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Abstract

The prostate transmembrane protein, androgen-induced 1 (PMEPA1) has been previously shown to

promote solid malignancies in a variety of cancers, but the role and mechanisms of PMEPA1 in

breast cancer has not been fully addressed. Here, we found that PMEPA1 was upregulated in breast

cancer cell lines as well as in a set of clinical invasive breast ductal carcinomas. Interestingly, deple-

tion of PMEPA1 decreased breast cancer stem cell (CSC)-enriched populations, while ectopic over-

expression of PMEPA1 increased breast CSC-enriched populations. Furthermore, transforming

growth factor-β (TGF-β) treatment was also found to upregulate PMEPA1 expression and the CSC-

enriched populations in triple-negative breast cancer cell lines. TGF-β-induced PMEPA1 expression

partially contributed to TGF-β-induced breast CSC maintenance. These findings suggest that TGF-

β-PMEPA1 axis might provide new diagnosis and therapeutic targets for breast cancer treatment.
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Introduction

Several decades of research have consistently shown that the etiology
and progression of breast cancer is complex and multifaceted, as are
the mechanisms underlying both its origination and progression.
Recent evidence suggests that the development of cancer stem cells
(CSCs), rare pluoripotent cells with indefinite potential for self-
renewal that drive tumorigenesis [1–3], may play critical roles in can-
cer metastasis, chemo- and radiotherapy resistance, and cancer recur-
rence [2,4,5], making them a critical target for novel cancer therapeutics.

Transforming growth factor-β (TGF-β) is well known to act as an
important regulator of embryo and cancer development, controlling
cell growth, differentiation, and migration. Recent studies revealed

that TGF-β signaling is also involved in the maintenance of embryonic
stem cell identity [6–8]. Brandenberger et al. [8] found that the expres-
sion profiling of breast epithelial stem cells-enriched population
showed transcripts associated with cell motility, adhesion, prolifer-
ation, and angiogenesis. Furthermore, the enrichment in transcripts
for TGF-β signaling components was striking in stem cells, suggesting
a preferential activation and involvement of TGF-β pathway in stem
cell biology [9]. Members of the TGF-β family were also found to
play key roles in breast CSCs, contributing to several known breast
CSC phenotypes [10]. In addition, chemotherapy-induced TGF-β sig-
naling was shown to contribute to drug resistance of triple-negative
breast cancers [11]. These results suggest that TGF-β is involved in
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regulating breast CSCs, but its underlying mechanisms still remain
unclear.

PMEPA1, prostate transmembrane protein, androgen-induced 1
(also named asTMEPA1, STAG1,ERG1.2, orN4WBP4), was origin-
ally found to be an androgen-induced gene [12]. Aside from androgen,
several other growth factors, such as TGF-β [13], epidermal growth
factor, platelet-derived growth factor, and insulin-like growth factor
[14], were reported to induce PMEPA1 expression in different cell sys-
tems. In 2001, Rae et al. [15] found that PMEPA1 was overexpressed
in several malignancies, including renal cell carcinoma, stomach adeno-
carcinoma, and rectal adenocarcinoma. PMEPA1was also found to be
overexpressed in other solid tumors, including colon cancer [13], pros-
tate cancer [16], ovarian cancer, and breast cancer [14]. In breast can-
cer samples, PMEPA1 was found to be upregulated at the mRNA level
[15], and in a small number of clinical samples including four triple-
negative breast cancer samples, PMEPA1 was found to be upregulated
at the protein level [17]. Collectively, these findings suggest that over-
expression of PMEPA1 may play a key role in breast cancer.

Although TGF-β signaling is known to regulate PMEPA1 [13], and
TGF-β signaling has also been shown to regulate breast CSC mainten-
ance [11], little is known about the role of PMEPA1 in breast CSCs.

