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Collapsin response mediator protein 2 (CRMP-2) is known as a regulator of neuronal polarity and differentiation through mi-
crotubule assembly and trafficking. Here, we show that CRMP-2 is ubiquitously expressed and a splice variant (CRMP-2L),
which is expressed mainly in epithelial cells among nonneuronal cells, regulates myosin II-mediated cellular functions, includ-
ing cell migration. While the CRMP-2 short form (CRMP-2S) is recognized as a substrate of the Rho-GTP downstream kinase
ROCK in neuronal cells, a CRMP-2 complex containing 2L not only bound the catalytic domain of ROCK II through two binding
domains but also trapped and inhibited the kinase. CRMP-2L protein levels profoundly affected haptotactic migration and the
actin-myosin cytoskeleton of carcinoma cells as well as nontransformed epithelial cell migration in a ROCK activity-dependent
manner. Moreover, the ectopic expression of CRMP-2L but not -2S inhibited fibronectin matrix assembly in fibroblasts. Under-
lying these responses, CRMP-2L regulated the kinase activity of ROCK II but not ROCK I, independent of GTP-RhoA levels. This
study provides a new insight into CRMP-2 as a controller of myosin II-mediated cellular functions through the inhibition of
ROCK II in nonneuronal cells.

The actin cytoskeleton is pivotal in many aspects of cellular
behavior, including adhesion, migration, extracellular matrix

assembly, and mitosis, key processes in development (40, 52).
Therefore, it is spatiotemporally regulated at multiple levels, such
as actin filament formation, severing, and bundling (9, 42). The
small GTPase Rho is a major regulator of actin cytoskeleton orga-
nization, with downstream targets including the Rho kinases
(ROCK I and II) and mDia (8). In many cell types, the two ho-
mologous Rho kinases modulate actin-myosin II-mediated cell
contractility through the control of the myosin II regulatory light
chain (MLC) phosphorylation state (3, 44). These 160-kDa serine/
threonine kinases, encoded by separate genes, are essential in ho-
meostatic and developmental processes (24, 49) but are also po-
tential therapeutic targets for diverse diseases, including cancer,
hypertension, fibrosis, and central nervous system scarring (18).

The activation states of many protein kinases can be readily
detected or measured in cells by antibodies against specific phos-
phorylation sites in their catalytic domains (41). However, crystal
structures of ROCK catalytic domains revealed that their phos-
phorylation is not required for kinase activity (23, 64). ROCKs can
exist in an unfolded (active) or a folded (inactive) configuration,
where the catalytic domain is silenced by interactions with an
autoinhibitory domain (2). The activation of ROCKs is induced
by Rho-GTP or acidic lipid binding, the phosphorylation of auto-
inhibitory domains, or protease cleavage, resulting in a released,
constitutively active catalytic domain (3, 30). Although the two
ROCKs share similar domain structures and substrate specifici-
ties, evidence for nonoverlapping cellular functions is accumulat-
ing. Our previous studies showed that ROCK I is required for focal
adhesion and stress fiber formation in fibroblasts, whereas ROCK
II regulates phagocytic activity (65) and fibronectin (FN) matrix
assembly (66). Previous reports of ROCK isoform-specific knock-
out mice also revealed their specific functions in cardiovascular
disease and diabetes (29, 49). Therefore, it is important to under-

stand the specific mechanisms by which the cellular activity of
each ROCK is regulated.

Collapsin response mediator protein 2 (CRMP-2), also named
TOAD-64/DRP-2/Ulip2/TUC-2, belongs to the CRMP family,
consisting of 5 members in mammals. These proteins can be
highly phosphorylated by various protein kinases, including
ROCK (4, 47). CRMP-1 to -4 exist in two isoforms (long and
short), with a common core polypeptide but different N-terminal
domains that are products of alternative mRNA splicing. This
study denotes the long form as CRMP-L, which was previously
called CRMP-A or TUC-b, and the short form as CRMP-S. Since
a mutant of unc-33, the Caenorhabditis elegans homologue of
CRMP, showed abnormal axon termination (20), most studies
have focused on neurobiology, and functional analyses of
CRMP-2 have been limited almost exclusively to the short form.
Some CRMP-2S-binding molecules are known, including the cy-
toskeletal protein tubulin and the motor protein dynein (21).
CRMP-2S has been linked to neuronal differentiation and polarity
during nervous system development and regeneration and to neu-
rological disorders such as Alzheimer’s disease (21). In fact,
CRMP-2S is expressed ubiquitously (19), although only rarely
have its potential functions in nonneuronal cells been considered
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(54, 56). Moreover, the functional sequelae of CRMP splice vari-
ant expression are unclear.

Here, CRMP-2L is shown to be expressed in epithelial cells and
to be endogenous inhibitor of ROCK II but not ROCK I rather
than simply a substrate. CRMP-2 exercised a control of ROCK II
activity through interactions with its catalytic domain, indepen-
dent of RhoA-GTP levels. Cell migration and the actin cytoskele-
ton of carcinoma cells were strongly regulated by the CRMP-2–
ROCK II interaction. Moreover, the ectopic expression of
CRMP-2L or its ROCK II-binding domains inhibited carcinoma
cell migration and matrix assembly in fibroblasts in a ROCK-
dependent manner. Taken together, the interaction between these
two proteins provides a novel mechanism by which CRMP-2 con-
trols myosin II-mediated cellular functions through the inhibition
of ROCK II in nonneuronal cells and a potential therapeutic strat-
egy for cancer and fibrosis.

MATERIALS AND METHODS
Antibodies. The following antibodies were used: antibodies against
ROCK II (C-20), ROCK I (K-18), RhoA (119), and actin (I-19) from
Santa Cruz Biotechnology; CRMP-2 clone C4G from IBL Co. Ltd.
(Gunma, Japan); polyclonal antibodies against phosphothreonine (pThr)
and the phosphorylated myosin light chain (pMLC) at Ser19 from Cell
Signaling Technology; anti-V5 monoclonal antibody, Alexa Fluor (488 or
546)-labeled secondary antibodies, and Alexa Fluor 546-phalloidin from
Invitrogen; anti-MLC monoclonal antibody from Sigma-Aldrich; rabbit
polyclonal antibodies against phosphorylated CRMP-2 at Thr522 or at
Thr555 from ECM Biosciences LLC; rabbit polyclonal and mouse mono-
clonal anti-green fluorescent protein (anti-GFP) antibodies from Clon-
tech; monoclonal antibodies against paxillin and actin from Millipore;
monoclonal antihemagglutinin (anti-HA) antibody from Covance;
horseradish peroxidase-labeled secondary antibodies from Dako A/S;
rabbit polyclonal antibodies against CRMP-1 and CRMP-4 from Abcam;
and a �1 integrin-inhibitory rat monoclonal antibody (AIIB2) from the
Developmental Studies Hybridoma Bank, maintained by the University
of Iowa. Rabbit polyclonal antifibronectin antibody R2/7 was described
previously (34).

Cell culture. Rat embryo fibroblasts (REFs) were maintained in �
minimal essential medium Eagle (Lonza Walkersville, Inc.) with 5% heat-
inactivated fetal bovine serum (FBS; HyClone). Rat1 rat fibroblasts, A7r5
rat smooth muscle cells, MDA-MB-231 human breast carcinoma cells,
and PANC1 human pancreatic carcinoma cells were purchased from the
American Type Culture Collection (ATCC) and maintained in Dulbec-
co’s modified Eagle medium (DMEM) with 10% FBS. MCF7 human
breast carcinoma cells were obtained from the ATCC and were main-
tained in DMEM with 10% FBS on collagen I (Advanced BioMatrix)-
coated dishes. SW480 and SW620 human colon carcinoma cells were
obtained from the ATCC and maintained in DMEM-F12 medium with
10% FBS on collagen I-coated dishes. MDCK II cells were obtained from
the ATCC and maintained in DMEM with 5% FBS. All mammalian cells
were grown at 37°C in a 5% CO2 humidified atmosphere. Drosophila
Schneider 2 (S2) cells were a gift from F. Werner (University College
London, United Kingdom) and were maintained in Schneider’s Drosoph-
ila medium (Lonza) with 10% FBS at room temperature (RT).

Immunoprecipitation and Western blotting. Immunoprecipitations
of ROCKs with antibodies against ROCK C-terminal regions but not N-
terminal catalytic domains or epitope-tagged proteins were carried out as
described previously (65). Immunoprecipitated proteins were separated
by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) and analyzed by Western blotting with primary antibodies fol-
lowed by horseradish peroxidase-conjugated secondary antibodies as ap-
propriate. Signals were analyzed with NIH Image, version 1.61. In some
experiments, cells were pretreated with the ROCK inhibitor Y-27632 (30
�M; Calbiochem) in growth medium for 1 h at 37°C prior to lysis. Thin

white vertical lines indicate that the blots were obtained from different
parts of the same membranes.

