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Abstract

The p160/Steroid Receptor Coactivators SRC-1, SRC-2/GRIP1, and SRC-3/AIB1 are important regulators of Estrogen Receptor
alpha (ERa) activity. However, whereas the functions of SRC-1 and SRC-3 in breast tumourigenesis have been extensively
studied, little is known about the role of SRC-2. Previously, we reported that activation of the cAMP-dependent protein
kinase, PKA, facilitates ubiquitination and proteasomal degradation of SRC-2 which in turn leads to inhibition of SRC-2-
coactivation of ERa and changed expression of the ERa target gene, pS2. Here we have characterized the global program of
transcription in SRC-2-depleted MCF-7 breast cancer cells using short-hairpin RNA technology, and in MCF-7 cells exposed
to PKA activating agents. In order to identify genes that may be regulated through PKA-induced downregulation of SRC-2,
overlapping transcriptional targets in response to the respective treatments were characterized. Interestingly, we observed
decreased expression of several breast cancer tumour suppressor genes (e.g., TAGLN, EGR1, BCL11b, CAV1) in response to
both SRC-2 knockdown and PKA activation, whereas the expression of a number of other genes implicated in cancer
progression (e.g., RET, BCAS1, TFF3, CXCR4, ADM) was increased. In line with this, knockdown of SRC-2 also stimulated
proliferation of MCF-7 cells. Together, these results suggest that SRC-2 may have an antiproliferative function in breast
cancer cells.
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Introduction

The Steroid Receptor Coactivator (SRC) family, also known as
p160 proteins, consist of the three members, SRC-1 (NCOAI) [1],
SRC-2 (NCOA2/GRIP1/TIF2) [2,3], and SRC-3 (NCOA3/
AIB1/ACTR/RAC-3/pCIP/TRAM-1) [4-8]. Even though
SRC-2 is functionally and structurally related to the other two
SRC members, knockout studies in mice have shown that SRC-2
plays distinct functional roles in fertility and ductal branching in
mammary gland [9,10], glucose- and lipid metabolism [11,12],
regulation of bone mass [13], cardiac function [14] and
progesterone-dependent cell cycle and immunity [15]. The
SRC-specific functions are believed to be due to their tissue-
specific expression levels, different affinities for various NRs,
competition between NRs to recruit SRCs and between SRCs
themselves for binding to NRs, and different post-translational
modifications (PTMs) that regulate their protein levels and activity
[16-18]. There is also evidence that SRC-2, in contrast to SRC-1
and SRC-3, has repressive effects on specific ER- and glucocor-
ticoid receptor (GR) target genes in the presence of their respective
ligands [19-22]. While the roles of SRC-1 and SRC-3 have been
extensively studied in breast cancer, less is known about the
function of SRC-2 in regulating genes involved in breast cancer
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progression. In contrast to SRC-2, SRC-1 and SRC-3 are
frequently overexpressed in a subset of breast cancers, and
correlate with a more aggressive tumour phenotype and poor
prognosis and resistance to endocrine treatment [4,23-28]. Even
though depletion of SRC-2 in MCF-7 cells has been shown to
decrease estrogen-dependent ERa transactivation function, loss of
SRC-2 does not seem to affect estrogen-dependent proliferation of
MCF-7 cells [29]. This is in contrast to studies of SRC-3-depleted
MCF-7 cells in which the estrogen-dependent proliferation of the
cells was significantly reduced [29-32]. Molecular studies of each
SRC in MCF-7 breast cancer cell suggest that the SRCs exhibit
differential regulation of endogenous ER-target genes, indicating
specific contributions of each SRC member to promote breast
cancer [17,29,33,34]. In addition, distinct PTMs of the SRC
members play a crucial role in controlling their intracellular levels
and functions, which may have significant impact on breast
carcinogenesis and response to endocrine treatment in breast
cancer patients [18]. In previous studies we have demonstrated
that activation of the cAMP-dependent protein kinase (PKA)
signalling pathway targets SRC-2 coactivator function through its
ubiquitination and proteasomal degradation. This in turn inhibits
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Figure 1. Downregulation of SRC-2 in MCF-7 cells induces
distinct changes in global gene expression profiles. (A).
Quantification of SRC-2 mRNA expression in shRNA lentivirus-infected
MCF-7 cells. mRNA levels of SRC-2 in a MCF-7 cell line infected with
shRNA targeting SRC-2 (SRC-2 shRNA) were compared to the expression
in a control shRNA MCF-7 cell line (Ctr shRNA), and in a MCF-7 cell line
transduced with shRNA lentivirus targeting SRC-3 (SRC-3 shRNA). The
mRNA expression of SRC-2 is relative to TBP mRNA. The results are
representative of at least three independent experiments. (B). Western
blotting analyses of SRC-2-depleted MCF-7 cells. MCF-7 cells infected
with shRNA lentivirus targeting SRC-2 (SRC-2 shRNA) or a negative
control shRNA empty vector (Ctr shRNA), were grown in phenol red-free
DMEM supplemented with charcoaled stripped FBS (5%) and 17f3-
estradiol (10 nM) for two days. The Ctr shRNA cells were then treated
with either Vehicle or 8-CPT-cAMP (150 uM), IBMX (50 uM) and forskolin
(10 uM) (cAMP) for 24 hours. Immunoblotting was performed with anti-
TIF2 antibody and anti-GAPDH antibody. The results shown are
representative of at least three independent experiments. (C). Micro-
array analyses of five RNA samples isolated from five individual cell
samples of shRNA control MCF-7 cells (Ctr shRNA), SRC-2 KD MCF-7 cells
(SRC-2 shRNA) and control shRNA cells treated with cAMP elevating
agents, as described in A. A Venn diagram shows the number of
individual and overlapping sets of genes differentially expressed after
SRC-2 KD (SRC-2 shRNA) and after treatment with cAMP elevating
agents. To examine which genes were similarly differentially expressed
between the two treated groups when compared to control, a SAM
analysis with overlapping genes was performed. The fold change cut-off
value =15, and g-value=0, was used to determine differentially
expressed genes.

