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A B S T R A C T

Pancreatic ductal adenocarcinoma (PDAC) is a highly malignant and lethal disease with few treatment options.
Steroid receptor coactivator-3 (SRC-3, also known as NCOA3, AIB1, pCIP, ACTR, RAC3, TRAM1) sits at the nexus
of many growth signaling pathways and has been pursued as a therapeutic target for breast, prostate and lung
cancers. In this study, we find that SRC-3 is overexpressed in PDAC and inversely correlates with patient overall
survival. Knockdown of SRC-3 reduces pancreatic cancer cell proliferation, migration and invasion in vitro.
Additionally, inhibition of SRC-3 using either shRNA or a small molecule inhibitor can significantly inhibit
tumor growth in orthotopic pancreatic cancer mouse models. Collectively, this study establishes SRC-3 as a
promising therapeutic target for pancreatic cancer treatment.

1. Introduction

Pancreatic ductal adenocarcinoma (PDAC) is a highly malignant
and lethal disease with poor prognosis. It is the twelfth most common
type of cancer and the fourth leading cause of cancer-related death in
the United States [1]. The 5-year survival rate is less than 8% and the
median survival is around 6 months from the time of diagnosis [2]. It is
now recognized that highly malignant and metastatic PDAC develops
from local precursor lesions called pancreatic intraepithelial neoplasia
(PanIN) [3]. Molecular and pathological analyses have revealed an
ordered series of genetic alterations during the progression of PanIN to
PDAC. In addition to the well-characterized signature somatic muta-
tions in KRAS, TP53, CDKN2A and SMAD4 [4,5], accumulating studies
have revealed a large number of gene alterations, either at the genetic
or expression levels, in PDAC [6]. A comprehensive genetic analysis of
24 PDAC cases found an average of 63 exonic alterations in this cohort
and overexpression of 541 genes, which converge on 12 key cellular
signaling pathways [7]. However, the contribution of most alterations
other than KRAS, TP53, CDKN2A and SMAD4 to PDAC development is

largely unknown.
Steroid receptor coactivators (SRCs), also known as nuclear receptor

coactivators (NCOAs), are a family of transcription coactivators, in-
cluding SRC-1 (also known as NCOA1), SRC-2 (also known as NCOA2,
GRIP1, TIF2) and SRC-3 (also known as NCOA3, AIB1, pCIP, ACTR,
RAC3, TRAM1) [8]. They interact with nuclear receptors (NRs) to re-
cruit additional transcription co-regulators, such as histone modifiers
and chromatin remodeling modules, acting as a scaffold for the as-
sembly of multi-subunit coactivator holocomplexes [8]. In addition to
NRs, SRCs are also co-activators for multiple transcription factors, such
as NF-κB, Smad3, p53 and β-catenin/TCF and have been demonstrated
to regulate various signaling pathways in both physiological and pa-
thological contexts [8]. Each member of the SRC family has been re-
ported to be overexpressed or amplified in multiple cancer types, par-
ticularly in steroid hormone-related cancers such as breast cancer
[9,10], ovarian cancer [10] and prostate cancer [11,12]. Among the
SRCs, SRC-3 is more frequently reported and more extensively studied
in cancer than the other two members. Overexpression of SRC-3 mRNA
has been reported in a range from 13% to 64% of breast cancers by
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different research groups [10,13,14]. SRC-3 also has been found to be
amplified in a range between 4.8 and 9.5% in different breast cancer
cohorts [10,15]. Higher SRC-3 expression is associated with larger
tumor size [10,15], higher tumor grade [16] and poorer disease-free
survival (DFS) in estrogen receptor-positive breast cancer patients
treated with adjuvant tamoxifen [13]. Transgenic mouse models and
cell line studies demonstrated that SRC-3 promotes cancer cell pro-
liferation and tumor metastasis [17–21]. High SRC-3 expression or gene
amplification also was documented in endometrial carcinoma [14,22],
ovarian cancer [10,15], prostate cancer [23] and hepatocellular carci-
noma [24], which was pathologically associated with high tumor grade,
poor prognosis or DFS.

Overexpression and amplification of SRC-3 in pancreatic cancer was
first reported by Henke et al. in 2004 [25]. Immunohistochemistry and
in-situ hybridization showed a correlation between SRC-3 expression
and PanIN/PDAC progression. SRC-3 expression was detected rarely in
normal pancreas tissues (4.5%), but with an increased frequency in
pancreatitis (14.3%) and low-grade PanIN (23.1%). Even higher fre-
quencies and levels were found in high-grade PanIN (81.1%) and PDAC
(64.5%) samples. Amplification of the SRC-3 gene was found in 37% of
PDAC specimens. The association of SRC-3 expression with tumor
progression in pancreatic lesions implicates SRC-3 in PDAC develop-
ment. However, no further evidence was reported since then. Given the
oncogenic role of SRC-3 and its association with prognosis in a variety
of cancers, we propose that SRC-3 contributes to PDAC oncogenesis and
progression and that it should be considered as a therapeutic target for
pancreatic cancer treatment.

