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The signaling cascades activated by insulin and IGF-1 contribute to the control of multiple cellular func-
tions, including glucose metabolism and cell proliferation. In most cases these effects are mediated, at least in
part, by insulin receptor substrates (IRS), one of which is insulin receptor substrate 1 (IRS-1). R-Ras is a
member of the Ras family of GTPases and is involved in a variety of biological processes, including integrin
activation, cell migration, and control of cell proliferation. Here we demonstrate that both R-Ras and BCAR3,
a regulator of R-Ras activity that has been implicated in breast cancer, regulate the level of IRS-1 protein in
estrogen-dependent MCF-7 and ZR75 breast cancer cells. In particular, expression of a constitutively activated
R-Ras mutant, R-Ras38V, or of BCAR3 accelerates the degradation of IRS-1, leading to the impairment of
signaling through insulin but not epidermal growth factor receptors. Moreover, knockdown of endogenous
R-Ras levels in MCF-7 cells inhibits IRS-1 degradation induced by estrogen signaling blockade but not by
long-term insulin treatment. Consistent with these results, both R-Ras38V expression and estrogen signaling
blockade lead to the degradation of IRS-1, at least in part, through calpain activity. These findings show that
R-Ras activity mediates inhibition of insulin signaling associated with suppression of estrogen action, impli-
cating this GTPase in a growth-inhibitory mechanism associated with antiestrogen treatment of breast cancer.

Estrogen and insulin/IGF-1 have potent positive effects
upon the proliferation of mammary epithelial cells and estro-
gen-dependent breast cancer cells. While the former functions
mainly through cytoplasmic estrogen receptor activation, the lat-
ter functions through cell surface insulin or IGF-1 receptors and
subsequent tyrosine phosphorylation of a family of insulin recep-
tor substrates. One of these substrates, insulin receptor substrate
1 (IRS-1), has been implicated in mediating the mitogenic activ-
ities of both insulin and IGF-1 (32). The proper regulation of
insulin/IGF-1 signaling may be of particular importance in breast
cancer etiology, since elevated levels of both IGF-1 and IRS-1
have been associated with breast cancer (8, 24).

Recent studies have demonstrated cooperative cross talk
between estrogen and insulin/IGF-1 signaling pathways. For
example, estrogen enhances insulin signaling by increasing
IGF-1 (29), IGF-1 receptor (27), and IRS-1 (12, 14, 25) levels
in cells through elevated transcription. Moreover, inhibition of
estrogen signaling by loss of estrogen receptors (19) or by
exposure to antiestrogens decreases IRS-1 levels through de-
creased IRS-1 synthesis (4, 25) and increased degradation (15).
The latter phenomenon raises the possibility that at least part
of the growth inhibitory effects of estrogen antagonists used in
breast cancer therapy may be through concomitant suppres-
sion of insulin/IGF-1 signaling.

The R-Ras GTPase is a close relative of the Ras proto-
oncogenes, displaying both common and distinct activities (28).
For example, Ras proteins and R-Ras have very similar effec-
tor-binding domains; thus, the active GTP-bound forms of
both proteins bind and activate phosphatidylinositol (PI) 3-ki-

nase (PI3K) (13). However, for reasons that are not clear,
R-Ras is not an effective activator of other known Ras targets,
such as Raf kinases and Ral guanine nucleotide exchange
factors (GEFs). Consistent with these observations, R-Ras can
promote cell division, but its activity is not as potent as that of
Ras in the cell systems studied to date (5, 26). In contrast,
R-Ras can promote inside/out integrin signaling (34), while
Ras cannot, although the effector R-Ras uses to promote this
specific function is not known. R-Ras has also been implicated
in axon guidance as a mediator of Eph receptor signaling (9). In
particular, an R-Ras-specific GTPase-activating protein, plexin-
B1, inhibits R-Ras activity (21). Studies with R-Ras knockout
mice have implied that this GTPase functions in vascular regen-
eration. R-Ras has also been shown to be overexpressed in gastric
carcinoma (16).

R-Ras and Ras proteins are also activated by both common
and distinct guanine nucleotide exchange factors. For example
Ras-GRF1 activates both Ras and R-Ras, but Sos activates
only Ras (7). In contrast C3G and BCAR3 activate R-Ras but
not Ras proteins (6, 7, 20). BCAR3 is of particular interest
here because its overexpression has been shown to promote
estrogen-independent proliferation of MCF-7 and ZR75 cells
(30), possibly through activation of R-Ras (33).