Protein identification by tandem mass spectrometry. Immunopre-
cipitates (IPs) from REF cell lysates (eight round 15-cm-diameter dishes)
were prepared as described above for immunoprecipitation procedures.
Proteins were separated by SDS-PAGE and detected with silver staining.
Silver-stained gel bands were excised with a scalpel, and proteins were
digested in gel with trypsin, using an Investigator Progest robot (Genomic
Solutions) as previously described (57).

Samples were analyzed by high-performance liquid chromatography
coupled to electrospray ionization tandem mass spectrometry (MS/MS).
High-performance liquid chromatography was carried out with a CapLC
liquid chromatography system (Waters). Aliquots (6 �l) of peptide mix-
tures were injected onto a Pepmap C18 column (300 �m by 0.5 cm; LC
Packings) and eluted with an acetonitrile– 0.1% formic acid gradient to
the nanoelectrospray source of a Q-Tof spectrometer (Micromass) at a
flow rate of 1 �l/min. The spray voltage was set to 3,500 V, and data-
dependent MS/MS acquisitions were performed on precursor peptides
with charge state 2, 3, or 4 over a survey mass range of 440 to 1,400 kDa,
using argon collision gas. Product ion spectra were recorded over the
range of 100 to 1,800 kDa and transformed onto a singly charged m/z axis
using a maximum entropy method (MaxEnt3; Waters), and centroided
peaklist (pkl) files were extracted by using MassLynx Routine Peptide
Auto (Waters).

Proteins were identified by the correlation of uninterpreted spectra to
entries in Swiss-Prot (Release 2010_04; 516,081 entries), using a local
installation of Mascot (version 2.2; Matrix Science). MS/MS ion searches
specified up to two missed cleavages per peptide, a precursor mass toler-
ance of �100 ppm, and a fragment ion mass tolerance of �0.5 Da. Carb-
amidomethylation of cysteines and methionine oxidation were specified
as fixed and variable modifications, respectively.

Criteria for protein identification. MS/MS-based peptide and pro-
tein identifications were validated by using Scaffold (version 3.01; Pro-
teome Software Inc.) Peptide identifications were accepted if they could
be established with a greater than 95.0% probability, as specified by the
Peptide Prophet algorithm (26). Protein identifications were accepted if
they were established with a greater than 99.0% probability and contained
at least 2 matched peptides. Protein probabilities were assigned by the
Protein Prophet algorithm (38).

Reverse transcription-PCR. Total RNA was prepared from REF and
MDA-MB-231 cells by using RNA-Bee (Tel-Test Inc.) according to the
manufacturer’s protocols and was transcribed with Superscript II (Invit-
rogen) and oligo(dT)15 primer. To analyze mRNA levels of CRMP-4 in
REFs, total RNA (1 �g) treated with RNase-free DNase I (Sigma) was
transcribed by using high-capacity cDNA reverse transcription kits (Ap-
plied Biosystems) and random primers. PCR was carried out by using
KOD Hot Start DNA polymerase (Novagen) and primers 5=-GGA GCA
GGC ACG AAT GCT GG and 5=-TTA ACT CAG GGA TGT GAT GTT
AGA ACG GCC for rat CRMP-4 and primers 5=-ATG GAT GAC GAT
ATC GCT GCG and 5=-CTA GAA GCA TTT GCG GTG CAC for rat
�-actin mRNAs.

Plasmid construction. Rat CRMP-2S, rat CRMP-4L, or human
CRMP-2L cDNAs were amplified by PCR from a REF cDNA library or an
MDA-MB-231 cell cDNA library and subcloned into pET41b(�) and
pET24a (Novagen). Rat CRMP-2S and human CRMP-2L cDNAs were
also subcloned into pEGFP-N1 and pIRES2-EGFP (Clontech). To create
HA-tagged CRMP-2S or -2L, an oligonucleotide sequence encoding HA
was inserted at the 5= end of the cDNA in frame by PCR, using the pIRES2-
CRMP construct as a template. The cDNAs encoding fragments of
CRMP-2S (fragment A [amino acids {aa} 1 to 275], fragment B [aa 276 to
440], or fragment C [aa 441 to 572]) or the cDNAs encoding fragments of
CRMP-2L (fragment A= [aa 1 to 380] or fragment A� [aa 1 to 118]) were
subcloned into pET41b(�). The cDNAs encoding fragment C and frag-
ment A= were also subcloned into pEGFP-N1. Phosphorylation-resistant
(replacement of Thr with Ala) mutants of the CRMP-2 short form at
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Thr555 and the CRMP-2 long form at Thr660 were created by PCR using
wild-type cDNA in pET41b(�) and pET24 as a template.

Human ROCK I cDNA (a gift from S. Narumiya, Kyoto University,
Japan) was subcloned into pMT/V5-His A (Invitrogen), and bovine
ROCK II cDNA (a gift from K. Kaibuchi, Nagoya University, Japan) was
subcloned into pMT/V5-His C (Invitrogen). A fragment containing the
rat ROCK II catalytic domain (aa 1 to 543) was subcloned into pMT/V5-
His C. All constructs were verified by DNA sequencing.

Transfection. S2 cells were cotransfected with pMT/V5-His plasmids
and pCoHygro by use of a calcium phosphate transfection kit (Invitrogen)
according to the manufacturer’s protocol. Stable transfectants were se-
lected in growth medium containing 300 �g/ml hygromycin B (Roche
Applied Science). ROCK protein expression was induced with 0.5 mM
cupric sulfate for 2 days. Recombinant protein expression was confirmed
by Western blotting with monoclonal anti-V5 antibody. REF and MCF7
cells were transfected with plasmids by use of Lipofectamine LTX reagent
(Invitrogen) and Plus reagent (Invitrogen) according to the manufactur-
er’s protocols. SW480 cells were transfected with short hairpin RNA
(shRNA) plasmids against human CRMP-2 (4 individual shRNAs target-
ing both isoforms of human CRMP-2, shRNA1 to shRNA4, in the pREFP-
C-RS vector; Origene) individually or a plasmid carrying a scrambled
control shRNA (pREFP-C-RS vector; Origene) by using Nucelofector
with kit V (Amaxa) according to the manufacturer’s protocol. Stable
transfectants were established for each shRNA construct by puromycin
resistance (1 �g/ml; Sigma). SW480 cells expressing shRNA were also
transfected with small interfering RNA (siRNA) against human CRMP-2
(Hs_DPYSL2_3; Qiagen) or AllStars negative-control siRNA (Qiagen)
using Oligofectamine (Invitrogen) according to the manufacturer’s pro-
tocol. MDA-MB-231 cells were transfected with siRNA against human
CRMP-2 (Hs_DPYSL2_3 and Hs_DPYSL2_4; Qiagen), one against hu-
man ROCK II (D-004610-05; Dharmacon), or AllStars negative-control
siRNA by using Oligofectamine. Two different siRNAs against human
CRMP-2L (target sequences are 5=-ACG AAG AGG TCC CTG CTT TTT
and 5=-GAG AGA AAG CAA TCC GGG ATT) were designed and synthe-
sized by Dharmacon. MDCK II cells were transfected with either the
shRNA-3 plasmid against human CRMP-2 or control shRNA using Lipo-
fectamine LTX reagent and Plus reagent according to the manufacturer’s
protocol. Transfectants were selected by puromycin resistance (5 �g/ml).
SW620 cells were transfected with plasmids by using Lipofectamine 2000
(Invitrogen) according to the manufacturer’s protocol. REFs were trans-
fected with siRNAs using Oligofectamine as previously described (65). An
siRNA against rat CRMP-2 (target sequence of 5=-AAA CTC CTT CCT
CGT GTA CAT) was designed and synthesized by Ambion, and an siRNA
against rat CRMP-4 (48833) was purchased from Ambion (45).

Recombinant protein expression in E. coli and binding assay. Ac-
cording to the manufacturers’ protocols, recombinant glutathione
S-transferase (GST) fusion proteins were expressed in Escherichia coli
strain BL21 (Promega) transformed with pET41b(�) constructs, and the
preparation of glutathione-agarose (Sigma) coated with recombinant
proteins was carried out, except that recombinant proteins were extracted
with 1% (vol/vol) Triton X-100 after sonication.

S2 cells expressing ROCK proteins as described above were harvested,
washed with Tris-buffered saline (TBS) (pH 7.5) twice, and lysed with
TBS (pH 7.5) containing 1% Triton X-100, protease inhibitor cocktail
(Roche), 10 mM MgCl2, 1 mM EDTA, and phosphatase inhibitors (20
mM �-glycerophosphate, 25 mM NaF, and 1 mM orthovanadate). After
centrifugation, cleared supernatants were incubated with GST fusion pro-
tein-coated glutathione-agarose beads at 4°C for 1 h. Beads were washed
with ice-cold lysis buffer four times. The proteins pulled down were ana-
lyzed by Western blotting with a V5 antibody.