doi:10.1371/journal.pone.0070096.g001
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SRC-2-mediated coactivation of ERa and modulates transcription
of the ERa target gene pS2 [35-37].

In the present study, our aim was to characterize the role of
SRC-2 on global expression of genes in MCF-7 breast cancer cells.
We also wanted to explore the effects of PKA-induced degradation
of SRC-2 on the expression of genes involved in breast
tumourigenesis. Interestingly, our data suggest that SRC-2 is
important for the expression of various ER-target genes linked to
breast cancer progression, including specific oncogenes and
tumour suppressor genes. A subset of these genes was also found
to be modulated through PKA-induced downregulation of SRC-2.
Moreover, proliferation data suggested that knockdown (KD) of
SRC-2 stimulated proliferation of MCF-7 cells. Taken together,
our results suggest that SRC-2 play an important role in regulating
expression of a subset of ER-target genes involved in proliferation
of MCF-7 cells.

Materials and Methods

Cell Cultures

MCF-7 human breast adenocarcinoma cells and Human
embryonic kidney 293T (HEK 293T) cells (ATCC) were grown
at 37 °C and 5% COg, in Dulbecco’s modified Eagle’s medium
(DMEM) (Cambrex, Verviers, Belgium) supplemented with 4,5 g/
liter glucose, 2 mM L-glutamine, 10% foetal bovine serum (FBS),
100 units penicillin, 100 ug streptomycin. The MCF-7 cell
medium also contained 1 pM insulin. For experiments MCF-7
cells were seeded in phenol red-free DMEM supplemented with
5% charcoal-stripped FBS.

Short Hairpin RNA (shRNA) lentiviral Transduction

Five individual lentiviral pLKO.1-puro short hairpin (sh) RNA
plasmids targeting different sequences on SRC-2/GRIP1 or SRC-
3/AIB1 mRNA and a pLKO.1-puro empty vector control were
purchased from Sigma Mission® RNAi (Sigma). To produce
lentiviral stocks each plasmid was cotransfected with the lentiviral
packaging plasmids psPAX2 and pMD2G into individual plates
with HEK 293T cells using SuperFect (QIAGEN, Valencia, CA).
The virus containing cell culture supernatants from each culture
were collected 48 h after transfection and used for lentiviral
transduction of individual MCF-7 cells cultures in the presence of
10 pg/ml pug polybrene per ml virus supernatant. Two days after
infection 1 pg/ml puromycin was added in order to select for
infected cells. The puromycin selections were maintained for three
weeks to obtain cells containing stably integrated shRNA.

RNA Extraction and Quantitative Real-time PCR

Total RNA from MCF-7 cells was extracted using RNeasy Mini
kit (Qiagen, CA). 1 pg RNA was reverse transcribed using the
cDNA synthesis kit (Roche Basel, Switzerland). The real time
quantitative reverse transcription (qRT)-PCR analyses were
carried out using the LightCycler® RNA Master SYBR Green I
kit in a LightCycler rapid thermal cycler system (Roche, Basel,
Switzerland). The mRNA expression levels of target genes were
quantified relative to the housekeeping gene TATA-binding
protein (TBP). The primer sequences are provided in the Materials
and Methods Supporting Information (Table S1).

Microarray Preparation of Samples

The shRNA-expressing MCF-7 cells were grown for three days
in phenol red-free DMEM with 5% charcoal-stripped FBS and
10 nM 17B-estradiol. RNA was extracted from five independent
plates of cells (replicates) expressing the pLKO.l-puro empty
shRNA vector (Control shRNA), from five replicates of SRC-2
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Table 1. Overlapping decreased expression changes relative to control induced by SRC-2 KD and cAMP in MCF-7 cells.

