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ABSTRACT
Constitutive activation of M-Ras has previously been reported to cause morphologic and growth transformation of murine cells, suggesting

that M-Ras plays a role in tumorigenesis. Cell transformation by M-Ras correlated with weak activation of the Raf/MEK/ERK pathway,

although contributions from other downstream effectors were suggested. Recent studies indicate that signaling events distinct from the

Raf/MEK/ERK cascade are critical for human tumorigenesis. However, it is unknown what signaling events M-Ras triggers in human cells.

Using constitutively active M-Ras (Q71L) containing additional mutations within its effector-binding loop, we found that M-Ras induces

MEK/ERK-dependent and -independent Elk1 activation as well as phosphatidylinositol 3 kinase (PI3K)/Akt and JNK/cJun activation in human

MCF-7 breast cancer cells. Among several human cell lines examined, M-Ras-induced MEK/ERK-independent Elk1 activation was only

detected in MCF-7 cells, and correlated with Rlf/M-Ras interaction and Ral/JNK activation. Supporting a role for M-Ras signaling in breast

cancer, EGF activated M-Ras and promoted its interaction with endogenous Rlf. In addition, constitutive activation of M-Ras induced

estrogen-independent growth of MCF-7 cells that was dependent on PI3K/Akt, MEK/ERK, and JNK activation. Thus, our studies demonstrate

that M-Ras signaling activity differs between human cells, highlighting the importance of defining Ras protein signaling within each cell type,

especially when designing treatments for Ras-induced cancer. These findings also demonstrate that M-Ras activity may be important for

progression of EGFR-dependent tumors. J. Cell. Biochem. 113: 1253–1264, 2012. � 2011 Wiley Periodicals, Inc.
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H -, K-, and N-Ras (Ras) proteins regulate a variety of

biological processes that include cell growth, differentiation,

and apoptosis. Furthermore, when these GTP-binding proteins

are constitutively activated, they promote cellular transformation

[Campbell et al., 1998]. Ras proteins act as molecular switches that

alternate between inactive GDP-bound and active GTP-bound

states. Switching between these states is controlled by guanine

nucleotide exchange factors (GEFs) that promote the release of

GDP, thus enabling the more abundant cellular GTP to associate

with Ras and induce a conformational change that allows

interaction with downstream effectors. GTPase activating

proteins (GAPs) then increase the intrinsic GTPase activity of Ras,

converting it back to its inactive GDP-bound state [Campbell et al.,

1998; Vetter and Wittinghofer, 2001; Quilliam et al., 2002].

Mutations that inhibit intrinsic and GAP-stimulated GTP

hydrolysis result in the accumulation of Ras–GTP and its
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constitutive association with effector proteins such as Raf,

phosphatidylinositol 3 kinase (PI3K), and RalGDS family members

[Campbell et al., 1998].

In addition to the classic Ras proteins that are mutated in�30% of

human cancers [Bos, 1989], there are �35 Ras-related GTPases that

overlap significantly in sequence and function. These include the

Rap (Rap1A, 1B, 2A, 2B, and 2C), R-Ras (R-Ras, TC21/R-Ras2, and

M-Ras/R-Ras3), Ral (A and B), Rheb (1 and 2), RGK (Rad, Gem, and

Kir), and Rit (Rit and Rin) sub-families of GTPases [Colicelli, 2004;

Caraglia et al., 2005]. M-Ras was independently isolated by several

investigators through cDNA library screens, cytokine-induced

expression and Ras homology searching of the expressed sequence

tag database [Kimmelman et al., 1997; Matsumoto et al., 1997;

Ehrhardt et al., 1999; Louahed et al., 1999; Quilliam et al., 1999].

Like Ras and TC21, GTPase-defective mutants of M-Ras were

found to promote transformation of NIH3T3 cells, differentiation

of PC12 pheochromocytoma cells, dendritic development and

factor-independent survival of leukocytes [Kimmelman et al.,

1997, 2002; Ehrhardt et al., 1999; Louahed et al., 1999;

Quilliam et al., 1999; Sun et al., 2006; Saito et al., 2009]. In

addition, activated M-Ras induced hematopoietic cell transforma-

tion and participated in osteogenesis [Guo et al., 2006; Watanabe-

Takano et al., 2011].

M-Ras shares approximately 50% sequence identity with Ras,

including complete conservation within its effector-binding loop.

However, residues immediately outside this region diverge,

suggesting that M-Ras will differentially interact with known and

novel effectors. Consistent with this suggestion, M-Ras has been

reported to interact with Raf, PI3K, AF6, Nore1, several RalGDS

family members, a complex comprised of Shoc2/Sur-8 and

the catalytic subunit of protein phosphatase 1 (PP1c) [Quilliam

et al., 1999; Ehrhardt et al., 2001; Rodriguez-Viciana et al.,

2004, 2006], and to uniquely associate with certain Rap

GEFs [Rebhun et al., 2000; Gao et al., 2001]. Preferential

binding of M-Ras to B-Raf [Kimmelman et al., 2002] and

Rgl3 [Ehrhardt et al., 2001] has been reported, suggesting that

it signals differently than Ras. Similarly, M-Ras may be activated

by a different but overlapping spectrum of GEFs [Quilliam

et al., 1999; Ohba et al., 2000; Ehrhardt et al., 2004]. Although

no activating mutations have so far been found in human tumor

samples (LAQ, unpublished), homology with Ras and interaction

with overlapping panels of GEFs, GAPs, and effectors suggested

that M-Ras is likely to play key roles in both normal human

physiology and cancer. However, M-Ras’ contribution to human

malignancies and the signaling events it triggers in human cells are

unknown.

We analyzed M-Ras-mediated signal transduction in several

human cell lines. M-Ras was found to activate Raf/MEK/ERK,

and PI3K/Akt cascades, but surprisingly, signaling pathways

activated by M-Ras differed between MCF-7 and the other cell

lines examined. In mapping these events, we found that the

differential activity of constitutively activated M-Ras in MCF-7 cells

correlated with MEK/ERK-independent gene expression through

the activation of Rlf/Ral and JNK. In addition, we showed that

constitutive activation of M-Ras overcame the estrogen-dependent

growth of MCF-7 cells.

