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Aggressive forms of cancer are often defined by recurrent chromosomal alterations, yet in most cases, the
causal or contributing genetic components remain poorly understood. Here, we utilized microarray infor-
matics to identify candidate oncogenes potentially contributing to aggressive breast cancer behavior. We
identified the Rab-coupling protein RCP (also known as RAB11FIP1), which is located at a chromosomal
region frequently amplified in breast cancer (8p11-12) as a potential candidate. Overexpression of RCP in
MCF10A normal human mammary epithelial cells resulted in acquisition of tumorigenic properties such
as loss of contact inhibition, growth-factor independence, and anchorage-independent growth. Conversely,
knockdown of RCP in human breast cancer cell lines inhibited colony formation, invasion, and migration
in vitro and markedly reduced tumor formation and metastasis in mouse xenograft models. Overexpres-
sion of RCP enhanced ERK phosphorylation and increased Ras activation in vitro. As these results indi-
cate that RCP is a multifunctional gene frequently amplified in breast cancer that encodes a protein with
Ras-activating function, we suggest it has potential importance as a therapeutic target. Furthermore, these
studies provide new insight into the emerging role of the Rab family of small G proteins and their interact-

ing partners in carcinogenesis.

Introduction

The malignant growth of cancer is fueled in part by pathologi-
cal alterations of the genome that reconfigure the transcriptional
programming of cells. This transcriptional restructuring gives rise
to the activation of oncogenes and oncopathways and the inac-
tivation of genes and pathways of tumor suppression. In recent
years, the magnitude and frequency of transcriptional and chro-
mosomal changes that occur in human cancers have been quan-
tified by DNA microarrays on a comprehensive genomic scale.
Correlative analyses of these data have revealed robust associa-
tions among gene-expression patterns, copy number alterations,
and clinical features of disease (1-7) and may provide a discov-
ery-based framework for uncovering genes with important patho-
physiologic roles in cancer (8-13).

We considered the possibility that cancer-promoting genes
located at sites of recurrent chromosomal amplifications might
be deduced with greater resolving capacity through the integrated
analysis of genomic position, gene-expression level, and patient
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outcome, where the latter allows for statistical associations to be
drawn between gene expression and clinical measures of tumor
aggressiveness. To this end, we developed a data-mining strat-
egy termed TRIAGE (triangulating oncogenes through clinico-
genomic intersects) to guide the selection of candidate oncogenes
from a large integrated collection of microarray expression pro-
files of primary breast tumors. Using the TRIAGE approach, we
identified RCP (also known as RAB11FIP1) (Ensembl ID num-
ber ENSG00000156675), a Rab-interacting protein located at
the 8p11-12 chromosomal region frequently amplified in breast
cancer, as a prime oncogene candidate. In this work, we describe
the discovery of this gene and present functional and biochemical
evidence that RCP is a novel breast cancer-promoting gene with
RAS-activating potential.

Results

Deducing putative oncogenes through integrative bioinformatics. To iden-
tify candidate oncogenes, the TRIAGE methodology combines
microarray and clinical outcome data to infer “gene-expression
footprints” of recurrent genomic amplicons, relate gene-expres-
sion patterns to risk of metastatic recurrence, and evaluate the
candidacy of genes based on survival correlations and comparative
mRNA dynamics (Supplemental Figure 1; supplemental material
available online with this article; doi:10.1172/JCI37622DS1).

In brief, in the first step, microarray expression profiles con-
sisting of 737 primary invasive breast tumors (Table 1) were
analyzed by local singular value decomposition (LSVD) to infer
the presence and locations of recurrent genomic amplicons (see
Methods and Supplemental Methods). This approach is based
on the premise that recurrent amplicons can be detected by the
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Table 1

Clinical characteristics of the breast cancer cohorts used to construct the integrated

microarray dataset

Characteristic

Given that the expression of some
oncogenes is known to correlate with
poor patient outcomes, genes located
within AEFs were assessed for statisti-
cally significant associations with dis-
tant metastasis-free survival (DMFS)

Uppsala Stockholm Oxford Singapore of patients (i.e., the unselected sur-
n=251 n=159 n=227 n=100 . N .
vival analysis in TRIAGE shown in
Age (years) Supplemental Figure 1). However,
Median 64 56 61 51 since it is possible that “passenger
Range 28-93 31-87 24-86 29-86 genes” located on an amplicon might
Tumor Size also correlate with distant recurrence
<2¢cm 112 (45%) 64 (40%> 86 (38%) 16 (1 6%) without funct%onally Contrlbutlng to
2-3 cm 101 (40%) 71 (45%) 93 (41%) 47 (47%) tumor aggression and because potent
>3cm 38 (15%) 22 (14%) 48 (21%) 35 (35%) oncogenes may not necessarily require
Unknown 0 (0%) 2 (1%) 0 (0%) 2 (2%) amplification for their activity (11), we
Histologic grade reexamined the correlations between
Grade 1 67 (27%) 28 (18%) 34 (15%) 1 (11%) gene expressio?q and dista'nt. metastasis
Grade 2 127 (51%) 58 (36%) 91 (40%) 40 (40%) with the amplicon-containing tumors
Grade 3 55 (22%) 61 (38%) 60 (26%) 47 (47%) censored from the analysis (i.e., the
Unknown 2 (0.8%) 12 (8%) 42 (19%) 2 (2%) TRIAGE selected survival analysis;
Lymph node status Suppkm.ental Figure 1). Thus, the
Positive 82 (33%) 60 (38%) 38 (17%) 45 (45%) combm.anon of unselected and select-
Negative 160 (64%) 94 (59%) 183 (81%) 53 (53%) ed survival analyses allows those genes
Unknown 9 (4%) 5 (3%) 6 (3%) 2 (2%) most robustly associated with poor
ER status outcome to emerge.
Positive 213 (85%) 130 (82%) 171 (75%) 61 (61%) . F‘?lauyé.Cand‘dcfteho“m}gle“es were
Negative 34 (14%) 29 (18%) 48 (21%) 36 (36%) urther discerned through compart-
Unknown 4 (2%) 0(0%) 8 (4%) 3(3%) sons of mRIEA gxpression parterns
R ollowing the logic that “driving”
Metastasis within 5 years . .
. . . . oncogenes should be relatively highly
Yes 42 (17%) 26 (16%) 43 (19%) 15 (15%) and consistently expressed in ampli-
No 183 (73%) 121 (76%) 135 (59%) 35 (35%) con-containing tumors, the expression
Censored 26 (10%) 12 (8%) 49 (22%) 50 (50%) § tumors, P
levels of genes within AEFs were aver-
Treatment aged across the involved tumors and
No Systemic therapy 143 (57%) 33 (21%) 77 (34%) 10 (10%) this average was subsequently used to
(E;rlldocnt?]e gg E?gz °; 9162((680;/3) 14019((1488/0/0)) gg 2123(3)0;0; rank genes (where a rank of 1 denotes
emotherapy % % % % . .
Endocrine and chemotherapy 4 (2%) 18 (1%) 0(0%) 15 (15%) the highest average expression level). In

