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Inhibition of apoptosis is critical for carcinogenesis. ARC
(apoptosis repressor with caspase recruitment domain) is an
endogenous inhibitor of apoptosis that antagonizes both intrin-
sic and extrinsic apoptosis pathways. Although normally
expressed in striated myocytes and neurons, ARC is markedly
induced in a variety of primary human epithelial cancers and
renders cancer cells resistant to killing. The mechanisms that
mediate the inductionofARC in cancer areunknown.Hereinwe
demonstrate that increases inARCabundance are stimulated by
Ras through effects on transcription and protein stability. Over-
expression of activated N-Ras or H-Ras in normal cells is suffi-
cient to increase ARC mRNA and protein levels. Similarly,
transgenic expression of activated H-Ras induces ARC in both
the normalmammary epithelium and resulting tumors of intact
mice. Conversely, knockdown of endogenous N-Ras in breast
and colon cancer cells significantly reduces ARC mRNA and
protein levels. Thepromoter of theNol3 locus, encodingARC, is
activated by N-Ras and H-Ras in a MEK/ERK-dependent man-
ner. Ras also stabilizes ARCprotein by suppressing its polyubiq-
uitination and subsequent proteasomal degradation. In addi-
tion to the effects of Ras on ARC abundance, ARC mediates
Ras-induced cell survival and cell cycle progression. Thus, Ras
induces ARC in epithelial cancers, and ARC plays a role in the
oncogenic actions of Ras.

Apoptosis is a highly regulated cell suicide process that is
critical for development, tissue homeostasis and remodeling,
and removal of damaged and transformed cells (1). Apoptotic
cell death ismediated through two central pathways: the extrin-
sic pathway involving death receptors and the intrinsic pathway
involving themitochondria/endoplasmic reticulum (2). Several
endogenous inhibitory proteins antagonize one or the other of
these two pathways. These include FLIP (Fas-associated death
domain protein-like interleukin-1�-converting enzyme inhibi-
tory protein), which regulates assembly of the death-inducing

signaling complex (DISC)3 (3); B-cell leukemia/lymphoma-2
protein (Bcl-2), which blocks mitochondrial apoptogen release
(4); and inhibitor of apoptosis proteins (IAPs), which bind to
and inhibit effector caspases by blocking substrate access (5).
In contrast to the above apoptosis inhibitors that act at dis-

crete locations in the extrinsic or intrinsic pathways, ARC (apo-
ptosis repressor with caspase recruitment domain) antagonizes
both central apoptosis pathways. ARC suppresses the extrinsic
pathway by directly binding to Fas, FADD, and procaspase-8,
thereby blocking DISC assembly (6, 7). ARC inhibits the intrin-
sic pathway through at least twomechanisms. First, ARC inter-
acts directly with Bax, thereby inhibiting Bax conformational
activation and translocation to themitochondria in response to
apoptotic stimuli (7, 8). Second, ARC interacts with p53, dis-
rupting p53 tetramerization (9). This disables p53 function as a
transcription factor and exposes a nuclear export signal that
relocates p53 to the cytoplasm. The ability of ARC to interrupt
extrinsic and intrinsic apoptosis pathways through multiple
mechanisms makes it a potent cell death inhibitor.
Defects in apoptosis are critical for carcinogenesis in that

they allow cancer cells to survive adverse genetic and environ-
mental cues during tumor growth and metastasis (10–13).
Moreover, evasion of apoptosis is important for resistance to
cancer therapies. One mechanism by which cancer cells escape
apoptosis is by overexpressing or activating endogenous inhib-
itors of apoptosis (14). Whereas ARC is normally present in
cardiac and skeletal myocytes and neurons (6, 15), its protein
levels are markedly increased in a variety of primary human
epithelial cancers including breast, colon, ovary, and cervix
compared with corresponding benign tissues (16, 17). More-
over, overexpression of ARC renders breast cancer cells resis-
tant to chemotherapy and �-radiation (17) and protects mela-
noma cells from ER stress-induced apoptosis (18).
Despite the biological effects of ARC in cancer cells, the mech-

anisms responsible for its induction in cancer are unknown. In the
heart, the abundance of ARC is regulated both at the level of tran-
scription and protein stability. For example, p53 transcriptionally
represses ARC expression in response to hypoxia (19), while oxi-
dative stress triggers ARC degradation via the ubiquitin-protea-
some pathway (20). Herein, we investigate the mechanisms
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responsible for the marked increases in ARC protein in epithelial
cancers. Our experiments reveal that Ras is a key inducer of ARC
in both breast and colon cancer cell lines and mammary gland
tumors in vivo. RasmodulatesARC levels through both transcrip-
tional mechanisms and changes in protein stability. Moreover,
ARC is a mediator of certain cellular effects of Ras.

