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A B S T R A C T

Brahma (BRM) has recently been documented as a significant predictor of pancreatic cancer (PC) metastasis.
This study aimed to further elucidate molecular mechanism by which BRM promotes PC metastasis. We found
that silencing BRM reduced PC cell migration and invasion both in vivo and in vitro, accompanied by reduced
level of miR-302a-3p. BRM positively regulated the transcription of miR-302a-3p, which acted as a metastasis-
promoting miRNA in PC cells. miR-302a-3p directly targeted SOCS5 to boost STAT3 phosphorylation and induce
the transcription of STAT3 target genes. Furthermore, miR-302a-3p level was higher in tissue and plasma
samples derived from PC patients, and was significantly associated with worse clinical pathological features. In
xenograft models, inhibiting miR-302a-3p was synergistically lethal in BRM-silenced PC cells. In conclusion, our
results suggest that transcriptional regulation of miR-302a-3p by BRM potentiates PC metastasis by epigeneti-
cally suppressing SOCS5 expression and activating STAT3 signaling. These new findings provide potential
therapeutic avenues for preventing PC-associated death.

1. Introduction

Pancreatic cancer (PC) is the 7th leading cause of cancer-related
deaths worldwide [1]. The 5-year survival rate of PC is very low in the
range 5–15% [2]. Metastasis is responsible for most PC-related death as
PC is prone to invade adjacent tissues and undergo early metastasis to
distal organs [3]. Therefore, patients diagnosed with advanced-stage PC
dominate the stage distribution of PC, and only a small subset of pa-
tients are eligible for curative surgery [4]. Unfortunately, the majority
of postoperative patients experience metastatic relapse, resulting in low
5-year survival rate [5]. Another major reason for the dismal clinical
outcomes in PC patients is the resistance to conventional chemor-
adiotherapy [6]. Elucidation of the mechanisms underlying metastatic
potential of PC is urgent to improve therapeutic strategies for PC.

JAK2/STAT3 signaling is constitutively hyperactivated in many
solid tumors including PC, and is associated with a worse clinical
prognosis [7]. Hyperactivation of JAK2/STAT3 signaling transduces
oncogenic signals to promote PC initiation and progression, cancer stem
cell maintenance, immunosuppression and therapeutic resistance

[8–12]. However, JAK2/STAT3 signaling is negatively modulated by
many regulators, including the suppressor of cytokine signaling (SOCS)
family, members of the protein inhibitor of activated STAT (PIAS) fa-
mily, and some phosphatases [13]. SOCS5 is a member of the SOCS
family and inhibits the activities of JAK tyrosine kinases [14,15]. A
growing amount of evidence indicates that SOCS5 is a tumor suppressor
in human cancers by inhibiting both JAK2/STAT3 and EGF receptor
pathways. However, the physiological functions of SOCS5 have not
been well characterized [16,17]. In addition, some microRNAs
(miRNAs) have been shown to target JAK2/STAT3 signaling [18–21].
However, current knowledge on miRNAs as the key regulators of JAK2-
STAT3 signaling and their function in PC metastasis is very limited.

Brahma (BRM) is an evolutionarily conserved catalytic ATPase
subunit of SWI/SNF chromatin remodeling complexes [22]. Increasing
studies have identified BRM as a critical regulator of malignancies
[23–27]. Specifically, BRM has been demonstrated to be a significant
predictor of PC metastasis and poor prognosis [28]. Our previous study
reported that BRM promoted the proliferation and chemoresistance of
PC cells by activating JAK2/STAT3 signaling [29]. However, molecular
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mechanisms whereby BRM activates oncogenic signaling to promote PC
progression remain unknown. In this study, for the first time we showed
that transcriptional regulation of miR-302a-3p by BRM potentiated PC
metastasis by targeting SOCS5/STAT3 signaling axis. In addition, we
identified circulating miR-302a-3p as a candidate biomarker of PC di-
agnosis.

2. Materials and methods

2.1. Tissue and plasma specimens

Thirty-five pairs of tumors and adjacent normal tissues were ob-
tained from patients who were pathologically diagnosed with PC at
Peking University First Hospital between 2012 and 2017. All specimens
were immediately frozen and stored in liquid nitrogen until used.

Plasma samples were collected from another 35 PC patients before they
underwent surgery or chemotherapy at Peking University First
Hospital, and 35 healthy volunteers who served as control group. The
volunteers were 20–60 years old and had never suffered from pancreas-
related diseases or any tumor. All patients and control volunteers pro-
vided written informed consent. This study was approved by the Ethics
Committee of Peking University First Hospital.