2. Materials and methods

2.1. Patient data analysis

We obtained mRNA expression data and patient survival data from
Firehose (https://gdac.broadinstitute.org/). We evaluated the correla-
tions between mRNA expression of SRC3 gene and Pancreatic
Adenocarcinoma (PADD) patients' overall survival time. The 1/3 sam-
ples with the highest gene expression were defined as “SRC-3 high”
group (N=59), and the 1/3 samples with the lowest gene expression
were defined as “SRC-3 low” group (N=60), and these two groups
were used in survival analysis. The R package ‘‘survival’’ was used to
perform the overall survival analysis and produce Kaplan-Meier sur-
vival plots. A log-rank test was used to assess the significance.

2.2. Cell lines

PANC-1, Capan-1, Capan-2, and AsPc-1 cell lines were purchased
from American Type Culture Collection (ATCC). HPDE, CFPAC, HPAC,
HS766T, Panc-28, BxPC3, L3.6PL, MDA-PCAT, Miapaca-2 and MPanc-
96 cell lines were courtesy of Dr. Craig Logsdon lab. A549, H1975,
H1299 and MCF-7 cell were kindly provided by Dr. David Lonard's la-
boratory. All cell lines in the experiments were validated by short
tandem repeat (STR) DNA analysis and were negative for mycoplasma.

HPDE cells were grown in keratinocyte serum-free medium
(ThermoFisher Scientific Inc. Cat#17005-042, Ref.). PANC-1, Capan-1,
Capan-2, CFPAC, HPAC, HS766T, Panc-28, L3.6PL, MDA-PCAT,
Miapaca-2, MPanc-96, A549 and MCF-7 cells were maintained in
Dulbecco's Modified Eagle Medium (DMEM). The left AsPc-1, BxPC3,
H1975 and H1299 cells were maintained in RPMI-1640 medium. Both
DMEM and RPMI-1640 medium were supplemented with 10% fetal
bovine serum (FBS), 100 U/mL penicillin and 100 μg/mL streptomycin.
All cell lines were cultured in a humidified incubator containing 5%
CO2 at 37 °C.

Stable cell lines PANC-1-shCtrl, PANC-1-shSRC-3, and PANC-1-Ind-
shSRC-3 were made by two steps of lentiviral infection to fulfil the
experimental purposes for both in vitro tests and in vivo mouse models.
In the first step, PANC-1 cells were infected by lentivirus made from a

luciferase expression plasmid, pLenti-CMV-V5-LUC-Blast (from
Addgene Co.), and then the stable cells were selected under culture
medium containing 10 μg/mL of blasticidin. In the second step, PANC-
1 cells with stable luciferase expression were infected with lentivirus
made from plasmids, pLKO-shScramble, pLKO-shSRC-3.1, pLKO-shSRC-
3.2, and pLKO-Tet-On-shSRC-3 to obtain PANC-1-shCtrl, PANC-1-
shSRC-3.1, PANC-1-shSRC-3.2, and PANC-1-Ind-shSRC-3 stable cells,
respectively. Condition medium containing 2 μg/mL of puromycin was
used to select cells that has pLKO plasmid integration. Capan-2-shCtrl,
Capan-2-shSRC-3.1 and Capan-2-shSRC-3.2 stable cells were estab-
lished by single infection of the corresponding pLKO lentiviruses de-
scribed above.

2.3. Plasmids and antibodies

SRC-3 specific shRNA expression plasmids pLKO-shSRC-3.1 with
targeting sequence 5′- TTCCACCTCCTAGGGATATAA-3′, and pLKO-
shSRC-3.2 with targeting sequence 5′-GGATCAGAAGGCAGGATT
ATA-3′, as well as pLKO-shScramble were purchased from Sigma-
Aldrich. For the purpose to induce the shSRC-3 expression by doxycy-
cline, pLKO-Tet-On-shSRC-3 plasmid was constructed by inserting an
oligo fragment containing the same targeting sequence as pLKO-shSRC-
3.2 into the pLKO-Tet-On vector through AgeI and EcoRI restrict sites.
Antibodies, anti-SRC–3 (Cat# 2126), anti-Ki-67 (Cat# 9027), anti-E-
Catherin (Cat# 3195), anti-N-Cadherin (Cat# 13116), anti-MMP-2
(Cat# 13132), anti-MMP-7 (Cat# 71031), anti-CDK6 (Cat# 3136), anti-
Cyclin D1(Cat# 2978), anti-Cyclin D3 (Cat# 2936) and anti-β-Actin
(Cat# 8457) were all obtained from Cell Signaling Technology Inc.
Antibodies, anti-β-Catenin (Cat# sc-7199), anti-c-Myc (Cat# sc-42),
anti-E2F1 (Cat# sc-251), anti-Cyclin A (Cat# sc-53231), and anti-Bcl-2
(Cat# sc-783) were all obtained from Santa Cruz Biotechnology Inc.

