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Abstract
In breast cancer, SRC-1 expression positively correlates with HER2 expression and poor
prognosis. In MMTV-polyoma middle T (PyMT) breast cancer mouse model, SRC-1 strongly
promotes mammary tumor metastasis. However, the molecular targets and mechanisms that
mediate the role of SRC-1 in metastasis are unknown. In this study, SRC-1 wild type (WT) and
knockout (KO) cell lines were developed from the mammary tumors of WT/PyMT and KO/PyMT
mice. WT cells exhibited strong migration and invasion capabilities, reduced E-cadherin and β-
catenin epithelial markers, gained N-cadherin and vimentin mesenchymal markers and formed
undifferentiated invasive structures in three-dimensional (3D) culture. In contrast, KO cells
showed slow migration and invasion, retained E-cadherin, had less N-cadherin and vimentin, and
developed partially differentiated 3D structures. Importantly, WT cells expressed Twist, a master
regulator of metastasis, at significantly higher levels versus KO cells. SRC-1 knockdown in WT
cells reduced Twist expression, while SRC-1 restoration in KO cells also rescued Twist
expression. Furthermore, SRC-1 was found to coactivate Twist transcription through physical
interaction with the transcription factor PEA3 at the proximal Twist promoter. Accordingly, Twist
knockdown in WT cells increased E-cadherin and reduced cell invasion and metastasis, and Twist
expression in KO cells decreased E-cadherin and increased cell invasion. SRC-1 knockdown in
human breast cancer cells also decreased Twist, cell migration and invasion. Therefore, SRC-1
promotes breast cancer invasiveness and metastasis by coactivating PEA3-mediated Twist
expression. Intervention of SRC-1 function may provide new strategies to inhibit breast cancer
metastasis.
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Introduction
Breast cancer mortality is largely attributed to metastasis. Despite its clinical importance, the
molecular mechanisms responsible for metastasis remain poorly understood, partially due to
lack of appropriate experimental models and difficulties of identifying metastasis-specific
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regulators and mediators (1). Cancer metastasis consists of several steps: epithelial
mesenchymal transition (EMT), local invasion, intravasation into the circulation systems,
transport in the circulation, extravasation, and survival in a secondary organ site, followed
by proliferation into micrometastasis and formation of overt metastatic lesions (1,2).
Conceivably, each of these steps may be promoted by a specific group of factors. During
EMT, for example, breast tumor cells express one or more transcription factors including
Twist, Snail, Slug and/or SIP1, which mediate the transition through repression of epithelial
markers such as E-cadherin and β-catenin and induction of mesenchymal markers such as N-
cadherin, fibronectin and vimentin (3,4). In addition to the transcription factors that control
EMT, many other proteins are also associated with breast cancer metastasis. These proteins
include certain oncoproteins such as ras, HER2, epidermal growth factor receptor and c-
myc, motility factors such as hepatocyte growth factor, extracellular matrix (ECM)
degradative enzymes such as uPA and metalloproteinases (MMPs) and posttranslational
modification enzymes for protein glycosylation such as Mgat5 (5–7). Proteins that enhance
metastasis also include S100A4, Mta-1, Muc1 and osteopontin (6). However, none of these
proteins functions exclusively in cancer metastasis as functional inactivation of each also
inhibits primary tumor growth.

SRC-1 is a transcriptional coactivator in the SRC family that also contains SRC-2 (TIF2 or
GRIP1) and SRC-3 (AIB1 or ACTR) (8). These coactivators promote transcription by
interacting with nuclear receptors such as estrogen and progesterone receptors, as well as
other transcription factors such as AP-1, NF-κB, Ets-2 and PEA3 (9–15). Studies using
mutant mouse models demonstrate SRC family members to have both unique and partially
redundant functions in development, somatic growth, steroid response, metabolism,
reproduction, vasoprotection and inflammation (8,16–21). In human mammary epithelial
cells, SRC-1 expression is very low (14). However, SRC-1 expression in HER2-positive
breast cancers is increased and correlated with disease recurrence and resistance to
endocrine therapy (14,22). SRC-1 expression inversely correlates with estrogen receptor β
(ERβ) expression, a marker for better prognosis in breast cancer (23). In addition, SRC-1
interacts with Ets-2 to enhance c-Myc expression in endocrine resistant breast cancer cells
(11,12) and with ERα to promote SDF-1 expression, facilitating cell proliferation and
invasion (24).

Unlike other oncogenes, SRC-1 functions specifically to promote breast cancer metastasis
(25). During mammary tumorigenesis in MMTV-PyMT mice, SRC-1 is upregulated.
Inactivation of SRC-1 in these mice does not alter mammary tumor initiation and growth,
but drastically suppresses mammary tumor cell intravasation and lung metastasis. Although
SRC-1 enhances HER2 expression, Akt activity, colony-stimulating factor-1 expression and
macrophage recruitment to the tumor site, the molecular mechanisms responsible for SRC-1
to promote breast cancer metastasis are largely unknown (25).

In this study, we have developed cell lines from mammary tumors of WT/PyMT and
SRC-1−/−/PyMT mice and used these cell lines to investigate the molecular mechanisms by
which SRC-1 promotes metastasis. We find SRC-1 promotes EMT, mammary cancer cell
migration and invasion by enhancing PEA3-mediated transcriptional activation of Twist, a
master regulator of breast cancer metastasis (3).