MATERIALS AND METHODS

MATERIALS

B-Raf (C19), ERK1 (K-23), Elk1 (I-20), phospho-Elk1 (Ser 383)

(B-4), Rlf/Rgl2 (F-30.1) antibodies were purchased from Santa

Cruz Biotechnology (Santa Cruz, CA). Rlf/Rgl2 (4D10) was from

Abnova (Taiwan). Phospho-MEK1/2 (Ser 217/221), phospho-

ERK1/2 (Thr 202/Tyr 204) (E10), phospho-SAPK/JNK (Thr 183/Tyr

185) (98F2), and phospho-Akt (Ser 473) antibodies were from

Cell Signaling Technology (Beverly, MA). GAPDH (Biodesign,

Kennebunk, ME), hemagglutinin (HA) (Covance, Berkeley, CA),

and FLAG (M2, Sigma-Aldrich, Saint Louis, MO) antibodies were

purchased from the indicated suppliers. RalA specific antibody

was from Upstate/Millipore (Temecula, CA). SP600125, U0126,

and LY294002 inhibitors were from Calbiochem (San Diego, CA).

cDNA MANIPULATION AND PLASMID CONSTRUCTS

Cloning of M-Ras and introduction of an activating Q71L mutation

was previously described [Quilliam et al., 1999]. Similarly,

mutations in the effector binding domain were introduced by

two-step polymerase chain reaction, and all products were

sequenced prior to subcloning into the pZip-NeoSV(X)1 (pZIP)

[Cepko et al., 1984], pCGN [Tanaka and Herr, 1990], pcDNA3

(Invitrogen) or pFLAG-CMV2 (Sigma) vectors. pMTZ-HA-Rlf,

pcDNA3-HA-B-Raf, -myc-p110g of PI3K, -myc-RalGDS, -myc-

RIN, -myc-PLCe, -myc-NORE1, -myc-Shoc2, and -myc-Raf-1 were

a generous gifts from Drs. D. Andres (University of Kentucky),

A. Vojtek (University of Michigan) and P. Rodriguez-Viciana

(University College London). RalA 31N and Rlf-CAAX were from

Channing Der (University of North Carolina).

293T, HeLa, AND MCF-7 CELL CULTURE, TRANSFECTION,

AND IMMUNOBLOT ANALYSIS

293T human embryonic kidney and HeLa cells were cultured

in DMEM, and MCF-7 cells in EMEM, both supplemented with

10% fetal bovine serum, 100 U/ml penicillin and 100mg/ml

streptomycin. Cells (293T) were transfected with calcium

phosphate [Quilliam et al., 2001], but omitting glycerol

shock. HeLa and MCF-7 cells were transfected using FuGENE 6

(Roche) as described by the manufacturer. After 24 h, cells

were serum-starved overnight and lysed in 20mM Tris–HCl

pH 8.0, 2mM EDTA, 50mM p-glycerophosphate, 1mM Na3VO4,

1% Triton X-100, 10% glycerol, 1mM PMSF, 2.2mg/ml

aprotinin (lysis buffer A). Lysates were subjected to SDS–PAGE,

and Western blotting with indicated antibodies. Protein

expression and phosphorylation were detected by using ECL

(GE Biosciences).

CO-IMMUNOPRECIPITATION STUDIES

Cells (293T) were plated at 3� 105 per 60-mm dish and transfected

the following day with 3mg of pcDNA3-myc-Raf1, -myc-p110g of

PI3K, -myc-RalGDS or -HA-B-Raf co-transfected with 3mg of

either pFLAG-CMV2, pFLAG-CMV2- M-Ras (71L), -M-Ras (71L,

45S), -M-Ras (71L, 47G), or -M-Ras (71L, 50C). For MCF-7 cells,

additional co-immunoprecipitation studies of M-Ras (71L, 50C) with

Raf1, PI3K, RalGDS, B-Raf, Rlf, RIN, PLCe, Nore1, Shoc2, and
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ALS2CR9 were performed. M-Ras mutants were immunoprecipi-

tated from cell lysates using anti-FLAG antibody as described

[Quilliam et al., 1999]. Co-precipitation of either effector with

M-Ras proteins was visualized by immunoblotting with anti-Myc

antibody or anti-HA antibody following SDS–PAGE. Expression and

precipitation of M-Ras mutants were determined by FLAG antibody

using ECL reagents.

TRANSCRIPTION ASSAYS

Cells were seeded at 1� 105 per 35-mm dish and co-transfected with

0.125mg Gal4-Elk1 or Gal4-cJun, 1.25mg 5XGal4-Luc, and 0.5mg

plasmid encoding genes of interest as indicated in figure legends.

After 24 h, cells were serum-starved overnight, and luciferase

activity was determined the following day as described [Quilliam

et al., 2001].

IMMUNOPRECIPITATION AND Raf PROTEIN KINASE ASSAY

Cells (3� 105 per 60-mm dish) were transfected with 1mg of pFLAG-

CMV2, pFLAG-CMV2-MRas (71L), -MRas (71L, 45S), -MRas (71L,

47G), or -MRas (71L, 50C). After overnight serum starvation,

cells were lysed in lysis buffer A and then microcentrifuged

for 10min at maximum speed to remove cellular debris. The

supernatants were pre-cleared with 30ml protein A/G agarose

beads. Pre-cleared samples were then tumbled with 5mg B-Raf

antibody and 30ml protein A/G agarose beads (Santa Cruz

Biotech), 48C for 2 h. The beads were washed 3 times with 1ml of

lysis buffer, once with 200ml of kinase assay buffer (50mM Tris–

HCl pH 7.5, 10mMMgCl2, 75mM NaCl, 5mM EGTA), and combined

with 35 ng/ml GST-MEK, 70 ng/ml GST-ERK (kinase-dead), and

0.16mM ATP in 25ml of kinase buffer. GST-MEK and GST-ERK

fusion proteins were kindly provided by Dr. Mark Marshall

(Indiana University School of Medicine). The kinase reaction

mixtures were incubated at 308C for 30min, and the reaction was

stopped by adding boiled protein sample buffer. Levels of

immunoprecipitated B-Raf and ERK phosphorylation were viewed

by immunoblotting with phospho-specific antibodies following

SDS–PAGE.

IN VIVO PULL-DOWN Ral ACTIVATION ASSAY

MCF-7 cells were plated at 1� 106 per 100-mm dish, and transfected

with 6mg of either pFLAG-CMV2, pFLAG-CMV2- M-Ras (71L), -M-

Ras (71L, 45S), -M-Ras (71L, 47G), or -M-Ras (71L, 50C). After

overnight serum starvation, cells were lysed and Ral protein was

precipitated as described for other Ras proteins [Castro et al., 2005].

Ral BP1 agarose (Upstate/Millipore) was used to precipitate activated

Ral. Activated RalA bound to Ral BP1 was viewed by immunoblot-

ting with a specific antibody.

ESTROGEN-INDEPENDENT GROWTH ASSAYS

Pooled populations of MCF-7 stably expressing pCGN or

pCGN-M-Ras (71L) were selected on Hygromycin B (100mg/ml).

Cells were plated at 2� 104 cells/24-well plates in regular

medium. After 24 h, cells were transferred to phenol red-free

EMEM with 5% charcoal-stripped FBS plus 100 nM ICI 182780

or 10 nM estradiol (E2). The medium was changed every

other day, and cells were scored for survival every day using a

cell proliferation/cytotoxicity kit (Cambrex) based on the

bioluminescent measurement of ATP that is present in all

metabolically active cells. In parallel, the same experiments

were performed to evaluate proliferation on estrogen-free media

by cell counting.

Survival of pCGN-M-Ras (71L) expressing cells in the absence

of estrogen and the presence of PI3K (LY294002, 20mM),

MEK (U0126, 10mM) or JNK (SP600125, 10mM) inhibitor

was evaluated by using a CytoTox-Glo cytotoxicity assay kit

(Promega).

