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Abstract

Tumor initiating cells (TICs) represent cancer stem-like cell (CSC) subpopulations within tumors
that are thought to give rise to recurrent cancer after therapy. ldentifying key regulators of
TIC/CSC maintenance is essential for the development of therapeutics designed to limit
recurrence. The steroid receptor coactivator 3 (SRC-3) is overexpressed in a wide range of
cancers, driving tumor initiation, cell proliferation, and metastasis. Here we report that SRC-3
supports the TIC/CSC state and induces an epithelial to mesenchymal transition (EMT) by driving
expression of the master EMT regulators and stem cell markers. We also show that inhibition of
SRC-3 and SRC-1 with SI-2, a second-generation SRC-3/SRC-1 small molecule inhibitor, targets
the CSC/TIC population both /n vitro and in vivo. Collectively, these results identify SRC
coactivators as regulators of stem-like capacity in cancer cells and that these coactivators can serve
as potential therapeutic targets to prevent the recurrence of cancer.
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Introduction

Tumor-initiating cells (TICs) or cancer stem-like cells (CSCs) frequently exist as a
subpopulation of cells in a tumor that is resistant to existing treatments. Their survival and
outgrowth after therapy is thought to be responsible for recurrent disease that is ultimately
responsible for the vast majority of cancer deaths (1,2). CSCs are characterized by the ability
of cells to self-renew and to drive tumor initiation and metastasis (3). Among solid tumors,
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they were first discovered in breast cancer (3) and have since been identified in other solid
tumors (4). /n vitro, CSCs are characterized by their cell surface marker profiles (3), their
ability to form colonies in suspension culture (5) and their increased resistance to
chemotherapeutic agents (2,6). The induction of an epithelial to mesenchymal transition
(EMT) in neoplastic epithelial cells also is thought to enrich for these cancer stem-like cells
(7). During EMT, cancer cells lose their cell-cell adhesions, cell polarity and acquire a more
motile mesenchymal phenotype (8), thus enhancing migratory and invasive properties that
are important for a cancer cell’s metastatic potential. EMT is characterized by the repression
of epithelial markers such as E-cadherin and enhanced expression of mesenchymal markers
such as snail, slug and vimentin (8). Importantly, EMT has been shown to be linked to the
development of chemo-resistance in cancers such as, breast (9) and pancreatic neoplasias
(10). Hence, identifying key regulators of CSC maintenance and chemo-resistance is
important for the development of new therapeutic strategies that can both block EMT and
eliminate resistant CSC/TIC populations of tumor cells.

The steroid receptor coactivator (SRC) family consists of three members: SRC-1 (NCOA1)
(11), SRC-2 (NCOA2/TIF2/GRIP1) (12) and SRC-3 (NCOA3/AIB1/RAC3/ACTR/pCIP)
(13) and function as key “platform’ coactivators that assemble multi-protein complexes to
drive nuclear receptor (NR) mediated transcription. All three SRCs have established roles in
regulating nuclear receptor-mediated gene transcription as well as transcriptional programs
driven by other transcription factors (14). As a result of their broad utilization by a diverse
array of transcription factors, the SRCs regulate multiple physiological and
pathophysiological processes. All three SRCs are frequently overexpressed or amplified in
different cancers. For instance, SRC-1 is overexpressed in breast cancer and promotes lung
metastasis through increased cancer cell migration and invasion (14). SRC-2 is amplified in
~8% of primary prostate tumors and overexpressed in ~ 37% metastatic prostate tumors in
patients (15), stimulating cancer cell growth through both androgen receptor (AR) dependent
and independent metabolic mechanisms. Of the three SRCs, SRC-3 is the most prominently
implicated in cancer, being overexpressed in breast (16), prostate (17), pancreatic cancer
(18) and many other cancers (19) and can promote tumor initiation, progression and
metastasis. Additionally, overexpression of SRC-3 has been linked to endocrine resistance in
breast cancers (14).

As coactivators, the SRCs do not directly bind DNA but instead interact with activated
transcription factors and form a protein-protein interaction scaffold upon which other co-
coactivators such as CBP, p300, CARML1 can be assembled into a larger multi-protein
coactivator complex to activate a vast array of genes important for diverse physiological
processes (20). The SRCs previously have been considered to be difficult drug targets
because of their large size and flexible structure and their reliance on protein-protein
interactions (21). However, our lab has recently executed a high throughput screening
campaign that has led to the identification of several small molecule inhibitors (SMIs)
(21,22) and stimulators (23) for the SRCs. Importantly, we have shown that several of these
SRC SMis can inhibit cancer cell proliferation /in vitroand in mouse xenograft models
(21,22). While other groups have sought to develop coactivator binding inhibitors (CB1s)
(24) designed to block the receptor-SRC protein-protein interface, SMIs designed to
specifically target SRCs represents a distinct niche of novel class of anti-cancer agents.
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While SRCs have been broadly implicated in tumor initiation and progression, not much is
known about their function in regulating the tumor initiating capacity or ‘stem-like states’ of
cancer cells responsible for resistance to first-line therapy and cancer recurrence. In a recent
study SRC-3 was found to function as a coactivator for the estrogen related receptor-p
(ESRRB) and was reported to maintain genes directing embryonic stem cell self-renewal
and pluripotency (25). Additionally, SRC-3 expression is negatively correlated with the
epithelial marker E-cadherin in pancreatic adenocarcinomas (26) and in the MMTV-PyMt
mouse model of breast cancer (27). Thus, we hypothesized that SRC-3 may promote the
stem-like state of CSCs and support the induction of EMT.