Materials and Methods
Generation of mouse mammary tumor cell lines

Individual mammary tumors were collected from WT/PyMT and SRC-1−/−/PyMT mice.
Tumor cell lines were established from WT/PyMT and SRC-1−/−/PyMT mammary tumors
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as described (15). The epithelial character of these cells was confirmed by
immunocytochemistry for cytokeratin 8 (K8) as described (15).

Cell motility and invasion assays
Individual cell movement was traced for 18 hours in 96-well culture plate coated with blue
fluorescent beads. Track areas were quantitatively analyzed using NIH image software as
described (15). Cell invasion was assayed by using BioCoat Matrigel Invasion Chambers
(BD Biosciences) as described (15). 25,000 cells in serum-free medium containing 0.2%
BSA were loaded to the upper chambers. The lower chambers were filled with fibroblast-
conditioned medium containing 5% fetal bovine serum (FBS) as chemo-attractant. After
cultured for 22 hours, the invading cells were fixed, stained and counted. Real-time cell
invasion assay was carried out using an RT-CES system with 16-well E-Plates equipped
with a Matrigel-coated membrane with 8 μm pores (ACEA Biosciences Inc.). 50,000 cells in
serum-free medium were loaded to the top chamber and medium with 5% serum was added
to the bottom chamber. Cell invasion was monitored every 30min till the experimental
endpoint.

SRC-1 Knockdown and adenovirus-mediated expression
To knock down SRC-1, WT/PyMT mouse cells and MDA-MB-231 human cells (5 × 105) in
6-well plates were transfected with mouse and human SRC-1 siRNA Smart Pools as
described (Dharmacon) (15). Cells transfected with scrambled siRNA served as controls.
The knockdown efficiency was examined by qPCR and Western blot analyses as described
(15). For SRC-1 expression and its control, SRC-1−/−/PyMT cells were infected with
adenoviruses carrying either an SRC-1 or a control GFP expression cassette as described
(15,26). Exogenous expression of SRC-1 in SRC-1 knockout cells was examined by western
blot as described (15).

Stable shRNA knockdown and retroviral expression of Twist
Five different shRNA lentiviruses targeting non-overlapping regions of the mouse Twist
mRNA (SHVRS-NM-011658) as well as a non-targeting shRNA lentivirus (SHC002V)
were purchased from Sigma. WT1 mammary tumor cells were infected with either the
targeting lentiviral mixture or control non-targeting lentiviral particles. Infected cells were
selected in puromycin-containing medium. Surviving clones were isolated and examined by
real-time RT-PCR to determine Twist knockdown efficiency. To express Twist in KO1
cells, a DNA sequence for translational initiation and Flag tag were added to the 5' human
Twist coding sequence and the resulting fusion DNA was cloned into the pQCXIH retroviral
vector (BD Biosciences). The parent vector was used as a control. Retroviruses were
produced in pT67 packaging cells. Stable KO1 cells with human Twist expression or control
vector were generated by retroviral infection followed by hygromycin selection.

Three-dimensional (3D) culture
The 3D culture system for WT/PyMT and SRC-1−/−/PyMT cells was set up as described
(15). 5,000 cells in 400μl of growth medium containing 2% Matrigel were seeded on 8-well
chamber slides (BD Biosciences) pre-coated with 40ul Matrigel and cultured for 8–18 days.
Cells were fixed in methanol and acetone (1:1). Immunofluorescence staining was
performed with primary antibodies against E-cadherin, N-cadherin (BD Biosciences) and
ZO-1 (Zymed Lab.), and fluorescence-conjugated secondary antibodies. DNA was stained
using propidium iodide (PI). Stained slides were mounted in 50% glycerol and examined by
confocal microscopy.
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Western blot
Cells in 80% confluent monolayer culture were extracted with a lysis buffer containing 0.05
M Tris-HCl, pH 7.6, 0.15 M NaCl, 1% NP-40, 0.5% Deoxycholate, 2 mM EDTA and
protease inhibitor cocktail. Cell lysates with 50 μg protein were subjected to Western blot
analyses using primary antibodies against SRC-1 (Abcam), E-cadherin, N-cadherin (BD
Biosciences), β-catenin, vimentin, PEA3 (Santa Cruz), PEA3, Flag-Twist and β-actin
(Sigma). Horseradish peroxidase-conjugated secondary antibodies and a chemiluminiscence
kit from Pierce Biotechnology were used to visualize the immunochemical signals.

Real-time quantitative RT-PCR (qPCR)
Total RNA was isolated from cells using TRIZOL reagents (Invitrogen). cDNA template
was produced by reverse transcription from 1 μg of RNA using Reverse Transcriptase Core
kit (Eurogentec). The relative concentrations of mouse SRC-1, Twist, Snail, SIP1, E-
cadherin, N-cadherin and vimentin mRNAs and human SRC-1 and Twist mRNAs were
measured by qPCR using matched Universal Taqman probes and gene-specific primers
(Roche). The measurement of 18s mRNA was used as an endogenous control.