coordinate overexpression of involved genes (11, 14) and is sup-
ported by evidence that the majority of highly amplified genes
in breast cancer are concurrently overexpressed (15). LSVD facili-
tates the discovery of putative amplicon expression footprints
(AEFs) by identifying genomic loci enriched for gene overexpres-
sion and, simultaneously, the fraction of tumors where locus-
specific overexpression occurs. The output is viewed as principal
eigenpeaks (PEPs) that, in effect, mark the location of AEFs and
define the tumors that contain them. The peak height (or score)
of PEPs depends on the degree of locus-specific overexpression
and the number of involved tumors. The highest-scoring PEPs in
our analysis mapped predominantly to loci corresponding with
known regions of recurrent copy number gain in breast cancer
(Supplemental Figure 2), including 17q12, 17q21-24, 11q13,
8p11-12, and Xq28. Though not all peaks identified by LSVD
would necessarily be expected to represent true recurrent amplifi-
cation events, those with highest magnitude and precise genomic
overlap with known recurrent amplicons were further investigated
by the TRIAGE method.
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this way, the expression ranking serves
as an additional relative gauge of onco-
genic potential at a given locus.
TRIAGE performance was assessed on the AEF with PEP of great-
est magnitude identified by our whole-genome LSVD scan (Figure
1A). This PEP delineated a 1-Mb region at 17q12 encompassing
about 30 genes and corresponded precisely to the well-character-
ized amplicon harboring the HER2/neu receptor oncogene V-erb-b2
erythroblastic leukemia viral oncogene homolog 2, neuro/glioblas-
toma-derived oncogene homolog (avian) (ERBB2). Notably, the
expression footprint of this amplicon has previously been observed
in microarray studies and shown to correlate well with the bound-
aries of the physical amplicon as discerned by microarray com-
parative genomic hybridization (array-CGH) (11, 15). In tumors
exhibiting this AEF, we found a strong enrichment for HER2 posi-
tivity by immunohistochemistry (P < 1.0 x 10-26, %2 test; Figure 1A),
consistent with the hypothesis that this AEF corresponds with the
physical 17q12 amplicon in our tumor series. Two genes in this
region were found to be significantly associated with metastatic
recurrence in patients by both unselected and selected gene-sur-
vival analysis, TCAP and ERBB2, with ERBB2 also displaying a
high expression ranking (Figure 1A and Table 2). Thus, TRIAGE
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identified ERBB2 as a “top candidate” oncogene at the 17q12 locus,
independent of its known roles in metastatic breast cancer.

Next, we focused on a second AEF with a high-scoring PEP
observed in 17% of the tumors. This PEP mapped to the p-arm of
chromosome 8 and delineated a 1.5-Mb region encompassing 22
genes that overlap precisely with the previously described 8p11-12
amplicon known to occur in 10%-25% of breast cancer cases (16-19),
the oncogenic drivers of which have not been well characterized.
Initially, 3 genes emerged with significant positive associations
with metastatic recurrence: RCP, EIF4EBPI1, and WHSCILI (Figure
1B). Two of these, RCP and WHSC1L1I, remained associated follow-
ing selected survival analysis, with RCP having the most significant
association with DMFS and highest expression rank (Table 2). RCP
expression was also observed to be significantly positively correlat-
ed with DMFS (P = 0.03) in a second breast tumor cohort (Supple-
mental Figure 3). Thus, RCP was discerned as a plausible oncogene
candidate, prompting the investigation of its functional contribu-
tions to breast carcinogenesis and tumor progression.

RCP copy number, message, and protein dynamics in cell lines and
tumors. RCP was initially identified as an RAB11/RAB4/RAB25-
interacting protein, also called RAB11FIP1, with putative physio-
logical roles in endosomal trafficking and receptor sorting (20-22).
Though dysregulation of RAB11 (the primary binding partner of
RCP) and RAB2S has been implied as a generalized component of
several human cancers (23-27), a role for Rab-interacting proteins
in cancer has not been described. We therefore examined transcripe,
protein, and copy number levels of RCP in breast cancer cell lines
and primary human tumors. First, by LSVD analysis of microarray
expression profiles, 3 cell lines (16%) showed large eigenweights
consistent with 8p11-12 amplification, CAMA-1, ZR-75-1, and
BT-483 (Supplemental Figure 4A). These 3 lines also showed the
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Figure 1

Graphical view of TRIAGE analysis
of 17912 and 8p11-12 amplicons.
Expression heat maps of the AEFs at
(A) 17912 and (B) 8p11-12 are shown.
Tumors are arranged in columns, and
genes identified by LSVD are orga-
nized in rows (in chromosomal order).
Red color indicates above-mean gene
expression; green denotes below-mean
expression. Tumors are ranked by
the absolute value of the eigenweight
(shown below heat map). Genes with
significant survival associations at
TRIAGE step 3 are shown to the right.
Genes in red indicate top oncogene
candidates by TRIAGE (see Table 2).
Black vertical bars above the heat map
in A denote ERBB2 (HER2/neu) positiv-
ity by immunohistochemistry.
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highest RCP expression levels as measured by microarray. By West-
ern blot, we observed RCP protein expression in almost all of 14
cell lines screened, with lowest levels in MCF10A noncancerous
breast epithelial cells and 3 cancerous cell lines and highest levels
in CAMA-1,ZR-75-1,and BT-483 (Supplemental Figure 4B). Final-
ly, genomic analysis by both array-CGH and FISH showed con-
current evidence for amplification of the RCP locus in CAMA-1,
ZR-75-1, and BT-483 (Supplemental Figure 4, C and D). Thus,
while we observed that amplification of 8p11-12 corresponded
with high-level overexpression of RCP at both mRNA and protein
levels, protein expression of RCP in breast cancer does not appear
to be restricted to amplification events, as RCP levels equivalent
to those of B-actin and GAPDH were observed in a number of cell
lines lacking evidence of genomic amplification.