EXPERIMENTAL PROCEDURES

Plasmid and Viral Vectors—ARC-HA and KR3ARC-HA,
previously generated in our laboratory (20), were subcloned
into pBABE. pBABE H-Ras(V12) was from Dr. Michael Lisanti
(Thomas Jefferson University) and pBABE N-Ras(K61) from
Addgene. For N-Ras knockdown experiments, shRNAs in the
pSHAG-MAGIC 2 backbone were obtained fromOpen Biosys-
tems: shRNA N-Ras coding region (sh1) (cat. no. RHS1764-
9394269), shRNA N-Ras 3�-UTR (sh2) (cat. no. RHS1764–
9494042), scrambled shRNA (shScr) (cat. no. RHS1703).
Recombinant, replication-deficient retroviruses were gener-
ated and used as described (40). Recombinant, replication-de-
ficient adenoviruses expressing shRNA for mouse ARC knock-
down were generated using the BLOCK-iT pol II miR RNAi
system (Invitrogen, Carlsbad, CA).Multiple shRNA candidates
identified in silico were screened for their effectiveness in sup-
pressing expression of a rat ARC cDNA transfected into
HEK293A cells or endogenous mouse ARC expression in
C2C12 muscle cells. The most effective target sequence was
GAACTAGAAGCTGAAGCTACT, corresponding to nucleo-
tides 629–649 in the mouse (NM_030153) and 545–565 in the
rat (NM_053516) mRNA sequences. The EmGFP-shARC cod-
ing cassette containing this sequence was transferred to pAd/
CMV/V5-DEST, transfected intoHEK293Acells for adenoviral
production, which was purified after a single round of amplifi-
cation using a commercial kit (Adenopure, Puresyn Inc,
Malvern, PA). Human ARC promoter sequences �765 to �1
(with respect to transcription initiation), cloned by Dr. Roger
Foo (University of Cambridge), were inserted into the pGL3-
basic vector encoding firefly luciferase (Promega). phRL-TK
encoding Renilla luciferase was obtained from Promega.
Wild-type ERK1, wild-type ERK2, and activated MEK1
(�N3�E218�D222 (41)) were from Dr. Chi-Wing Chow
(Albert Einstein College of Medicine) and activated Akt1
(D473, D808 (42)) from Dr. Jonathan Backer (Albert Einstein
College of Medicine). Human ARC was subcloned into pGEX-
6P-2 (GEHealthcare) for production of theGST fusion protein.
Cell Lines—All cell lines were from the American Type Cul-

ture Collection. Each line was cultured as specified, except for
MCF-10A cells, which were cultured as described (43).
Antibodies and Immunoblotting—Antibodies include rabbit

polyclonal antisera against ARC (Cayman), p44/42MAPK (Cell
Signaling), Akt (Cell Signaling), hemagglutinin (Santa Cruz
Biotechnology), and mouse monoclonal antibodies against
pan-Ras (BD Transduction Laboratory), H-Ras (Santa Cruz
Biotechnology), N-Ras (Santa Cruz Biotechnology), K-Ras
(Santa Cruz Biotechnology), ubiquitin (Santa Cruz Biotechnol-
ogy), phospho-p44/42 MAPK (T202, Y204) (Cell Signaling),
phospho-Akt (Ser-473) (Cell Signaling), �-tubulin (Sigma),
�-actin (Sigma), andGAPDH (Abcam).Whole cell extracts and
immunoblotting were performed as described (7). Relative pro-

tein levels were quantified by scanning densitometry using
Total Lab software.
RNA Isolation, cDNA Synthesis, and Quantitative Real-time

RT-PCR—RNA isolation, cDNA synthesis, and assessment of
RNA levels were performed as previously described (20). Prim-
ers specific for ARC transcripts were: forward 5�-ACTG-
GCAGCACGTGGGTC-3� and reverse 5�-TTTAGAGCCCT-
CAGCTTCCA-3�. Primers specific for N-Ras transcripts were:
forward5�-GAGCTTGAGGTTCTTGC-3� and reverse 5�-AGT-
ATGTCCAACAAACAGG-3�. Glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) primers were: forward 5�-AAAT-
CAAGTGGGGCGATGCTG-3� and reverse 5�-GCAGAGAT-
GATGACCCTTTTG-3� primers. Quantitative real-time RT-
PCR assays were performed in duplicate, and the number of
independent experiments is noted in figure legends.
Luciferase Assay—HEK293T cells were transfected with: 1

�g of firefly luciferase reporter plasmid either lacking a pro-
moter or driven by ARC promoter sequences (�765 to �1); 1
�g of empty pBABE, H-Ras(V12), N-Ras(K61), activated Akt1,
or activated MEK1, or a combination of activated MEK1 (0.5
�g) and ERK1 or ERK2 (0.5 �g); and 5 ng of Renilla luciferase
reporter plasmid. Cell lysates were harvested 48-h post-trans-
fection and assayed for firefly and Renilla activity using the
Dual-Luciferase Reporter Assay System (Promega). In the
inhibitor study, cells were treated 24-h post-transfection with
either PD98059 (MEK inhibitor) or LY294002 (PI3K inhibitor)
(Biomol) at the doses indicated and assayed 24 h later. Lucifer-
ase assays were performed in duplicate, and the number of
independent experiments noted in figure legends.
Pulse-chase Assay—35S pulse-chase was performed as previ-

ously described (20). For each time point, ARC was immuno-
precipitated, resolved by SDS-PAGE, autoradiographed, and
bands quantified by scanning densitometry using Total Lab
software program. ARC protein half-life was determined from
four independent pulse-chase experiments for each cell line
with R2 values greater than 0.95.
Ubiquitination Assays—To assess ubiquitination in cells,

