L T

/

1\

=y

CrossMark
& click for updates

SDPR functions as a metastasis suppressor in breast
cancer by promoting apoptosis
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Metastatic dissemination of breast cancer cells represents a signifi-
cant clinical obstacle to curative therapy. The loss of function of
metastasis suppressor genes is a major rate-limiting step in breast
cancer progression that prevents the formation of new colonies at
distal sites. However, the discovery of new metastasis suppressor
genes in breast cancer using genomic efforts has been slow,
potentially due to their primary regulation by epigenetic mecha-
nisms. Here, we report the use of model cell lines with the same
genetic lineage for the identification of a novel metastasis suppres-
sor gene, serum deprivation response (SDPR), localized to 2q32-33, a
region reported to be associated with significant loss of heterozy-
gosity in breast cancer. In silico metaanalysis of publicly available
gene expression datasets suggests that the loss of expression of
SDPR correlates with significantly reduced distant-metastasis—free
and relapse-free survival of breast cancer patients who underwent
therapy. Furthermore, we found that stable SDPR overexpression in
highly metastatic breast cancer model cell lines inhibited prosurvival
pathways, shifted the balance of Bcl-2 family proteins in favor of
apoptosis, and decreased migration and intravasation/extravasation
potential, with a corresponding drastic suppression of metastatic
nodule formation in the lungs of NOD/SCID mice. Moreover, SDPR
expression is silenced by promoter DNA methylation, and as such it
exemplifies epigenetic regulation of metastatic breast cancer pro-
gression. These observations highlight SDPR as a potential prognos-
tic biomarker and a target for future therapeutic applications.
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he metastatic progression of breast cancer accounts for the

majority of disease-related mortality. A major rate-limiting
step in metastasis is the loss of function of the metastasis sup-
pressor genes, which block a cascade of crucial steps including
the loss of adhesion of primary tumor cells, intravasation into the
blood and lymphatics with subsequent extravasation at distant
sites, and the formation of new colonies. Despite the identifi-
cation of the first metastasis suppressor gene, nonmetastatic 23
(NM23), nearly two decades ago (1), only a handful of new
metastasis suppressors have been identified in recent years using
candidate gene approaches (2, 3). It is likely that the current
catalog of metastasis suppressor genes remains incomplete de-
spite the vast sequencing efforts due to the possibility that a
subset of genes regulated by epigenetic mechanisms may
have eluded traditional discovery procedures (4-6). To identify
these elusive metastasis suppressor genes, which are functionally
compromised in late-stage disease (7-9), we took advantage of a
well-established breast cancer progression cell line model system
sharing the same genetic linage (Fig. 14) (10). This model system
consists of five cell lines that represent the various stages of breast
cancer progression based on the MCF10A cell line: MCF10AneoT
(NeoT), MCF10AT1Kcl2 (MII), MCF10CA1lh (MIII), and
MCF10CAla (MIV). NeoT cells were generated by overexpression
of HRAS in MCF10A cells and rarely exhibit growth following in-
jection into nude mice. MII cells were generated by single xenograft
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passaging of NeoT cells. When injected subcutaneously (s.c.) into
nude mice, MII cells generally form benign tumors that progress to
carcinoma one out of four times; hence they mimic the early stage,
carcinoma in situ. MIII and MIV cells were isolated from tumors
formed by MII cells. MIII cells represent carcinoma, as in general
they metastasize at a very low frequency, which requires a prolonged
incubation period. On the other hand, MIV cells have the potential
to readily seed lung metastases and represent the final stages of a
breast cancer, metastatic carcinoma. We compared the gene ex-
pression profiles of these latter three model cell lines and leveraged
large amounts of publically available breast tumor gene expression
profiling data (11-13) by applying multiple bioinformatics filters to
identify candidate metastasis suppressor genes.

Here, we report the discovery of the phosphatidylserine-
interacting protein, serum deprivation response (SDPR) (also
known as cavin-2), as a bona fide metastasis suppressor. Thus far,
studies on SDPR function have been limited to its role as a reg-
ulator of caveolae formation (14), and its potential direct

Significance

Discovery of novel metastasis suppressor genes in breast cancer
using genomic efforts has been limited, potentially due to overlooking
their regulation by epigenetic mechanisms. We report the discovery of
SDPR as a novel metastasis suppressor gene localized to 2g32-33, a
region associated with significant loss of heterozygosity in breast
cancer, using comparative gene expression analysis of a breast cancer
progression model system in conjunction with in silico metaanalysis
of publicly available datasets. SDPR is silenced epigenetically by pro-
moter DNA methylation and its loss of expression correlates with
significantly reduced distant-metastasis—free and relapse-free survival
of breast cancer patients. Overexpression of SDPR reduces cell mi-
gration and intravasation/extravasation potential, favors cell death,
and suppresses experimental lung metastasis of breast cancer cells.

