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Abstract

We previously reported a novel interaction between v-Crk and myosin- | ¢, and demonstrated that
this interaction is essential for cell migration, even in the absence of pI30CAS. We here
demonstrate a role for Crk—myosin-|c interaction in cell adhesion and spreading. Crk-knockout
(Crk™) mouse embryo fibroblasts (MEFs) exhibited significantly decreased cell spreading and re-
duced Racl activity. A stroboscopic analysis of cell dynamics during cell spreading revealed that the
cell-spreading deficiency in Crk’~ MEFs was due to the short protrusion/retraction distances and
long persistence times of membrane extensions. The low activity of Racl in Crk” MEFs, which led
to delayed cell spreading in these cells, is consistent with the observed defects in membrane dy-
namics. Reintroduction of v-Crk into Crk” MEFs rescued these defects, restoring cell-spreading
activity and membrane dynamics to Crk*’* MEF levels, and normalizing Rac| activity. Knockdown of
myosin-|c by introduction of small interfering RNA resulted in a delay in cell spreading and re-
duced Racl activity to low levels, suggesting that myosin-Ic also plays an essential role in cell
adhesion and spreading. In addition, deletion of the v-Crk SH3 domain, which interacts with the
myosin- | c tail, led to defects in cell spreading. Overexpression of the GFP-myosin-| ¢ tail domain
effectively inhibited the v-Crk—myosin-Ic interaction and led to a slight decrease in cell spreading
and cell surface area. Collectively, these findings suggest that the v-Crk—myosin-Ic interaction,
which modulates membrane dynamics by regulating Rac| activity, is crucial for cell adhesion and
spreading.

Key words: v-Crk, myosin-1c, cell adhesion, cell spreading

Introduction

The cell membrane, which serves as a platform interaction between the cell and the extracellular ma-

for the localization of various components that ac-
tively participate in membrane transport and orga-
nelle structure, undergoes dramatic changes through
structural assembly and disassembly [1]. Dynamic
changes in the cell membrane are prominent during
cell adhesion and spreading in response to extracel-
lular stimuli [2, 3]. Cell adhesion, accomplished by an

trix (ECM), is followed by cell spreading; this is asso-
ciated with extensive membrane deformation and
leads to formation of a membrane protrusion called
the lamellipodium [4]. Cell adhesion and spreading
also activate cell adhesion components and cytoskel-
etal proteins, including FAK (focal adhesion kinase),
Src, paxillin, p130CAS (Crk-associated substrate),
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vinculin, and other signaling molecules [5]. Activation
of these molecules modulates the membrane dynam-
ics that occur during cell adhesion and spreading [6,
7]. Thus, it is of interest to understand the mechanism
by which these proteins are activated as well as the
membrane dynamics that occur during cell adhesion
and spreading.

Crk is an adaptor protein containing Src ho-
mology 2 (SH2) and 3 (SH3) domains. A number of
proteins have been identified as Crk-binding proteins,
including C3G (RapGEF), SOS1 (son of sevenless
homolog 1), DOCK180 (180 kDa protein downstream
of CRK), and growth factor receptors [8-13]. Associa-
tion of these proteins with Crk enables membrane
targeting of Crk and transduces various cellular sig-
nals. C3G, a Rapl GEF (guanine nucleotide exchange
factor) that contains a Crk-SH3-binding proline-rich
motif, transduces signals from receptors to the nucle-
us via the Ras/Raf/MAPK (mitogen-activated protein
kinase) pathway [14, 15]. The role of C3G in the
cell-spreading process has been well characterized
through rescue studies in C3G-knockout mouse em-
bryo fibroblasts (MEFs). SOS1, a Ras GEF, binds
through its PxxP motif (amino acids [a.a.] 1021-1034)
to Crk/CrkL, and knockdown of SOSI1 inhibits
Crk-mediated transformation of NIH3T3 cells and
migration of HEY (ovarian carcinoma) cells [16, 17].
DOCK180 enhances Crk/pl30CAS complex for-
mation and also positively regulates membrane
spreading through Racl activation [18, 19]. Among
Crk-binding  proteins, pl30CAS is a tyro-
sine-phosphorylated protein which is recognized by
the Crk SH2 domain. This interaction enables
Crk/p130CAS to move to the membrane edge to form
focal adhesion complexes, which leads to membrane
protrusion and cell migration [20, 21]. Loss of
p130CAS interaction with Crk causes defects in the
phosphorylation of focal adhesion proteins and leads
to delays in cell spreading and migration [22, 23]. Crk
knockdown by small (interfering) hairpin RNA
(shRNA) significantly decreases cell movement in
wound-healing and invasion assays [24]. Notably, Crk
ablation in mice is embryonic lethal because of de-
velopmental defects, such as edema, hemorrhage, and
cardiac defects. It has been suggested that these de-
velopmental defects are attributable to the loss of
specific interactions, especially with p130CAS, that
play a role in the regulation of actin dynamics during
cell spreading/migration [25]. These reports suggest
that Crk may modulate signals initiated by cell adhe-
sion to the ECM and transfer them to adhesion com-
ponents and/or cytoskeletal proteins involved in cell
spreading.