cultures were treated with the proteasome inhibitor MG132
(Calbiochem), 10�M, for 14 h, followingwhichARCwas immu-
noprecipitated and immunoblotted as described (20). For the
reconstituted cell-free ubiquitination assay, GST-ARC was
produced in BL2.1-Star (DE3) (Invitrogen) and purified using
glutathione-Sepharose 4B beads (GE Healthcare) as described
(7). 5 �g of recombinant ARC was added to the ubiquitination
reaction as described (44) with the recombinant E2 as specified.
Polyubiquitinated GST-ARC was isolated using GST pull-
down as described (7), resolved on 4–20% gradient SDS-PAGE,
and immunoblotted for ubiquitin.
Epithelial Cell Isolation andAdenoviral Infection—Epithelial

cells were isolated from mouse mammary glands as described
(45) except for substitution of collagenase III for collagenase I,
and directly lysed for immunoblot analysis. Primary epithelial
cell cultures were generated from MMTV-H-Ras transgenic
mouse mammary glands in the same manner except that colla-
genase digestion was carried out overnight without agitation at
37 °C in 5% CO2. Cells were then cultured inMCF-10A growth
medium supplemented with 24 mg/ml bovine pituitary extract
(Invitrogen). To knockdown murine ARC in primary cultures,
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three successive rounds of infection with adenoviruses encod-
ing shRNA were carried out at MOI 50 to achieve 80% trans-
duction as described (7).
Immunohistochemistry—Mammary glandswere fixed in 10%

neutral buffered formalin, paraffinized, sectioned (5 �M),
deparaffinized, immunostained as described (46) with �-ARC
(Cayman, 1:500) or �-Ras (Cell Signaling, 1:500), and counter-
stained with hematoxylin. Images were obtained on Nikon
Eclipse TE2000-S microscope using Spot R/T CCD camera.
Cell Viability Assay—Cells were plated at a density of 500

cells per cm2 and subjected to increasing concentrations of
doxorubicin (Henry Schein) as noted for 20 h. All samples
were assayed in quadruplicate. Viability was assessed using
CellTiter-Blue (Promega) according to the manufacturer’s
recommendations.
Cell Cycle Analysis—1� 106 cells were stainedwith 25�g/ml

ethidium bromide, and nuclei isolated as described (47). All
samples were assayed in triplicate. The fluorescence signal was
detected using the Becton Dickinson FACScan flow cytometer,
and cell cycle profiles were analyzed with the ModFit LT pro-
gram (Verity).
Statistical Analyses—Differences between and among

groups were compared using Prism 4.0 (GraphPad Software)
with Student’s paired two-tailed t test or one-way ANOVA as
indicated. When significant differences were found by

ANOVA, the Tukey or Dunnett’s multiple comparison test was
used as the post hoc analysis. p � 0.05 was considered
significant.

RESULTS

Correlation between Levels of ARC and Ras—ARC protein
levels are markedly elevated in primary human epithelial can-
cers of the breast, colon, cervix, and ovary compared with con-
trols (16, 17). We observed that levels of ARC track with those
of N-Ras in a variety of normal and cancer cell lines. This is
illustrated by MCF-7 and HCC1419 breast cancer cells that
contain high levels of N-Ras and ARC (Fig. 1A). In contrast,
MCF-10A andMCF-12Abenign breast epithelial cell lines con-
tain low levels of N-Ras and ARC. Even among different breast
cancer cell lines that contain varying levels of N-Ras, the corre-
lation of N-Ras and ARC levels is maintained. For example, in
contrast to the high levels of N-Ras and ARC in MCF-7 and
HCC1419 breast cancer cells, MDA-MB-231 (Fig. 1A) and
Hs578T (not shown) breast cancer cell lines contain lower lev-
els of both N-Ras and ARC. A correlation between N-Ras and
ARC levels was also observed in normal and colon cancer cell
lines (Fig. 1B). HCT 116 colon cancer cells exhibit high levels of
N-Ras and ARC, while CCD-112 CoN normal colon cells, as
well as HT-29 and Caco-2 colon cancer cells, contain lower
levels of N-Ras and ARC. Direct comparison of MCF-10A