IN VIVO PULL-DOWN M-Ras ACTIVATION ASSAY

A pooled population of MCF-7 cells stably expressing pCGN-

HA-M-Ras wt was selected on 100mg/ml Hygromycin B.

Cells were plated at 1� 106 per 100-mm dish, serum-starved

overnight the following day, and then incubated in the absence or

presence of EGF (50 ng/ml) for the indicated times. Cells were

lysed and M-Ras protein was precipitated as described [Castro

et al., 2005]. The GST-RBD of Rlf was used to precipitate activated

M-Ras. Preparation of GST-RBD of Rlf was described elsewhere

[Quilliam et al., 2001]. Activated HA-tagged M-Ras bound to the

GST-RBD of Rlf was viewed by immunoblotting with anti-HA

antibody.

RESULTS

Since most Ras-induced human cancers are carcinomas of

epithelial origin, we chose to study M-Ras signaling in various

human carcinoma cell lines. Using an M-Ras-specific antiserum, we

found that this GTPase is expressed in MCF-7 breast, HeLa cervical,

and LNCaP prostate cancer cell lines, as well as in the HEK 293T cell

line (Supplementary data 1).

M-Ras INDUCES CELL-SPECIFIC RESPONSES

To determine which downstream signaling pathways are important

for M-Ras function in human cells, we introduced point mutations

into the M-Ras effector binding domain to correlate the biological

and signaling properties of the mutant proteins. This strategy

was previously used to delineate the effectors that contribute to

Ras-induced cellular transformation [Khosravi-Far et al., 1996]

and other biological events [Ramocki et al., 1997, 1998]. We

created M-Ras T45S, E47G, or Y50C mutations in combination

with activating Q71L substitutions. The M-Ras effector mutants

are equivalent to previous substitutions at position 35, 37, or 40

in H-Ras [White et al., 1995]. Among the three most characterized

Ras effectors, Raf, PI3K, and RalGDS, the T35S mutation in H-Ras

retains binding to Raf-1, but not RalGDS or PI3K. The mutation

at position 37 only retains interaction with RalGDS, whereas the

Y40C mutation only interacts with PI3K [White et al., 1995;

Rodriguez-Viciana et al., 1997]. The binding capacity of the

M-Ras effector mutants was analyzed in HEK 293T cells, and

found to differ from that described for H-Ras (Fig. 1). The E47G

mutation in M-Ras did not significantly alter the binding with

effector proteins, suggesting that this residue is not essential for

M-Ras binding capacity. The T45S mutation retained weak
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binding to PI3K and B-Raf, but not to RalGDS. The Y50C mutation

showed very weak interaction with B-Raf, but no interaction with

the other effectors (Fig. 1).

To determine what signaling events are triggered by M-Ras in

human cells, we next examined its ability to induce Gal4-Elk1

luciferase activation in various cell lines shown in supplementary

data 1 to express this GTPase. Although the M-Ras effector

mutants produced a similar pattern of luciferase activation in

HeLa and HEK 293T cells (Fig. 2), a unique pattern of Elk1 induction

was observed in MCF-7 cells. In particular, M-Ras (71L, 50C)

potently induced gene expression and this reporter gene activity

correlated well with the levels of endogenous MCF-7 cell Elk1

phosphorylation (Fig. 3A). Because M-Ras mutants did not

significantly affect metabolic activity (Supplementary data 2), the

observed differences in luciferase activity were not due to an ability

of the Y50C mutant to differentially promote cell survival in the

absence of serum.

DIFFERENTIAL M-Ras SIGNALING IN MCF7 CELLS IS DUE

TO MEK/ERK-INDEPENDENT AND PI3K-INDEPENDENT

ACTIVATION OF Elk1

Due to the ability of M-Ras to transform mouse mammary cells,

[Ward et al., 2004] and its above described unique signaling in

MCF-7 human breast cancer cells, we focused on defining signaling

components downstream of M-Ras in MCF-7 cells.

The Raf/MEK/ERK pathway is the major means by which Ras

induces Elk1 activation [Campbell et al., 1998]. To understand the

signaling properties of M-Ras (71L, 50C) in MCF-7 cells, we asked

whether activation of this pathway correlates with the pattern of

Elk1 activation by M-Ras mutants. The same lysates were analyzed

for MEK1/2 and ERK1/2-induced phosphorylation, as well as for

Gal4-Elk1 activation. Surprisingly, M-Ras (71L, 50C) induced

only weak phosphorylation of MEK1/2 or ERK1/2, which did

not correlate with its ability to robustly activate Elk1-mediated

gene expression (Fig. 3A). However, there was a good correlation

between Elk1 activation (Fig. 2) and ERK1/2 phosphorylation

induced by M-Ras mutants in HeLa cells (Supplementary data 3A).

Thus, all the above results suggested that M-Ras induces MEK/

ERK-dependent and -independent Elk1 activation in MCF7 cells.

Furthermore, the MEK inhibitor U0126 did not completely block

Elk1 activation by M-Ras (71L, 50C) under conditions where it

effectively eliminated ERK1/2-induced phosphorylation in MCF7

cells (Fig. 3B). A similar result was obtained for M-Ras (Q71L),

indicating that the ERK1/2-independent Elk1 activation by M-Ras is

not an artifact caused by the mutation of the effector binding

domain (Fig. 3B).

M-Ras induces cell survival through the activation of PI3K/Akt

in PC12 cells [Kimmelman et al., 2000]. We similarly found that

M-Ras (Q71L) induces strong Akt phosphorylation in MCF-7 cells

that is dependent on PI3K activation (Fig. 3C). It was possible

that the PI3K/Akt pathway promotes ERK1/2-independent

activation of Elk1 in MCF-7 cells. However, the lack of interaction

of the Y50C mutant with the p110 subunit of PI3K (Fig. 1A)

indicated that this was unlikely. To confirm that PI3K/Akt was

not responsible for the ERK1/2-independent activation of Elk1,

we investigated the effect of the PI3K inhibitor, LY294002, on

M-Ras-induced Elk1 activation. LY294002 did not significantly

affect Elk1 activation by M-Ras (71L, 50C) (Fig. 3D). In contrast,

LY294002 enhanced both Elk1 activation and ERK-induced

phosphorylation by M-Ras in HeLa cells (Supplementary data

3B). This is consistent with M-Ras activating the ERK/Elk

pathway through B-Raf [Kimmelman et al., 1997], which is

negatively regulated by Akt [Guan et al., 2000]. Indeed, M-Ras

(Q71L) induces endogenous B-Raf activation measured by a

kinase assay in HeLa cells, and the pattern of activation by the

effector mutants follows that of Elk1 activation (Supplementary

data 3C). All these results indicated that M-Ras can regulate MCF-7

cell Elk1 activation independently of either Raf/MEK/ERK or PI3K

pathways.