Signal intensity FC

SRC-2 Ctr SRC-2 shRNA/ cAMP/Ctr
Gene Definition shRNA cAMP shRNA Ctr shRNA shRNA
AKR1B10 aldo-keto reductase family 1, member B10 (aldose reductase) 255 257 507 —1.98 —1.98
ARHGEF19 Rho guanine nucleotide exchange factor (GEF) 19 420 415 632 —1.50 —1.53
BCL11B B-cell CLL/lymphoma 11B (zinc finger protein), 232 313 570 —2.46 —1.83

transcript variant 1

CAVI1 caveolin 1, caveolae protein, 22kDa 3534 2946 5595 —1.59 —1.91
EGR1 early growth response 1 1159 1125 1799 —1.55 —1.62
KLK5 kallikrein-related peptidase 5, transcript variant 1 345 292 598 —1.74 —2.06
KLK5 kallikrein-related peptidase 5, transcript variant 2 244 226 416 —1.72 —1.84
KRT1 keratin 1 (epidermolytic hyperkeratosis) 143 118 229 —1.60 —1.94
KRT5 keratin 5 171 197 347 —2.03 -1.76
KRTDAP keratinocyte differentiation-associated protein 173 283 571 —3.29 —2.02
Protein S100-A9 S100 calcium binding protein A9 (calgranulin B) 308 644 1345 —4.37 —-2.11
Protein S100-A8 S100 calcium binding protein A8 242 530 1892 —7.82 —3.58
TAGLN transgelin, transcript variant 2 257 350 797 —3.10 —2.28

doi:10.1371/journal.pone.0070096.t001

shRNA expressing cells (SRC-2 shRNA), and from five replicates
of Control shRNA cells treated with 150 uM 8-parachlorophe-
nylthio-cAMP (8-CPT-cAMP), 50 pM 3-isobutyl-1-methylxan-
thine (IBMX), and 10 uM forskolin for 24 hours. Sample
preparations were balanced and randomized in each step of lysate
collection, RNA extraction and labelling, and microarray hybrid-
ization. Microarray was performed using the Illumina HumanRef-
8 v 3.0 Expression BeadChips.

Microarray Analysis Using the Illumina Iscan System

400 ng of total RNA from each cell sample (three biological
groups, five samples within each group, 15 samples total) was
biotin-labelled and amplified using the Illumina TotalPrep RNA
amplification kit (version 0606, Ambion®, USA) and the
Eppendorf Mastercycler (Eppendorf®, Germany). Quality and
quantity measurement of the biotin-labelled cRNA were per-
formed using the Agilent 2100 Bioanalyzer and the NanoDrop®
ND-1000. 750 ng of cRNA was thereafter hybridized to the
HumanRef-8 v.3.0 Expression Bead Chips containing gene-
specific probes at 58°C. for 17 hours. The HumanRef-8 v.3.0
Expression BeadChip targets approximately 24500 genes derived
from human genes in NCBI RefSeq database. The hybridization
was performed according to the Whole — Genome Gene
Expression Direct Hybridization Assay Guide (Illumina Inc.).
The fluorescence of the biotin-labelled cRNA was measured using
the iScan Reader (Illumina Inc.). Analyses were performed at the
Norwegian Microarray Consortium (NMC) Core Facility, Uni-
versity of Bergen, Norway.

Microarray Data Extraction and Analysis

The raw data from the microarray was imported into
GenomeStudio Data Analysis Software (Illumina, Inc.) for quality
controls. The control probes were then removed and a text file
containing the signal and detection p-values per probe for all
samples was created and imported to J-Express Pro software
version 2009 (MolMine, Norway). Quality controls and analyses in
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Genes with FC =1.5 and g-value =0 are shown in addition to their respective expression signals in the three microarray samples. CAMP, short-hairpin control MCF-7 cells
treated with cAMP analogue (8-CPT-cAMP) and cAMP-elevating agents (IBMX and forskolin).

J-Express were performed on quantile normalized and logarith-
mically transformed (base 2) signal intensity values [38]. Corre-
spondence Analysis (CA) and hierarchical clustering with Pearson
Clorrelation as a distance measure were applied to study global
trends in the data and search for outliers within the sample groups
[39]. Differentially expressed genes were detected through the
Significance Analysis of Microarray (SAM) [40], and defined by
fold change of at least 1.3 and g-value =0. To search for over-
represented functional categories among the differentially ex-
pressed genes, Protein ANalysis THrough Evolutionary Relation-
ships (PANTHER) (version 7, http://www.pantherdb.org) was
used to organize differentially expressed genes in categories
representing biological functions and molecular functions. The
Bonferroni correction for multiple testing was used to calculate p-
values for the over-represented categories.