FIGURE 1. Levels of ARC and Ras in normal and cancer cell lines. A, immunoblot for ARC and N-Ras in benign breast epithelial cell lines MCF-10A and MCF-12A
and breast cancer cell lines MDA-MB-231, MCF-7, and HCC1419. ARC antisera against the C terminus were used to avoid detection of other caspase recruitment
domain-containing proteins, including Nop30, a putative protein encoded by an alternatively spliced transcript from the Nol3 locus encoding ARC (48).
Loading was normalized to �-tubulin. B, immunoblot for ARC and N-Ras in normal colon cell line CCD-112 CoN and colon cancer cell lines HCT116, HT-29, and
Caco-2. Loading was normalized to GAPDH. C, direct comparison of ARC protein levels in benign (MCF-10A) and cancer (MCF-7) breast epithelial cells.
Immunoblot for ARC and N-Ras (left). Densitometric quantification of ARC protein levels normalized to those of GAPDH (right). D, levels of N-Ras and ARC
transcripts normalized to those of GAPDH in the same cells as in C as determined by quantitative real-time RT-PCR using transcript-specific primers. Quanti-
tative data displayed as mean � S.E. from three independent experiments. *, p � 0.05; **, p � 0.01; ***, p � 0.005 compared with MCF-10A (two-tailed Student’s
t test).
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FIGURE 2. ARC is induced by Ras in the mammary glands of MMTV-H-Ras (G12R, A59T) transgenic mice in vivo. A, time course of mammary tumorigenesis
of nulliparous wild-type and MMTV-H-Ras transgenic mice at the indicated ages. Sections were stained with hematoxylin and eosin. Size bar, 100 �M. B, Ras
induces ARC in mammary epithelial cells and tumors in vivo. Immunoblot of ARC and total Ras in the epithelial-enriched fraction of mammary glands from
wild-type and transgenic mice of the ages indicated (top). Quantification of ARC levels normalized to those of �-actin (mean � S.E.) (middle), n � 5 mice of each
genotype (littermates) for each age group. *, p � 0.01 and **, p � 0.005 (Ras transgenics compared with wild-type; two-tailed Student’s t test). C, ARC
immunostaining of mammary glands from 15-week-old wild-type and Ras transgenic mice, and mammary tumors from 15-week-old Ras transgenics (bottom).
ARC, brown. hematoxylin counterstain, blue. Size bar, 50 �M.
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benign breast epithelial cells with MCF-7 breast cancer cells
demonstrates that levels of both N-Ras and ARC proteins are
increased inMCF-7 cells (Fig. 1C).Moreover,MCF-7 cells con-
tain 8-fold more N-Ras transcripts (expected from the known
N-Ras amplification in these cells (21)) and 3-fold more ARC
transcripts (Fig. 1D). These studies demonstrate that ARC lev-
els correlate with those of N-Ras in both normal and cancer
cells derived from the breast and colon.
Ras Induces ARC in a Mouse Model of Mammary Cancer—

To determine if Ras signaling is sufficient to induce ARC in
vivo, we assessed ARC levels in transgenic mice that express
activated H-Ras (G12R, A59T) in the breast epithelium (22).
We chose to study this mouse model because activated H-Ras
expression is known to inducemammary gland carcinogenesis.
Hyperplasia is observed at 12 weeks, and overt tumors at 15
weeks (Fig. 2A). Expression of activated H-Ras significantly
induces ARC protein in the epithelial cells of the mammary
gland (Fig. 2B). ARCprotein levels are increasedwhen the gland
is histologically normal at 10 weeks and are noted to increase

further at 12 and 15 weeks, while
H-Ras protein levels remain con-
stant with age (not shown). ARC is
expressed in both hyperplastic
regions of themammary epithelium
and in overt tumors (Fig. 2C). These
results demonstrate that activated
H-Ras is sufficient to induce ARC in
the normal mammary epithelium in
vivo, and the abundance of ARC in-
creases progressively during Ras-
driven mammary carcinogenesis.
Activated Ras Mutants Are Suffi-

cient to Induce ARC in Normal
and Cancer Cells—To determine
whether Ras-dependent pathways
regulate ARC abundance, we first
assessed the sufficiency of Ras to
induce ARC in MCF-10A benign
breast epithelial cells, which have
low levels ofN-Ras,H-Ras, andARC
(Fig. 1A and not shown). Expression
of either activated N-Ras(K61) or
H-Ras(V12) is sufficient to trans-
form MCF-10A cells as evidenced
by focus formation (Fig. 3A and not
shown). Moreover, both activated
N-Ras andH-Ras increaseARCpro-
tein levels 3- and 4-fold, respec-
tively, compared with empty vector
(Fig. 3B). To assess whether ARC
can also be induced in the context of
an already transformed cell, we used
MDA-MB-231 cells that contain
low levels of N-Ras and H-Ras (Fig.
1A and not shown). Expression of
either activated N-Ras or H-Ras
increases ARC abundance 3-fold
(Fig. 3C). These results indicate that

activated Ras isoforms are sufficient to induce ARC in both
benign and cancer cells.
Knockdown of Endogenous Ras in Cancer Cells Markedly

Decreases ARC Levels—To investigate whether the high levels
of ARC in cancer cells are dependent on Ras signaling, we
knocked down endogenous N-Ras in MCF-7 breast and
HCT116 colon cancer cells using two different hairpins cor-
responding to the coding region (sh1) or the 3�UTR (sh2). In
MCF-7 cells, endogenous N-Ras levels were reduced by
50–80% in various clones by each of the N-Ras hairpins
compared with scrambled shRNA (shScr) (Fig. 4, A and B).
The extent of ARC protein reduction paralleled the magni-
tude of N-Ras knockdown. Similar results were obtained in
HCT116 cells (Fig. 4C). To further test whether endogenous
levels of ARC are dependent on Ras, we tested the ability of
exogenous Ras to augment ARC levels in the context of the
Ras-knockdown. H-Ras, rather than N-Ras, was used for the
replacement to evade the N-Ras hairpins. Expression of
H-Ras(V12) increased ARC levels 4-fold in the setting of sh1