Cell transfection and luciferase assays
The pGL3-mTwist-Luciferase (Luc) promoter/reporter construct was provided by Dr. Howe
(27). The pGL3-hTwist-Luc promoter/reporter plasmid was constructed with a 2300-bp
DNA fragment amplified by PCR from the proximal enhancer/promoter region of the human
Twist gene. The primers for PCR were 5'-GTTGGTACCGCTGTGGACTTGGTTTCTCC
and 5'-GATAAGCTTCTGCAGACTTGGAGGCTCTT. WT/PyMT and SRC-1−/−/PyMT
cells were grown to 80% confluence in 12-well plate and transiently transfected with 200ng
of pGL3-mTwist-Luc and 50ng of pSV40-gal plasmids as described (15). pSV40-gal
supported constitutive expression of β-galactosidase (β-gal), which was used to normalize
transfection efficiency. Hela cells were co-transfected with pSV40-gal, pCR3.1-SRC-1,
pGL3-hTwist-Luc and expression plasmids for PEA3, ERM, ER81, NF-κB, c-Jun, TCF,
HIF-1α or E2F1. Total DNA for each well was added to the same amount using respective
parent vectors when different combinations of plasmids were applied. Cells were cultured
for 48 hours and then lysed with Reporter Assay Lysis Buffer (Promega). Luciferase activity
was measured using the Luciferase Assay System (Promega). β-gal activity was assayed as
described (28). Relative luciferase activity was normalized to β-gal activity.

Co-immunoprecipitation (Co-IP)
Cell lysates with 500μg protein prepared from MDA-MB-231 cells were pre-cleaned with
protein G/A beads and subjected to Co-IP using 2μg of PEA3 antibody. Equal amount of
IgG was used as negative control. Immuno-complexes were denatured by boiling in SDS-
PAGE sample buffer and separated in 6% SDS-PAGE gels for Western blot using SRC-1
and PEA3 antibodies. All Co-IP assays were repeated for 3 times.

Chromatin immunoprecipitation (ChIP) assays
ChIP assays were performed with MDA-MB-231 cells, 2μg of antibodies against SRC-1 or
PEA3 and the protein-G/A beads as described (15). PCR was performed with specific
primer pairs to amplify proximal regions of the human Twist promoter that contain PEA3-
binding sites (27).
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Results
SRC-1 Enhances Mammary Tumor Cell Migration and Invasion

To investigate the role of SRC-1 in regulation of cell behaviors and molecular pathways
relevant to breast cancer metastasis, we developed WT and SRC-1 KO mammary tumor cell
lines. Two independent WT cell lines, WT1 and WT2, were derived from mammary tumors
of WT/PyMT mice, and two independent KO cell lines, KO1 and KO2, were derived from
mammary tumors of SRC-1−/−/PyMT mice. After culturing under selective conditions for
epithelial cell growth, these established cell lines were positive to K8 immunostaining
(Supplementary Fig. S1) and thus to be of mammary epithelial origin. Since metastatic
potential correlates with the ability of cancer cells to migrate out of tumor mass and invade
tissues, we subjected cell lines to migration and invasion assays. We traced the migration of
individual cells on culture plates by pre-coated fluorescence beads. Within 17 hours, most
WT1 and WT2 cells had migrated extensively and left much broader and longer trails than
SRC-1-deficient KO1 and KO2 cells did (Fig. 1A, a). The average migration area swept by
individual WT1 or WT2 cells was significantly larger compared with that swept by
individual KO1 or KO2 cells (Fig. 1A, b). We also cultured WT and KO cells in chambers
containing Matrigel barrier that simulates ECM and measured their invasion capabilities.
We found 17% of WT1 and 38% of WT2 cells invaded through the Matrigel barrier, versus
only 10% of KO1 and 5% of KO2 cells (Fig. 1A, c). The different invasion capabilities
between WT1 and WT2 cells and between KO1 and KO2 cells might reflect variable genetic
and epi-genetic changes in different tumors. Overall, these results suggest that SRC-1
deficiency reduces migration and invasion capabilities of the mammary tumor cells.

To confirm the role of SRC-1 in promoting cell migration and invasion in WT1 and WT2
cells, we knocked down SRC-1 by transfecting these cells with SRC-1 siRNA. Scrambled
siRNA served as a control (Fig. 1B, a). Upon SRC-1 knockdown, both WT1 and WT2 cell
lines showed more than 50% reduction in their migration velocity and invasion capability
(Fig. 1B, b and c). We also expressed SRC-1 in KO1 and KO2 cells by adenoviral infection
to evaluate the role of SRC-1 in cell migration and invasion (Fig. 1C, a). SRC-1 restoration
in KO1 cells resulted in an increase in both cell migration and invasion versus GFP control.
SRC-1 restoration in KO2 cells caused a similar increase in cell invasion, but did not
increase cell migration (Fig. 1C, b and c). Taken together, these results demonstrate that
SRC-1 plays an important role in promotion of mammary tumor cell migration and invasion.

