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SUMMARY

Integrin-mediated anchorage of NIH3T3 filroblasts to the
extracellular matrix component fibronectin permits
efficient growth factor signaling to the p42 and p44orms
of mitogen-activated potein kinase (MAPK). Since
integrins bridge the extracellular matrix to focal adhesion
sites and to the actin cytoskeleton, we analyzed thele of
these integrin-associated structtes in eficient growth
factor activation of p42 and p44-MAPKs. Use of specific
reagents that disrupt actin stess fiber andfocal adhesion
formation demonstrated that uponreadhesion of NIH3T3
cells to fikronectin, cells that wee poorly spead and
lacked prominent focal adhesiongut that formed cortical
actin structures, eficiently signaled to p42 and p44-
MAPKs upon EGF stimulation. In contrast, failure to
form the cortical actin structures, despite attachment to
fibronectin, precluded effective EGF signaling to p42 and
p44-MAPKs. Actin cytoskeletal changes induced by

expression of dominant-negative and constitutively active
forms of Rho GTPases did not alter EGF adwation of
MAPK in adherent cells. Hovever, active Cdc42,but not
active Racl or RhoA, partially rescued EGF signaling to
p44-MAPK in cells maintained in suspension. These data
indicate that a limited degee of adhesion-mediated
cytoskeletal organization and focal adhesion complex
formation arerequired for efficient EGF activation of p42
and p44-MAPKs. Our studies exclude a majorole for the
GTPases RhoA and Racl in théormation of cytoskeletal
structures relevant for signaling, but indicate that
structures regulated by Cdc42 enhance the ability of
suspension cells to activate MAPK irresponse to gowth
factors.
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INTRODUCTION

components. Engagement and clustering @Qiim receptors
has also been demonstrated to directly initiateadety of

The proliferation of most normal cells requires a state o$ignal transductiorevents. These include increases in the
adherence, as well as the presence of circulating mitogentgrosine phosphorylation state of a subset of proteins,
growth factors.For example, 3T3 fibroblasts maintained in activation of serine/threonine kinases, and alterations in
suspension will arrest in the 1Ghase of the celbycle cellular phospholipid and calciuraviels (Aplin et al., 1998).
(Assoian, 1997; Schwartz, 1997). Additioyabther cellular Theseevents are associated with the formation in cultured
processes, such asfférentiation, control of programmed cells of focal adhesions: conegl structures containing a
cell death and cell motilt are mediated through the co- variety of structural proteins (such as talin, vinculin and
operation between adhesion andovgth facta-signaling actinin), signaling molecules (e.g. focal adhesion kinase
pathways (ldwe et al., 1998). The anchorage requirement{FAK)), and adaptor molecules (including paxillin, tensin and

for proliferation is abrogated in mw types of tumor cells,
resulting in the ability to unago cell dvision irrespedve
of the surroundingxtracellular matrix (ECM) mvironment

pl303y. Focal adhesions function to link the égtin
cytoplasmic tails to the acticytoskeleton and dve been
shown to be important in cell spreading and motility (Burridge

(Schwartz, 1997; Inoue et al., 1996). Hence, the biologicadt al., 1992; Cary et al., 1996; Richardson Badcsons, 1996;
importance of tight control of adhesion-mediated signals haRomer et al., 1994).

particular reévance to cellular transformation

metastasis.

and

The function of inggrin-mediated assemblies is also
dependent upon the adty of the Rhofamily of GTPases.

The inegrins are the principal receptors responsible forCdc42 and Racl are bothvolved in the formation of small
binding to ECM component ligands, such as fibronectifocal compéxes and also control the polymerization of actin
(Hynes, 1992; Ruoslahti, 1991). ¢gtins are made up of into filopodial and lamellipodial structures, respesly

dimeric combinations of one alpha and one bebarsit; the
exact pairing determines theffimity for different ECM

(Kozma et al., 1995; Riey et al., 1992; Nobes and Hall,
1995). RhoA agvity rapidly induces the formation of stress
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fibers and focal adhesions by generating cellular tensiofMarshall, 1995). Ras recruits the serine/threonine kinase Raf
(Ridley and Hall, 1992; Chrzanowska-Wodnicka andto the plasma membrane, where it phosphorylates and
Burridge, 1996). The focal complexes formed by Cdc42 andctivates the MAPK/ERK kinase, MEK, which in turn
Rac were identified as vinculin and phosphotyrosine-positivehosphorylates and activates [J48X and p4#APK (Brunet
structures present at the tips of filopodia, or at the leading edged Pouyssegur, 1998). However, differing experimental
of lamellipodia, and are morphologically distinct from Rho-systems have provided alternative mechanisms for integrin-
regulated focal adhesions (Nobes and Hall, 1995; Ridley et alitogen collaboration, whereby cells on which the integrins
1992). Cdc42 and Rac have also been demonstrated to activate unoccupied can show deficiencies in signaling at the point
the c-Jun kinase (JNK)/stress-activated protein kinasef receptor tyrosine phosphorylation (Miyamoto et al., 1996),
cascade, while they do not directly activate thein Raf activation (Lin et al.,, 1997b), or in MEK activation
MAPK/extracellular signal-regulated kinases (ERK) pathway(Renshaw et al., 1997).
(Coso et al., 1995; Minden et al., 1995; Olson et al., 1995). In this study, we analyzed the role of focal adhesion and
Interestingly activation of Rho, by the guanine exchangectin components associated with integrins in regulating
factors, dbl and lbc, also induces anchorage-independent, begidermal growth factor signaling (EGF) to p4$K and
serum-dependent cell growth (Schwartz et al.,, 1996)44YAPK With the use of actin destabilizing drugs, we found
However, it is uncertain at present whether integrirthat cells in which stress fibers were disrupted, but which were
engagement directly leads to the activation of these GTPasable to spread and retain a degree of cortical actin structure
or if they act in parallel. and small focal complexes, still responded to growth factor