Here, we show that SRC-3 drives the formation of CSCs and supports tumor outgrowth. In
concert with this, SRC-3 induces EMT by stimulating the expression of transcription factors,
such as snail and slug, which are key factors that support the mesenchymal state.
Importantly, we also demonstrate that by inhibiting SRC-3 activity with a second-generation
SRC SMI we can block TICs which are prominent in the emergence of drug resistant,
recurrent tumors that arise after treatment with first-line therapies.

Materials and Methods

Cell lines

The lung cancer cell lines A549 (adenocarcinoma), H1299 (non-small cell lung cancer) and
H358 (non-small cell lung cancer); the breast cancer cell lines MCF-7 (estrogen receptor
positive, luminal), MDA-MB-231 (triple negative, basal), SKBR3 (Her2 positive) and MDA-
MB-468 (triple negative, basal) and 293T cells (human embryonic fibroblasts) were all
purchased from ATCC and grown at the Tissue culture core at Baylor College of Medicine
(BCM) where they are tested for mycoplasma every three to four months using the
Mycoalert mycoplasma detection kit (Lonza). MCF-7 (received in 1996, used between
passage 60 to 85), MDA-MB-231 (received in 1994, used between passage 32 to 90),
SKBR3 (received in 2005, used between passage 39 to 56) and 293T (received in 2004, used
between passage 20 to 50) cell lines were grown in DMEM (Cellgro), H1299 (received from
ATCC in 2012 and used between passage 1 to 5 since thaw) and H358 (received from ATCC
in 2016 and used between passage 1 to 5 since thaw) were grown in RPM11640 (Cellgro)
and A549 (received in 1993, passage 86 to 110) was grown in Kaighin’s medium
supplemented with 10 % fetal calf serum (FCS) (Cellgro) and penicillin and streptomycin
(Gibco). The MDA-MB-468 (received from ATCC in 2005 and used between passage 1 to 8
since thaw) cell line was grown in Leibovitz’s L-15 media supplemented with 10 % FCS,
penicillin and streptomycin. Additionally, the MDA-MB-468 cells were grown in the
absence of carbon dioxide. All cell identities were verified using the short tandem repeat
(STR) analysis done by the tissue culture core at BCM. Stable MCF-7 cell lines expressing
either SRC-3 shRNA (shSRC-3) or a non-targeting ShRNA (NT shRNA) were generated by
infection with lentivirus particles. Briefly, 293T cells were transfected with either pLKO.1
NT shRNA (SHC-016, Sigma) or pLKO.1 shSRC-3 (NM_006534.2-4717s21c1,
CCGGTTCCACCTCCTAGGATATAACTCGAGTTATATCCCTAGGAGGTGGAATTTTTG
, Sigma) plasmids together with pMD2.G and psPAX2 second generation packaging vectors
using lipofectamine 2000 (Life Technologies). Forty-eight hours after transfection,
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supernatants were collected and filtered. MCF-7 cells were then transduced with the
respective filtered supernatants in the presence of 4 ug/ml polybrene (Santa Cruz
Biotechnology) and selected with 1 ug/ml puromycin (Gibco). For reporter assays, stable
MCEF-7 cells expressing either NT shRNA or shSRC-3 were grown in phenol red free
DMEM (Cellgro) with 5% charcoal stripped FCS (Cellgro).

Antibodies used include B-actin (Cell Signaling #4970), FLAG (Sigma #F1804), e-cadherin,
snail, slug, vimentin, n-cadherin (Cell Signaling, EMT Ab sampler kit #9782S), SRC-1
(Santa Cruz Biotechnology #sc-32789), SRC-2 (BD Biosciences #610985) and SRC-3 (in-
house monoclonal antibody created by the BCM Monoclonal Antibody Core). HRP
conjugated donkey anti-rabbit and sheep anti-mouse secondary antibodies were from Pierce.
pCMV-Flag-SRC-3 has been previously described (28). SBE4-luc, Flag-Smad3 full length,
Flag-Smad3-NL, and Flag-Smad3-C plasmids were obtained from Addgene. The
SiIGENOME SMARTpool siRNAs targeting SRC-1 (M-005196-03-0005), SRC-2
(M-020159-01-0005) or SRC-3 (M-003759-02-0010) and a non-targeting siRNA (pool #2,
D-001206-14-05 or siRNA #3, D-001210-03-05) were purchased from Dharmacon. SI-2
was synthesized in our laboratory at BCM.