ROCK and GTP-RhoA activity assay. ROCK isoform-specific activi-
ties from SW480 cells expressing shRNA were analyzed by using a GST-
MLC substrate as described previously (65). Briefly, both isoforms were
specifically immunoprecipitated (preclearing step for 15 min and immu-
noprecipitation step for 30 min at 4°C), and the phosphorylation activity

for 10 min at 30°C in immunoprecipitates (IPs) was measured by using
GST-MLC as the substrate and [�-32P]ATP (3 �Ci, 370 GBq/mmol, 6 �M
final concentration; Perkin-Elmer) as a phosphate source. MLC was ab-
sorbed onto P81 paper, and the radioactivity was measured by scintilla-
tion counting. To measure the inhibition ability of CRMP-2, a similar
protocol was used. The catalytic domain of ROCK II expressed in S2 cells
was immunoprecipitated on anti-V5-agarose antibody (Sigma). Equal
amounts of beads were individually incubated with 5 �M GST, CRMP-
2L(T660A)–His6, CRMP-2S(T555A)–His6,or a mixture of GST–CRMP-
2A= and GST–CRMP-2C on ice for 15 min in phosphorylation buffer (65).
Phosphorylation reactions were then carried out by using 4 �g (3.8 �M)
of GST-MLC as a substrate and [�-32P]ATP (3 �Ci) for 10 min at 30°C. In
control reactions, Y-27632 was added to 2 �M in the presence of GST and
MLC. CRMP-2L(T660A)–His6 and CRMP-2S(T555A)–His6 were ex-
pressed in BL21 cells transformed with pET24a constructs and purified as
described in a previous study (53), which reported that CRMP-2S forms
tetramers.

Conventional GTP-RhoA and GTP-Rac1 pulldown assays were per-
formed as described previously (65).

Cell migration assay. SW480 cell migration assays were carried out as
described previously (16), with minor modifications. Briefly, the lower
sides of transwell inserts (polycarbonate filter, 8-�m pore size; Costar)
were coated with 10 �g/ml of rat tail type I collagen (BD Biosciences) in
phosphate-buffered saline (PBS) at 4°C overnight. Cells were serum
starved overnight and then harvested by using EDTA-trypsin (Invitro-
gen). Trypsin was inactivated by a soy bean trypsin inhibitor (Sigma), and
cells were suspended in migration medium for 30 min at 37°C. In some
experiments, Y-27632 (10 �M) was added to cell suspensions, before 4 �
104 cells were seeded in 100 �l onto inserts. After 6 h, the cells that mi-
grated through the filter were counted as reported previously (33). SW620
cell migration assays with serum-free DMEM-F12 medium were per-
formed similarly but for 8 h. MDCK II cell migration assays with serum-
free DMEM were performed similarly but with phorbol 12-myristate 13-
acetate (PMA) (125 nM; Calbiochem) as a chemoattractant and for 18 h.

Quantification of ROCK and CRMP-2 proteins in cell lysates. Anti-
bodies against ROCK I (K-18) and ROCK II (C-20) recognize the C-ter-
minal domains of ROCK I and II, respectively. GST-pleckstrin homology
domains of ROCK I and ROCK II were purified as described previously
(65) and used as standard proteins. As the epitope for the CRMP-2 mono-
clonal antibody, C4G, located within the CRMP-2 C fragment (17), GST-
CRMP-2 C was purified as described above and used as a standard. Con-
centrations of standard proteins were calculated by comparison with
bovine serum albumin (BSA) with Coomassie blue staining of SDS-PAGE
gels. Total cell lysates lysed with Laemmli sample buffer and serial dilu-
tions of standard proteins for each antibody were loaded into the same gel
and analyzed for protein expression. Signals were analyzed as described
above.

Blue native polyacrylamide gel electrophoresis. Blue native poly-
acrylamide gel electrophoresis (BN-PAGE) was performed as described
previously by Wittig et al. (61). Briefly, confluent cell cultures in 6-cm
dishes were harvested in 50 mM imidazole-HCl (pH 7.0), 500 mM 6-ami-
nocaproic acid, 1 mM EDTA, 4% digitonin (Sigma), 5% glycerol, EDTA-
free protease cocktail (Roche), 20 mM �-glycerophosphate, and 25 mM
NaF. After centrifugation (12,600 � g for 2.5 min at 4°C), 0.5% (wt/vol)
Coomassie blue G-250 was added to the soluble fraction. Samples were
divided into two fractions, separated by the same 3-to-10% gradient gel
with a 3% stacking gel at 4°C. After the gels were treated with 1� SDS-
PAGE running buffer for 10 min, proteins in gels were electroblotted onto
a polyvinylidene difluoride (PVDF) membrane at 4°C. To determine the
molecular sizes, a NativeMark unstained protein standard (Invitrogen)
was resolved in the same gel and stained with Coomassie blue R-250.
Membranes were cut into two pieces: one piece was incubated with mono-
clonal anti-ROK� antibody (BD), and the other was incubated with anti-
CRMP-2 antibody C4G, followed by horseradish peroxidase-conjugated
secondary antibodies. Detection was carried out by using Amersham ECL
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Prime Western blotting reagent. Molecular sizes were calculated by using
Adobe Photoshop and Microsoft Excel 2010.

Immunofluorescence microscopy and confocal laser microscopy.
SW480 cells seeded in growth medium onto glass coverslips coated with
collagen I (rat tail) and MDA-MB-231 cells seeded in growth medium
onto coverslips were fixed with 4% paraformaldehyde for 10 min and
permeabilized with 0.1% Triton X-100 in PBS for 15 min, and ROCK and
CRMP-2 were detected as reported previously (65). Coverslips were
mounted by using ProLong Gold antifade reagent (Invitrogen). Controls
for nonspecific cross-reactions of secondary antibodies gave no staining
above background levels. Fluorescence was viewed with a confocal laser
scanning microscope (Axiovert 200 M LSM510; Carl Zeiss Inc.) using a
63� 1.2-numerical-aperture (NA) c-Apochromat objective in water at
RT. Images were processed by using LSM510 META software plus LSM
image examiner software (Carl Zeiss Inc.) and Photoshop (Adobe).
MDA-MB-231 cells in growth medium were fixed at 48 h posttransfection
with siRNA. In some experiments, cells were treated with 30 �M Y-27632
for 1 h prior to fixation. Cells were stained for pMLC or paxillin as re-
ported previously (65). At 48 h posttransfection with siRNA, REF cells
were serum starved for 4 h and then treated with lysophosphatidic acid
(LPA) (100 ng/ml; Sigma) for 30 min. Cells were fixed with paraformal-
dehyde and then stained for pMLC together with paxillin as reported
previously (65). At 24 h after transfection with plasmids, REF cells were
stained for F-actin or FN antibodies as reported previously (66). Images
were taken with a Zeiss Axioplan-2 microscope (Plan-Apochromat �63/
1.4-NA oil objective) equipped with a CoolSNAP cf camera (Photomet-
rics) at RT and processed by using MetaMorph software (MDS Analytical
Technologies) and Adobe Photoshop. For each transfection, at least 5
different fields for MDA-MB-231 cells and a minimum 50 cells for REFs
were analyzed, and data from three separate experiments were analyzed.

DOC lysis. REFs (4 � 104 cells) seeded into 12-well plates were trans-
fected with plasmids. One day later, cells were analyzed for FN deoxy-
cholate (DOC) insolubility as reported previously (48). Statistical analysis
was performed by Kruskal-Wallis analysis with the post hoc Student-New-
man-Keuls method.

Cell attachment assay. Cell suspensions of SW480 cells expressing
shRNA were prepared as described above for the cell migration assay.

Cells were preincubated with �1 integrin-blocking antibody (AIIB2) (10
�g/ml) or normal rat IgG (control) (10 �g/ml) in serum-free medium on
ice for 30 min and then replated onto collagen I (rat tail) in the presence of
antibodies at 37°C for 1 h. Cells were fixed with paraformaldehyde, and
phase-contrast images of cells were taken with an Olympus IX71 inverted
microscope (objective, UPlanFl �10/0.30) with a DP50 camera at RT and
processed with Viewfinder Lite, version 1.0, and Studio Lite, version 1.0.

RESULTS
ROCK II is less sensitive to LPA-mediated activation of cells
than ROCK I. Our previous study demonstrated that the level of
ROCK II kinase activity, compared to that of ROCK I, was low
during REF adhesion and less sensitive to LPA treatment (65).
LPA is a bioactive lipid that can stimulate tumor formation and
metastasis (36) and induces the formation of stress fibers and focal
adhesions in a Rho-GTP-ROCK-dependent manner (1, 43).
Stress fibers are thick actin bundles that are decorated with pMLC
and terminate at focal adhesions detected by marker proteins such
as paxillin (65). To examine whether ROCK II, in the absence of
ROCK I, mediates LPA-induced actin cytoskeleton reorganiza-
tion, ROCK proteins in REFs were knocked down by siRNAs.
After serum starvation, control siRNA-transfected REFs formed
fine microfilaments rather than thick stress fibers, which could be
restored by LPA treatment (Fig. 1). ROCK II-depleted REFs pos-
sessed thin filaments under starved conditions, and LPA treat-
ment induced stress fibers decorated with pMLC. However,
ROCK I-depleted REFs failed to form actin filament bundles and
focal adhesions under both starved and LPA-treated conditions
(Fig. 1). The depletion of one isoform of ROCK did not affect the
expression of the other (65). ROCK II was therefore less sensitive
to the elevation of cellular GTP-RhoA levels in fibroblasts, sug-
gesting the presence of a ROCK II-specific regulatory molecule(s).

