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Abstract
Proline-, glutamic acid–, leucine-rich protein 1 (PELP1) is a novel estrogen receptor (ER) coregulator, demonstrated distinctive
characters from other ERα coregulators, and has been suggested to be involved in metastasis of several cancers. In ERα-positive
breast cancer, PELP1 overexpression enhanced ruffles and filopodium-like structure stimulated by estradiol (E2) through extra-
nuclear cell signaling transduction hereby increased cell motility. However, whether PELP1 is also involved in extracellular
matrix remodeling of ERα-positive breast cancer cells is still unknown. In this study, we investigated the role of PELP1 in E2-
induced MMP-9 expression and the underlined mechanism. The results demonstrated the following: E2-induced ERα-positive
MCF-7 breast cancer cell MMP-9 mRNA and protein expression in a rapid response and concentration-dependent manner.
Knocked down PELP1 significantly suppressed E2-induced MMP-9 expression. E2-bovine serum albumin (BSA), a large
molecular membrane-impenetrable conjugate of E2, can also upregulate MMP-9 protein expression in MCF-7, and the action
of E2-BSA can be abolished by PI3K inhibitor LY294002; treating MCF-7 simultaneously with PELP1-shRNA and LY294002
did not show synergetic inhibitory effect on E2-BSA-induced MMP-9 expression. Our results indicated that estrogen-induced
MMP-9 expression in ER-positive breast cancer cells may be through PELP1-mediated PI3K/Akt signaling pathway.
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Introduction

Breast cancer is the most commonly diagnosed cancer and the
leading cause of cancer death among women around the

world, many of whom died from metastatic diseases [1]. The
invasion and metastasis of breast cancer cells is a multi-step
process, including at least three key events: (i) the enhance-
ment of tumor cell migration ability; (ii) the damage of inter-
cellular adhesion; (iii) the remodeling of extracellular matrix
[2]. In respect of extracellular matrix remodeling, matrix me-
talloproteinases (MMPs) are the main functional executors
based on their zinc-dependent endopeptidase activity [3].
Except for dominating the degradation of the basement mem-
brane, MMPs are also involved in the modification of cancer
cell adhesion molecules, activation of powerful cytokines, in-
duction of epithelial-mesenchymal transition (EMT), and
stimulation of tumor cell invasion [4]. In breast cancer,
MMP-2 and MMP-9, especially MMP-9, play the most im-
portant role in the invasion andmetastasis of tumor cells [5, 6].

About 70% of breast cancer cells are estrogen-dependent,
in which estrogen receptors (ERs) were expressed, and the
biological behaviors such as occurrence, development, metas-
tasis, and drug resistance of the cancer cells were regulated by
estrogen [7]. MMPs could be produced by tumor cells them-
selves in response to extracellular stimulatory interactions,
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and accumulated evidence demonstrated that the expression
and activity of MMP-9 in ER-positive breast cancer cells
would be regulated by estrogen or anti-estrogen reagents
[8–13].

The full-length ERα or ERβ estrogen receptors can medi-
ate both nuclear-initiated genomic and membrane-initiated
non-genomic signaling pathway of estrogen [14] [15]. The
switch between the two pathways was mainly controlled by
ER coregulators. Compared with the ER itself, ER
coregulators may play a more important role in regulating
the biological function of estrogen. Therefore, the dysregulat-
ed expression of ER coregulators may provide breast cancer
cells more advantages in the initiation, progression, metasta-
sis, and therapeutic resistance [16].