In vivo limiting dilution assay

MDA-MB-231 cells were treated with 250 nM SI-2 or DMSO for three days following
which the drug was washed off and the cells were allowed to recover for an additional three
days. After recovery the cells were washed, trypsinized, stained with trypan blue and
counted. Viable cells were injected at limiting dilutions of 250,000, 25,000 or 2,500 cells
into the second pair of mammary fat pads of 5-6 week old female athymic nude mice
obtained from Envigo International. 5 mice per group were injected in two sites. All animal
experiments were in compliance with the IACUC guidelines. Tumor initiation and growth
was monitored for 8 weeks. The tumor initiation frequency was calculated using the ELDA
software (29).

Flow cytometry

An aldeflour kit (Stem cell technologies) was used as per the manufacturer’s protocol to
assay for ALDH activity. Briefly, cells were trypsinized following which 500,000 — 1
million cells were resuspended in 1 ml aldeflour assay buffer. Aldeflour reagent was added
to this cell suspension. Half of the cell suspension was then transferred to a fresh tube
containing DEAB. The cells were incubated at 37°C for 45 mins, washed and then subjected
to flow cytometry using the BD LSRII flow cytometer (BD Biosciences). For CD44/CD24
detection, cells were washed, trypsinized and counted. 500,000 cells were resuspended in D-
PBS with 2% FCS (Cellgro) with APC-CD44 and CD24-PE (BD Pharmingen #559952 and
#559942) conjugated antibodies at dilutions of 1:20 and incubated at 37°C for 30 minutes.
Cells were then washed three times with cold D-PBS with 2% FCS, resuspended and stained
with Sytox Blue (Life Technologies). Flow cytometry was carried out using the BD LSRII
flow cytometer (BD Biosciences).

Cancer Res. Author manuscript; available in PMC 2018 August 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Rohira et al. Page 5

Tumorsphere assay

Cells were plated in 6-well or 96-well low attachment plates (Corning) in DME/F12 with
1% methylcellulose (Sigma), bFGF (Peprotech), hEGF (R & D Systems), B27 supplement
(Life Technologies) and Penicillin/streptomycin (Gibco). Fresh media was added every three
days and the number of tumorspheres were counted and photographed after 8-10 days. A
Zeiss light microscope was used to count and quantify the tumorspheres.

Reporter Assay

Cell lysates were isolated using the Reporter lysis Buffer assay system from Promega as per
the manufacturer’s protocol. Briefly, cells were rinsed twice with DPBS and lysed with 1X
reporter lysis buffer. Following a freeze-thaw cycle, lysed cells were collected and spun
down at 14,000 rpm for 10 mins. Supernatants were subjected to protein quantification using
the Bio-Rad protein assay dye (Bio-Rad) and to a luciferase assay using a luciferase
substrate (Promega).

Immunoblotting

Total protein was isolated from cells using NETN (20 mM Tris, pH 7.5, 1 mM EDTA, 150
mM NacCl, 0.5% lgepal-CA630) lysis buffer with 10% glycerol, protease and phosphatase
inhibitors (Roche). Cell lysates were incubated at 4°C for 30 minutes followed by a brief
sonication. Lysates were cleared by centrifugation at 12,000 rpm for 10 mins. Total protein
was quantified using the Bio-Rad protein assay dye (Bio-Rad). Proteins were separated
using 4-15% Mini-PROTEAN® TGX™ Precast gels (Bio-Rad) and transferred onto PVDF
membranes (Bio-Rad). Ponceau S (Sigma) staining was carried out to visualize transfer
efficiency. Membranes were incubated with primary antibodies at 4°C overnight followed by
incubation with either anti-mouse or anti-rabbit HRP conjugated secondary antibodies.
Enhanced ECL (Pierce) was used to visualize blots either using X-ray film (Denville) or a
Bio-Rad Chemi-doc imager.

GST Pull-Down Assays

Expression and purification of GST fusion SRC-3 fragment proteins were performed as
previously described (30). Flag-Smad3 expressed cell lysates were precleared with
glutathione-agarose beads and then incubated with GST fusion protein-conjugated
glutathione-agarose beads overnight at 4°C. The beads were then washed five times with
STE buffer (50 mM Tris-HCI pH7.4, 150 mM NacCl, and 0.5% NP-40) containing 1 mM
PMSF, 2 pg/ml aprotinin, 2 ug/ml leupeptin, and 1 mM sodium orthovanadate. The samples
were boiled in 2xSDS loading buffer prior to SDS-PAGE, followed by immunoblot
detection with anti-Flag antibody.

Co-Immunoprecipitation Assay

Cells were washed twice with ice-cold PBS and lysed in 1 ml of RIPA lysis buffer. After
centrifugation at 13,000 rpm for 10 min at 4°C, the supernatants were precleared with
protein A-G (2:1) beads for 30 min, centrifuged to remove the beads, and then incubated
with appropriate antibodies and protein A-G beads overnight at 4°C with constant rotation.
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The beads were washed three times with RIPA buffer, boiled in 2xSDS loading buffer,
analyzed by SDS-PAGE and blotted with appropriate antibodies.

