
of agBs causes a significant and relatively persistent control, adherent cells were stimulated with 200 ng/ml EGF for 5 min
activation of the MAP kinase Erk and are in agreement (EGF). @) Kinetics of Erk activation byagB,. Primary human

with the observation that ligation of the laminin- and keratinocytes were growth factor starved, detached and either kept in
_hindi ; ; ; suspension or plated on dishes coated with laminin 5 for the indicated

Cr(])."agen bm\?vmg Int(alnggs;)3g1 aéndqzslgﬁes. not m%lflce d times. Anti-Erk immunoprecipitates were subjectedrtitro kinase

this event ( aryet al, ). Since a esion mediated  ;say using MBP as a substrate.

by a3B; and a,f3; is known to cause activation of focal

adhesion kinase (FAK), these findings are also consistent

with the notion that activation of FAK is not sufficient relative abundance of their target protein or their different
for stimulation of Erk in response to integrin ligation mechanism of action. These results indicate that Shc
(Wary et al,, 1996). couples thegB, integrin to the Ras—Erk signaling pathway

and suggest that full activation of Erk in responsefi,
The activation of Erk mediated by agf; requires ligation requires the activity of both Ras and Rho.
Shc, Ras and Rho
The mechanism of Erk activation in response ctgB, Ligation of agf3; causes activation of the Rac-Jnk
ligation was examined by testing the effect of various signaling pathway
dominant-interfering mutant proteins. Since transient We next examined if ligatiogBektimulated the MAP
transfection of primary keratinocytes is very inefficient, kinase Jnk. Growth factor-starved primary keratinocytes
we elected to use Hela cells which express levels of were detached and either kept in suspension or plated on
OgPs, 0331 and a,f3; comparable with those of primary dishes coated with anfi; Mab, anti-MHC Mab, laminin
keratinocytes. HelLa cells were transfected with a hemag- 5, collagen | orLpgdime. As a control, adherent
glutinin (HA)-tagged Erk2 vector in combination with keratinocytes were exposed to UV light. Jnk was precipit-
different concentrations of cDNAs encoding dominant- ated by using a GST—Jun fusion protein and its activity
negative Shc (317F), Ras (N17), RhoA (N19), CDC42 examined byin vitro kinase assay. As shown in Figure 5,
(N17) and Rac1 (N17). As shown in Figure 4, immunopre- the binding of Mab 3E1 or lamininoBiocaused an
cipitation of HA-Erk2 followed byin vitro kinase assay  activation of Jnk comparable with that induced by UV
indicated that the activation of Erk in responsectg, stimulation. In contrast, adhesion to dishes coated with

ligation is suppressed by dominant-negative Shc collagen |, polyt-lysine, the control Mab W6.32 (Figure 5)
(Figure 4A), Ras and RhoA (Figure 4B), but not by or the anfi, Mab P1B5 (not shown) did not result in
dominant-negative Cdc42 and Rac1 (Figure 4C). Although significant activation of Jnk. Time-course experiments

at the highest concentration tested dominant-negative Shc, indicated that the kinetics of activation of Jnk in response
Ras and RhoA completely inhibited the activation of Erk to laminin 5 were similar to those observed for Erk (not

by agB,, at the intermediate and lowest concentration shown). These results indicate that ligatiin cduses

tested the inhibitory activity of the three dominant-negative activation of Jnk, and suggest that ligation of the collagen-
mutants differed, perhaps as a consequence of the different binding inte@kidoes not induce this event.
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Fig. 4. The activation of Erk caused hygp, ligation is inhibited by dominant-negative Shc, Ras and RAJ.HeLa cells were transiently

transfected with 31g of HA-tagged Erk2 plasmid alone or in combination with 10, 5 and @ %f vector encoding dominant-negative Shc

(Dn-Shc). The cells were then either kept in suspension (S) or plated on dishes coated withMaiti-(3E1) for 30 min. B) HeLa cells were

transiently transfected with fig of HA-tagged Erk2 plasmid alone or in combination with 1, 0.5 and @@%f vectors encoding dominant-negative
Ras (Dn-Ras) or RhoA (Dn-Rho). The cells were then either kept in suspension (S) or plated on dishes coatedfyitiam{BE1) for 30 min.