M-Ras-INDUCED ACTIVATION OF Ral IS RESPONSIBLE FOR THE

MEK/ERK-INDEPENDENT ACTIVATION OF Elk1

To identify the signaling pathway responsible for the MEK/ERK-

independent Elk1 activation by M-Ras, we performed a series of

Fig. 1. Interaction between M-Ras mutants and effectors in 293T cells. 293T

cells were transfected with empty vector or M-Ras Q71L mutants along with

the indicated effectors. M-Ras mutants were immunoprecipitated using anti-

FLAG antibody, and coprecipitation of effectors was determined by immuno-

blotting with anti-myc antibody (Raf1, RalGDS and p110g) or anti-HA

antibody (B-Raf). Immunoprecipitation of M-Ras mutants were confirmed

by immunoblotting with anti-FLAG antibody (lower panel). Results are repre-

sentative of three independent experiments.
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co-immunoprecipitation studies between M-Ras (71L, 50C)

and a panel of known Ras effectors (RalGDS, Raf, PI3K, Rlf/Rgl2,

Rin, phospholipase Ce, Nore1, and Shoc2) in MCF-7 cells. M-Ras

(71L, 50C) showed strong interaction with Rlf (Fig. 4A), but

undetectable interaction with other effectors (data not shown).

Ras interacts with and targets Rlf to the membrane to induce

activation of the Ral GTPase. M-Ras effector mutants induced

activation of RalA that correlated with the pattern of Elk1 activation

in MCF-7 cells (Fig. 4B). As control, an activated membrane-

targeted mutant of Rlf, RlfCAAX was also shown to induce

Ral activation. To address whether Ral was responsible for the

MEK/ERK-independent Elk1 activation by M-Ras, we inhibited

Ral activity using a dominant negative RalA 31N mutant. We found

that RalA 31N reduced M-Ras-induced Elk1 but not ERK1/2

activation. Consistent with a role for Rlf/Ral in promoting

ERK-independent M-Ras signaling, RlfCAAX induced Elk1

activation in the absence of detectable ERK1/2 phosphorylation

(Fig. 4C). Endogenous Rlf expression was detected with two

different commercial antibodies in MCF-7 cells, but only one of

them revealed very faint bands in HeLa or HEK 293T cells in

which we were unable to detect MEK/ERK-independent activation

of Elk1 (Fig. 4D). To confirm a role for Rlf in the ERK-independent

M-Ras signaling, we knockdown Rlf using two specific shRNA as

in [Vigil et al., 2010]. Although this resulted in >90% loss of

protein, it also impacted cell survival and phosphoMAPK levels

(data not shown), compromising their use. This is consistent

with depletion of various RalGEFs having deleterious effects on

cytokinesis [Cascone et al., 2008] preventing us from evaluating the

impact of Rlf loss on M-Ras signaling in MCF-7 cells. However,

overexpression of Rlf in HeLa cells cooperated with M-Ras

(71L, 50C) to induce Ral (Fig. 5 right) and ERK-independent Elk1

activation (Fig. 5 left).

In order to support the in vivo relevance of M-Ras/Rlf signaling,

we tested whether a receptor-mediated activation of M-Ras

promotes its interaction with Rlf. Since we have previously

reported that SOS, a GEF downstream of the EGFR, induces

M-Ras activation [Quilliam et al., 1999], we first determined

whether M-Ras was activated downstream of the EGFR in MCF-7

cells. We found that EGF promotes M-Ras-GTP loading in a time-

dependent manner (Supplementary data 4A), and this activation of

M-Ras promoted interaction with endogenous Rlf (Supplementary

data 4B).

Fig. 2. M-Ras effector mutants induce a different pattern of Elk1 activation in MCF-7 cells. MCF-7, HeLa, or 293T cells were transfected with Gal4-Elk1 and 5XGal-Luc

reporter plasmids along with pcDNA3 plasmids encoding the indicated proteins. After serum starvation, luciferase activity was measured from cell lysates. Data show

mean� SEM from at least three experiments performed in duplicate.
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M-Ras INDUCES JNK ACTIVATION

Rlf/Ral activation induces JNK/c-Jun activation [de Ruiter et al.,

2000]. Accordingly, M-Ras (Q71L) induced JNK phosphorylation

similar to that induced by RlfCAAX (Fig. 6A) in MCF7 but not

HeLa cells (Fig. 5 right). Using both the anti phospho-JNK

antibody and a Gal4-c-Jun luciferase reporter plasmid, we

observed that the pattern of JNK/c-Jun activation by the M-Ras

effector mutants in MCF-7 cells correlated with that of Elk1

Fig. 3. M-Ras induces MEK1/2-, ERK1/2-, and PI3K-independent activation of Elk1 in MCF-7 cells. A: MCF-7 cells were transfected as in Figure 2, except pFLAG-CMV2

plasmids were used. Following serum starvation, lysates were prepared, and an aliquot was used to determine luciferase activity. Data show mean� SEM of three experiments

performed in duplicate. The remaining lysates were subjected to SDS–PAGE, and levels of ERK1/2, MEK1/2, and Elk1 phosphorylation were evaluated by Western blotting with

phospho-specific antibodies. M-Ras effector mutants were detected with M2 anti-FLAG antibody. Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) antibody was used

to evaluate equal loading. Data are representative of three independent experiments. B: MCF-7 cells transfected with empty pcDNA3 or vector encoding M-Ras (71L, 50C),

or M-Ras (71L) plus Gal4-Elk1 and 5XGal-Luc were serum-starved overnight in the presence of vehicle (DMSO) or 10mM of the specific MEK inhibitor, U0126. Luciferase

activity, levels of ERK1/2 expression and phosphorylation were determined from cell lysates. Results are representative of three independent experiments. Luciferase

activity data show mean� SEM. �Student’s t-test (P< 0.05). C: MCF-7 cells were transfected with empty pFLAG-CMV2 or vector encoding M-Ras (71L). Cells were serum-

starved overnight and then incubated for 1 h in the presence of vehicle or 20mM PI3K inhibitor, LY294002. Levels of Akt phosphorylation were determined by Western blotting

with specific antibody. D: MCF-7 cells were transfected with pcDNA3 or pcDNA3 encoding M-Ras (71L, 50C), along with Gal4-Elk and 5XGal-Luc. Cells were serum-starved

overnight in the presence of vehicle (DMSO) or 20mM LY294002. Luciferase activity was determined from cell lysates. Data show mean� SEM from three pooled experiments

performed in duplicate.
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activation (Fig. 6B). These results suggested that Rlf-dependent

activation of JNK mediates ERK-independent Elk1 activation

by M-Ras. However, inhibition of JNK with SP600125 unexpect-

edly increased Gal4-Elk1 activation by M-Ras effector mutants

(data not shown), likely by release of a competitive ERK1/

2-dependent Elk1 activation [Shen et al., 2003; Waetzig and

Herdegen, 2005].

M-Ras INDUCES ESTROGEN-INDEPENDENT GROWTH

Breast cancer progression is frequently associated with

estrogen-independent proliferation of tumor cells. To understand

the relevance of the M-Ras signaling in MCF-7 cells, we

determined whether M-Ras activity influenced estrogen-

dependent growth. To assay this, we compared proliferation

of cells stably expressing M-Ras (Q71L) in the absence of

estrogen with those stably transfected with only empty

vector (Fig. 7A). Cell proliferation was monitored both by

measuring metabolic cell activity (Fig. 7B) and by direct cell

count (Fig. 7C). Only cells stably expressing M-Ras (Q71L)

could proliferate in the absence of estrogen. By using inhibitors of

PI3K, MEK, and JNK, we showed that each pathway contributes

to the M-Ras-induced estrogen-independent biological activity

(Fig. 7D).