2.4. Quantitative RT-PCR

RNA was isolated from cultured cells with TRIzol reagent. 1 μg RNA
was reverse transcribed into cDNA with iScript reverse transcription
supermix (Bio-Rad). Relative gene expression was analyzed using
quantitative PCR. PCR was performed with iTaq Universal SYBR® Green
Supermix (Bio-Rad) using a Bio-Rad iCycler. Genes were amplified with
specific primers (Table 1) by an initial denaturation at 95°C for 5min,
followed by 40 cycles at 95 °C for 30 s and 60 °C for 1min. Relative gene
expression levels was analyzed using the 2−ΔΔCT method. RPS6 gene
served as an internal reference.

2.5. Western blotting

Cultured cells were lysed with a radioimmunoprecipitation assay
(RIPA) buffer containing 1× complete protease inhibitor cocktail
(Roche). Protein concentration was determined by Braford assay.
Proteins were separated by SDS-polyacrylamide gel electrophoresis

Table 1
The list of primers used in quantitative RT-PCR.

Gene Primers Primer sequences

E-Cadherin E-Cadherin-F 5′-GCCCTTTCTGATCCCAGGTC-3′
E-Cadherin-R 5′-TAGCCTGGAGTTGCTAGGGT-3′

N-Cadherin N-Cadherin-F 5′-GACTGCTGCTCTTTGTGGGT-3′
N-Cadherin-R 5′-GCTCGTGGTTTTGCTTCCTC

MMP7 MMP7-F 5′-ACATTGTGTGCTTCCTGCCA-3′
MMP7-R 5′-AGCTTCTCAGCCTCGAATGT-3′

MMP2 MMP2-F 5′-CTACGATGGAGGCGCTAATGG-3′
MMP2-R 5′-CTTGGGGCAGCCATAGAAGG-3′

uPA uPA-F 5′-TCCACCTGTCCCCGCAG-3′
uPA-R 5′-GCAGTTGCACCAGTGAATGT-3′

RPS6 RPS6-F 5′-AAGGAGAGAAGGATATTCCTGGAC-3′
RPS6-R 5′-AGAGAGATTGAAAAGTTTGCGGAT-3′
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(SDS-PAGE) and transferred onto PVDF membranes. Membranes were
blocked with 5% non-fat dry milk for 1 h at room temperature and then
incubated with primary antibody diluted in 5% non-fat dry milk at 4 °C
overnight. After washing with PBST, blots were incubated in secondary
IgG-HRP in 5% non-fat dry milk for 1 h at room temperature. Blotting
signals were detected with enhanced chemiluminescent (ECL) detection
reagent (GE Healthcare).

2.6. Cell proliferation and MTT assays

For each tested cell line, 2000 cells were seeded in each well of a 96-
well plate and cell viability was determined by MTT assay. For MTT
assays, cells were covered with 100 μL of DMEM containing 500 μg/mL
of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT). After incubation at 37 °C in the incubator for 1–3 h, 100 μL of
DMSO were used to dissolve converted formazan and its concentration
was determined by absorbance spectrophotometry at a wavelength of
570 nm.

2.7. Cell migration and invasion assays

2.7.1. In vitro migration assay
Costar 24-transwell assay plates (Becton Dickinson Labware Inc.

Bedford, MA) were used for migration assays. The lower compartment
was loaded with 0.6 mL of 2% FBS DMEM to serve as a chemoat-
tractant. 2.5× 104 cells from each cell line were then seeded with
0.6 mL of serum-free medium in the upper chambers. After 8 h of in-
cubation, the filter was washed with PBS, cleansed with a cotton swab,
and then fixed with methanol. Hematoxylin staining was performed to
visualize the cells on the filter. After this, the filter was cut out of the
chambers and mounted on a slide and cells were counted under a mi-
croscope. The experiments were repeated 3 times.

2.7.2. In vitro invasion assay
24-well Biocat matrigel invasion chambers (Becton Dickinson

Labware Inc. Bedford, MA) were used for chemoinvasion assays.
0.75mL of DMEM with 10% FBS located in the lower compartment
served as a chemoattractant. 2.5× 104 cells from each cell line were
seeded in the upper compartment, which contained 0.5mL of serum-
free medium. All tested samples were assayed in triplicate. After 16 h of
incubation in a humidified incubator with 5% CO2 at 37 °C, the cells
that passed through the membrane were fixed with methanol and
stained with hematoxylin. Cell numbers in five predetermined fields on
each membrane were counted under a microscope. The statistical sig-
nificance of the differences in invasion rate between cell lines were
measured by students' t-test.