As a control, adherent cells were treated with 200 ng/ml EGF for 5 mijhHgLa cells were transiently transfected withud of HA-tagged Erk2

plasmid alone or in combination with 1, 0.5 and 042 of vectors encoding dominant-negative Cdc42 (Dn-Cdc42) or Rac (Dn-Rac). The cells were
then either kept in suspension (S) or plated on dishes coated witaktab (3E1) or anti-MHC Mab (C) for 30 min. Anti-HA immunoprecipitates
were subjected tin vitro kinase assay using myelin basic protein (MBP) as a substrate (top panels). Transfection efficiences were verified by
immunoblotting aliquots of total proteins with anti-HA antibodies (bottom panels).
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Fig. 5. Activation of Jnk kinase bwigB,. Primary human keratinocytes

assay indicated that the activation of Jnk in response to
0B, ligation is suppressed by dominant-negative Ras and
Racl, but not by dominant-negative RhoA, and very
modestly by dominant-negative Cdc42. These results indi-
cate that the activation of Jnk lmgB, requires the activity

of both Ras and Rac. Although it has been suggested that
Raf can activate Jnk by acting on the MAP kinase kinase
kinase MEKK1 (Lange-Carter and Johnson, 1994), recent
results indicate that the predominant mechanism by which
Ras activates Jnk involves Rac, and not Raf (Kosravi-Far
et al,, 1995; Minderet al,, 1995; Qiuet al,, 1995; Joneson

et al, 1996). The requirement for Rac in our system is
consistent with this hypothesis. Since PI-3K is a down-
stream target effector of Ras (Rodriguez-Viciasizal,
1994) and has been implicated in the activation of Rac
(Nobesetal, 1995; Klippel etal, 1996), we tested if

were growth factor starved, detached and either kept in suspension (S) inhibition of PI-3K interfered with the activation of Jnk

or plated on dishes coated with afiji-Mab (3E1), anti-MHC Mab
(W6.32), laminin 5 (LM-5), polyt-lysine (PL) or collagen | (COLL-I)
for 20 min. As a control, adherent cells were exposed to 48 dfm

UV radiation (UV) and then kept in culture for 20 min. Jnk kinase was

precipitated using glutathione beads coated with GST—Jun fusion
protein and subjected ta vitro kinase assay. The position of

phosphorylated GST—Jun is indicated. The lower band is a degradation

product of GST-Jun.

The activation of Jnk mediated by ogf, requires
Ras, PI-3K and Rac
The mechanism of Jnk activation in responseaifs,

ligation was examined by testing the effect of various

by agB4. As shown in Figure 6B, the activation of Jnk in
response to ligation ofigB, was completely suppressed
by as little as 50 nM Wortmannin, a concentration at
which the inhibitor has very little effect on signaling
molecules other than PI-3-K (Wymamehal, 1996). Taken
together, the results of these experiments suggestitfat
activates the Rac-Jnk signaling pathway via Ras and
PI1-3K.

Induction of Fos SRE-dependent transcription by

aufis o .
We next examined if the couplimgBpto Shc played

dominant-interfering mutant proteins and the phospho- a role in the control of immediate-early gene expression.
inositide 3-kinase (PI-3K) inhibitor Wortmannin. HelLa Since Erk regulates transcription from the Fos serum
cells were transfected with a Flag-tagged Jnkl vector response element (SRE) by phosphorylating the ternary

in combination with different concentrations of cDNAs complex factors Elk-1 and SAP-1, and Rho family proteins
encoding dominant-negative Ras (N17), Racl (N17), cooperate with this Erk function by acting on the serum
Cdc42 (N17) and RhoA (N19). As shown in Figure 6A, response factor (Treisman, 1995), we examined the effect
precipitation of Flag-Jnkl followed byn vitro kinase of agB, ligation on the Fos SRE. HelLa cells were
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Fig. 6. The activation of Jnk kinase caused tyf3, ligation is inhibited by dominant-negative versions of Ras and Rac and by the PI-3K inhibitor
Wortmannin. A) HelLa cells were transiently transfected withug of Flag-tagged Jnk1 plasmid alone or in combination with 1, 0.5 and |0g25&f

vectors encoding dominant-negative Ras (Dn-Ras), Rac (Dn-Rac), Cdc42 (Dn-Cdc42) and RhoA (Dn-Rho). The cells were then either kept in
suspension or plated on dishes coated with @pfidab (3E1) or anti-MHC Mab (C) for 20 min. Flag-Jnk was immunoprecipitated with the anti-Flag
Mab M2 and subjected tm vitro kinase assay with GST—Jun as a substrate (top panel). Transfection efficiences were verified by immunoblotting
aliquots of total proteins with Mab M2 (bottom panel)(HelLa cells were transiently transfected withug of Flag-tagged Jnk1 plasmid. After
detachment, the cells were either kept in suspension or plated on dishes coated wBthMaibi-(3E1) in the absence or presence of 200, 100 or