MCF-7 or MDA-MB-231 cells were seeded in 96-well plates and allowed to reach 60 % to
70 % confluency. After indicated compound treatments for 72 hours, relative numbers of
viable cells were measured by MTS assay using the Cell Titer 96 Aqueous One Solution
Cell Proliferation Assay (Promega).

RNA isolation and gPCR

Total RNA was isolated using Trizol (Invitrogen) and purified using the Direct-zol RNA
miniprep kit (Genesee Scientific). The superscript first strand synthesis kit (Invitrogen) was
used to make cDNA. Quantitative real time (QPCR) was performed using the Applied
Biosystems Step One Plus fast real-time PCR system (Applied Biosystems) and Tagman
(Invitrogen) or SYBR green (Applied Biosystems) reagents. Relative amounts of transcripts
were quantified by the comparative threshold cycle method (AACy) with GAPDH or B-actin
as the endogenous reference control. The primers for gene expression analysis were
designed using the Roche Universal Probe library and are listed in supplemental table 1.

Transfections

Lipofectamine 3000 (Life Technologies) was used to transfect H1299, H358, MCF7, MDA-
MB-468 and MDA-MB-231 cells as per the manufacturer’s protocol. Lipofectamine 2000
(Life Technologies) was used to transfect 293T and A549 cells as per the manufacturer’s
protocol. Optimem reduced serum was used to make DNA-liposome complexes. Cells were
incubated with complexes for 48 hours prior to further analysis.

Immunofluorescence

ChIP-gPCR

Tumorspheres were collected on a 30 um filter and washed 2 times with D-PBS.
Tumorspheres were then fixed in formalin and permeabilized with 0.5 % Triton X-100
(Sigma) in D-PBS for either 5 mins or overnight. Tumorspheres were then washed, blocked
for 1 hour in 1 % BSA with 0.1 % Tweem-20 (Fisher Scientific) in D-PBS and incubated
with primary antibodies to SRC-3, Snail or E-cadherin overnight in blocking solution.
Tumorspheres were then washed with D-PBS and stained with secondary antibodies; Alexa-
flour conjugated 488 or 594 (Abcam) for 1 hour in blocking solution. Following washes with
D-PBS, DNA was stained with DAPI and stained tumorspheres were mounted on cavity
slides with mounting media. Tumorspheres were imaged using the Nikon A1-R confocal
microscope.

ChIP assay was performed as previously described (31). The soluble chromatin was
prepared from a total of 2x107 cells. The pre-cleared chromatin solution was subjected to
immunoprecipitation with anti-Flag antibody or anti-mouse 1gG (Millipore #12-371).
Following multiple washes, the antibody-protein-DNA complex was eluted from the beads;
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the DNA was purified and subjected to real-time PCR with primers listed in supplemental
table 2.

Significance testing was done using the Student’s t-test for means between two groups or
one way ANOVA in conjunction with Tukey’s multiple comparison test for means between
more than two groups. Error bars represent standard error of means.

SRCs promote stem-like characteristics in cancer cells

To assess the role of the SRCs in CSCs, we first examined the expression of SRC -1, -2 and
-3 in cells growing as tumorspheres under ultra-low attachment conditions compared to cells
grown under standard monolayer culture conditions. Tumorspheres exhibited increased
expression of the stem cell markers Oct4, Sox2 and Nanog (Fig. 1A). Concomitantly,
expression of all three SRCs was increased in tumorspheres compared to cells grown in
monolayer culture. To ascertain if the observed increases of any of the SRCs might underlie
CSC tumorsphere formation, we knocked down SRC-1, -2 or -3 in lung and breast cancer
cells and determined the tumorsphere forming capacity of these cells. Decreased expression
of SRC-1 and -3 but not -2, significantly reduced the number of tumorspheres formed on the
low attachment substrate (Fig. 1B-D). This suggested that despite the increased expression
of all three SRCs in CSC tumorspheres, SRC-1 and -3 may be most responsible for CSC
tumorsphere formation. Since CSCs are characterized by the expression of aldehyde
dehydrogenase (ALDH) (32), we also measured the percentage of ALDH™ cells after
knockdown of SRC-1, -2 or -3. Interestingly, we found that knockdown of only SRC-3 but
not SRC-1 or -2 significantly reduced the proportion of ALDH* breast CSCs (Fig. 2A-C).
Collectively, our data suggests that SRC-3 may primarily be important for the maintenance
of stem-like characteristics in cancer cells. These data also suggest that SRC-1 is important
for the proliferation of cancer stem-like cells.