Here we show that both BCAR3 and its target in cells,
R-Ras, promote the degradation of IRS-1 in estrogen-depen-
dent breast cancer cells. Moreover, we show that R-Ras par-
ticipates in cross talk between estrogen and insulin/IGF-1 sig-
naling by mediating, at least in part, the downregulation of
IRS-1 levels that occurs in response to estrogen antagonist
treatment of these cells.

MATERIALS AND METHODS

Reagents. Antibodies against IRS-1, phospho-AKT(serS473), phosphorylated
extracellular signal-regulated kinase 1 (ERK1)/ERK2, and phosphorylated-Jun
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N-terminal kinase (thr183/tyr185) were purchased from Cell Signaling Technol-
ogy (Beverly, MA). Ral A polyclonal antibody was from BD Biosciences-Phar-
mingen (San Diego, CA). Antibodies against ERK1, Ral A, R-Ras, hemagglu-
tinin, Myc (9E10), and total phosphotyrosine (4G10) were purchased from Santa
Cruz Biotechnologies (Santa Cruz, CA), The inhibitors MG132, lactacystin,
ALLN, calpeptin, and LY294002 were from Calbiochem (La Jolla, CA). Wort-
mannin was purchased from Sigma. All tissue culture reagents and Oligo-
fectamine were from Invitrogen Life Technologies (Carlsbad, CA).

Recombinant plasmids and transfection technology. Wild-type (WT) and ac-
tivated R-Ras38V, both with Myc tags in their N termini, were cloned into
pcDNA3 (Invitrogen Life Technologies). pcDNA3Myc-R-Ras38V64E was gen-
erated by single mutation in amino acid 64 from D to E in the R-Ras38V
background. Mutation of the proline-rich region of R-Ras38V was obtained by
inducing double mutations of P202 and P203 to A202 and A203 to generate
pcDNA3Myc-R-Ras38V-202A/203A. Constructs were stably transfected into
MCF-7 cells by calcium phosphate precipitation and selected with G418. Multi-
ple individual positive clones were screened for by Western blotting. R-Ras small
interfering RNA (siRNA), 203AAG AUC UGC AGU GUG GAU GGC224, was
purchased from Dharmacon Research, Inc. MCF-7 cells (0.5 � 106) were plated
in a 60-mm dish overnight and transiently transfected with 25 nM siRNA or
control laminin siRNA by use of Oligofectamine (Invitrogen). After 48 h, cells
were used for analysis. To generate stable MCF-7 cells with knockdown of
R-Ras, oligonucleotide 205G AUC UGC AGU GUG GAU GGC224 was cloned
into pSUPER.retro vector (OligoEngine, Washington) to create R-Ras short
hairpin RNA (shRNA). R-Ras shRNA-expressing and control empty plasmids
were transfected into MCF-7 cells by use of calcium phosphate, and multiple
stable clones were obtained after the selection with puromycin. An R-Ras mu-
tant resistant to shRNA was generated by site-directed mutagenesis and trans-
fected into R-Ras shRNA cells. Cells were selected for neomycin resistance. The
WT sequence was 205G AUC UGC AGU GUG GAU GGC224, and that for the
resistant R-Ras clone was as follows (mutations are indicated in boldface): 205G
AUA UGT AGC GUC GAC GGC224.

Cell culture and immunoblot analysis. MCF-7 or ZR75 cells were maintained
in minimal essential alpha medium supplemented with 5% fetal calf serum
(HyClone). 3T3L1 cells were grown in Dulbecco’s minimal essential medium
(DMEM) containing 10% calf serum, while INS-1 cells were grown in DMEM
plus 10% fetal calf serum. Cells were plated in 60-mm dishes with a density of
0.5 � 106 cells/dish and serum starved in regular medium or E2-free medium
(charcoal-stripped serum and dye-free DMEM) containing ICI 182,780 (10 �M)
for 24 h and then treated for defined time periods with the following inhibitors:
MG132 (25 �M), lactacystin (25 �M), ALLN (5 �M), calpeptin (10 �M), or
LY294002 (25 �M); wortmannin (100 nM); or growth factors insulin (1 �M) or
epidermal growth factor (EGF) (10 �M). Control cells were treated with the
same amount of vehicle. After treatment or stimulation, cells were lysed in 50
mM Tris-HCl (pH 7.5), 1% NP-40, 75 mM NaCl, 10 mM sodium orthovanadate,
1 mM phenylmethylsulfonyl fluoride, 20 �M leupeptin, and 1 �M beta-glycer-
olphosphate. Protein concentration was determined by use of a Micro bicincho-
ninic acid protein assay reagent kit (Pierce, Illinois). The results were visualized
by enhanced chemiluminescence (PerkinElmer, Massachusetts). Digital images
of blots were produced by densitometric scans of autoradiographs and quantified
using NIH Image 1.63 software, working within the linear range of the readouts.

