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v-crk is an oncogene identified originally in CT10
chicken tumor virus. C3G, a guanine nucleotide ex-
change factor (GEF) for Rapl and R-Ras, is postulated to
transduce the oncogenic signal of v-Crk to c-Jun kinase
(JNK). We have found that R-Ras, but not Rapl, medi-
ates JNK activation by v-Crk in 293T and NIH 3T3 cells.
Constitutively activated R-Ras, R-RasV?"3% but not
Rap1Va-'2 activated JNK, as did the constitutively ac-
tive H-RasV?!"'2 or RaclV?"!2, v-Crk activation of JNK
was inhibited by a dominant-negative mutant of R-Ras,
R-Ras?s"43, JNK activation by R-RasV?!"3® was inhibited
by a dominant-negative mutant of mixed lineage kinase
3. Among six GEFs for Ras-family G proteins, mSosl,
Ras-GRF, C3G, CalDAG-GEFI, Ras-GRP/CalDAG-GEFII,
and Epac/cAMP-GEFI, GEFs for either H-Ras or R-Ras
activated JNK and c-Jun-dependent transcription.
CalDAG-GEFI and Epac/cAMP-GEFI, both of which are
GEF's specific for Rapl, did not activate JNK or c-Jun-
dependent transcription. These results demonstrate
that R-Ras, but not Rapl, is the downstream effector of
C3G to stimulate JNK. Finally, we found that expression
of the dominant-negative R-Ras mutant induced flat re-
version of NIH 3T3 cells transformed by v-Crk, suggest-
ing that R-Ras-dependent JNK activation is critical for
the transformation by v-Crk.

v-Crk was isolated originally as an oncogene product of CT10
chicken tumor virus and consisted mostly of the SH2! and SH3
domains (1). Cells infected by CT10 accumulate several phos-
photyrosine-containing proteins that bind to the SH2 domain of
v-Crk and serve as plasma membrane anchors for v-Crk (2).
The SH3 domain of v-Crk and its cellular homologs, CrkI and
CrKklII, bind to several proteins that have proline-rich sequences
(2). Among them, C3G, a guanine nucleotide exchange factor
(GEF) for Rapl and R-Ras (3) and DOCK180 are the major
target proteins, as judged from the results of far-Western blot-
ting with Crk SH3 used as a probe (2).
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Transformation of NIH 3T3 cells by v-Crk is enhanced by the
overexpression of C3G and inhibited by a catalytically inactive
C3G mutant (4). C3G activates c-Jun kinase (JNK), as does
v-Crk. The dominant-negative mutant of Sekl, a direct up-
stream activator of JNK, also inhibits transformation of NIH
3T3 cells by v-Crk, indicating that JNK activation is, at least,
required for the transformation by v-Crk (4).

C3G promotes the guanine nucleotide exchange reaction of
Rapl and R-Ras (5, 6). There are two Rap1 proteins, RaplA and
Rap1B, in mammalian cells; however, no functional difference
has been known (7). Rapl, which shares 55% identity in the
amino acid sequence with H-Ras, was isolated as a suppressor
of Ras in NIH 3T3 cells and was subsequently shown to com-
pete with Ras in Raf activation (7). Interestingly, Rapl has
been shown to transform Swiss 3T3 cells, suggesting that the
effect of Rapl on oncogenesis may change drastically in a
cellular milieu (8).

cDNA of R-Ras, another member of Ras family GTPase, was
isolated by low-stringency hybridization with a v-H-ras probe
(9). Constitutively active R-Ras does not induce morphological
transformation of NIH 3T3 cells (10—12) or rat fibroblasts (13).
However, cells expressing the active R-Ras mutant grow in low
serum and in athymic mice (11-14), indicating that R-ras is
also an oncogene. R-Ras activates PI 3-kinase, but not Raf (10,
15). Thus, R-Ras seems to transform cells in a pathway distinct
from the Raf-ERK/MAPK pathway. In this study, we have
examined whether Rap1 or R-Ras plays the principal role in the
activation of JNK by C3G.