In a previous study, we identified myosin-1c as a
novel binding protein of v-Crk and showed that my-

osin-1c rescued the cell-migration-defective pheno-
type of p130CAS-knockout MEFs [26]. Myosin family
proteins are actin-based motor proteins that have
been well studied in muscle contraction, cellular mo-
tility processes, and actin-cytoskeleton regulation
processes [27-29]. Many studies have demonstrated
that myosin plays essential roles in regulating the
formation and dynamics of actin-rich structures [30,
31]. Myosin-1c, in particular, is widely expressed in
vertebrates and is enriched in perinuclear regions,
membrane ruffles, and membrane marginal regions
[32, 33]. Myosin-1c participates in the retention of
lamellipodia and membrane protrusions in neuronal
growth cone dynamics [34] and has been reported to
function in cell-spreading processes, which require
membrane expansion [35]. However, the precise
mechanism by which myosin-1c contributes to cell
adhesion and spreading is largely unknown.

In the current study, we confirmed that myo-
sin-1c is a v-Crk binding protein and demonstrated
that v-Crk is able to rescue the cell-spreading defects
of Crk- MEFs through interactions with myosin-1c. To
further analyze the functional consequences of
v-Crk-myosin-1c interactions, we investigated how
these interactions affect fibronectin-induced cell ad-
hesion and spreading as well as membrane dynamics.
Here, we provide evidence that the interaction of
v-Crk with myosin-1c is essential in cell adhesion and
spreading and modulates the membrane dynamics
that occur during these cellular processes.

Materials and Methods

Materials and chemicals

Rabbit anti-myosin-1c polyclonal antibody and
mouse anti-Flag M2 monoclonal antibody were pur-
chased from Sigma-Aldrich (St. Louis, MO). Mouse
anti-Crk monoclonal antibody was purchased from
BD Biosciences (Franklin Lakes, NJ). Alexa 488- and
Alexa 594-conjugated secondary antibodies were
purchased from Molecular Probes (Eugene, OR). Un-
less otherwise specified, all chemicals were purchased
from Sigma-Aldrich.

DNA constructs

v-Crk cDNA was cloned from pMEXneo/v-Crk
into the pLHCX retroviral vector (Clontech Laborato-
ries, Inc., Mountain View, CA). The following indi-
vidual v-Crk domains were subcloned into the
pLHCX vector using the indicated primer pairs: gag,
5-GGC CGC GGC CGC ACC GAA GCC GTC AT-¥
(sense) and 5-CCT ATC GAT TAG GTIT GTC GAA
TGC CTT GTA GTC CCC CCG GTC CTC GGA GTC
GAA CTG -3’ (antisense); SH2-SH3 domain, 5-GAG
CGG CCG CTG GTA CTG GGG GCG G-3 (sense)
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and 5-CCA TCG ATT AGG TTG TCG AAT GCC TTG
TAG TCT TCA ACT TCC TCC TGC CTG AGG ATA
ACG-3’ (antisense); and SH3 domain, 5-AGG CGG
CCG CTA TGT GCG AGC TCT C-3’ (sense) and
5-CCA TCG ATT AGG TTG TCG AAT GCC TTG
TAG TCT TCA ACT TCC TCC TGC CTG AGG ATA
ACG-3’ (antisense). The Flag sequence was inserted
into the C-terminal region for tagging individual
domains with the Flag epitope. For GST pull-down
assays, the myosin-1c motor domain, IQ/tail domain,
and tail domain only were subcloned into the
pGEX4T-1 vector. All plasmid constructs were se-
quenced to confirm the fidelity of cloning steps.

Generation of stable cell lines

Crk-knockout (Crk”/-) and wild-type (Crk*/*)
MEFs, kindly provided by Dr. Curran (The Children's
Hospital of Philadelphia, Philadelphia, PA), were
grown in Dulbecco’s modified Eagle medium
(DMEM) supplemented with 10% fetal bovine serum
and 100 pg/ml penicillin/streptomycin. pLHCX ex-
pression plasmids for full-length v-Crk and its do-
mains were transfected into the retroviral packaging
cell line, Phoenix-ECO (Nolan Laboratory, Stanford
University, Stanford, CA), using calcium phosphate
precipitation. Retrovirus-containing cell supernatants
were then used to infect the Crk~/- cell line. Beginning
2 days after viral infection, cells were selected by
growing for 1 week in the presence of 300 pg/ml of
hygromycin B (Calbiochem, San Diego, CA), after
which clones were isolated and confirmed by im-
munoblot analysis.