FIGURE 3. Induction of ARC by activated Ras. A, phase contrast micrographs demonstrating transformation
of benign MCF-10A breast epithelial cells by H-Ras(V12). Cells were stably transduced with retroviruses encoding
empty vector (left) and H-Ras(V12) (right). B and C, activated Ras isoforms induce ARC in MCF-10A benign breast
epithelial cells (B) and MDA-MB-231 breast cancer epithelial cells (C). Cells were stably transduced with retroviruses
encoding empty vector, H-Ras(V12), or N-Ras(K61) (top). Densitometric quantification of ARC protein levels normal-
ized to those of GAPDH (bottom). Quantitative data presented as means � S.E. from three independent experi-
ments. *, p � 0.01 (Ras compared with empty vector; one-way ANOVA followed by Dunnett test).
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N-Ras knockdown (Fig. 4D). Similar results were obtained
using sh2 N-Ras knockdown cells (not shown). Thus, the
reduction of ARC levels that results from N-Ras knockdown
is partially reversed when exogenous Ras is expressed. Taken
together with the overexpression studies, Ras is necessary
and sufficient to induce high levels of ARC in these cell
lines.
RasActivates the Promoter of theNol3 Locus EncodingARC in

a MEK/ERK-dependent Manner—To investigate the mecha-
nisms by which Ras regulates ARC abundance, we first exam-
ined the effect of Ras knockdown on ARC mRNA levels
assessed by quantitative real-time RT-PCR. TwoMCF-7N-Ras
(sh1) stable knockdown clones (cl-4 and cl-10), each with a
5-fold decrease in ARC protein levels (Fig. 4A), demonstrated a

30% reduction inARCmRNAabun-
dance compared with scrambled
shRNA control (p � 0.01, Fig. 5A).
Conversely, overexpression of acti-
vated N-Ras(K61) or H-Ras(V12) in
MCF-10A cells, with a 3- or 4-fold
augmentation in ARC protein lev-
els, respectively (Fig. 3B), resulted in
a 30% increase in ARC transcript
levels (not shown). To assess
whether Ras signaling activates
the promoter of the Nol3 locus
encoding ARC, HEK293T cells,
containing low endogenous levels
of Ras isoforms and ARC (not
shown), were co-transfected with
N-Ras(K61) or H-Ras(V12) and a
luciferase reporter driven by 765
base pairs of the Nol3 5� flanking
region. Each Ras isoform activated
the Nol3 reporter 2-fold (p � 0.01;
Fig. 5B), an effect similar in magni-
tude to their activation of the
p21CIP1/WAF1 promoter, a known
Ras target (23) (not shown). In con-
trast, the luciferase activity of a pro-
moterless construct was not acti-
vated by either Ras mutant. These
studies demonstrate that transcrip-
tional activation is involved in Ras-
mediated ARC induction.
Ras signaling is mediated, in part,

by PI3K/Akt and MEK/ERK. Con-
sistent with this, knockdown of
N-Ras in MCF-7 cells ablated phos-
phorylation of bothAkt and ERK1/2
at critical residues required for their
activity (Fig. 5C), correlating with
decreases in ARC transcript levels
(Fig. 5A). Conversely, overexpres-
sion of N-Ras(K61) or H-Ras(V12)
in MCF-10A cells enhanced phos-
phorylation of Akt and ERK1/2, and
increasedARC transcript levels (not

shown). To investigate if these effectors mediate Ras activation
of the Nol3 promoter, we used constitutively active (phospho-
mimetic) mutants of Akt1 and MEK1, the latter alone or in
combinationwith ERK1 or ERK2, and tested their effects on the
Nol3 reporter in HEK293T cells. Whereas activated Akt1 did
not induce theNol3 promoter, MEK1 alone, or in combination
with ERK1 or ERK2, resulted in robust activation (Fig. 5D).
Moreover, the activation of the Nol3 promoter by H-Ras(V12)
was not affected by the PI3K inhibitor LY294002 (Fig. 5E, left),
but was substantially reduced in a dose-dependent manner by
the MEK inhibitor PD98095 (Fig. 5E, right). Taken together,
these results indicate that Ras activates the Nol3 promoter in a
MEK/ERK-dependent manner to stimulate production of ARC
mRNA.