Although activating M-Ras mutations that could induce

estrogen-independent growth in breast cancer have yet to be

reported, M-Ras may still be overexpressed in breast cancer. To

investigate this possibility we analyzed publicly available micro-

array gene expression data from 295 patients (www.oncomine.org).

Fig. 4. M-Ras induces ERK-independent Elk1 activation through Rlf/RalA. A: MCF-7 cells were transfected with empty vector or M-Ras mutants along with Rlf. M-Ras

mutants were immunoprecipitated using anti-FLAG antibody, and coprecipitation of Rlf was determined by immunoblotting with anti-HA antibody. Immunoprecipitation of M-

Ras mutants were confirmed by immunoblotting with anti-FLAG antibody (lower panel). Results are representative of three independent experiments. B: MCF-7 cells were

transfected with empty vector or M-Ras mutants. Cells were serum-starved overnight, and Ral BP1 agarose (5mg) was used to precipitate activated Ral-GTP from cell lysates.

Activated RalA was detected by Western blotting with a specific antibody, and M-Ras mutants with Flag antibody. Data are representative of three independent experiments. C:

MCF-7 cells were transfected with Gal4-Elk1 and 5XGal-Luc reporter plasmids along with plasmids encoding the indicated proteins. After serum starvation, luciferase activity

was measured from cell lysates. The same lysates were subjected to SDS–PAGE, and levels of indicated proteins were evaluated byWestern blotting. Data showmean� SEM from

three experiments performed in duplicate. �Student’s t-test ( P< 0.05). D: Endogenous Rlf expression in MCF-7, HEK 293T, and HeLa cell lysates (50mg of protein each) was

evaluated by Western blotting.
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Interestingly, this analysis revealed that M-Ras message is

significantly upregulated in estrogen receptor (ER)-negative versus

ER-positive breast carcinomas ([van de Vijver et al., 2002],

Supplementary data 5). Microarray gene expression data from

two additional studies confirmed the up-regulation of M-Ras mRNA

levels in ER-negative breast carcinoma (P¼ 2.8 e�7, student’s t-test

for [Hess et al., 2006] and P¼ 1.1 e�5, student’s t-test for [Chin et al.,

2006]).

DISCUSSION

Despite strong evidence implicating M-Ras in the transformation

of murine cells [Kimmelman et al., 1997; Quilliam et al., 1999;

Wang et al., 2000; Ward et al., 2004; Guo et al., 2005], little

is known about its contribution or mechanism(s) of action in

human malignancies. Studies in NIH 3T3 fibroblasts suggested

that M-Ras has weaker transforming activity than other

members of the Ras family due to less efficient activation of

the Raf/MEK/ERK pathway [Kimmelman et al., 1997; Quilliam

et al., 1999]. However, similar to other Ras proteins, M-Ras-

induced transformation may involve interaction with and

activation of multiple downstream effectors [Campbell et al.,

1998]. Recent studies indicate that signaling via pathways other

than the canonical Raf/MEK/ERK cascade may be critical

for human tumor development [Repasky et al., 2004; Gonzalez-

Garcia et al., 2005; Lim et al., 2005; Parsons et al., 2005]. Our

current study demonstrates that the signaling events activated by

M-Ras diverge between different human cell lines. Essentially, we

found that M-Ras can induce gene expression independently of

the canonical Raf/MEK/ERK pathway, but this activity is cell- or

context-specific.

The differential response to M-Ras was demonstrated following

creation of a Y50C mutation in its switch I domain, in combination

with a Q71L activating mutation. While this M-Ras (71L, 50C)

mutant had weak activity in other human cell lines, it induced robust

Elk1 activation in MCF-7 breast cancer cells. Intriguingly, this

pathway had an ERK-independent component that was activated by

Ral but not PI3K and correlated with stronger expression of the Ral

GEF, Rlf/Rgl2 in MCF7 cells.

Fig. 5. Rlf overexpression cooperates with M-Ras to induce RalA, JNK, and ERK-independent Elk1 activation in HeLa cells. Cells were transfected with Gal4-Elk1 (left) or

Gal4-Jun (right) and 5XGal-Luc reporter plasmids along with plasmids encoding the indicated proteins. After serum starvation, luciferase activity was measured from cell

lysates. The same lysates were subjected to SDS–PAGE, and levels of indicated proteins were evaluated by Western blotting. For RalA activation assay, lysates were treated as in

Figure 4B. Data are representative of two independent experiments performed in duplicate.
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Activation of RalA has been shown to be critical for Ras-

induced tumorigenesis of human cells. The implications of the M-

Ras-induced Ral-dependent activation of gene expression in

breast cancer require further study. However, it is significant that

M-Ras promotes epithelial–mesenchymal transition in a murine

mammary epithelial cell line [Ward et al., 2004] and induces

estrogen-independent growth of human mammary carcinoma

cells (Fig. 7). Thus, M-Ras may play a role in the pathology of

breast cancer. The observations that M-Ras mRNA levels are

upregulated in ER-negative breast carcinoma (Supplementary

data 5 and [van de Vijver et al., 2002; Chin et al., 2006; Hess et al.,

2006]) is consistent with this possibility. Although additional

studies are needed to demonstrate that upregulation of M-Ras

mRNA levels associates with an increase in protein levels, M-Ras

could also contribute to breast cancer by signaling downstream of

EGFR. In fact, upregulation of this receptor is frequently

associated with breast cancer, and we demonstrated that EGF

induces M-Ras activation and thereby Rlf interaction with M-Ras

in MCF-7 cells. It remains to be investigated what signaling

pathway M-Ras/Rlf mediates downstream of EGFR. In addition,

since M-Ras is activated by the GEFs Sos and RasGRP3 [Quilliam et

al., 1999; Ohba et al., 2000], a number of additional growth-

stimulating ligands may activate it in tumor cells. Indeed, ERa

has been reported to couple to Sos via a Shc-Grb2 complex [Song

et al., 2002]. This non-genomic estrogen signaling also induces

gene expression via Elk1 downstream of the JNK and ERK MAP

kinases [Song et al., 2002; Chen et al., 2004; Kim et al., 2007].

Whether the non-genomic effects of estrogen either via its

classical receptors ERa and ERb or through G-protein-coupled

estrogen receptor 1 (GPER1/GPR130) involve M-Ras activation or

its downstream regulation of Ral and Elk1 will require further

investigation.

We also found that M-Ras activates JNK. Consistent with a role

for JNK in M-Ras signaling, it was recently shown that M-Ras

activation of JNK is important for M-Ras-induced osteogenesis

[Watanabe-Takano et al., 2011]. Since Rlf is involved in growth

factor-induced, Ras-dependent, activation of JNK [de Ruiter et al.,

2000], it is likely that Rlf mediates M-Ras-induced activation of JNK.