50 nM Wortmannin for 20 min. As a control, adherent cells were exposed to £008/bV radiation for 20 min. Flag-Jnk was immunoprecipitated

with Mab M2 and subjected tm vitro kinase assay with GST-Jun as a substrate. The position of phosphorylated GST-Jun is indicated. The lower
band is a degradation product of GST-Jun.
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Fig. 7. Adhesion mediated bggB, promotes transcription from the Fos SRE. HelLa cdllsexpressing NIH 3T$,4-18 cells and control NIH

3T3-C1 cells were transiently transfected with Fos-SRE-Luc plasmid. After growth factor starvation, the cells were detached and plated onto dishes
coated with 1Qug/ml poly-L-lysine (PL), laminin 5 (LM-5) or collagen | (Coll-I) for 30 min. The cells were then either left untreated (solid bars) or
exposed to mitogens for 10 min (shaded bars). Cell lysates were subjected to luciferase assay. Values are expressed in arbitrary units. The diagram
shows the mean value and standard deviation from triplicate samples.

transiently transfected with the Fos-SRE-Luc vector, did not induce this activity. This suggests that ligation of
which contains the Fos SRE promoter element linked to agf3,, but nota,p,, is sufficient to promote transcription

the luciferase reporter gene. Upon plating on dishes coated from the Fos SRE in the absence of mitogens. Treatment
with poly-L-lysine, collagen | or laminin 5, the cells were with EGF induced a significant elevation of Fos SRE

either left untreated or exposed to EGF. They were then activity in HelLa cells adhering to laminin 5, but caused
subjected to luciferase assay. As shown in Figure 7, while a remarkably modest effect in cells attaching to poly-
adhesion to laminin 5 in the absence of EGF caused lysine or collagen I. This result suggests that ligation of
elevation of Fos SRE-dependent transcription, adhesionagf, is required for optimal induction of Fos SRE-

to poly+-lysine or collagen | under the same conditions dependent transcription in response to EGF.
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To examine if laminin 5 is able to induce transcription Primary Keratinocytes
from the Fos SRE in normal untransformed cells and to 60
demonstrate the role ofs3, in this process, we transfected 1
NIH 3T3 fibroblasts with a retroviral vector encoding  _ 501 o o
humanp, and isolated stable cell lines. Immunoprecipit- 3 < o
ation and fluorescence-activated cell sorting (FACS) ana- 3 401 =
lysis indicated that the recombinay subunit associated o T
with endogenousig and was regularly exported to the 5 301
cell surface. Clones 8 and 18 displayed the highest levels & T
of recombinanf3, on the cell surface and were examined f_' 204
further. FACS analysis indicated that the level of expres-
sion of recombinanB, in these two clones approximated 104
40% of that of endogenou3, in primary keratinocytes. l
Since the NIH 3T3 cells do not expreagp, and adhere 0 L1
to laminin 5 throughasB;, we examined the function of Coll-l LM-5
recombinantigB, by comparing the kinetics by which the
B, transfectants and control cells adhered to laminin 5-
coated dishes. The results showed thatthansfectants Primary Fibroblasts NIH-3T3
adhered to laminin 5 with faster kinetics than the controls. 60
However, both types of cells became equally spread by ~
30 min of plating (not shown). — 50 ° s
To analyze Fos SRE-dependent transcription in reponse 3 ;
to laminin 5, control and3,-transfected NIH 3T3 cells 2 40+ .
were transiently transfected with the Fos-SRE-Luc =
plasmid. Upon plating on dishes coated with poHysine 3 304 .
or laminin 5, the cells were either left untreated or exposed § 1
to basic fibroblast growth factor (bFGF), insulin and . 204 .
platelet-derived growth factor (PDGF). The results of &
luciferase assays indicated that adhesion to laminin 5 10 .
causes elevation of Fos SRE-dependent transcription in
the B, transfectants even in the absence of mitogens 0-
and this induction is potentiated by mitogen treatment FN/PL LM-5

(Figure 7). The ability of laminin 5 to induce Fos SRE- _. : . )

L . Fig. 8. Adhesion mediated bygB, promotes cell cycle progression.
deDendent transcrlptlon Was depgndem@expressmn, . Primary human keratinocytes, primary human dermal fibroblasts,
because adhesion to laminin 5 did not cause this effect in control NIH 3T3-C1 cells an@,-expressing NIH 3T3-18 and -8 cells
control cells even after mitogen treatment (Figure 7). were growth factor starved and plated on wells coated withug/nl
These results indicate that ligation @34, but notagp;, poly-L-lysine (PL), collagen I (Coll-I) or laminin 5 (LM-5), or a