Proline-, glutamic acid–, leucine-rich protein 1 (PELP1) is
a novel ER coregulator. In the ER signaling pathway, PELP1
serves as a scaffolding protein that couples various signaling
complexes with ER and participates in both genomic and non-
genomic functions [17, 18]. Overexpression of PELP1 in-
duced malignant transformation of normal cells, accelerated
cell cycle progress, promoted tumor cell proliferation, and
enhanced migration and invasion of tumor cells, which sup-
ported a proto-oncogenic property of PELP1 [19]. Several
recent studies have demonstrated that PELP1 was involved
in EMT of both ER-negative and ER-positive breast cancer
cells [20–22]. In ER-negative cells, PELP directly upregulate
transcription ofMMP-9 and promote cell proliferation, migra-
tion, and metastasis independent of estradiol (E2) stimulation
[22]; in ER-positive cell line, Velamudi et al. reported PELP1
overexpression enhanced E2 stimulated ruffles and
filopodium-like structure through activating the membrane-
initiated non-genomic signaling pathway hereby increased
cell motility [20]. However, whether PELP1 is also involved
in estrogen-induced expression of MMP-9 in ER-positive
breast cancer cells and its possible signaling pathway is still
unknown. In this study, we investigated the role of PELP1 in
E2-induced MMP-9 expression and the underlined mecha-
nism(s) in ER-positive MCF-7 breast cancer cells, to provide
new insight on estrogen-induced metastasis of hormone-
dependent breast cancer cells.

Material and Methods

Cell Culture and Reagents

MCF-7 human breast cancer cell line was purchased from the
Cell Bank of the Chinese Academy of Sciences (catalog #
TCHu 74), cell line authenticity was verified with STR anal-
ysis, and mycoplasma was tested by the supplier before the
cell was supplied. E2 (catalog # E2257), E2-bovine serum
albumin (BSA) (catalog # E6507), and the PI3K inhibitor
LY-294002 (catalog #440202-5MG) were purchased from

Sigma. Antibody against MMP-9 was purchased from
Abcam (monoclonal, catalog # EP1254). The PELP1 anti-
body was purchased from Bethyl Laboratories (polyclonal,
catalog # A300-180A). The antibody against Aktpan (mono-
clonal, catalog # 4685) or Phospho-Akt Ser473 (monoclonal,
catalog # 4058) was purchased from Cell Signaling
Technology.

Generation of PELP1-shRNA Model Cells

MCF-7 stable expressing PELP1-shRNA (MCF-7PELP1-
shRNA) was generated with the MISSION Lentiviral
Transduction Particles (catalog # SHCLNV, Sigma) and se-
lected with Puromycin (1 μg/mL). PELP1-shRNA design was
based on the GenBank accession number NM_014389. The
PELP1-specific Sure Silencing shRNA plasmids (catalog #
TRCN0000159617, TRCN0000159673, TRCN0000159883,
and TRCN0000159193) and non-specific control shRNAvec-
tor (NC, catalog # SHC002V) were purchased from Sigma,
the assay was performed according to the technical bulletin of
the product, and pooled clones were used for subsequent
experiments.

Treatment of Cell Lines

MCF-7 cell line was maintained in DMEM medium (Gibco)
supplemented with 10% heat-inactivated fetal bovine serum
(FBS, Biological Industries) at 37 °C with 5% CO2. Before E2

or E2-BSA treatment, the medium was changed to complete
phenol red–free DMEM (Gibco) supplemented with 5%
charcoal-stripped FBS (Hyclone). E2 was dissolved and
stocked in ethanol at a concentration of 1 mM and was added
into the culture medium when used for treatment of the cells;
the final concentration of ethanol inmediumwas nomore than
1/10000. E2-BSAwas dissolved in phosphate-buffered saline
(PBS), and free E2 was removed by filtration using the tech-
nique described by Stevis et al. [23]. The filtered solution was
added into the culture medium when used for treatment of the
cells; E2 concentrations were calculated with 10 mol E2 per
mol bovine serum albumin (BSA) according to manufac-
turer’s specifications.

RT-PCR

Total RNA was extracted using TRIzol reagent (Invitrogen
Life Technologies). First-strand cDNA was synthesized with
M-MLV transcriptase (Promega) and oligo dT. RT-qPCR was
conducted using SYBR Green PCR master mix (Takara Bio,
Inc.). The primers used for amplifying MMP-9 cDNA were
designed as follows: 5′-ATTTCTGCCAGGACCGCTTC
TACT-3′ (forward), 5′-CAGTTTGTATCCGGCAAACT
GGCT-3 (reverse); primers for β-actin were 5′-GGAC
TTCGAGCAAGAGATGG-3′ (forward) and 5′-ACAT
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CTGCTGGAAGGT-GGAC-3′ (reverse). All samples were
performed in triplicates. Values were normalized by β-actin
and calculated with ΔΔCT method.