FIGURE 4. Knockdown of endogenous N-Ras reduces ARC protein levels. A and B, MCF-7 cells were stably
transduced with retroviruses encoding control scrambled hairpin (shScr), N-Ras hairpin (coding region, sh1; A)
or N-Ras hairpin (3�-UTR, sh2; B). Individual stable clones are denoted by cl-#. Immunoblots for N-Ras and ARC
(top) and quantification of levels of N-Ras and ARC normalized to those of GAPDH (bottom). Data in A are
expressed as mean � S.E. from four independent experiments for each of the two independent clones. *, p �
0.01 and **, p � 0.005 (N-Ras knockdown compared with scrambled hairpin; one-way ANOVA followed by
Dunnett test). In B, each of the four clones was assessed in one experiment. C, N-Ras was knocked down in
HCT116 colon cancer cells as described for MCF-7 cells in A and B. Lysates of pools of transductants were
immunoblotted for N-Ras and ARC (top), and levels of N-Ras and ARC normalized to those of �-tubulin were
quantified (bottom). Data expressed as mean � S.E. from three independent experiments. *, p � 0.01 (N-Ras
knockdown compared with scrambled hairpin; one-way ANOVA followed by Dunnett test). D, re-expression of
Ras in MCF-7 Ras-knockdown cells increases ARC levels. MCF-7 shScr control cells or N-Ras (sh1) knockdown
cells were stably transduced with empty vector (Emp) or H-Ras(V12). Lysates of pools of transductants were
immunoblotted for ARC, H-Ras, and N-Ras (top), and ARC levels normalized to those of �-tubulin were quanti-
fied (bottom). Data represent mean � S.E. from two independent experiments. In addition, MCF-7 N-Ras sh2
knockdown cells were studied in two independent analogous experiments with similar results (not shown).
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Ras Inhibits ARC Degradation via the Ubiquitin-Proteasome
Pathway—The N-Ras knockdown experiments reveal that the
magnitude of the reduction in ARC transcript levels does not
fully account for the decrease in ARC protein levels (compare
Fig. 5Awith Fig. 4A). In some contexts, ARC levels are known to
be regulated via changes in protein degradation (20). Accord-
ingly, we investigated the effect of Ras knockdown on ARC
protein stability using pulse-chase assays. These were per-
formed inMCF-7 cells with stable expression of N-Ras (sh1) or
scrambled (shScr) hairpins (Fig. 6A). The half-life of ARC pro-
tein in cells expressing scrambled shRNAwas 	16 h, similar to
previously published measurements (20). In contrast, Ras
knockdown reduced ARC protein half-life to 	10 h in two
independent clones (cl-4, Fig. 6A and cl-10, not shown). More-
over, Ras knockdown stimulated marked ARC polyubiquitina-
tion (Fig. 6B), which occurred in a canonical manner as it was
ablated by simultaneous mutation of the three lysine ubiquitin

acceptor residues in ARC (Fig. 6C).
These data suggest that Ras modu-
lates ARC degradation via the ubiq-
uitin-proteasome system. Similar
results were obtained with an in
vitro reconstituted ubiquitination
assay (see Fig. 6 legend). Using this
system, lysates from N-Ras knock-
down cells, but not control cells,
stimulated robust polyubiquitina-
tion of ARC (Fig. 6D). Taken
together, these results show that Ras
suppresses ARC polyubiquitination
anddegradation.
ARC Is aMediator of Ras-induced

Cellular Survival and Cell Cycle
Progression—Functionally, Ras reg-
ulates an array of cancer-promoting
processes including suppression of
apoptosis and stimulation of cell
cycle progression (24). To deter-
mine whether ARC plays a role in
mediating Ras-induced cell survival,
we restored ARC in MCF-7 cells in
which N-Ras had been knocked
down. Empty vector or HA-tagged
ARC was stably transduced into
MCF-7 cells that stably express
scrambled (shScr) or N-Ras (sh1)
hairpins. These cells were subse-
quently tested for sensitivity to kill-
ing by different doses of doxorubi-
cin. Consistent with the known
ability of Ras to suppress cell death,
N-Ras knockdown clones were
most sensitive to increasing concen-
trations of doxorubicin (Fig. 7A,
right, solid squares). As expected,
N-Ras knockdown was accompa-
nied by decreases in endogenous
ARC levels (Fig. 7A, left). Replace-

ment of ARC significantly reversed the enhanced sensitivity of
N-Ras knockdown cells to doxorubicin (Fig. 7A, right, compare
open squares to solid squares). Of note, the level of N-Ras
knockdown was unaffected by ARC overexpression (Fig. 7A,
left). In addition, doxorubicin treatment did not alter steady
state levels of ARC or N-Ras (not shown). These data demon-
strate that the resistance to doxorubicin-induced killing con-
ferred by Ras is mediated at least in part through ARC.
Ras is known to stimulate the G1/S transition and G2/M exit

(25, 26). In fact, stable expression of H-Ras(V12) in MCF-10A
cells significantly increases the proportion of cells in S-phase
(Fig. 7B).Wewished to knockdownARC in these cells to deter-
mine if it plays a role in Ras-mediated cell cycle progression, but
decreased adherence of these cells to tissue culture plates pre-
cluded this experiment. Alternatively, ARC knockdown was
carried out in primary epithelial cell cultures isolated from
mammary glands of five different MMTV-H-Ras transgenics.