Author contributions: S.0., P.P., CK.W., AW.L., and S.T. designed research; S.0., P.P., and
C.K.W. performed research; 5.0., H.M.A,, AT., and H.T.C. contributed new reagents/analytic
tools; S.0., P.P.,, CKW., AW.L, HM.A, AT, HT.C, and S.T. analyzed data; and S.0., AW.L,, H.
T.C., and S.T. wrote the paper.

The authors declare no conflict of interest.
This article is a PNAS Direct Submission.
Freely available online through the PNAS open access option.

Data deposition: The data reported in this paper have been deposited in the Gene Ex-
pression Omnibus (GEO) database, www.ncbi.nlm.nih.gov/geo (accession no. GSE49156).

"Present address: Oncological Sciences, Icahn School of Medicine at Mount Sinai, New
York, NY 10029.

2p.p., C.K.W., and A.W.L. contributed equally to this work.

3Present address: Department of Life Sciences, School of Sciences, European University
Cyprus, 2404 Nicosia, Cyprus.

“Present address: Whitehead Institute for Biomedical Research, Cambridge, MA 02142.
®Present address: IPSEN Bioscience, Inc., Cambridge, MA 02142.
5To whom correspondence should be addressed. Email: samthia@bu.edu.

This article contains supporting information online at www.pnas.org/lookup/suppl/doi:10.
1073/pnas.1514663113/-/DCSupplemental.

www.pnas.org/cgi/doi/10.1073/pnas.1514663113


http://crossmark.crossref.org/dialog/?doi=10.1073/pnas.1514663113&domain=pdf
http://www.ncbi.nlm.nih.gov/geo
http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE49156
mailto:samthia@bu.edu
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1514663113/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1514663113/-/DCSupplemental
www.pnas.org/cgi/doi/10.1073/pnas.1514663113

A MI NeoT " Mil
(MCF10A)  [+Ras” |(MCF10AneoT) s |(MCF10AT1KcI2)

ML MIE MIV

| N
a ;i:__f " il MIV

(MCF10CA1h) (MCF10CA1a)

Mill MIV

EE - _l\reztastasis potential

C 125 candidate genes
l MYADM

MT1E
53 genes AOX1

SDPR
MYLIP
11 genes < LPL
ACAT2
PDZD2
DEFB1

S$100A4
SDPR ZNF44

Oncomine
analysis

Fig. 1. Identification of SDPR as a candidate metastasis suppressor gene.
(A) Schematic depiction of the generation of breast cancer progression cell line
model system. The model consists of five cell lines representing different stages
of breast cancer progression. MI, normal breast epithelial cells; NeoT and MlI,
carcinoma in situ; Mlll, carcinoma; and MIV, metastatic carcinoma. (B) Hierar-
chical clustering of gene expression profiles from Mil, Mlll, and MIV cells for the
genes whose expression differ at least twofold between each cell line. Two
clusters, cluster 6 and 7, are magnified because expressions of the genes in these
two clusters are significantly suppressed in metastatic MIV cells compared with
nonmetastatic Mll and MilIL. (C) The schematic summary of our strategy for the
selection of SDPR as the top candidate metastasis suppressor.

involvement in cancer has not been previously described. How-
ever, it has been reported that SDPR expression is down-regu-
lated significantly in not only breast cancer but also in cancers of
kidney and prostate (15). Moreover, SDPR protein down-regu-
lation was observed in serum from patients with malignant kid-
ney tumors, and hence it was suggested as a possible diagnostic
marker to discriminate malignant tumors from benign forma-
tions (16). Interestingly, SDPR is localized to 2q32-33, a region
with a significant level of loss of heterozygosity that is associated
with a high degree of recurrence in breast cancer (17, 18). Our
results indicate that SDPR is capable of specifically inhibiting the
metastatic growth of breast cancer cells.