2.2. Cell culture and transfection

All cell lines used in this study were cultured in recommended
medium at 37° in a humidified 5% CO2 atmosphere and were passaged
for fewer than 6 months after resuscitation. All cell lines were recently
authenticated by cellular morphology and short tandem repeat analysis
using an AmpFLSTR Identifiler PCR Amplification Kit (Invitrogen, CA,

Fig. 1. BRM silencing inhibits PC cell mobility, migration and invasion. (A) The mRNA and protein expression of BRM in BRM knockdown (sh-BRM and sh-
BRM2) and negative control (sh-NC) cell lines were detected by qPCR (upper) and Western blot analysis (lower), respectively. GAPDH served as an endogenous
control, and β-actin was a loading control. (B) Wound healing assay. Cell monolayers were scratched with a 10 μl pipette tip, and images were then acquired at 0 and
24 h after wound formation. (C) Qualification of the data shown in B (n=3). (D) Transwell migration and invasion assays using Transwell polycarbonate membranes
coated with (invasion) or without (migration) Matrigel. The migrated or invaded cells were imaged at 200×magnification in five random fields. (E) Qualification of
the data shown in D (n= 3). #P > 0.05 and ∗∗P < 0.01.
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USA).
A lentiviral vector containing either shRNAs targeting BRM (Gene

Bank accession no. NM_003070.4; sh-BRM, GCAGCAGACCGATGAGTA
TGT; sh-BRM2, GCTCTTTGCCACCAGATTTAA) or a negative control
containing a scrambled sequence (sh-NC, TTCTCCGAACGTGTCACGT
TTC) was transfected into 293T cells along with psPAX2 and pMD2.G to
produce the lentivirus. Then, stable BRM knockdown BxPC-3 and T3M4
cell lines were established according to the manufacturer's instructions
(GenePharma, Shanghai, China).

Mimics and inhibitors of miR-302a-3p and the respective negative
control siRNAs were purchased from RiboBio (Guangzhou, China). PC
cells were transfected with either 20 nM miR-302a-3p mimic or 60 nM
miR-302a-3p inhibitor according to the manufacturer's protocol. Either
a mixture of three siRNAs targeting SOCS5 or a negative control was
used according to the manufacturer's instructions (GenePharma). The
expression vector encoding BRM was designed and constructed by
SyngenTech (Beijing, China) using the pLV-pHEF1A-BRM-2A-EGFP-2A-
Puro vector. An empty vector was used as the control. Lipofectamine
3000 (Invitrogen) was used as transfection reagent, and transfection
efficiency was verified in subsequent experiments.

2.3. Wound healing assay

For wound healing assay, PC cells were seeded in 6-well plates and
cultured until complete confluence. Then, a wound was manually in-
troduced into the cell monolayer using a sterile 10 μl pipette tip. The

cells were carefully washed three times with PBS (0.01M, pH 7.4) to
remove any floating cells and debris. The cells were then incubated in
fresh serum-free RPMI-1640 medium under standard condition. Five
random fields were photographed per wound under a microscope
(magnification×100) at two time points (0 h and 24 h), and wound
width was measured by ImageJ software. Each experiment was per-
formed in triplicate.

2.4. Transwell migration and invasion assay

For migration and invasion assays, PC cells were cultured in serum-
free media overnight. Then, 3× 104 cells in serum-free RPMI-1640 and
6×104 cells in serum-free RPMI-1640 were seeded in the upper
chambers of 24-well Transwell inserts (Corning, NY, USA) for the mi-
gration assays and invasion assays, respectively. The Transwell inserts
were precoated with a 1:7 dilution of Matrigel Matrix (Corning) ac-
cording to the manufacturer's instructions. The lower chambers con-
tained 500 μl of RPMI-1640 supplemented with 10% FBS as the che-
moattractant. Next, the cells were cultured under standard condition for
36–48 h. The cells that had migrated or invaded through the poly-
carbonate membranes were fixed in 4% paraformaldehyde, stained
with DAPI, imaged and counted in five random fields under a
Fluorescence Inversion Microscope (magnification× 200). Three in-
dependent experiments were performed for quantification.

Fig. 2. miR-302a-3p is positively correlated with BRM and acts as a metastasis-promoting miRNA in PC cells. (A) Relative levels of miR-302a-3p in BRM
knockdown BxPC-3 and T3M4 cells and control cells measured by qPCR. U6 served as an endogenous control. (B) Relative levels of BRM mRNA and miR-302a-3p in
six PC cell lines (upper). BRM protein levels in six PC cell lines detected by Western blot analysis (lower). (C) Relative levels of miR-302a-3p in PC tissues (PC) and
paired adjacent non-tumor tissues (NP) measured by qPCR. (D) Circulating miR-302a-3p levels in PC patients and controls detected by qPCR. Cel-miR-39 served as an
exogenous control. (E, F) Relative levels of miR-302a-3p in BxPC-3 miR-NC/miR-302a-3p and Inh-NC/Inh-302a-3p cells. (G, H) Wound-healing assay of BxPC-3 miR-
NC/miR-302a-3p and Inh-NC/Inh-302a-3p cells. (I, J) Transwell migration and invasion assays of BxPC-3 miR-NC/miR-302a-3p and Inh-NC/Inh-302a-3p cells.
#P > 0.05, ∗P < 0.05, ∗∗P < 0.01.
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2.5. Real-time quantitative PCR

RNA isolation and real-time quantitative PCR (qPCR) were per-
formed according to protocols previously described [30]. Specifically,
U6 and GAPDH were used as the endogenous controls for microRNA
and mRNA, respectively. Cel-miR-39 served as the exogenous control
for plasma miRNA detection and was not added to plasma samples until
TRIZOL reagent (Invitrogen) and chloroform were used. The specific
primers for U6, miR-302a-3p and cel-miR-39 were purchased from Ri-
boBio. The other primer sequences were as follows: 5′-GTGCCACAGA
AATCCCTCAAA-3’ (sense) and 5′-TCTCTTCGTGCAAGTCTTGTTC-3’
(antisense) for SOCS5, 5′-AGACCTGGGCAGATTCCAAAC-3’ (sense) and
5′-CGGCAAGTCTTCCGAGTAGT-3’ (antisense) for MMP9. Each sample
was examined in triplicate, and all data were analyzed using the com-
parative threshold cycle 2−ΔΔCT method.