EXPERIMENTAL PROCEDURES

Plasmids—Wild-type and dominant-negative mutant of RaplA,
pSRa-Krev-1-17N, were obtained from M. Noda at Kyoto University
(16). The wild-type, constitutively active, and dominant-negative mu-
tants of R-Ras, pEXV-R-Ras, pEXV-R-RasV38, and pEXV-R-RasN43,
respectively, were obtained from A. Hall (17). pCEV-c-Ha-rasV®2
pCEV-c-Ha-ras**»'7 pEF-Bos-Cdc42V*"'%) and pEF-Bos-Rac"?"!? were
obtained from K. Kaibuchi (NAIST, Japan). Coding regions of these Ras
family GTPases were amplified by polymerase chain reaction and sub-
cloned into pCXN2-Flag and pCAGGS-Hyg (18). pEBG-JNK and pGEX-
c-Jun were obtained from B. J. Mayer (19). pMEX-v-Crk encodes the
viral Crk oncoprotein (4). pCAGGS-C3G, pCAGGS-C3G-F, pCAGGS-
C3G-CD, pCAGGS-Sos, pCAGGS-RasGRF, pCMV-CalDAG-GEFI,
pCAGGS-CalDAG-GEFII, and pCMV-cAMP-GEFI have been described
previously (5, 20-22). pCEFL-MLK3-K114R was obtained from J. S.
Gutkind (4).

Antibody—Rabbit antisera against C3G and GST were developed in
our laboratory (3, 23). Anti-FLAG M5 monoclonal antibody and anti-
Crk monoclonal antibody were purchased from Sigma and Transduc-
tion Laboratories, respectively. Anti-RasGRF, anti-mSosl, and anti-
MLKS3 antibodies were from Santa Cruz Biotech.

Cell Culture and Transfection—293T cells were cultured in Dulbec-
co’s modified Eagle’s medium (Nissui, Tokyo) supplemented with 10%
fetal calf serum and transfected by the calcium phosphate method. NIH
3T3 and COS1 cells were cultured in Dulbecco’s modified Eagle’s me-
dium supplemented with 10% fetal calf serum and transfected by Fu-
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Fic. 1. Activation of JNK by R-Ras. 293T, NIH 3T3, or COS cells as indicated at the bottom were transfected with the expression vectors for
the FLAG-tagged GTPases indicated on the top and for GST-JNK. Where indicated, cells were treated with anisomycin for 10 min before cell lysis.
JNK activities were measured by in vitro kinase assay with GST-c-Jun (1-79) used as a substrate. -Fold activation compared with the control is
indicated at the bottom of the first column. Total lysates were analyzed by immunoblotting with anti-GST for GST-JNK and anti-FLAG antibodies

for GTPases.

Gene6 (Roche Molecular Biochemicals). Twenty-four hours after trans-
fection, cells were lysed in lysis buffer (150 mm NaCl, 50 mm Tris-HCI,
pH 7.5, 5 mm EDTA, 1% Triton X-100, 1 mM phenylmethylsulfonyl
fluoride, and 5 pg/ml aprotinin) and cleared by centrifugation at
10,000 X g for 15 min. Aliquots of the total cell lysates were analyzed by
SDS-PAGE and immunoblotting. From the remaining lysates, GST-
JNK was collected on glutathione-Sepharose and used for in vitro JNK
assay. As a positive control, cells were stimulated with 100 ng/ml
anisomycin (Sigma) for 10 min before cell lysis.

In Vitro JNK Assay—dJNK kinase activity was measured by in vitro
kinase assay with GST-c-Jun (amino acids 1-79) used as substrate (24).
After SDS-PAGE, gels were analyzed by a BAS 1000 image analyzer
(Fuji film, Tokyo).