Results

SDPR Is Significantly Down-Regulated During Breast Cancer Progression.
To identify potential metastasis suppressor genes, we examined the
gene expression profiles of MII, MIII, and MIV model cell lines
(Fig. 14) and focused on the genes down-regulated in metastatic
MIV cells, relative to nonmetastatic MII and MIII cells (Fig. 1B
and Dataset S1). Hierarchical clustering across these three cell
lines revealed two clusters, clusters 6 (70 genes) and 7 (55 genes) in
which the genes were specifically repressed in the metastatic MIV
cells (Fig. 1B). Although, in cluster 6, gene expression was at a
comparable level in MII and MIII and repressed in metastatic
MIV, in cluster 7, the gene expression levels were high in MII,
moderate in MIII, and low in MIV. Overall, the expression pattern
of these 125 genes was inversely correlated with the metastatic
potential of these model cell lines. Therefore, we hypothesized that
these clusters consist of metastasis suppressor genes.

Because the two clusters of interest contained a total of 125
genes, we used a filtering strategy to select the most promising

Ozturk et al.

metastasis suppressors (Fig. 1C). First, we interrogated each gene
by accessing the Oncomine database, which revealed that 53 out of
the 125 genes were down-regulated in cancers compared with
control tissues (SI Appendix, Table S1) (13). Because Oncomine
analysis incorporates independent gene expression studies that used
clinical samples from patients, it gave us the confidence that the
results we obtained from hierarchical clustering of gene expression
profiles of model cell lines is likely to be representative of the dif-
ferent stages of human breast cancer progression. Next, we con-
firmed our microarray results by quantitative RT-PCR. The ex-
pected expression pattern, the loss of expression in metastasis, was
observed for 23 out of 53 genes (SI Appendix, Fig. S1). We further
eliminated 12 of these 23 genes by setting a stringent criterion of at
least a threefold change in gene expression between each model cell
line. This resulted with 11 candidates (Fig. 1C and SI Appendix, Fig.
S2). Finally, we used in silico Kaplan-Meier analysis to generate
relapse-free survival curves based on the expression level of each
gene (SI Appendix, Fig. S3) (11). At this point, SDPR started to
emerge as a promising candidate metastasis suppressor gene, sig-
nificantly associated with low level of expression in tumors based on
Oncomine analyses (SI Appendix, Fig. S4) (13). SDPR was clearly
suppressed in the metastatic MIV cell line at both transcript and
protein levels (Fig. 2 4 and B). Importantly, Kaplan-Meier plotter
analysis also revealed that the degrees of distant-metastasis—free
survival (DMES) and relapse-free survival (RFS) were significantly
decreased in patients with lower levels of SDPR expression (Fig. 2 C
and D). Taken together, these data enabled us to hypothesize that
SDPR is likely to be a metastasis suppressor gene in breast cancer.

SDPR Suppresses Metastatic Potential of Breast Cancer Cells. To test
whether SDPR could function as a metastasis suppressor, we gen-
erated MIV cells with stable expression of SDPR (SI Appendix, Fig.
S5). Following tail vein injections of MIV cells, we observed that
SDPR overexpression caused a 52% reduction in the number of mice
exhibiting lung metastases (Fig. 3 A and B). The significant decrease
in metastatic burden on the mice injected with MIVpQ.SDPR cells
was also clearly evident in the relative photon flux measurements
(Fig. 3C). In addition, the number of macrometastatic nodules per
mouse decreased from 2.3 to 0.4 (Fig. 3D and SI Appendix, Fig. S6).
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Fig. 2. Expression analysis of SDPR in clinical samples and model cell lines.
(A) SDPR mRNA levels in metastatic MIV cells compared with nonmetastatic Mil
(P =0.00047) and MlIl (P = 0.0005) cells. (B) Endogenous SDPR protein levels in the
model cell lines were assessed by Western blot. (C) In silico Kaplan-Meier analysis
depicting the association between SDPR expression and distant-metastasis—free
survival (DMFS). The analysis was run on a cohort with 1,211 breast cancer
patients, P = 0.0086. (D) In silico Kaplan-Meier analysis depicting the associa-
tion between SDPR expression and relapse-free survival (RFS). The analysis was
run on a cohort with 2,785 breast cancer patients, P = 1.1e-10. *P < 0.05.
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Fig. 3. SDPR suppresses lung colonization of breast cancer. (A) Bioluminescent
imaging of animals 77 d after tail vein injections with 5 x 10° control, MIVpQ, or
MIVpQ.SDPR cells. (B) The percentage of animals that developed lung metas-
tases following tail vein injections is shown. (C) Quantification of metastases
burden on mice was estimated by photon flux measurement, P = 0.026. (D) The
average number of lung macrometastases observed per animal, P = 0.012. (E)
SDPR overexpression was assessed by Western blotting. *P < 0.05.