In agreement, the activated membrane-targeted mutant of Rlf,

RlfCAAX induced strong JNK activation in MCF-7 cells and

overexpression of Rlf correlated withM-Ras-induced JNK activation

in HeLa cells. Whether Rlf-dependent JNK activation is parallel or

responsible for the ERK-independent Elk1 activation inMCF7 cells is

unclear. In fact, although the activation of JNK/cJun by M-Ras

effector mutants followed a similar pattern to that of Elk1 activation,

JNK inhibition was unable to reduce Elk1 activation. Instead, it

released basal and M-Ras-induced ERK-dependent Elk1 activation

indicating that a crosstalk between the ERK and JNK pathway may

exist.

Since the JNK pathway has been associated with cancer

progression [Saadeddin et al., 2009], the regulation of JNK

activity by M-Ras may have important implications for cancer

biology. Consistent with this possibility, we found that JNK

contributes to M-Ras-induced estrogen-independent growth.

In addition, the JNK pathway has been involved in the

expression of matrix metalloproteinases that are associated

with extracellular matrix degradation and tumor metastasis

[Gee et al., 2000; Hauck et al., 2001; Sugioka et al., 2004; Cui

et al., 2006]. An association between JNK/c-Jun activation and

angiogenesis in invasive breast cancer has also been reported

[Vleugel et al., 2006].

In summary, our results demonstrate that M-Ras signaling

depends on cellular context. Constitutively activated M-Ras

appears to activate the classical Raf/MEK/ERK cascade to induce

Elk1 activation in human HeLa and HEK293T cells, but uses

additional signaling components to activate Elk1 and JNK in MCF-

7 cells. This may permit certain tumors to evade the effects of

pharmaceuticals that block the ERK/MAPK cascade [Collisson

et al., 2003] or Ras membrane binding. The Raf, PI3K, and RalGDS

pathways have all been implicated in the development of human

tumors [Repasky et al., 2004]. Our studies are consistent with M-

Ras inducing signaling events independently of these pathways to

promote gene expression in MCF-7 cells, and M-Ras activation

Fig. 6. M-Ras induces JNK activation. A: MCF-7 cells were transfected with

empty vector, M-Ras (Q71L) or RlfCAAX. After serum starvation, cell lysates

were subjected to SDS–PAGE, and levels of JNK phosphorylation were evalu-

ated by Western blotting with a phospho-specific antibody. B: MCF-7 cells

were transfected with Gal4-Jun and 5XGal-Luc reporter plasmids along with

pcDNA3 plasmids encoding the indicated proteins. After serum starvation,

luciferase activity was measured from cell lysates. Data show mean� SEM

from at least three experiments performed in duplicate. In parallel, lysates were

subjected to SDS–PAGE, and levels of JNK phosphorylation were evaluated by

Western blotting with a phospho-specific antibody.
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supporting estrogen-independent signaling. The importance of

defining Ras protein signaling within each cell type, especially

when designing treatments for Ras-induced cancer, is highlighted

here.

ACKNOWLEDGMENTS

We are grateful to Xiumei Yang and Alejandra Rivera for technical
assistance, and Pamela Derish for editing the manuscript. This work

Fig. 7. M-Ras induces estrogen-independent growth in MCF-7 cells. A: MCF-7 cells stably expressing empty pCGN vector or vector encoding M-Ras (71L) were grown in the

absence of estrogen (phenol red-free EMEM with 5% charcoal-stripped FBS plus 100 nM ICI 182780) for approximately 7 days. M-Ras (Q71L) expression overcame the

estrogen-dependency of MCF-7 cells. Representative images were photographed at 4� magnification. Data are representative of three independent experiments performed in

duplicate. B: Same as A, but cell survival of pCGN (vector) or M-Ras (71L) expressing cells on estrogen-free media plus ICI 182780 was compared with that in the presence of

10 nM E2. Cell survival was evaluated at the indicated times by bioluminescent measurement of ATP levels as described in Materials and Methods Section. C: Same as B, but

quantified by cell counting. Experiments in (B) and (C) were performed in triplicate and are representative of two independent experiments. D: MCF-7 cells stably expressing

empty pCGN vector or vector encodingM-Ras (71L) were grown in the absence of estrogen (phenol red-free EMEMwith 5% charcoal-stripped FBS plus 100 nM ICI 182780),þ/

� indicated kinase inhibitors for approximately 7 days. Cell survival was evaluated by using a CytoTox-Glo cytotoxicity assay kit that measures dead cell protease activity.

Experiments were performed in triplicate and are representative of two independent experiments. �Student’s t-test ( P< 0.05).

1262 ERK1/2-INDEPENDENT ELK1 ACTIVATION BY M-RAS JOURNAL OF CELLULAR BIOCHEMISTRY



was supported by grants from UCSF (Academic Senate), and
Universidad de Concepción (DIUC 210.037.011-1.0) (AFC), and
American Cancer Society (RPG-00-125-01-TBE) and NIH
(CA108647) (LAQ). AM-C was supported by the Secretarı́a de
Estado de Educación of the Spain Government.

REFERENCES

Bos JL. 1989. ras oncogenes in human cancer: A review. Cancer Res 49:4682–
4689.

Campbell SL, Khosravi-Far R, Rossman KL, Clark GJ, Der CJ. 1998. Increasing
complexity of Ras signaling. Oncogene 17:1395–1413.

Caraglia M, Budillon A, Tagliaferri P, Marra M, Abbruzzese A, Caponigro F.
2005. Isoprenylation of intracellular proteins as a new target for the therapy
of human neoplasms: Preclinical and clinical implications. Curr Drug Targets
6:301–323.

Cascone I, Selimoglu R, Ozdemir C, Del Nery E, Yeaman C, White M, Camonis
J. 2008. Distinct roles of RalA and RalB in the progression of cytokinesis are
supported by distinct RalGEFs. EMBO J 27:2375–2387.

Castro AF, Rebhun JF, Quilliam LA. 2005. Measuring Ras-family GTP levels
in vivo-running hot and cold. Methods 37:190–196.

Cepko CL, Roberts BE, Mulligan RC. 1984. Construction and applications of a
highly transmissible murine retrovirus shuttle vector. Cell 37:1053–1062.

Chen CC, Lee WR, Safe S. 2004. Egr-1 is activated by 17beta-estradiol in
MCF-7cells by mitogen-activated protein kinase-dependent phosphorylation
of ELK-1. J Cell Biochem 93:1063–1074.

Chin K, DeVries S, Fridlyand J, Spellman PT, Roydasgupta R, Kuo WL, Lapuk
A, Neve RM, Qian Z, Ryder T, Chen F, Feiler H, Tokuyasu T, Kingsley C,
Dairkee S, Meng Z, Chew K, Pinkel D, Jain A, Ljung BM, Esserman L,
Albertson DG, Waldman FM, Gray JW. 2006. Genomic and transcriptional
aberrations linked to breast cancer pathophysiologies. Cancer Cell 10:529–
541.