Activation of c-Jun Transcription Factor—Activation of the c-Jun
transcriptional factor was assayed by use of a PathDetect kit (Strat-
agene). 2 X 10° of 293T cells were transfected with 1 ug of pFR-Luc
monitor plasmid, 50 ng of pFA2-c-Jun activator plasmid, and 1 pg of
expression vectors for GEF's of Ras family GTPases. Twenty-four hours
after transfection, cells were lysed in lysis buffer, and luciferase activity
was measured by a LAS 1000 image analyzer (Fuji film).

Morphological Reversion of v-crk-transformed Cells by Expression of
the Dominant-negative R-Ras—v-Crk-NIH 3T3 cell (clone 1-1) has been
described previously (4). The v-Crk-NTH 3T3 cells were transfected with
pCAGGS-Hyg, pCAGGS-Hyg-Flag-R-Ras**"*? or pCAGGS-Hyg-Flag-
H-Ras®**17 with LipofectAMINE (Life Technologies, Inc.). After 2 days,
cells were selected in the presence of hygromycin B (Roche Molecular
Biochemicals). Ten days later, morphology of the colonies were observed
and flat revertants were counted under the microscope as described
(16). Several representative flat revertants and spindle non-revertants
were isolated and analyzed by SDS-PAGE and immunoblotting.

RESULTS

Activation of JNK by R-Ras—C3G promotes a guanine nu-
cleotide exchange reaction of Rapl and R-Ras (5, 6). We first
tested whether constitutively active mutants of Rapl and
R-Ras, Rap1V?"!2 and R-RasV?!38, respectively, stimulated
JNK in 293T, NIH 3T3, and COS cells. As shown in Fig. 1,
R-RasV?"38 but not Rap1V?"'2, activated JNK, as did active
H-Ras and Rac in 293T and NIH 3T3 cells. Previously, it was
reported that R-Ras did not activate JNK in COS cells (15). In
concordance with this observation, we found that H-RasV2"'2 or
R-RasV?"3® did not significantly activate JNK in COS cells,
whereas RacV*12 did so efficiently. The activation of JNK in
293T cells was observed most prominently by use of the GT-
Pase-deficient active form, R-RasV?3%) and slightly by the
wild-type R-Ras. The dominant-negative mutant, R-Rag®s"43,
did not stimulate JNK.

Inhibition of JNK Activation by Dominant-negative
R-Ras—We next examined whether the dominant-negative
mutants of H-Ras, R-Ras, and Rap1 inhibited C3G-dependent
activation of JNK. As shown in Fig. 24, R-Ras®*"*? partially
inhibited the C3G-dependent JNK activation. Neither
H-Ras®*™!7 nor Rap1#°™'7 inhibited JNK activation by C3G.
The inability of Rap145™17 to inhibit JNK activation may partly
be due to the low expression level of Rap1#**'7 and partly due
to its inability to interact with C3G (25). The incomplete inhi-
bition by R-Ras®*"*® may suggest that C3G has multiple path-

Fic. 2. Inhibition of JNK activation by a dominant-negative
R-Ras mutant. A-C, 293T cells were transfected with the expression
vectors for the proteins indicated at the top. JNK activities were meas-
ured by in vitro kinase assay with GST-c-Jun(1-79) used as a substrate.
-Fold activation compared with the control is indicated at the bottom of
the first column. Total lysates were analyzed by immunoblotting with
anti-GST antibody, anti-C3G antibody, anti-FLAG antibody for the
GTPases, or anti-MLK3 antibody.