2.6. Western blot analysis and immunohistochemistry

Western blot and immunohistochemistry (IHC) analyses were per-
formed as previously described [29]. The antibody for SOCS5 was
purchased from OriGene Technologies (Rockville, MD, USA), and the
antibody for MMP9 (ab76003) was obtained from Abcam (Cambridge,
MA, USA).

2.7. Chromatin immunoprecipitation assay

Chromatin immunoprecipitation (ChIP) assay was performed ac-
cording to previously published protocols [31]. In brief, BRM-silenced

BxPC-3 cells and control cells were lysed and the lysates were incubated
with 2 μg of either normal IgG or BRM antibody. DNA samples were
extracted, and qPCR was independently performed three times. The
primers were as follows: 5′-GGGACTTCAGCCACTTCTATTT-3’ (sense)
and 5′-GGAGCACTCATTGTTACCCTAAT-3’ (antisense) for miR-302a-3p
promoter, 5′-AACGAGCTGGCCTTTCAT-3’ (sense) and 5′-GGAGAGAC
AGCGCCAAG-3’ (antisense) for STAT3 promoter, and 5′-CTCCATTCA
GCACTTTCCTCTC-3’ (sense) and 5′-AAAGGGAGGAGCCAGTCA-3’ (an-
tisense) for SOCS5 promoter. All data were reported as relative values
normalized to the level of the input DNA.

2.8. Luciferase assay

Both the 3′UTR fragment of SOCS5, which contains binding sites for
miR-302a-3p (WT), and a 3′UTR fragment with a corresponding mu-
tation (Mut) were designed according to the results of bioinformatics
prediction. The fragments were inserted into luciferase reporter vector
(SyngenTech). BxPC-3 and T3M4 cells were cultured in 96-well plates
and transfected with 40 nM of either a miR-302a-3p mimic or a nega-
tive control, in combination with 100 ng of either SOCS5 3′UTR WT or
Mut reporter using Lipofectamine 3000. After 48 h, the cells were lysed
and luciferase activity was measured using luciferase assay kit
(Promega, WI, USA) according to the manufacturer's instructions.

2.9. Animal studies

All animal studies were approved and supervised by the Ethics
Committee for Animal Use and Care at Peking University First Hospital.

Table 1
Correlations analysis between tissue or plasma miR-302a levels and clinical pathological features in 35 PC patients.

Variables Tissue Plasma

NO. of cases (n= 35) miR-302a expression P value NO. of cases (n= 35) miR-302a expression P value

Low (n= 19) High (n= 16) Low (n=27) High (n= 8)

Age(years) 0.293 0.700
<60 13 9 (69.2%) 4 (30.8%) 16 13 (81.2%) 3 (18.8%)
≥60 22 10 (45.5%) 12 (54.5%) 19 14 (73.7%) 5 (26.3%)

Gender 0.716 0.691
Male 24 14 (58.3%) 10 (41.7%) 18 13 (72.2%) 5 (27.8%)
Female 11 5 (45.5%) 6 (54.5%) 17 14 (82.4%) 3 (17.6%)

Location 1.000 0.166
Head 25 14 (56.0%) 11 (44.0%) 28 20 (71.4%) 8 (28.6%)
Other 10 5 (50.0%) 5 (50.0%) 7 7 (100%) 0 (0%)

Tumor size (cm) 0.181 0.032*
<4 17 7 (41.2%) 10 (58.8%) 22 20 (90.9%) 2 (9.1%)
≥4 18 12 (66.7%) 6 (33.3%) 13 7 (53.8%) 6 (46.2%)

Histologic grade 0.700 0.011*
Well/moderate 27 14 (51.9%) 13 (48.1%) 20 19 (95.0%) 1 (5.0%)
Poor 8 5 (63.5%) 3 (37.5%) 15 8 (53.3%) 7 (46.7%)

TNM Stage 0.424 0.105
Ⅰ-Ⅱ 27 16 (59.3%) 11 (40.7%) 18 16 (88.9%) 2 (11.1%)
Ⅲ-Ⅳ 8 3 (37.5%) 5 (62.5%) 17 11 (64.7%) 6 (35.3%)

Primary tumor 1.000 0.154
T1-2 20 11 (55.0%) 9 (45.0%) 8 8 (100%) 0 (0%)
T3-4 15 8 (53.3%) 7 (46.7%) 27 19 (70.4%) 8 (29.6%)

Lymphatic invasion 1.000 0.121
Negative 17 9 (52.9%) 8 (47.1%) 16 13 (81.2%) 3 (18.8%)
Positive 18 10 (55.6%) 8 (44.4%) 19 14 (73.7%) 5 (26.3%)