The existing evidence on the roles of CSCs in cancer origination and
progression, the confirmed roles of TGF-β signaling in breast CSC
maintenance, and the regulation of PMEPA1 by TGF-β [13] collectively
suggest that further characterizing the TGF-β-PMEPA1 axis may pro-
vide valuable insights into the etiology of breast cancer and help to de-
velop novel therapeutics. In the current study, we found that PMEPA1
showed a higher expression at the protein level in both breast cancer cell
lines and a set of clinical breast cancer samples compared with that in
the normal controls. The results also demonstrate that PMEPA1 and
TGF-β contribute to breast CSC maintenance in breast cancer cells.
PMEPA1 could partially mediate the regulation of TGF-β on breast
CSC phenotypes. To our knowledge, this is the first report demonstrat-
ing the role of PMEPA1 in breast CSCs. Our findings may provide new
targets for the diagnosis and treatment of breast cancers.

Materials and Methods

Cells and cell culture

Breast cancer cell lines HCC1806 and HCC1937 used in this study
were purchased from the American Type Culture Collection (Manassas,
USA). Both cell lines were cultured in RPMI-1640medium supplemented
with 5% fetal bovine serum (FBS), 1.5 g/l sodium bicarbonate, 4.5 g/l
glucose, 10 mM hydroxyethyl piperazineethanesulfonic acid, 1 mM
sodium pyruvate, 100 U/ml penicillin, and 100 µg/ml streptomycin.
All cells were maintained in a humidified atmosphere with 5% CO2 at
37°C throughout the experiments.

Western blot analysis

Cell lysates were prepared as described previously [18]. Protein con-
centration was measured using a protein assay kit (Bio-Rad, Hercules,
USA). Western blot analysis was performed as described previously
[16]. In brief, 40 µg protein samples were separated via sodium dode-
cyl sulfate-polyacrylamide gel electrophoresis and blotted onto
polyvinylidene fluoride membranes. Membranes were blocked and
incubated with the specific first antibodies (anti-PMEPA1, 1 : 1000 di-
lution; and anti-β-actin, 1 : 10,000 dilution) overnight at 4°C. Then
membranes were washed with phosphate-buffered saline (PBS) con-
taining 0.1% Tween-20 (PBST) and incubated with peroxidase-
conjugated secondary antibody for 1 h at room temperature.

Membranes were washed with PBST, and the target proteins were
then visualized on a Fujifilm LAS-4000 image system by using an en-
hanced chemoluminescence kit (Sigma, St Louis, USA). The anti-
PMEPA1 antibody was purchased from Novus Biologicals, Inc. (Lit-
tleton, USA), and the anti-β-actin antibody was from Sigma. All west-
ern blot analysis was performed at least in duplicate, and the
representative blots were shown.

Stable knockdown and overexpression of PMEPA1 gene

by lentiviral system

A lentiviral pSIH-H1-Puro vector (System Biosciences, Mountain
View, USA) was modified to express shRNAs from the H1 promoter.
In brief, a pair of oligonucleotides, consisting a sequence-specific 19
nucleotide stretch followed by the loop sequence and the reverse com-
plement of the targeting sequence, was designed following the manu-
facture’s protocols. Luciferase shRNAwas used as a negative control.
The target sequences of shRNAs for human PMEPA1 gene are 5′-AGA
GCACAGTGTCAGGCAATT-3′ (PMEPA1sh#1) and 5′-GGTTATCA
CCACGTTATATTT-3′ (PMEPA1sh#2). The target sequence for Ctrl-sh
is 5′-TAGCGACTAAACACATCAATT-3′. PMEPA1 a and b isoforms
were constructed into Lenti6 vector as described previously [16].

All lentiviral plasmids were cotransfected into HEK293FT cells
along with the packing plasmids using Lipofectamine 2000 (Invitro-
gen, Carlsbad, USA), following the manufacturer’s protocols. Lenti-
viruses were collected at 72 h post-transfection and used to transduce
cancer cells in a 6-well plate. At 24-h post-transduction, puromycin
(2 µg/ml, for pSIH-H1-Puro system) or blasticidin (5 µg/ml, for Lenti6
system) was added to select the drug-resistant cell populations.