SRC-3 regulates an EMT network in cancer cells

EMT is associated with the cancer cell stem-like state and can contribute to tumor
progression, metastasis and therapy resistance (33). This raises the intriguing possibility that
SRC-3 may induce EMT to drive stem-like characteristics in cancer cells. We found that
increased expression of SRC-3 in the A549 epithelial cancer cell line induced a
mesenchymal phenotype as evidenced by the loss of cell contacts and the acquisition of
spindle cell morphology (Fig. 3A). Additionally, genes involved in the EMT network were
altered: the protein expression of mesenchymal markers snail, slug, vimentin and N-cadherin
were increased, while protein expression of the epithelial marker E-cadherin was reduced
(Fig. 3B). QPCR analysis confirmed elevated expression of snail and slug and decreased
expression of E-cadherin upon SRC-3 overexpression (Fig. 3C) in lung cancer cells. SRC-3
is frequently amplified and overexpressed in breast cancer and previous studies have
identified a role for SRC-3 in regulating EMT in breast cancer (27). Hence, to confirm the
role of SRC-3 in inducing EMT in breast cancer, we examined the effect of loss of SRC-3 on
expression of EMT markers. We found that decreased expression of SRC-3 in MCF-7 cells
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upregulated protein expression of e-cadherin and reduced protein expression of snail (Fig.
3D). QPCR analysis confirmed the upregulation of e-cadherin and decrease in snail and slug
RNA expression on stable knockdown of SRC-3 expression (Fig. 3E).

The TGFp signaling pathway is important for stimulating snail and slug expression during
EMT and is dependent on Smad transcription factors (34). Thus, we examined the effect of
SRC-3 expression on the activity of a luciferase reporter containing four Smad binding
elements, SBE4-luc (35). Compared to SRC-1 and -2, overexpression of SRC-3 had a
greater effect in stimulating the activity of the SBE4-luc reporter (Fig. 3F). Furthermore,
decreased expression of SRC-3 repressed TGFp mediated induction of the SBE4-luc
reporter in lung and breast cancer cells (Supplementary Fig. 1A). The regulation of snail and
slug by SRC-3 appeared to be due to the direct recruitment of SRC-3 to the Smad3 response
element in their promoters (Fig. 3G), suggesting that SRC-3 functions as a common
coactivator for both of these EMT-related transcription factors. Co-immunoprecipitation
experiments confirmed an interaction between SRC-3 and Smad3 (Supplementary Fig. 1B).
We performed GST pulldowns to identify the region in SRC-3 that is required for its
interaction with Smad3 (Supplementary Fig. 1C). GST-tagged SRC-3 fragments for the well
characterized bHLH-PAS, RID or CID domains were incubated with lysates from 293T cells
overexpressing Flag-Smad3 in a GST pulldown assay. Our results demonstrate that the RID
domain of SRC-3 is required for its interaction with Smad3 (Supplementary Fig. 1D). For
Smad3, the N-terminal and linker region (NL), C-terminal region (C) or full length (FL)
protein were tested for interaction with SRC-3. Co-immunoprecipitation of the different
flag-tagged Smad3 constructs with full length SRC-3 in 293T cells revealed that the C-
terminal of Smad3 is required for its interaction with SRC-3 (Supplementary Fig. 1E).
Together, our data suggest that SRC-3 can regulate EMT in cancer cells likely through the
coactivation of Smad3.

SRC-3 and targets the breast CSC population

Recent studies have shown that altering coactivator function is a new entrée into the
treatment of cancer. For instance, a newly identified second-generation SRC inhibitor
developed in our laboratory, SI-2, can inhibit SRC-3 activity, reduce breast cancer cell
migration and block tumor growth (21). However, it is crucial to examine the potential for
cancer therapeutics to kill resistant CSC/TIC tumor cells that are responsible for disease
recurrence and resistance to first-line therapies. Since our data implicated a role for SRC-3
in the induction of EMT and promotion of the CSC/TIC state, we hypothesized that
inhibition of SRC-3 with a SMI may target and incapacitate CSC/TICs, blocking tumor
recurrence. Since SRC-3 is amplified or overexpressed in breast cancer (13,16) and we have
shown that SI-2 can effectively inhibit breast tumor growth (21), we sought to examine the
specific effects of SRC-3 inhibition on breast TIC/CSC potential. For this, hormone receptor
positive MCF-7 or triple negative MDA-MB-231 cells were treated with SI-2 for twenty four
hours, and then tested in /n vitro tumorsphere assays on an ultra-low attachment substrate.
Both these cell lines show decreased SRC-3 protein expression (Supplementary Fig. 2A)
upon SI-2 treatment and their proliferation was inhibited by SI-2 (Supplementary Fig. 2B).
Importantly, inhibiting SRC-3 with SI-2 led to an inhibition of breast CSC tumorsphere
formation in MCF-7 (Fig. 4A) and MDA-MB-231 (Fig. 4B) cells. Additionally, protein
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expression of SRC-3 and snail (Fig. 4C) were reduced while expression of E-cadherin (Fig.
4D) was increased in SI-2 treated tumorspheres compared to control treated tumorspheres.