Western Blot

Proteins were extracted with RIPA lysis buffer. The proteins
were separated by sodium dodecyl sulfate polyacrylamide gel
electrophoresis (SDS-PAGE) and then transferred onto a ni-
trocellulose blotting membrane. The membrane was blocked
in 5% skimmed milk, then washed three times with Tris-
buffered saline with 0.05% Tween 20 (TBS-T), and probed
with PELP1 (1/500), MMP-9 (1/2000), Aktpan (1/1000),
Phospho-Akt Ser473 (1/1000), or β-actin (Santa Cruz,
1/5000) primary antibodies overnight at 4 °C. The samples
were incubated with the appropriate secondary antibodies for
1 h. The assays were performed in triplicates. Quantification
of the bands was analyzed with the NIH Image J program.

Immunohistochemistry

A total of 109 formalin-fixed, paraffin-embedded ERα-
positive breast cancer tissue blocks collected from the
Fifth Affiliated Hospital of Harbin Medical University were
used for detecting the protein expression of MMP-9 in this
study. The tissue samples had been implored in our previ-
ous study for investigating the PELP1 expression pattern in
Chinese women with primary breast cancer [24]. None of
the patients underwent chemotherapy, radiotherapy, or en-
docrine therapy before surgical excision. The protocol of
this study was approved by the institutional review board of
Harbin Medical University-Daqing; written informed con-
sent was obtained from all participants. Immunostaining of
PELP1was performed as previously reported [24]. For
MMP-9 immunostaining, sample blocks were sliced to
4-μm-thick serial section, deparaffinized with xylene, and
rehydrated on alcohol gradients. Endogenous peroxidase
was blocked with 3% hydrogen peroxide in methanol for
30 min before antigen retrieval with microwave. The sliders
were incubated with diluted antibody against MMP-9
(1/200) under 4 °C overnight. Real Envision Detection sys-
tem (DAKO, Denmark) was used in accordance with the
manufacturer’s instruction. Sections were visualized with
the chromogen DAB and counterstained with hematoxylin.
Negative controls were performed by omitting the primary
antibody and substituting with antibody dilution buffer
(DAKO, Denmark). The evaluation of immunoreactivity
was performed independently by two of the authors
(BS.Z. and M.L.). H-score was used to assess immunoreac-
tivity of PELP1 as previously described [25]. The evalua-
tion of MMP-9 immunoreactivity followed the method of
Xu et al. [26].

Statistical Analysis

Data from the in vitro studies were expressed as mean ±
S.E.M. of three independent experiments and statistical differ-
ences were analyzed with one-way ANOVA followed by the
Tukey-Kramer test. The correlation between PELP1 and
MMP-9 expression in breast cancer tissues samples was ana-
lyzed with Spearman correlation test. A value of P < 0.05 was
considered statistically significant.

Results

E2-Induced mRNA and Protein Expression of MMP-9
in MCF-7 Demonstrated a Rapid Response
and Concentration-Dependent Pattern

In order to explore the effects of E2 on the expression of MMP-
9 in ERα-positive breast cancer cells, real-time PCR and
Western blot were performed. Both the mRNA and protein
expression of MMP-9 in ERα-positive MCF-7 breast cancer
cells demonstrated a rapid increase, which appeared at 10 min
(1/6 h) and reached peak at 1 h after treated with10nM E2

(Fig. 1a, b). To examining the concentration-effect relation of
E2-induced MMP-9 expression, MCF-7 cells were treated with
1~100 nM E2 for 1 h; MMP-9 mRNA (Fig. 1c) and protein
(Fig. 1d) showed E2 concentration-dependent increase.