Flow cytometry analysis and mammosphere formation

assay of CSCs

Cells were trypsinized with 0.25% trypsin–ethylenediaminetetraacetic
acid (GIBCO, Grand Island, USA) and collected with cell culture me-
dium. After being washed once with PBS containing 2% FBS, cells
were stained freshly with antibodies against CD24 and CD44 (BD
Biosciences, San Diego, USA) according to the manufacturer’s proto-
cols. In brief, the cells were incubated with anti-CD24 and anti-CD44
antibodies on ice for 25 min, followed by centrifugation at 500 g for
5 min. Cells were collected and washed twice with PBS containing 2%
FBS, and then undergo flow cytometry analysis on a BD Accuri C6
(BD Biosciences).

Aldehyde dehydrogenases (ALDH)-positive cells were identified
using the ALDEFLUOR™ Kit (Stemcell Technologies, Vancouver,
Canada) according to the manufacturer’s manuals. Briefly, cells
were collected as described above and then incubated with Aldefluor
in the presence (control) or absence (staining sample) of enzyme in-
hibitor DEAB at 37°C for 45 min. After incubation, cells werewashed,
and ALDH+ cells were analyzed using the BDAccuri C6. For the mam-
mosphere formation assay, cells were trypsinized and separated into
single cells. Five hundred cells were diluted with MammoCult™
Medium (Stemcell Technologies) and seeded in 24-well ultra-low at-
tachment culture dishes. The number of mammospheres was counted
under a Nikon Eclipse Ti microscope on the 14th day after seeding,
and the spheres larger than 50 µm in diameter were counted.

siRNA transfection

PMEPA1 siRNAs (Ambion, Inc., Austin, USA) and control luciferase
siRNA (Thermo Fisher Scientific Inc., Lafayette, USA) were trans-
fected into different cell lines using Lipofectamine 2000 (Invitrogen)
following the manufacturer’s protocols. The final concentration of
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siRNAs was 20 nM. The target sequences of PMEPA1 and luciferase
were the same as the shRNAs mentioned above. Two PMEPA1 siR-
NAs were pooled to target PMEPA1.

Immunohistochemistry staining

The anti-PMEPA1 antibody (1 : 100 dilution) was used for immuno-
histochemistry (IHC) after validation and optimization. In total, 80
samples (20 adjacent breast tissue samples and 60 invasive ductal
breast carcinomas) were collected from the First Affiliated Hospital
of the Kunming Medical University and stained. IHC was performed
as previously described [19] with a standard diaminobenzidine (DAB)
staining protocol. Briefly, antigens were first retrieved by boiling the
slides in 0.1 M Tris–HCl (pH 9.0) buffer for 5 min. After washing
with 0.1 M PBS containing 0.1% Triton X-100, slides were then incu-
batedwith the anti-PMEPA1 primary antibody at 4°Covernight. Then
the biotinylated anti-mouse secondary antibody and the avidin–biotin
complex (Vector Laboratories, Burlingame, USA) were applied to the
slides sequentially. Finally, slides were incubated with DAB (Vector
Laboratories) until suitable staining developed. Immunostained slides
were scored independently by three trained pathologists via the ‘Allred
Score’. The study was approved by the institutional ethics committees
of Kunming Medical University, and all participants provided written
informed consent to participate in this study.

Results

PMEPA1 is overexpressed in breast cancer at protein

level

To understand the general expression of PMEPA1 in breast cancer cell
lines and different molecular subtypes of clinical samples at the protein
level, the PMEPA1 protein expression was first examined in seven
breast cell lines, including one immortalized cell line (MCF10A),
two ER-positive cancer cell lines (MCF7 and T47D), one Her-2-
positive cancer cell line (BT474), and three ER-negative cancer cell
lines (HCC1937, HCC1806, and SUM149PT). Compared with im-
mortalized breast epithelial cell line MCF10A, PMEPA1 was upregu-
lated in five breast cancer cell lines, but not in T47D (Fig. 1A).