Western Blotting

Procedures for Western blotting are previously described
(Hoang et al 2004). Primary antibodies used in the immunoblot-
ting experiments were mouse monoclonal anti-TIF2 (BD Biosci-
ences, San Jose, CA) and mouse monoclonal anti-GAPDH
(Chemicon International, Temecula, CA).

Cell Proliferation Assay

Cell proliferation assays were performed using the xCELLi-
gence system Real-Time Cell Analyzer (RTCA) DP instrument, as
described by the manufacturer (Roche, Basel, Switzerland). MCF-
7 cells were seeded in phenol red-free DMEM supplemented with
5% charcoal-stripped I'BS for three days prior to the experiments.
Background impedance was determined by incubating E-Plates
with 100 mL cell medium for 30 minutes at 37°C and 5% COs,.
8x10% control ShRNA cells and SRC-2 shRNA cells were then
seeded into individual wells of the E-plates and treated with 10 nM
17B-estradiol or Vehicle. To activate the PKA signalling pathway,
the cells were treated with 8-CPT-cAMP (150 uM), IBMX
(50 uM) and forskolin (10 uM). The plates containing the cells
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Figure 2. Functional categorization of differentially expressed
overlapping genes. PANTHER was used to search for over-represented
Biological Process categories (A) and Molecular Function categories (B)
among the differentially expressed overlapping up-regulated genes after
SRC-2 KD (SRC-2 shRNA) and after exposure of cCAMP elevating agents, and
among the differentially expressed overlapping downregulated genes
from the same two samples (fold change =1.3, g-value =0). Bonferroni
correction for multiple testing was performed and a p-value of 0.05 was
chosen as inclusion criterion for functional categories. The numbers in the
figure are percentage numbers. l.e. the reference column at the left of the
table displays the percentage of genes that belongs to a specific category
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when analysing the whole human NCBI genome (19,911 genes), e.g. 31%
of the 19,911 genes belong to the “cellular process” category. The colour
intensity scales are based on the statistical significance (-log p-value) of
over- and under-represented PANTHER functional categories. Red colour
displays over-represented categories and blue colour represents under-
represented categories. A specific category will display red colour (over-
representation) when there is a higher percentage of genes in the dataset
(SRC-2 shRNA and cAMP vs. Ctr shRNA) compared to the percentage of
genes in the reference column mapping to this specific category. E.g. 53%
of the 70 downregulated genes map to the category “cellular process”
while 31% of the reference genes map to this category, hence this
category is over-represented among the downregulated genes and
displays a red colour. The opposite principle will be true for the under-
represented categories (blue colour). Ref, reference. Arrow up, up-
regulated genes. Arrow down, downregulated genes.
doi:10.1371/journal.pone.0070096.g002

were then incubated at room temperature for 30 minutes before
placing them into the RTCA-unit. Cell growth was measured for
120 hours by monitoring the impedance every 15 minutes.
Impedance is represented by cell index (CI) and was calculated
as follows: CIV4(Zi_Z0)/15W, where Zi is the impedance at an
individual time-point, and Z0 is the background impedance.
Average CI was calculated from a minimum of 2—4 wells per time-
point and per experiment.

Results

Loss of SRC-2 in MCF-7 Breast Cancer Cells Induces
Distinct Changes in the Global Gene Expression

Previously we have shown that activation of PKA leads to
increased ubiquitination and subsequent degradation of SRC-2,
which in turn leads to inhibition of ERa transactivation function
[35,36]. Here we wanted to study the role of SRC-2 and the
functional relevance of the PKA-mediated regulation of SRC-2 on
gene expression in MCF-7 human breast cancer cells. Thus, we
analysed global gene expression profiles of MCF-7 cells after either
KD of SRC-2 or treatment with cAMP elevating agents. As shown
in Figure 1A, there was approximately 65% reduction in SRC-
2 mRNA expression after KD of SRC-2 (SRC-2 shRNA)
compared to the control shRNA MCF-7 cells (Ctr shRNA), which
was not found in a cell line expressing shRINA against SRC-3.
Western blotting analyses confirmed successful KD of SRC-2
(Figure 1B). In order to activate PKA in the Ctr shRNA cells, they
were treated with a cAMP analogue (8-CTP-cAMP) and cAMP
elevating agents (IBMX and forskolin) for 24 hours. This time
point was optimal to achieve degradation of SRC-2. As previously
shown [36,41], activation of PKA resulted in a significant
reduction in SRC-2 protein level.