In addition to their tumorsphere forming capacity, breast CSCs are characterized by their
expression of ALDH, the presence of the cell surface marker CD44, and absence or low
expression of the cell surface marker CD24 (3). Previous studies characterized the
expression of stem cell markers in a panel of breast cancer cell lines and found high ALDH
expression in Her-2 positive SKBR3 and triple negative MDA-MB-468 breast cancer cells
and high expression of CD44 in triple negative MDA-MB-231 breast cancer cells (36). To
determine whether inhibition of SRC-3 with SI-2 reduces the expression of these markers
within the CSC population, triple negative MDA-MB-231 and MDA-MB-468, and Her-2
positive SKBR3 cells were treated with SI-2 or DMSO and examined for CSC marker
expression. Indeed, we found that treatment of breast cancer cells with SI-2 reduced the
CD44*/CD24'° (Fig. 5A) MDA-MB-231 cell populations and the ALDH* cell populations
in SKBR3 (Fig. 5B & C) and MDA-MB-468 (Fig. 5B & C) cell lines respectively. These
data confirm that inhibiting SRC-3 activity with SI-2 can selectively interfere with the
TIC/CSC state in the three main sub-types of breast cancer cells in addition to its already
known ability to block breast cancer cell proliferation (21).

Treatment with SI-2 reduces the tumor initiating capacity of breast CSCs

The limiting dilution assay is used to determine tumor initiating capacity of cancer cells in
an /in vivo setting (37). We previously reported that SI-2 can reduce breast tumor growth in a
xenograft model system (21). To determine whether SI-2 treatment can specifically target
the TIC/CSC cell population, MDA-MB-231 cells were treated with SI-2 or DMSQ /n vitro
for three days and after a three day recovery, equal numbers of viable cells were injected in
limiting dilutions into the mammary fat pads of mice. Decreased expression of SRC-3 in
SI-2 treated cells was confirmed by immunoblotting (Fig. 5D). Importantly, SI-2 treated
cells had a 15-fold reduction in the tumor initiation frequency compared to control treated
cells (Fig. 5D), thus confirming that inhibiting SRC-3 using SI-2 can reduce the tumor
initiating capacity of CSCs. In summary, inhibiting SRC-3 activity with SI-2 demonstrates a
proof-of-concept that a SRC SMI could be useful to combat cancer recurrence arising from
therapy-resistant TIC/CSC cells that survive first-round therapeutic intervention.

Discussion

Metastatic breast cancers arising due to resistance to chemotherapy represent the vast
majority of breast cancer mortality cases. In response to many conventional chemotherapies,
tumor cells frequently activate stress-related pathways to escape treatment such as EMT,
thereby inducing genes that double as drivers of self-renewal leading to the acquisition of
stem-like characteristics. This adoption of a stem-like state is linked to a temporary reduced
rate of proliferation, morphological changes associated with increased motility and invasion
that facilitate cancer cell survival during the brief, but stressful period of cell extravasation
and seeding in distant metastatic sites (38). Since SRC-3 has been shown to maintain self-
renewal in embryonic stem cells (25), we hypothesized that it may play a role in the
induction and maintenance of stem-like characteristics in cancer cells as well. We found that
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expression of all three SRCs are elevated in tumorspheres when cells are grown on an ultra-
low attachment substrate (Fig. 1). Si-RNA mediated knockdown of SRC-1 and -3 but not
SRC-2 reduced tumorsphere number, pointing to a more dominant role for SRC-1 and -3 in
promoting the TIC/CSC state (Fig. 1). However, in further analysis of the role of the SRCs
in CSCs, we found that only SRC-3 is required to maintain an ALDH™ breast CSC
population (Fig. 2), demonstrating that similar to its role in embryonic stem cell
maintenance, SRC-3 plays a dominant role in maintaining CSCs. While not much is known
about the expression and activity of SRC-3 in CSCs from breast and lung cancer patient
samples, high expression of SRC-3 is inversely correlated with overall and post-progression
survival in patients with triple negative breast cancer (21). Additionally, in ER+ breast
cancer patients that receive tamoxifen therapy, high SRC-3 expression leads to worse disease
free survival indicative of tamoxifen resistance (39). Furthermore, patients with high SRC-3
expression in non-small cell lung cancer have poor overall and progression free survival
(40).

Previous studies have demonstrated that EMT in neoplastic cells can enrich for CSCs (7,41).
Consistent with this, we found that in conjunction with its role in CSC maintenance, SRC-3
also induces EMT; evidence exists to suggest that it supports additional EMT-related
pathways as well (27). Here, we identify the TGFB-Smad3 signaling axis as a key signaling
network that SRC-3 drives to induce EMT (Fig. 3). Downstream of TGFf, SRC-3 interacts
with Smad3 and regulates expression of the EMT transcription factors, snail and slug, that
are required to induce the mesenchymal state. While SRC-1 has been shown to promote
EMT through the upregulation of Twist expression (42), we found SRC-3 to be a stronger
driver of CSC potential in the breast cancer cell lines we tested.