; F ; . o mixture of 10pg/ml fibronectin and 1Qug/ml poly-L-lysine (FN/PL).
Is sufficient to induce Fos SRE-dependent transcription, The cells were then incubated for 22 h in defined medium containing

and confirm thatig3, cooperates with mitogens to cause 10 M BrdU and mitogens (shaded bars). To estimate the percentage
optimal induction of this activity. of unsynchronized primary cells, the cells were also incubated for 22 h
in defined medium containing 30M BrdU without mitogens (solid

: : bars). When indicated, 1jag/ml anti{3; Mab 4B4, 1:20 antB, Mab
Adhesion mediated by asﬁ 4 promotes cell cycle A9 ascites or 1qug/ml control anti-MHC Mab W6.32 were included

progress!on . . . . in the medium. After immunostaining with anti-BrdU Mab and

To examine ifagP, signaling played a role in cell cycle  alkaline phosphatase-conjugated secondary antibodies, the percentage
progression, primary keratinocytes were growth factor of labeled nuclei was determined by scoring at least 500 cells from
starved and then plated in the presence of EGF on plasticﬁ"e different microscopic fields. The diagram shows the mean value
wells coated with laminin 5, collagen | or polylysine. and standard deviation from triplicate samples.

Entry into the S phase was examined bybBomo-2-

deoxyuridine (BrdU) incorporation and anti-BrdU staining. extracellular matrix is not sufficient for progression of
As shown in Figure 8, a significant fraction of ker- keratinocytes through 3n response to EGF, and suggest
atinocytes plated on laminin 5 entered into the S phase that this process requires ligation of a specific integrin,
during the 22 h of the assay. In contrast, only a modest such asugf3,.

percentage of cells plated on collagen | or pollysine To examine the relative roles ofs, and asf3; in
entered into S during the assay. In the absence of mitogenskeratinocyte proliferation, we tested the effect of inhibitory

a similarly small percentage of cells plated on collagen | Bptnd antiB, antibodies. Growth factor-starved ker-

or poly+-lysine entered into S phase (not shown). This atinocytes were plated on laminin 5 and exposed to EGF
fraction may consist of unsynchronized cells, which have in the presence of the inhibitorfy, dvieib 4B4, the
already passed the;&S boundary at the time of plating. inhibitory anti{3, Mab A9 or the control anti-MHC Mab

In addition, because the keratinocytes acquired and main- W6.32. As shown in Figure 8, exposure to fihe anti-
tained a well-spread morphology on collagen |, their Mab completely suppressed keratinocyte entry into S. In
inability to enter into S on this substratum is not the result contrast, treatment with th& antanti-MHC Mab did

of insufficient spreading. The results of these experiments not inhibit keratinocyte proliferation on laminin 5. To
indicate that physical attachment and spreading on the control the efficacy of tifie stati> 4B4, G, syncronized
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primary human fibroblasts were plated on a mixed substrate

consisting of poly-=-lysine and fibronectin and exposed
to mitogens in the presence of the 4B4 or W6.32 Mab. In
accordance with the recent observation that a clag; of
integrins, which include thes3, fibronectin receptor, is
linked to the Ras—Erk pathway and the control of cell
cycle progression by Shc (Wargtal, 1996), plating
of the primary fibroblasts on fibronectin/polylysine
promoted cell cycle progression, and exposure to Bnti-
Mab 4B4 blocked this process without inducing detach-
ment (Figure 8). These results suggest that the ability of
laminin 5 to promote keratinocyte cell cycle progression
is mediated byogB4, and not byosB;.

We next examined the ability of control anf,-
expressing NIH 3T3 cells to progress through €n
laminin 5. While only a modest percentage of control
cells progressed through;@&hen plated on laminin 5 for
22 h, a significant fraction o, expressors entered into

S under the same conditions (Figure 8), suggesting that

ligation of agB, is sufficient to promote progression
through G in response to mitogens. Taken together, the
results of these assays indicate that ligationogB, is
required and sufficient to promote keratinocyte prolifera-
tion in response to laminin 5.