SRC-1 Reduces Mammary Tumor Cell Differentiation and Promotes EMT
To evaluate the degree of epithelial differentiation of mammary tumor cells with and
without SRC-1, we performed 3D culture and examined the expression and distribution
patterns of E-cadherin, ZO-1, laminin and N-cadherin. In the 3D culture system, the
MCF-10A human mammary epithelial cells formed highly differentiated hollow spheres
consisting of a single layer of polarized epithelial cells (Fig. 2A). E-cadherin was highly
expressed and localized primarily at the lateral cell membrane for cell-cell adhesion. The
tight junction protein ZO-1 was located at the apilateral membrane of polarized epithelial
cells, and the basement membrane protein laminin was located around the sphere (Fig. 2A).
N-cadherin, a marker of mesenchymal cells, was undetectable in MCF-10A cells (data not
shown). In contrast, WT1 and WT2 cells were unable to develop hallow spheres and they
only formed an undifferentiated dendritic architecture. In these invasive cellular
architectures, E-cadherin, ZO-1 and laminin were undetectable but N-cadherin was detected,
suggesting that WT1 and WT2 cells lost epithelial differentiation and polarity, and gained
certain mesenchymal features (Fig. 2A and data not shown). Interestingly, cultured KO1 and
KO2 cells formed 3D structures with a partially differentiated phenotype. These cells
formed mammary epithelial spheres, although the shells of some spheres consisted of
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multiple layers of cells. E-cadherin was detected between most cells and ZO-1 was detected
in about 50% of cells in the outer cell layer of the spheres (Fig. 2A and data not shown).
Laminin and N-cadherin were undetectable. Overall, these results demonstrate that the
SRC-1-deficient KO1 and KO2 mammary tumor cells were more differentiated than SRC-1-
positive WT1 and WT2 cells, but less differentiated than normal MCF-10A cells.

In WT1 and WT2 cells cultured as monolayer, immunofluorescent labeling did not detect
epithelial markers E-cadherin and β-catenin but instead detected mesenchymal markers N-
cadherin and vimentin. In contrast, parallel assays in KO1 and KO2 cells detected E-
cadherin and β-catenin but not N-cadherin and vimentin (Fig. 2B and data not shown).
Western blot analyses confirmed that E-cadherin and β-catenin levels were significantly
higher in KO1 and KO2 cells versus in WT1 and WT2 cells, while N-cadherin and vimentin
levels were higher in WT1 and WT2 cells versus in KO1 and KO2 cells (Fig. 2C). These
results suggest SRC-1 plays an important role in promoting EMT of mammary tumor cells.

SRC-1 Partially Inhibits E-cadherin Expression
Since loss of E-cadherin is an essential event in EMT during breast cancer progression (4),
we focused our attention on addressing how SRC-1 regulates E-cadherin expression. E-
cadherin mRNA was detected at high levels in KO1 and KO2 cells but at very low levels in
WT1 and WT2 cells (Fig. 3A), which was consistent with the results from immunochemical
analyses in Fig. 2. Southern blot analysis revealed that the genomic DNA of E-cadherin
gene was present in both WT and KO cell lines, indicating that the loss of E-cadherin
mRNA expression in WT cells was not due to a loss of the E-cadherin gene (Supplementary
Fig. S2). In order to confirm the impact of SRC-1 on E-cadherin expression, we knocked
down SRC-1 in WT1 and WT2 cells using siRNA, restored SRC-1 in KO1 and KO2 cells by
adenovirus-mediated expression, and examined E-cadherin expression. E-cadherin protein
and mRNA expression showed no change in WT cells treated with a short scrambled double
strand RNA as a control. However, when WT cells were treated with SRC-1 siRNA, E-
cadherin protein and mRNA expression were induced in these cells (Fig. 3B). On the other
hand, when KO cells were infected with SRC-1-expressing adenoviruses, E-cadherin protein
became undetectable by immunostaining only in some cells with high SRC-1 expression; E-
cadherin mRNA levels assayed by qPCR were significantly reduced; and E-cadherin protein
levels assayed by immunoblotting were partially reduced (Fig. 3C). Although it was unclear
why short-term SRC-1 expression had a more prominent effect on E-cadherin mRNA than
protein, these results demonstrate that SRC-1 levels inversely correlate with E-cadherin
levels in these mammary tumor cells.

SRC-1 Potentiates PEA3-mediated Twist Expression
Several transcription factors including Snail, SIP1 and Twist can suppress E-cadherin
promoter and promote EMT and cancer metastasis (3,29). Since SRC-1, as a transcriptional
coactivator, might enhance EMT and promote metastasis through influencing the expression
levels of these master regulators, we measured the mRNA levels of Snail, SIP1 and Twist in
WT and KO mammary tumor cells. Snail mRNA levels in KO1 and KO2 cells were similar,
while it was lower in WT1 cells but slightly higher in WT2 cells. There was no statistical
difference in average expression levels of Snail mRNA in WT and KO cells (Supplementary
Fig. S3A). SIP1 mRNA levels were also similar in all four cell lines (Supplementary Fig.
S3B). Twist mRNA levels, however, were markedly higher in WT1 and WT2 cells than in
KO1 and KO2 cells (Fig. 4A, a). To confirm the role of SRC-1 in Twist expression, we also
measured Twist mRNA levels in WT cells treated with SRC-1 siRNA and KO cells infected
with SRC-1 expression adenovirus. Our measurements revealed that SRC-1 knockdown in
WT cells decreased Twist expression more than 50%, while SRC-1 restoration increased
Twist expression more than 5 fold in KO1 cells and 2 fold in KO2 cells (Fig. 4A, b and c).
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These results indicate that SRC-1 plays an important role in upregulating Twist expression
in mammary tumor cells.