CRMP-2 selectively interacts with ROCK II but not ROCK I.
To search for ROCK isoform-specific substrates or binding pro-

FIG 1 ROCK II is less sensitive to LPA treatment than ROCK I. REFs transfected with the indicated siRNAs were serum starved and then stimulated with LPA.
Cells were stained for pMLC and paxillin. While control and ROCK II-depleted REFs formed stress fibers terminating at focal adhesions (arrowheads) upon LPA
stimulation, ROCK I-depleted REFs, which express ROCK II, did not. Insets show high-power images of the boxed areas. Scale bar, 25 �m. Images are
representative of 3 separate experiments.
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FIG 2 CRMP-2 selectively interacts with ROCK II but not ROCK I. (A) Silver staining of ROCK II and ROCK I IPs from REF lysates. Beads coated with ROCK
antibodies but not incubated with lysates are shown as @. Comparable amounts of ROCK II (double arrowheads) and ROCK I (arrowhead) proteins were
immunoprecipitated. Proteins coimmunoprecipitated with ROCK II specifically were identified as CRMP-2S, including a phosphorylated peptide (thick single
arrow); CRMP-2S (thick double arrows); and CRMP-4L (thin arrow). (B) Western blotting (WB) of ROCK II IPs from REF lysates with antibodies against ROCK
II (top) and pThr (bottom). A 65-kDa protein was sensitive to treatment with 30 �M Y-27632 (Y). (C) Western blotting of CRMP-2 (bottom) from ROCK II IPs
of REF lysates (left) or ROCK I IPs (right). Arrowhead, ROCK II proteins. CRMP-2 was detected in IPs of ROCK II independent of its kinase activity but not in
those of ROCK I. (D) Pulldown of recombinant full-length ROCK II (left) but not ROCK I (middle) on beads coated with full-length CRMP-4L, -2L, or -2S but
not with GST (G). Bound proteins were detected by Western blotting with a V5 antibody. The right panel shows Coomassie staining of GST proteins eluted from
beads. Black arrowheads indicate intact GST-CRMPs. Blots are representative of 3 separate experiments. (E) Western blot analysis of total cell lysates of REF cells
transfected with siRNAs targeting CRMP-2 (CR2), CRMP-4 (CR4), ROCK I, ROCK II, or control siRNA (C). The reduction in CRMP-2 levels had no effect on
ROCK protein levels, and vice versa. (F) Total RNA from siRNA-treated REF cells was isolated for reverse transcription-PCR analysis of CRMP-4 and �-actin
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teins, immunoprecipitates (IPs) from REF lysates were analyzed
by Western blotting with pThr antibodies and silver staining.
Comparable amounts of ROCK I and ROCK II were immunopre-
cipitated, and several specific proteins were detected in ROCK II
IPs (Fig. 2A). The reactivity of a 65-kDa protein (p65) with an
anti-pThr antibody was sensitive to the ROCK inhibitor Y-27632
(22), suggesting that p65 could be an endogenous ROCK substrate
(Fig. 2B). p65 was identified by tandem mass spectrometry as a
short form of CRMP-2 (CRMP-2S) (Fig. 2A) (mass spectrometry
data are available upon request). CRMP-2S is a 62-kDa protein
that is highly phosphorylated in neuronal cells (21) and is phos-
phorylated on Thr555 by ROCK II, although it was not established
whether ROCK I could phosphorylate CRMP-2S (4). Mass spec-
trometry also detected that some of the CRMP-2S was phosphor-
ylated on Ser522, a Cdk5 phosphorylation site (7). A second poly-
peptide with a slightly higher apparent molecular mass was also
identified as CRMP-2S (Fig. 2A, thick double arrows), suggesting
multiple phosphorylation states of CRMP-2S. Moreover, the
CRMP-4 long form (CRMP-4L) was detected at a molecular mass
of 72 kDa (Fig. 2A, thin arrow), suggesting that CRMP-2S may
form heterotetramers with CRMP-4L, as described previously
(58).

The coimmunoprecipitation of CRMP-2S with ROCK II was
demonstrated by Western blotting, whereas ROCK I IPs never
contained CRMP-2S (Fig. 2C), suggesting that the coimmunopre-
cipitation of CRMP-2 with ROCK II is ROCK isoform specific.
Notably, Y-27632 treatment to inhibit Rho kinases did not affect
the CRMP-2–ROCK II association (Fig. 2C). Due to the inability
of the CRMP-2 monoclonal antibody to immunoprecipitate from
REF cell lysates, CRMP-2–ROCK II interactions were examined
by alternative assays, where V5-tagged full-length ROCK proteins
expressed in S2 cells were pulled down by GST-fused CRMP-
coated beads. In addition to the CRMPs identified by mass spec-
trometry analysis, CRMP-2L was assessed. Smaller polypeptides
other than intact CRMPs seen by Coomassie staining may be deg-
radation products, as shown previously (13). While the CRMP-2S,
-2L, and -4L proteins could pull down ROCK II, no interactions
with ROCK I were detected (Fig. 2D).

Next, we examined whether the knockdown of CRMPs pro-
vided ROCK I siRNA-treated REFs with a capacity for LPA-in-
duced stress fiber formation. The knockdown of CRMP-2 to-
gether with CRMP-4 partially rescued stress fiber formation in
ROCK I knockdown cells but had no effect on cells treated with
either control or ROCK II siRNA (Fig. 2E to G). These data suggest
that CRMPs may regulate ROCK II activity.

CRMP-2L is expressed widely in carcinoma cells, and
CRMP-2 complexes containing 2L preferentially associate with
ROCK II. CRMP-2S expression in nonneuronal cells was reported
previously for fibroblasts (54), T cells (56), and colorectal tumor
cells (63), although its functions are unknown. The screening of
many normal and tumor cells confirmed its ubiquitous expression
(Fig. 3A to C and Table 1). The coimmunoprecipitation of
CRMP-2S with ROCK II was also observed for A7r5 rat aortic

smooth muscle cells and Rat1 fibroblasts (Fig. 3A). Many human
carcinoma cell lines (10 out of 16 carcinoma cell lines), including
MDA-MB-231 breast carcinoma cells and PANC-1 pancreatic
carcinoma cells, expressed doublet polypeptides (75 kDa and 65
kDa) cross-reacting with CRMP-2 antibody (Fig. 3B and C and
Table 1). The 75-kDa polypeptide corresponded to CRMP-2L,
and its cDNA was subcloned from MDA-MB-231 cells and se-
quenced. On the other hand, other CRMP family members, for
example, CRMP-1 and CRMP-4, were detected in only a few cell
lines by Western blotting (Table 1 and Fig. 3B). Both CRMP-2S
and -2L were coimmunoprecipitated with ROCK II from MDA-
MB-231 cells, and their phosphorylation was detected by Western
blotting with both pSer522- and pThr555-specific antibodies (Fig.
3D). The specificities of the antibodies were confirmed by the
Western blotting of cell lysates prepared without phosphatase in-
hibitors or treated with Y-27632 (data available upon request).
This result indicated that CRMP-2L could be phosphorylated on
Ser627 and on Thr660 (corresponding to Ser522 and Thr555 of
CRMP-2S) by Cdk5 and ROCK, respectively, although phosphor-
ylation by ROCK did not affect the CRMP-2–ROCK II interaction
(Fig. 2C).

Both CRMP-2 isoforms were readily detected by Western blot-
ting of ROCK II IPs from cells expressing CRMP-2L (Fig. 3C). In
contrast, where CRMP-2S was dominant and CRMP-2L was ex-
pressed at levels below detection, such as G361 melanoma cells
and MCF7 breast carcinoma cells (Fig. 3C) (data available upon
request), the coimmunoprecipitation of CRMP-2 with ROCK II
was less or, in MCF7 cells, almost negligible. Moreover, an enrich-
ment of CRMP-2L in ROCK II IPs was often observed compared
to the ratio of the two endogenous CRMP-2 isoforms in cell lysates
(Fig. 3C). To test whether the ectopic expression of CRMP-2L
increases the binding of CRMP-2 to ROCK II, cDNAs encoding
CRMP-2L were transfected into MCF7 cells. The expression of
CRMP-2L significantly increased the amounts of CRMP-2 in
ROCK II IPs (Fig. 3E), whereas that of CRMP-2S had little effect,
suggesting a preferential interaction of ROCK II with CRMP-2L.
To further examine whether ROCK II could be coimmunopre-
cipitated with CRMP-2L, CRMP-2L–GFP in MCF7 cells was sub-
jected to immunoprecipitation with either GFP antibodies or
ROCK II antibodies. Endogenous ROCK II was coimmunopre-
cipitated with CRMP-2L–GFP in reciprocal immunoprecipitation
experiments, confirming an association between the two mole-
cules (Fig. 3F) (control data available upon request).