In addition to pathways directly activated upon cellstimulation by efficiently activating pA2\PK and p4#APK,
adhesion, integrins exert their actions by subtly modulatingdowever, loss of this cortical actin network precluded
pathways mediated by soluble growth factors anceffective signaling. We further demonstrate that structures
differentiation factors (Schwartz, 1997; Howe et al., 1998)formed by the activity of Rac and Rho GTPases, namely actin
Key regulators of many of these processes aré¥42and  stress fibers, lamellipodia and mature focal adhesions, are not
p44dMAPK - also referred to as ERK1 and ERK2 (Cobb et al.required for efficient signaling. In contrast, we were able to
1994). We and others have previously shown that anchorage dirtially restore the efficiency of EGF signaling in suspension
NIH3T3 fibroblasts to fibronectin permits efficient growth by the expression of a constitutively active form of Cdc42.
factor signaling to p42°PX and p4#APK as compared to cells These data indicate that a limited degree of adhesion-mediated
maintained in suspension (Miyamoto et al., 1996; Lin et al.cytoskeletal organization is essential for EGF signal
1997b; Renshaw et al., 1997). Integrin receptors are strongtyansduction events to MAPKs and that, under certain
implicated in this effect as antibody-mediated engagement armbnditions, Cdc42 regulated actin structures may be important
clustering ofa5B1 integrins, the principal cellular receptor for in this process.
fibronectin, on cells in suspension mimics anchorage-enhanced
signaling (Miyamoto et al., 1996).

Activation of MAPK results in phosphorylation of MATERIALS AND METHODS
cytoplasmic targets, such as pp88 and phospholipase 2A Materials

and in the redlstr!butlon of MAPK from the cytoplasm to.th.ecDNA for the constitutively active and dominant negative forms of
nucleus Wh'ere It I Capable of regulating §everal transcrlpt!oedc42’ Racl and RhoA in the pAX142 vector under the control of
factors, ultimately leading to changes in gene expressiofie elongation factordl promoter were gifts from Drs I. Whitehead
(Davis, 1995; Treisman, 1996). As previously noted, both celind c. J. Der (Department of Pharmacology, University of North
anchorage and growth factors are necessary for passaggrolina). pRc-CMV-C3 encoding the C3 exotoxin was a gift from
through the G phase of the cell cycle (Bohmer et al., 1996).Dr J. Settleman (Massachusetts General Hospital, Boston) and
Traversing this section of the cell cycle requires cyclin DPcDNA1-HA-p44*APK containing the cDNA for a hemagglutinin
cyclin-dependent kinase (cdk) 4/6 and cyclin E-cdk2 complejégged version of pA#PK/ERK1 was originally from Dr J.

activity. Cyclin D1 expression is reduced in quiescent 3T ouyssegur (Nice, France). The polyclonal anti-C-terminal FAK
ntibody, 5158, and anti-vinculin antibody were gifts from Dr Lew

cells in suspension (Zhu et al., 1996) and forced cyclin D% mer (Departments of Pediatrics and Anesthesiology, University of
expression in suspended cells enables cell cycle progressi ﬁrth Carolina) and Dr Keith Burridge (Dept Cell éiology and

of _rat_ fibrqblasts (R.esnitzky, 1997). In .addition, CPT".SAnatomy, University of North Carolina), respectively. The following
maintained in suspension have reduced cyclin E-cdk2 activityyateriais  were purchased from the given suppliers: human

probably due to alterations in levels of the cdk inhibitors, p2%pronectin (Collaborative Biomedical Products, Bedford, MA):
and p27 (Zhu et al, 1996; Fang et al., 1996). As theytochalasin D, TRITC-labeled phalloidin and fluorophore-
MAPK/ERK pathway has been shown to impact on the levelsonjugated secondary antibodies (Sigma, St Louis, MO); latrunculin
of cyclin D1 (Lavoie et al., 1996), adhesion control of thisA (Molecular Probes, Eugene,_OR); green qu_orescent protein (GFP)
cascade may be an important prerequisite for the anchoragector, pGreen Lantern-1 (Gibco BRL, Gaitherburg, MD); FAK
dependent regulation of events leading to cell cycl@ntibody (clone 2A7) and anti-phosphotyrosine antibody, 4G10
progression. (Upstate Biotechnologies Inc., Lake Placid, NY); anti-active MAPK

- : : : Promega, Madison, WI); other antibodies to MAPK, Sc-93 and Sc-

Studies to date on a_dh_esmn control O.f signaling to MAP%, (Santa Cruz, CA); anti-paxillin monoclonal antibody clone 349
have focused on pinpointing the .SteP@ |n_the MAPK casCat& ansduction Labs, Lexington, KY); anti-tubulin antibody clone
where the growth factor and integrin signaling pathwaywx-1 (Boehringer Mannheim Corp., Indianapolis, IN); anti-
converge to give this synergistic effect. Growth factor bindinthemagglutinin tag antibody, HA11, (Babco, Richmond, CA); and
to its cognate receptor tyrosine kinase initiates a sequence rseradish peroxidase (HRP)-linked secondary antibodies
events leading to activation of the GTP-binding protein RagCalbiochem, San Diego, CA).
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Cell culture, cell adherence and preparation of cell lysate Analysis of luciferase expression