Reverse transcription-PCR. Total RNA was isolated using TRIzol reagent
(Invitrogen Life Technologies). The total RNA (0.5 �g) was used for reverse
transcription to make cDNA in a 25-�l reaction mixture containing 4 U RNasin
RNase inhibitor (Promega), 1 mM deoxynucleoside triphosphate, 50 mM Tris-
HCl (pH 8.3), 75 mM KCl, 3 mM MgCl2, 0.1 �g of oligodeoxythymidine triphos-
phate 12-18, 4 mM dithiothreitol, and 50 units of Moloney murine leukemia virus
reverse transcriptase (Invitrogen) at 37°C for 1 h. Reactions were stopped by
heat inactivation at 95°C for 10 min. Subsequently, 2.5 �l of reverse transcription
reaction product was used for PCR in a 50-�l reaction mixture in the presence
of 50 pmol of sense primer (CTTCTGTCAGGTGTCATCC) and antisense
primer (CTCTGCAGCAATGCCTGTTC) for IRS-1 (291-bp fragment), 1�
ThermoPol reaction buffer, 200 �M deoxynucleoside triphosphates, and one unit
of Vent DNA polymerase for 25 cycles in an Eppendorf Mastercycler gradient
machine (Eppendorf, Westbury, NY). The PCR product was run in a 1.5%
agarose gel and photographed. Glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) was used as an internal control, where a 358-bp fragment was gen-
erated using the following pair of primers: CTACTGGCGCTGCCAAGGCTG
(sense) and GCCATGAGGTCCACCACCCTG (antisense).

Turnover experiments. MCF-7 cells (5 � 106) overexpressing either
pcDNA3Myc-R-Ras38V or empty pcDNA3 were plated into 100-mm dishes.
After 24 h, cells were incubated in the presence of 10 �m cycloheximide for

various amounts of time. Cell extracts were prepared, and the levels of IRS-1 or
control proteins (Ral A and AKT) were determined by immunoblot analysis.

RESULTS

Expression of activated R-Ras decreases insulin but not
EGF activation of ERK in MCF-7 cells. Recently, we studied
the consequence of expressing a constitutively activated form
of the R-Ras GTPase, R-RasG38V, on the proliferation of
MCF-7 breast cancer cells (33). In the process of characteriz-
ing these cells, we examined whether R-Ras activity influences
well-characterized signaling transduction pathways induced by
growth factors such as EGF and insulin. To this end, we com-
pared the abilities of insulin and EGF to stimulate phosphor-
ylation of ERK mitogen-activated protein kinase in MCF-7
cells stably expressing either empty vector, wild-type R-Ras, or
activated R-Ras (Fig. 1A, top row). We found that expression
of activated R-Ras38V (lanes c and f) but not of WT R-Ras
(lanes b and e) or of empty vector (lanes a and d) dramatically
suppressed (�80%) insulin activation of ERK. Strikingly, ex-
pression of activated R-Ras38V had no detectable effect on the
activation of ERK by EGF (lanes g to i). Total ERK levels
were comparable in all cell lines (Fig. 1A, second row).

R-Ras38V also perturbed insulin but not EGF activation of
AKT (Fig. 1A, third row). These experiments were more com-
plex because R-Ras38V elevates basal AKT activity in un-
stimulated cells (33). Nevertheless, the data show that insulin
further activated AKT in R-Ras38V cells to levels only �50%
of that found with insulin-stimulated control cells expressing
empty vector or WT R-Ras (compare lanes c and f to a and d
and to b and e). Thus, R-Ras activity has a specific inhibitory
effect on insulin signaling in MCF-7 cells.

To begin to understand how R-Ras influences insulin sig-
naling, we tested mutant forms of activated R-Ras that are
known to suppress interaction with specific proteins. One
mutation, R-Ras38V64E, is in the effector-binding domain
that suppresses R-Ras interaction with PI 3-kinase (and
potentially with unidentified effectors) (13). The other mu-
tation, R-Ras38V202A/203A, destroys a putative SH3-binding
site in R-Ras that has been reported to bind to the adaptor Nck
(31). Insulin activation of ERK was no longer inhibited in cells
stably expressing R-Ras38V64E (Fig. 1B, top row, compare lanes
a and d with b and e). In contrast, insulin activation of ERK
continued to be suppressed in cells expressing R-Ras38V202A/
203A (compare lanes a and d with c and f). Thus, R-Ras inter-
action with PI 3-kinase or another R-Ras effector that has effec-
tor-binding properties similar to those of PI 3-kinase is involved in
the suppression of insulin signaling. In contrast, R-Ras interaction
with Nck is not involved.