Discussion
Although the notion that cell adhesion to the extracellular

matrix regulates gene expression is supported by consider-

able experimental evidence, the signaling pathways linking
integrins to nuclear events are not well known. In particu-

is important for the subsequent tyrosine phosporylation of
She, which is presumably mediated by the integrin-
associated kinase. Upon phosphorylation, Shc combines
with the other adaptor protein Grb2. Since Grb2 is
constitutively associated with the Ras-GTP exchange fac-
tor mSOS, the recruitment of Grb2 to the plasma membrane
potentially linksug, to Ras. In accordance with this
hypothesis, our current results show that ligatiorogfb,
results in a significant activation of Ras.
In contrast to the recruitment of Shc and Grb2 which
could be observed in suspended keratinocytes cross-linked
with anti-ag3, antibodies, full activation of Ras required
physical attachment and/or spreading on a substratum
coated withagf3, ligands. Since it has been suggested that
proper targeting of the Grb2-mSOS complex to Ras may
require an interaction of the Grb2 SH3 domains with the
cortical cytoskeleton (Bar-Setgal., 1993), it is possible
that such targeting is defective in suspended keratinocytes
cross-linked withhs@ptntibodies. Alternatively, since
the pleckstrin homology domain of mSOS may bind to
phosphatidylinositol(4,5)bisphosphate @Ptitingke
plasma membrane (Lemman al, 1996) and it is known
that Ptdliesfels decline in suspended cells (McNamee
etal, 1993), it is possible that Ras activation w3,
requires a threshold concentration of PtdinsR the
plasma membrane which is not available in suspended
keratinocytes. Future studies will be required to resolve
this issue.
The results of this study indicate that ligagfbn of
results in the stimulation of both Ras—Erk and Rac—Jnk
MAP kinase signaling pathways. The activation of Erk

lar, the mechanisms by which integrin-dependent signals by agf3, was suppressed by dominant-negative versions

regulate cell cycle progression in normal epithelial cells
are not fully understood. The results of recent studies

have defined the membrane-proximal events induced by

ligation of theagf, integrin, a laminin receptor involved
in various morphogenetic processes (Giancotti, 1996).
Upon binding to extracellular ligandgB, becomes phos-
phorylated on tyrosine residues by the action of an integrin-

of both Shc and Ras, indicating that the coupling to Ras
mediated by Shc is the major mechanism by wiigB,
controls Erk activation. Interestingly, Erk activation was
also inhibited by dominant-negative RhoA. This result,
which is in agreement with the recent observation that
Rho activity is required for full activation of Erk in
response to various extracellular stimedigHill995),

associated kinase and thereby combines sequentially withsuggests that this G protein also participates in signaling

the adaptor proteins Shc and Grb2 (Mainietal., 1995).

byagBs. The activation of Jnk byigf3, was inhibited by

The results of the present study provide clear evidence dominant-negative Ras and Racl, but not by dominant-

that these receptor-proximal events result in the activation
of Ras and of two distinct MAP kinase signaling pathways
which regulate immediate-early gene expression. In con-
trast, other integrins, such as thegp3; andas;B; collagen

and laminin receptors, do not induce these events. Since
agPs,-mediated adhesion promotes keratinocyte progres-

sion through G in response to growth factor treatment,
while a,f3- and a;B,-mediated adhesion does not, we
propose that the linkage of3, to Ras signaling mediated
by Shc participates in the control of cell cycle progression
in normal epithelial cells.

negative RhoA and Cdc42. In addition, it was suppressed
by nanomolar concentrations of the PI-3K inhibitor Wort-
mannin. Since there is evidence that PI-3K is a downstream
target effector of Ras and is involved in the activation of
Rac (Rodriguez-\&tialnal994; Nobest al, 1995;
Klippel et al,, 1996), it is likely thatagf3, stimulates the
Rac-Jnk pathway via Ras. Thus, the coupdiggy od
Ras mediated by Shc leads to the activation of both Ras—
Erk and Rac—Jnk signaling pathways.
In accordance with the observation that Erk stimulates
transcription of the immediate-early glrs(Treisman,

The adaptor protein Shc contains two separate domains1995), the results of our study indicate that adhesion

involved in the recognition of tyrosine-phosphorylated
sequence motifs: an N-terminal phosphotyrosine-binding
(PTB) domain and a C-terminal Src homology 2 (SH2)
domain (Pawson, 1995). GST fusion protein binding

experiments have suggested that both domains can interact

with the tyrosine-phosphorylatgs), tail (Mainiero et al.,
1995). The results of this study are in accordance with
the notion that the recruitment of Shcdgp, is mediated

by the cytoplasmic domain , and suggest that this event
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mediatedalfy, is sufficient to promote transcription
from the Fos SRE. Interestingly, while treatment with
mitogens caused a significant elevation of Fos SRE activity
in cells plated on theagB, ligand laminin 5, it was
ineffective in cells adheringiif;thigand collagen
I, indicating that the expression of Fos in response to
mitogens requires ligation of a specific integrin, such as
0gBs. Future studies will be required to examine further
the mechanism by whigfy controls immediate-early



ogPs integrin signaling

gene expression. For example, it is known that Rho family its overexpression in squamous carcinoma (Kimmel and
proteins can activate the Fos promoter by stimulating the Carey, 1986; Wolfet al, 1990) may contribute to tumor
serum response factor (Hiéit al, 1995). The ability of progression.