This effect was apparently specific to the metastatic potential of MIV
cells because SDPR did not significantly affect the growth of these
cells as primary tumors following s.c. injections (SI Appendix, Fig. S7).
To determine whether SDPR can exert a similar effect as a metas-
tasis suppressor in a different metastatic breast cancer cell line,
we overexpressed SDPR in MDA-MB-231LM2 (LM2) cells
(SI Appendix, Fig. S8) (19). We found that SDPR overexpression in
LM2 cells caused a 60% reduction in the number of mice exhibiting
lung metastases, with corresponding significant decreases in the rel-
ative photon flux as well as the number of macrometastatic nodules
per mouse, from 2.8 to 0.8 (SI Appendix, Fig. S9 A-D). Overall, these
observations were consistent with the function of SDPR as a me-
tastasis suppressor in breast cancer.

SDPR Expression Leads to Decreased Migration and Increased Apoptosis.
To elucidate the mechanism of SDPR action, we examined the
effects of SDPR on the critical regulators of various cellular func-
tions including proliferation, epithelial-to-mesenchymal transition
(EMT), migration, and apoptosis. SDPR expression did not alter
the overall cell proliferation rate of MIV cells (SI Appendix, Fig.
S10). The effect of SDPR overexpression on the levels of a known
metastasis suppressor, NME1, matrix metalloproteinases (MMPs),
and tissue inhibitors of metalloproteinases (TIMPs) were variable
(SI Appendix, Fig. S114). Interestingly, SDPR overexpression pro-
moted epithelial features based on the changes in EMT and tight
junction protein markers, but it did not alter expression of known
EMT transcription factors like SNAIL in a consistent manner
(SI Appendix, Fig. S11 A and B). Because these results hinted at the
potential of SDPR to block migration and intravasation/extravasa-
tion of metastatic cancer cells, we carried out various migration
assays. First, we found that SDPR expression inhibited the rate of
wound closure in a scratch wound-healing assay (SI Appendix, Fig.
S124) as well as inhibited cell migration through a membrane in the
Boyden chamber assay (SI Appendix, Fig. S12B). In addition, we
observed that the number of MIVpQ.SDPR cells that migrated
through an endothelial cell layer decreased markedly, by 38.1%,
compared with control cells when we performed transendothelial
migration assays mimicking in vitro the conditions of intravasation/
extravasation (Fig. 44). Similarly, the number of LM2 cells that
migrated through an endothelial cell layer was even more signifi-
cantly reduced (by 92.8%) (Fig. 4B). Overall, these observations
suggest that SDPR expression hinders the migration and intra-
vasation/extravasation potentials of metastatic breast cancer cells.
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We also investigated the effect of SDPR overexpression in 3D
cell culture, as a possible indicator of survival potential as well as
ability to form colonies at distant sites during metastasis (7, 20, 21).
When MIV cells were grown in 3D cell culture, SDPR expression
caused a significant decrease in the size of the colonies growing in
aggregates (Fig. 4C). Consistent with these observations in MIV
cells, SDPR overexpression also rendered LM2 cells with de-
creased ability to grow in aggregates in 3D culture (SI Appendix,
Fig. S13). We infer that these observations suggest that SDPR
overexpression mediates a decrease in the ability of MIV and LM2
cells to seed and proliferate at distal sites, blocking lung colonization.