NIH3T3 cells were maintained in Dulbecco’s minimal essentialCells were co-transfected with a plasmid encoding luciferase under
medium (DMEM) containing 10% bovine calf serum, 50 units/mlthe control of the c-fos promoter (gift from Dr D. Brenner, Department
penicillin, and 50ug/ml streptomycin. Confluent cells were serum- of Medicine, University of North Carolina) and the plasmid of
starved for 4 hours or overnight before detachment by 0.05% trypsinterest. After a 4-hour transfection incubation period, cells were
and 0.33 mM EDTA,; trypsin activity was subsequently neutralizedvashed in PBS and DMEM containing 0.5% serum was added. Cells
with 1 mg/ml soybean trypsin inhibitor (Gibco BRL). Cells were were incubated for a further 20 hours before lysis. Luciferase
suspended in DMEM with 2% BSA and incubated nonadherently aéxpression was determined using enhanced luciferase assay reagents
37°C for 45 minutes in a rotator to allow kinases become quiescenin a Monolight 2010 model luminometer (Analytical Luminescence
Cells were then plated onto dishes coated with@nl fibronectin ~ Laboratory, San Diego, CA). All transfections were performed in

or 1 ug/ml poly-L-lysine and incubated at 37°C for the indicatedtriplicate and luciferase activity was normalized to protein content and
times. Following incubations, cells were washed twice with cold

PBS and then lysed in a modified RIPA buffer containing 50 mV

Hepes, pH 7.5, 1% NP-40, 0.5% sodium deoxycholate, 150 mh A Sus Fn  Fn/CytoD P-Lys

NaCl, 50 mM NaF, 1 mM sodium vanadate, 1 mM EGF - . T . . i :
nitrophenylphosphate, 5 mM benzamidine, AM calyculin A, 2
mM PMSF, and 1Qug/ml aprotinin. Total cell lysates were cleared
by centrifugation at 16,00@ for 5 minutes at 4°C. Protein P MAPK . e
concentration in the lysates was determined using the bicinchon MBP assay m

acid assay (Pierce, Rockford, IL).

Plasmid transfections

SuperFect (Qiagen Inc., Valencia, CA) was used for the transiel
transfection of NIH3T3 cells according to the manufacturer's

B

2 uM Cytochalasin D
EGF (ng/ml) 0 051 5 10500 05 1 5 10 50

instructions.
Immunofluorescence microscopy IP: MAPK -p'm.... i e — -
Cells were fixed in 3.7% formaldehyde in Dulbecco’s phosphat¢ MBP assay

buffered saline (PBS) for 10 minutes, rinsed in PBS, anc
permeabilized for 5 minutes in PBS containing 0.5% Triton X-100.
Non-specific staining was blocked with 2% BSA and coverslips
were incubated with primary antibodies in 2% BSA/PBS. The Cytochalasin 0 01 05 1 2 5 0 (uMm)
coverslips were rinsed extensively in PBS and then stained wit goe
TRITC-conjugated goat anti-mouse IgG in 2% BSA/PBS for 60
minutes at ambient temperature. F-actin was labeled with TRITC
conjugated phalloidin at a concentration of 100 ng/ml for 15
minutes. Following the antibody incubations, the coverslips wert
washed in PBS, rinsed in deionized water, and mounted i
Permafluor (Thomas, Swedesboro, NJ). Coverslips were viewed ¢
a Ziess Axiophot or an Olympus model BX-FLA microscope D Cytochalasin(uM) 0 0.1 05 1 2 5

C Fibronectin Sus

- F -+ -+ -+ -+ - - F

IP: MAPK S
MBP assay PP

equipped for epifluorescence. Fluorescence micrographs were tak

on T-max 400 film (Kodak Co., Rochester, NY) or images were IP: FAK Sb S s i

captured using Scion image software. WB: PY

Immunoprecipitation, western blot, and immune complex IP: FAK i .

kinase assays WB: FAK i O

Cell lysates were first incubated with antibody recognizing either FAK,
p42 and p44 forms of MAPK, or HA-tagged MAPK for 2 hours at 4°C,Fig. 1. Cytochalasin D treatment of cells reduces signaling to MAPK
followed by the addition of Protein G-Sepharose, and then furtheand FAK tyrosine phosphorylation. Serum-starved NIH3T3 cells were
incubated for 2 hours at 4°C. Western analysis was carried out detached and incubated non-adherently for 45 minutes at 37°C in the
previously described (Lin et al., 1997a). Immunoreactivity was detectegresence of cytochalasin D or as a control, DMSO. Cells were
on Hyperfilm using enhanced chemiluminescence (Amersham Cormllowed to adhere to fibronectin (Fn), poly-L-lysine (P-Lys), or
Arlington Heights, IL). Bands from western blots were quantitated usingnaintained in suspension (Sus) for 2 hours before treatment with 20
a GS-670 model densitometer (Bio-Rad Laboratories, Richmond, CAhg/ml EGF (+) for 5 minutes. Cells were lysed in modified RIPA

For immune complex kinase assays, the precipitates were washbdffer. MAPK activity was measured by an in vitro
3 times with cold washing buffer (0.25 M Tris-HCI, pH 7.5, 0.1 M immunoprecipitation kinase assay using myelin basic protein (MBP)
NacCl). The immunocomplexes were re-suspended ipl 40 kinase  as substrate. (A) Activation of MAPK in cells adherent to different
assay buffer containing 10 mM Tris, pH 7.5, 10 mM MgQ| mM matrices or treated with|2M cytochalasin D. (B) Cells treated with 2
DTT, 10uM ATP, 5uCi [33P]ATP (370 MBg/ml; Du Pont, Boston, pM cytochalasin D or with solvent control were stimulated with
MA) and 10ug of myelin basic protein (MBP; Upstate Biotechnology increasing concentrations of EGF. (C) Cells maintained in suspension
Inc.), and incubated for 30 minutes at room temperature (Chen et abr, treated with increasing doses of cytochalasin D were stimulated (+)
1996). Reactions were stopped by addingull8f 4x sample buffer  with 20 ng/ml EGF for 5 minutes. (D) Cells were allowed to adhere to
and boiling for 3 minutes. The samples were subjected to SDS-PAGEbronectin-coated plates in the presence of increasing concentrations
and the gels were dried. The dried gels were exposed to x-ray filmaf cytochalasin D. FAK was immunoprecipitated (IP) and analyzed by
and the®?P-labeled substrate bands were quantified using a Storm 84@estern blotting (WB) for phosphotyrosine levels (PY) and for levels
Phosphorimager with Image-QuaNT software (Molecular Dynamicspf FAK with an anti-FAK polyclonal antibody. In all cases,
Sunnyvale, CA). representatives from two-three separate experiments are shown.
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expressed as the fold-activation over vector control/fos-luciferasendergo cell division. Cells adherent ‘non-specifically’ to
values. Background activity detected from non-transfected cell lysatgsoly-lysine also activate MAPKs poorly in response to EGF
represented less than 0.2% of the luciferase reading. indicating that permissive signaling is integrin-dependent
(Lin et al., 1997b). The total levels of MAPK were equivalent
under the individual conditions and similar results were