To understand how SRC-1 regulates Twist promoter activity, we performed transient
transfection assays using a Twist promoter-driven luciferase reporter (Twist-Luc). The
reporter showed much higher activities in WT1 and WT2 cells compared with KO1 and
KO2 cells (Fig. 4B). Furthermore, co-transfection of SRC-1 and Twist-Luc into Hela cells
activated Twist promoter in a SRC-1 dose-dependent manner (Fig. 4C). These results
indicate that SRC-1 is required for Twist promoter activation.

The 2.8-kb Twist promoter region used in the Twist-Luc reporter contains binding elements
for NF-κB, c-Jun, TCF, HIF1α, E2F1 and PEA3, and some of these transcription factors
have been shown to regulate Twist promoter (27,30). To search for transcription factor
candidates working with SRC-1, we co-transfected Hela cells with Twist-Luc reporter, one
of the above transcription factors and SRC-1 expression plasmids. Our assays showed that
expression of NF-κB, c-Jun, TCF or PEA3 could slightly enhance Twist promoter activity,
while expression of E2F1 or HIF-1α had no effect or an inhibitory effect on the Twist
promoter (Fig. 4D and Supplementary Fig. S4). Co-expression of SRC-1 with NF-κB, c-Jun,
TCF, HIF-1α or E2F1 did not further enhance Twist promoter activity (Supplementary Fig.
S4), suggesting that SRC-1 is not required for these transcription factors to activate Twist
promoter. On the contrary, co-expression of SRC-1 with PEA3 synergistically activated
Twist promoter activity, suggesting that SRC-1 may serve as a coactivator for PEA3 to
potentiate Twist promoter activity (Fig. 4D). In addition, co-expression of SRC-1 with other
Ets family members ERM and ER81 showed no increase in Twist promoter activity. Thus,
the role of SRC-1 in promoting PEA3-mediated Twist promoter activation is quite specific.

SRC-1 Is Associated with PEA3 and Twist Promoter for Transcriptional Activation
We also investigated the molecular mechanisms responsible for SRC-1 and PEA3 to
regulate Twist promoter. From the total cell extract prepared from the metastatic MDA-
MB-231 breast cancer cells, SRC-1 was specifically co-immunoprecipitated with PEA3
(Fig. 5A), which was consistent with a previous study showing physical interactions of SRC
family members with Ets family transcription factors (13). Next, we employed ChIP assays
to address whether PEA3 and SRC-1 were recruited to Twist promoter. The 2.8-kb Twist
promoter region contains 11 potential PEA3 binding sites. Five primer pairs at locations
depicted in Fig. 5B were designed to amplify DNA fragments termed a – e that cover Twist
promoter. Regions a, c, d, and e contained one or multiple PEA3-binding sites, and region b
without PEA3-binding site served as a control (Fig. 5B). ChIP assays, performed in MDA-
MB-231 cells, revealed both PEA3 and SRC-1 specifically associated with regions a and e,
but not with regions b, c and d (Fig. 5C). These results suggest that both PEA3 and SRC-1
are recruited to regions a and e of Twist promoter for transcriptional activation.

To determine whether region a, region e, or both regions were responsible for PEA3 and
SRC-1-mediated Twist promoter activation, we generated three luciferase reporter
constructs with deletions of region a (termed Mut-a-Luc), region e (termed Mut-e-Luc) or
both regions a and e (termed Mut-a&e-Luc) (Fig. 5B), and performed transfection assays
with SRC-1 expression vector, PEA3 expression vector or both SRC-1 and PEA3 expression
vectors. Deletion of region a slightly reduced the Twist promoter activity only when PEA3
and SRC-1 were co-expressed. However, deletion of region e or of both regions a and e
abolished PEA3/SRC-1-mediated Twist promoter activity (Fig. 5D). These results indicate
that SRC-1 promotes PEA3-medicated Twist transcription mainly via the region e of Twist
promoter. Region e (bp −655 to −432) is adjacent to the first TATA box and contains 5
PEA3-binding sites.
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Twist Mediates the Role of SRC-1 in Inhibition of E-cadherin Expression and Promotion of
Breast Cancer Cell Migration and Invasion