We hypothesized that the significant decrease in metastatic po-
tential of MIVpQ.SDPR cells could be explained by a possible
decline in survivability of these cells in the lung microenvironment.
To test this hypothesis, we performed tail vein injections and
assessed cell survival after 72 h. We found that there was a sig-
nificant decrease in the number of surviving MIVpQ.SDPR cells
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Fig. 4. SDPR primes MIV cells for apoptosis and inhibits extravasation.
(A) Transendothelial cell migration potential of the control and MIVpQ.SDPR
cells toward serum-free or complete media was assessed 48 h after the
seeding by calcein staining, P = 0.0374. RFU, relative florescence unit.
(B) Effect of SDPR on the extravasation potential of LM2 cells was quantified,
P = 7.87479E-07. (C) Growth of control and MIVpQ.SDPR cells were moni-
tored over time in 3D cell culture and quantified, on the Right, by measuring
colony area, P = 0.01. (D) Effect of SDPR overexpression on survivability of
MIV cells was monitored 72 h after the tail vein injections by Caliper IVIS
Spectrum. Whole-animal imaging is presented on the Upper Left, and ex-
tracted lungs are shown on Lower Left. Quantification of cell survivability was
assessed on the Right, based on photon flux, P = 0.0014, ny,q = 5, Npqsper = 8.
(E) Annexin V and Pl staining were used to assess the basal level of apoptosis in
control and MIVpQ.SDPR cells. Quantification of three independent Annexin V
experiments is shown, P = 0.04. *P < 0.05.
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compared with control cells (Fig. 4D and SI Appendix, Fig. S14).
This observation suggested that SDPR overexpression rendered
breast cancer cells with a significantly decreased adaptability to
survive in the lung microenvironment, potentially due to promotion
of apoptosis. These observations were consistent with a significant
increase (~96%) in the basal level of apoptosis (from 1.93% to
3.8%) as assessed by Annexin/propidium iodide (PI) staining upon
overexpression of SDPR in MIV cells (Fig. 4EF).

To determine the molecular basis for the increase in apoptosis,
we examined the B-cell lymphoma-2 (BCL-2) family of proteins
that play crucial roles in the apoptotic pathway. Consistent with the
increase in apoptosis, we found that proapoptotic, PUMA and Bax
expressions were induced in MIVpQ.SDPR cells (Fig. 54). We
also tested the promoter activity of these genes using luciferase
reporters and observed that they were significantly induced in
MIVpQ.SDPR cells (Fig. 54). Interestingly, although the pro-
apoptotic Bcl-2 family proteins Bad, Bid, and Bim (22) were also
expressed at higher levels in MIVpQ.SDPR cells (Fig. 5B), there
was a decrease in the antiapoptotic Bcl-x;, protein. The ERK and
NF-xB pathways are major regulators of Bcl2 family members,
controlling the activities of Bim (23) and Bcl-x;, (24), respectively.
In MIVpQ.SDPR cells, we observed a decrease in ERK and p65
phosphorylation (Fig. 5C), suggesting that SDPR can restrain the
activity of these antiapoptotic pathways. In conjunction with these
observations, the levels of caspase 3, an effector caspase, and
its cleaved product were also increased in MIVpQ.SDPR cells,
indicating the activation of caspase-3 (Fig. 5SD). Collectively, these
observations pointed to a shift in the balance of apoptotic regula-
tors that favor cell death in the presence of SDPR.

The proapoptotic effect mediated by SDPR was not limited to
MIV cells. SDPR overexpression significantly increased the basal
level of apoptosis in LM2 cells (from ~0.6% to 14.5%) as well
(SI Appendix, Fig. S15). Furthermore, SDPR overexpression also
caused a dramatic increase in proapoptotic Bcl-2 family proteins,
accompanied by a decrease in antiapoptotic Bel-xy (ST Appendix, Fig.
S16 A and B). Moreover, perturbations of ERK and NF-xB sig-
naling, together with increased caspase-3 levels, were also observed
in LM2pQ.SDPR cells (S Appendix, Fig. S16 C and D). Addition-
ally, following loss of adhesion, there was also a corresponding
drastic increase in cleaved PARP levels, further supporting apoptotic
cell death in LM2pQ.SDPR cells (SI Appendix, Fig. S17).

To investigate whether SDPR could affect these proapoptotic
and antiapoptotic regulators by directly interacting with them, we
performed coimmunoprecipitation (Co-IP) assays in MIV and
LM2 cells. We found that Erk interacted with SDPR in both
MIV and LM2 cell lines (Fig. 5E). These data suggest that SDPR
can interact with Erk and possibly inhibit its activation, thereby
affecting downstream targets and ultimately the cell fate during
the metastatic cascade (Fig. 5F).