We next examined RCP protein levels by immunohistochemistry
in a panel of breast tumors. As shown in Figure 2A, RCP showed
variable expression in invasive ductal carcinomas, ranging from
low to highly detectable levels. However, in normal breast epithe-
lium, ductal carcinoma in situ (premalignant), and the weakly
aggressive mucinous and medullary histologic types, we consis-
tently observed low to absent RCP staining. Of 60 breast tumor
cores, 70% showed detectable RCP staining. To assess whether
certain molecular subtypes of breast cancer might show preferen-
tial expression of RCP, we compared RCP expression levels across
basal-like, luminal A, luminal B, HER2*-like, and normal-like
subtypes as previously identified by centroid-based correlations
in a cohort of 253 tumors (28). We found that RCP expression
was highest in luminal B tumors, lowest in the basal-like subtype,
and expressed at intermediate levels in the luminal A, HER2+-
like, and normal-like subtypes (data not shown). The differential
expression of RCP between basal-like (estrogen receptor-negative
Number 8 2173
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Table 2
TRIAGE results of 17q12 and 8p11-12 candidate genes

Gene Unselected Selected Expression
symbol survival® survival® rank
17q12

CRKRS 0.006 NS 29
TCAP® 0.004 0.038 19
PERLD1 0.039 NS 12
ERBB2 0.010 0.037 3
C170rf37 0.006 NS 2
ORMDL3 0.011 NS 14
8p11-12

RCP® 0.0002 0.004 4
EIF4EBP1 0.006 NS 13
WHSC1L18 0.035 0.049 46

ALikelihood ratio test P value. BTop candidate oncogenes. Unselected
survival, selected survival, and expression rank reflect TRIAGE steps 3,
4, and 5, respectively, as described in Supplemental Figure 1.

[ER-negative|) and luminal (ER-positive) tumors (P < 0.001, basal
vs. luminal A; P <0.00001, basal vs. luminal B) suggests that RCP
function may be related in part to some aspect of estrogen signal-
ing. Furthermore, that RCP expression was higher in luminal B
(poor outcome) tumors than luminal A (good outcome) tumors
(P=0.007) may indicate a specific role for RCP in the more aggres-
sive ER-positive luminal B subtype.

We next examined RCP mRNA levels in another published
series of breast tissues for which microarray data was publicly
available (29). In this “cancer progression cohort” comprising 6
normal breast specimens, 3 ductal carcinoma in situ (DCIS), 42
primary invasive tumors, and 7 nodal metastases, we observed a
highly significant positive correlation with breast cancer progres-
sion (Figure 2B). RCP was expressed at lowest levels in normal
and DCIS samples, at significantly higher levels in invasive can-
cer (P =0.043 and P = 0.035 for normal vs. invasive and DCIS vs.
invasive, respectively; P values adjusted for family-wise error rate
[FWER]), and at yet significantly higher levels in the metastatic
samples (P = 0.029 for invasive vs. metastatic; FWER-adjusted
P value). Notably, similar correlations with disease progression
were not observed for the other RAB11FIP family members: -2, -3,
-4, and -5. Taken together, these data corroborate the hypothesis
that RCP, through mRNA and protein overexpression, may play a
functional role in the oncogenic process.

RCP overexpression transforms MCFI10A cells. To study the bio-
logical effects of RCP expression in noncancerous cells, we used
a lentivirus expression system to generate MCF10A cell lines
(immortalized mammary epithelial cells) stably overexpressing
full-length RCP (MCF10A-RCP) (Genbank accession number
NM_025151) or the control vector. While control cells exhibited
a flattened morphology and monolayer growth characteristic
of normal epithelium, RCP overexpression resulted in dramatic
morphological changes, including long pseudopodial projec-
tions and a scattered growth pattern occasionally interspersed
with foci-like formations reminiscent of transformed fibro-
blasts (Figure 3A). At confluence, MCF10A-RCP cells exhibited
loss of contact inhibition and continuous multilayer growth.
Furthermore, immunofluorescent staining revealed that RCP
overexpression was associated with loss of E-cadherin at cell-cell
2174
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junctions, disorganization of F-actin, and gain of fibronectin
expression (Figure 3B), suggestive of an RCP-dependent epithe-
lial-to-mesenchymal transition.

To further evaluate the effects of RCP, we exploited the strin-
gent requirement of MCF10A cells for serum and supplemental
growth factors to support their proliferation. The stable lines were
maintained both in the presence and absence of growth factors.
MCF10A-RCP cells were significantly more viable and prolifera-
tive in both culture conditions than control cells (Figure 3C and
Figure 4A). Intriguingly, in the most stringent medium of 1% FBS
without supplemental growth factors (EGF and insulin), the con-
trol cells died within 6 days, while MCF10A-RCP cells bypassed cell
death and continued to grow (Figure 3C), indicating that RCP can
confer growth factor-independent cell growth. Cell-cycle analysis
by propidium iodide staining revealed that after 48 hours of serum
and growth factor starvation, 93% of control cells were in G; phase
with only 3% of cells at GoM. In contrast, 80% of MCF10A-RCP
cells were in Gy, with 13% in G,M, indicating that RCP overexpres-
sion can augment cell-cycle progression (Figure 3D).

Next, we examined the capacity of RCP to drive anchorage-inde-
pendent growth in soft agar colony formation assays. As expected,
the control cells failed to produce colonies in soft agar. In marked
contrast, however, MCF10A-RCP cells formed numerous colonies
after 4 weeks, demonstrating that RCP is able to induce a trans-
formed phenotype (Figure 3E and Figure 4B). Additionally, we
observed that RCP overexpression enhanced the migratory poten-
tial of MCF10A cells as demonstrated by wound-healing assays
(Figure 3F) and transwell assays (Figure 4D).

RCP enbances tumorigenicity in multiple breast cancer cell lines. To study
the impact of RCP on tumor cell growth, we modulated its expres-
sion in 2 breast cancer cell lines possessing intermediate levels of
endogenous RCP. Overexpression of RCP in MCF7 (ER-positive,
p53-wild type) cells moderately increased cell proliferation rate,
colony-forming activity in soft agar, and invasion through matrigel
(Figure 4, A-C). In MDA-MB-231 (MB231; ER negative, pS3 nega-
tive) cells, RCP overexpression increased colony-forming activity but
not the cell proliferation rate, invasion, or migration ability (Figure 4,
A-D). Next, we attenuated the endogenous expression of RCP using
targeted RNAi constructs. RCP was “knocked down” either by tran-
sient transfection with an siRNA construct or by stable transduction
of alentivirus vector expressing an shRNA targeting RCP. RNAi con-
structs with scrambled sequence were used as controls. Two inde-
pendent and nonoverlapping siRNAs directed against RCP led to a
40%-80% reduction in protein levels as well as a significant decrease
in cell proliferation in MCF7 cells (Figure 4A). Knockdown of RCP in
MCEF?7 cells also significantly reduced colony formation in soft agar
(Figure 4B). In MB231 cells, RCP reduction inhibited colony forma-
tion but not cell proliferation rate (Figure 4, A and B). In both cell
lines, RCP knockdown markedly attenuated invasion and migration
(Figure 4, C and D). Together, these results indicate that expression
of endogenous RCP in tumor cells can be important for maintaining
proliferative, migratory, and/or invasive capacity.