Myosin-1c siRNA design and transfection

The following myosin-lc siRNAs, synthesized
by Dharmacon (Thermo Scientific, Cheshire, UK)
were designed to target the indicated cDNA se-
quences [36]: siRNA #1, 5-AAG GCG TTG TAC AGC
CGG ACA TT-3’; and siRNA #2, 5-AAG CTT CCA
GAC AGG GAT CCA TG-3'. A scrambled sequence
(5"-CAG TCG CGT TTG CGA CTG G-3') was used as
a control. Crk/- and Crk*/* MEFs (2.0 x 10° cells/ml)
were plated and transfected with either 5 nmol of
scrambled or 20 nmol of siRNA #1 and siRNA #2 us-
ing the Dharmafect 3 reagent (Dharmacon RNA
Technologies). siRNA-transfected cells were visual-
ized by cotransfecting with siGLO-TRITC. After
transfection, cells were incubated for 72 hours and
analyzed for myosin-lc expression by immunoblot-
ting and immunocytochemistry.

Immunoprecipitation and immunoblotting

Crk-/-, Crk*/+, and v-Crk-transfected
Crk/- (Crk-/-/vCrk) MEFs were plated on fibronectin
(10 pg/ml)-coated coverslips, incubated for 1 hour,

and lysed by incubating on ice for 10 minutes in lysis
buffer (1% Triton X-100, 50 mM HEPES pH 7.5, 150
mM NaCl, 1 mM EDTA, 10 mM NaF, 1 mM sodium
pyrophosphate, 2 mM Na3VO,) supplemented with a
protease-inhibitor cocktail. The protein concentration
was determined using the Bradford method (Bio-Rad
Laboratories, Berkeley, CA). For immunoprecipitation
assays, cell lysates were incubated with anti-Crk an-
tibody and protein-G Sepharose (GE Healthcare,
Uppsala, Sweden) for 2 hours at 4°C and then re-
solved by sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE). After transferring pro-
teins to PVDF (polyvinylidene difluoride) membranes
and blocking with 5% non-fat dry milk, blots were
incubated with the indicated primary and secondary
antibodies. Immunoreactive proteins were detected
by enhanced chemiluminescence (Pierce Chemical,
Rockford, IL) using a LAS4000 mini biomolecular
imager (GE Healthcare).

Stroboscopic analysis of cell dynamics assay

For kymography analyses, time-lapse images
were obtained with an Olympus IX81 using a 40X
(0.60 NA) objective. Cells in microscopic recording
media (containing 5 pM mitomycin C in phenol
red-free DMEM,; Gibco (Invitrogen, Carlsbad, CA, USA4)
were plated onto fibronectin-coated coverslips and
allowed 10 minutes to attach. Thereafter, images were
acquired every 10 seconds for 5 minutes using an iXon
EM DU-897 illuminated EMCCD camera mounted on
an Olympus IX81 microscope. Kymographs were
generated from 10-pixel-wide (1.06 pm) regions in the
direction of individual lamellipodia protrusions.
Kymographs were produced using Metamorph
(Universal Imaging Corp., Downingtown, PA) and
analyzed using SigmaPlot software.

Immunocytochemistry

For immunocytochemistry assays, cells were
plated on fibronectin-coated coverslips and incubated
for the indicated time at 37°C. Thereafter, cells were
fixed and permeabilized by incubating sequentially in
4% paraformaldehyde/phosphate-buffered saline
(PBS) and 0.5% Triton X-100/PBS for 10 and 5
minutes, respectively. The actin cytoskeleton was
visualized with Alexa 555- or 594-conjugated phal-
loidin (Invitrogen). The coverslips were then mounted
with PermaFluor Aqueous Mounting Medium
(Thermo Scientific, Cheshire, UK). Images were ac-
quired with an Olympus FV1000 confocal microscope
and analyzed with Metamorph software.

GST pull-down assay/Racl activation assay

Myosin-1c domains subcloned into pGEX4T-1
were transformed into the Escherichia coli strain BL21,
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and expression of recombinant proteins was induced
by incubating at 18°C overnight with 0.5 mM IPTG
(isopropylthio-B-galactoside). The cells were sonicat-
ed in lysis buffer containing sarkosyl and neutralized
with Triton X-100. After centrifugation, soluble frac-
tions were incubated with GST-Sepharose 4B (In-
cospharm Kribbs, Daejeon, Korea) and washed with
lysis buffer. Recombinant myosin-1c variants-bound
beads were incubated with Crk*/* MEF lysates for 30
minutes at 4°C, after which samples were separated
by SDS-PAGE. Racl activation assays were performed
using a Racl activation assay kit (Millipore, Billerica,
MA) as described by the manufacturer.