Distant metastasis 0.035* 0.648
Negative 31 19 (61.3%) 12 (38.7%) 28 23 (82.1%) 5 (17.9%)
Positive 4 0 (0%) 4 (100%) 7 4 (57.1%) 3 (42.9%)

Perineural invasion 0.476 0.387
Negative 12 8 (66.7%) 4 (33.3%) 11 10 (90.9%) 1 (9.1%)
Positive 23 11 (47.8%) 12 (52.2%) 24 17 (70.8%) 7 (29.2%)

Vascular invasion 1.000 0.018*
Negative 26 14 (53.8%) 12 (46.2%) 18 17 (94.4%) 1 (5.6%)
Positive 9 5 (55.6%) 4 (44.4%) 17 10 (58.8%) 7 (41.2%)

Based on the AJCC Staging System for Pancreatic Adenocarcinoma (8th Edition).
*Statistically significant (P < 0.05).
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Nude mice (BALB/c-nu) were purchased and maintained as previously
described [32]. For the pulmonary metastasis assay, single cell sus-
pensions containing equal amounts of T3M4 sh-luci-NC or sh-luci-BRM
cells (1× 106 cells in 100 μl of PBS) were injected into the lateral tail
vein of five-week-old male nude mice. The metastases in the mice were
detected and photographed using an IVIS Spectrum in vivo imaging
system (Perkin Elmer, MA, USA) at the study end point. Then, the mice
were sacrificed and all lungs were collected for IHC analysis.

To construct xenograft models, equal number of BRM knockdown
BxPC-3 cells (1× 106 cells in 100 μl of PBS) or negative control cells
were subcutaneously injected into the bilateral axillary fossae of five-
week-old nude mice. When the tumors originating from the BRM-si-
lenced cells reached a volume of 0.1 cm3, the mice were randomly di-
vided into four groups. Then, 1 nM of miR-302a-3p agomir (mimic),
antagomir (inhibitor) or corresponding negative control was injected
into the tumors every three days for two weeks. At the study end point,
all mice were sacrificed and the tumors were precisely excised and
weighed. Tumor growth was monitored throughout the study.

2.10. Statistical analysis

All data are presented as the mean ± standard deviation (SD) and
analyzed by SPSS version 19.0 software (SPSS, IL, USA). P values were
conditionally calculated by paired or unpaired two-tailed Student's t-
test. ANOVA was performed to compare multiple groups. The re-
lationships between BRM and miR-302a-3p, miR-302a-3p and SOCS5
expression were analyzed using Spearman's rank correlation.
Correlations between miR-302a-3p levels and clinical pathological
features were analyzed using the Chi-square test. Statistical significance

was defined as P < 0.05.

3. Results

3.1. BRM silencing inhibits PC cell mobility, migration and invasion

To investigate whether BRM plays a role in PC metastasis, we used
two different PC cell lines to establish stable BRM knockdown cell lines
(BxPC-3 sh-BRM/sh-BRM2 and T3M4 sh-BRM/sh-BRM2) and negative
controls via lentivirus-mediated shRNA transfection. shRNAs targeting
BRM effectively decreased BRM mRNA and protein expression in both
PC cell lines (Fig. 1A). Wound healing assay showed that knockdown of
BRM inhibited the mobility in PC cells (Fig. 1B and C). Transwell mi-
gration and invasion assays showed that the number of BRM knock-
down BxPC-3 and T3M4 cells that had migrated or invaded through
Transwell membranes was lower than that of corresponding control
cells (Fig. 1D and E). Taken together, these results demonstrate that
BRM silencing inhibited the mobility and migratory and invasive ca-
pacity of PC cells.

3.2. miR-302a-3p promotes PC metastasis

miR-302a-3p is an embryonic stem cell-specific miRNA that plays a
crucial role in pluripotency maintenance, self-renewal and tumorigen-
esis [33–36]. We found that miR-302a-3p was expressed at significantly
lower levels in BRM-silenced BxPC-3 and T3M4 cells than in control
cells (Fig. 2A), suggesting that miR-302a-3p is a potential target of
BRM. We then examined the expression levels of miR-302a-3p and BRM
in PC lines derived from primary tumors (BxPC-1 or PANC-1), ascites

Fig. 3. miR-302a-3p is a target of BRM and restores the mobility, migration and invasion of BRM-silenced cells. (A) Schematic showing the miR-302a-3p
promoter with BRM binding sites (upper). ChIP analysis was performed in BxPC-3 sh-NC/sh-BRM cells using anti-IgG and anti-BRM antibodies (lower). (B) DNA
fragments were amplified using qPCR with specific oligonucleotides for the miR-302a-3p promoter. (C) miR-302a-3p expression was detected by qPCR in BxPC-3 sh-
NC/sh-BRM and T3M4 sh-NC/sh-BRM cells infected with miR-NC or miR-302a-3p. (D, E) Wound-healing assay of BxPC-3 sh-NC/sh-BRM and T3M4 sh-NC/sh-BRM
cells infected with miR-NC or miR-302a-3p. (F, G) Transwell migration and invasion assays of BxPC-3 sh-NC/sh-BRM and T3M4 sh-NC/sh-BRM cells infected with
miR-NC or miR-302a-3p. #P > 0.05, ∗P < 0.05, ∗∗P < 0.01.
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(AsPC-1) or metastases (T3M4, SW1990, or Colo-357) [37]. We found
that miR-302a-3p and BRM were expressed at different levels in dif-
ferent PC cell lines and the correlation between their expression in PC
cell lines tended to be positive (r= 0.6000, P > 0.05) (Fig. 2B). Fur-
thermore, miR-302a-3p was expressed at higher levels in PC tissues
than in adjacent normal tissues (P=0.0218) (Fig. 2C). Correlation
analysis between miR-302a levels in tumor samples and the clinical
pathological features of 35 PC patients showed that miR-302a level was
significantly correlated with PC metastasis (Table 1, P=0.035).