CSCs are frequently resistant to conventional chemotherapy and radiation treatment (2,43).
For instance, it has been shown that treatment with the chemotherapeutic paclitaxel can lead
to an undesirable induction and expansion of breast CSCs (44). Consistent with this, recent
clinical studies have found that breast tumors show enrichment for CD44*/CD24" cells in
response to conventional chemotherapy (1). In an effort to identify drugs that target the TIC
tumor cell population, salinomycin was successful in targeting breast CSCs (45). However,
the mechanism of action for salinomycin in killing breast CSCs is not well understood,;
additionally, salinomycin interferes with potassium channels and can be toxic to normal
neural and hematopoietic cells (46). Thus, there is a need to identify drugs that can target the
abolition of resistant TIC populations. With SRC-3’s ability to regulate both EMT and the
CSC state we posited that by targeting SRC-3 we can specifically target this resistant tumor
cell population. Indeed, we found that a second generation SMI, SI-2, which inhibits cellular
SRC activity with low nanomolar potency (21), is effective in reducing the breast CSC
population in a panel of cell lines representing different types of breast cancers. Treatment
with SI-2 targeted CSCs as demonstrated by a reduction in tumorsphere formation and the
proportion of ALDH* and CD44*/CD24~ breast CSCs (Fig. 4-5); inhibiting SRC-3 with
SI-2 pushed the CD44*/CD24~ cells from an undifferentiated state into the more
differentiated CD44*/CD24* state (47). Importantly, treatment of breast cancer cells with
SI-2 in vitrowas able to reduce the tumor initiating capacity of breast CSCs /n vivo (Fig. 5).
This was a sustained, durable effect since a single treatment with SI-2 in vitro could prevent
tumor initiation /n vivo for up to 8 weeks.
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The fact that CSCs are frequently resistant and can indeed even be enriched for by
conventional chemotherapeutic interventions provides a strong impetus to incorporate
TIC/CSC targeted therapeutics into existing first-line clinical treatment to pro-actively
eliminate this population of tumor cells. An effective therapeutic strategy could be
envisioned by using a drug combination that targets both the CSC and non-CSC tumor cells.
Because SRC-3 drives breast cancer in numerous ways such as by promoting tumor
initiation, cancer cell proliferation, metastasis, drug resistance (48,49) and CSC
maintenance, a SRC-3 SMI such as SI-2 might be able to both inhibit bulk tumor cell growth
and also the formation of tumor TICs/CSCs. CSCs can be induced and maintained by other
oncogenes such as RhoC (50) and it is possible that treatment with SI-2 may give rise to
resistant CSCs that are driven by other factors. Hence, it will be better to explore the
integration of SRC-3 SMIs as drug combination paradigms into existing standards of care
for breast cancer that utilize conventional chemotherapeutic agents or in combination with
other potential CSCs targeting agents. In this way, the pro-active targeting of TICs/CSCs
that would otherwise be induced by drugs such as paclitaxel can be used to inhibit the
eventual development of recurrent, metastatic disease responsible for the vast majority of
breast cancer deaths.
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Figure 1. SRCsareimportant for tumorsphere formation
Expression of SRC-1, -2 and -3 is increased in tumorspheres. (A) Total RNA was isolated

from H1299, H358 and MDA-MB-231 cells grown either in monolayer culture or in serum
free media on ultra-low attachment plates and converted to cDNA. QPCR was performed
using primers for GAPDH, Oct4, Sox2, Nanog, SRC-1, -2 and -3. Gene expression was
quantified using GAPDH as an internal control. Values shown are the mean = S.E.M. (n=3).
(B-D) Reduced expression of SRC-1 and -3 but not SRC-2 reduces tumorsphere formation.
MDA-MB-231 and H358 cells were transfected with either control sSiRNA or siRNA
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targeting SRC-1, SRC-2 or SRC-3. (B) Bright field images of siRNA transfected cells plated
in serum free media on ultra-low attachment plates after 8 days. Scale bar = 50 pm. (C)
Tumorspheres greater than 50 um were counted and the numbers of spheres formed were
graphed. Values shown are the mean + S.E.M. (n=3). One-way ANOVA followed by
Tukey’s multiple comparison tests were used for significance testing. * = p < 0.05, **=p <
0.01, *** = p < 0.001. (D) 48 hours post transfection total protein was isolated from the cells
and subjected to immunoblot analysis with antibodies to SRC-1, SRC-2, SRC-3 and p-actin.
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Figure 2. SRC-3 regulatesthe proportion of CSCs
Decreased expression of SRC-3 reduces the % ALDH™ cell population. SKBR3 cells were

transiently transfected with either control (siCTRL), SRC-1 (siSRC-1), SRC-2 (siSRC-2) or
SRC-3 (siSRC-3) targeting siRNAs for 48 hours. (A-B) Cells were then assayed for ALDH
activity using flow cytometry. Representative flow cytometry dot plots are shown. The
graphed data represents the mean + S.E.M. (n=3). One-way ANOVA and Tukey’s multiple
comparison tests were used for significance testing. * = p < 0.05. (C) 48 hours post
transfection total protein was isolated from the cells and subjected to immunoblot analysis
with antibodies to SRC-1, SRC-2, SRC-3 and p-actin.
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Figure 3. SRC-3 induces and regulates an epithelial to mesenchymal transition
Increased SRC-3 expression increases mesenchymal marker expression. A549 cells were