0P, to stimulate Rac may thus contribute to the activation
of Fos promoter in response to laminin 5. In addition, .
since it is well established that Jnk controls the activity Materials and methods

of the Jun promoter (Karin, _1995)7 it _iS "ke_ly that  antibodies and extracellular matrix molecules
0gP4 also regulates the expression of the immediate-early The specificity of ant, Mab 3E1 was described previously (Giancotti
expression gene Jun. Taken together, these observationstal, 1932b). The p,O!yclonalbsntiS}err]um to tffﬁ“t_ ectodomain was
suggest thatgB, is a crucial regulator of immediate-early — 9enerated by immunizing a rabbit with a GST fusion protein comprising
99 6.B4 9 y amino acids 31-217. The inhibitory afi-Mab A9 was obtained from
gene expressmn_. . L . . Tom Carey (Comprehensive Cancer Center, University of Michigan at
What is the biological S'9n|f|qance ‘m‘GBz} S_'Qn.a“ng? Ann Arbor). Hybridomas producing the antir Mab TS2/7 and antg,
The results of our cell proliferation analysis indicate that Mab TS2/16 were obtained from ATCC (Rockville, MD). The amfi-
a6[34 Signa“ng promotes transit through@ keratinocytes Mab P1E6, antai; Mab P1B5 and antixs Mab P1D6 were from Gibco-

_ ; ; BRL (Gaithersburg, MD). The anfi;, Mab 4B4 was from Coulter
and OthemGB“ expressing cells eXposed to mitogens. In (Hialeah, FL). The anti-MHC Mab W6.32 reacts with human and

this re_SpeCthsBA appears to be funCtiona”y_diStinCt from  cyitured rodent cells. The anti-FLAG M2 Mab and anti-HA peptide tag
other integrins, such a&sB; and a,f;, which do not Mab 12CA5 were purchased from Eastman Kodak Company (New
appear to be able to do so. In fact, it is quite remarkable Haven, CT) and Boehringer Mannheim (Indianapolis, IN), respectively.

that keratinocvtes plated on t liogand collagen | The_ anti-Shc Mab and the recombinant horseradish p(_eroxidase (HRP)-
dh d y d Fk)) td t m,?Bl tg the S ph 9 d it onjugated anti-P-Tyr Mab RC20 were from Transduction Laboratories
adhere and spread but do not enter Inio the 5 phase aespl %_exington, KY). Anti-Erk2 and anti-Grb2 polyclonal antibodies were

being exposed to otherwise mitogenic concentrations of from Santa Cruz Biotechnology (Santa Cruz, CA). Human fibronectin
EGF. We have observed recently that a clasf,anda, and collagen | were purchased from Gibco-BRL. Laminin 5 matrices
integrins, which includea,f3;, asB; and a,B; but not were prepared as described previously (Sonnerdgeay 1993; Spinardi
a,B1, 0sP; and agBy, are also linked to the Ras—Erk St@l» 1995).

pathway and the control of cell cycle progression by _Shc Cell lines, constructs and transfections

(Wary etal, 1996). Taken together, these observations peia cells were cultured in Dulbecco’s modified minimal essential
suggest that the ability of extracellular matrix to control medium (DMEM) with 10% fetal calf serum (FCS). Primary human
cell proliferation, thereby mediating anchorage-dependent keratinocytes were cultured in keratinocyte serum-free medium (K-SFM)

; it -~ SUpplemented with bovine pituitary extract (3@/ml) and human
Cel.l growth, depends on its _composmon and the repertoire recombinant EGF (5 ng/ml) (Gibco BRL). NIH 3T3 cells expressing
of 'ntegr!ns on the reSPO”d'”g Ce_”' . . recombinant humar, were maintained in DMEM containing 10%
What is the mechanism by whidan3,4 signaling regu- bovine calf serum (BCS) and 3 mMhistidinol (Sigma, St Louis, MO).
lates cell proliferation? Previous studies have indicated Primary dermal fibroblasts were obtained from Clonetics (San Diego,

e . - . 2% FCS, 2 ng/ml bFGF and J0g/ml insulin.
dependent transition in early—mid; Gn fact, adhesion to To generate pLXSHIB, the full-length human@, cDNA was

the extracellular matrix is required for translation of Cyclin  subuooed m el s of PLXSHD! & dervatve o 1 Molomey
D, in cells exposed to mitogens, suggesting that integrin- leukemia virus-derived retroviral vector pLXSN containing as a selection
and growth factor-dependent signals converge prior to the marker the histidinol dehydrogenase gene (Dusty Miller and Rosman,