Plasma miRNAs are potent circulating biomarkers for screening for
PC in its early stages and predicting patient survival [38]. We noticed
that miR-302a level was remarkably high in plasma samples from seven
enrolled patients. To explore the clinical significance of plasma miR-
302a-3p level for PC, we expanded the sample size to 35 PC patients
and 35 healthy volunteers. While miR-302a-3p was barely detected in
plasma samples from healthy volunteers, the level of circulating miR-
302a-3p was significantly higher in PC patients (P=0.0410) (Fig. 2D).
Furthermore, circulating miR-302a-3p level was significantly correlated
with tumor size, histological grade, and vascular invasiveness of PC
(Table 1, P < 0.05).

To determine the biologic function of miR-302a-3p in PC cells, miR-
302a-3p mimic and inhibitor or corresponding negative controls were
transfected into BxPC-3 cells (Fig. 2E and F). Wound healing assay
showed that overexpressing miR-302a-3p increased the mobility of

BxPC-3 cells, while blocking miR-302a-3p inhibited PC cell mobility
(Fig. 2G and H). Transwell migration and invasion assays showed that
overexpressing miR-302a-3p increased the migration and invasion of
BxPC-3 cells, while blocking miR-302a-3p inhibited PC cell migration
and invasion (Fig. 2I and J). Taken together, these results suggest that
miR-302a-3p expression is positively correlated with BRM expression
and PC metastasis, and it functions to promote PC metastasis.

3.3. miR-302a-3p is a target of BRM and restores the mobility, migration
and invasion of BRM-silenced cells

To explore whether BRM regulates miR-302a-3p expression, we
analyzed the promoter region ∼2000 bp upstream of the miR-302 stem
loop [39,40] and identified a predicted binding site for BRM (Fig. 3A,
upper panel). ChIP analysis in BxPC-3 cells showed that BRM bound to
the promoter region of miR-302a-3p (Fig. 3A, lower panel) but not to
the promoter of SOCS5 or STAT3 (Supplemental Fig. 1). In addition, the
amount of immunoprecipitated miR-302a-3p promoter region sig-
nificantly decreased in BxPC-3 cells with depletion of BRM (Fig. 3B).
These data suggest that miR-302a-3p is a transcriptional target of BRM.

To investigate whether miR-302a-3p is an effector of BRM during
PC metastasis, we transfected the miR-302a-3p mimic or its negative
control into BRM-silenced BxPC-3 and T3M4 cells (Fig. 3C). We found
that miR-302a-3p mimic but not miR-NC partially rescued the mobility

Fig. 4. SOCS5 is a target of miR-302a-3p and BRM regulates SOCS5/STAT3 signaling to mediate PC metastasis. (A) Data mining based on the GEO Database
showed a significant negative correlation between miR-302a-3p and SOCS5 levels. (B) 3′UTR fragments of the SOCS5 contain binding sites for miR-302a-3p (WT).
Corresponding mutations (Muts) were designed for luciferase assay in BxPC-3 and T3M4 cells. (C) Western blot analysis of SOCS5 protein levels in BxPC-3 sh-NC/sh-
BRM, T3M4 sh-NC/sh-BRM cells and wild-type cells (WT). (D–G) Western blot analysis of SOCS5, pSTAT3Tyr705, total STAT3, MMP9, MMP7 and VEGF levels in BRM-
silenced BxPC-3, BRM-silenced T3M4 and corresponding negative control cells infected with miR-NC/miR-302a-3p or Inh-NC/Inh-302a-3p. (H, I) Wound-healing
assay and Transwell migration and invasion assays of BxPC-3 sh-NC/sh-BRM and T3M4 sh-NC/sh-BRM cells infected with scramble RNA or si-SOCS5 mixture. The
mRNA and protein levels of SOCS5, pSTAT3Tyr705, total STAT3, MMP9, MMP7 and VEGF were determined by qPCR (J) and Western blot analysis (K–L). #P > 0.05,
∗P < 0.05, ∗∗P < 0.01.
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of BxPC-3 and T3M4 cells with depletion of BRM (Fig. 3D and E).
Transwell migration and invasion assays showed that more cells crossed
or invaded the membrane when BRM-silenced PC cells were transfected
with miR-302a-3p mimic than when they were transfected with miR-NC
(Fig. 3F and G). Collectively, these data demonstrate that miR-302a-3p
partially restores the mobility, migration and invasion of BRM-silenced
PC cells.