FIGURE 5. Ras activates the promoter of the Nol3 locus encoding ARC. A, Ras knockdown decreases ARC
mRNA levels. Quantitative real-time RT-PCR for mRNA levels of N-Ras and ARC (transcript-specific primers)
normalized to that of GAPDH in MCF-7 cells stably transduced with retroviruses encoding control scrambled
hairpin (shScr) or N-Ras hairpin (sh1, clones 4 and 10). Data expressed as mean � S.E. from four independent
experiments (the same cell preparations used to determine ARC protein levels in Fig. 4A). *, p � 0.05 and **, p �
0.01 (N-Ras knockdown compared with scrambled hairpin; one-way ANOVA followed by Dunnett test). B, acti-
vation of the Nol3 promoter by Ras. HEK293T cells were cotransfected with firefly luciferase lacking a promoter
or driven by human Nol3 promoter sequences (�765 to �1), H-Ras(V12), N-Ras(K61), or empty vector, and
constitutively driven Renilla luciferase for normalization. Promoter activity was assessed by firefly/Renilla lucif-
erase. Data expressed as mean � S.E. from four independent experiments. *, p � 0.01 (Ras versus empty vector;
one-way ANOVA followed by Dunnett test). C, Ras knockdown abrogates ERK and Akt activation. Immunoblots
for phosphorylated (Thr-202, Tyr-204) and total ERK1/2 and phosphorylated (Ser-473) and total Akt in lysates of
N-Ras (sh1) knockdown MCF-7 cells from A. D, activation of the Nol3 promoter by MEK or MEK/ERK, but not Akt.
Phosphomimetic mutants were used for MEK1 and Akt1. Reporter assays as described in B. Data expressed as
means � S.E. from four independent experiments. *, p � 0.001 compared with empty vector (one-way ANOVA
followed by Tukey test). E, reversal of Ras activation of the Nol3 promoter by inhibition of MEK but not PI3K.
Constructs were transfected as described in B. Inhibitors of PI3K (LY294002, left) and MEK (PD98095, right) were
added 24 h later, and assayed 24 h after that. Data in each graph expressed as means � S.E. from four inde-
pendent experiments. *, p � 0.01 and **, p � 0.001 compared with empty vector and ●, p � 0.01 and ●●, p �
0.001 as compared with H-Ras with no PD inhibitor (one-way ANOVA followed by Tukey test).

Induction of ARC in Cancer Cells

JUNE 18, 2010 • VOLUME 285 • NUMBER 25 JOURNAL OF BIOLOGICAL CHEMISTRY 19241



Adenoviral transduction of an ARC shRNA reduced ARC pro-
tein levels by 80% compared with the negative control, while
not affecting levels of H-Ras (Fig. 7C, left). Cell cycle analysis of
ARC knockdown primary cells showed a decrease in the pro-
portion of cells in the S-phase population and an increase in the
proportion of cells in G2-M (p � 0.01 and p � 0.001, respec-
tively, Fig. 7C, right). These data indicate that ARC is involved
in cell cycle progression in the mammary epithelium of
MMTV-H-Ras mice.

DISCUSSION

Our results show that Ras induces the abundance of ARC
through activation ofNol3 transcription and inhibition of ARC
protein degradation. These studies employed MCF-7 cells, a
commonly utilized model of breast cancer, which contain high
levels of N-Ras due to amplification (21) and exhibit enhanced
Ras signaling (27). Although Ras mutations are found in only
	5% of human breast cancers (28), Ras signaling is augmented
in 20–50% of cases due to upstream events such as overexpres-

sion or activating mutations in the
EGF receptor or ErbB2/neu/HER-2
(29–31). Colon cancers, on the
other hand, often contain gain of
function mutations in K-Ras (32) or
in its downstream effector genes
such as PIK3CA, which encodes the
p110� catalytic subunit of PI3K
(33). Thus, regardless of mecha-
nism, enhanced Ras signaling is part
of themolecular signature of human
breast and colon cancers as well as
the various cell culture and mouse
models of these malignancies.
We exploited a correlation be-

tween cellular levels of Ras andARC
to reveal that Ras is a mediator of
ARC abundance. Specifically, over-
expression of either activatedN-Ras
or H-Ras is sufficient to induce ARC
in both normal and cancer breast epi-
thelial cells, suggesting the impor-
tance of common downstream path-
ways.Conversely, knockdown studies
demonstrate that Ras is necessary for
the high levels of ARC in breast and
colon cancer cells. These observa-
tions extend to intact animals as
transgenic expression of activated
H-Ras induces ARC in the normal
mammary epithelium, and to an even
greater extent, in resulting hyper-
plastic regions and tumors. Taken
together, these data indicate the
necessity and sufficiency of Ras sig-
naling to induce ARC in cancer cells.
Ras-mediated induction of ARC

is due, in part, to activation of Nol3
transcription. Consistent with this

transcriptional regulation, knockdown of endogenousN-Ras in
MCF-7 cells decreases ARC mRNA. In addition, overexpres-
sion of Ras activates the Nol3 promoter, and signaling through
MEK/ERK (but not PI3K/Akt) is necessary and sufficient for
this effect. While we have not delineated the specific transcrip-
tion factors involved, ETS family members, AP1, SRF, and
RREB1 (34–36) have been implicated in the activation of other
genes in response to Ras/MEK/ERK signaling. In fact, the Nol3
promoter sequences we employed contain multiple binding
sites for these transcription factors. Of note, multiple ETS pro-
teins contribute to breast carcinogenesis (37).
In addition to regulation at the level of transcription, pulse-

chase studies show that Ras increases ARC abundance by sta-
bilizing ARC protein. This results from suppression of ARC
polyubiquitination and degradation in the proteasome. Our
data suggest two non-mutually exclusivemechanisms by which
Ras signaling may regulate ARC stability: (a) Ras-mediated
decreases in the abundance and/or activity of E3-ubiquitin
ligase(s) that act upon ARC; and (b) Ras-induced post-transla-