2.8. Immunohistochemistry

Tumors were cut into 2 mm×2 mm cubes and fixed in 4% paraf-
ormaldehyde. The fixed samples were dehydrated, embedded into
paraffin blocks and cut into 5 μm thick sections. For im-
munohistochemistry, the paraffin sections were de-paraffinized and
rehydrated in xylene and ethanol, then boiled in sodium citrate pH 6.0
antigen retrieval buffer at 95 °C for 20min. Staining was performed
using an IMMPRESS HRP polymer reagent kit (Vector Lab) with sec-
tions blocked and incubated with primary antibodies (anti-SRC-3 1:200
dilution, anti-Ki-67 1:4000 dilution) at 4 °C overnight. After three wa-
shes with PBS, the sections were incubated with secondary antibodies at
room temperature for 30min. After three washes, the sections were
developed with the DAB Peroxidase (HRP) Substrate Kit (Vector Lab).

2.9. In vivo orthotopic tumor progression model

To establish orthotopic pancreatic tumors, 0.5× 106 PDAC cells
were injected into the pancreas of SCID or nude mice (Charles River

Laboratories, female, 6–7 weeks of age) through a standard live surgery
process [26]. All the animal studies were conducted with the approval
of the Institutional Animal Care and Use Committee (IACUC) at Baylor
College of Medicine (BCM). All the mice were sacrificed in a CO2

chamber. In addition, any animals that showed loss of mobility, weight
loss or other symptoms related to tumor growth were euthanized. All
animals were sacrificed and tumors were harvested with a volume of no
more than 1500mm3. In addition, any animal that displayed im-
mobility, huddled posture, inability to eat, ruffled fur, self-mutilation,
vocalization, wound dehiscence, hypothermia, or greater than 20%
weight loss were euthanized according to BCM guidelines.

To test whether SRC-3 is required to maintain PDAC tumor growth,
an orthotopic pancreatic cancer mouse model was developed by in-
jecting a total of 0.5× 106 PANC-1-Ind-shSRC-3 cells into the pancreas
head through mouse live surgery. After 14 days of tumor growth, mice
were randomly split into two groups (N=8). One group were fed with
water containing 200 ppm of doxycycline. The doxycycline water was
replenished every 3 days. The tumor size was monitored weekly by IVIS
live imaging.

2.10. Cell cytotoxicity assay

PDAC cells (5000–7000 cells per well) were seeded in 96-well plates
in medium supplemented with 10% FBS. The next day, when cells
reached 70%–80% confluence, bufalin (Santa Cruz Co.) was added to
achieve an array of final concentrations from 0.1 to 2000 nM. After 72 h
of treatment, cell viability was measured by MTT assay. Cell viabilities
relative to untreated control cells were plotted using Graphpad Prism.
The IC50 values for bufalin were calculated based on the Hill-Slope
model.

2.11. Statistical analysis

Data are presented in mean ± SEM. The Student's t-test was used
for comparison between two groups and one-way ANOVA and Tukey
post-hoc tests were used for comparison among three or more groups
with P < 0.05 considered statistically significant.

3. Results

3.1. SRC-3 is overexpressed in PDAC and inversely correlates with survival

To measure SRC-3 protein levels in pancreatic cancer tissues, we
performed immunohistochemistry against SRC-3 on paired PDAC and
adjacent normal pancreatic tissues from 11 patients with stage II PDAC.
SRC-3 protein levels were found to be significantly higher in 9 PDAC
tissues, compared to the corresponding adjacent normal pancreatic
tissues (Fig. 1A). We also examined SRC-3 expression in a normal
pancreatic ductal cell line (HPDE) and a series of PDAC cell lines by
Western blotting. SRC-3 was highly expressed in most of the PDAC cell
lines but was hardly detected in HPDE cells (Fig. 1B). Then we analyzed
mRNA-seq data from PDAC tumors in The Cancer Genome Atlas
(TCGA). Based on the expression value for SRC-3, we divided patients
into “SRC-3 high” (top 1/3) and “SRC-3 low” groups (bottom 1/3). The
overall survival time is significantly shorter (P=0.0148) in patients
with high SRC-3 levels compared to those with low SRC-3 levels
(Fig. 1C).

3.2. Knockdown of SRC-3 reduces pancreatic cancer cell proliferation

To study the role of SRC-3 in PDAC, SRC-3 was stably knocked down
with lentivirus-mediated shRNAs in the PANC-1 and Capan-2 PDAC cell
lines that normally overexpress SRC-3 at high levels. Western analysis
showed that SRC-3 was knocked down effectively with either shRNA
(shSRC-3.1 and shSRC-3.2) in PANC-1 (Fig. 2 A) and Capan-2 (Fig. 2C)
cells. MTT cell viability assays showed that knock down of SRC-3
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slowed down cell proliferation in both PANC-1 (Fig. 2B) and Capan-2
(Fig. 2D) cells, suggesting that SRC-3 played a pro-proliferative role in
pancreatic cancer. Accordingly, several signaling molecules, β-Catenin,
c-Myc, E2F1, Cyclin A, CDK6, Cyclin D1, Cyclin D3 and Bcl-2, which

regulates cell proliferation or survival were found to be downregulated
in SRC-3 knock-down PANC-1 cells (Fig. 2E).