RESULTS obtained by western blotting with an anti-active MAPK
) ) antibody (data not shown). Inhibition of EGF signaling to

Effect of cytochalasin D and latrunculin A on MAPK caused by UM cytochalasin treatment was evident

adhesion-dependent signaling over the 0.5 ng/ml-50 ng/ml range of EGF concentrations that

Initially, to analyze the requirements for actin and focalwe tested (Fig. 1B).

adhesion structure in adhesion-dependent EGF signaling to Since other studies have shown that cytochalasin-disruption
MAPKs/ERKs, we utilized the actin cytoskeleton of the actin cytoskeleton and focal adhesion formation failed
depolymerizing agents, cytochalasin D and latrunculin Ato inhibit activation of MAPKSs in Swiss 3T3 fibroblasts and in
Cytochalasin D caps the growing end of actin fibers angrimary astrocyte cultures (Seufferlein et al., 1996; Cazaubon
inhibits direct integrin-mediated tyrosine phosphorylation ofet al., 1997), we next analyzed the dose dependency of the
the focal adhesion proteins, FAK and paxillin (Burridge et al.cytochalasin D responses with regard to alterations in FAK
1992) and the integrin-mediated activation of p42 and p4#yrosine phosphorylation and cell morphology, in addition to
forms of MAPK (Chen et al., 1994). In agreement withEGF-mediated activation of MAPK. In control cultures and
previous studies (Lin et al., 1997b), EGF treatment otultures treated with low concentrations of cytochalasin D (0.1-
NIH3T3 cells maintained in suspension produced only d pM), cells were able to efficiently signal to MAPKs in
modest activation of pAPK and p4#APK in comparison to  response to an EGF stimulus (Fig. 1C). In contrast, when
cells attached to fibronectin (Fig. 1A). Cytochalasin D-cultures were treated with higher doses of cytochalasin D or
treatment (UM concentration) during adhesion also reducedmaintained in suspension, EGF-treatment poorly stimulated
ability of cells to activate MAPK upon an EGF stimulus (Fig.the activation of MAPKs (Fig. 1C). Integrin-mediated tyrosine
1A). Cytochalasin D treatment did not alter the ability of cellsphosphorylation of FAK was largely unaffected by low
to attach to fibronectin and was non-toxic, as upon replacingoncentrations of cytochalasin D, but was inhibited a2

the medium with normal growth medium, cytochalasin D-concentrations and was undetected guNd (Fig. 1D). In
treated cells rapidly spread and were subsequently able &greement with our previous findings, FAK tyrosine

Fig. 2. Actin and focal adhesion
structures in cytochalasin D-
treated cells. Serum-starved
NIH3T3 cells were detached and
incubated nonadherently for 45
minutes at 37°C in the presence (
solvent control or increasing
concentrations of cytochalasin D:
(A and G) DMSO (B) 0.1uM

(C) 0.5uM, (D and H) 1.QuM; (E
and I) 2.0uM; (F) 5.0uM. Cells
were allowed to adhere to
fibronectin-coated coverslips for 2
hours and were then fixed. ?
Immunofluorescence labeling was
carried out with TRITC-
conjugated phalloidin to label F-
actin (A-F) or with anti-
phosphotyrosine antibody (G-I).
Bars, 40uM.
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Fig. 3. Latrunculin A-inhibition of the formation
of actin and focal adhesion structures. Serum-
starved NIH3T3 cells were detached and
incubated nonadherently for 45 minutes at 37°
in the presence of solvent control (A, C and E)
1 pg/ml latrunculin A (B,D,F). Cells were
allowed to adhere to fibronectin-coated
coverslips for 2 hours and were then fixed.
Immunofluorescence labeling was carried out
with (A and B) TRITC-conjugated phalloidin to
label F-actin; (C and D) a monoclonal anti-
tubulin antibody and (E and F) anti-vinculin
antibody. Bar, 4QuM.