In vitro binding assay

Recombinant proteins of GST-tagged myosin-1c
variants were expressed in E. Coli (BL21) by IPTG
induction. Bacteria pellets were suspended in sarko-
syl-containing STE buffer (150 mM NaCl, 20 mM
Tris-HCI pH 7.4, 1 mM EDTA) supplemented with 1
mM phenylmethylsulfonyl fluoride (PMSF) and lysed
using a French press. Sarkosyl in the supernatant was
neutralized by adding Triton X-100, and proteins
were immobilized on glutathione sepharose beads.
His-tagged v-Crk-SH3 was induced with IPTG and
immobilized on Ni-NTA beads according to the
manufacturer’s procedure. His-v-Crk-SH3 was eluted
from Ni-NTA beads using 200 mM imidazole and
dialyzed against 20 mM Tris-HCI (pH 7.4) and 150

A.
Crk"™ MEF

mM NaCl. One nanomole of v-Crk-SH3 (35 pg) was
reacted with 1 nmol of glutathione-bead-immobilized
myosin-lc variants. After extensive washing with
binding bulffer, the resulting products were separated
by SDS-PAGE.

Results

Crk plays an essential role in cell spreading on
fibronectin

We previously suggested that the interaction of
v-Crk with myosin-1c is involved in fibron-
ectin-induced cell migration in p130Cas-knockout
cells [26]. To verify the role of Crk-myosin-1c interac-
tions in cell spreading, we examined cell spreading at
early times. Cells were incubated on fibronectin
(10 pg/ml)-coated coverslips, and then the cell
boundary was visualized with phalloidin and myo-
sin-1c staining. As shown in Fig. 1, Crk*/* MEFs began
to spread within 2 minutes and displayed numerous
ruffles at the cell boundary after 5 minutes (Fig. 1A).
However, Crk/- MEFs had not spread at all by 5
minutes, and spreading was barely detectable after 10
minutes (Fig. 1B). Instead, filopodia, but no ruffle-like
structures, were detected at the cell boundary of
Crk/- MEFs. Myosin-1c was detected at both the
membrane edge (especially at membrane ruffles) and
in the cytosol of Crk*/* MEFs, but was only detected in
the cytosol of Crk~/- MEFs.

B.
Crk** MEF

Myosin-1c Actin MERGE

Actin

Myosin-1c

Figure |. Crk is essential for cell spreading and myosin-Ic localization at the membrane edge. Crk’ and Crk"* MEFs were suspended in
serum-free DMEM for | hour, then plated on fibronectin (FN; 10 pg/ml)-coated coverslips for the indicated times. Cells were stained with anti-myosin-lc
antibody and then with Alexa-488 secondary antibody and Alexa-594-phalloidin. Arrows indicate myosin-|c localization at membrane edge areas. Scale bar:

10 um
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Figure 2. Expression of v-Crk rescues the cell-spreading defect in Crk’ MEFs. A. a) Crk’ and Crk*"* MEFs were stably transfected with v-Crk
plasmids using a retroviral transfer system with subsequent hygromycin B (300 pg/ml) selection. Cells expressing v-Crk and cellular Crk were verified by
immunoblotting using an anti-Crk antibody. b) Histogram indicates v-Crk expression in Crk”/vCrk MEFs and cellular Crk in Crk*"* MEFs for comparison of
relative Crk and v-Crk expression levels. Data represent means + SEM of four separate experiments. B. Crk™, Crk/vCrk, or Crk** MEFs were plated on
fibronectin (FN; 10 pg/ml)-coated coverslips and incubated for 30 or 60 minutes. Cells were first stained with mouse anti-Crk antibody and then with
Alexa-488 conjugated mouse secondary antibody and Alexa-555-phalloidin. Scale bar: 10 pm.

To better understand the role of Crk in cell
spreading, we generated cells stably expressing v-Crk.
v-Crk expression was confirmed by immunoblot
analysis using an anti-Crk antibody (Fig. 2A). As
shown in Fig. 2B, Crk*/* MEFs exhibited a
well-spread, dish-like morphology with smooth cur-
vatures at the cell periphery. In contrast, Crk/- MEFs
cultured on fibronectin-coated coverslips exhibited
spherical and irregular shapes until 30 minutes after
plating, and showed an atypical morphology with
more numerous membrane filopodia after 60 minutes.
Notably, introduction of v-Crk into Crk/- MEFs
(Crk/-/vCrk  MEFs) rescued this defective
cell-spreading phenotype, restoring the dish-like
spreading pattern containing filopodia observed in
Crk*/* MEFs. Crk staining was observed in the mem-
brane boundary of both Crk*/+ and Crk~/-/vCrk MEFs.

These results indicate that Crk plays an essential role
in cell spreading on fibronectin.