Expression of activated R-Ras suppresses the level of IRS-1
in MCF-7 and ZR75 cells. Since activated R-Ras specifically
suppressed insulin signaling, we investigated where in the insulin
signaling cascade this effect arose. To this end, MCF-7 cells ex-
pressing empty vector (control), wild-type R-Ras, or activated
R-Ras (R-Ras38V) were left untreated or were treated with in-
sulin, and cell lysates were probed with antiphosphotyrosine anti-
bodies (Fig. 2A, top row). Strikingly, insulin enhancement of the
tyrosine phosphorylation of a 180-kDa protein, i.e., approximately
of the size of IRS-1, was reduced in lysates from cells expressing
activated R-Ras (lane f) compared to cells expressing empty vec-
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tor (lane d) or wild-type R-Ras (lane e). To directly assess the
effect of activated R-Ras expression on IRS-1 that could account
for this defect, immunoblotting of cell lysates was performed
using IRS-1-specific antibodies (Fig. 2A, second row). This exper-
iment clearly shows that expression of activated R-Ras, but not of
wild-type R-Ras or empty vector, led to an �4-fold decrease in
expression of IRS-1 protein in MCF-7 cells (compare lanes a, b,
d, and e to c and f). This effect apparently caused the defect in
insulin stimulation of IRS-1 tyrosine phosphorylation (first row)
and insulin activation of ERK (third row) in cells expressing
activated R-Ras38V (fourth row). This effect was specific, since
R-Ras38V expression did not reduce the expression of Ral A or
Jun N-terminal protein kinase activity in these cells (data not
shown).

This effect was not limited to MCF-7 cells, as activated
R-Ras had a similar effect on IRS-1 levels in another estrogen-
dependent breast cancer cell line, ZR75 (Fig. 2B). Since reg-
ulation of IRS-1 levels is clearly important for metabolic dis-
eases such as diabetes, we tested the effects of activated R-Ras

expression in cell types used in studies on glucose metabolism,
such as 3T3 L1 fibroblasts that can differentiate into adipocytes
and ins-1 cells derived from pancreatic islets. In neither case
did expression of R-Ras38V alter IRS-1 l levels (data not
shown). Thus, the mechanism by which R-Ras promotes IRS
degradation may be active in a subset of cell types, including
those derived from mammary epithelium.

The R-Ras GEF, BCAR3, also reduces IRS-1 protein levels.
To test whether a protein known to function through R-Ras
also leads to suppression of IRS-1 expression, we studied
MCF-7 cells stably expressing the R-Ras GEF, BCAR3 (also
referred to as AND34 [3]) (Fig. 3A, top row). Expression of
Myc-tagged BCAR3 downregulated IRS-1 protein expression
by �80% (Fig. 3A, second row). As expected, this was accom-
panied by the reduction of ERK activation (�60%) (Fig. 3A,
third row) in response to insulin but not EGF stimulation.

To confirm that R-Ras is involved in the ability of BCAR3 to
suppress IRS-1 levels, siRNA against R-Ras was transfected
into MCF-7 cells expressing empty vector or Myc-BCAR3.

FIG. 1. Expression of R-Ras38V downregulates insulin but not EGF signaling in MCF-7 cells. (A) MCF-7 lines expressing empty vector (C),
Myc-tagged WT R-Ras (R-Ras WT), or Myc-tagged R-Ras38V were serum starved overnight and then stimulated with either buffer, insulin (1
�M), or EGF (10 nM) for 10 min, and cell lysates were assayed for p-ERK (top row), total ERK (second row), p-AKT (third row), or Myc-R-Ras
(fourth row). (B) Cell lines expressing effector mutations in R-Ras were treated as described for panel A. The results are representative of
experiments performed at least in triplicate with at least two individual clones for each cell line.
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Knockdown of R-Ras expression was observed (Fig. 3B, sec-
ond row), while no effect on the related Ral GTPase or ERK
kinase was observed (third and fourth rows). While knockdown
of R-Ras had no effect on baseline levels of IRS-1 (Fig. 3B,
second row, compare lanes a and b) it almost completely
(�80%) reversed BCAR3-induced downregulation of IRS-1
(Fig. 3B, fourth row, compare lanes c and d). Consistent with
this finding, knockdown of R-Ras expression also blocked the
ability of BCAR3 to activate AKT, a kinase previously shown

to be activated by the expression of either BCAR3 or activated
R-Ras (sixth row).