The preceding results suggest that SRC-1 may be through upregulation of Twist in breast
cancer cells to suppress E-cadherin expression and promote EMT, cell motility, invasion and
metastasis. If Twist mediates SRC-1 function during breast cancer progression, Twist
knockdown in WT mammary tumor cells with SRC-1 would block SRC-1-dependent
inhibition of E-cadherin expression and tumor cell invasion. Conversely, expression of
Twist in KO mammary tumor cells lacking SRC-1 would decrease E-cadherin expression
and epithelial differentiation, but increase EMT marker expression and cell invasiveness.
Indeed, when Twist was stably knocked down in WT1 cells by shRNA (Fig. 6A, a), the
morphology of some cells changed from spindle shape with loose cell-cell contact to cubic
shape with tight cell-cell contact (Fig. 6A, b). E-cadherin expression in clones with Twist
knockdown was markedly increased compared with clones with non-targeting control
shRNA as assayed by qPCR (Fig. 6A, c). Accordingly, real-time cell invasion assays
revealed that Twist knockdown in WT1 cells significantly reduced their invasion through a
Matrigel layer. Invasive behavior in one of the two examined Twist knockdown clones
(shTwist#2) was almost completely blocked (Fig. 6A, d). Furthermore, NU/NU recipient
mice with xenograft mammary tumors formed from WT/PyMT cells with stable Twist
knockdown possessed a significantly lower frequency of tumor cells in their blood and
metastatic tumors in their lungs compared with mice with tumors from control WT/PyMT
cells (Supplementary Fig. S5). On the other hand, when flag-tagged Twist was expressed in
KO1 cells by adenoviral infection (Fig. 6B, a), E-cadherin expression was reduced in about
50% of cells, while vimentin was induced in a similar promotion of cells (Fig. 6B, b).
Expression of Twist in KO1 cells also changed their epithelial morphology into fibroblast-
like morphology and disrupted their capability to form partially differentiated 3D structure
in the 3D culture system. These KO1 cells with exogenous Twist expression formed only
undifferentiated and invasive structures (Fig. 6B, b), resembling structures formed by WT
cells (Fig. 2A). These results demonstrate that Twist is a down-stream mediator for SRC-1
in mammary tumor cells to regulate E-cadherin expression and promote EMT and
malignancy.

Finally, we validated the findings obtained in mouse mammary tumor cells by recapitulating
SRC-1 knockdown experiments in MDA-MB-231 metastatic human breast cancer cells.
MDA-MB-231 cells express SRC-1 protein. SRC-1 knockdown in these cells by siRNA
decreased Twist expression to 25% and cell migration and invasion to about 45% (Fig. 6C).
These results indicate that SRC-1 also plays an important role to potentiate Twist
expression, cell motility and invasiveness in human breast cancer cells.

Discussion
In the SRC family, the role of AIB1 in breast cancer has been intensively investigated. AIB1
is overexpressed in a subgroup of breast cancers (31). In mice, AIB1 overexpression causes
mammary tumorigenesis, while its deficiency suppresses both mammary tumor formation
and lung metastasis (15,32,33). These studies not only proved a crucial role of AIB1 in
breast cancer but also raised the questions regarding possible roles for other SRC family
members in breast cancer. To investigate the in vivo role of SRC-1 in breast cancer, we have
recently generated WT/PyMT and SRC-1−/−/PyMT mice and compared mammary tumor
initiation, growth and metastasis in these mice (25). Surprisingly, we found that inactivation
of SRC-1 in mice does not affect primary mammary tumor initiation and growth but does
drastically inhibit mammary tumor metastasis to the lung (25). Therefore, AIB1 promotes
both primary mammary tumor formation and metastasis, while SRC-1 specifically promotes
mammary tumor metastasis, even though their differences in molecular mechanisms are
unknown.
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The present study is to address how SRC-1 promotes breast cancer metastasis at cellular and
molecular levels by developing and using SRC-1 WT and KO tumor cell lines. We found
SRC-1 plays important roles promoting of mammary tumor cell migration, invasion,
epithelial depolarization and EMT. These results were validated by analysis of SRC-1
knockdown in WT tumor cells, SRC-1 restoration in KO tumor cells, cellular morphology of
WT and KO cells in 3D cultures, and epithelial/mesenchymal marker profile of each cell
line. These findings, obtained from cultured cells, strongly correlate with and substantiate
our former in vivo observations showing that SRC-1 is required for enhancing mammary
tumor metastasis to the lung in mice (25).

EMT is an important event during cancer progression. In the EMT process, tumor cells lose
polarity and epithelial differentiation and acquire certain mesenchymal features, which
enable tumor cells to invade and survive in the stromal tissues, namely the first step of
metastasis (34). Tumor cell EMT is associated with increased cell migration, invasion and
metastasis. The well-established hallmark of EMT is the loss of E-cadherin, which disrupts
the stable cell-cell adhesion between epithelial cells (34). Our data demonstrate that SRC-1
expression inversely correlates with E-cadherin expression, suggesting that SRC-1 may
promote EMT through direct or indirect inhibition of E-cadherin expression.

Several transcription factors including Twist, Snail and SIP1 are known to suppress E-
cadherin expression and induce tumor cell EMT (3,4). Among these transcription factors
examined in SRC-1 WT and KO tumor cell lines, Twist is significantly upregulated in WT
cells compared with KO cells. Furthermore, SRC-1 knockdown in WT tumor cells decreases
Twist expression while SRC-1 re-expression in KO tumor cells increases Twist expression.
The Twist promoter activity is higher in WT tumor cells than in KO tumor cells, and it can
be potentiated by SRC-1 in another type of cells in a dosage-dependent manner. Taken
together, these results demonstrate, for the first time, that SRC-1 regulates Twist expression.