Five samples of RNA from each of the three different treatments
(Gtr shRNA, SRC-2 shRNA and cAMP) were subjected to
microarray analysis. Correspondence Analysis which displays the
differences in global gene expression in a two-dimensional plot
revealed a distinct separation between the three groups and no
outliers, indicating differential expression of genes at the global
level (Figure S1). Using a fold change =1.5 and a g-value =0, a
total number of 383 genes (194 downregulated and 189
upregulated) were differentially expressed in the SRC-2 KD cells
(Tables S2 and S3), whereas the cAMP-treated cells showed 210
differentially expressed genes (68 downregulated and 142
upregulated) (Figure 1C), (Tables S4 and S5).

Overlapping Gene Expression Changes Induced by SRC-2
Knockdown and cAMP

In order to study genes that could potentially be regulated
through PKA-mediated downregulation of SRC-2, we searched
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for overlapping differentially expressed genes after SRC-2 KD or
elevation of cAMP. As shown in the Venn diagram in Figure 1C,
the expression of 12 genes decreased, whereas 12 genes showed
increased expression both after SRC-2 KD or cAMP treatment
(Table 1 and Table 2).

To gain insight into the functions of the genes changed by both
SRC-2 depletion and cAMP elevation, we performed gene
ontology analyses of the overlapping genes using the PANTHER
classification system. We observed that several of these genes were
involved in the PANTHER Biological Process categories Cell cycle
(e.g. RET, S100P, KLE5, S10048, S10049, and EGRI), Cell motion
(e.g. CXCR4 RET, TFF3, S100P, S10048 and S10049), Immune
response (e.g. CXCR4, S100P, S100A48, S10049, TFF3, KLE5, RET
and TFPI), Signal transduction (e.g. CXCR4, RET, TFF3, S100P,
S$10048, S10049 and CAVI) and Metabolic processes (e.g. RET,
TFPI, AKRIC2, KLKS, AKRIBI10, BCL11B and EGRI) (data not
shown). In order to increase the number of overlapping genes to be
included in the PANTHER analyses but simultaneously maintain
a low chance of false positive hits, fold change cut-off value was
lowered from 1.5 to 1.3 (g-value = 0). Our analyses revealed 124
overlapping genes by which 75 were decreased and 45 genes
showed increased expression after SRC-2 KD and activation of
PKA (Tables S6 and S7). As shown in Figure 2A, PANTHER
functional analyses of the downregulated overlapping genes
revealed a significant overrepresentation of the Biological Process
categories referred to as Cellular process and Cellular component
organization compared to control MCF-7 cells (Ctr shRNA).
Analysing the overlapping upregulated genes we observed a clear
overrepresentation of the Biological Process category Cell com-
munication (Figure 2A). PANTHER analyses of Molecular
Function categories showed that genes belonging to Structural
molecular activity were overrepresented amongst the downregu-
lated genes by SRC-2 KD- and cAMP (Figure 2B). This suggest
that PKA stimulation and SRC-2 silencing in MCF-7 cells entails
decreased expression of genes involved in cellular process as well

PLOS ONE | www.plosone.org

Table 2. Overlapping increased expression changes relative to control induced by SRC-2 KD and cAMP in MCF-7 cells.
Signal Intensity FC
Gene Definition SRC-2 cAMP Ctr shRNA SRC-2 shRNA/ cAMP/Ctr
shRNA Ctr shRNA shRNA
ADM adrenomedullin 336 270 176 1.90 1.54
AKR1C2 aldo-keto reductase family 1, member C2), transcript variant 1 10519 10085 6693 1.57 1.51
BCAS1 breast carcinoma amplified sequence 1 474 548 229 2.07 2.39
CXCR4 chemokine (C-X-C motif) receptor 4, transcript variant 2 411 285 187 2.19 1.51
C9orf152 chromosome 9 open reading frame 152 776 904 446 1.74 2.03
FAM46A family with sequence similarity 46, member A 1647 3923 976 4.00 4.00
LYPD6B (hypothetical protein LOC130576), LY6/PLAUR 1361 1205 733 1.86 1.64
domain containing 6B
NUCB2 nucleobindin 2 625 778 413 1.50 1.87
RET ret proto-oncogene, transcript variant 4 986 889 538 1.83 1.65
RET ret proto-oncogene, transcript variant 2 1045 1077 524 1.99 2.04
S1o00P $100 calcium binding protein P 3980 5622 1275 3.12 441
TFF3 trefoil factor 3 (intestinal) 17129 17494 10193 1.68 1.72
TFPI tissue factor pathway inhibitor, transcript variant 2 537 606 355 1.10 1.19
TFPI tissue factor pathway inhibitor, transcript variant 1 416 482 289 1.51 1.70
Genes with FC =1.5 and g-value =0 are shown in addition to their respective expression signals in the three microarray samples. cAMP, short-hairpin control MCF-7 cells
treated with cAMP analogue (8-CPT-cAMP) and cAMP-elevating agents (IBMX and forskolin).
doi:10.1371/journal.pone.0070096.t002

as cellular component organization, whereas the expression of
genes involved in cell communication was enhanced.