ways leading to the activation of JNK. Thus, we examined the
effect of R-Ras®*" 2 on the JNK activation by two C3G active
mutants, C3G-CD and C3G-F (Fig. 2B). C3G-CD lacks the
amino-terminal negative regulatory region. C3G-F is fused to
the CAAX box of K-Ras and activated by membrane transloca-
tion. In either case, R-Ras®™*3 inhibited JNK activation, but
again, partially. Because C3G-CD consists solely of the cata-
lytic domain, it is unlikely that C3G-CD activated JNK without
activation of Rap1 or R-Ras. In addition, C3G-ACD, which lacks
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Fic. 3. JNK activation in NIH 3T3
cells. NIH 3T3 cells were transfected
with the expression vectors for the pro-
teins indicated at the top. JNK activities
were measured by in vitro kinase assay
with GST-c-Jun(1-79) used as a sub-
strate. -Fold activation compared with the
control is indicated at the bottom of the
first column. Total lysates were analyzed
by immunoblotting with anti-GST anti-
body, anti-Crk antibody, anti-FLAG anti-
body for the GTPases, or anti-MLK3
antibody.

the catalytic domain, did not activate JNK.2 Thus, the incom-
plete inhibition by R-Ras®*"**2 may be ascribable to the over-
expression of C3G or to the low affinity of R-Ras®*"*3 to C3G.

We next tested the effect of the dominant-negative mutants
of R-Ras and Rac on the v-Crk dependent JNK activation in
293T cells. As shown in Fig. 2B, v-Crk dependent JNK activa-
tion was inhibited by the expression of R-Ras®*"**3 mutant.
Rac1?*™'7 mutant also inhibited v-Crk-dependent JNK activa-
tion as reported previously (26).

C3G-dependent activation of JNK is independent of Ras and
dependent on MLK3 (27). To confirm that C3G activates JNK
via R-Ras, we examined whether R-Ras also requires MLK3 for
JNK activation by the use of the dominant-negative MLK3
mutant. As shown in Fig. 2C, the R-Ras dependent JNK acti-
vation was inhibited by the dominant-negative MLK3 (Fig. 20),
suggesting that C3G-dependent JNK activation is mediated by
R-Ras and MLKS3.

Inhibition of JNK Activation by the Dominant-negative R-
Ras in NIH 3T3 Cells—v-Crk requires C3G-dependent JNK
activation for the transformation of NIH 3T3 cells (4, 27). Thus,
we examined whether R-Ras is involved in the JNK activation
by v-Crk in NIH 3T3 cells. As shown in Fig. 3, JNK activation
by v-Crk was inhibited by R-Ras®*"*3 and Rac14"'7  suggest-
ing that in NIH 3T3 cells both R-Ras and Rac were required for
the optimal JNK activation by v-Crk. R-Ras-induced JNK ac-
tivation was inhibited by the dominant-negative MLK, MLK-
KR, in NIH 3T3 cells as we observed in 293T cells. Thus, we
concluded that R-Ras was required for the JNK activation by
v-Crk in NIH 3T3 cells as in 293T cells.

Activation of JNK and c-Jun-dependent Transcription by the
Guanine Nucleotide Exchange Proteins—To exclude the in-
volvement of Rapl from the C3G-dependent activation of JNK,
we utilized two guanine nucleotide exchange proteins for Rap1,
CalDAG-GEFI and Epac/cAMP-GEFI (21, 22). Both promote a
guanine nucleotide exchange reaction of Rapl, but not R-Ras.
For comparison, we used three other GEFs for Ras family
proteins, RasGRF and RasGRP/CalDAG-GEFII, which activate
both Ras and R-Ras, and Sos, which activates only Ras. Neither
CalDAG-GEFI nor Epac/cAMP-GEFI activated JNK (Fig. 4, A
and B). We further confirmed that GEFs for Rapl did not
activate JNK by measuring the transcriptional activity of c-

2N. Mochizuki and M. Matsuda, unpublished results.
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Jun-GAL4 chimeric protein (Fig. 4C). Rap1Va"'2 and GEFs
specific for Rapl, CalDAG-GEFI, and Epac/cAMP-GEFI, did
not activate c-Jun-dependent transcription. Other GEFs, C3G,
Sos, RasGRF, and Ras-GRP/CalDAG-GEFII, activated c-Jun-
dependent transcription, as did R-RasV®"38. This result
strongly suggests that R-Ras, but not Rapl, mediated JNK
activation by C3G. Both Ras-GRF and Ras-GRP/CalDAG-GE-
FII activate Ras and R-Ras; therefore, these GEFs appear to
have two pathways for activation of JNK. In addition, it is
noteworthy that Sos activates Rac by its Dbl-homology domain
(28); therefore, Rac-dependent JNK activation may also ac-
count for the Sos activation of JNK.