phosphorylation was unaffected upon EGF treatment (Lin etpreading (Fig. 3). In parallel, latrunculin A treatment reduced
al., 1997a). Upon morphological analysis it was observed th#gvels of active p42APK and p4#APK in EGF treated samples,
low cytochalasin D concentrations primarily destabilized actiras determined by western blotting of lysates with an anti-active
stress fibers traversing the cell body, whereas wheMAPK, and the level of FAK tyrosine phosphorylation in
concentrations at or abovep®! were used the cortical actin reattaching cells (Fig. 4A). In vitro phosphorylation assays
network that maintains the spread morphology of the cells washowed that EGF activation of p#FK and p4#APK was
disrupted (Fig. 2). Immunofluorescence studies using antinhibited by approximately 40% in fujg/ml latrunculin A-
phosphotyrosine antibody indicated that at concentrations dfeated cells (Fig. 4A and B). Thus, disruption of the actin
1.0 uM cytochalasin D, mature focal adhesion structures wereytoskeleton by a mechanism distinct from cytochalasin-D
disassembled but that some positively staining punctatection also leads to a reduction in the ability of adherent cells
structures were retained, in comparison to control treated celis signal to MAPKSs.
(Fig. 2G and H). These structures were absent in cells treatedin summary, destabilization of actin stress fibers that traverse
with 2.0 uM cytochalasin D (Fig. 2I). the cell body does not block EGF signaling to MAPK.
We next utilized a second class of actin cytoskeletaHowever, use of higher doses of cytochalasin or the use of
destabilizing agents, known as latrunculins, that also disrupatrunculin A to destabilize both traversing stress fibers and
the actin cytoskeleton (Spector et al., 1983; Coue et al., 198ortical actin networks, blocks the activation of MAPK by
Lamaze et al., 1996). Latrunculins act in a manner distinct frorBGF. This loss of signaling correlated with the loss of FAK
that of cytochalasins in that they sequester actin monomers, liytosine phosphorylation despite the maintenance of cell
like cytochalasins, they leave the microtubule network intactadhesion and was not simply due to alterations in cell
NIH3T3 cells treated with Jug/ml latrunculin A during shape.
reattachment to fibronectin disrupted the ability of cells to form ) ) . ]
cortical actin filaments, actin stress fibers and focal adhesiofh0A-mediated changes in actin stress fibers and
(Fig. 3). Rather, latrunculin-A treated cells displayed diffus€focal adhesions do not impinge upon adhesion-
actin staining with areas of punctate staining, although the§fependent activation of MAPK
retained an intact microtubular network and a degree of cellhe small GTP-binding protein RhoA mediates the formation
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A Sus Fn
EGF
Latrunculin A R
- - - - + +
WB: active MAPK RN
Ssesll - = gj‘z‘

WB: MAPK ﬁ————z :_—_Ei‘zl
Fig. 4. Latrunculin-A treatment inhibits EGF IP: FAK
signaling to p42 and p44-MAPKs. Serum-starved WB: PY - e v e
NIH3T3 cells were detached and incubated non- ’ .
adherently. Cells were serum-starved, maintained in >
suspension (Sus) or allowed to reattach to fibronectin IP: FAK - . -
coated dishes (Fn) in the presence pfiml WB: FAK ; pid q
latrunculin A or solvent control. After two hours,
cells were stimulated (+) with 5 ng/ml EGF.
(A) Active and total MAPK levels were determined 14
by western blotting of cellular lysates. FAK tyrosine MBP 08 |
phosphorylation was determined by .
immunoprecipitated (IP) followed by western phosphorylation 061
blotting (WB) for phosphotyrosine levels (PY) and assay 047
for levels of FAK with an anti-FAK polyclonal 0.2
antibody. (B) MAPK activity was quantified by an in o
vitro immunoprecipitation kinase assay and by Sus Sus Fn Fn Fn/Lat Fn/Lat
Phosphorimaging. The mean and s.d. from three EGF - + - + - +
independent experiments are represented.

of actin stress fibers and focal adhesions induced by adhesialthough the presence of smaller punctate structures was
or growth factors in fibroblasts (Ridley and Hall, 1992; Barryobserved (Fig. 5E,F,G,H).
and Critchley, 1994; Hotchin and Hall, 1995). In addition, other RhoARQ®3L expression in NIH3T3 cells led to an increase in
members of the Rho family, namely Cdc42 and Racl, have beantin stress fiber formation as measured by immunofluorescence
shown to mediate the formation of peripheral actin structurestaining for F-actin (Fig. 6A). Additionally, expression of
and focal complexes (Nobes and Hall, 1995; Ridley et alRhoARS3Lin low serum conditions gave a 2.5-fold increase in
1992). Thus, we analyzed the role of these Rho family GTPasedos promoter-driven luciferase activity (Fig. 6B). Staining for
in mediating adhesion-dependent EGF signaling to MAPK. Tdé--actin demonstrated that cells expressing constitutively active
do this we utilized cDNA constructs encoding a specifiRac induced the formation of numerous actin-containing
inhibitor of a Rho GTPase (C3 exoenzyme), constitutivelyamellipodiae (Fig. 6A). Expression of Cd&42Y led to the
active versions of each GTPase (RR&#, Cdc4®12V and  formation numerous actin-containing membrane protrusions and
Ra®61L) or a dominant negative version of Cdc42 (Cdé4®.  membrane ruffles after 30 minutes of attachment and spreading
The C3Clostridium botulinunexoenzyme inactivates RhoA by on fibronectin (Fig. 6A). Expression of Cdéa™ in NIH3T3
ADP-ribosylating residue A$h (Aktories et al., 1992; Sekine cells under these conditions lead to an inability to spread
et al., 1989). The constitutively active GTPases contaiproperly after 30 minutes of adhesion to fibronectin, giving rise
mutations that result in a reduction in the intrinsic and GAPto a stellate cell morphology exhibiting numerous slender actin-
stimulated GTPase activity, thereby stabilizing the GTP-boundontaining protrusions (Fig. 6A). Cd@&@2Y and Rag%lL
form of each GTPase. expression showed 3.5- and 3.9-fold enhancement of luciferase
Initially, to confirm the effects of these constructs in NIH3T3expression, respectively (Fig. 6B).
cells, we analyzed changes in the actin cytoskeleton and theNext we analyzed the effect of Rho GTPase-mediated actin
ability to activate transcription from the serum responseand focal adhesion structures in adherent cells on EGF signaling
element containing the c-fos promoter linked to luciferase (Hilto MAPK. Cells were co-transfected with GTPases or GTPase
et al., 1995). Upon adhesion to fibronectin, vector controinhibitors and an epitope-tagged MAPK construct (HA-
transfected cells displayed normal fibroblast morphology witlp44YAPK) - EGF-stimulation of MAPK activity was analyzed
pronounced actin stress fibers and vinculin, paxillin androm cells allowed to re-adhere to fibronectin, by
phosphotyrosine-staining focal adhesions (Fig. 5A and B, daienmunoprecipitation with a HA-specific antibody followed by in
not shown). In contrast, NIH3T3 cells expressing C3 and platedtro kinase assays. To initially study the role of RhoA-mediated
on fibronectin exhibited a less extended cell shape witBtructures, cells were co-transfected with HAMA and C3.
peripheral actin cables but few or no actin stress fibers (Fign agreement with the findings with endogenous MAPK, HA-
5C and D). Furthermore, these C3-expressing cells lackgutdAPK activity was enhanced upon EGF treatment when cells
paxillin and vinculin-containing classical focal adhesionswere adherent to fibronectin compared to cells maintained in
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suspension (Fig. 7A). EGF-mediated signaling to HAMMX  expression of Rdé7N. To analyze if increased cellular Cdc42
in C3-expressing adherent cells was comparable to the activatiantivity could enhance EGF signaling in fibronectin adherent
in vector transfected cells (Fig. 7A), indicating that the signalingells, cells were harvested after 30 minutes of adhesion, in
pathway to MAPK remains intact despite inhibition of RhoA-order that events directly downstream of Cdc42 were being
mediated functions. As an extension of these findings, the effestudied. Expression of Cdc@¥V did not enhance EGF
of expression of a constitutively active form of RhoA (RRE%) activation of MAPK in attached cells (Fig. 7D). Furthermore,
was examined in NIH3T3 cells. Expression of increasingexpression of the dominant-negative form of Cdc42
amounts for RhoR%3L did not alter the ability of fibronectin- (Cdc4217N) did not block EGF activation of MAPK (Fig. 7D).
adherent cells to activate HA-p#FK in response to an EGF o _ .
stimulus (Fig. 7B). These data suggest that RhoA activity and tHedc42 activity in suspension partially rescues EGF
presence of RhoA-mediated structures are not required f&ignaling to MAPK
integrin-mitogen collaboration. Due to their actions in regulating cytoskeletal structures, Rho
Additionally, we examined the role of structures mediatedsTPases were assessed for their ability to collaborate with
by other Rho family GTPases. Expression of constitutivehlEGF to activate the MAPK cascade in non-adherent cells.
active Rac did not enhance EGF activation of MAPK (Fig. 7C)Constitutively active forms of Cdc42 (Cd&#2Y), Rac
Experiments utilizing a dominant-negative version of Rac(Ra®%ll) and Rho (RhoR%3) were expressed in NIH3T3
Rad1’N, yielded poor expression of the co-transfected HA<ells. The activity of these constructs was confirmed by their
MAPK, probably due to cell toxicity induced by high levels of stimulation of peripheral actin containing structures and