Depletion of SRC-2 Downregulates Tumour Suppressor
Genes and Upregulates Oncogenes

To confirm that gene expression changes observed in the
microarray data were representative of the original samples, a
subset of the differentially expressed overlapping genes, were
selected for validation by qRT-PCR analysis (Table 3). Based on
the fact that little is known about the role of SRC-2 in breast
tumourigenesis, genes that have been associated with breast cancer
were selected for validation by gqRT-PCR. The five genes showing
decreased expression after SRC-2 KD and PKA activation
compared to control, EGRI, TAGLN, CAVI, BCLI1h and
ARRIBI10, together with five overlapping genes showing increased
expression, RET (tv2 and tv4), BCASI, TFF3, ADM, CXCR4, were
chosen for validation. EGRI, CAVI, TAGIN and BCLI1b are
estrogen-responsive genes described as tumour suppressors in
breast cancer [42-45], whereas the upregulated genes are
estrogen-responsive genes described as breast cancer oncogenes
(RET, BCASI, TFF3) [46-48] or known to stimulate breast cancer
metastasis and progression (CXCR4, ADM) [49,50]. We observed
that the mRINA expression of these genes was reversed by
overexpression of SRC-2 in MCF-7 cells (data not shown). As
shown in Table 3, the qRT-PCR validation results were highly
consistent with the microarray results, suggesting that SRC-2 is
regulating estrogen-responsive genes involved in breast tumour-
igenesis. The results indicate that downregulation of SRC-2
mediates decreased expression of several tumour suppressor genes,
whereas the expression of genes involved in oncogenesis were
increased.
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Figure 3. PKA-mediated downregulation of SRC-2 changes mRNA expression of ER-target genes. Control MCF-7 cells (Ctr shRNA) and
SRC-2 KD MCF-7 cells (SRC-2 shRNA) were grown in phenol red-free DMEM supplemented with charcoaled stripped FBS (5%) and 17p-estradiol
(10 nM) for two days. The two cell lines were then treated with Vehicle or 8-CPT-cAMP (150 uM), IBMX (50 uM) and forskolin (10 uM) (cAMP) for 24
hours. The mRNA expression of selected genes was measured by gqRT-PCR. The expression level of each gene is relative to TBP mRNA. The results

presents mean values *+ SE obtained from four-six independent gqRT-PCRs.

doi:10.1371/journal.pone.0070096.g003

Estrogen-responsive Genes Regulated Through cAMP/
PKA-mediated Degradation of SRC-2

Next we wanted to verify whether the expression of the selected
overlapping genes was regulated through PKA-mediated degra-
dation of SRC-2. Thus, qRT-PCR was used to quantify the
mRNA expression changes of selected genes in control MCF-7
cells and in SRC-2-depleted cells in response to treatment with
PKA activating agents (Figure 3). The relative increase in mRNA
expression of BCASI, RET (tv2) and RET (tv4) due to PKA
activation (cAMP) observed in the control shRNA cells was
diminished or absent in the SRC-2 shRNA cells. In cells with
reduced SRC-2 level, adding PKA activating agents did not result
in any further increase in the expression of these three genes,
suggesting that the cAMP effect is mediated via downregulation of
SRC-2. In contrast, TFF3 mRNA levels were increased by PKA in
both cell lines, suggesting that this gene is also regulated by PKA
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via an SRC-2 independent pathway (Figure 3). The relative PKA-
induced downregulation of EGRI, BCLI1b and TAGLN, but not
CAV-1 was counteracted by SRC-2 KD. Together, these results
suggested that expression of BCASI, RET, EGRI, BCL11b and
TAGLN are regulated through PKA-induced SRC-2 degradation
(Figure 3), whereas PKA regulates the expression of 7FF3 and
CAVI independently of SRC-2 degradation.

Depletion of SRC-2 Stimulates Breast Cancer Cell
Proliferation

Since our results indicated that KD of SRC-2 changes the
expression of estrogen-responsive genes known to be involved in
carcinogenesis, we wanted to examine whether KD of SRC-2
affected the real time growth of MCF-7 cells by using the
xCELLigence System. We also examined the growth of control
shRINA cells and SRC-2 shRNA cells treated with cAMP analogue
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Table 3. Validation of selected genes by qRT-PCR.