3.4. SOCS5 is a target of miR-302a-3p and BRM regulates SOCS5/STAT3
signaling to promote PC metastasis

BRM activated STAT3 signaling to promote PC cell proliferation and
chemoresistance (30). However, it remains unclear how BRM modulate
STAT3 signaling axis. A recent study showed that the cooperation of
miRNAs inhibited a network of tumor suppressor genes, resulting in
tumor progression [41]. A data mining study (http://www.ncbi.nlm.
nih.gov/geo/) [42] of the GSE41372 dataset showed that miR-302a-3p
was significantly correlated with the expression of SOCS5 (r= - 0.8042,
P=0.0025), which negatively regulated JAK2/STAT3 signaling
(Fig. 4A). Bioinformatics analysis confirmed that SOCS5 is a potential
target of miR-302a-3p and predicted binding sites for miR-302a-3p in
the SOCS5 3′ untranslated region (3′UTR). By luciferase assay we
confirmed the direct interaction between miR-302a-3p and SOCS5
(Fig. 4B). In addition, SOCS5 protein was expressed at higher levels in
BRM-silenced cells than in control cells, and increased SOCS5 level was

correlated with decreased miR-302a-3p level in these cells (Figs. 4C and
2A).

To determine whether SOCS5 is a direct target of miR-302a-3p, we
transfected BRM-silenced PC cells with miR-302a-3p mimic, inhibitor
or corresponding negative control. We found that overexpressing miR-
302a-3p in BRM-silenced cells reduced SOCS5 expression, restored
STAT3 phosphorylation and upregulated the expression of MMP9,
MMP7 and VEGF (Fig. 4D and E). Conversely, transfecting BRM-si-
lenced cells with miR-302a-3p inhibitor upregulated SOCS5, reduced
STAT3 phosphorylation and inhibited the expression of STAT3 target
genes (Fig. 4F and G). Furthermore, we used a mixture of three different
siRNAs to knockdown SOCS5 in BRM-silenced BxPC-3 and T3M4 cells.
The rescue experiment showed that cell mobility restored in BRM-si-
lenced cells transfected with si-SOCS5 mixture but not in the cells
transfected with scramble sequence (Fig. 4H). Similarly, cell migration
and invasion restored in BRM-silenced cells transfected with si-SOCS5
mixture but not in the cells transfected with scramble sequence
(Fig. 4I). In addition, STAT3 phosphorylation recovered and STAT3
target genes were upregulated at both mRNA and protein levels in BRM-
silenced cells transfected with si-SOCS5 mixture (Fig. 4J-L). Taken to-
gether, these data indicate that SOCS5 is a direct target of miR-302a-3p,
and BRM promotes PC metastasis by modulating SOCS5/STAT3 sig-
naling.

Fig. 5. Exogenous IL-6 restores the mobility, migration and invasion of BRM-silenced PC cells. (A, B) Wound-healing and Transwell migration and invasion
assays of BxPC-3 sh-NC/sh-BRM and T3M4 sh-NC/sh-BRM cells treated with or without 100 ng/ml IL-6. (C, D) Wound-healing and Transwell migration and invasion
assays of BxPC-3 cells that overexpressed BRM (OE-BRM) and negative control cells (OE-NC). The expression levels of BRM, SOCS5, STAT3, MMP9, MMP7 and VEGF
were detected by qPCR (E) and Western blot analysis (F and G). #P > 0.05, ∗P < 0.05, ∗∗P < 0.01. (H) Schematic diagram showing that BRM transcriptionally
regulates miR-302a-3p to potentiate PC metastasis by epigenetically inhibiting SOCS5 expression and activating STAT3 signaling.
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3.5. Exogenous IL-6 restores the mobility, migration and invasion of BRM-
silenced PC cells

Hyperactivation of JAK2/STAT3 signaling plays a vital role in PC
metastasis [3,43]. To confirm the involvement of STAT3 signaling in
BRM mediated PC metastasis, BxPC-3 and T3M4 cells with depletion of
BRM were exposed to IL-6, and their mobility increased (Fig. 5A). Si-
milarly, the migration and invasion of BxPC-3 and T3M4 cells with
depletion of BRM increased after exposure to IL-6 (Fig. 5B). Further-
more, we found that overexpression of BRM in BxPC-3 cells enhanced
cell mobility, migration and invasion (Fig. 5C and D). These phenotypic
changes were correlated to decreased SOCS5 expression, increased miR-
302a-3p level, increased STAT3 phosphorylation and the upregulation
of STAT3 target genes (Fig. 5E–G). In summary, these findings suggest
that BRM transcriptionally regulates miR-302a-3p to potentiate PC
metastasis by targeting SOCS5/STAT3 signaling axis (Fig. 5H).

3.6. Knockdown of BRM suppresses PC metastasis in vivo

To verify the effects of BRM on PC metastasis in vivo, T3M4 cells
expressing a luciferase reporter were used to construct BRM-silenced
(sh-luci-BRM) and control (sh-luci-NC) cells. Luciferase and BRM ex-
pression was confirmed in both cell lines by IVIS Spectrum imaging and
Western blot analysis (Fig. 6A and B). Next, single cell suspensions
containing equal amounts of T3M4 sh-luci-NC (test group) or sh-luci-
BRM (control group) cells were injected into the lateral tail veins of
nude mice.