Crk modulates membrane dynamics

We next analyzed the role of Crk in membrane
dynamics during cell spreading. These kinetic anal-
yses employed kymography, which extracts intensity
values along a defined line region in each image of a
time-lapse series. Images were then pasted
side-by-side to generate a composite image of object
movement over time. The resulting kymographs rep-
resent the dynamics of membrane activity at a single
point along the cell perimeter. A series of repeated
patterns was detected in kymographs, representing a
cycle of protrusion and retraction (Fig. 3A). A regular
repeated pattern was observed in Crk*/* MEFs, but
not in Crk/- MEFs. Stable expression of v-Crk in
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Crk/- MEFs largely restored the pattern of Crk**
MEFs, replacing the irregular pattern observed in
Crk/- MEFs. This analysis also yielded quantitative
measurements of membrane dynamic parameters
during cell spreading (Fig. 3B). Expressed as means +
SD, the values for persistence time were 40.30 + 1.7,
28.62 + 0.88 and 25.82 *+ 0.66 seconds for Crk/-,
Crk/-/vCrk and Crk*/* MEFs, respectively; the corre-
sponding values for velocity of protrusion were 0.10 +
0.05, 0.26 + 0.11 and 0.24 + 0.01 pm/s, and those for
velocity of retraction were 0.07 + 0.03, 0.27 + 0.01 and
0.27 £ 0.01 pm/s. Kymographs of Crk/- MEFs ap-
peared as “dunes”, reflecting slow protrusion over
time and infrequent withdrawal. The short protru-
sion/retraction distance and long persistence time of

Crk-/- MEFs led to a low velocity of protrusion and
retraction (Fig. 3B). Over time, this behavior resulted
in less membrane extension in Crk’/- MEFs than in
Crk*/+ MEFs, consistent with the cell-spreading defect
observed in Crk-/- MEFs. Interestingly, kymographs of
Crk-/-/vCrk MEFs displayed long protrusion distanc-
es and short persistence times, indicating that resto-
ration of Crk function significant increased protrusion
velocity and led to frequent lamellipodia protrusion
and ruffle formation. In fact, the membrane dynamics
and overall cell-spreading behavior of Crk/-/vCrk
MEFs were comparable to those of control, wild-type
MEFs. Taken together, these results indicate that Crk
modulates membrane dynamics and thereby induces
cell spreading.
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Figure 3. Membrane dynamics and Racl activity is restored by v-Crk expression. A. MEFs expressing various Crk variants were incubated on
fibronectin (FN; 10 pg/ml)-coated coverslips for 5 minutes and imaged every 5 seconds for 5 minutes. A 1.06-um-wide box (region of interest) was drawn
in the direction of cell protrusion; the montage was created by spreading out 61 images of the region of interest. At least 10 kymographs were generated
for each MEF. The red line indicates the portion used to create kymographs displayed in the figure. B. Persistence, protrusion/retraction distance, and
protrusion/retraction time were measured and calculated from kymographs. Graphs were generated using SigmaPlot software. *P < 0.001; **P < 0.005. C.
For Rac| activation assays, lysates from Crk variant-expressing MEFs were incubated with GST-PBD beads at 4°C. Bead-bound proteins were eluted with
SDS buffer and boiled prior to SDS-PAGE. D. Active Rac| was quantified using Multi-Gauge software.
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The small GTPase Racl is a predominant effector
of cellular responses, including cytoskeletal rear-
rangement and cell spreading and migration, through
regulation of membrane dynamics [37, 38]. We pre-
viously reported that v-Crk enhances membrane dy-
namics through Racl activation, leading to recovery
of cell migration in p130CAS-knockout MEFs [39, 26].
To examine whether Crk induces ruffle formation via
Racl activation, we performed Racl activation assays
(Fig. 3C). Activated Racl was observed within 15
minutes of fibronectin stimulation in Crk*/* MEFs,
whereas Racl in Crk/- MEFs was not fully activated
even after 30 minutes. Interestingly, Racl activation
was restored almost to Crk*/* levels in Crk/- MEFs
stably expressing v-Crk. This observation is consistent
with our previous kymography results, in which cell
spreading and membrane dynamics were restored by
v-Crk expression.

Myosin-1c knockdown affects cell spreading
and Racl activity.