SRC-2 and Estrogen-Responsive Genes in MCF-7 Cells

Microarray

Q-rt-PCR

SRC-2 shRNA/Ctr

SRC-2 shRNA/Ctr

Gene shRNA cAMP/Ctr shRNA shRNA 95% CI cAMP/Ctr shRNA 95% ClI

ADM 1.90 154 2.81 1.16-6.81 2.10 0.95-4.63
BCAS1 2.07 2.39 4.21 1.74-10.20 5.11 2.74-9.54
CXCR4 2.19 1.51 4.97 2.40-10.30 2.55 1.89-3.44
RET (tv4) 1.839 1.65 2.53 1.22-5.18 2.14 1.17-3.89
RET (tv2) 1.20 2.04 1.88 0.75-4.38 1.63 0.88-3.02
TFF3 1.68 1.72 2.46 1.06-5.72 2.44 1.46-3.78
AKR1B10 —1.98 —1.98 0.46 0.24-0.88 0.39 0.27-0.55
BCL11B —245 —1.83 0.20 0.11-0.40 0.44 0.24-0.80
CAV1 —1.59 —1.91 0.57 0.33-0.99 0.45 0.37-0.56
EGR1 —1.55 —1.62 0.82 0.41-1.66 0.66 0.34-1.27
TAGLN —3.10 —2.28 0.22 0.14-0.34 0.35 0.28-0.44

doi:10.1371/journal.pone.0070096.t003

and cAMP-elevating agents. The cell proliferation was monitored
both in the absence and presence of 17p-estradiol. Interestingly,
MCF-7 cells with reduced level of SRC-2 showed a significant
increase in cell proliferation compared to the control sShRNA cell
line. This was observed both in the presence and absence of 17f3-
estradiol (Figures 4A and 4B). Moreover, we observed that MCF-7
cell growth increased significantly after treatment with the PKA-
activating agents. The cAMP-stimulated growth was also observed
in the SRC-2 KD cells (Figures 4A and 4B). MCF-7 cells treated
with both SRC-2 shRNA and PKA-activating agents showed the
most pronounced cell proliferation, suggesting that PKA has an
effect on proliferation independent of SRC-2 degradation.
Together, these data suggest that downregulation of SRC-2
induce proliferation of MCF-7 cells.

Discussion

Several studies have examined how the different members of the
SRC coactivator family promote carcinogenesis. The three SRCs
are regulated by multiple upstream signalling pathways and
changes in their protein levels or activity can effectively modulate
gene expression. Unlike SRC-1 and SRC-3, which are overex-
pressed in different types of cancers, there are few reports
regarding a role of SRC-2 in oncogenesis [51,52]. In the present
study, we explored the potential function of SRC-2 in MCF-7
breast cancer cells, and the role of PKA-mediated degradation of
SRC-2 by characterization of the transcriptomes of SRC-2-
depleted MCF-7 cells and of cells treated with PKA-activating
agents. We observed that downregulation of SRC-2 induces
significant changes in the expression of several estrogen-responsive
genes involved in breast cancer progression. Consistent with these
findings, we observed that depletion of SRC-2 in MCF-7 cells
clearly stimulated proliferation of the cells. Together, the results
suggest an antiproliferative role of SRC-2 in MCF-7 cells.

A recent study also demonstrated that low levels of SRC-2
expression in hepatocellular carcinoma patients were associated
with poor prognosis, and RNAi-mediated knockdown of NCOAZ2 in
diethylnitrosamine-treated mice promoted liver tumourigenesis
[53]. Moreover, it has been reported that enhanced expression of
SRC-2 in malignant pleural mesothelioma (MPM) tumour cells is
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Fold change values from the microarray analyses compared to quantification of mRNA expression by qRT-PCR presented as geometric mean with 95% confidence
intervals (Cl), n=5. cAMP, short-hairpin control MCF-7 cells treated with cAMP analogue (8-CPT-cAMP) and cAMP-elevating agents (IBMX and forskolin).

associated with improved prognosis [54]. SRC-2 is implicated in
various cancers including colon, prostate, endometrial, liver, and
astrocytic brain cancer [53,55-58]. In breast tumour tissue,
endocrine therapy has also been shown to induce the expression
SRCs [59,60]. Still, there are few reports regarding the
contribution of SRC-2 in cell growth and its role in regulating
genes involved in cell proliferation and cancer progression. Our
findings suggest an inhibitory role of SRC-2 in breast tumourigen-
esis which differs from the established oncogenic function of two
other SRC family members. A recent study demonstrated that
SRC-3, but not SRC-2, is required for estradiol-dependent growth
of breast cancer cells, which is in agreement with our observations
[29]. Another report have shown that SRC-3, in contrast to SRC-
2, stimulates proliferation of androgen-dependent and androgen-
independent prostate cancer cell and tumour growth [61],
indicating a different role of SRC-2 in these types of cancer.
The reason for these apparent differences in growth regulation
between SRC family members is not clear. However, it has been
shown that the different SRCs have tissue-specific functions [62],
as well as gene-specific roles in regulating estrogen-responsive
genes in breast cancer cells [17,29,34]. It has also been
demonstrated that recruitment of a particular member of the
SRC family to a DNA-associated transcription factor is deter-
mined by the level of expression of that particular SRC, and PTMs
may alter the availability of SRCs [33].