Fig. 5.C3-mediated inhibition of formation of actin
stress fibers and focal adhesions. NIH3T3 cells were
co-transfected with cDNA encoding GFP and either
C3 exoenzyme (C-H) or empty vector (A and B).
Cells were serum-starved, incubated non-adherently
and allowed to adhere as described in Fig. 1. Fixed
cells were immunostained with either TRITC-labeled
phalloidin (A and C), anti-paxillin (E) or anti-

vinculin antibody (G) and subsequently with a
TRITC-labeled goat anti-mouse secondary antibody.
(B,D,F,H) Identity of the transfected cells, indicated
by their expression of GFP. Bar, gM.
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Fig. 6. Constitutively-active forms of RhoA,
Rac and Cdc42 stimulate the formation of
actin-containing structures and c-fos
luciferase activity. (A) NIH3T3 cells were co-
transfected with GFP and either pAX142
encoding the constitutively active forms of
RhoA (Rho/R63L), Rac (Ra€61h) and Cdc42
(CdcaZ%12Y) or the dominant negative form of
Cdc42 (Cdc4®7N), Cells were processed as B
described in Fig. 4, with the exception that
Cdc42-transfected cell populations were fixed 5
following 30 minutes of adhesion to
fibronectin. Cells were immunostained for F-
actin. Transfected cells (arrowheads) were
identified due to their expression of GFP.

(B) Cells were co-transfected a construct
containing the c-fos promoter coupled to the
luciferase gene and vector (pAX142) or with
pAX142 encoding RhoR83L, Cdca 212V or
RaR61L, Cells were maintained either in

0.5% serum and lysed 24 hours after the start
of the transfection. Luciferase activity
determined as in Materials and Methods.
Shown is the mean and standard deviation of Vector  RhoAR%%- Cdc42¢1?Y RacQet
at least 6 individual transfections.

Fos-luciferase activity
(fold activation)

activation of c-fos promoter-driven luciferase activity (see In summary, these data indicate that Cdc42 activity can
above). Neither Cdc422Y, Ra&b1L nor RhoARS3L directly  partially rescue EGF signaling in suspended cells, although in
activated the MAPK/ERK pathway in cells maintained incells adhering to fibronectin, enhancement of Cdc42 activity
suspension (Fig. 8A and C), consistent with previous publishedbes not lead to a comparative increase in EGF signaling to
observations in adherent cells (Minden et al., 1995; Coso et aMAPKs.

1995). However, expression of Cd&42V enhanced EGF

signaling to MAPK in NIH3T3s maintained in suspension (Fig.

8A). This effect of Cdc4212V upon EGF signaling in non- DISCUSSION

adherent cells was observed over a range of EGF

concentrations, but was most pronounced at low doses (0Ofbstate of adherence is a requirement for most non-transformed
ng.ml-2 ng/ml) (Fig. 8B). Multiple experiments showed thatcells to proliferate. Integrin receptors and possibly other cell
expression of R&SIL failed to enhance EGF-mediated adhesion molecules regulate the activation of signaling
activation of MAPK, although it reproducibly increased thecascades leading to cell cycle progression. One can postulate
level of expressed HA-pM4FPK when compared to other that integrin receptors may perform this function by different
transfections (Fig. 8C). Similarly, expression of RRE6% in means. Integrins have been shown to complex with a number
nonadherent cells did not rescue EGF signaling (Fig. 8C). of signaling molecules, including components in the
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Fig. 7.Rho GTPase-mediated changes in the actin cytoskeleton do not affect EGF signaling to p44-MAPK in adherent cells. NIH3T3 cells
were co-transfected with cDNA encoding a hemagglutinin-tagged ERK1 and (A) the C3 exoenzyme, as indicated, (B) increatsraj amoun
constitutively active form of RhoA, (C) a constitutively active form of Rac and (D) constitutively active and dominant riegastivef Cdc42
(Cdc4%12V and Cdca?l™). Transfection DNA levels were made up tp@with the appropriate empty vector (pRc-CMV or pAX142).
Transfected cells were serum-starved, maintained in suspension before replating on fibronectin. Cells were stimulateahg#ninEB B for