To confirm the upregulation of PMEPA1 in breast cancer cells, the
expression of PMEPA1 in a subset of clinical samples including 60 in-
vasive breast ductal carcinomas (IDCs) and 20 adjacent breast tissues
was also detected via IHC staining. PMEPA1 protein was positively
expressed in 15% (3/20) of the adjacent breast tissues, but in ∼55%
(33/60) of the breast carcinomas (Fig. 1B and Table 1). Interestingly,
the positive ratio of PMEPA1 protein was significantly increased with
the increase of the IDC grades, compared with adjacent tissues
(Fig. 1B and Table 1). These results suggest that PMEPA1 is overex-
pressed in breast cancers, especially in high-grade IDCs. Interestingly,
when the PMEPA1 expression levels were compared in different

Figure 1. PMEPA1 is overexpressed in breast cancer cell lines and primary tumors at protein level (A) The expressions of PMEPA1 protein in an immortalized

breast epithelial cell line MCF10A and six other breast cancer cell lines were measured by western blot analysis. β-Actin was used as the loading control. (B) IHC

staining for PMEPA1 in IDC. Twenty normal and 60 IDC sample slides were stained with anti-PMEPA1 antibody, and representative staining images were shown.
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molecular subtypes (luminal A, luminal B, Her-2, and TNBC) of
breast cancers, the Her-2 and TNBC subtypes were found to exhibit
significant increases in PMEPA1 expression (Table 1).

PMEPA1 positively regulates breast CSCs

To test whether PMEPA1 regulates breast CSCs that are CD24low/
CD44+ cells [20], the CSC populations were analyzed after stable

knockdown of PMEPA1 in two triple-negative breast cancer cells,
HCC1937 (Fig. 2) and HCC1806 (Supplementary Fig. S1A), since
triple-negative breast cancer is among the most malignant cancers. It
was found that two different shRNAs that target PMEPA1 significantly
decreased PMEPA1 expression at protein level (Fig. 2A). Depletion of
PMEPA1 significantly reduced the proportion of CSC-enriched cell
population identified by CD24/CD44 marker and ALDH-staining in
HCC1937 cell line (Fig. 2B,C). These results were further confirmed

Table 1. The results of PMEPA1 IHC

Allred scores
a

Adjacent Carcinoma Grade I Grade II Grade III Luminal A Luminal B Her-2 TNBC

Negative (0–2) 17 27 13 9 5 12 12 2 1
Weak (3–4) 2 9 2 3 4 5 2 1 1
Medium (5–6) 1 15 5 4 6 5 4 5 1
Strong (7–8) 0 9 0 4 5 1 1 5 2
All positive 3 (15%) 33 (55%)** 7 (35%) 11 (55%)* 15 (75%)** 11 (48%) 7 (37%) 11 (85%)** 4 (80%)**
Total 20 60 20 20 20 23 19 13 5

aThe ‘Allred score’ method has been described previously [16]. Samples with a score >3 were evaluated as positive for PMEPA1 staining. Fisher’s exact test
compared with adjacent breast tissues. *P < 0.05, **P < 0.01.

Figure 2. PMEPA1 depletion suppresses breast CSCs (A) PMEPA1 protein expressionwas downregulated in HCC1937. (B) PMEPA1 knockdown suppressed ALDH+

breast CSC-enriched populations in HCC1937. (C) PMEPA1 knockdown suppressed CD24low/CD44+ cell-enriched populations in HCC1937. (D) PMEPA1 depletion

reduced the sphere size and number in HCC1937. Data are presented as the mean ± SD (error bars) from two independent experiments. *P < 0.05; **P < 0.01.
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by mammosphere formation assay (Fig. 2D). After PMEPA1 deple-
tion, both sphere size and number were significantly decreased. This
result was further confirmed in another triple-negative cancer cell
line HCC1806, which showed similar results (Supplementary Fig. S1A).
To confirm the role of PMEPA1 in regulating breast CSCs, we ectopi-
cally overexpressed PMEPA1 in T47D cells. As shown in Fig. 3, PME-
PA1a significantly increased the ALDH+ population of T47D cells.
Importantly, PMEPA1 expression level is relatively higher in the
CSC-enriched population than in the non-CSC populations (Supple-
mentary Fig. S1B). Taken together, PMEPA1 plays important roles
in regulating breast CSC status.