Colicelli J. 2004. Human RAS superfamily proteins and related GTPases. Sci
STKE 2004:RE13.

Collisson EA, De A, Suzuki H, Gambhir SS, Kolodney MS. 2003. Treatment of
metastaticmelanomawith an orally available inhibitor of the Ras-Raf-MAPK
cascade. Cancer Res 63:5669–5673.

Cui X, Kim HJ, Kuiatse I, Kim H, Brown PH, Lee AV. 2006. Epidermal growth
factor induces insulin receptor substrate-2 in breast cancer cells via c-Jun
NH(2)-terminal kinase/activator protein-1 signaling to regulate cell migra-
tion. Cancer Res 66:5304–5313.

de Ruiter ND, Wolthuis RM, van Dam H, Burgering BM, Bos JL. 2000. Ras-
dependent regulation of c-Jun phosphorylation is mediated by the Ral
guanine nucleotide exchange factor-Ral pathway. Mol Cell Biol 20:8480–
8488.

Ehrhardt GR, Leslie KB, Lee F, Wieler JS, Schrader JW. 1999. M-Ras, a widely
expressed 29-kD homologue of p21 Ras: Expression of a constitutively active
mutant results in factor-independent growth of an interleukin-3-dependent
cell line. Blood 94:2433–2444.

Ehrhardt GR, Korherr C, Wieler JS, Knaus M, Schrader JW. 2001. A novel
potential effector of M-Ras and p21 Ras negatively regulates p21 Ras-
mediated gene induction and cell growth. Oncogene 20:188–197.

Ehrhardt A, David MD, Ehrhardt GR, Schrader JW. 2004. Distinct mechan-
isms determine the patterns of differential activation of H-Ras, N-Ras, K-Ras
4B, and M-Ras by receptors for growth factors or antigen. Mol Cell Biol
24:6311–6323.

Gao X, Satoh T, Liao Y, Song C, Hu CD, Kariya Ki K, Kataoka T. 2001.
Identification and characterization of RA-GEF-2, a Rap guanine nucleotide
exchange factor that serves as a downstream target of M-Ras. J Biol Chem
276:42219–42225.

Gee JM, Barroso AF, Ellis IO, Robertson JF, Nicholson RI. 2000. Biological
and clinical associations of c-jun activation in human breast cancer. Int J
Cancer 89:177–186.

Gonzalez-Garcia A, Pritchard CA, Paterson HF, Mavria G, Stamp G, Marshall
CJ. 2005. RalGDS is required for tumor formation in a model of skin
carcinogenesis. Cancer Cell 7:219–226.

Guan KL, Figueroa C, Brtva TR, Zhu T, Taylor J, Barber TD, Vojtek AB. 2000.
Negative regulation of the serine/threonine kinase B-Raf by Akt. J Biol Chem
275:27354–27359.

Guo X, Schrader KA, Xu Y, Schrader JW. 2005. Expression of a constitutively
active mutant of M-Ras in normal bone marrow is sufficient for induction of
a malignant mastocytosis/mast cell leukemia, distinct from the histiocytosis/
monocytic leukemia induced by expression of activated H-Ras. Oncogene
24:2330–2342.

Guo X, Stratton L, Schrader JW. 2006. Expression of activated M-Ras
in hemopoietic stem cells initiates leukemogenic transformation,
immortalization and preferential generation of mast cells. Oncogene 25:
4241–4244.

Hauck CR, Sieg DJ, Hsia DA, Loftus JC, GaardeWA,Monia BP, Schlaepfer DD.
2001. Inhibition of focal adhesion kinase expression or activity disrupts
epidermal growth factor-stimulated signaling promoting the migration of
invasive human carcinoma cells. Cancer Res 61:7079–7090.

Hess KR, Anderson K, SymmansWF, Valero V, IbrahimN,Mejia JA, Booser D,
Theriault RL, Buzdar AU, Dempsey PJ, Rouzier R, Sneige N, Ross JS, Vidaurre
T, Gomez HL, Hortobagyi GN, Pusztai L. 2006. Pharmacogenomic predictor of
sensitivity to preoperative chemotherapy with paclitaxel and fluorouracil,
doxorubicin, and cyclophosphamide in breast cancer. J Clin Oncol 24:4236–
4244.

Khosravi-Far R, White MA,Westwick JK, Solski PA, Chrzanowska-Wodnicka
M, Van Aelst L, Wigler MH, Der CJ. 1996. Oncogenic Ras activation of Raf/
mitogen-activated protein kinase-independent pathways is sufficient to
cause tumorigenic transformation. Mol Cell Biol 16:3923–3933.

Kim CG, Choi BH, Son SW, Yi SJ, Shin SY, Lee YH. 2007. Tamoxifen-induced
activation of p21Waf1/Cip1 gene transcription is mediated by early growth
response-1 protein through the JNK and p38 MAP kinase/Elk-1 cascades in
MDA-MB-361 breast carcinoma cells. Cell Signal 19:1290–1300.

Kimmelman A, Tolkacheva T, Lorenzi MV, Osada M, Chan AM. 1997.
Identification and characterization of R-ras3: A novel member of the RAS
gene family with a non-ubiquitous pattern of tissue distribution. Oncogene
15:2675–2685.

Kimmelman AC, Osada M, Chan AM. 2000. R-Ras3, a brain-specific Ras-
related protein, activates Akt and promotes cell survival in PC12cells.
Oncogene 19:2014–2022.

Kimmelman AC, Nunez Rodriguez N, Chan AM. 2002. R-Ras3/M-Ras induces
neuronal differentiation of PC12cells through cell-type-specific activation of
the mitogen-activated protein kinase cascade. Mol Cell Biol 22:5946–5961.

Lim KH, Baines AT, Fiordalisi JJ, Shipitsin M, Feig LA, Cox AD, Der CJ,
Counter CM. 2005. Activation of RalA is critical for Ras-induced tumorigen-
esis of human cells. Cancer Cell 7:533–545.

Louahed J, Grasso L, De Smet C, Van Roost E, Wildmann C, Nicolaides NC,
Levitt RC, Renauld JC. 1999. Interleukin-9-induced expression of M-Ras/R-
Ras3 oncogene in T-helper clones. Blood 94:1701–1710.

Matsumoto K, Asano T, Endo T. 1997. Novel small GTPase M-Ras participates
in reorganization of actin cytoskeleton. Oncogene 15:2409–2417.

Ohba Y, Mochizuki N, Yamashita S, Chan AM, Schrader JW, Hattori S,
Nagashima K, Matsuda M. 2000. Regulatory proteins of R-Ras, TC21/R-Ras2,
and M-Ras/R-Ras3. J Biol Chem 275:20020–20026.

Parsons DW, Wang TL, Samuels Y, Bardelli A, Cummins JM, DeLong L,
Silliman N, Ptak J, Szabo S, Willson JK, Markowitz S, Kinzler KW, Vogelstein
B, Lengauer C, Velculescu VE. 2005. Colorectal cancer: Mutations in a
signalling pathway. Nature 436:792.