Next, we focused on the roles of myosin-1c in
cell spreading, examining the effect of myosin-1c

A. B.

siRNA-Myosin-1c
Cont #1 #2

siGLO

Myosin-1c

——— e — TUbUlin

siRNA-Myosin-1c

C.
a.
siRNA-Cont  siRNA-Myosin-1c
FN S 15 30 S 15 30 (min)
—— - active Rac1
Wy T - | Myosin-1c
ol |
a _ Tubulin
il g =

— R — | total Ract

knockdown on fibronectin-stimulated cells. Cells
were transfected with siRNA targeting myosin-1c (or
control siRNA) together with TRITC-siGLO (to visu-
alize siRNA-transfected cells); knockdown of myo-
sin-1c was confirmed by immunoblot analysis (Fig.
4A). Cell spreading was clearly detected in Crk*/*
MEFs, but was less evident in Crk-/- MEFs. However,
Crk+/* MEFs transfected with siRNA-myosin-1c (Fig.
4B, arrowhead) displayed dramatically reduced cell
spreading compared to Crk*/+ MEFs (Fig. 4B, arrow),
indicating that myosin-1c is essential for cell spread-
ing. To test the involvement of myosin-1c in Racl ac-
tivation, we performed Racl activation assays in
wild-type and myosin-1c-knockdown MEFs (Fig. 4C).
Wild-type MEFs exhibited full activation of Racl
within 15 minutes of fibronectin stimulation, whereas
Racl was not activated even after 30 minutes in myo-
sin-1c-knockdown MEFs. The loss of Racl activity in
myosin-lc-knockdown MEFs led to a significant
cell-spreading defect, suggesting that both myosin-1c
and Crk are required for cell spreading.

Phalloidin

siRNA-control

I siRNA-myosin-1c

~
o

Relative Rac1 activity

Suspension  FN 15min FN 30min

Figure 4. Knockdown of myosin-lc causes a cell-spreading defect. A. Crk*"* MEFs were transfected with siRNA-control (Cont; Scrambled) and
two-types of siRNA-myosin-lc (#1 and #2). Cell lysates were blotted with an anti-myosin-Ic antibody to determine myosin- I c expression levels. B. Crk*'*
cells transfected with siRNA-control or siRNA-myosin- | c together with siGLO-TRITC (to visualize transfected cells) were plated on fibronectin (FN; 10
pg/ml)-coated coverslips, incubated for 10 minutes, and stained with Alexa-647 phalloidin (to detect actin). Scale bar: 10 um. C. Crk** cells were trans-
fected with siRNA-myosin-1c #1, plated on FN-coated coverslips, and incubated for the indicated times. Cell lysates were then incubated with GST-PBD
beads at 4°C. Active Racl| bound to GST-PBD beads was eluted and detected with an anti-Rac| antibody. Active Rac| was quantified using Multi-Gauge
software. Arrowhead: cells transfected with siRNA-myosin-Ic; Arrow, non-transfected cells.
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Crk and myosin-I c interaction participates in
cell spreading.

To assess the implications of Crk-myosin-1c in-
teractions during cell spreading, we sought to deter-
mine which domains of Crk and myosin-1c are re-
sponsible for their interaction. Cells were transfected
with the v-Crk wvariants, gag-Crk (v-Crk),
SH2SH3-Flag or SH3-Flag (constructed from v-Crk
c¢DNA and cloned into the expression vector pLHCX;
Fig. 5A), and subjected to co-immunoprecipitation
and immunoblot analysis. Endogenous myosin-1c
co-immunoprecipitated with transfected v-Crk,
SH2SH3-Flag or SH3-Flag, indicating an interaction
between myosin-1c and these Crk variants; notably,
cells expressing SH3-Flag strongly interacted with
myosin-1c (Fig. 5B), and deletion of v-Crk-SH3 abol-
ished the interaction with myosin-1c (Fig. 5C), indi-
cating that the v-Crk SH3 domain is essential for this
interaction.

To further investigate the Crk-SH3-myosin-1c
interaction, we carried out GST pull-down assays and

A.