TGF-β increases CSC population in breast cancer cell

lines

TGF-β family plays important roles in breast CSCs. To explore the role of
TGF-β in breast CSCs, HCC1937 and HCC1806 cells were treated with

either TGF-β or a vehicle control for 48 h before CSC population analysis
via CD24/CD44 markers or ALDH method. The results showed that
treatment with TGF-β significantly increased CD24low/CD44+ CSC-
enriched population in both cell lines (Fig. 4) and ALDH+ CSC-enriched
population in HCC1937 cells (Supplementary Fig. S2).

TGF-β increases breast CSCs partially through

upregulating the PMEPA1 expression

Since TGF-β signaling is known to induce the expression of PMEPA1,
and both PMEPA1 and TGF-β play roles in breast CSC maintenance,
we further explored whether TGF-β can regulate CSC through
PMEPA1. HCC1806 cells were treated with TGF-β or vehicle control
for 48 h with or without knocking down PMEAP1 using PMEPA1
siRNA. Results showed that TGF-β significantly induced PMEPA1
expression in HCC1806, and PMEPA1 siRNA could block the induc-
tion (Fig. 5A). CSC population analysis revealed that TGF-β increased

Figure 3. PMEPA1 overexpression increases breast CSCs Ectopic overexpression of PMEPA1 a and b isoforms (A) increased ALDH+ breast CSC-enriched

populations in T47D (B and C). *P < 0.05.
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CSC-enriched population in HCC1806 and the CSC induction was
significantly inhibited by PMEPA1 depletion (Fig. 5B). These results
suggest that TGF-β, at least partially, regulates breast CSCs via upre-
gulating PMEPA1 expression.

Discussion

Even though PMEPA1 was previously found to be overexpressed in
several solid cancerous malignancies including renal cell carcinoma,

rectal adenocarcinoma [15], colon cancer [13], prostate cancer [16],
ovarian cancer, and breast cancer [14], the expression patterns of
PMEPA1 at the protein level in breast cancer cell lines and different
molecular subtypes of clinical samples have not been demonstrated.
Among the six cell lines tested in the current study, PMEPA1was high-
ly expressed in five of the breast cancer cell lines, with the exception of
T47D,when compared with the immortalized breast epithelial cell line
MCF10A. This result was further confirmed in a series of clinical sam-
ples obtained from the First Affiliated Hospital of Kunming Medical

Figure 4. TGF-β induces CSC-enriched population in breast cancer cell lines HCC1806 (A) or HCC1937 cells (B) were plated in 6-well plates. One day after plating,

cells were cultured with serum-free medium overnight, followed by either 20 ng/ml TGF-β or vehicle control treatment for 48 h. CSC-enriched population was then

analyzed using CD24/CD44 markers. *P < 0.05; **P < 0.01.

Figure 5. TGF-β induces breast CSCs partially through upregulating PMEPA1 expression (A) TGF-β-induced PMEPA1 expression in HCC1806. HCC1806 cells were

seeded in 6-well plate. Twenty-four hours later, cells were transfected with PMEPA1 siRNA or luciferase siRNA control for 24 h followed by culturing in serum-free

medium overnight. Serum-starved cells were treated with 20 ng/ml TGF-β or vehicle control for 48 h. Cells were collected for protein extraction and western blot

assay. β-Actin was used as loading control. (B) PMEPA1 siRNA partially rescued TGF-β-induced increase of CSC-enriched population in HCC1806. HCC1806 cells

were treated as described in (A), and were collected for CD24/CD44 staining and fluorescence-activated cell sorting analysis. *P < 0.05; **P < 0.01.
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University. We also found that PMEPA1 expression was upregulated
in IDCs, and that the expression of PMEPA1 was positively associated
with IDC grades (Fig. 1B and Table 1). Furthermore, the comparison
of the PMEPA1 expression levels among several different molecular
subtypes with adjacent controls showed that while the PMEPA1 posi-
tive percentage was higher in all four molecular subtypes (ranging
from 37% to 80%) than that in the adjacent controls (15%), statistic-
ally significant increase of PMEPA1 expression was found in Her-2
and TNBC breast cancers (Table 1). Unfortunately, the number of
clinical sample for Her-2 and TNBC subtypes is not sufficient, and
more clinical samples of different subtypes will be needed to further
analyze and confirm PMEPA1 expression in different subtypes of
breast carcinomas, especially in the TNBC subtype.