Fig. 1. SRC-3 overexpression correlates with the poor prognosis in PDAC patients. (A) SRC-3 protein expression levels in tissues from PDAC patients were
detected by immunohistochemistry (IHC) assays. SRC-3 protein is highly expressed in 9 of 11 tested PDAC tissues but not detectable in all PDAC paired adjacent
normal pancreas tissues. SRC-3 IHC staining of tissues from 3 PDAC patients is presented here (scale bar: 50 μm). (B) SRC-3 protein levels, as measured by Western-
blotting, are significantly high in most pancreatic cancer cell lines, and are comparable with lung cancer cell lines A549, H1975 and H1299, and breast cancer cell
line MCF-7, but not detectable in normal pancreas duct cell line HPDE. (C) TCGA patients with a higher SRC-3 mRNA expression level have obviously shorter overall
survival time than those with a lower SRC-3 level (P < 0.0148, log-rank test).
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3.3. Knockdown of SRC-3 inhibits pancreatic cancer cell migration and
invasion

SRC-3 has been shown to promote metastasis by enhancing cell
migration and invasion [27–29]. PANC-1-shSRC-3.1 and -shSRC-
3.2 cells migrated significantly less than PANC-1 and PANC-1-shCtrl
control cells in a migration assay (Fig. 3A and B). Consistently, Capan-
2-shSRC-3.1 and -shSRC-3.2 cells also migrated less than Capan-2 and
Capan-2-shCtrl cells (Fig. 3A and B), demonstrating that knockdown of
SRC-3 inhibited the migratory ability of pancreatic cancer cells.
Knockdown of SRC-3 also inhibited cell invasion in PANC-1 and Capan-
2 cells (Fig. 3C and D). E-cadherin mRNA expression was increased
while N-cadherin was downregulated (Fig. 3E) in SRC-3 knockdown
PANC-1 cells. Matrix Metalloproteinase 7 (MMP-7), MMP-2 and uPA
mRNA levels also were downregulated in SRC-3 knockdown PANC-
1 cells (Fig. 3E). The changes of protein levels for E-cadherin, N-cad-
herin, MMP-7 and MMP-2 is consistent with the changes of their mRNA
levels (Fig. 3F). It should be noted that we were unable to detect uPA
protein in either PANC-1-shCtrl or PANC-1-shSRC-3 cell lines, possibi-
lity due to the low protein level of uPA or the low-affinity for the an-
tibody used. The expression changes in E-cadherin, N-cadherin, MMPs
and uPA suggest that SRC-3 is involved in pancreatic cancer cell mi-
gration and invasion, at least in part, through the regulation of cell
junctions and metalloprotease activity.

3.4. Knockdown of SRC-3 inhibits orthotopic tumor growth

In vitro experiments revealed that SRC-3 plays a key role in cell
proliferation, migration and invasion in pancreatic cancer cells,
strongly suggesting that it has an oncogenic role in pancreatic cancer.
To examine whether SRC-3 plays an oncogenic role in vivo, control and
SRC-3 knockdown PANC-1 (stably expressing firefly luciferase) and
Capan-2 cells were inoculated into the pancreas of nude mice (n=6 per
group) to form orthotopic tumors. For the PANC-1 model, tumor

growth was monitored through luminescence imaging of the luciferase
activities in vivo from day 7 to day 56 after tumor inoculation.
Luminescence imaging showed that the SRC-3 knockdown tumors
(PANC-1-shSRC-3) grew much more slowly than the control tumors
(PANC-1-shCtrl) (Fig. 4A and B). The average weight of SRC-3 knock-
down (PANC-1-shSRC-3) tumors was significantly lower than that of
control (PANC-1-shCtrl) tumors on day 56 (Fig. 4C). As expected, lower
SRC-3 expression were observed in the SRC-3 knockdown tumors than
the corresponding controls (Fig. 4E). In the Capan-2 model, SRC-3
knockdown (Capan-2-shSRC-3) tumors similarly had a lower tumor
weight than control tumors (Capan-2-shCtrl) (Fig. 4D). Ki-67 positive
cells were less frequently observed in SRC-3 knockdown tumors than
controls (Fig. 4E and F), indicating less proliferation in SRC-3 knock-
down tumors. The results from both orthotopic models suggest that
SRC-3 promotes tumor formation and growth in vivo, which was con-
sistent with its pro-proliferation role in vitro.