in vitro binding assays with various myosin-1c con-
structs (Fig. 5E and F). As shown in Fig. 5E, recombi-
nant GST-myosin-1c (a.a. 701-1028), containing the 1Q
and tail domains, interacted with Crk. Moreover,
GST-myosin-1c (a.a. 801-1028), containing only the
tail domain, strongly interacted with Crk. Interest-
ingly, the tail domain (a.a. 801-1028) of myosin-1c
(1028 a.a.; Uniprot ID: Q9WTI7-2) lacks well-known
SH3-binding motifs, such as PxxP, RxxK, RPLPVAP,
PPPALPPKKR, RKGDYASY and WxxQF; in contrast,
the IQ domain contains two PxxP motifs
(765-PRCP-768 and 799-PTPP-802). To determine
whether these two PxxP motifs are responsible for Crk
binding, we constructed a myosin-1c deletion mutant
lacking these motifs (d[PxxP]; deletion of a.a. 765-802)
and tested its binding with Crk. Myosin-1c-d[PxxP]
retained Crk binding, suggesting that these PxxP mo-
tifs do not participate in binding to Crk (Fig. 5F).
Collectively, these results suggest that myosin-1c in-
teracts primarily through its tail domain (a.a.
803-1028) with the SH3 domain of Crk.
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Figure 5. SH3 domain of v-Crk binds to the myosin-Ic tail domain (a.a. 801-1028). A. Diagram shows Crk variant constructs used for domain
mapping. Four variants were cloned into the pLHCX expression vector for retroviral packaging. B. Identification of the myosin-Ic binding domain of v-Crk.
Cells were suspended in serum-free media for | hour and plated on fibronectin (FN; 10 pg/ml)-coated coverslips for | hour. Lysates of transfected cells
were immunoprecipitated with anti-Crk (a) or anti-flag (b) antibodies and blotted with an anti-myosin-|c antibody. C. The SH3 domain is required for
v-Crk and myosin-lc interaction. Crk” MEFs were transfected with Flag-tagged constructs of v-Crk variants, including v-Crk dSH3, and lysates were
immunoprecipitated with anti-flag antibody. Anti-myosin-1c antibody was used for immunoblot analysis. D. GST-myosin-|c recombinant plasmids were
constructed. E. Three GST-myosin- 1 c domains were expressed and purified in vitro and incubated with lysates of Crk*"* MEFs for GST pull-down assays. Crk
bound to GST-myosin-lc domains was detected with an anti-Crk antibody. The bottom panel displays GST-myosin-|c variant proteins immobilized on
beads. Cell lysate control is shown at left in the upper panel. F. Recombinant proteins of GST-myosin-| ¢ variants (full-length, a.a. 1-1028; [dTail], a.a. 1-802;
[dPxxP], a.a. 1-764 linked to 803-1028) or vector control were expressed and purified using glutathione-Sepharose beads. The protein expression of the
constructs was verified by Coomassie Blue staining. Immobilized GST-myosin-|c variants were mixed with recombinant His,-v-Crk-SH3 protein for 2
hours at 4°C. Bound v-Crk-SH3 was detected with anti-His monoclonal antibody.
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To further verify the importance of
Crk-myosin-1c interaction during fibron-
ectin-induced cell spreading, we constructed a v-Crk
mutant lacking the SH3 domain responsible for myo-
sin-1c binding (Crk/-/vCrk-dSH3) and examined its
effects on cell spreading. Crk~/- MEFs were mixed and
co-incubated  with  Crk*/*,  Crk/-/vCrk  or
Crk-/-/vCrk-dSH3 MEFs on fibronectin-coated co-
verslips for the indicated times, and cell-spreading
area was measured. As shown in Fig. 6, the
cell-spreading area of Crk*/+ MEFs was much larger
than that of Crk/- MEFs (Fig. 6A). As expected,
Crk-/-/vCrk MEFs displayed a level of cell spreading
similar to that of Crk*/* MEFs (Fig. 6B). However,
Crk/-/vCrk-dSH3 MEFs, lacking the myosin-lc
binding domain of v-Crk, exhibited a defect in cell
spreading that was comparable to that of Crk/- MEFs
(Fig. 6C).

There are many known Crk-SH3-interacting
proteins that mediate various cellular events. The
SH3-deletion mutant of Crk is unable to bind
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Crk-SH3-interacting proteins, including DOCK180,
C3G and SOS1, and the inability to bind these proteins
may in turn cause the cell-spreading defect. To test
this possibility, we ectopically expressed the
GFP-myosin-1c tail domain to specifically inhibit the
interaction between v-Crk and myosin-1c (Fig. 6E-H)
and examined cell spreading. Cell spreading in
Crk**MEFs transfected with GFP vector or full-length
GFP-myosin-1c was not significantly different com-
pared with that in non-transfected cells (Fig. 6E and
F). In contrast, cells transfected with GFP-myosin-1c
tail domain exhibited slightly diminished spreading
and decreased cell surface area compared with
non-transfected MEFs (Fig. 6G and H). In a parallel
experiment, we confirmed that overexpression of the
GFP-myosin-1c tail effectively inhibited endogenous
Crk-myosin-1c interactions (Fig. 6I). These results
indicate that the interaction between the v-Crk SH3
domain and myosin-1lc tail participates in fibron-
ectin-induced MEEF cell spreading.
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0.0005.
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Discussion

In a previous study, we demonstrated that the
interaction of v-Crk with the novel binding partner,
myosin-l1c, was essential for cell migration and
showed that this interaction was able to recover the
cell-migration defect of pl30CAS-knockout MEFs
[26]. We here investigated the role of
v-Crk-myosin-1c interactions in the ECM-mediated
processes of cell adhesion and spreading.