Membrane-Impenetrable E2-BSA-Induced mRNA
and Protein Expression of MMP-9 in MCF-7
with a Pattern Similar to E2

E2-BSA, a large molecular conjugate of E2 with BSA, was
reported to be membrane-impenetrable and be able to activate
the membrane-initiated estrogen signaling. Since the E2-BSA
(catalog # E6507, Sigma) used in this study was labeled with
FITC, we firstly examined the membrane penetrability of E2-
BSAwith fluorescence microscopy. As shown in Fig. 2a, after
adding 10 nM E2-BSA (molar concentration of E2, equal to
concentration of 1 nMBSA according to manufacturer’s spec-
ifications) into the culture medium, the green fluorescence
could only been observed around the outline of alive cells.
However, the green fluorescence could been observed in the
whole cell when the cells were treated with Triton X100. This
result suggested that E2-BSA could not penetrate the mem-
brane when the cells were alive. Subsequently, we detect an
MMP-9 expression in MCF-7 treated with 10 nM E2-BSA in
different time periods. Similar to that induced by E2, both
mRNA and protein expressions of MMP-9 demonstrated a
significant increase at 30 min and reached peak at 1 h after
the stimulation with E2-BSA (Fig. 2b, c). Furthermore, we
compared the effect of E2-BSA and E2 at the concentration
respectively of 10 nM and 100 nM on promoting mRNA and
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protein expression of MMP-9. It is demonstrated that E2-BSA
concentration dependently increased mRNA and protein ex-
pression ofMMP-9 inMCF-7 cells (Fig. 2d, e). Moreover, the
expression of MMP-9 mRNA and protein did not show sig-
nificant difference between equal molar concentration of E2-
BSA and E2 (Fig. 2d, e). This result indicated the membrane-
initiated estrogen signaling conducted by E2-BSAwas enough
to exert entire regulatory function of estradiol on MMP-9 ex-
pression in ERα-positive breast cancer cells.

Knocking Down PELP1 Significantly Attenuated E2
and E2-BSA-Induced MMP-9 Expression in MCF-7

It is reported PELP1 plays a critical role in the membrane-
initiated estrogen signaling. We thereby established a PELP1
knocking down cell model–based MCF-7 by transfecting
PELP1-shRNA. Western blot demonstrated that transfection
of catalog # TRCN0000159883 PELP1-specific Sure
Silencing shRNA plasmids obtained the optimal knocking
down efficiency (data not shown), which demonstrated a
0.26-fold protein expression of PELP1 compared with that in
NC transfected cells (Fig. 3a). Knocking down PELP1

significantly attenuated the mRNA and protein expression of
MMP-9 inMCF-7 induced either by E2 or E2-BSA (Fig. 3b, c).
The result confirmed the critical role of PELP1 in estradiol-
induced expression of MMP-9 in ERα-positive breast cancer
cells via the membrane-initiated estrogen signaling.

PI3K/Akt Pathway Downstream PELP1 Was Involved
in E2-BSA-Induced MMP-9 Expression in MCF-7

IP3K/Akt pathway had been reported to be involved in the
downstream of PELP1-mediated membrane-initiated estrogen
signaling. We further investigated whether inhibiting activity
of PI3K could influence E2-BSA-induced expression of
MMP-9 in MCF-7 using the PI3K inhibitor LY-294002 alone
or in combination with PELP1-shRNA. The mRNA expres-
sion of MMP-9 was detected with RT-PCR, and Western blot
was performed to examine MMP-9 and PELP1 protein ex-
pression of and phosphorylation of Ser478 residue of Akt
(the main downstream substrate of PI3K). It is revealed that
either LY-294002 or PELP1-shRNA alone suppressed phos-
phorylation of Akt and impeded both mRNA and protein ex-
pression of MMP-9 induced by E2-BSA in MCF-7. Treated

Fig. 1 E2-induced MMP-9 expression in MCF-7 breast cancer cells.
ERα-positive MFC-7 breast cancer cell was treated with 10 nM E2 for
different time periods; mRNA (a) and protein expression (b) of MMP-9
were detected respectively by real-time PCR and Western blot. For
investigating the concentration-response relation between E2 treatment

and expression of MMP-9, MCF-7 was treated with 1~100 nM E2 for
1 h, and mRNA (c) and protein expression (d) of MMP-9 were detected
respectively by real-time PCR andWestern blot. All presented figures are
representative data from at least three independent experiments. *P < 0.05
compared with 0 h of E2 treatment (a, b) or medium control (c, d)
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cells with LY-294002 in combination with PELP1-shRNA
totally abolished E2-BSA-induced increment of mRNA and
protein expression of MMP-9 (Fig. 4). This result indicated
IP3K/Akt pathway may play an important role downstream
PELP1 in E2-BSA-induced MMP-9 expression in ERα-
positive breast cancer cells.