RCP knockdown inhibits tumor formation and metastasis in vivo. We
next sought to determine the relevance of RCP expression in tumor
formation and progression in vivo using mouse xenograft models.
Initially, we constructed models from MCF7, MB231, and MCF10A
cells implanted s.c. and bilaterally into hind flanks. While MCF7
cells form moderately malignant tumors in nude mice in the pres-
ence of supplemental estrogen, MB231 cells form highly malignant
and metastatic tumors in the absence of supplemental hormone.
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RCP expression correlates with breast cancer progression. (A) Immunohistochemical staining of RCP in a panel of breast cancer tissues is
shown. Scale bars: 50 um. IDC, invasive ductal carcinoma. (B) Box plots are shown depicting RCP mRNA levels within each breast tissue/cancer
type: (a) normal: noncancerous breast tissue from trauma victims (with no malignancy) or mastectomies (adjacent to tumor); (b) DCIS: noninva-
sive DCIS; (c) invasive: invasive carcinoma of ductal, lobular, medullary, and mixed histologies; and (d) metastatic: tumor metastases dissected
from axillary lymph nodes. Boxes: upper and lower boundaries mark the 25th and 75th percentiles, respectively; internal line marks the median.
Whiskers (error bars) mark the 10th (lower) and 90th (upper) percentiles, while all values outside of whiskers are shown as circles.

MCF10A is a noncancerous breast epithelial line that lacks innate
tumor-forming ability. At 5 weeks after implantation, we observed
that MCF7 and MB231 control and RCP-overexpressing cells all
formed overt tumors in nude mice, with the latter showing no
growth, invasion, or metastatic advantage over the controls (data
not shown). Furthermore, neither MCF10A-RCP nor the MCF10A
control cells formed tumors (by 7 weeks), suggesting that RCP alone
is incapable of initiating tumorigenesis in noncancerous cells.

To investigate the tumorigenic effects of RCP attenuation, we
examined the tumor-forming abilities of MCF7 and MB231 cells
stably expressing shRNA against RCP (RNAi RCP) or a control
sequence (RNAi Ctrl). While all estrogen-supplemented mice
implanted with MCF7-RNAIi Ctrl or MCF7-RNAi RCP developed
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overt tumors by 5 weeks, the RNAi RCP cells developed signifi-
cantly smaller-sized tumors (P = 0.00007; Student’s ¢ test) (Fig-
ure 5A). Similarly, all mice implanted with MB231-RNAi Ctrl
cells developed large tumors; however, only 2 of 8 mice injected
with MB231-RNAi RCP cells developed tumors by 7 weeks (i.e.,
2 tumors in one mouse and 1 tumor in another) (Supplemental
Figure 5A). Notably, these tumors were much smaller than those
of the control mice, the average weight being only 1% of the weight
of the controls. The knockdown of RCP in tumors was verified by
immunohistochemistry (Supplemental Figure 5B).

To further study the tumorigenic properties of RCP in a more
orthotopic model, we implanted MB231-RNAi RCP cells or control
cells into the fourth inguinal mammary fat pads of each of 9 NOD-
Volume 119 Number 8
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RCP induces oncogenic phenotypes in MCF10A cells. MCF10A control (Ctrl) and RCP overexpressing (RCP) cell lines were assessed for the
following biological parameters. (A) Cellular growth pattern and morphology. Scale bars: 100 um. (B) Localization of E-cadherin at cell-cell junc-
tions (top panels), organization of F-actin (middle panels), and expression of fibronectin under serum starvation conditions (bottom panels) by
immunofluorescence. Scale bars: 50 um. (C) Growth factor—independent proliferation assessed by WST (tetrazolium salt reduction) assay. Data
shown represent mean + SD. (D) Cell-cycle progression under serum starvation assessed by flow cytometry. (E) Anchorage-independent colony
formation in soft agar (example). Original magnification, x5. (F) Cell migration by wound healing (scratch) assay. Scale bars: 100 um.

SCID mice. Control mice displayed visible tumors at 3 to 4 weeks
after implantation and became moribund by 11 weeks due to pri-
mary tumor burden, at which point the experiment was terminated.
In contrast, the RCP-attenuated tumors were visible only by 6 weeks
and were significantly smaller than those in controls by 11 weeks
(Figure SB), recapitulating to a similar degree the reduced-growth
phenotype observed in the nude mouse s.c. experiments. Upon in
situ examination of the tumors, we observed that both controls and
RNAi RCP tumors displayed some degree of stromal and vascular
invasion of the mammary pad (Supplemental Figure 5C). However,
in the control animals, immunohistochemical staining revealed
massive clusters of metastatic epithelial cells in the lungs positive

2176 The Journal of Clinical Investigation

htep://www.jci.org

for cytokeratins and hyperchromatic nuclei (Figure 5C). On average,
we observed 5 micrometastases per 5-mm section (ranging from 2
to 11 per section for each of 9 animals; Figure 5B). In stark contrast,
none of the RNAi RCP mice developed an observable metastasis
within the 11-week period. To determine whether this observation
was related to the smaller size of the RNAi RCP tumors, we assessed
the metastatic potential of control tumors grown to the same aver-
age size as the RNAi RCP tumors. In all of 5 animals tested, the size-
normalized control tumors (grown for 3 weeks) gave rise to multiple
lung metastases, with an average of 2.4 micrometastases per section
(Figure 5B), indicating that the reduced metastatic potential associ-
ated with RCP knockdown is independent of tumor size. However,
Volume 119
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Figure 4

Oncogenic phenotypes of RCP in breast cancer cell lines. (A) Effects of RCP overexpression and RNAi-mediated knockdown of RCP on cell
proliferation by WST assay. Left panel shows results at 6 days after transfection. Middle panel shows proliferation time course of RCP overex-
pression in MCF10A cells. Right panel shows proliferation time course of RCP inhibition in MCF7 cells using 2 different RNAi RCP constructs
and (scramble sequence) controls. (B) Effects of RCP overexpression and inhibition on anchorage-independent colony formation in soft agar.
(C and D) Effects of RCP overexpression and inhibition on (C) cell invasion through matrigel and (D) cell migration. All error bars computed from
mean + SD. *P < 0.05; **P < 0.01; ***P < 0.001, Student’s t test (2-tailed).

when RNAi RCP tumors were allowed to grow for an extended time
period (3.5 months), small lung micrometastases became observ-
able, with an average of 0.4 micrometastases per section (Figure 5B).
Whereas multiple large lung metastases were visible by fluorescent
imaging in the control mice (via lentiviral GFP signal), none were
observed in the RNAi RCP mice (Figure 5C). Thus, the targeted
knockdown of endogenous RCP expression not only significantly
reduced tumor growth rate (of both estrogen-dependent and -inde-
pendent human breast tumors) but also markedly attenuated the
metastatic spread of breast cancer cells.