transiently transfected with an expression vector for Flag-SRC-3. (A) Bright field image
demonstrating a change from epithelial to mesenchymal morphology 48 hours after transient
transfection of Flag-SRC-3 or vector control. (B) Immunoblotting of total protein isolated
from cells overexpressing Flag-SRC-3, with + and ++ indicating low and high levels of
SRC-3, respectively. Cell lysates were immunoblotted with antibodies for Flag, e-cadherin,
vimentin, n-cadherin, snail, slug and B-actin. (C) RNA was isolated from cells and converted
to cDNA. QPCR was carried out using primers for e-cadherin, snail, slug and GAPDH.
Gene expression was quantified using GAPDH as an internal control. Values shown are the
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mean £ S.E.M. (n=3). Student’s t-test was used for significance testing. ** = p < 0.01. (D)
Decreased expression of SRC-3 increases epithelial marker expression. Total protein was
isolated from stable MCF-7 cells that express either non-targeting sShRNA or SRC-3
targeting shRNA. Immunoblotting was carried out with antibodies to SRC-3, e-cadherin,
snail and B-actin. (E) Total RNA was isolated from stably transfected MCF-7 cells and
converted to cDNA. QPCR analysis was carried out using primers for e-cadherin, snail, slug
and GAPDH. Gene expression was quantified using GAPDH as an internal loading control.
Values shown represent the mean + S.E.M. (n=3). Student’s t-test was used for significance
testing. * = p < 0.05. (F) SRC-3 overexpression stimulates Smad-dependent reporter activity.
H1299 cells were co-transfected with a Smad binding element (SBE4-luc) luciferase
promoter-reporter construct and either SRC-1, -2 or -3 expression vectors. 48 hours post
transfection luciferase activity was measured and normalized to total protein. Values shown
are the means + S.E.M. (n=3). (G) SRC-3 is recruited to the Smad binding element in the
promoters of Snail and Slug. H1299 cells were transiently transfected with Flag-SRC-3.
Chromatin immunoprecipitation was performed with antibodies against Flag and 1gG. DNA
was isolated and gPCR was performed using primers to the Smad binding regions in the
promoters of snail and slug. Primers to GAPDH were used as a control. Relative occupancy
was calculated after normalizing to input and setting the control region to 1. Values shown
are means £ S.E.M. (n=3).
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Figure 4. SI-2 reduces tumor sphere formation
(A-B) Inhibition of SRC-3 with SI-2 decreases tumorsphere formation. MCF-7 or MDA-

MB-231 cells were treated with SI-2 or DMSO and 24 hours later cells were trypsinized and
counted. Viable cells were plated in serum free media on low attachment plates for 8-10
days. Scale bar = 50 um. The number of tumorspheres that were greater than 50 um were
counted and graphed. Values represent means + S.E.M. (n=3). One-way ANOVA was used
for significance testing. *** = p < 0.005. (C-D) Treatment with SI-2 regulates expression of
EMT associated proteins. DMSO or SI-2 treated tumorspheres from MCF7 cells were
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isolated, fixed and stained with antibodies to SRC-3, Snail or e-cadherin. DAPI was used to
stain the DNA. A Nikon A1-R confocal microscope was used to image the tumorspheres.
Representative images are shown (n=5). Scale bar = 100 um.
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Figure5. SI-2 reducesthe proportion of breast CSCs
(A) Treatment with SI-2 reduces the percentage of CD44*/CD24~ population. MDA-
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P 1.35E-08

MB-231 cells were treated with DMSO or SI-2 for 48 hours following which the cells were
allowed to recover without drug for an additional 48 hours. Cells were then stained with
APC-CD44 or PE-CD24 antibodies and Sytox blue and analyzed by flow cytometry.
Representative flow cytometry dot plots are shown. The graphed data represents the mean +
S.E.M. (n=3). Student’s t-test was used for significance testing. ** = p < 0.01. (B-C)
Treatment with SI-2 reduces the ALDH™ cell population. SKBR3 cells were treated with
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DMSO or SI-2 for 48 hours and allowed to recover without drug for an additional 48 hours.
MDA-MB-468 cells were treated with DMSO or SI-2 for 48 hours. Both cell lines were then
assayed for ALDH activity using flow cytometry. Representative flow cytometry dot plots
are shown. The graphed data represents the mean £ S.E.M. (n=3). Student’s t-test was used
for significance testing. *** = p < 0.005. (D) Treatment with SI-2 /n vitro the tumor
initiating frequency in vivo. MDA-MB-231 cells were treated with DMSO or SI-2 for 3 days
and allowed to recover in drug free media for an additional 3 days. Total protein was isolated
from the cells and immunoblotted for SRC-3 and B-actin. The cells were then injected into
the second pair of mammary fat pads of SCID mice in limiting dilutions of 250,000, 25,000
or 2,500 cells (n=10/group). Tumor initiation and growth were monitored for 8 weeks. The
tumor initiation frequency was calculated using the ELDA software.
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