The Expression of MMP-9 Was Positively Correlated
with the Expression of PELP1 in ERα-Positive Breast
Cancer Tissues

In order to verify the role of PELP1 in estradiol-induced
expression of MMP-9 in primary breast cancer, we detected

Fig. 2 Membrane-impenetrable E2-BSA-induced mRNA and protein
expression of MMP-9 in MCF-7. Fluorescent photography showed that
FITC-labeled E2-BSA did not puncture the membranes of MCF-7 breast
cancer cells (a). MFC-7 was treated with 10 nM E2-BSA for different
time periods; the mRNA (b) and protein expression (c) of MMP-9 were
detected respectively by real-time PCR and Western blot. Subsequently,
MFC-7 was treated with E2-BSA and E2 at the concentration respectively

of 10 nM and 100 nM; the mRNA (d) and protein expression (e) of
MMP-9 were detected respectively by real-time PCR and Western blot.
All presented figures are representative data from at least three
independent experiments. *P < 0.05 compared with 0 h of E2-BSA
treatment (b, c) or medium control (d, e); #P < 0.05 compared with that
treated with 10 nM E2;

&P < 0.05 compared with that treated with 10 nM
E2-BSA

Fig. 3 The influence of knocking down PELP1 on E2 and E2-BSA-
induced MMP-9 expression in MCF-7. Either PELP1-shRNA or non-
specific control (NC) plasmid was transfected into MCF-7, after
selected with puromycin, the protein expression of PELP1 was
examined by Western blot (a). MFC-7 transfected with NC or PELP1-
shRNAwere treated with 10 nM of either E2 or E2-BSA; the mRNA (b)

and protein expression (c) of MMP-9 were detected respectively by real-
time PCR and Western blot. All presented figures are representative data
from at least three independent experiments. *P < 0.05 compared with
NC and medium treated control; #P < 0.05 compared with that NC
treated with 10 nM E2;

&P < 0.05 compared with that NC treated with
10 nM E2-BSA
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the expression of MMP-9 and PELP1 in 109 cases of ERα-
positive breast cancer tissues by immunohistochemistry
(IHC) (Fig. 5). MMP-9 immunostaining mainly located in
plasma of tumor cells and/or extrocellular matrix around
tumor cells, and PELP1 immunostaining was localized to
the nuclei of tumor cells. Among 109 cases of tissue sam-
ples, 27 cases demonstrated negative MMP-9 immunostain-
ing, 25 cases demonstrated weak MMP-9 immunostaining,
28 cases demonstrated moderate MMP-9 immunostaining,
and 29 cases demonstrated strong MMP-9 immunostaining;

as for PELP1, 19 cases were assessed negative, 44 cases
were assessed moderate, and 46 cases were assessed strong
immunostaining according to the record of our previous
study [24]. Spearman correlation test showed that the protein
expression of MMP-9 was positively correlated with the
expression of PELP1 in ERα-positive breast cancer tissues
with an r value of 0.293 and a P value of 0.002 (Table 1).
This result further confirmed the important role of PELP1 on
estrogen-regulated expression of MMP-9 in ERα-positive
breast cancer cells.

Fig. 4 The influence of inhibiting
PI3K/Akt pathway on E2-BSA-
induced MMP-9 expression in
MCF-7. MCF-7 was treated with
PI3K inhibitor LY-294002 alone
or in combination with PELP1-
shRNA before being stimulated
with E2-BSA; real-time PCR was
performed to examine mRNA
expression of MMP-9 (a) and
Western blot were performed to
examine the protein expression of
MMP-9, PELP1, and
phosphorylation of Ser478 residue
of Akt (b). All presented figures
are representative data from at
least three independent
experiments. *P < 0.05 compared
with NC and medium treated
control; #P < 0.05 compared with
that NC treated with 10 nM E2-
BSA
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Discussion

Although previous studies have shown that PELP1 is involved
in the invasion and metastasis of both ER-positive and ER-
negative breast cancer, little is known about the role and
downstream pathway of PELP1 in estrogen-induced MMP-9
expression in ER-positive breast cancer cells. Our study pro-
vided three new insights into this issue: first, estradiol stimu-
lated rapid expression of MMP-9 in ER-positive breast cancer
cells via membrane-initiated signaling; second, PELP1 played
a critical role in estradiol-induced expression of MMP-9 of
ER-positive breast cancer cells; third, PI3K/Akt kinase cas-
cade acted as the downstream pathway of PELP1 in estradiol-
induced MMP-9 expression of ER-positive breast cancer
cells.