RCP stimulates ERK phosphorylation and H-RAS activation. To gain
insight into the mechanisms through which RCP exerts its onco-
genic effects, we determined whether RCP expression (or knock-
down) could activate (or inactivate) signaling through either
ERK or AKT, 2 major pathways known to regulate malignant
cell growth. RCP-overexpressing MCF10A cells showed enhanced
phosphorylation of ERK compared with controls (Figure 6A) but
did not appear to enhance AKT phosphorylation (Supplemental
Figure 6). Similarly, overexpression of RCP in both MCF7 and
MB231 cells enhanced ERK phosphorylation, while knockdown
of RCP inhibited ERK phosphorylation (Figure 6A) but not AKT
phosphorylation (Supplemental Figure 6).

To determine whether RCP-induced ERK activation was asso-
ciated with the proliferative advantage of MCF10A-RCP cells, we
treated MCF10A cells with U0126, a potent MEK/ERK inhibi-
tor. While control cells displayed low phosphorylation of ERK
across a range of U0126 concentrations, ERK phosphorylation
status in MCF10A-RCP cells was concentration dependent (Fig-
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ure 6B). At 30 uM of U0126, RCP-induced phosphorylation of
ERK was reduced to baseline (same level as control), while RCP
levels remained unaltered. Importantly, the MCF10A-RCP cells
attenuated for ERK phosphorylation by 30 uM U0126 showed
a reduction of proliferation down to control levels despite high
RCP expression (Figure 6B), suggesting that the RCP proliferation
phenotype is dependent on activation of the MAPK pathway via
phosphorylation of ERK. However, we note that this does not rule
out the possibility that the RCP phenotype is also dependent on
other pathways that drive proliferation.

As RCP is known to physiologically interact with and regulate
RAB11, a RAS-related GTP-binding protein, we investigated the
possibility that RCP may mediate ERK phosphorylation through
an interaction with the structurally and functionally conserved
RAS GTPases. RAS proteins exist in an active, GTP-bound state
and an inactive, GDP-bound form. The RAS-binding domain of
RAF1 preferentially binds the activated form of RAS and thus pro-
vides a basis for measuring RAS activity. In the 3 cell lines studied
(MCF10A, MCF7, and MB231 - all expressing wild-type H-RAS),
overexpression of RCP resulted in a marked increase in activated,
GTP-bound H-RAS (Figure 6A). Conversely, RNAi knockdown of
endogenous RCP reduced H-RAS activation to nearly undetectable
levels in MB231 and MCF?7 cells (Figure 6A). Intriguingly, neither
overexpression nor knockdown of RCP altered N-RAS or K-RAS
activation levels in these cell lines (Supplemental Figure 7). Fur-
thermore, coimmunoprecipitation experiments revealed evidence
for a specific molecular interaction between H-RAS and RCP. In
MCF7 cells overexpressing flag-tagged RCP, both exogenous and
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endogenous H-RAS could be precipitated together with RCP by
anti-FLAG antibody (Supplemental Figure 8A). Additionally, both
overexpressed and endogenous H-RAS immunoprecipitated by
anti-H-RAS antibody could precipitate endogenous RCP (Supple-
mental Figure 8B). Together, these data indicate that RCP modu-
lates not only ERK phosphorylation but also H-RAS activation
and that the latter may occur via a specific interaction between
RCP and H-RAS.

Discussion

Genome-wide microarray analysis of primary tumors has enabled
the discovery of novel, clinically relevant tumor subtypes defined
by unique patterns of gene expression (1, 2, 6, 30). More recently,
however, the inverse of this concept has been explored through
bottom-up analytical strategies that seek to identify gene subtypes
with functional roles in tumorigenesis. These strategies probe the
conditional relationships between gene expression and clinical and
genomic features of cancer. Adler and colleagues used a genetic link-
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14 weeks

age approach (stepwise linkage analysis of microarray signatures)
to uncover transcriptional mechanisms driving the expression of a
prognostic “wound signature” in breast cancer (9). Their work led
to the discovery that MYC (at 8q24) and CSN5 (at 8q13) function-
ally interact to regulate transcription of the wound-response genes.
In the present work, we have built on this concept of data integra-
tion and functional discovery and identified RCP, located on the
8p11-12 recurrent breast cancer amplicon, as a novel breast-cancer
promoting gene with Ras-activating potential.

Amplification of the 8p11-12 locus has been observed in approx-
imately 10%-25% of breast tumor cases (17, 19, 31, 32) and 15% of
breast cancer cell lines (17, 18) and has been associated with poor
patient survival and short interval to distant metastasis (11, 18, 19,
33). Recently, this amplicon has been the focus of several function-
al genomics investigations involving primary breast tumors and
cell lines (16-18). Using a high-resolution BAC microarray specific
for chromosome 8p, Gelsi-Boyer and colleagues (18) determined
that the 8p11-12 amplicon actually comprises 4 well-demarcated
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RCP-mediated ERK phosphorylation and H-RAS activation. (A) Western blots of H-RAS activation (GTP-bound H-RAS), total H-RAS, ERK
phosphorylation status (P-Erk), total ERK, and RCP protein levels in MB231, MCF7, and MCF10A cells are shown in the context of RCP overex-
pression (RCP OE), RCP knockdown (RCP KD), and controls (CON). (B) Inhibition of RCP-mediated ERK phosphorylation in MCF10A cells by
the MAPK inhibitor U0126 (upper panel) and U0126-mediated inhibition of the RCP proliferation phenotype (lower panel; mean + SD).

subamplicons, termed A1, A2, A3, and A4, that share minimal over-
lap. The authors of this and other studies have proposed a number
of candidate oncogenes in this region based on strong correlations
between gene amplification and mRNA overexpression (16-18).
Cumulatively, these studies have identified ZNF703 (FLJ14299),
ERLIN2 (SPFH2), PROSC, BRF2, RCP, and LSM1 homolog, U6
small nuclear RNA associated (Saccharomyces cerevisiae) (LSM1I)
as having the strongest correlations between amplification and
overexpression, with all but LSM1 localizing to a 1-Mb “minimal
amplicon” (17) and overlapping precisely with the Al subamplicon
(18). Notably, the genes identified by LSVD in our study specifi-
cally comprise the Al and A2 subamplicons and thus include the
“top candidate” oncogenes described by these earlier studies.