; ; ; ; 1989). The recombinant virus was produced by transiently transfecting
induction of cyclin [} to control progression through,G 293-T cells with 10ug of pLXHD-B4 and 10ug of packaging-defective

(Fangetal, 1996; Zhuet al, 1996). Our results suggest  ecqtropic virus (Landau and Littman, 1992). Subconfluent NIH 3T3 cells
that these signals are integrated before the induction of were infected with a dilution of the culture supernatant collected 48 h
immediate-early gene expression. The simplest hypothesisafter transfection. Cell lines expressing recombinant huramwere

is that in normal cells growth factor receptors and specific isolated byL-histidinol selection and identified by FACS analysis. Rat

- - : . 804G cells expressing a recombinant wild-type hurasubunit were
integrins cooperate to activate MAP kinase beyond the previously described (Spinarét al, 1993). To generate a cytomegalo-

thr33h0|_d level required _for immEdiate'early_ gene expres- virus (CMv)-driven eukaryotic expression vector encoding a tailss
sion. Since most dominant oncogenes, including Shc subunit, the 2.3 klEcoRI-Scd fragment of B, cDNA was ligated into
(Pelicciet al, 1992), induce neoplastic transformation by EcaRl-BanHli-digested pRK-5. The 2.3 kBcaRI-Xba fragment of the

T At _ ; resulting plasmid was then ligated int6coRI-Xba-linearized pRc-
constltutlvely activating the Ras-MAP kinase pathway, CMV. The recombinanf, subunit encoded by this vector is truncated

th's model also e>_<p|a|ns why neoplastlc cells usually immediately after Lys734, which marks the boundary between the
display anchorage-independent growth. transmembrane and intracellular domains of the polypeptide. Clone L
In conclusion, the results of this study indicate that cells were generated by transfecting parental 804G cells with the above

the coupling qu6[34 integrin to Ras—Erk and Rac—Jnk vecto)r accordinglto previouslg publisft;e(;l] prc|>tocols (Sdpinlaardal., !
: : - 1993). FACS analysis was used to verify that clone A and clone L cells
pathways mediated by Shc regmates 'mmedlate_early genenad comparable levels of expression of recombin@nt Metabolic

expression and cell cycle progression in response 1o jabeling with £5S]methionine/cysteine (Translabel, ICN, Costa Mesa,
mitogens. Since the major keratinocyte integrins, in addi- CA) and immunoprecipitation were used to verify the correct assembly

tion to agB,, area,P; andasB;, which are not coupled to  of recombinantB, with endogenousig in both NIH 3T3 and 804G

] ; . ; transfectants.
Shc, the S|gnallng function GjGB“ may explaln Why cell The CMV promoter-based expression vectors encoding HA-tagged

proliferation is restricted to the basal layer in the epidermis gy> * gominant-negative p8% (Y317F) and dominant-negative Ras
and other stratified epithelia. In addition, since exit from (N17) were obtained from Edward Scolnik (NYU School of Medicine).
the cell cycle is a prerequisite for differentiation, our The vectors encoding GST-Jun and Flag-tagged Jnk1 were described
results may also explain why the onset of keratinocyte ggﬁ:}’:g;ﬁ'tyn(:igg\t/:'h ﬁ%is;(ﬁfgﬁa;ﬁap'é’alfig?&lgge&'ﬂgﬁi ﬁnggging
differentiation is coupled to the detachment Trom the 1995) were sgubcloned in pcDNA3. Dominant-negative Cdc42 (N17) in
basement membrane (Hall and Watt, 1989). Finally, the pcmvs was obtained from Jonathan Chernoff (Fox Chase Cancer

ability of agP, to stimulate cell growth suggests that Center, Philadelphia, PA). The Fos-SRE-Luc reporter plasmid was from

2373



F.Mainiero et al.