We further tested whether SRC-3 is required to maintain pancreatic
cancer growth by using a doxycycline inducible SRC-3 shRNA system.
When PANC-1-Ind-shSRC-3 cell lines were treated with doxycycline of
1 μg/mL, SRC-3 protein levels were significantly reduced (Fig. 4G). We
tested the PANC-1-Ind-shSRC-3 cell growth in the presence or absence
of doxycycline (1 μg/mL), compared to PANC-1-shCtrl cells. As shown
in Fig. 4J, doxycycline has no effect on PANC-1-shCtrl cell growth, but
significantly inhibits PANC-1-Ind-shSRC-3 cell growth. PANC-1-Ind-
shSRC-3 cells were orthotopically injected into the pancreas of SCID
mice. Fourteen days after injection, when tumors were formed, the
experimental mouse group was given doxycycline containing water.
Compared to the control group, the tumor in the doxycycline (200 ppm)
treated group had significantly smaller sizes (Fig. 4H and I) and dis-
played obviously lower SRC-3 expression levels and less Ki-67 positive
cells (Fig. 4K). It should be noted that doxycycline at 200 ppm does not
inhibit PANC-1 cell growth in vivo [30]. Collectively, our data suggests
that SRC-3 is required to maintain pancreatic cancer growth.

Fig. 2. SRC-3 silencing by shRNA causes decreasing cell proliferation rate in pancreatic cancer cell lines. (A) SRC-3 expression in PANC-1 cells, as detected by
Western -blotting, is effectively knocked down by shRNAs labeled as SRC-3.1 and SRC-3.2, which have different SRC-3 targeting sequences. (B) SRC-3 silenced cell
lines PANC-1-shSRC-3.1 and Panc-shSRC-3.2 show a slower growth rate than PANC-1-shCtrl and parental PANC-1 cell lines. The cell viability was measured by MTT
assay. Each time point has 6 repeats. (C) SRC-3 expression in Capan-2 cell line is also significantly knocked down by shSRC-3.1 and shSRC-3.2 shRNA. (D) SRC-3
silenced Capan-2 cell lines, Capan-2-shSRC-3.1 and Capan-2-shSRC-3.2, also display a significantly decreased proliferation rate, when comparing with Capan-2-shCtrl
and parental Capan-2 cell lines. (E) A set of signaling molecules in PANC-1, PANC-shCtrl, PANC-1-shSRC-3.1 and PANC-1-shSRC-3.2 were detected by Western
blotting assay, and found to be down-regulated in SRC-3 knockdown PANC-1 cells.
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3.5. Specific inhibition of SRC-3 by the SMI, bufalin, potently reduces
PDAC cell viability

Our previous work showed that bufalin can specifically bind to and
inhibit SRC-3 activity by promoting SRC-3 protein degradation [31,32].
Both bufalin nanoparticles and phospho-bufalin, a prodrug form of
bufalin, can induce a significant inhibition of breast cancer cell viability
and breast tumor growth [31,32]. Based on these findings, we antici-
pated that bufalin also will have a therapeutic effect on PDAC. First, we

analyzed SRC-3 protein levels and PDAC cell viability after bufalin
treatment. We found that bufalin caused SRC-3 protein down-regula-
tion in a dose-dependent manner. When bufalin was applied at a con-
centration of 32 nM, after 24 h of treatment, the SRC-3 protein in PANC-
1 cells became hardly detectable by Western blotting analysis (Fig. 5A).
Similar SRC-3 inhibitory effects of bufalin also were observed in the
tested Capan-2 cells (Fig. 5A). In cell viability assays, bufalin demon-
strated a high cytotoxicity toward PDAC cells with IC50 values in a low
nM range, between 4.8 and 63.4 nM for all the tested PDAC cell lines