Of the other candidate oncogenes at this locus previously shown
to possess some transforming properties in breast epithelial cells (34,
35),LSM1, BAG4,and C8orf4 (1C1) all reside primarily on the A2 and
A3 subamplicons (18). RCP, in contrast, is located closer to the core
of the A1 amplicon on the 1-Mb minimal amplicon (17) and is the
first in this region to be functionally characterized as an oncogene.

RCP was originally identified as a binding partner of RAB2S,
RAB11, and RAB4, members of the Rab family of proteins (20,

The Journal of Clinical Investigation

http://www.jci.org

21). The Rab proteins belong to the larger family of Ras-related
small G proteins (including the Rho-related proteins) that regu-
late a wide range of basic cell functions including cytoskeletal
organization and cell morphology, cytokinesis, vesicle transport
and secretion, cell-cycle progression, and cell differentiation (36).
Several of these proteins and their regulators and effectors have
emerged as potential mediators of carcinogenesis and cancer
progression (23-26, 37, 38). Among them, RAB2S, which is fre-
quently amplified in breast and ovarian cancers, has been shown
to enhance proliferation and apoptotic resistance in vitro and
tumor formation in vivo (26). The RAB proteins play a central
role in membrane trafficking and organelle compartmentaliza-
tion, and RAB11, RCP’s primary binding partner, is specifically
involved in membrane protein recycling (39). RAB11 has been
implicated in cell migration, and disruption of RAB11 pathways
compromises migration in different cell types (25, 38, 40). Fur-
thermore, the competitive inhibition of RAB11 function has
been shown to specifically decrease hypoxia-induced invasive-
ness of breast cancer cells (25) and to alter trafficking of mem-
brane receptors involved in invasion such as a4 integrin, EGFR,
CXCR2, and PKC-a. (38).
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In the present work, we observed correlations between RCP
expression, amplification, and tumor aggressiveness in both cell
lines and primary tumors. First, examination of RCP mRNA levels
in breast tumor expression profiles revealed a strong correlation
between RCP overexpression and in silico predictions of chromo-
somal amplification. Similarly, both RNA and protein levels of
RCP were found elevated in breast cancer cell lines with verified
8p11-12 amplification, consistent with previous observations
(17-19), and more recently, those from Neve and colleagues (41),
who found a highly significant correlation between RCP expres-
sion and amplification of its loci (P = 0.004 in cell lines; P <0.0001
in primary tumors). By immunohistochemistry, we observed that
RCP protein was variably expressed in primary invasive breast can-
cers (from low- to high-intensity staining) but underexpressed in
noncancerous (normal), noninvasive (DCIS), and less aggressive
histologic types (mucinous and medullary carcinomas). Consis-
tent with this observation, we also observed statistically significant
gains in RCP mRNA expression in transition from normal/DCIS
to invasive cancer as well as from invasive cancer to metastatic
breast cancer. Taken together with our initial observation that
RCP expression is significantly correlated with distant metastasis
in patients, these findings suggest a role for RCP in tumor forma-
tion and metastatic progression.

Through functional analysis of RCP, we discovered a broad range
of cancer-promoting effects linked to RCP expression. In noncan-
cerous mammary epithelial cells, RCP overexpression conferred
both growth factor- and anchorage-independent growth as well
as increased cell motility and migration, suggestive of a contribut-
ing role for RCP in the transformation process. In breast cancer cell
lines, attenuation of endogenous RCP by RNA inhibition not only
reduced anchorage-independent growth and invasion but signifi-
cantly diminished tumor formation and metastasis in mice. While
overexpression of RCP was capable of enhancing anchorage-inde-
pendent growth, proliferation, migration, and invasion in vitro, we
did not find evidence that RCP alone could induce tumorigenesis in
noncancerous cells or promote metastasis of nonmetastatic (MCF7)
cells in vivo. Whether RCP alone or in the context of certain other
oncogenic signals can drive transformation and/or metastasis war-
rants further investigation. However, that the growth and metastatic
properties of the tumor xenografts were dependent on the endog-
enous expression of RCP suggests an “oncogene addiction-like”
scenario, whereby RCP may play a vital role in the maintenance and
potentiation of the malignant and metastatic phenotype.

While the physiological role of RCP is not well understood, evi-
dence from yeast 2-hybrid screens indicates that RCP interacts with
RAB2S and RAB11 (20, 21). RCP is thought to interact primarily
with RAB11 to regulate protein sorting in tubular endosomes (22).
The RAB11-RCP complex has been shown to channel transfer-
rin receptor away from lysosomes (the degradation pathway) to
recycling endosomes (the recycling pathway), thereby promoting
a relative increase in the steady-state levels of membrane-bound
receptors (22). Interestingly, the tumorigenic properties of RAB2S
have been linked to a role in recycling endosomes, whereby RAB25
has been observed to mediate the targeted localization of recycling
endosomes positive for aisf; integrin to the plasma surface of pseu-
dopodial tips in a manner that promotes tumor cell invasion (42).
Therefore, it is plausible that the oncogenic effects of RCP may be
mediated in part by interactions with RAB11 and/or RAB2S that
favor protein recycling over degradation, thus enhancing the life
span and functionality (or targeted localization) of key membrane
2180
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proteins such as integrins and growth factor receptors that trans-
mit oncogenic signals. Indeed, during the writing of this manu-
script, Caswell and colleagues reported the first detailed mecha-
nism by which RCP could enhance tumor cell migration (43). The
authors showed that in the context of inhibition of o33 integrin,
RCP could form a physical complex with asp; integrin and EGFR1
and that this complex not only enhanced recycling of EGFR1 but
also enhanced EGFR1 autophosphorylation and downstream sig-
naling. The robust correlation we observed among RCP expression,
ERK phosphorylation, and H-RAS activation may also reflect this
activity, as it may recapitulate this link between RCP receptor-recy-
cling function and growth factor receptor-mediated MAPK activa-
tion. Indeed, endocytosis and endosomal transport of membrane
proteins through the cytosol are a requirement for efficient MAPK
activation by activated growth factor receptors (44, 45).