Our data indicate that SRC-1 directly enhances Twist expression by serving as a coactivator
to potentiate PEA3-mediated Twist mRNA transcription. First, SRC-1 synergistically
potentiates PEA3-mediated Twist promoter activation in transfection assays; second, SRC-1
directly associates with PEA3 in human breast cancer cells; third, both PEA3 and SRC-1 are
recruited to Twist promoter regions a and e; and fourth, deletion of region e that contains
multiple PEA3-binding sites diminishes PEA3 and SRC-1 activities in activation of Twist
promoter. Conceivably, SRC-1 may also enhance Twist expression through other
transcription factors and future studies may lead to identification of these yet unknown
transcription factors.

Finally, this study addressed if Twist, as a SRC-1 target, is responsible for the effect of
SRC-1 on the mammary tumor cells. Our data demonstrate that Twist knockdown in WT
tumor cells increases E-cadherin expression and decreases cell invasion capability, while
expression of Twist in SRC-1 KO tumor cells reduces E-cadherin expression and increases
cell invasiveness. Since Twist expression or knockdown recapitulates the phenotypes of
SRC-1 expression or knockout, SRC-1-regulated Twist expression should be responsible, at
least in part, for SRC-1-controlled mammary tumor cell morphology and invasiveness. In
addition, SRC-1 depletion in MDA-MB-231 human breast cancer cells also decreases Twist
expression and cell migration and invasion, which validates the regulatory relationship and
functional significance between SRC-1 and Twist in breast cancer.

Our data also showed that short-term expression of either SRC-1 or Twist at medium levels
was not sufficient to induce complete EMT of mammary tumor cells in culture. This could
be due to the lack of tumor progression environment, insufficient time for completing EMT,
and/or limited contributions from other EMT-promoting factors that can be induced only
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under in vivo conditions. Furthermore, in addition to SRC-1, several other coactivators also
have been implicated in breast cancer metastasis. For example, AIB1 can coactivate PEA3-
mediated MMP2 and MMP9 expression to promote mammary tumor cell invasion and
metastasis (15). The metastasis tumor antigen 1 (MTA1) can serve as a coactivator for
HIF1α to enhance breast cancer metastasis (35). The functional and molecular regulatory
relationships among these coactivators in metastasis will continue being an interesting
research topic.