Fig. 3. SRC-3 silencing reduces cell migration and invasion potential in PDAC cell lines. (A) A trans-well migration assay was performed to test the migration
ability of PDAC cells, including SRC-3 silenced cell lines PANC-1-shSRC-3.1 and PANC-1-shSRC-3.2, control cell lines PANC-1 and PANC-1-shCtrl. The cells migrated
through trans-well membrane were stained with hematoxylin. Photographs were taken at a magnification 200×. (B) The number of migrated cells in 5 different
fields of trans-well membrane photographed under microscope was counted. Comparing to parental cells (100%), the number of migrated PANC-1-shSRC-3.1, PANC-
1-shSRC-3.2, Capan-2-shSRC-3.1 and Capan-2-shSRC-3.2 cells reduced to 34.9%, 31.2%, 36.0% and 46.5% correspondingly (One-way ANOVA test, ***, P < 0.001).
(C) All the cell lines in migration assay were also tested by Matrigel invasion assay. The invaded cells were stained with hematoxylin and then photographed under
microscope (200× of magnification). (D) For each cell line, the number of invaded cells from 5 different microscopic fields were counted. Comparing to parental cells
(100%), the number of invaded PANC-1-shSRC-3.1, PANC-1-shSRC-3.2, Capan-2-shSRC-3.1 and Capan-2-shSRC-3.2 cells reduced to 18.5%, 17.4%, 18.2% and 29.1%
correspondingly (One-way ANOVA test, ***P < 0.001). (E) The mRNA levels of a set of genes involved in migration and invasion were measured by quantitative RT-
PCR. Genes N-Cadherin, MMP7, MMP2 and uPA, have significantly down-regulated mRNA expression in PANC-1-shSRC-3.1 and PANC-1-shSRC-3.2 cells. However,
gene E-Cadherin exhibits a reverse trend. (F) The protein levels of E-Cadherin, N-Cadherin, MMP-7 and MMP-2 were measured by Western blotting. The trends of
protein level alteration in PANC-1-shSRC-3.1 and PANC-1-shSRC-3.2 cells are consistent with the changes in the corresponding mRNA levels.
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(Fig. 5B and C). However, SRC-3 knock-down cells became more re-
sistant to bufalin-induced cytotoxicity comparing to the parental and
shCtrl cells (Fig. 5B). Even with high concentrations (2 μM) of bufalin
treatment, there are still a significant portion of PANC-1-shSRC-3 cells
alive. The lost sensitivity of SRC-3 knock-down cells to bufalin further
suggests that bufalin induced cytotoxicity is through inhibition of SRC-

3.

3.6. 3-phospho-bufalin inhibits tumor growth in an orthotopic PDAC model

So far, all FDA-approved drugs for pancreatic cancer treatment can
only produce marginal responses for patients and the developing new

(caption on next page)
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drugs for pancreatic cancer treatment is an urgent unmet need. The
success of bufalin-NP and phospho-bufalin in blocking breast tumor
growth [31,32] encouraged us to test their therapeutic effects in a
mouse PDAC orthotopic xenograft model. PANC-1-Luc cells
(0.5× 106 cells per mouse) were injected into the pancreas of nude
mice (4–5 weeks). The mice were randomized into two groups based on
luciferase imaging (n= 8 per group). One week after tumor inocula-
tion, the treatment groups began receiving phospho-bufalin (0.75 mg/
kg) three times per week while the control group received PBS. Tumor
volumes were measured once per week by luciferase live imaging. As
shown in Fig. 5D and E, phospho-bufalin can significantly inhibit PDAC
tumor growth. Also, in phospho-bufalin treated PDAC tumors, lower
SRC-3 expression and less Ki-67 positive cells were observed (Fig. 5F).

4. Discussion

SRC-3 has been recognized as an oncogene in a variety of cancers,
promoting cancer development by enhancing proliferation, migration
and invasion. Although SRC-3 was found to be amplified and over-
expressed in neoplastic pancreas and PDAC lesions, its role in PDAC
development was not characterized. In this study, we found that SRC-3
was overexpressed in human PDAC samples and negatively correlated
with patient survival. We also demonstrated that SRC-3 contributed to
the oncogenic phenotypes of pancreatic cancer cells, including pro-
liferation, migration and invasion in vitro and tumor formation in vivo,
which was concordant with its role in breast, prostate and lung cancer.

SRC-3 is a transcriptional co-activator, which cooperates with a
wide range of transcription factors and transcriptional co-regulators.
The oncogenic programs driven by SRC-3 in different cancers can vary
depending on the transcription factors with which it co-operates. SRC-3
is known or suggested to interact with a variety of signaling pathways
that are crucial in PDAC. For instance, the KRAS pathway is the most
commonly upregulated pathway in pancreatic cancer and KRAS is fre-
quently mutated, while the upstream receptor HER2 also is often
overexpressed in PDAC. Oncogenic KRAS signaling is essential for in-
itiation, progression and maintenance of PDAC [33,34]. The role of
SRC-3 in the Her2 pathway (which is upstream of Ras) has been sub-
stantiated in mouse genetic models. SRC-3 deficiency suppresses v-H-
ras-induced and Neu/Her2-induced breast cancer in mice [18,20].
Moreover, SRC-3 is required for downstream signaling through Her2,
including Akt and JNK activation [20]. It would be most interesting to
see whether SRC-3 is required for KRAS-induced PanIN and PDAC de-
velopment as well. KRAS mutations have long been considered as un-
druggable, and most of the therapies against KRAS signaling have been
based on the targeting of its downstream effector pathways, such as the

Raf/MEK/ERK and PI3K/Akt pathways [35]. If SRC-3 is required for
KRAS signaling in PDAC, it will be a promising therapeutic target since
small-molecule inhibition of SRC-3 has been shown to inhibit breast
cancer development in mouse models [31,32].