CRMP family members form tetramers (58). To investigate
whether CRMP-2L and -2S combine in complexes, MCF7 cells
were cotransfected with cDNA encoding CRMP-2S and -2L, one
with an HA tag and the other without, and IPs with HA antibody
were analyzed by Western blotting with both HA and CRMP-2
antibodies (Fig. 3G). These experiments confirmed that
CRMP-2L and -2S endogenously formed hetero-oligomeric com-
plexes. In total, the data together suggest a preferential association
of ROCK II with CRMP-2 complexes containing 2L.

Expression levels of ROCKs and CRMP-2 proteins in some

mRNA levels. (G) Cotransfection of siRNAs against CRMP-2, CRMP-4, and ROCKs. REFs transfected with siRNAs were stimulated with LPA as described in the
legend of Fig. 1 and stained for pMLC and paxillin. The knockdown of CRMP-2 partially restored LPA-induced stress fiber formation in ROCK I-depleted REFs
and increased focal adhesion formation. Scale bar, 25 �m. Images are representative of the total population of cells. Shown are percentages of cells with stress
fibers (means � standard errors of the means [SEM]; n 	 3). Comparisons among ROCK knockdown experiments were analyzed by a one-way analysis of
variance (ANOVA) with the post hoc Holm-Sidak method, and the effect of the CRMP-2 knockdown on ROCK I siRNA-treated cells was analyzed by a t test.
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FIG 3 ROCK II associates with CRMP-2 complexes but preferentially with those containing long isoforms. (A and C) Coimmunoprecipitation of CRMP-2
(bottom) with ROCK II (top) from normal (A) and cancer (C) cells. Arrows indicate the degradation product. (B) Expression of CRMPs in various human cancer
cell lines. Total cell lysates were analyzed by Western blotting for CRMP-2, CRMP-1, CRMP-4, and actin. (C) Abundant CRMP-2 proteins were coimmuno-
precipitated with ROCK II from MDA-MB-231 and PANC1 cells that express endogenous CRMP-2L, while nearly undetectable amounts of CRMP-2S were
detected in ROCK II IPs from MCF7 cells, where CRMP-2S was dominant. (D) CRMP-2L coimmunoprecipitated with ROCK II was phosphorylated. ROCK II
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normal and transformed cell lines were analyzed (Table 2). In
general, ROCK II was expressed at higher levels than ROCK I,
while CRMP-2 was in excess over ROCK II, but a large proportion
of this was CRMP-2S rather than CRMP-2L. To estimate the stoi-
chiometry of ROCK II–CRMP-2 complexes, freshly prepared to-
tal cell lysates were subjected to BN-PAGE (61). As ROCK II was

suggested previously to exist in high-molecular-mass complexes
of 660 kDa or higher in rat brain extracts (10), BN-PAGE revealed
that ROCK II in all cell lines tested existed as multiple complexes
with molecular masses ranging from 700 to 1,200 kDa, with a
major pool of 
1,100 kDa (Fig. 3H). Similarly, CRMP-2 was de-
tected as multiple populations, with a major pool of 
500 kDa.
Doubly ROCK II- and CRMP-2-positive pools were repeatedly
observed at 
800 to 900 kDa, 1,000 to 1,100 kDa, and 1,200 kDa.
Although both proteins can form polymers on their own with
various potential stoichiometries, we can nevertheless con-
clude that both proteins can be detected in the same complexes
of �800 kDa.

ROCK II and CRMP-2 colocalize at the motile periphery of
human carcinoma cells. Since CRMP-2 tetramers containing 2L
preferentially associated with ROCK II, the cellular localizations
of ROCK II and CRMP-2 in SW480 colon carcinoma and MDA-
MB-231 cells, where CRMP-2L is expressed endogenously (Fig. 3B
and C), were analyzed by indirect immunofluorescence staining
and laser confocal microscopy. A prominent colocalization of
ROCK II and CRMP-2 in SW480 cells was detected in cortical
membrane areas and occasional cell-cell contacts in cell clusters
(Fig. 4A). Colocalization in MDA-MB-231 cells was also detected
in ruffling membrane areas (Fig. 4B). The cellular localization of
each protein in response to siRNA treatment was analyzed. The
efficient suppression of CRMP-2 or ROCK II proteins in MDA-
MB-231 cells was elicited by the transfection of specific siRNAs
compared to control siRNA-treated cells, while a reduction in
levels of CRMP-2 had no effect on ROCK II protein levels, and
vice versa (Fig. 4C). The specificities of staining in MDA-MB-231
cells were confirmed by the overall reduction of the fluorescence
intensity after siRNA treatments by epifluorescence microscopy
(Fig. 4D, arrows). The localization of the two proteins at the cell
periphery was not dependent on their mutual interaction (Fig. 4D,
arrowheads).

CRMP-2 controls cell migration through the regulation of
ROCK II kinase activity but independently of GTP-RhoA levels.
Some CRMP family members may be metastasis/invasion regula-
tors, as suggested by previous proteomic/microarray analyses, al-
though the underlying molecular mechanisms are unknown (15,
50). Moreover, ROCK activity has been implicated in the regula-
tion of cell migration in various types of cancer cells (37, 46). To
examine whether the CRMP-2–ROCK II interaction affects can-
cer cell behavior, endogenous CRMP-2 levels were reduced by
stable shRNA expression in SW480 cells. The stable knockdown of
CRMP-2 proteins (70 to 90% reduction) by 2 individual shRNAs
was achieved in SW480 cells, while ROCK I and II protein levels
were not altered by CRMP-2 shRNA expression (normalized to
actin) (Fig. 5A). Since there are no tools to detect ROCK isoform-

IPs from MDA-MB-231 cell lysates were divided into 3 parts and analyzed by Western blotting with the indicated antibodies. (E) Preferential association of
CRMP-2L with ROCK II. ROCK II IPs from MCF7 cells transfected with pIRES2-EGFP vector cDNAs, as indicated, were probed with antibodies against ROCK
II (top) and CRMP-2 (bottom). (F) Reciprocal coimmunoprecipitation of ROCK II and CRMP-2L. Lysates of MCF7 cells transfected with a cDNA encoding
CRMP-2L–GFP were divided for immunoprecipitation with ROCK II antibodies (right) or with GFP antibody (left). IPs were analyzed with antibodies against
ROCK II (top) and GFP (bottom). (G) CRMP-2L and -2S form a protein complex. MCF7 cells were cotransfected with the pIRES2-EGFP vector containing
cDNAs encoding CRMP-2L and -2S, where one isoform was tagged with an HA epitope. IPs with HA antibody were divided for Western blotting with HA
antibody (right) or CRMP-2 antibody (left). Both isoforms were coimmunoprecipitated. The asterisk indicates the IgG heavy chain derived from the HA
antibody. Blots are representative of 3 separate experiments. (H) ROCK II and CRMP-2 were detected in the same complexes of �800 kDa. Freshly prepared total
cell lysates were subjected to BN-PAGE and then Western blotting. ROCK II exists in multiple complexes with a major pool of 
1,100 kDa (arrow). Similarly,
CRMP-2 was present in multiple populations. Doubly ROCK II- and CRMP-2-positive pools were repeatedly observed at 
800 to 900 kDa, 1,000 to 1,100 kDa,
and 1,200 kDa (arrowheads). Blots are representative of separate experiments.

TABLE 1 CRMP expression

Cell type Origin

Presence of CRMPa

2S 2L 1S 4

Human carcinoma cell
lines

PANC1 Pancreas � � � �
MDA-MB-231 Breast � � � �
HMT3909 S13 Breast � � � �
MCF-7 Breast � � � �
T-47D Breast � � � �
A498 Kidney � � � S
PC3 Prostate � � � �
HepG2 Liver � � � S
HeLa Cervix � � � �
A431 Epidermis � � � �
SW480 Colon � � � �
SW620 Colon � � � �
RKO Colon � � � �
CX-1 Colon � � � �
Clone A Colon � � � �
CALU-1 Lung � � � �

Human noncarcinoma
cell lines

SHSY5Y Neuroblastoma � � � �
K562 Erythroleukemia � � � �
G361 Melanoma � � � �
A375 Melanoma � � � �
SK-MEL-28 Melanoma � � � �
Lisa-2 Liposarcoma � � � �
A204 Rhabdomyosarcoma � � � �
RD Rhabdomyosarcoma � � � �
HT1080 Fibrosarcoma � � � �
SAOS2 Osteosarcoma � � � �
U2OS Osteosarcoma � � � �

Normal cell lines
REF Rat embryo fibroblast � � � L
Rat1 Rat embryo fibroblast � � � L
A7r5 Rat smooth muscle � � � L
MDCK Canine kidney epithelial � � �b �b

a � denotes “detected” and � denotes “not detected” by Western blotting. S indicates
short form, and L indicates long form.
b It is not known to cross-react with canine CRMPs.
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specific activity in cells, the average activity of each ROCK was
measured by using immunoprecipitation from SW480 cells ex-
pressing shRNA, as reported previously (65). The knockdown of
CRMP-2 with shRNA 1 increased mean ROCK II activity in
SW480 cells over that of control shRNA transfectants (25% incre-
ment) (Fig. 5B), while the mean ROCK I activity was unaffected.
Furthermore, CRMP-2 shRNA expression affected neither GTP-
RhoA nor GTP-Rac1 levels (Fig. 5C and D). Taken together, our
data strongly suggested that CRMP-2 bound ROCK II and inhib-
ited its kinase activity despite similar levels of endogenous GTP-
RhoA.