On the other hand, coimmunoprecipitation experiments provided
evidence of a more direct interaction between RCP and H-RAS that
may represent a second, more direct avenue by which RCP exerts
its oncogenic influence. RCP in complex with RAB11 localizes to
early and recycling endosomes. The primary components of the
MAPK pathway, including RAS, RAF1, activated MEK, and MAPK,
have all been observed in the endocytic compartment upon stimula-
tion by insulin in HIRcB (rat fibroblast) cells (46, 47) and stimula-
tion by EGF in rat liver (48). In a study by Hancock and colleagues,
H-RAS was observed to specifically occupy nascent and recycling
endosomes and this occupancy was required for H-RAS but not
K-RAS signaling through the RAS/RAF/MAPK cascade (49). Thus,
it is plausible that through endosomal colocalization and physical
interaction, RCP may drive wild-type H-RAS activation.

Intriguingly, RAS mutations are rarely found in primary breast
cancers and their cell lines, whereas they are amply present in other
epithelial cancers such as those arising from the colon, thyroid,
and lung. In these tissues, activating mutations in RAS proteins,
BRAF, and other components upstream of MAPK signaling sel-
dom occur simultaneously in the same tumor. This principle of
mutual exclusivity, whereby alterations that activate a common
oncogenic pathway need not cooccur, suggests that the absence of
RAS mutations in breast cancer (and low incident of other RAF/
MEK/ERK-activating mutations) may be explained in part by the
biochemical activation of RAS through RCP overexpression. In
this context, RCP could hold utility as both a biomarker and a
target for RAS/MAPK-directed therapeutics.

In conclusion, through integrated genomic analysis, we identi-
fied RCP as a candidate oncogene at the 8p11-12 amplicon, with
expression levels significantly correlated with aggressive breast
cancer behavior. Our functional investigations revealed that RCP
plays multiple pathophenotypic roles in breast tumorigenesis that
coincide with ERK phosphorylation and RAS activation. That this
amplicon has also been observed with frequency in other solid
tumors, including non-small cell lung carcinomas (50), colorec-
tal cancer (51), and tumors of the urinary bladder (52) and fal-
lopian tube (53), suggests that RCP may represent a ubiquitous
path to cancer progression. The broader involvement of RCP in the
pathogenesis of human cancers and the mechanisms underlying
its oncogenic effects will be the focus of future investigations.

Methods
Microarray data sets for gene discovery. Raw microarray data (from Affyme-
trix U133A and U133B GeneChips) were retrieved from Gene Expression
Omnibus: the Uppsala cohort (Gene Expression Omnibus accession num-
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ber GSE3494) (54), the Stockholm cohort (Gene Expression Omnibus
accession number GSE1456) (55), the Oxford cohort (Gene Expression
Omnibus accession number GSE6532) (56), and the Singapore cohort
(Gene Expression Omnibus accession number GSE4922) (5). Raw data
were normalized using the MASS.0 global mean method (54), with probe
set signal intensities scaled to a target signal of 500 and natural log trans-
formed. Of note, sample subsets of 49 and 60 samples within the Oxford
and Singapore cohorts, respectively, are currently not included in the GEO
database, pending institutional permissions. To minimize cohort-depen-
dent batch effects, arrays within each cohort were mean centered prior to
merging into a single data set. Clinical characteristics of all patients and
tumor samples are summarized in Table 1.

LSVD. Microarray probe sets were mapped to genomic coordinates using
the UCSD Genome Browser. AEFs were inferred by the localized coordinat-
ed overexpression of genes in a corresponding subset of tumors. First, a gene
was defined as overexpressed in a sample if its expression in that sample
was more than 2.5 times the adjusted median absolute deviation (aMAD)
from its median expression across all samples. Second, localized coordi-
nated overexpression was quantified by the principal eigenvalue obtained
by singular value decomposition (SVD) applied on a sliding window of 50
probes. Probes corresponding to the same gene (according to UniGene ID
build no. 177) were averaged to represent a single gene measurement. AEFs
were identified as contiguous chromosomal regions having local principal
eigenvalues above a baseline threshold. AEFs were scored and ranked by the
peak principal eigenvalue. Highest scoring AEFs were subjected to a second
round of LSVD using a window size of 10 probes to better resolve peak
structure (i.e., to distinguish one from multiple subpeaks). Finally, the high-
est scoring subpeaks were subjected to SVD to derive eigenweights for the
individual genes and tumors. Eigenweights reflect the relative contribution
of genes and tumors to the magnitude of a PEP. For a given peak, genes with
nonzero eigenweights were considered components of the AEF. Tumors
with an eigenweight greater than the median plus 2 SDs were labeled as
amplicon-containing tumors (TRIAGE, step 4). Further details of the LSVD
procedure are provided in Supplemental Methods.

TRIAGE gene-survival analysis. For each gene, tumors were dichotomized
into low expression (below mean) or high expression (above mean) groups,
and the Cox proportional hazards regression model was fit to the corre-
sponding patient data to compute a hazard ratio based on DMFS. The null
hypothesis was that the 2 groups would have the same risk of recurrence,
and the likelihood ratio test P value was computed as evidence against
this hypothesis. In the case of multiple probe sets mapping to the same
gene, the results of the probe set with the most significant association was
reported. DMFS was defined as the time interval from surgery until the
first distant recurrence event or last date of follow-up. All patients with
bilateral and contralateral cancers and those with recurrence or disease-
specific death more than 10 years after diagnosis were systematically cen-
sored for events. The Uppsala cohort was used to generate the survival data
in TRIAGE as it was the largest population-based cohort with the longest
and most complete patient follow-up.

Microarray data sets for RAB11FIP/RCP characterization. The correlation of
RCP to DMFS was validated using a series of 99 breast tumors from tamox-
ifen-treated patients with mean follow-up of 5.8 years (56). The MAS5.0
processed and normalized data matrix was downloaded from NCBI’s
Gene Expression Omnibus database (Gene Expression Omnibus number
GSE6532) and used in our analysis without further modifications. LSVD
analysis was performed on expression profiles of 19 breast cancer cell lines
(57) using the MASS5.0 processed and normalized data matrix provided
in the Gene Expression Omnibus entry GSE3156 without further modi-
fication. For the correlative analysis of RCP expression and breast cancer

progression, a microarray data set comprising normal breast, DCIS, inva-
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sive tumor, and nodal metastases was utilized (29). These data, based on a
custom Affymetrix array (PDL-Hu03; Gene Expression Omnibus number
GSE1477), were only provided as an unlogged, normalized data matrix of
average signal intensities, normalized by a y distribution model. To correct
for negative values, each array distribution was shifted toward the positive
by adding 1 plus the absolute value of the global minimum intensity. The
data were then log, transformed and median centered (per array). Only
female breast tissue samples were considered for analysis.