Because Crk ablation in mice is embryonic lethal
at late stages of development [25], we used MEFs de-
rived from Crk”/- mice as an experimental model. No-
tably, the cellular behavior of Crk’/- MEFs had not
been previously studied. Crk”/- MEFs exhibited defects
in cell spreading and membrane ruffle formation. In
kymograph analyses, Crk/- MEFs exhibited distinc-
tive alterations in membrane dynamic parameters,
showing shortened protrusion/retraction distances
and a longer persistence time compared to Crk*/*
MEFs. The defects in spreading and membrane ruffle
formation of Crk-/- MEFs appeared as a “dunes-like”
pattern in kymograph analyses reflecting overall
membrane dynamics, suggesting that Crk plays a
crucial role in modulating membrane dynamics.

Crk, a signaling adaptor protein, integrates sig-
nals from a wide variety of sources, including growth
factors and ECM molecules [40, 41]. Crk, which lacks
catalytic domains, has SH2 and SH3 domains that
interact with many phosphotyrosine-containing pro-
teins; these interactions enable Crk to modulate a va-
riety of signaling pathways [42-44]. We previously
reported that Crk coupling to p130CAS, and assembly
of a p130CAS/Crk complex serves as a molecular
switch for cell migration. Upon cell adhesion or stim-
ulation with growth factors, Crk/p130CAS complex
formation [26] and/or interaction of Crk with tyro-
sine-phosphorylated paxillin is necessary for phos-
phorylation of FAK (Tyr-397), which in turn facilitates
cellular processes such as cell adhesion, spreading,
and migration. [45, 46, 43]. Crk/- MEFs exhibit a defect
in integrin-mediated cellular events, including hap-
totactic cell motility and FAK autophosphorylation
during cell migration [47]. Thus, Crk interactions with
cellular proteins enable Crk to transmit extracellular
stimuli to intracellular proteins and play important
roles during cell adhesion, spreading, and migration.

We demonstrated that the Crk SH3 domain spe-
cifically interacts with the myosin-1c tail domain. The
SH3 domain serves as an adaptor to link tyrosine ki-
nases to specific target proteins. Several reports have
demonstrated that myosin-1c localizes to the plasma
membrane and participates in the regulation of
membrane dynamics. For example, myosin-1c serves
vesicular trafficking functions, such as transportation

of glucose transporter (GLUT) to lipid rafts, where
cytoskeletal proteins are activated [48]. Myosin-1c is
also able to propel the F-actin filament at the leading
edge of motile cells to induce membrane protrusion
through binding to phosphoinositides [49]. In accord
with these reports, we found that deletion of the Crk
SH3 domain, which directly interacts with myosin-1c,
led to a defect in cell spreading in which both Crk and
myosin-1c failed to translocate to membrane edges.
This suggests that Crk is essential for myosin-1c
translocation at the leading edge of motile cells, and
v-Crk-myosin-1c interactions at the membrane edge
are involved in membrane dynamics that lead to cell
spreading. Notably, Crk is able to interact with sever-
al proteins through its SH3 domain. For example,
DOCK180 (dedicator of cytokinesis) activates Racl
and stimulates cell spreading through formation of a
complex with CrkIl and pl130CAS during integrin
signaling [12, 18]. c-Abl in association with Crk stim-
ulates lamellipodia formation, which, in turn, leads to
cell spreading [50]. Thus, the interaction of Crk with
these proteins as well as myosin-1c may be essential
processes in cell spreading.

Actin cytoskeletal organization in Crk/- MEFs
was quite different from that in Crk*/* MEFs (Figs. 1
and 2). Crk*/*+ MEFs displayed a ring-shaped actin
cytoskeleton just beneath membrane boundaries,
whereas Crk/- MEFs possessed an actin cytoskeleton
with much more of a stress-fiber pattern. In addition,
Crk/- MEFs displayed numerous filopodia and a
small spreading area, and the gaps between filopodia
remained unfilled by membrane ruffles, even with
long incubation times. In contrast, Crk*/* MEFs
showed both numerous filopodia and ruffles at very
early cell spreading times and filling of gaps between
filopodia by membrane ruffles. It is well known that
actin cytoskeletal organization is regulated by mem-
bers of the small GTPase family, such as Racl, RhoA,
and Cdc42 [51, 52]. Thus, the low Racl activity de-
tected in Crk/- MEFs may be responsible for the de-
crease in membrane ruffles in gaps between filopodia,
suggesting that both Crk and myosin-1c are essential
for Racl activation, which, in turn, is required for
membrane ruffle formation during cell adhesion and
spreading.

In summary, we demonstrated that the v-Crk
SH3 domain interacts with the myosin-lc tail, and
showed that the Crk/myosin-lc complex regulates
membrane dynamics, such as those involving Racl
activity, that are crucial for initiation of cell adhesion
and spreading. Ongoing studies to define the func-
tional roles of the Crk/myosin-1c complex are ex-
pected to provide additional insight into the molecu-
lar mechanisms that govern cell spreading.
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