At 35 days after injection, the mice in test group had a better

prognosis and survival than in control group (Fig. 6C, upper panel).
Furthermore, we compared the average fluorescence radiance of both
groups on an IVIS Spectrum in vivo imaging system, and the capacity to
form pulmonary metastases was lower in T3M4 sh-luci-BRM cells than
in control cells (Fig. 6D and E). Bioluminescent images indicated me-
tastases in the lungs of most of test group mice (7/8) and all of the mice
in control group. While 3/8 of the mice in control group had additional
metastases (1 in the supramaxillar and 2 in the lumbar vertebrae), only
1/8 of test group mice exhibited metastasis in the thoracic vertebrae
(Fig. 6C, lower panel). Compared to control group, mice in test group
exhibited fewer visible pulmonary metastases (Fig. 6F). In addition, IHC
staining showed higher SOCS5 level in pulmonary metastases obtained
from test group than from control group, while STAT3 targets MMP9,
MMP7 and VEGF were significantly downregulated by BRM silencing
(Fig. 6G). Collectively, these data indicate that BRM promotes PC me-
tastasis in vivo by targeting SOCS5/STAT3 signaling.

3.7. Inhibiting miR-302a-3p is a potential epigenetic approach to PC
therapy

The above results suggest that interfering with miR-302a-3p may
represent a targeted approach to PC therapy. We therefore hypothe-
sized that simultaneously suppressing both BRM and miR-302a-3p
might represent a synergistically beneficial PC treatment. BxPC-3 cells
with depletion of BRM or negative control cells were subcutaneously
injected into the bilateral axillary fossae of twenty male nude mice
(Fig. 7A). When the tumors that originated from the BRM-silenced cells
reached a certain size (0.1 cm3) on the 14th day after injection, the mice

Fig. 6. Knockdown of BRM suppresses PC metastasis in vivo. (A) Luciferase expression was detected in T3M4 sh-luci-NC and sh-luci-BRM cells using an IVIS
Spectrum system. (B) Western blot analysis of expression levels of BRM and its downstream signaling molecules. (C) The overall rates of survival and metastasis in all
nude mice intravenously injected with 1× 106 PC cells. (D) Representative bioluminescent images of mice at 35 days after injection. (E) Average fluorescence
radiance of mice in both groups. ∗∗P < 0.01. (F) The mice were sacrificed and the lungs were collected. Visible pulmonary metastases were indicated with arrows.
(G) Representative images of HE staining of pulmonary metastatic lesions and IHC staining for SOCS5, MMP9, MMP7 and VEGF in pulmonary metastases from mice
in both groups.
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were randomly divided into four groups (n=5). Then, 1 nM of a miR-
302a-3p agomir (mimic), antagomir (inhibitor) or corresponding ne-
gative control was injected into the tumors every three days for two
weeks. When the tumors from control cells reached a certain size
(1.0 cm3), all of the mice were sacrificed, and the tumors were carefully
excised and weighed.

We found that tumors derived from sh-BRM cells grew slower and
had smaller volume than the tumors originating from control cells, and
tumor growth was accelerated by the intratumoral injection of miR-
302a-3p agomir but was decelerated by miR-302a-3p antagomir
(Fig. 7B). Intratumoral injection of miR-302a-3p antagomir further re-
duced tumor burden (Fig. 7C and D, lower panel), while miR-302a-3p
agomir promoted tumor growth by counteracting the effects of BRM
silencing (Fig. 7C and D, upper panel). In addition, IHC staining in-
dicated that miR-302a-3p agomir decreased SOCS5 expression but in-
creased the expression of STAT3 targets and Ki67, thereby compen-
sating for the deficient STAT3 signaling in BRM-silenced cells (Fig. 7E).
However, miR-302a-3p antagomir increased SOCS5 expression and
decreased STAT3 signaling, thereby inhibiting the expression of STAT3
target genes and Ki67 synergistically with BRM silencing (Fig. 7F).
Collectively, these data indicate that inhibiting miR-302a-3p is syn-
thetic lethal when combined with BRM silencing in PC cells.

4. Discussion

In this study, we report that knockdown of BRM reduced PC cell
migration and invasion both in vivo and in vitro, and these effects were
associated with the downregulation of miR-302a-3p. Moreover, BRM
positively regulated the transcription of miR-302a-3p, which was
identified as a metastasis-promoting miRNA in PC cells.
Mechanistically, we reveal that miR-302a-3p directly targets SOCS5, a
negative regulator of STAT3 signaling, to boost STAT3 phosphorylation
and consequently induce the transcription of STAT3 target genes.
Furthermore, miR-302a-3p level was higher in tissue and plasma sam-
ples from PC patients and was significantly associated with worse
clinical pathological features. In vivo experiments demonstrated that
inhibiting miR-302a-3p was synergistically lethal with BRM silencing in
PC cells, suggesting a potential epigenetic approach to PC therapy.