Morphological Reversion of v-crk-transformed Cells by Ex-
pression of the Dominant-negative R-Ras—Finally, we exam-
ined whether the dominant-negative R-Ras mutant,
R-Ras® 43, reverted v-crk-induced transformation of NTH 3T3
cells. Sixteen percent of the stable transfectants of R-Ras”s743
were flat and scored as revertants (Fig. 5A). Most of these
revertants displayed a peculiar flat polygonal shape with large
cytoplasm as shown in Fig. 5B. From the R-Ras®*"*3-trans-
fected colonies, several flat revertants and spindle non-rever-
tants were isolated and subjected to immunoblotting (Fig. 5C).
Cells from flat colonies expressed R-Ras**™*3 whereas spindle
cells expressed little or no R-Ras“***3 mutants. Flat revertants
appeared also by transfection of control vector (Fig. 5A); how-
ever, the morphology of these cells were clearly distinguishable
from those expressing R-Ras?s™43 2

DISCUSSION

Previously, Dolfi et al. (29) demonstrated that integrin stim-
ulation activates JNK in a manner dependent on Crk and C3G.
C3G is rapidly phosphorylated on tyrosine upon integrin-me-
diated cell adhesion (30), and tyrosine phosphorylation of C3G
stimulates its catalytic activity (31). In this report, we have
shown that R-Ras, but not Rap1, is the downstream effector of
C3G for the activation of JNK. In concordance with this find-
ing, there is a resemblance in the effect of Crk and R-Ras on cell
migration. Cell migration is enhanced by the expression of Crk
(32, 33) or R-Ras (34, 35). The constitutively active R-Ras
increases the ligand-binding affinity of integrin (36, 37); simi-
larly, expression of CrkL activates cell adhesion of 32D cells
(38). This adhesion of 32D cells was enhanced by the expression
of C3G and inhibited by the dominant-negative R-Ras. Alto-
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Fic. 4. Inability of JNK activation by GEFs specific for Rapl.
A, 293T cells were transfected with the expression vectors for the GEFs
indicated at the top. JNK activities were measured by in vitro kinase
assay with GST-c-Jun(1-79) used as a substrate. -Fold activation com-
pared with the control is indicated at the bottom of the first column. B,
total lysates were analyzed by immunoblotting with anti-C3G, anti-
RasGRF, anti-Sos, or anti-FLAG antibody. Arrows indicate Epac/cAMP-
GEFI, CalDAG-GEFI, and CalDAG-GEFII. C, 293T cells were trans-
fected with the expression vectors for the GEFs indicated at the bottom,
and c-Jun transcriptional activity was measured as described in the
text. Bars indicate S.D.

gether, JNK activation by integrin stimulation appears to uti-
lize, at least in part, Crk, C3G, and R-Ras.

It should be noted that another Crk-binding protein,
DOCK180, also activates JNK via Rac (26). A previous report
that a catalytically inactive C3G mutant inhibits JNK activa-
tion by v-Crk does not rule out the involvement of DOCK180 in
Crk-dependent JNK activation, because the dominant-negative
C3G mutant used in that study blocked the Crk SH3 domain, to
which both C3G and DOCK180 bind (4). In this study, we have
shown that dominant-negative R-Ras also inhibits v-Crk-de-
pendent JNK activation. Dominant-negative Ras family pro-
teins including R-Ras®*"*3 exert their effects by sequestering
GEFs (39-41); therefore, this result suggests that a GEF for
R-Ras, probably C3G, also activates JNK activation in 293T
and NIH 3T3 cells. Because both Rac**®17 and R-Ras®s%2
mutants inhibited v-Crk-dependent activation of JNK, there
seems to be at least two pathways leading to JNK activation
from v-Crk. The effect of these dominant-negative mutants
were partial in 293T cells and almost complete in NIH 3T3