To reveal the roles of the CRMP-2–ROCK II interaction in
cancer cell migration, the haptotactic cell migration of shRNA-
expressing SW480 cells toward collagen I was analyzed in tran-
swells. The level of cell migration after the CRMP-2 depletion was
significantly higher than that with control shRNA transfectants
(Fig. 5E). In a separate clone (shRNA 2), the residual CRMP-2
protein level was further decreased by siRNA transfection to
�10% (Fig. 5A). CRMP-2 protein suppression by the combina-
tion of shRNA 2 and siRNA also resulted in increased cell migra-
tion compared to that of control-treated cells (Fig. 5E) without
affecting GTP-RhoA and GTP-Rac1 levels (Fig. 5C and D). The
increased cell migration resulting from the CRMP-2 knockdown
by shRNA 1 was dependent on ROCK activity, since the addition
of Y-27632 reduced cell migration to the same level as that of cells
expressing control shRNA (Fig. 5E). The Y-27632 inhibitor did
not affect that migration of control cells, suggesting that the base-
line haptotactic migration of SW480 was not dependent on ROCK
activity but confirming CRMP-2 as an important ROCK activity
regulator. SW480 cells express �2�1 integrin as a collagen recep-
tor (12), but an alteration of CRMP-2 levels had no influence on
adhesion receptor characteristics. In each case, a �1 integrin-in-
hibitory antibody (AIIB2) almost completely blocked cell attach-
ment to collagen I substrates (data available upon request). There-
fore, the CRMP-2 protein regulated the haptotactic migration of
SW480 cells in a ROCK II activity-dependent manner but inde-
pendently of GTP-RhoA.

CRMP-2L was detected in various epithelial cells of chicken
embryo and normal epithelial MDCK cells (67), although its cel-
lular functions were not investigated. The treatment of MDCK
cells with PMA stimulates ruffle membrane formation and cell
scattering in a protein kinase C (PKC)-RhoGDI-RhoGTP-ROCK-
dependent manner (14, 25). To examine the significance of
CRMP-2 in PMA-induced MDCK cell migration, CRMP-2-defi-
cient cells were established by expressing a human CRMP-2

shRNA 3, which completely and uniquely matched with an oligo-
nucleotide sequence in canine CRMP-2 cDNA (Fig. 5F). The ex-
pression of CRMP-2 shRNA 3 did not alter ROCK protein levels.
In comparison with cells expressing control shRNA, CRMP-2-
deficient cells migrated more in response to PMA (Fig. 5G). Im-
portantly, PMA responses depended on ROCK activity, since
Y-27632 completely inhibited cell migration. The CRMP-2 deple-
tion did not increase cell proliferation during PMA treatment (af-
ter PMA treatment, control shRNA-expressing cells were 91% of
control cell numbers, and CRMP-2 shRNA-expressing cells were
70% of control cell numbers). These data suggested that CRMP-2
regulated the PMA-induced, ROCK-dependent migration of nor-
mal epithelial cells.

CRMP-2L regulates the actin cytoskeleton in human breast
carcinoma cells. To examine whether altered CRMP-2 levels, in-
cluding 2L alone, in cancer cells affected ROCK-myosin II-medi-
ated cell contractility, To examine whether altered CRMP-2 levels,
including 2L alone, in cancer cells affected ROCK-myosin II-me-
diated cell contractility, the MLC phosphorylation status as an
indicator of myosin II activity (55) was analyzed in MDA-MB-231
cells that have a more uniform morphology than SW480 cells.
pMLC occasionally localized to protrusions of control siRNA-
treated cells (Fig. 6B). On the other hand, pMLC staining in both
CRMP-2 siRNA-treated and CRMP-2L siRNA-treated cells
showed its presence in cortical filaments and microfilament bun-
dles, resulting in increased percentages of cells with stress fibers,
although there are normally few of these in this cell line (Fig. 6A to
C). This staining pattern was sensitive to ROCK inhibitor treat-
ment (Fig. 6B, middle). Upregulated MLC phosphorylation levels
were confirmed by Western blotting. The knockdown of total
CRMP-2 induced an average 25% increase in pMLC levels com-
pared to those of control siRNA-treated cells (Fig. 6D). Moreover,
differences in focal adhesion formation, which requires myosin
II-mediated cellular contractility (62), were observed. (Fig. 6B,
right). The localization of the focal adhesion marker protein pax-
illin in small adhesion structures at the cell periphery was evident
in CRMP-2 or CRMP-2L siRNA-treated cells, whereas it was de-
tected in ruffling membranes in control siRNA-treated cells.
Therefore, CRMP-2L regulates actin cytoskeleton contractile ac-
tivity through the ROCK II-pMLC pathway in transformed cells.

CRMP-2L has a binding site for ROCK II not shared with
CRMP-2S. To further understand the molecular basis and cellular
functions of CRMP-2–ROCK II complexes, their interaction sites
were mapped. Five different polypeptides of CRMP-2 proteins
(polypeptides A= [aa 1 to 380] and A� [aa 1 to 118] from CRMP-2L

TABLE 2 Amounts of ROCK I, ROCK II, and CRMP-2 proteins in cells analyzed in the study

Protein

Mean amt of protein (pmol/106 cells) � SEM in cell line

REF MDCK MDA-MB-231 MCF-7 SW480 SW620

ROCK I 2.92 � 1.26 0.27 � 0.04 0.47 � 0.19 0.16 � 0.03 0.07 � 0.01 0.08 � 0.2
ROCK II 5.37 � 0.75 1.14 � 0.16 0.66 � 0.21 0.23 � 0.12 0.42 � 0.04 0.27 � 0.06
CRMP-2S 46.7 � 24.5 2.15 � 0.57 6.71 � 1.68 1.22 � 0.32 16.3 � 4.0 7.22 � 2.92
CRMP-2L 0.13 � 0.01 1.19 � 0.49 1.18 � 0.19
ROCK II/ROCK I 1.84 4.24 1.41 1.42 6.19 3.17
CRMP-2/ROCK II 8.71 2.01 12.0 5.24 41.5 27.0
CRMP-2L/ROCK II 0.12 1.80 2.81
CRMP-2S/ROCK II 8.71 1.89 10.2 5.24 38.7 27.0
CRMP-2L/2S 0.06 0.18 0.07
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and polypeptides A [aa 1 to 275], B [aa 276 to 440], and C [aa 441
to 572] from CRMP-2S) were produced as GST fusion proteins in
E. coli (Fig. 7A and B), and pulldown assays were performed. Re-
combinant full-length ROCK II bound to the A= polypeptide of
CRMP-2L and the common C-terminal domain of CRMP-2L and
-2S (Fig. 7C). The ability of the recombinant ROCK II catalytic
domain (aa 1 to 543) to interact with full-length CRMP-2L, -2S,

and -4L was also confirmed by pulldown assays (Fig. 7D), al-
though no preferential binding to 2L or 4L over 2S was observed.
Similar results were obtained with full-length ROCK II (Fig. 2D),
but the results may have been influenced by GST at the N termini
or because CRMP proteins on beads do not form tetramers. The
catalytic domain of ROCK II bound to the A= polypeptide and to
the common C domain, although a weak binding of the B domain