BRM is known to alter the accessibility of DNA regions for tran-
scription, and is involved in development, differentiation, metabolism,
proliferation, apoptosis, cell adhesion, DNA repair, and signal trans-
duction [44]. A growing amount of evidence suggests that BRM is a
tumor suppressor because it is frequently inactivated in a variety of
tumor types [23,24]. However, other studies showed that aberrant
expression of BRM is essential for cancer initiation and development
[25–27]. Therefore, in this study we used two different PC cell lines
(BxPC-3 and T3M4) to establish stable BRM knockdown cell lines via
lentivirus-mediated shRNA transfection. We then confirmed that

Fig. 7. Inhibiting miR-302a-3p is a potential epigenetic approach to PC therapy. (A) BRM knockdown BxPC-3 or negative control cells were injected into twenty
male nude mice, which were divided into four groups on the 14th day after injection. Then, 1 nM of miR-302a-3p agomir, antagomir or corresponding negative
control was intratumorally injected into the tumors every three days for two weeks. (B) Tumor volume was measured in all groups every three days beginning on the
fifth day after injection until the study end point to determine growth curve. (C) Tumors derived from all groups are presented. (D) Tumor mass was measured in all
groups and compared (∗P < 0.05, **P < 0.01, paired t-test). (E) and (F) Representative images of IHC staining for SOCS5, MMP9, MMP7, VEGF and Ki67 in tumors
obtained from mice in both groups. ∗P < 0.05, ∗∗P < 0.01.
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silencing BRM reduced PC cell migration and invasion both in vivo and
in vitro.

To elucidate the mechanisms by which BRM promotes PC metas-
tasis, we focused on so-called “metastamirs”, which contribute to post-
transcriptional regulation of cellular metastatic competence [45–47].
MiR-302a-3p plays crucial role in pluripotency maintenance, self-re-
newal and tumorigenesis [33–36]. In this study, we showed that miR-
302a-3p is expressed at different levels among PC cell lines and is up-
regulated in PC tissues. The expression of miR-302a-3p was associated
with poor M-stage in clinical PC samples. Moreover, circulating miR-
302a-3p level was higher in plasma samples from PC patients and was
significantly correlated with tumor size, histologic grade, and vascular
invasion. Next, we confirmed that miR-302a-3p acted as a metastasis-
promoting miRNA in PC cells. ChIP assay showed that miR-302a-3p
transcription is directly regulated by BRM. It is important to note that
miR-302a-3p is only one downstream target of BRM. Other targets of
BRM could also contribute to the regulation of PC cell mobility, mi-
gration and invasion. Thus overexpression of miR-302a-3p only par-
tially restored the mobility, migration and invasion of BRM-silenced PC
cells.

Next we analyzed the GSE28735 dataset [41], and found that miR-
302a-3p is aberrantly expressed in PC specimens and cell lines, and its
expression is significantly correlated with SOCS5, a negatively reg-
ulator of JAK2/STAT3 signaling. Bioinformatics analysis and luciferase
assay further verified that miR-302a-3p binds directly to the 3′UTR of
SOCS5. We found that SOCS5 protein expression was higher in BRM-
silenced cells than in control cells, in agreement with the decline in
miR-302a-3p level in these cells. Notably, rescuing the expression of
miR-302a-3p in BRM-silenced cells reduced SOCS5 protein level, re-
stored STAT3 phosphorylation and upregulated the expression of
MMP9, MMP7 and VEGF. Conversely, transfection of miR-302a-3p in-
hibitor into BRM-silenced cells increased SOCS5 level, reduced STAT3
phosphorylation and inhibited the expression of STAT3 target genes.
Likewise, silencing SOCS5 in BRM knockdown cells significantly re-
versed the phenotypic changes and re-activated JAK2/STAT3 signaling.
Collectively, these results indicate that the effect of BRM on PC me-
tastasis is mediated by miR-302a-3p, which directly targets SOCS5.
These data suggest that BRM integrates epigenetic regulatory network
and oncogenic signal transduction to potentiate PC metastasis.

Based on the results of in vitro experiments, we hypothesized that
simultaneously suppressing both BRM and miR-302a-3p might re-
present a synergistically beneficial PC treatment. We then constructed
xenograft models using BRM-silenced PC cells and administrated miR-
302a-3p mimic or inhibitor. While tumors derived from BRM-silenced
cells grew slower than those derived from control cells, intratumoral
injection of miR-302a-3p agomir accelerated the growth of tumors
derived from BRM-silenced cells. In contrast, intratumoral injection of
miR-302a-3p antagomir further inhibited the growth of tumors derived
from BRM-silenced cells. IHC analysis showed that SOCS5 protein and
STAT3 target gene expression levels were correlated with the modula-
tion of miR-302a-3p level in the tumors. These data provide strong
evidence that inhibiting miR-302a-3p synergizes with BRM knockdown
to inhibit PC.

In conclusion, transcriptional activation of miR-302a-3p by BRM
potentiates PC metastasis by targeting SOCS5/STAT3 signaling axis in
both cell culture and in vivo models. In addition, circulating miR-302a-
3p is a potential biomarker for PC diagnosis, and inhibiting miR-302a-
3p is synergistically lethal with BRM silencing in PC cells due to aug-
mented inhibition of JAK2/STAT3 signaling. These new findings would
facilitate the development of novel early detection and therapeutic
strategies for PC.
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