Emerging evidence suggests that CSCs play key roles in the develop-
ment of tumors. The pluoripotent nature and potential for self-renewal
make them critical components in the progression of different cancers,
but more importantly in the development of novel therapeutics. Al-
though PMEPA1 was previously found to promote tumorigenesis of
breast [17] and prostate cancers [16], to the best of our knowledge, no
research has been carried out to characterize the role of PMEPA1 in
CSCs. In the current study, we found that PMEPA1 depletion dramatic-
ally suppressed the ratio of CSC populations in triple-negative breast
cancer cell lines HCC1937 and HCC1806 (Fig. 2 and Supplementary
Fig. S1A), and on the other hand, PMEPA1 was highly expressed in
CSC-enriched cells than in the non-CSC cells (Supplementary
Fig. S1B), overexpressionof PMEPA1 increased the CSC-enriched popu-
lation (Fig. 3). Taken together, our results imply that PMEPA1 plays im-
portant roles in regulating breast CSCs. Previous studies have shown that
PMEPA1 suppresses the expression of cell cycle-dependent kinase inhibi-
tor p27kip1 [17]. Since p27 is important in embryonic stem cell repro-
gramming and differentiation [21], we tested whether PMEPA1
regulates CSC via p27. As shown in Supplementary Fig. S3, knockdown
or overexpression of PMEPA1 could suppress or induce p27 expression,
respectively. However, in HCC1937, knockdown of p27 did not rescue
PMEPA1-depletion-caused reduction of CSC-enriched populations
(Supplementary Fig. S4). This result suggests that PMEPA1 regulates
breast CSCs through other downstream targets.

The role of TGF-β signal in controlling tissue homeostasis and
regeneration, immune responses, tumor suppression, metastasis, and
embryonic development has been well established, but recent studies
have shown that this signal also governs the stem cell properties in nu-
merous types of cell, such as breast cell, neural cell, vascular smooth
muscle cell, and cutaneous cell [22–25]. Bhola et al. [11] found that
both TGF-β receptor inhibitor LY2157299 and smad4 depletion could
deplete TGF-β-induced CSC increase in breast cancer cells, indicating
that TGF-β signal plays important role in regulating CSC; however,
the mechanisms remain unclear. Here, we demonstrated that TGF-β
could regulate breast CSC maintenance partially through upregulating
PMEPA1 expression (Fig. 5). In our study, PMEPA1 depletion was
found to only slightly rescue TGFβ-induced increase of CSC-enriched
population in HCC1806 (Fig. 5B), suggesting that other downstream
targets of TGF-β signaling are involved in the CSC control process.

Further studies are need to explain the overall functions of TGF-β
signaling in CSC biology, to identify novel targets for further under-
standing the origination, progression of different types of cancers, and
to provide better treatments for cancers.

Supplementary Data

Supplementary Data is available at ABBS online.

Acknowledgement

We would like to thank Andrew Willden, Kunming Institute of
Zoology, Chinese Academy of Sciences (Kunming, China), for his
assistance in preparing the manuscript.

Funding

This study was supported by the grants from the National Natural Sci-
ence Foundation of China (Nos. 81272930, 81322038, 31260208,
81460401, and U1132605), Strategic Priority Research Program of
the Chinese Academy of Sciences, Stem Cell and Regenerative Medi-
cine Research (No. XDA01040406), West Light Foundation of the
Chinese Academy of Sciences (to R.L.), and Department of Science
and Technology of Yunnan Province-Kunming Medical University
(No. 4FB022).

References

1. Roarty K, Rosen JM. Wnt and mammary stem cells: hormones cannot fly
wingless. Curr Opin Pharmacol 2010, 10: 643–649.

2. Reya T, Morrison SJ, Clarke MF, Weissman IL. Stem cells, cancer, and can-
cer stem cells. Nature 2001, 414: 105–111.

3. Ercan C, van Diest PJ, VooijsM.Mammary development and breast cancer:
the role of stem cells. Curr Mol Med 2011, 11: 270–285.