It is reported that SDPR can bind to phosphatidylserine (PS)
(17). To investigate whether the proapoptotic role of SDPR was
related to this interaction, we performed affinity assays between
SDPR and PS. Both MIVpQSDPR and LM2pQSDPR cells
showed increased levels of cleaved PARP protein when they
were grown as tumorspheres compared with adherent cells, in-
dicating an increase in apoptosis (SI Appendix, Fig. S18 A and B).
Therefore, we compared SDPR-PS interaction levels be-
tween adherent and tumorsphere cells by using PS beads. In
MIVpQSDPR cells, the PS-SDPR interaction was not signifi-
cantly different between adherent and tumorsphere cells (S
Appendix, Fig. S18C). However, with LM2pQSDPR cells, when
cells were undergoing apoptosis, the PS-SDPR interaction was
markedly enhanced (SI Appendix, Fig. S18D). This result may
indicate that, in LM2 cells, SDPR can shift its cellular localiza-
tion and regulate other proteins in the vicinity during apoptosis.

Next, we examined whether loss of SDPR was sufficient to induce
prosurvival signaling by performing loss-of-function experiments in
NeoT cells, the nonmetastatic precursor of the metastatic MIV cells.
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Fig. 5. SDPR function and apoptosis. (A) The effect of SDPR overexpression on
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Western blotting and luciferase reporter assays, ppuma = 0.000003, pgax = 0.03
for all n = 3. (B) Protein levels of proapoptotic Bcl2 family members, Bad, Bid,
and Bim, and antiapoptotic Bcl-x, were measured by Western blotting in con-
trol and MIpQ.SDPR cells. (C) The effect of SDPR overexpression on the activity
of ERK and NF-xB pathways was evaluated by Western blotting against phos-
phorylated Erk and p65 protein levels, respectively. (D) Total and cleaved cas-
pase-3 protein levels in control and MIVpQ.SDPR cells were measured by
Western blotting. (E) Co-IP was carried out in MIV and LM2 cells using HIS
(mouse) antibody to precipitate SDPR and mouse IgG as control. Western blot
was used to assess the levels of precipitated SDPR and coprecipitated Erk.
(F) SDPR overexpression, directly or indirectly, causes increases in proapoptotic
BCL-2 family proteins. Additionally, the levels of the antiapoptotic protein Bcl-x_
and the activity of prosurvival Erk and NF-kB signaling pathways were de-
creased due to SDPR overexpression. Overall, SDPR can alter the balance of
regulatory proteins in the apoptotic pathway to favor cell death. *P < 0.05.

SDPR knockdown in NeoT cells (SI Appendix, Fig. S19) caused a
significant increase in surviving cell population (Annexin V—/PI-)
from 83% to 88% (SI Appendix, Fig. S204). This was consistent with
the observed decreased levels of PUMA and Bax proteins and their
corresponding transcriptional activation (SI Appendix, Fig. S20B).
Although the proapoptotic Bcl-2 family members, Bad and Bim, as
well as caspase-3 levels were all decreased following SDPR knock-
down, ERK phosphorylation was increased (SI Appendix, Fig. S21
A-C). Furthermore, NeoTshSDPR cells exhibited enhanced cell
growth potential in aggregates in 3D cell culture (SI Appendix, Fig.
S21D). Thus, these observations support the notion that loss of
SDPR expression is sufficient to alter critical proapoptotic and
antiapoptotic regulators.

Overall, our studies found that SDPR acts as a crucial regulator
that blocks metastasis in breast cancer, not only through the in-
hibition of tumor cell migration, intravasation/extravasation, and
self-renewal, but also by promoting apoptosis.

SDPR Expression Is Lost in a Wide Variety of Cancers. We found that
SDPR loss was not limited to breast cancer, as tumor samples
from bladder, colorectal, lung, pancreatic, and ovarian cancers as
well as sarcomas also exhibited loss of SDPR expression from
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Oncomine analysis (SI Appendix, Table S2) (13). Furthermore,
SDPR expression was significantly reduced in metastatic prostate
cancer (SI Appendix, Fig. S22) (25). Moreover, higher SDPR
transcript levels were significantly associated with increased
chance of overall survival in lung cancer patients (SI Appendix,
Fig. S23) (26). In summary, these observations suggest that the
role of SDPR as a metastasis suppressor may have broader
clinical relevance beyond breast cancer.