Detecting copy number changes. Cell lines were analyzed by array-CGH using
the Human Genome CGH Microarray 244A (Agilent Technologies) accord-
ing to a previously published protocol (58). FISH analysis of cell lines was
conducted as previously described (59) using the 8p11-12 BAC probe
(overlapping the RCP locus) RP11-933110.

Selection and cloning of RCP. Three splice variants of RCP were identified
in GenBank: variant 1 (GenBank accession number NM_025151), vari-
ant 2 (GenBank accession number NM_001002233), and variant 3 (Gen-
Bank accession number NM_001002814). Of these, only variants 1 and 3
could be detected consistently in tumor samples and cell lines by RT-PCR
(data not shown), and only variant 1 was observed by Western blot with
polyclonal RCP antibody (15-288-21574A; GenWay). Thus, the full-length
variant 1 of RCP was amplified from normal human blood by RT-PCR (for-
ward primer: 5'-ACCATGTCCCTAATGGTCTCGGCT-3'; reverse primer:
S’ “TGCTGATTTACATCTTTCCTCT-3'), sequence verified, and used to
investigate RCP function in this study.

Cell lines, constructs, and transient transfection. See Supplemental Meth-
ods for additional details. All cell lines were obtained from ATCC and
maintained according to ATCC recommendations. RCP-specific RNAi
constructs were designed as previously described (60) and manufactured
by Ambion (RNAi-RCP1: CGAUAAGCAAGAAGGAGUU) and QIAGEN
(RNAI-RCP2: GGAAGGACUUUCCUUUCUU). The specificity of RNAi-
RCP1 inhibitory effects (with respect to RCP family members RAB11FIP-2,
-3, -4, and -5) was confirmed by real-time PCR in MDA-MB231 and MCF7
cell lines (Supplemental Figure 9).

Generation of stable cell lines by lentiviral infection. See Supplemental Meth-
ods for additional details. For the generation of cell lines stably overex-
pressing shRNA, oligonucleotides encoding the target sequence (forward:
5" TCGATAAGCAAGAAGGAGTTTTCAAgAgAAACTCCTTCTTGCT-
TATCGTTTTTTC-3'; and reverse: S'-TCGAGAAAAAACGATA-
AGCAAGAAGGAGTTTCTCTTGAAAACTCCTTCTTGCTTATCGA-3')
were annealed and cloned into the LentiLox pLL3.7 vector. For control
shRNA, a nontargeting “scramble” sequence was cloned into pLL3.7.
(forward: 5" TGAACGGCATCAAGGTGAACttcaagagaGTTCACCTT-
GATGCCGTTCTTTTTTC-3'; and reverse: 5'-TCGAGAAAAAAGAACG-
GCATCAAGGTGAACTCTCTTGAAGTTCACCTTGATGCCGTTCA-3').
For RCP overexpression, full-length RCP was cloned into pENTR3C
(Invitrogen) and recombined into pLenti6/V5-DEST (Invitrogen) accord-
ing to the manufacturer’s protocol.

For Western blot and immunohistochemical analysis, cell proliferation
and colony formation, invasion and migration assays, immunofluorescence
microscopy, and cell-cycle analysis, see Supplemental Methods for details.

Mouse xenograft experiments. All procedures involving the care and sacrifice
of animals were approved by the National University of Singapore Institu-
tional Review Board (Singapore) and conducted in accordance with interna-
tional regulations and Singapore animal holding laws. Female BALB/c-nu/nu
(nude) mice and NOD-SCID mice 6 to 8 weeks old were housed under
pathogen-free conditions in a temperature-controlled room on a 12-hour
light/12-hour dark cycle with food and water ad libicum. For MCF-7 tumor
formation experiments, a 1.7-mg 17f-estradiol pellet (90-day release; Inno-
vative Research of America) was implanted (s.c.) in each mouse 1 week prior
to tumor cell injection to supplement the estrogen requirements of MCF7
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cells. The experimental groups were as follows: (a) BALB/c-nu/nu: MCF7-
RNAi RCP (stable RCP knockdown), MCF7-RNAi Ctrl (control), MCF7-
RCP (stable overexpression), MCF7-Ctrl (lentivector alone), MB231-RNAi
RCP, MB231-RNAi Ctrl, MB231-RCP, MB231-Ctrl, MCF10A-RCP, and
MCF10-Ctrl; and (b) NOD-SCID: MB231-RNAi RCP, and MB231-RNAi
Ctrl. For each nude mouse experimental group, 8 mice were injected s.c.
in both hind flanks with 2.0 x 10° cells suspended in Matrigel. s.c. tumors
were measured with a digital caliper weekly. Tumor volume was calculated
as ab?/2 in mm3, where a and b were the longest and the shortest perpen-
dicular diameters of the tumor, respectively. Tumor weights were measured
at termination. For each NOD-SCID experimental group, mice were anes-
thetized with 2,2,2-tribromoethanol, and 1.0 x 10° tumor cells (suspended
in 20 ml PBS) were injected into each of the 2 fourth inguinal mammary fat
pads (through an incision). The initial study consisted of 9 mice per experi-
mental group, and the size-normalized study consisted of 5 mice per group.
The mice were euthanized at 11 weeks, when tumors in the control group
reached approximately 1.0 to 1.5 cm in diameter or, for the size-normalized
experiments, at 3 weeks (control mice: when tumors reached a size equal to
approximately 0.2 grams in weight) or 14 weeks (RNAi RCP mice: to assess
metastatic potential over an extended time period). One mouse in the lat-
ter group (RNAI RCP) died of dehydration at 10 weeks, and another was
sacrificed at 3 weeks for comparison with controls. Tumor, lungs, and other
organ tissues were fixed in 10% buffered formalin for 12 hours, washed with
PBS, transferred to 70% ethanol, and embedded in paraffin. For assessing
tumor RCP levels, tumor sections were incubated with anti-RCP antibody
ata 1:500 dilution (using ABC immunohistochemistry reagents and avidin-
biotin blocking reagents; Vector Laboratories) prior to counterstaining with
hematoxylin. For micrometastasis screening, organ tissues were sectioned
at 20 mm intervals. Approximately 50 sections were taken per organ (or
10 sections for the size-normalized experiments), and each section (5-um
thick) was stained with H&E.

Ras-activation assays. Ras activity was determined in stable cell lines over-
expressing RCP or shRNA against RCP using a Ras Activation Assay kit
(Upstate Biotechnology) according to the manufacturer’s protocol.

Coimmunoprecipitation assays. See Supplemental Methods for addi-
tional details.

Statistics. Gene expression-survival correlations were computed using
Cox proportional-hazards regression and assessed for significance
by the likelihood ratio test P value as coded in the R survival package
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