FIG 4 CRMP-2 and ROCK II colocalize at the periphery of human carcinoma cells independently of their interaction with each other. (A and B) Colocalization
of ROCK II and CRMP-2 at the periphery (arrowheads) of SW480 (A) or MDA-MB-231 (B) cells. Images were acquired by confocal laser scanning microscopy.
(C) Western blot analysis of total cell lysates of MDA-MB-231 cells transfected with siRNAs targeting CRMP-2 (CR2) (siRNAs 1 and 2), ROCK II (R2), or control
siRNA (C). An efficient suppression of CRMP-2 or ROCK II proteins was observed. (D) Double staining for CRMP-2 and ROCK II proteins of MDA-MB-231
cells transfected with siRNAs. Images were acquired by epifluorescence microscopy. Arrowheads indicate a pericellular protein localization. After the knockdown
of target proteins, decreased fluorescence was observed, especially at cell margins (arrows). Exposure times were equal for each protein. Scale bar, 25 �m. Images
are representative of 3 separate experiments.
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FIG 5 CRMP-2 regulates cell migration in a ROCK II-dependent manner but independently of GTP-RhoA levels. (A) Western blot of total lysates from SW480
cells stably expressing shRNAs targeting CRMP-2 (shRNA 1 or 2) or control shRNA (control). Reductions of CRMP-2 protein levels (70 and 90%) were observed
following shRNA 1 and 2 treatments, respectively. SW480 cells expressing CRMP-2 shRNA 2 or the control shRNA were further transfected with CRMP-2 siRNA
(CR2) or the control siRNA. An average 
90% reduction of CRMP-2 levels was observed with the combination of shRNA and siRNA, without a significant
alteration in ROCK protein levels (normalized to �-actin). (B) Rho kinase activities from SW480 shRNA transfectants. Activities were normalized to ROCK
protein levels (n 	 4). �, P � 0.02 (Mann-Whitney test). (C and D) Pulldown assays of GTP-RhoA (C) and GTP-Rac1 (D) from SW480 shRNA/siRNA
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to the ROCK II catalytic domain was also observed (Fig. 7E). As A�
and A polypeptides did not bind to ROCK II, the linkage region of
the long-form-specific N-terminal domain and the CRMP-2 core
polypeptide may be important for ROCK II recognition. The
phosphorylation of CRMP-2 by ROCK had no effect on the inter-
action, as confirmed by pulldown assays with a phosphorylation
mimetic mutant [2S(T555D), with a replacement of Thr555 with
Asp]. Both wild-type and mutant GST-tagged full-length
CRMP-2S proteins could pull down the ROCK II catalytic domain
to the same extent (Fig. 7F). In summary, these data showed that
the ROCK II catalytic domain interacted with the C-terminal do-
main of CRMP-2, while the N-terminal domain of CRMP-2L pro-
vided an additional binding site. The ROCK II-binding properties
of these two polypeptides derived from CRMP-2L were confirmed
by coimmunoprecipitation assays with mammalian cells. Both
GFP-A= and -C polypeptides expressed in MCF7 cells were coim-
munoprecipitated with endogenous ROCK II proteins (Fig. 7G).

CRMP-2L and its ROCK II-binding domains inhibit ROCK-
dependent carcinoma cell migration and FN matrix assembly.
The data suggest that CRMP-2L may endogenously inhibit ROCK
II. As further confirmation, the inhibitory activities of CRMP-2
proteins, and their ROCK II-binding domains, were tested in ki-
nase assays with the ROCK II catalytic domain and GST-MLC as a
substrate. Both CRMP-2L and -2S inhibited the ROCK II catalytic
activity, although 2L was more efficient (Fig. 8A). The mixture of
A= and C domains also inhibited the activity.

SW620 colon carcinoma cells were established from lymph
nodes of a patient whose primary tumor was the source of SW480
cells (31). In contrast to SW480 cells, the CRMP-2L protein was
undetectable in SW620 cells (Fig. 3B). Therefore, its effect on
SW620 cell migration was tested by ectopic CRMP-2L expression,
which led to significantly reduced haptotactic cell migration to-
ward collagen I compared to that of a mock transfectant. Ectopic
CRMP-2S expression had no effect (Fig. 8B). Importantly,
Y-27632 treatment of mock transfectants reduced cell migration
to a level similar to that of CRMP-2L transfectants. This verified
the essential role for ROCK activity in SW620 cell migration, in
contrast to SW480 cells. Together, the data suggest an inverse
correlation between CRMP-2L protein levels and ROCK-medi-
ated colon cancer cell migration. The abilities of ROCK II-binding
polypeptides (polypeptides A= and C) from CRMP-2 to affect cell
migration were also tested in SW620 cells. Consistent with the
results described above, the expression of these polypeptides sig-
nificantly reduced SW620 cell migration to levels comparable to
those of CRMP-2L transfectants (Fig. 8B), confirming that they
can be functional inhibitors of ROCK II in tumor cells. Taken
together with the data shown in Fig. 5, the CRMP-2L protein
strongly influenced carcinoma cell migration, with its ROCK II-
binding domains being capable of inhibiting ROCK II cellular
functions.

The FN matrix is essential for development, and its uncon-

trolled assembly is linked to various pathological conditions, in-
cluding fibrosis and tumor microenvironments (6, 52, 60). FN
assembly is a myosin II-dependent cellular process and is reduced
by ROCK II protein suppression by siRNA treatment or the inhi-
bition of ROCK activity in fibroblasts (66). Therefore, we exam-
ined whether the expression of CRMP-2L affects FN matrix as-
sembly. When FN assembles into a fibrillar matrix, it becomes
deoxycholate (DOC) insoluble (35). The overexpression of
CRMP-2L in REF cells reduced the amount of FN in DOC-insol-
uble fractions compared to that in the mock transfectant (45%
reduction; P � 0.05) (Fig. 8C). Importantly, however, the overex-
pression of CRMP-2S did not. CRMP-2L expression did not affect
stress fiber formation (97% [n 	 116] of mock-transfected, 90%
[n 	 119] of CRMP-2L-transfected, and 96% [n 	 114] of CRMP-
2S-transfected cells retained stress fibers) (Fig. 8D). This was in
good agreement with previously reported data showing that
ROCK I, rather than ROCK II, is required for stress fiber forma-
tion in these cells (65). Moreover, CRMP-2L inhibited ROCK II-
mediated matrix assembly independent of GTP-RhoA levels
(Fig. 8E).

An effective inhibition of FN matrix assembly was achieved by
the expression of ROCK II-binding polypeptides (polypeptides A=
and C) from CRMP-2. The coexpression of both polypeptides
potently reduced the amount of DOC-insoluble FN compared to
that in mock-transfected cells (70% reduction; P � 0.05) (Fig.
8C), in good agreement with data from immunofluorescence mi-
croscopy (Fig. 8F). Most fibroblasts expressing ROCK II-binding
polypeptides of CRMP-2 retained stress fibers (83% [n 	 130] for
polypeptides A= and C, 79% [n 	 145] for polypeptide A=, and
93% [n 	 124] for polypeptide C were positive for stress fibers)
(Fig. 8D), and the expression of these polypeptides also did not
affect GTP-RhoA levels (Fig. 8E). In summary, the expression of
ROCK II-binding domains of CRMP-2L or the full-length mole-
cule inhibited a ROCK II-dependent process in fibroblasts.

DISCUSSION

The current data revealed that the neuron polarity regulator
CRMP-2 is a widespread protein and that its splice variant CRMP-
2L, which is expressed mainly in epithelial cells among nonneu-
ronal cells, is both a substrate and an inhibitor of ROCK II with no
discernible activity against ROCK I (Fig. 9). The two homologous
ROCKs are major regulators of myosin II activity and the actin
cytoskeleton. In turn, cell adhesion, migration, and differentiation
are strongly influenced by ROCKs, particularly the invasive mi-
gration of tumor cells (37). As with most kinases, protein expres-
sion levels reveal little concerning ROCK activity, since there are
tight posttranslational regulatory mechanisms. For the ROCKs,
activation can be elicited through interactions with GTP-Rho and
acidic lipids, phosphorylation, and cleavage (3, 30). However, ma-
jor regulation through the inhibition of active kinases is achieved
by specific, endogenous binding partners that target a kinase do-

transfectants (n 	 3 to 6). No significant differences were observed (Student’s t test). (E) Haptotactic cell migration of SW480 shRNA/siRNA transfectants. In
some cases, cells were treated with 10 �M Y-27632 (Y). (n 	 3 [Y-27632 treated] or 6 [untreated]). Comparisons between different RNA interference (RNAi)
transfectants were analyzed by a Mann-Whitney test, and the effect of inhibitor treatment was analyzed by Student’s t test. (F) Western blots of total lysates of
MDCK cells stably expressing shRNA targeting CRMP-2 (shRNA 3) or control shRNA (control). An average 80% reduction in CRMP-2 levels, compared to those
of control cells, was observed with shRNA 3. (G) PMA-induced cell migration of MDCK shRNA transfectants. In some cases, cells were treated with 10 �M
Y-27632 (Y) (n 	 3 [Y-27632 treated] or 4 [untreated]). Comparisons between different shRNA transfectants were analyzed by a Mann-Whitney test, and the
effect of inhibitor treatment was analyzed by Student’s t test (CRMP2 shRNA) and by a Mann-Whitney test (control shRNA). Data in graphs show means � SEM,
and values for control shRNA/siRNA transfectants were set at 1.0 throughout. a.u., arbitrary units.
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FIG 6 CRMP-2 regulates the actin cytoskeleton of breast carcinoma cells. (A) Western blots of total lysates of MDA-MB-231 cells transfected with siRNAs
targeting CRMP-2 (CR2) (siRNA mixture), CRMP-2L (2L) (a mixture of siRNAs 1 and 2), or control siRNA (C). Efficient suppression of CRMP-2 or CRMP-2L
protein was observed. The reduction in CRMP-2 levels had no effect on ROCK II protein levels, and vice versa. (B) Staining for pMLC (left and middle) or paxillin
(right) of MDA-MB-231 cells transfected with the siRNAs indicated. In some cases, cells were treated with 30 �M Y27632 (middle). The inset shows a high-power
image of the boxed area. Images are representative of the total population of cells. Scale bar, 25 �m. (C) Percentages of cells with focal adhesions (left) or stress
fibers (right) (means � SEM; n 	 3). A one-way ANOVA with the post hoc Holm-Sidak method was used. (D) Western blots for pMLC and MLC levels in total
lysates of MDA-MB-231 cells transfected with the indicated siRNAs. The graph shows relative MLC phosphorylation levels. Values for control shRNA/siRNA
transfectants were set at 1.0, and data show means � SEM (n 	 4) (Mann-Whitney test). Blots are representative of separate experiments.
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main. The knockdown of CRMP-2 increased the mean kinase ac-
tivity of ROCK II in SW480 cells and, consistent with this, in-
creased the mean phosphorylation state of MLC in MDA-MB-231
cells. However, these assays probably underestimated the
CRMP-2 inhibitory activity: since total cytosolic pools were used,
inhibition might be greater where ROCK II and CRMP-2 codis-
tribute. To our knowledge, this is a novel mechanism by which an
endogenous substrate traps the kinase by binding to the catalytic
domain rather than the regulatory domain. The latter scenario is
exemplified by the kinase PAK1, whose substrate, merlin, com-
petes with GTP-Rac for the Rac-binding domain on PAK1 (27).