The SRC-1-linked regulatory relationship between PEA3 and Twist has important
implications in breast cancer. Although controversial reports exist, recent studies suggest
that PEA3 expression in breast cancer associates with HER2 expression, metastasis and poor
prognosis (14,15,36,37). Twist is an E-box-binding transcription factor that serves as one of
the master regulators for EMT and breast cancer metastasis (3,27). Since SRC-1 is
overexpressed in many HER2-positive breast cancers (14) and it mediates PEA-3-dependent
Twist expression in these cancers, inhibition of SRC-1 function may provide a useful
intervening point to control the deleterious roles of both PEA3 and Twist in HER2-positive
breast cancer metastasis.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. SRC-1 promotes mammary tumor cell migration and invasion
A. SRC-1 deficiency decreases tumor cell migration and invasion. The trails of WT and
SRC-1 KO cell migration were traced using fluorescence beads (a). The migration areas of
at least 40 cells were individually measured by pixels. The average migration areas per cell
for WT1, WT2, KO1 and KO2 cell lines are presented (b). Cell migration data for these cell
lines are presented as percentages of invaded cells to total cells in the invasion assay
chambers (c). B. SRC-1 knockdown in WT cells decreases cell migration and invasion.
Western blot analysis for SRC-1 and β-actin (loading control) in WT1 cells transfected with
either scrambled double strand RNA (Ctrl) or SRC-1 siRNA (a). Cell migration and
invasion data for WT1 and WT2 cells treated with control or SRC-1 siRNA are presented (b
and c). C. SRC-1 restoration in SRC-1 KO cells rescues their migration and invasion.
Western blot analysis confirmed SRC-1 expression in KO1 cells infected with SRC-1
adenoviruses. KO1 cells infected with GFP adenoviruses served as a control (a). The cell
migration and invasion data for these cells are presented in panels b and c. *, p<0.05 and **,
p<0.01 by unpaired t test.
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Fig. 2.
SRC-1 deficiency helps to retain epithelial differentiation of mammary tumor cells. A. 3D
structures formed from WT1, KO1 and MCF-10A cells. Immunofluorescence staining was
performed for E-cadherin (E-cad), ZO-1, N-cadherin (N-cad) and Laminin. N-cad was not
detected in the 3D structures of MCF-10A cells (data not shown). Laminin was not detected
in the 3D structure of WT and KO mammary tumor cells (data not shown). B.
Immunofluorescence staining for E-cad, β-catenin (β-cat), N-cad and vimentin (Vimen) in
WT and KO mammary tumor cells cultured as monolayer. C. Western blot analyses of E-
cad, β-cat, N-cad and Vimen in WT1, WT2, KO1 and KO2 mammary tumor cells. The β-
actin served as a loading control.
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Fig. 3.
SRC-1 inhibits E-cadherin expression. A. qPCR analysis of E-cadherin mRNA in WT1,
WT2, KO1 and KO2 mammary tumor cells. The relative E-cadherin mRNA levels were
normalized to the 18 S RNA. B. SRC-1 knockdown and Immunofluorescence staining of
SRC-1 and E-cadherin in WT1 cells transfected with control or SRC-1 siRNA. The E-
cadherin mRNA and protein levels in these cells were measured by qPCR and Western blot,
respectively. C. SRC-1 expression and Immunostaining of SRC-1 and E-cadherin in KO1
mammary tumor cells with adenovirus-mediated GFP or SRC-1 expression. GFP signal and
E-cadherin immunoreactive signal were imaged by fluorescence microscopy. The E-
cadherin mRNA and protein levels in these cells were measured by qPCR and Western blot,
respectively.
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Fig. 4.
SRC-1 enhances Twist expression. A. qPCR analyses of relative Twist mRNA levels in the
following groups of cells: WT1, WT2, KO1 and KO2 cells (a); WT1 and WT2 cells
transfected with control or SRC-1 siRNA (b); and KO1 and KO2 cells with adenovirus-
mediated GFP or SRC-1 expression (c). B. Transfection assays of Twist-Luc promoter/
reporter construct in WT1, WT2, KO1 and KO2 cells. C. SRC-1 enhances Twist promoter
activity in a dosage-dependent manner. Hela cells were co-transfected with Twist-Luc and
different amounts (ng) of SRC-1 expression plasmids as indicated. D. SRC-1 and PEA3
synergistically enhance Twist promoter activity. Hela cells were transfected with Twist-Luc
plasmids, variable amounts of SRC-1 expression plasmids as indicated, and with PEA3
expression plasmids or its parent vector. In all of the above transfection assays, the reporter
luciferase activities were normalized to β-galactosidase activity from a co-transfected
constitutively active expression vector.
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Fig. 5.
SRC-1 directly regulates PEA3-mediated Twist expression. A. Co-IP analysis. MDA-
MB-231 cell lysate was subjected to Co-IP with PEA3 antibody. None immunized IgG was
used as a negative control. Input represents 5% of lysate used for Co-IP. Western blot
analyses were performed with PEA3 and SRC-1 antibodies. B. PEA3 binding sites in the
Twist promoter/enhancer region and Twist-Luc promoter/reporter constructs. The twist
promoter region (bp −1 – −2800) contains 11 PEA3-binding elements (black bars).
Fragments a–e were chosen for PCR amplification in ChIP assays. The positions of two
TATA boxes were indicated. Four Twist-Luc promoter/reporter constructs in the pGL3
vector are depicted, which are WT, Mut-a (with deletions of the three PEA3-binding sites in
region a), Mut-e (with deletions of the five PEA3 binding sites in region e) and Mut-a&e
(with deletions of the PEA3 binding sites in both regions a and e). C. ChIP assays using
MDA-MB-231 cells. Input represents 3% of material used for ChIP analysis. ChIP analyses
were performed using PEA3 and SRC-1 antibodies. None immunized IgG was used as a
negative control. PCR reactions were performed with specific primer pairs to amplify
fragments a–e depicted in Panel B. D. Transfection assays for wild type and mutant Twist
promoter activities. Hela cells were transfected with wild type or mutant Twist-Luc
promoter/reporter constructs depicted in panel B. For each construct, cells also were co-
transfected with parent vector (basal), SRC-1 and/or PEA3 expression plasmids as indicated.
Data from three repeat assays are presented as mean ± SD.
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Fig. 6.
Twist mediates the role of SRC-1 in breast cancer cells. A. Effects of Twist knockdown in
WT1 cells. RT-PCR analysis revealed that Twist mRNA in WT1 cells was efficiently
knocked down by lentivirus-mediated expression of two different shRNAs (#1 and #2)
against mouse Twist mRNA. Lentivirus expressing non-targeting shRNAs served as a
control (Ctrl) (a). The images of WT1 cells expressing control or Twist shRNA were taken
under a phase-contrast microscope (b). Relative E-cadherin mRNA levels in WT1 cells
expressing control or Twist shRNAs were measured by qPCR (c). Cell invasion indices of
these cells were monitored in real time as described in Materials and Methods (d). B. Effects
of Twist restoration in KO1 cells. Flag-tagged human Twist (F-Twist) was expressed in
KO1 cells by retrovirus-mediated expression. Empty retrovirus served as a control. The F-
Twist protein was detected by Flag antibody (a). Immunofluorescent staining of E-cadherin
and vimentin in control and F-Twist-expressing KO1 cells was carried out using E-cadherin
and vimentin antibodies. Cell images of 2D cultures and morphologies of 3D structures
formed from control and F-Twist-expressing cells were taken under a phase-contrast
microscope. C. Effects of SRC-1 knockdown in MDA-MB-231 cells. Cells were transfected
with control or SRC-1 siRNAs. SRC-1 was analyzed by Western blot (a). Relative human
Twist (hTwist) mRNA in these cells was measured by qPCR (b). Cell migration was traced
with fluorescence beads. Average area (pixels) swept by each cell were obtained from
measurements of at least 40 cells in each group (c). Cell invasion assay chambers with a
Matrigel layer were used to determine the percentages of invaded cells to total cells (d). The
assays were done in triplicates.
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