Downregulation of IRS-1 levels by R-Ras is mediated by
calpain-induced degradation. To begin to determine how
R-Ras38V downregulates IRS-1 protein levels, turnover exper-
iments were performed on MCF-7 cells expressing either con-
trol vector or a vector expressing activated R-Ras38V. In the
presence of cycloheximide to prevent new protein synthesis,
IRS-1 expression was stable for at least 12 h. In contrast, in

FIG. 2. Expression of R-Ras38V causes reduced expression of
IRS-1 in MCF-7 and ZR75 cells. (A) MCF-7 cells expressing empty
vector control, WT R-Ras, or R-Ras38V were treated with buffer
(buffer C or insulin) for 10 min, and then lysates were probed for
phosphotyrosine (top row), anti-IRS-1 (second row), phospho-ERK
(third row), or Myc-R-Ras (fourth row). The results are representative
of experiments performed at least in triplicate with at least two indi-
vidual clones for each cell line. kD, kDa. (B) ZR75 cells stably ex-
pressing empty vector (lane C) or activated R-Ras (R-Ras38V) were
generated and assayed for IRS-1 levels by immunoblotting.

FIG. 3. Expression of BCAR3 causes reduced expression of IRS-1 in MCF-7 cells through R-Ras. (A) MCF-7 cells expressing Myc-BCAR3 or
empty vector were treated with buffer (control), insulin, or EGF for 10 min. Cell lysates were probed for Myc-BCAR3, IRS-1, p-ERK, or total
ERK. (B) Cells shown in panel A were transfected with control siRNA (� dsRNA) or R-Ras specific siRNA (� dsRNA), and 24 h later the lysates
of cells were probed for Myc-BCAR3 (top row), R-Ras (second row), Ral A (third row), ERK (fourth row), IRS-1 (fifth row), or p-AKT (bottom
row). The results are representative of experiments performed at least in duplicate with at least two individual clones for each cell line.

VOL. 26, 2006 R-Ras PROMOTES DOWNREGULATION OF IRS-1 6375



R-Ras38V cells IRS-1 levels fell to �20% of control levels by
8 h, indicating that R-Ras38V enhances the degradation of
IRS-1 (Fig. 4).

Since mutation of the PI3K-binding site of R-Ras38V re-
versed R-Ras38V-induced downregulation of IRS-1 protein
expression and since PI3K has been implicated in IRS-1 deg-
radation through proteosome activation (11), we examined the
effect of LY294002, a specific PI3K inhibitor, on IRS-1 levels in
R-Ras38V-expressing MCF-7 cells. However, treatment of
LY294002 did not restore IRS-1 levels in R-Ras38V-express-
ing cells to the levels present in control cells (Fig. 4, top lane).
Similar negative results were obtained with another PI3K in-
hibitor, wortmannin. LY294002 and wortmannin did inhibit
PI3K in these cells, as evidenced by the abolishment of p-AKT
in treated cells (Fig. 4, second and third lanes). Moreover,

treatment of cells with the proteosome inhibitor MG132 also
failed to restore IRS-1 to normal levels in R-Ras38V cells. In
contrast, exposure of cells to ALLN or calpeptin, two inhibi-
tors of calpain, another mediator of IRS-1 stability, did par-
tially restore IRS-1 levels in R-Ras38V cells (Fig. 5, fourth and
fifth lanes). Overall, these findings indicate that elevated R-
Ras activity promotes the degradation of IRS-1 at least in part
through a calpain-mediated pathway.

R-Ras functions in the degradation of IRS-1 mediated by
estrogen antagonism. A variety of extracellular signals have
been reported to promote the degradation of IRS-1 in breast
cancer cells. One is long-term exposure to insulin. Insulin sig-
nals through PI 3-kinase to promote the phosphorylation
IRS-1 and subsequent proteolysis through the proteosome.
However, the results described above showed that R-Ras does

FIG. 4. R-Ras38V increases turnover of IRS-1 in MCF-7 cells. MCF-7 cells expressing either empty vector (pcDNA3) or activated R-Ras
(R-Ras38V) were incubated in the presence of cycloheximide for various amounts of time. Cell extracts were prepared, and the levels of IRS-1
or control proteins (Ral A and AKT) were determined by immunoblot analysis. Data from three experiments were pooled and expressed in the
graph as the means � standard deviations.