Consistent with CRMP-2L being a specific inhibitor of ROCK
II, a major binding site was identified in its N-terminal region,
which is unique to the long isoform. Another site is more C ter-
minal. CRMPs have been reported to form tetramers, both homo-
typic and heterotypic. The crystal structure of CRMP-1S and

CRMP-2S revealed lung-lobe-shaped monomers, although these
structures lacked their C-terminal regions, which contain a ROCK
II-binding site (13, 53). Nothing is known regarding the regula-
tion of CRMP alternate splicing. Our data show that the balance of
long and short isoforms of CRMP-2 proteins in normal and tumor
cells can vary, suggesting a regulatory mechanism worthy of future
investigation. Furthermore, most studies have concerned the
short isoform, while here, the long form, for which less structural
data are available, has properties not shared with the short form.
This provides the first clear evidence, at the molecular level, that
CRMP-2 proteins have splice variants with distinct functions in
vivo. It has been reported, however, that different microtubule
organizations were achieved by the overexpression of CRMP-2
isoforms in chicken embryonic fibroblasts, although the molecu-
lar basis for this remains unknown (67).

A single report has suggested a significance of CRMP-2 in can-

FIG 7 CRMP-2L has a binding site for ROCK II not shared with CRMP-2S. (A) Diagram of CRMP-2 constructs used for pulldown assays. Amino acid
numbering from methionine 1 is shown above CRMP-2L and -2S. Shaded or filled boxes at the N termini of CRMP-2 proteins indicate regions unique to each
isoform, whereas white boxes show common core polypeptides. �, ROCK II-binding polypeptide. (B) Coomassie staining of recombinant GST proteins eluted
from agarose beads used for pulldown assays. G, GST protein alone. Arrowheads indicate the predicted masses of CRMP polypeptides. (C to F) Pulldown assay.
Recombinant full-length ROCK II (C) or the catalytic domain of ROCK II (D and E) expressed in S2 cells was used for pulldown assays with GST fusions of
CRMP-2 polypeptides (C and E) or full-length CRMPs (D), as described in the legend for Fig. 2D. (F) The catalytic domain of ROCK II was pulled down by
wild-type and mutant [2S(T555D)] CRMP-2S proteins to the same extent. The Coomassie-stained blot shows recombinant GST proteins eluted from beads used
in the pulldown assay. (G) Coimmunoprecipitation of CRMP-2 polypeptides with ROCK II. ROCK II IPs from MCF7 cells transfected with cDNAs encoding the
GFP fusion proteins indicated were analyzed by Western blotting with antibodies against ROCK II (top) and GFP (bottom). Arrowheads indicate enhanced GFP
(EGFP) fusion proteins. Blots are representative of 3 separate experiments.
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FIG 8 CRMP-2L and its ROCK II-binding domains inhibit ROCK-dependent carcinoma cell migration and FN matrix assembly. (A) CMRP-2L inhibits
ROCK II catalytic activity. The kinase activity in the presence of GST was set at 100% (n 	 3 to 5). Comparisons among different proteins were analyzed
by Kruskal-Wallis analysis with a post hoc Sheffé test, and effects of Y-27632 treatment were analyzed by a Mann-Whitney test. (B) Haptotactic cell
migration of SW620 cells transfected with plasmids encoding CRMP-2 cDNAs, as indicated. In some cases, cells were treated with 10 �M Y-27632 (Y).
Data show means of data from at least 3 separate experiments, with the value for mock transfectants set at 1.0. Comparisons among different plasmid
transfectants were analyzed by Kruskal-Wallis analysis with a post hoc Sheffé test, and the effect of inhibitor treatment was analyzed by Welch’s t test.
Western blots show the expressions of CRMP-2 proteins in SW620 transfectants. Arrowheads indicate the intact sizes of proteins. Arrows indicate
degradation products of GFP-fused CRMP-2 proteins. Blots are representative of 3 separate experiments. (C) Reduced amounts of FN in DOC-insoluble
fractions from cells expressing CRMP-2L or its ROCK II-binding domains. REF cells were transfected with pIRES2-EGFP vector cDNAs (left) or
pEGFP-N1 vector cDNAs (right), as indicated. FN in the DOC-insoluble fraction (top) and CRMP-2, actin, and GFP in the DOC-soluble fraction
(bottom) were detected by Western blotting. Blots are representative of 4 separate experiments. (D) CRMP-2L expression in REF cells does not affect
stress fiber organization. Arrowheads indicate transfectants. No apparent alteration of the actin cytoskeleton by CRMP-2 expression was observed. Scale
bar, 25 �m. (E) Pulldown assay of GTP-RhoA from REF transfectants. Images are representative of 3 separate experiments. The arrowhead indicates the
RhoA protein. The graph shows mean GTP-RhoA levels, which were normalized to data from mock transfectants (n 	 3). No statistically significant
difference among transfectants was observed (Kruskal-Wallis test). (F) Reduced FN matrix assembly by expression of ROCK II-binding domains derived
from CRMP-2L. REF cells transfected with the plasmids indicated were stained for FN. Transfected cells were detected as being GFP positive. Scale bar,
25 �m. Images are representative of 3 separate experiments. Error bars indicate standard errors of the means.
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cer. It was identified as a potential marker of human colorectal
carcinoma from cancer cell secretomes (63). CRMP-2 positivity
was significantly increased in early-stage tumors and lymph node
metastasis. Splice form expression was not monitored, and it is
apparent that the relative amounts of CRMP-2S and -2L can be
divergent, even across two related colon carcinoma cell lines (Fig.
3B). However, as we demonstrate, CRMP-2L expression in a car-
cinoma cell line from lymph node metastasis can repress haptot-
actic cell migration (Fig. 8B), suggesting pathways by which
CRMP-2 can regulate a key aspect of tumor progression.

Several studies have suggested a significance for ROCK activity
in tumor cell migration, invasion, metastasis, and progression (11,
18, 37). This may relate partly to the cellular contractility medi-
ated by ROCKs (46). Frequent overexpressions of ROCK isoforms
in various tumors, including breast tumor, have been reported
(18). Although ROCK II protein levels were consistent in tumor
and normal breast tissues (28), we detected high levels of CRMP-2
associated with ROCK II in MDA-MB-231 cells, suggesting that
ROCK II activity was suppressed. Supporting this hypothesis, the
knockdown of CRMP-2 in these cells, while not affecting ROCK II
localization, increased the ROCK-dependent phosphorylation of
MLC, accompanied by the development of prominent cortical
actin cytoskeleton and adhesion structures.

Furthermore, these findings provide a potential therapeutic
strategy to target ROCK II in cancer and fibrosis. Specific somatic
mutations found in some human cancers encode an unfolded,
constitutively active ROCK II, due to the disruption of intramo-
lecular interactions between catalytic and C-terminal domains
(32). Essential roles of FN in lung fibrosis and the ability of a Rho
kinase inhibitor to suppress bleomycin-induced lung fibrosis have
been reported (51, 60), which correlate with a known role of
ROCK II in matrix assembly (61). Thus, our data provide a para-
digm to explore ROCK II function specifically.

A single previous report suggested that the small GTPase Ras
family members Gem and Rad are ROCK I and II inhibitors, re-
spectively (59). More recently, active Raf1 was proposed to inhibit
ROCK II in the context of Ras/Rho cross talk in tumorigenesis and
cell motility (39), but they have not been reported as substrate
traps in the manner of CRMP-2.

In conclusion, we describe a novel substrate trap mechanism
where the endogenous ROCK substrate CRMP-2L acts as a selec-
tive inhibitor of ROCK II but without an influence on ROCK I.
Moreover, this regulation does not affect GTP-Rho levels in cells.
Known CRMP-2-interacting protein partners bind to regions
common between the long and short forms (5, 47), while this
regulation of ROCK II is isoform specific. CRMP-2L–ROCK II
interactions influence processes such as cell motility and extracel-
lular matrix assembly, both required for development and impli-
cated in disease, including tumor progression and fibrosis. It will
be important to investigate how the alternate splicing of CRMP-2
mRNA is governed, notably in transformed cells, and whether this
is an area for possible future interventions in tumor progression.
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