4. Gupta PB, Onder TT, Jiang G, Tao K, Kuperwasser C, Weinberg RA,
Lander ES. Identification of selective inhibitors of cancer stem cells by high-
throughput screening. Cell 2009, 138: 645–659.

5. Lagadec C, Vlashi E, Della Donna L, Dekmezian C, Pajonk F.
Radiation-induced reprogramming of breast cancer cells. Stem Cells
2012, 30: 833–844.

6. Sirard C, de la Pompa JL, Elia A, Itie A, Mirtsos C, Cheung A, Hahn S, et al.
The tumor suppressor gene Smad4/Dpc4 is required for gastrulation and
later for anterior development of the mouse embryo. Gene Dev 1998, 12:
107–119.

7. Qi X, Li TG, Hao J, Hu J, Wang J, Simmons H, Miura S, et al. BMP4 sup-
ports self-renewal of embryonic stem cells by inhibiting mitogen-activated
protein kinase pathways. Proc Natl Acad Sci USA 2004, 101: 6027–6032.

8. Brandenberger R, Wei H, Zhang S, Lei S, Murage J, Fisk GJ, Li Y, et al.
Transcriptome characterization elucidates signaling networks that control
human ES cell growth and differentiation. Nat Biotechnol 2004, 22:
707–716.

9. Barcellos-HoffMH, Akhurst RJ. Transforming growth factor-beta in breast
cancer: too much, too late. Breast Cancer Res 2009, 11: 202.

10. Liu Z, Bandyopadhyay A, Nichols RW, Wang L, Hinck AP, Wang S,
Sun LZ. Blockade of autocrine TGF-beta signaling inhibits stem cell pheno-
type, survival, and metastasis of murine breast cancer cells. J Stem Cell Res
Ther 2012, 2: 1–8.

11. Bhola NE, Balko JM, Dugger TC, Kuba MG, Sanchez V, Sanders M,
Stanford J, et al. TGF-beta inhibition enhances chemotherapy action against
triple-negative breast cancer. J Clin Invest 2013, 123: 1348–1358.

12. Xu LL, Shanmugam N, Segawa T, Sesterhenn IA, McLeod DG, Moul JW,
Srivastava S. A novel androgen-regulated gene, PMEPA1, located on
chromosome 20q13 exhibits high level expression in prostate. Genomics

2000, 66: 257–263.
13. Brunschwig EB, Wilson K, Mack D, Dawson D, Lawrence E, Willson JK,

Lu S, et al. PMEPA1, a transforming growth factor-beta-induced marker
of terminal colonocyte differentiation whose expression is maintained in
primary and metastatic colon cancer. Cancer Res 2003, 63: 1568–1575.

14. Giannini G, Ambrosini MI, Di Marcotullio L, Cerignoli F, Zani M,
MacKay AR, Screpanti I, et al. EGF- and cell-cycle-regulated STAG1/
PMEPA1/ERG1.2 belongs to a conserved gene family and is overexpressed
and amplified in breast and ovarian cancer. Mol Carcinogen 2003, 38:
188–200.

200 PMEPA1 regulates breast cancer stem cell

D
ow

nloaded from
 https://academ

ic.oup.com
/abbs/article/48/2/194/2194613 by guest on 19 April 2024

http://abbs.oxfordjournals.org/lookup/suppl/doi:10.1093/abbs/gmv130/-/DC1
http://abbs.oxfordjournals.org/lookup/suppl/doi:10.1093/abbs/gmv130/-/DC1
http://abbs.oxfordjournals.org/lookup/suppl/doi:10.1093/abbs/gmv130/-/DC1
http://abbs.oxfordjournals.org/lookup/suppl/doi:10.1093/abbs/gmv130/-/DC1
http://abbs.oxfordjournals.org/lookup/suppl/doi:10.1093/abbs/gmv130/-/DC1
http://abbs.oxfordjournals.org/lookup/suppl/doi:10.1093/abbs/gmv130/-/DC1
http://abbs.oxfordjournals.org/lookup/suppl/doi:10.1093/abbs/gmv130/-/DC1


15. Rae FK, Hooper JD, Nicol DL, Clements JA. Characterization of a novel
gene, STAG1/PMEPA1, upregulated in renal cell carcinoma and other
solid tumors. Mol Carcinogen 2001, 32: 44–53.