FIG. 5. R-Ras induces enhanced turnover of IRS-1 through a calpain-mediated pathway. Control (C) and R-Ras38V-expressing cells were
treated for 24 h with the proteosome inhibitor MG132 (MG), with either of the PI 3-kinase inhibitors LY294002 (LY) or wortmannin (Wort), or
with either of the calpain inhibitors ALLN or calpeptin (Cal). Cell lysates were then prepared and probed for IRS-1 (top row) p-AKT (second row),
Ral A (third row), or Myc-R-Ras (bottom row). The results are representative of at least three independent experiments and performed on at least
two independent R-Ras38V cell lines.
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not promote degradation of IRS-1 through PI 3-kinase or the
proteosome. Consistent with these findings, depletion of R-
Ras through siRNA transfection did not prevent degradation
of IRS-1 induced by long-term insulin stimulation (Fig. 6A). In
contrast, either the PI3K inhibitor LY294002 or the proteo-

some inhibitor MG132 did restore or at least partially restore
IRS-1 levels under these conditions. Thus, R-Ras does not
participate in IRS-1 downregulation induced by long-term in-
sulin treatment.

IRS-1 levels in breast cancer cells have also been shown to

FIG. 6. R-Ras participates in the downregulation of IRS-1 levels induced by estrogen depletion but not by long-term insulin stimulation.
(A) MCF-7 cells were exposed to buffer (lane C) or insulin for 24 h. Cells were exposed to LY294002 (LY), MG132 (MG), or R-Ras siRNA 24 h
before insulin addition, and then lysates were probed for levels of IRS-1 (top row), Ral A (second row), or R-Ras (bottom row). (B) MCF-7 cells
stably expressing R-Ras shRNA or empty shRNA vector were exposed to complete medium (�) or medium depleted of estrogen and containing
ICI 183,780 (�) for 24 h. Twenty-four h later, cell lysates were probed for levels of R-Ras, IRS-1, or Ral A. (C) MCF-7 cells, MCF-7 cells
expressing R-Ras shRNA, or MCF-7 cells expressing R-Ras shRNA plus an shRNA-resistant Myc-R-Ras (rMyc-R-Ras) were grown in the absence
of E2, and levels of R-Ras, IRS-1, and Ral A were probed as described above. (D) MCF-7 cells were exposed to complete medium (�) or medium
depleted of E2 in the presence of ICI 183,780 for 24 h (�). Then, cells were exposed to either buffer, MG132 (MG), ALLN, or calpeptin (Calp)
for another 24 h. Cells lysates were then probed for either IRS-1 or Ral A. (E) Cells stably expressing either control vector or vector expressing
R-Ras shRNA were exposed to media lacking estrogen and containing ICI 183.780 for 24 h then treated with either buffer or insulin (10 �M)
overnight. Cell lysates were then probed for either R-Ras, Ral, IRS-1, phospho-ERK, total ERK, or phospho-AKT. The results are representative
of at least three independent experiments. (F) MCF-7 cells and MCF-7 cells stably expressing R-Ras shRNA were plated at 104 cells per dish in
estrogen-depleted media. After 24 h, 100 nM insulin along with ICI 182,780 was added to some dishes every 48 h. Cell numbers were counted at
the indicated times. The data represent the averages of data from experiments performed in triplicate (� standard deviations). Darker lines,
control cells (MCF-7); lighter lines, shRNA-expressing cells (R-Rasi); triangles, no insulin; squares, insulin.
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be regulated by estrogen, where estrogen signaling promotes
IRS-1 expression (14, 19) and blockage of estrogen signaling
promotes IRS-1 down-regulation (4, 15, 27). To determine
whether R-Ras contributes to estrogen antagonism-induced
downregulation of IRS-1, the levels of IRS-1 protein were
assessed for untreated MCF-7 cells and for MCF-7 cells trans-
fected with siRNA against R-Ras either under normal growing
conditions or in medium lacking estrogen and containing the
estrogen antagonist ICI 183,780. Figure 6B shows that IRS-1
levels, suppressed by estrogen inhibition, were partially re-
stored to normal (�70%) by R-Ras depletion.