5 minutes and HA-pMAPK was immunoprecipitated from detergent-soluble lysates with an anti-HA antibody (HA1Y}\PS4activity was
determined by measuring the incorporatiod%f into MBP. The levels of expressed HA-MAEK were assessed by western blotting of HA-
immunoprecipitates with anti-MAPK antibody. Shown are representatives of two (C) or three (A, B, D) independent exper)merasa. (C
indicates the HA-MAPK band. (D) Cells transfected with HAN#2K and Cdc4812V or Cdc4Z1"Nwere processed as before, except that

they were allowed to adhere to Fn for 30 minutes before EGF stimulation.

MAPK/ERK pathway (Miyamoto et al., 1995), and synergy(Bohmer et al., 1996). At concentrations used to obtain these
may be achieved by the combined activation of the cascaddfects, both stress fiber and cortical actin networks were
from two different sources. Such a model has been proposeisrupted although a quite distinct cellular morphology was
for direct integrin signaling to MAPK by which calveolin links observed with the use of each drug. These findings, in addition
the extracellular and/or transmembrane domains af tfein  to studies with the Cdc42’N mutant that dramatically alters
of the integrin receptor to the adaptor protein, Shc, which iegells shape without affecting activation of MAPK, argue against
turn triggers signaling to MAPK (Wary et al., 1996). Secondlythe notion for changes in cell shape in determining the response
since structural proteins are also recruited to sites of integriof cells to growth factors. The reduction of EGF activation of
engagement (Miyamoto et al., 1995), integrins may assembMAPK also correlated with the loss of FAK tyrosine
a platform enabling efficient signaling processes to occuphosphorylation. It is uncertain whether FAK may play a direct
Thus, we probed the importance of focal adhesions and thele in permitting EGF signaling or whether the phosphorylation
actin cytoskeleton in the facilitation of growth factor signaling.state of FAK serves as a marker for the presence of focal
We have utilized two approaches, namely drug baseddhesions and focal complexes. In favor of the latter, we have
disruption of the actin cytoskeleton, and secondlypreviously shown that direct integrin-mediated activation of
overexpression of proteins that mediate the formation OMAPK and tyrosine phosphorylation of FAK can be separated
disassembly of actin-containing and focal adhesion structurelin et al.,, 1997a). Our findings raise the possibility that
Both cytochalasin D and latrunculin A, agents that disrupt theomponents of the cortical actin network and/or the small focal
actin cytoskeleton by differing mechanisms, decreased theomplexes are required for signaling. From experiments utilizing
efficiency of EGF signaling to MAPK in fibronectin adherent either cytochalasin D or C3 toxin, it is evident that the presence
cells. These findings correlate with the use of cytochalasin D tof stress fibers and mature focal adhesions are not required for
block mitogen-stimulated entry of fibroblasts into S-phasesignaling. Thus, anchorage-dependent growth factor signaling to
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Fig. 8. Activated Cdc42 partially rescues EGF signaling in
suspension. NIH3T3 cells were co-transfected with cDNA encoding
a HA-p44APK and constitutively active forms of Rho GTPases.
Serum-starved cells were rolled in suspension (Sus) or replated on
fibronectin (Fn) for 3 hours before stimulation with EGF. MAPK
activity was determined by immunoprecipitation and by in vitro
kinase assay. Incorporation 8P into MBP was detected by
autoradiography and western blots showing the level of expressed
HA-p44MAPK gre shown. (A) Cdc422Y and vector transfected cells,
either in suspension (Sus) or adherent to fibronectin (Fn), were

We have also explored the involvement of the Rho family
GTPases, Cdc42 and Rac. These GTPases are upstream in the
pathway leading to stimulation of JNK activity but do not
directly activate ERK/MAPK (Coso et al., 1995; Minden et al.,
1995; Olson et al., 1995), and play a pivotal role in the
formation of peripheral actin cytoskeletal structures (Ridley et
al., 1992; Nobes and Hall, 1995; Kozma et al., 1995). Our
observations are in agreement with a linear relationship
between Cdc42 and Rac, in that cells expressing active Cdc42
formed lamellipodial structures. In adherent cells, stimulation
of the formation of lamellipodial structures and cell spreading
or enhanced formation of actin stress fibers did not promote
EGF activation of MAPK. This indicates that Rho and Rac do
not increase the recruitment/activation of components
necessary for integrin-mitogen collaboration beyond what is
provided by cell adherence. We observe that Cdc42 enhanced
EGF signaling to MAPK in non-adherent cells. No such effect
was observed using an active form of Rac. This raises the
possibility that Cdc42 may be normally activated upon
adhesion to fibronectin and thus be placed on a pathway
downstream of integrin engagement. Indeed expression of
dominant negative forms of Cdc42 in NIH3T3 cells delayed
cell spreading on fibronectin. There is little direct evidence to
date indicating that integrins influence Rho family members,
partly due to the lack of appropriate antibodies for measuring
the GTP-bound levels of the GTPases. However, recent
findings do indicate that Cdc42 and Rac activities leading to
cell spreading and activation of downstream effectors are
regulated by integrin engagement (Price et al., 1998). These
and our findings suggest a linkage of integrins to GTPases that
stimulate peripheral actin-containing structures. Furthermore,
Cdc42 plays a role in integrin-dependent signaling events such
as tyrosine phosphorylation of paxillin and the direct activation
of the MAPK and protein kinase B pathways (Clark et al.,
1998). This control may be mediated by integrin-regulation of
guanine-nucleotide exchange factors, GTPase-activating
proteins and guanine-nucleotide dissociation inhibitors for
Cdc42 and/or Rac. Expression of either dominant-negative or
constitutively active Cdc42 failed to alter EGF activation of
MAPK in cells plated on fibronectin. This may indicate that
only a proportion of cellular Cdc42 is being regulated by
integrins and that the activation of this pool is rapidly saturated
upon adhesion to fibronectin. These findings again highlight
the requirement for a limited degree of actin-containing
structures for EGF signaling. It is likely that under our
conditions the expression of the dominant-negative Cdc42 was
unable to destabilize these structures in fibronectin-adherent
cells.