16. Liu R, Zhou Z, Huang J, Chen C. PMEPA1 promotes androgen receptor-
negative prostate cell proliferation through suppressing the Smad3/
4-c-Myc-p21 Cip1 signaling pathway. J Pathol 2011, 223: 683–694.

17. Singha PK, Yeh IT, VenkatachalamMA, Saikumar P. Transforming growth
factor-beta (TGF-beta)-inducible gene TMEPAI converts TGF-beta from a
tumor suppressor to a tumor promoter in breast cancer. Cancer Res 2010,
70: 6377–6383.

18. Chen C, Sun X, Ran Q, Wilkinson KD, Murphy TJ, Simons JW,
Dong JT. Ubiquitin-proteasome degradation of KLF5 transcription
factor in cancer and untransformed epithelial cells. Oncogene 2005,
24: 3319–3327.

19. Xia H, Wang C, Chen W, Zhang H, Chaudhury L, Zhou Z, Liu R, et al.
Kruppel-like factor 5 transcription factor promotes microsomal prostaglan-
din E2 synthase 1 gene transcription in breast cancer. J Biol Chem 2013,
288: 26731–26740.

20. Al-Hajj M, Wicha MS, Benito-Hernandez A, Morrison SJ, ClarkeMF. Pro-
spective identification of tumorigenic breast cancer cells. Proc Natl Acad Sci

USA 2003, 100: 3983–3988.
21. Li H, Collado M, Villasante A, Matheu A, Lynch CJ, Canamero M,

Rizzoti K, et al. p27(Kip1) directly represses Sox2 during embryonic stem
cell differentiation. Cell Stem Cell 2012, 11: 845–852.

22. Gargiulo G, Cesaroni M, Serresi M, de Vries N, Hulsman D,
Bruggeman SW, Lancini C, et al. In vivoRNAi screen for BMI1 targets iden-
tifies TGF-beta/BMP-ER stress pathways as key regulators of neural- and
malignant glioma-stem cell homeostasis. Cancer Cell 2013, 23: 660–676.

23. Rognoni E, Widmaier M, Jakobson M, Ruppert R, Ussar S, Katsougkri D,
Bottcher RT, et al. Kindlin-1 controls Wnt and TGF-beta availability to
regulate cutaneous stem cell proliferation. Nat Med 2014, 20: 350–359.

24. Shi X, DiRenzo D, Guo LW, Franco SR, Wang B, Seedial S, Kent KC.
TGF-beta/Smad3 stimulates stem cell/developmental gene expression and
vascular smooth muscle cell de-differentiation. PLoS One 2014, 9: e93995.

25. Oshimori N, Fuchs E. The harmonies played by TGF-beta in stem cell biol-
ogy. Cell Stem Cell 2012, 11: 751–764.

PMEPA1 regulates breast cancer stem cell 201

D
ow

nloaded from
 https://academ

ic.oup.com
/abbs/article/48/2/194/2194613 by guest on 19 April 2024



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile ()
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.5
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo false
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings false
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Preserve
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
    /Courier
    /Courier-Bold
    /Courier-BoldOblique
    /Courier-Oblique
    /Helvetica
    /Helvetica-Bold
    /Helvetica-BoldOblique
    /Helvetica-Oblique
    /Symbol
    /Times-Bold
    /Times-BoldItalic
    /Times-Italic
    /Times-Roman
    /ZapfDingbats
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 175
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50286
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG2000
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 20
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 175
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50286
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG2000
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 20
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages true
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 175
  /MonoImageDepth 4
  /MonoImageDownsampleThreshold 1.50286
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /ENU ()
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