Though numerous reports had discussed the correlation
between estrogen signal and the expression and activity of
MMPs, the confliction on the direction of estrogen- or anti-
estrogen agent–regulated expression of MMP-9 still exists [8,
10, 12, 13, 27–30]. These discrepancies may be partially due
to the difference in target cell types stimulated by estrogen.
However, even in the same cell type, for example, in MCF-7
breast cancer cells, the regulatory effect of estrogen on the

expression or activity of MMP-9 is still controversial. Some
studies have reported that estradiol upregulated the expression
and activity of MMP-9 in MCF-7 [8, 10, 27]; on the contrary,
there is also a considerable number of studies reporting that
estradiol downregulated MMP-9 expression in MCF-7 breast
cancer cells [29, 31, 32]. A possible reason for these conflict-
ing results may be the diversity of observation time after es-
tradiol treatment. Notably, most observations on MMP-9 ex-
pression regulated by estrogen were more than 24 h after the
cells were treated; few studies have paid attention to the influ-
ence of estrogen on the MMP-9 expression within minutes or
hours.

In line with that reported by Razandi et al. [30] and Russo
et al. [33], our study demonstrated that 17β-estradiol (E2)-
induced MMP-9 mRNA and protein expression in ERα-
positive MCF-7 breast cancer cells in a rapid response and
concentration-dependent manner. After being treated with 1–
100 nMof E2 for 10min, the mRNA and protein expression of
MMP-9 in MCF-7 started to increase and reached the peak at
1 h, then the mRNA and protein levels of MMP-9 decreased
gradually and recovered to the level before E2 treatment after
24 h. This change of MMP-9 can also be induced by
membrane-impenetrable E2-BSA, with this result, suggesting

Fig. 5 Immunostaining of PELP1 and MMP-9 in ERα-positive breast
cancer tissues. a Negative immunostaining of PELP1 in breast cancer
tissues. b Moderate immunostaining of PELP1 in breast cancer tissues.
c Strong immunostaining of PELP1 in breast cancer tissues. d Negative
immunostaining of MMP-9 in breast cancer tissues. e Weak

immunostaining of MMP-9 in breast cancer tissues. f Moderate
immunostaining of MMP-9 in breast cancer tissues. g Strong
immunostaining of PELP1 in breast cancer tissues. h Positive control of
MMP-9 immunostaining (lung adenocarcinoma). Bar = 20um

Table 1 Correlated MMP-9
expression to PELP1 in ER-
positive breast cancer tissues

Immunoactivity of
PELP1

Immunoactivity of MMP-9 r P

Negative
(n = 27)

Weak
(n = 25)

Moderate
(n = 28)

Strong
(n = 29)

Negative (n = 19) 8 (42.1%) 6 (31.6%) 2 (10.5%) 3 (15.8%) 0.293 0.002

Moderate (n = 44) 12 (27.3%) 10 (22.7%) 14 (31.8%) 8 (18.2%)

Strong (n = 46) 7 (15.2%) 9 (19.6%) 12 (26.1%) 18 (39.1%)
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that the rapid change of MMP-9 expression induced by E2 in
MCF-7 may be conducted by the membrane-initiated signal-
ing pathway of estrogen. Combining our results and previous
reports, we present the hypothesis that a multiple phasic pat-
tern of estrogen-regulated expression of MMP-9 in ER-
positive cells exists, which may include at least a transient
regulation phase and a long-term regulation phase. The tran-
sient regulatory effect of estrogen is relatively simple, which
results in the upregulation of MMP-9 expression in ER-
positive cells, while the long-term regulatory effect is com-
plex, which may be affected by certain intracellular or extra-
cellular signal cross-talk, thereby demonstrating different reg-
ulatory results. Of course, to support this hypothesis, more
comprehensive pieces of evidence will be needed.