SRC-3 also regulates other key signaling pathways crucial for PDAC
development. For instance, SRC-3 interacts with p53 and represses p53-
mediated transactivation in vitro [36]. Also, SRC-3 abrogates p53
function by regulating its deubiquination and stability via TRAF4 [37].
SRC-3 also interacts with Notch and enhances Notch signaling in col-
orectal cancer [38]. SRC-3 also was found to be recruited to the Iκ-B
promoter upon TNF-α-induced NF-κB activation [39]. Comprehensive
genome-wide analyses of PDACs by next generation sequencing has
revealed marked genetic heterogeneity in individual tumors. The lack
of success in conventional and single-target therapy in PDAC cancers
likely can be attributed to inter-tumoral and possibly intra-tumoral
genetic or molecular heterogeneity [6]. Because SRC-3 is a pleiotropic
regulator of multiple cancer growth pathways, targeting SRC-3 may
represent an effective strategy to overcome the impediment in cancer
therapy brought about by tumor heterogeneity-related resistance to
drugs that target specific molecular pathways.

Additionally, it should be noted that bufalin was chosen as a ‘tool
compound’ in this study. Due to the cardiotoxicity of bufalin, its
translational potential is limited. Recently, we have developed a new
class of SRC-3 SMI, SI-2, which is highly potent with minimal cardio-
toxicity [40–42]. We are in the process of testing SI-2 and its analogs in
PDAC models and will report our findings in due course.
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Fig. 4. SRC-3 silencing suppresses tumor growth in orthotopic PDAC mouse models. (A) PANC-1-shCtrl and PANC-1-shSRC-3 cells with stable expression of
luciferase were orthotopically injected into the pancreas of nude mice. The tumor growth was monitored under IVIS live imaging system. Total flux (photons/second)
was recorded. PANC-1-shSRC-3 group shows a dramatically suppressed tumor growth compared to the PANC-1-shCtrl group. (B) A live image of mouse tumors was
taken right before sacrifice. (C) Tumors were harvested, photographed, and weighted. The statistic results of tumor weights are presented as mean ± SEM, PANC-1-
shCtrl group has a value of 1.09 ± 0.18 g, whereas PANC-1-shSRC-3 group has a value of 0.22 ± 0.11 g. Those values show a statistically significant difference by t-
test, **, p < 0.01. (D) A set of orthotopic PDAC mouse models were established by using Capan-2-shCtrl and Capan-2-shSRC-3 cells. After 8 weeks of tumor growth,
tumors were harvested. The statistic values of tumor weights from Capan-2-shCtrl and Capan-2-shSRC-3 groups are 1.17 ± 0.24 g and 0.23 ± 0.7 g, respectively. A
significant difference is revealed by t-test, **, p < 0.01. (E) The SRC-3 and Ki-67 protein levels were measured by IHC. Mouse tumors established from PANC-1-
shSRC-3 and Capan-2-shSRC-3 exhibits hardly detectable SRC-3 expression and less Ki-67 positive cells compared to the corresponding controls (scale bar: 50 μm).
(F) The Ki-67-positive cells from multiple tumors (N > 3) of each group were counted based on the photos taken under microscope. The numbers are
655.9 ± 113.7 of PANC-1-shCtrl group, 161.0 ± 3.4 of PANC-1-shSRC-3, 103.8 ± 15.8 of Capan-2-shCtrl, and 36.0 ± 4.9 of Capan-2-shSRC-3 (**, p < 0.01,
***, p < 0.001, by t-test). (G) Cell line PANC-1-Ind-shSRC-3 was constructed by introducing a doxycycline inducible anti-SRC-3 shRNA into PANC-1-Luciferase cells.
The Western blotting results showed that SRC-3 expression levels in PANC-1-Ind-shSRC-3 cells were significantly knocked down when treated with doxycycline. (H) A
set of orthotopic PDAC mouse models were made by inoculating PANC-1-Ind-shSRC-3 cells into SCID mouse pancreases. After 14 days of tumor growth, mice were
randomly split into 2 groups (n=7). One group was feed with water containing doxycycline (200 ppm). The tumor size was monitored and recorded once a week by
IVIS live imaging system. The tumor growth is remarkably delayed in the mouse group feed with doxycycline. (I) A live image of mouse tumors was pictured right
before sacrifice to show the visible differences of tumor size between the groups feed with and without doxycycline. (J) The growth curves of PANC-1-Ind-shSRC-3 in
the presence or absence of 1 μg/mL of doxycycline were measured by MTT assays. The original values of day 0 was set as 1. Doxycycline does not affect the growth of
control cell line PANC-1-shCtrl, but significantly inhibits PANC-1-Ind-shSRC-3 cell growth. (K) An IHC staining was performed to demonstrate the SRC-3 protein
levels and the amount of Ki-67 positive cells on above mouse tumors established with PANC-1-Ind-shSRC-3 cells. The tumor tissues from mice feed with doxycycline
shows undetectable SRC-3 expression and less amount of Ki-67 positive cells. One representative photo from each group is presented (scale bar: 50 μm).
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