Joseph Schlessinger. Vectors were transiently transfected in HeLa and lysine. The keratinocytes were incubated in K-SFM supplemented with

NIH 3T3 cells by the lipofectamine method (Gibco-BRL). 5 ng/ml human recombinant EGF. The NIH 3T3 transfectants were
incubated in FBM supplemented with 20 ng/ml PDGF, 2 ng/ml bFGF

Biochemical methods and 10ug/ml insulin. Primary dermal fibroblasts were incubated in FBM

To obtain ligation of integrins in the absence of any co-stimulus, the with 2 ng/ml bFGF gugirh0insulin. The media were supplemented

cells were growth factor starved for 36 h, detached, and resuspended inwith 10 uM BrdU and, when indicated, with the inhibitory arfti-Mab

serum-free medium. The cells were then either incubated in suspension 4B4, the inhibit@yMah-A9 or the control anti-MHC Mab W6.32.

with polystyrene beads (2jim diameter, IDC, Portland, OR) coated After 22 h of incubation, the cells were fixed in 70% ethanol, 50 mM

with anti-integrin Mabs (Mainiercet al, 1995; Waryet al., 1996) or glycine, pH 2.0 for 30 min at —20°C and stained with anti-BrdU Mab

plated onto dishes coated sequentially with affinity-purified goat anti- and alkaline phosphatase-conjugated secondary antibodies (Boehringer
mouse IgGs and anti-integrin Mabs or extracellular matrix proteins. At Mannheim, Indianapolis, IN). The percentage of labeled nuclei was
the coating concentrations used, the cells attached and spread equallydetermined by scoring at least 500 cells from five different micro-
well on laminin 5 and collagen |, attached and partially spread on the scopic fields.

antif4, Mab 3E1, and attached without spreading on polysine and

the control Mab W6.32. As a positive control for Jnk activation, adherent

cells were exposed to UV radiation as previously described (&tiki,, Ack led

1993; Derijardet al,, 1994). At the end of the incubation, the cells were cknowle gements

extraqted and subj_epted to biochemical analygs. . We thank Dafna Bar-Sagi, Tom Carey, Jonathan Chernoff, Maria Galisteo,
To immunoprecipitate Shc andgf,, primary human keratinocytes g4 geolnik and Jossie Schlessinger for constructs and antibodies,
were extrac‘ted in Triton IyS|§ t_Juffer (50 mM HEPES pH 7.5, 150 MM jitchell Yeon for expert technical assistance, and Giuseppe Pintucci for
NaCl, 1% Triton X-100) containing 1 mM sodium qrthovana%late, 2.5MM  pposphorimager analysis. We are especially grateful to Michael Dans
sodium pyrophosphate, 25 mM sodium fluoride, 0.01% aprofinin, - ¢ ganerating clone L cells. This work was supported by NIH grant CA
4 mg/ml pepstatin A, 10 mg/ml leupeptin and 1 mM phenylmethanesul- gg976 and pAMD grant 17-94-J4306. F.M. was supported by a fellowship
fonyl fluoride (PMSF) (all from Sigma) for 30 min on ice. Immunopre- ¢, the American Italian Foundation for Cancer Research. C.M. is on
Cipitation, SDS_'.DAGE ar_]d |mm_unob|ott|ng ana_lly5|s were p_e_rformed 85 |eave of absence from the Istituto Nazionale della Nutrizione (Rome,
previously described (Giancotti and Ruoslahti, 1990; Mainietal, ltaly). F.G.G. was the recipient of awards from the Lucille P.Markey

1995). Nitrocellulose-bound antibodies were detected by chemilumines- ) b ; p h
. . ) ; and the Irma T.Hirschl Charitable Trusts and is an Established Investigator
cence with ECL (Amersham Life Sciences, Little Chalfont, UK). of the American Heart Association.

To examine Erk activity, cells were extracted with NP-40 lysis buffer
(50 mM HEPES pH 7.5, 150 MM NaCl, 1% NP-40, 1 mM EDTA)
containing phosphatase and protease inhibitors for 30 min on ice.
Endogenous and recombinant tagged Erks were immunoprecipitated References
with anti-Erk2 or anti-HA Mab, respectively, and subjectedinwitro )
kinase assay. The kinase reaction was initiated by adding to the beadsAdams,J.C. and Watt,F.M. (1993) Regulation of development and
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at 30°C, the samples were boiled in sample buffer and separated by Brasier,A.R., Tate,J.E. and Habener,J.F. (1989) Optimized use of the

SDS—-PAGE. firefly luciferase assay as a reporter gene in mammalian cell lines.
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of [y-32P]ATP. Recombinant Flag-tagged Jnk1 was immunoprecipitated ~ Of integrinsayB; andasP; in cell—cell and cell-substrate adhesion of
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or exposed to 10 ng/ml PDGF-BB, 5 ng/ml bFGF andudml insulin Dependence of cyclin E-CDK 2 kinase activity on cell anchorage.
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