Razandi’s study described G protein–coupled estrogen re-
ceptor (GPER) as the mediator of membrane-initiated estro-
gen signaling for regulation of MMP-9 expression in MCF-7
[30]. However, many studies also emphasized the critical role
of classical ERα in mediating E2-regulated expression of
MMP-9. Interestingly, Razandi’ study was published in
2003, while it was in 2002 that PELP1 was first recognized
as an estrogen receptor coregulator which plays a key role in
ERα-mediated membrane-initiated estrogen signaling [19].
Thus, PELP1 would be a promising candidate for connecting
ERα and membrane-initiated estrogen signaling in the regu-
lation of MMP-9 expression. To our best knowledge, the role
of PELP1 in E2-induced transient expression of MMP-9 was
not investigated before. In the current study, we demonstrated
that knocking down PELP1 with specific shRNA significantly
inhibited E2-BSA-induced MMP-9 expression in MCF-7.
Moreover, knocking down PELP1 could also suppress E2-
BSA-induced activation of PI3K, presented as less phosphor-
ylation of Akt. These results suggested that PELP1 plays a key
role in E2-induced transient expression of MMP-9 in MCF-7
and PI3K/Akt kinase cascade may mediate the downstream
signaling of PELP1.

PELP1 has no enzyme activity. Under the stimulation of
estrogen, PELP1 acts as a scaffold protein to couple ERα-c-
Src-PI3K-p85 forming a multi-molecular complex, by which
directly activated PI3K-p85 subunit as well as the downstream
Akt signaling pathway [17]. In our study, pretreating the
MCF-7 cells with PI3K inhibitor LY-294002 could also sig-
nificantly suppress E2-BSA-induced expression of MMP-9
and treated the cells simultaneously with PELP1-shRNA and
LY-294002 did not show synergetic inhibitory effect. This
result confirmed PI3K/Akt kinase cascade as the downstream
signaling pathway of PELP1-mediated MMP-9 expression in
MCF-7. It is notable that both mRNA and protein levels of
MMP-9 in MCF-7 rapidly changed after the cells were treated
with E2 or E2-BSA, which suggested that certain transcription-
al factor downstream PI3K/Akt kinase cascade would be nec-
essary. Several studies have reported NFκB, as a transcription-
al regulator downstream PI3K/Akt, was involved in various

factors inducing expression of MMP-9 [34–36]. In this study,
we did not test whether NFκB played a role in the E2-induced
rapid expression of MMP-9 in MCF-7 cells; this is one of the
drawbacks of the current study.

To further verify the results of the in vitro study, we detect-
ed the expression of PELP1 and MMP-9 in 104 ERα-positive
breast cancer tissues by IHC. Echoing to the results from the
in vitro study, the PELP1 expression was positively correlated
with the MMP-9 expression in the breast cancer tissues. It is
worth noting that although the in vitro study suggested E2-
induced MMP-9 expression via PELP1-mediated membrane-
initiated signaling, we only detected exclusive nuclear locali-
zation of PELP1, without cytoplasm or membrane immuno-
staining of PELP1, was observed. A possible explanation for
this discrepancy may lie in the antibody against PELP1 used
in this study. The antibody against PELP1 used in this study
(Bethyl Laboratory; cat # IHC-00013) and most commercially
available antibodies against PELP1 were raised to recognize
the epitopes between residues 1000 and 1050 in the C-
terminal of PELP1, which has been identified as a region for
PELP1 interaction with cytoplasmic proteins, such as the p85
subunit of PI3K [37, 38]. Thus, the epitope recognized by the
antibody used in this study might be masked when PELP1 is
localized in the cytoplasm and leave only nuclear immuno-
staining detectable by IHC.

In conclusion, we confirmed the key role of PELP1 in E2-
induced rapid expression of MMP-9 in ER-positive breast
cancer cells and explored the possible signaling pathway
downstream PELP1 in this study. There are still some defi-
ciencies in the study. For example, we did not observe the
secretion and activation of MMP-9 induced by estradiol in
MCF-7, did not explore the downstream pathway of
PI3K/Akt, and did not test the multiple-phasic-pattern hypoth-
esis of estrogen-regulated MMP-9 expression in ER-positive
breast cancer cells; these issues will be investigated in our
future studies.
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