Importantly, the siRNA effect was specific because IRS-1
levels were not restored by R-Ras shRNA expression in cells
expressing a form of R-Ras that is resistant to siRNA treat-
ment, rMyc-R-Ras (Fig. 6C). Moreover, consistent with these
and previous results described above, the calpain inhibitors
ALLN and calpeptin but not the proteosome inhibitor MG132
partially restored IRS-1 levels under these antiestrogen condi-
tions (Fig. 6D). Thus, R-Ras function is required for IRS-1
downregulation that occurs in response to blockade of estro-
gen signaling.

Knockdown of R-Ras by RNA interference enhances MCF-7
cell response to insulin stimulation. The sensitivities to insulin
of control MCF-7 cells and of MCF-7 cells with reduced ex-
pression of R-Ras were compared under conditions where
estrogen signaling was blocked by the addition of the estrogen
antagonist ICI183,780. In these studies, control and R-Ras-
specific shRNA-expressing cells were stimulated with control
buffer or insulin. Consistent with previously described results
(Fig. 6B), knockdown of R-Ras (Fig. 6E, top row) increased
IRS-1 protein expression compared to what was seen for con-
trol cells expressing control vector (second row) in these es-
trogen-inhibited cells. Again, knockdown of R-Ras had no
effect on the expression of a close family member, the Ral A
protein (third row). Consistent with these findings, insulin ac-
tivation of both ERK (fourth and fifth rows) and AKT (bottom
row) was magnified �2-fold in cells expressing low levels of
R-Ras. Moreover, insulin stimulation of MCF-7 cell prolifer-
ation under these conditions was enhanced in cells lacking
R-Ras �2-fold after 12 days (Fig. 6F). Thus, R-Ras normally
functions to suppress insulin signaling upon blockade of estro-
gen-signaling MCF-7 cells, and decreased R-Ras function sen-
sitizes breast cancer cells to insulin’s growth-promoting signals
under these antiestrogen conditions.

DISCUSSION

The experiments described in this paper reveal that the
R-Ras GTPase participates in the downregulation of insulin/
IGF-1 signaling that occurs in estrogen-dependent breast can-
cer cells in response to a blockade of estrogen signaling. This
conclusion is based on the following observations. First, over-
expression of a constitutively activated R-Ras allele induced
the downregulation of IRS-1 levels in estrogen-dependent
MCF-7 and ZR75 cells. As expected, this effect was associated
with a loss of insulin but not EGF signaling in these cells. A
similar phenomenon was also observed when BCAR3, a GEF
for R-Ras, was overexpressed in MCF-7 cells, and this effect
was blunted when R-Ras levels were reduced in cells by siRNA
treatment. Finally, downregulation of IRS-1 levels induced by

antiestrogen treatment, but not by long-term insulin treatment,
was suppressed, and insulin stimulation of ERK, AKT, and cell
proliferation were all enhanced when R-Ras levels were re-
duced in MCF-7 cells. This action of R-Ras appears to be cell
type specific, since activated R-Ras downregulated insulin sig-
naling in two estrogen-dependent breast cancer cell lines but
not in fibroblasts or pancreatic cells.

IRS-1 levels are known to be regulated by protein turnover.
The most thorough investigations have been in the context of
studies of long-term insulin/IGF-1 signaling, where treatment
with these ligands in multiple cell types, including MCF-7,
promotes the proteolysis of IRS-1 through PI 3-kinase-depen-
dent ubiquitination and subsequent engagement of the proteo-
some-mediated degradation pathway (11). The present study
shows that although R-Ras can induce the breakdown of IRS-
1in MCF-7 cells, R-Ras is not involved in this insulin/IGF-1-
induced process, since neither PI 3-kinase nor proteosome
inhibitors prevented IRS-1 downregulation by R-Ras. More-
over, suppression of R-Ras levels in MCF-7 cells also failed to
prevent insulin-induced IRS-1 turnover.

Recent studies have indicated that estrogen also regulates
IRS-1 levels in breast cancer cells. For example, estrogen stim-
ulation of cells increases IRS-1 gene expression (12, 14, 25),
while blockers of estrogen signaling downregulate IRS-1 gene
expression and enhance its breakdown (4, 15, 25). The exper-
iments described here show that R-Ras contributes to negative
cross talk between estrogen and insulin signaling, since R-Ras
depletion by siRNA treatment of MCF-7 cells suppressed
IRS-1 degradation. Additional support for this notion came
from inhibitor studies showing that IRS-1-induced downregu-
lation by activated R-Ras and by an estrogen antagonist were
both blocked by the calpain inhibitors ALLN and calpeptin.