Activation of the PKA-signalling pathway specifically inhibits
the coactivator function of SRC-2 in MCF-7 cells by promoting its
ubiquitination and degradation and thereby reducing ERo
transactivation function [35,36]. In the present study we
demonstrated that downregulation of SRC-2 by PKA modulates
the expression of several estrogen-responsive genes involved in
breast tumourigenesis, including RET, BCAS1, EGR1, BCLI1b and
TAGLN, indicating that PKA signalling through SRC-2 could be
implicated in breast cancer progression. Moreover, functional
analyses of differentially expressed genes after cAMP-treatment
revealed enhanced expression of genes involved in cell cycle and
cell signalling processes, as well as genes encoding signalling
molecules such as growth factors (data not shown). In line with
this, we observed enhanced proliferation of MCF-7 cells treated
with PKA activating agents. Adding cAMP elevating agents to the
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Figure 4. Downregulation of SRC-2 promotes proliferation of MCF-7 cells. MCF-7 cells with KD of SRC-2 (SRC-2 shRNA) and control shRNA
MCF-7 cells (Ctr shRNA) grown in phenol red-free DMEM supplemented with charcoaled stripped FBS (5%) for three days, were seeded in E-Plate 16
and treated with either Vehicle or 8-CPT-cAMP (150 uM), IBMX (50 uM) and forskolin (10 uM) (cAMP), in the absence or presence of 17-estradiol (E2,
10 nM) (A and B, respectively). Proliferation of the cells was measured by using the xCELLigence system monitoring cellular impedance continuously
for 120 hours. The results are representative of at least three independent experiments.

doi:10.1371/journal.pone.0070096.9004

SRC-2-silenced cells resulted in the most pronounced proliferation
pattern. The gene expression and proliferation data suggest that
PKA promotes tumourigenesis via both SRC-2-dependent- as well
as -independent mechanisms. PKA is known to be implicated in
initiation and progression of many tumours, but the mechanism by
which PKA promote cancinogenesis is not clear [63]. The cAMP/
PKA signalling pathway appears to have both proliferative and
anti-proliferative effects on breast cancer cell growth [64-67], and
various cAMP analogues have also been reported to exert different
effects on breast cancer cell growth which may be due to
differences in their mechanisms of action [67].

PLOS ONE | www.plosone.org

Even though SRC-2 is classified as a coactivator we observed
that several genes also were up-regulated due to reduced SRC-2
expression, suggesting a repressive effect of SRC-2 on the
expression of some estrogen-responsive genes in breast cancer
cells. However, the mechanism by which estrogen represses gene
expression is unknown. Studies have shown that SRC-2 in contrast
to SRC-1 and SRC-3, possess a unique repression domain
encompassing GRIP1 amino acids 767-1006 utilized in repression
of GR-mediated inhibition of target gene expression [19]. It has
been suggested that the enhancing- or repressive effect of SRC-2
on gene expression could be tissue specific and also to be
dependent on the regulatory context of the target gene promoter.
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Since we observed that depletion of SRC-2 led to enhanced
expression of several genes, including ERo-target genes, it is
possible that SRC-2 may also function as a transcriptional
corepressor of ERa in breast cancer cells.

Some studies have shown that the SRCs are able to compensate
for the loss of individual SRC-member [68,69]. However, a recent
ChIP-sequencing mapping study of the global chromatin binding
sites of individual SRCs in MCF-7 cells, revealed limited degree of
redundancy between the different SRCs [34], which has also been
seen in a study comparing the role of the three SRC family
members on metabolism in different organs [70]. By analysing the
expression of selected SRC-2- and PKA-regulated (overlapping)
genes in SRC-3-depleted MCF-7 cells, we confirmed a specific
regulation of these genes by SRC-2 (data not shown). In addition,
analyses of transcription factor binding sites in the promoter
regions of the selected overlapping genes showed enriched NR2F
binding motifs in their promoters, which have shown by others to
be exclusively found for SRC-2 target genes [34]. Thus, we believe
that the oncogenic phenotype observed in the SRC-2-depleted
cells is SRC-2 specific and not caused by compensatory effects of
the other SRCs.

In summary, our data suggest that reduced levels of SRC-2 in
breast cancer cells modulates the expression of estrogen-regulated
genes leading to enhanced proliferation of breast cancer cells,
suggesting that SRC-2 has antiproliferative properties in breast
cancer cells.

Supporting Information

Figure S1 Correspondence analysis (CA) plot showing
projection of microarray samples. Ctr shRNA: pink
squares, SRC-2 shRNA: green diamonds, cAMP: purple circles.
The first principle component is shown on the x-axis and the
second principle component is displayed on the y-axis. All three
groups of samples are separated along the first principle
component (22.706% component variance). The second principle
component (15.192% component variance) separates the two
groups of treated samples (SRC-2 shRNA and cAMP) from the
control group sample (Ctr shRNA).
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