It is uncertain at this stage whether the Cdc42-mediated
effect on MAPK activation in suspension may be due to

stimulated with EGF. Shown is a I‘epl‘esentative of three |ndependerﬁolymerlza‘tlon of actin or due to effector prote|n blndlng and

experiments. (B) Cdc422V and vector transfected cells maintained
in suspension were stimulated with a range of doses of EGF. Show
is a representative of two experiments with similar results. (C) Cells
transfected with empty vector or constitutively active forms of Rho
GTPases (Cdcd27N, Ra®%lL and Rho/AR%3L) were stimulated with
EGF either in suspension or after adhesion to fibronectin.

resultant activation of a signaling cascade. In hematopoietic

"Lells, WASP, the Wiskett-Aldrich syndrome protein may link

Cdc42 in a GTP-dependent manner to cytoskeletal
rearrangements (Symons et al., 1996). However, WASP is
expressed only in hematopoetic cells, and a more likely
candidate in fibroblasts is the structurally similar N-WASP
(Miki et al., 1998). Several effectors have been identified as

MAPK is independent of long-range actin structures and focdlinding to Cdc42 through recombinant proteins binding assays
adhesions but appears to require the presence of localizadd two-hybrid screens (Ridley, 1996; Lim et al., 1996).

membrane-associated actin or focal complex structures.

Effector domain mutants have been useful to delineate
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downstream pathways and, for example, have been used doen, Q., Lin, T. H., Der, C. J. and Juliano, R. L(1996). Integrin-mediated
show that the JNK and cytoskeletal effects of Cdc42 and Racactivation of MEK and mitogen-activated protein kinase is independent of
are independently controlled (Lamarche et al., 1996). Thug 2 Biol. Chem271, 18122-18127.

ff d . f Cdca2 ful i hrzanowska-Wodnicka, M. and Burridge, K. (1996). Rho-stimulated
effector domain mutants o c42 may present a useful too Ir]contractility drives the formation of stress fibers and focal adhesio@ell

further defining the effects of Cdc42 on growth factor signaling Biol. 133 1403-1415.
in suspension. The effects described here with Cdc42 remafterk, E. A, King, W. G., Brugge, J. S., Symons, M. and Hynes, R. O.
a partial rescue. This may be caused by dual control of (1998). Integrin-mediated signals regulated by members of the Rho family

downstream effectors. Recently such a scenario has be é)t;‘bGLIPa'jes)J(uCeSII BH'lell;ZJ57E3'5|_?Et'Cmson M. Frost. J. and Robbins

described for the C_dC£_12 and Rac. binding protein p65-_PA_ D. J. (1994). Regulation of the MAP kinase cascadell. Mol. Biol. Res.
(p21 activated protein kinase) (Daniels et al., 1998). Studies in40, 253-256.
PC12 cells have demonstrated a role for p65-PAK in neurit€oso, O. A., Chiariello, M., Yu, J. C., Teramoto, H., Crespo, P., Xu, N.,

i ; Miki, T. and Gutkind, J. S. (1995). The small GTP-binding proteins Racl
Ou'[g'jOWt.h and that this function was dependent upon and Cdc42 regulate the activity of the INK/SAPK signaling path@al.
localization of p65-PAK to the membrane. Hence, full recovery g; 1137.1146.

of signaling in suspension may require molecules in additioBoue, M., Brenner, S. L., Spector, I. and Korn, E. D(1987). Inhibition of
to those regulated through Cdc42. actin polymerization by latrunculin AAEBS Lett213 316-318.
The findings described here further emphasize the influené®niels, D., Hall, P. S. and Bokoch, G. M(1998). Membrane targeting of

of integrin engagement with ECM ligands on signaling leading Eﬁé%:tgviged;g'fﬁseil (PAK1) induces neurite outgrowth from PC12 cells.

to Ce.” cyclg progressiqn. The meChani.SﬁC ba.SiS of t.hi®avis, R. J.(1995). Transcriptional regulation by MAP kinasktl. Reprod.
integrin-mediated regulation is now coming to light. It iS Dev.42, 459-467.
apparent in our studies that mature focal adhesions are r@tng. F., Orend, G., Watanabe, N., Hunter, T. and Ruoslahti, §1996).

essential for all integrin functions. Rather, it seems likely that ?ffingd;gg‘; of cyclin E-CDK2 kinase activity on cell anchor&gience

less architecturally deve_loped com_plexes_ mpmg_e c_)rllﬁll, C. S., Wynne, J. and Treisman, R(1995). The Rho family GTPases
downstream processes. This agrees with the in vivo situationrnoa, Racl, and CDC42Hs regulate transcriptional activation by G&IF.

where mature focal adhesion structures are not common places1, 1159-1170. o _
Our studies do show a key role for integrin-actin linkages, thotchin, N. A. and Hall, A. (1995). The assembly of integrin adhesion

; PP ; : complexes requires both extracellular matrix and intracellular Rho/Rac
exact nature of which it will be important to further elucidate. . o° 2> Biol. 131, 1857-1865.
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