FIGURE 6. Ras inhibits ARC degradation via the ubiquitin-proteasome pathway. A, endogenous Ras stabi-
lizes ARC protein. Representative pulse-chase of ARC protein in MCF-7 cells stably transduced with N-Ras
hairpins (sh1) or control scrambled hairpin (shScr). Cells were pulsed for 10 h with [35S]cysteine and chased for
times indicated, following which ARC immunoprecipitates were resolved by SDS-PAGE. Representative auto-
radiograph (top) and densitometry (bottom) from four independent experiments using cl-4 and cl-10 (not
shown). B, endogenous Ras suppresses ARC ubiquitination. Control and stable N-Ras knockdown (sh1) MCF-7
cells were treated with vehicle or proteasome inhibitor MG132 (10 �M) for 14 h, following which ARC immu-
noprecipitates were resolved by SDS-PAGE and immunoblotted for ubiquitin (top) or ARC (bottom). C, ARC
ubiquitination is primarily canonical. Control and stable N-Ras knockdown (sh1) MCF-7 cells were stably trans-
fected with HA-tagged KR3ARC (in which all 3 ARC lysines are mutated to arginines) or HA-tagged wild-type
ARC, and treated with vehicle or MG132 as described in B. HA immunoprecipitates were resolved by SDS-PAGE
and blotted for ubiquitin (top) and ARC (bottom). D, in vitro system to assess Ras regulation of ARC polyubiq-
uitination. Bacterially produced and purified GST-ARC, ubiquitin, E1, E2 (UbcH6, UbcH7, or UbcH10 as indi-
cated), and ATP were incubated with lysates from scrambled control or N-Ras knockdown cells (described in
panel a) for 2 h. GST-ARC was pulled down with glutathione beads, resolved by SDS-PAGE, and immunoblotted
for ubiquitin.
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FIGURE 7. ARC is a mediator of Ras-induced survival and cell cycle progression. A, ARC reverses the increased sensitivity to doxorubicin killing caused by
Ras knockdown. Immunoblots for N-Ras and ARC (endogenous � transfected) in pools of MCF-7 cells stably transduced with retrovirus encoding control
scrambled hairpin (shScr) or N-Ras hairpin (sh1), followed by stable transduction with empty vector or HA-tagged ARC (left). Pools of each of these genetically
modified MCF-7 cells were cultured for 24 h in the indicated concentrations of doxorubicin, and cellular viability was assessed using CellTiter-Blue (right). Graph
represents mean � S.E. from five independent experiments. *, p � 0.05; **, p � 0.01; ***, p � 0.001 (sh1�ARC compared with sh1 � empty; one-way ANOVA
followed by Tukey test). B, overexpression of Ras increases S-phase population. Pools of MCF-10A cells stably transduced with retrovirus encoding empty
vector or H-Ras(V12) (left) were stained with ethidium bromide, and DNA content analyzed by FACS (right). Data represent mean � S.E. from three indepen-
dently generated pools. *, p � 0.05 (Ras compared with empty vector; two-tailed Students t test). C, ARC knockdown decreases S-phase population and
increases G2-M population in cultured mammary gland epithelial cells from MMTV-H-Ras transgenic mice. Immunoblots of ARC and H-Ras in primary mam-
mary epithelial cells cultured from 12-week-old MMTV-H-Ras transgenic mice and transduced with adenovirus encoding control hairpin (shNeg) or ARC hairpin
(shARC) (left). Cell cycle analysis of these cells (right). Data represent mean � S.E. from five independent experiments. *, p � 0.01, **, p � 0.005, and ***, p � 0.001
(ARC knockdown compared with scrambled hairpin; two-tailed Student’s t test).
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tional modifications in ARC that decrease its susceptibility to
ubiquitination. The RING finger E3-ligase MDM2 (Mouse
Double Minute 2) has been reported to be involved in ARC
degradation (38). Knockdown of Ras in our studies, however,
did not affect protein levels ofMDM2orMDM2 target proteins
p21 or p53 (not shown). These results demonstrate that a com-
bination of Ras-mediated stimulation ofNol3 transcription and
inhibition of ARC protein degradation contribute to the high
steady state levels of ARC protein in breast cancer cells.
The induction of ARC by Ras raises questions as to the func-

tional relationship between these proteins. ARC is best known
as an apoptosis inhibitor, and previous studies have demon-
strated that it regulates cell death induced by various stressors
(17, 18). Ras is also known to confer resistance to apoptotic
stimuli (39). Accordingly, we askedwhether ARC plays a role in
Ras-induced cell survival. To assess this, we tested whether
exogenous ARC rescues the increase in doxorubicin-induced
death resulting from Ras knockdown. In fact, this increased
cytotoxicity is completely reversed by restoration of physiolog-
ical levels of ARC. Thus, ARC is involved in Ras-induced cell
survival. Ras has also been shown to accelerate the cell cycle by
promoting the G1/S transition and G2/M exit (25, 26). Knock-
down of ARC in primary mammary epithelial cells from
MMTV-H-Ras transgenic mice decreases the proportion in
S-phase and increases the proportion in G2/M. These data
implicate ARC in cell cycle progression in the context of Ras
overexpression.
In summary, ARC, an inhibitor of both extrinsic and intrinsic

apoptosis pathways that is normally found in terminally differ-
entiated cells, becomes highly induced in a spectrumof primary
human epithelial cancers. Our results reveal a new connection
between Ras signaling and ARC induction, and demonstrate
that Ras regulates ARC levels at both the levels of transcription
and protein stability. ARC, in turn, mediates some important
oncogenic effects of Ras.
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