SDPR Is Epigenetically Silenced During Metastatic Cancer Progression.
The fact that SDPR failed to emerge as a frequent target for mu-
tational inactivation in the recent high-throughput next-generation
sequencing efforts suggested that it is likely to be inactivated by
epigenetic mechanisms (4-6). Therefore, we investigated the effect
of 5-aza-2'-deoxycytidine (5-aza) treatment on SDPR expression in
MIV cells. Indeed, the exposure to 5-aza caused a significant in-
crease in the transcript level of SDPR and restored it to a compa-
rable level to what was observed in nonmetastatic NeoT cells (Fig. 6
A and B). We followed up these observations by analyzing the
promoter region of SDPR using the MethPrimer software to predict
the likely location of CpG sites targeted for methylation (27). A GC
percentage graph plotted by MethPrimer was used to design meth-
ylation-specific primers targeting the CpG sites at +300 and +320
positions of the CpG island shore (Fig. 6C). Quantitative methyl-
ation-specific PCR analysis revealed that the SDPR promoter region
is significantly hypermethylated in metastatic MIV cells compared
with the nonmetastatic NeoT cells (Fig. 6D). The significant
hypermethylation of CpG sites at +300 and +320, along with
suppression of SDPR expression, was observed in the majority
of the metastatic breast cancer cell lines tested (Fig. 6F). As
expected, the degree of DNA methylation was inversely cor-
related with the SDPR protein expression. Furthermore, loss
of SDPR expression at the level of protein was observed in
breast cancers as reported in a comprehensive antibody-based
proteomics study of human tumors in the Human Protein Atlas
(81 Appendix, Fig. S24) (12, 15, 28). When we treated metastatic
breast cancer cell lines with 5-aza, we observed a significant
growth inhibition in five out of six cell lines (SI Appendix, Fig.
S25). Overall, these findings suggest that, similar to other me-
tastasis suppressors (29-32), SDPR is epigenetically silenced due
to DNA hypermethylation in metastatic breast cancer cells.

Discussion

There are only a few metastasis suppressors that are specifically
believed to have roles in breast cancer, and their contributions to the
metastatic process are still being worked out (2, 3, 33, 34). Despite
the advent of advanced technologies for mutational analysis, success
in revealing major differences between metastatic lesions and pri-
mary tumors has been limited (4, 35). Thus, it is crucial to un-
derstand how cancer cells adapt to new microenvironments, a
context in which epigenetic rather than genetic mechanisms of gene
regulation may play a major role in acquiring metastatic properties.

Here, we report the successful exploitation of a breast cancer
progression model system to identify a novel metastasis suppressor
gene, SDPR. The strength of this model lies on its development
from a single immortalized parental cell line, MCF10A, and the
existence of derivatives representing premalignant, malignant, and
metastatic carcinoma stages of breast cancer. Our findings ascribe
that SDPR could play a previously unrecognized significant role
in breast cancer progression as a bona fide metastasis suppressor
gene, based on its loss of function aiding in the removal of major
barriers to the metastatic cascade by promoting the loss of adhe-
sion of primary tumor cells, intravasation into the blood and lym-
phatics, and subsequent extravasation and colonization at distal
sites. Additionally, we want to note that, although our focus was
on the metastasis suppressors, specifically SDPR in this report, the
gene expression profiling data generated in this study also
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Fig. 6. Epigenetic regulation of SDPR expression. (A) The relative expression
levels of SDPR in NeoT and MIV cells was measured by quantitative RT-PCR,
P =0.0127, n = 3. (B) Effect of 5-Aza treatment on SDPR mRNA levels in MIV cells,
P =0.02, n = 3. (C) Analysis of —1000 to +1000 region of SDPR transcription start
site for CpG sites using the MethPrimer online tool. (D) Methylation-specific
quantitative PCR was used to assess the percentage of DNA methylation at the
SDPR promoter region in NeoT and MIV cell lines, P = 0.0116, n = 3. SDPR protein
levels are depicted below the graph. (E) The percentage of DNA methylation at
the SDPR promoter region across nonmetastatic and metastatic breast cancer cell
lines, P = 0.0007. SDPR protein levels are depicted below the graph. *P < 0.05.

uncovered other potentially critical genes that could function as
prometastatic oncogenes [clusters 8 and 9 in Fig. 1B (36)].