JOURNAL OF CELLULAR BIOCHEMISTRY ERK1/2-INDEPENDENT ELK1 ACTIVATION BY M-RAS 1263



Quilliam LA, Castro AF, Rogers-GrahamKS,Martin CB, Der CJ, Bi C. 1999. M-
Ras/R-Ras3, a transforming ras protein regulated by Sos1, GRF1, and p120
Ras GTPase-activating protein, interacts with the putative Ras effector AF6.
J Biol Chem 274:23850–23857.

Quilliam LA, Rebhun JF, Zong H, Castro AF. 2001. Analyses of M-Ras/R-Ras3
signaling and biology. Methods Enzymol 333:187–202.

Quilliam LA, Rebhun JF, Castro AF. 2002. A growing family of guanine
nucleotide exchange factors is responsible for activation of Ras-family
GTPases. Prog Nucleic Acid Res Mol Biol 71:391–444.

Ramocki MB, Johnson SE, White MA, Ashendel CL, Konieczny SF,
Taparowsky EJ. 1997. Signaling through mitogen-activated protein kinase
and Rac/Rho does not duplicate the effects of activated Ras on skeletal
myogenesis. Mol Cell Biol 17:3547–3555.

Ramocki MB, White MA, Konieczny SF, Taparowsky EJ. 1998. A role for
RalGDS and a novel Ras effector in the Ras-mediated inhibition of skeletal
myogenesis. J Biol Chem 273:17696–17701.

Rebhun JF, Castro AF, Quilliam LA. 2000. Identification of guanine nucleo-
tide exchange factors (GEFs) for the Rap1 GTPase. Regulation of MR-GEF by
M-Ras-GTP interaction. J Biol Chem 275:34901–34908.

Repasky GA, Chenette EJ, Der CJ. 2004. Renewing the conspiracy theory
debate: Does Raf function alone to mediate Ras oncogenesis? Trends Cell Biol
14:639–647.

Rodriguez-Viciana P, Warne PH, Khwaja A, Marte BM, Pappin D, Das P,
Waterfield MD, Ridley A, Downward J. 1997. Role of phosphoinositide 3-OH
kinase in cell transformation and control of the actin cytoskeleton by Ras.
Cell 89:457–467.

Rodriguez-Viciana P, Sabatier C, McCormick F. 2004. Signaling specificity
by Ras family GTPases is determined by the full spectrum of effectors they
regulate. Mol Cell Biol 24:4943–4954.

Rodriguez-Viciana P, Oses-Prieto J, Burlingame A, Fried M, McCormick F.
2006. A phosphatase holoenzyme comprised of Shoc2/Sur8 and the catalytic
subunit of PP1 functions as an M-Ras effector to modulate Raf activity. Mol
Cell 22:217–230.

Saadeddin A, Babaei-Jadidi R, Spencer-Dene B, Nateri AS. 2009. The links
between transcription, beta-catenin/JNK signaling, and carcinogenesis. Mol
Cancer Res 7:1189–1196.

Saito Y, Oinuma I, Fujimoto S, Negishi M. 2009. Plexin-B1 is a GTPase
activating protein for M-Ras, remodelling dendrite morphology. EMBO Rep
10:614–621.

Shen YH, Godlewski J, Zhu J, Sathyanarayana P, Leaner V, Birrer MJ, Rana A,
Tzivion G. 2003. Cross-talk between JNK/SAPK and ERK/MAPK pathways:
Sustained activation of JNK blocks ERK activation by mitogenic factors.
J Biol Chem 278:26715–26721.

Song RX, McPherson RA, Adam L, Bao Y, Shupnik M, Kumar R, Santen RJ.
2002. Linkage of rapid estrogen action to MAPK activation by ERalpha-Shc
association and Shc pathway activation. Mol Endocrinol 16:116–127.

Sugioka Y, Watanabe T, Inagaki Y, Kushida M, Niioka M, Endo H,
Higashiyama R, Okazaki I. 2004. c-Jun NH2-terminal kinase pathway is
involved in constitutive matrix metalloproteinase-1 expression in a hepato-
cellular carcinoma-derived cell line. Int J Cancer 109:867–874.

Sun P, Watanabe H, Takano K, Yokoyama T, Fujisawa J, Endo T. 2006.
Sustained activation of M-Ras induced by nerve growth factor is essential for
neuronal differentiation of PC12cells. Genes Cells 11:1097–1113.

Tanaka M, Herr W. 1990. Differential transcriptional activation by Oct-1 and
Oct-2: Interdependent activation domains induce Oct-2 phosphorylation.
Cell 60:375–386.

van de Vijver MJ, He YD, van’t Veer LJ, Dai H, Hart AA, Voskuil DW,
Schreiber GJ, Peterse JL, Roberts C, Marton MJ, Parrish M, Atsma D,
Witteveen A, Glas A, Delahaye L, van der Velde T, Bartelink H, Rodenhuis
S, Rutgers ET, Friend SH, Bernards R. 2002. A gene-expression signature as a
predictor of survival in breast cancer. N Engl J Med 347:1999–2009.

Vetter IR, Wittinghofer A. 2001. The guanine nucleotide-binding switch in
three dimensions. Science 294:1299–1304.

Vigil D, Martin TD, Williams F, Yeh JJ, Campbell SL, Der CJ. 2010. Aberrant
overexpression of the Rgl2 Ral small GTPase-specific guanine nucleotide
exchange factor promotes pancreatic cancer growth through Ral-dependent
and Ral-independent mechanisms. J Biol Chem 285:34729–34740.

Vleugel MM, Greijer AE, Bos R, van der Wall E, van Diest PJ. 2006. c-Jun
activation is associated with proliferation and angiogenesis in invasive
breast cancer. Hum Pathol 37:668–674.

Waetzig V, Herdegen T. 2005. MEKK1 controls neurite regrowth after
experimental injury by balancing ERK1/2 and JNK2 signaling. Mol Cell
Neurosci 30:67–78.

Wang D, Yang W, Du J, Devalaraja MN, Liang P, Matsumoto K, Tsubakimoto
K, Endo T, Richmond A. 2000. MGSA/GRO-mediated melanocyte transfor-
mation involves induction of Ras expression. Oncogene 19:4647–4659.

Ward KR, Zhang KX, Somasiri AM, Roskelley CD, Schrader JW. 2004.
Expression of activated M-Ras in a murine mammary epithelial cell line
induces epithelial-mesenchymal transition and tumorigenesis. Oncogene
23:1187–1196.

Watanabe-Takano H, Takano K, Keduka E, Endo T. 2010. M-Ras is activated
by bone morphogenetic protein-2 and participates in osteoblastic determi-
nation, differentiation, and transdifferentiation. Exp Cell Res 316:477–490.

White MA, Nicolette C, Minden A, Polverino A, Van Aelst L, Karin M,
Wigler MH. 1995. Multiple Ras functions can contribute to mammalian
cell transformation. Cell 80:533–541.

1264 ERK1/2-INDEPENDENT ELK1 ACTIVATION BY M-RAS JOURNAL OF CELLULAR BIOCHEMISTRY