Crk Activation of JNK via R-Ras

Fic. 5. Morphological reversion of v-Crk-NIH 3T3 cells by ex-
pression of the dominant-negative R-Ras mutant. A, v-Crk-NTH
3T3 cells were transfected with control vector (pCAGGS-Hyg),
pCAGGS-Hyg-Flag-R-Ras®***%, or pCAGGS-Hyg-Flag-H-Ras®s»17,
Transfectants were selected in medium containing hygromycin B for 10
days. Flat colonies showing contact inhibition were scored as rever-
tants. B, morphology of a representative flat colony that appeared after
transfection with pCAGGS-Hyg-Flag-R-Ras®*"* (right) is compared
with that of a transformed colony transfected with the control vector
(left). C, representative flat revertants and spindle non-revertants ap-
peared after transfection with pCAGGS-Hyg-Flag-R-Ras****? were iso-
lated and subjected to immunoblotting analysis with anti-FLAG
antibody.

cells. This observation suggests that, in cells expressing lower
amount of v-Crk such as NIH 3T3, cooperation between the
C3G-R-Ras pathway and the DOCK180-Rac pathway is re-
quired for the optimal JNK activation. Moreover, it has been
shown that Crk binds to and activates hematopoietic progeni-
tor kinase 1, which stimulates JNK in a manner dependent on
TAK1 and MEKK1 (42). Although the expression of hemato-
poietic progenitor kinase 1 is limited to hematopoietic cells, it
should be considered that Crk has multiple downstream effec-
tor molecules for the activation of JNK in various cells.

Currently it is unknown why R-Ras does not activate JNK in
COS cells. Similarly to R-Ras, Rho induces activation of JNK in
293T cells but not in COS cells (43). A kinase that functions in
a tissue-specific manner is postulated to transduce a signal
from Rho to JNK. We showed that MLK3 was required for JNK
activation by R-Ras. MLKS is expressed in most tissues and is
required for JNK activation by Rac and Cdc42 in COS cells
(44); therefore, another protein that connects R-Ras to MLK3
seems to function in a cell type-specific manner.

Several proteins including PI 3-kinase, raf, and RalGDS are
known to bind to both H-Ras and R-Ras. Among these, PI
3-kinase is a common effector protein between H-Ras and R-
Ras (15). We tested whether active PI 3-kinases stimulate JNK
in 293T cells by the use of two types of active p110 subunit of
PI-3 kinase. 110-CAAX is fused to the CAAX box of H-Ras (15)
and pBD-110 is activated by the fusion to p85 subunit. Neither
of the mutants activated JNK in 293T cells.? Thus, PI-3 kinase
has been excluded from the candidate protein that activates
JNK upon R-Ras activation. As far as we know, the other
effector proteins of R-Ras do not active JNK either.
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We have demonstrated that the dominant-negative R-Ras
mutant reverts v-crk-dependent morphological transformation
of NTH 3T3 cells. This result strongly suggests that a GEF for
R-Ras, probably C3G, is required for the transformation by
v-Crk. Because Rap1 does not transform NIH 3T3 cells, R-Ras
appears to transduce oncogenic signal of v-Crk in NIH 3T3
cells. However, in Swiss 3T3 cells, expression of active Rapl
induces DNA synthesis (45) and oncogenic transformation (8);
therefore, it remains possible that Rap1 also transduces onco-
genic signals from v-Crk in a different milieu.

In conclusion, we have shown that R-Ras functions down-
stream to v-Crk and C3G and upstream to MLK for the acti-
vation of JNK. This pathway plays a critical role in the trans-
formation of NIH 3T3 cells by the v-Crk oncogene product.
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