Upon arrival in the lung microenvironment, even 3 days after tail
vein injections, the survival advantage provided by the loss of SDPR
expression in the metastasizing breast cancer cells was significant
compared with the cells overexpressing SDPR. These observations
prompted us to examine the molecular basis underlying the function
of SDPR as a metastasis suppressor. We found that there was in-
creased expression of multidomain proapoptotic proteins such as
Bax as well as BH3-only proteins such as PUMA, Bad, Bid, and Bim,
with a corresponding decrease in prosurvival proteins such as Bel-xp.
as well as an increase in cleaved caspase-3 levels indicating activation
of Casp3 (Fig. 5). Additionally, the fact that SDPR interacts with Erk
and inhibits prosurvival ERK and NF-«B signaling pathways is also
consistent with promotion of apoptosis (Fig. 5F) (23, 24).

‘We found that SDPR was suppressed not only in breast cancer but
also in other types of cancers, suggesting the exciting possibility that
the functional role of SDPR as a metastasis suppressor is not likely to
be limited to breast cancer (25, 26). Furthermore, our studies also
suggested that silencing of SDPR expression due to DNA hyper-
methylation could be a key mechanism for its loss of function during
metastatic breast cancer progression. Previous studies also found that
the metastasis suppressors, CDHI and CASP-8, are silenced due to
promoter DNA hypermethylation (29, 30). Moreover, the expression
of the metastasis suppressors DRGI and NME] were also found to
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dramatically increase upon 5-aza treatment (31, 32). These findings
suggest that DNA methylation is an important mechanism for the
regulation of metastasis suppressor genes. However, interestingly, al-
though LM2 cells exhibited low levels of SDPR promoter DNA
methylation but reduced expression, the SUM159 cells harbored a
high degree of methylation accompanied with relatively strong SDPR
protein expression. These observations indicate that, although meth-
ylation of the promoter seems to be the predominant mechanism for
the majority of the cell lines we tested, it may not be the only epi-
genetic mechanism for SDPR regulation in cancers. Additionally, one
cannot exclude other modes of regulations such as those at the
level of translation, protein stability, or requirement for/inhibition
by cofactors.

In conclusion, our observations support the hypothesis that
SDPR is a metastasis suppressor, which elicits its effect by inhibiting
EMT, migration, and intravasation/extravasation accompanied with
promotion of apoptosis to halt the metastatic progression of breast
and potentially other cancers. During breast cancer progression, loss
of function of SDPR is likely to be primarily mediated by pro-
moter DNA hypermethylation. Future studies should be focused on
deciphering the regulation of SDPR in more detail and on gener-
ating a complete understanding of the pathways regulated by it to
help with the identification of effective therapeutic targets.

Methods

In Vivo Metastasis and Tumorigenicity Assays. Six-week-old female NOD.CB17-
Prkdc@/) mice were used for all in vivo metastasis and tumorigenicity assays.
Bioluminescence imaging was performed with the Caliper IVIS Spectrum Im-
aging System (PerkinElmer). On necroscopy, lungs were extracted and imaged
to count the number of macrometastases in each lung.

Annexin V Staining. To quantify the apoptotic population, we used the
Annexin V Apoptosis Detection Kit FITC from eBioscience and followed the
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provided protocol. We analyzed the samples using a FACSCalibur run by
CellQuest Pro, version 5.2, software.

Three-Dimensional Cell Culture. Ninety-six-well plates were coated with 100 uL of
Matrigel, and 5,000 cells were seeded into the each well suspended in 100 pL of
2% (volivol) Matrigel/complete medium solution. Cell growth was monitored
daily for 5 d by light microscopy. Quantification was done by using ImageJ and
the plugin, ColonyArea (37).

Methylation-Specific Quantitative PCR. Genomic DNA was isolated by Qiagen
DNeasy Blood and Tissue Kit following the manufacturer’s protocol. Bisulfite
conversion reactions were carried out using EpiTect Bisulfite Kits from Qia-
gen following the manufacturer’s protocol. Methylation-specific primer sets
were designed by using MethPrimer (27).

Gene Expression Profiling. Total RNA was isolated from Mil, Mlll, and MIV cell
lines in triplicate using TRIzol, and RNA samples were cleaned with Qiagen
RNeasy Kit following the manufacturer’s protocol. Following RNA quality
control, samples were hybridized to GeneChip Human Genome U133 Plus 2.0
Arrays from Affymetrix (GEO accession no. GSE49156).

For additional methods, please refer to S/ Appendix.
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