How R-Ras connects to calpain-mediated protein degrada-
tion remains to be determined; however, mutant analysis of
R-Ras at sites known to interact with other proteins yielded
some hints. For example, R-Ras has been reported to interact
with the Nck adaptor protein (31), but a mutation blocking that
interaction failed to suppress R-Ras effects on IRS-1 levels in
MCF-7 cells, indicating that this interacting protein is not
involved. R-Ras is also known to bind to and activate PI 3-ki-
nase (13). In fact, a point mutation in the effector domain that
blocks PI 3-kinase activation, V64E, also blocks R-Ras effects
on IRS-1. However, R-Ras activation of PI 3-kinase is not
involved, because incubation with a PI 3-kinase inhibitor did
not reverse the effects of R-Ras on IRS-1 levels. This finding
implies that to mediate IRS-1 downregulation, amino acid 64
in the effector domain of R-Ras interacts with an additional
R-Ras effector that remains to be identified. Interestingly, in-
tegrin activation by R-Ras has also been shown to be blocked
by the V64E mutation but not by inhibitors of PI3K (18). Thus,
it remains possible that these two functions share a common
as-yet-unidentified R-Ras effector. R-Ras has also been shown
to promote focal adhesions through Cas phosphorylation and
cell migration in breast cancer cells, but these phenomena were
sensitive to PI 3-kinase inhibition, which suggests that these
activities do not share a mechanism used by R-Ras to down-
regulate IRS-1 (10).

How does this newly detected activity of BCAR3 and R-
Ras relate to previous studies showing that they both pro-
mote estrogen-independent proliferation in MCF-7 cells?
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We showed previously that R-Ras activation of PI 3-kinase is
involved in promoting estrogen-independent proliferation,
since expression of a dominant negative version of the PI
3-kinase target, AKT, blocked R-Ras effects on proliferation
(33). However, PI 3-kinase-induced AKT activation was found
to be insufficient to promote estrogen-independent prolifera-
tion, suggesting that another PI 3-kinase-induced pathway is
also involved. In fact, a more recent study showed that BCAR3
promotes estrogen-independent proliferation, at least in part,
through PI 3-kinase-induced Rac activation (33). Thus, it ap-
pears that R-Ras-induced downregulation of IRS-1 and en-
hancement of estrogen independent proliferation function
through different effector pathways emanating from R-Ras. In
support of the idea that these two functions of R-Ras are
independent is the finding that the prevention of R-Ras-in-
duced downregulation of IRS-1 by overexpression of IRS-1 in
MCF-7 cells did not block estrogen-independent proliferation
by activated R-Ras (data not shown). Thus, excessive R-Ras
and a loss of R-Ras function can both potentially promote cell
proliferation but under different cellular conditions and
through the use of different R-Ras effectors.

The fact that R-Ras activity suppresses insulin signaling in
MCF-7 cells may have clinical significance. First, epidemiolog-
ical studies have shown a link between insulin and IGF-1 sig-
naling (both of which function through IRS-1) and breast can-
cer (8). High IGF-1 plasma levels are correlated with breast
cancer risk, and this correlation has been linked to the associ-
ation between obesity and breast cancer (2). In addition, ele-
vated levels of IGF-1 receptors and IRS-1 have been found in
breast cancer tissue (22, 24). Moreover, some of the effects of
estrogen on mammary cell proliferation may be mediated by
enhancement of insulin/IGF-1 signaling through estrogen-in-
duced increase in the levels and activities of multiple compo-
nents of the insulin/IGF-1 signaling cascade, including IGF-1,
IGF-1R, and IRS-1 (27). Moreover, blocking IGF-1R function
not only blocks IGF-1 signaling but also blocks estrogen-in-
duced gene activation and cell growth (1, 17).

That R-Ras participates in the downregulation of IRS-1
levels specifically in response to inhibition of estrogen signaling
in MCF-7 cells is of particular interest, because there is a
growing appreciation that some of the growth-inhibitory effects
of antiestrogens in breast cancer may be due to their negative
effects on insulin and/or IGF-1 signaling (23). Studies with cell
culture systems (15) and with whole animals (4) showed that
antiestrogens, including ICI 182,780 and tamoxifen, suppress
insulin/IGF-1 signaling by suppressing the expression or activ-
ity of the IGF-1 receptor and IRS-1. Thus, the present study
implies that a completely functional R-Ras signaling system in
estrogen-dependent breast cancer cells may be required for the
full potency of antiestrogens to be achieved.
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