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ABSTRACT

Pancreatic ductal adenocarcinoma (PDAC), which accounts for 96% of all
pancreatic cancer cases, is characterized by rapid progression, invasion and
metastasis. Transforming growth factor-beta (TGF-B) signaling is an essential
pathway in metastatic progression and microRNAs (miRNA) play central roles
in the regulation of various biological and pathologic processes including cancer
metastasis. However, the molecular mechanisms involved in regulation of miRNAs
and activation of TGF-B signaling in PDAC remain to be established. The results of
this study suggested that miR-323-3p expression in PDAC tissues and cell lines was
significantly decreased compared to levels in normal pancreatic tissues and primary
cultured pancreatic duct epithelial cells. Further investigation revealed that miR-
323-3p directly targeted and suppressed SMAD2 and SMAD3, both key components
in TGF-B signaling. Lower levels of miR-323-3p predicted poorer prognosis in
patients with PDAC. Ectopic overexpression of miR-323-3p significantly inhibited,
while silencing of miR-323-3p increased the migration and invasion abilities of
PDAC cells in vitro. Moreover, using an in vivo mouse model, we demonstrated that
overexpressing of miR-323-3p significantly reduced, while knockdown of miR-323-
3p enhanced lung metastatic colonization of PANC-1 cells. Furthermore, miR-323-
3p-induced TGF-b signaling inhibition and cell motility suppression were partially
rescued by overexpressing of Smad2 and Smad3 in PDAC cells. Our findings suggest
that re-expression of miR-323-3p might offer a novel therapeutic target against
metastasis in patients with PDAC.

INTRODUCTION

Pancreatic ductal adenocarcinoma (PDAC), which
accounts for 96% of all pancreatic cancer cases, is the
fourth leading cause of cancer related death in developed
countries [1]. Despite advances in surgical and medical
therapies, PDAC remains one of the most aggressive
tumors with an overall cumulative 5-year survival rate
<5% [1]. The high mortality rate is primarily due to

the high frequency of metastatic disease; over 80%
of patients diagnosed with PDAC present too late for
curative treatment due to metastasis [2, 3]. The underlying
mechanisms concerning cancer metastasis remains to be
fully elucidated and is essential to develop anti-metastatic
strategies in the future [4].

Transforming growth factor-beta (TGF-) signaling
plays central roles in multiple biological processes,
including embryonic development and cancer progression
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[5, 6]. Hyperactivation of TGF-§ signaling has been
reported in most types of tumors [7]. Elevated levels of
TGF-p ligands in tumor tissues have been correlated with
increased levels of metastatic phenotypes and poorer
prognoses in cancer patients [7]. Activation of TGF-3
signaling is initiated by ligand-induced oligomerization
of serine/threonine kinase receptors, namely TGF-f
type I receptor (TPRI) and TGF-B type II receptor
(TBRII) [8]; the activated ligand-receptor complex
phosphorylates receptor-regulated SMADs (R-SMAD),
including transcription factors SMAD2 and SMAD3;
once phosphorylated, SMAD2 and SMAD3 bind to
SMADA4 and translocate to the nucleus where they regulate
expression of target genes in a cell type-dependent
manner via recruitment of transcriptional coactivators or
corepressors [9]. The TGF-B-SMAD pathway promotes
cancer progression by regulating multiple stages in the
metastatic process, including epithelial-to-mesenchymal
transition (EMT). EMT enables dissemination of tumor
cells from their primary site into circulation [10] and
this pathway has been implicated in the induction of
several master regulators of EMT, including Snail, Slug,
ZEB2 and FOXC2 [11-15]. However, TGF-f is found to
supress expression of Twist to induce the reverse of EMT
and thereby promote metastatic colonization [16, 17].
Overactive TGF-B-SMAD?2 signaling has been reported to
maintain epigenetic silencing of E-cadherin via regulation
of DNA methylation [18].

Increased expression of TGF- has been associated
with vessel invasion, liver metastasis, advanced tumor
stages and shorter survival times in patient with PDAC;
conversely, targeting TGF-f signaling in human PDAC
cells is found to suppress metastasis and prolong survival
in mouse model [19-23]. Therefore, determining the
regulatory mechanisms that underlie TGF-f signaling
in the metastatic process could provide novel targets for
therapeutic interventions in PDAC.

MicroRNAs (miRNAs) function as
posttranscriptional regulators of gene expression. They
are involved in various cellular processes, including
cell proliferation, differentiation and apoptosis, and
can regulate the expressions of both oncogenes and
tumor suppressor genes [24]. However, the specific role
of miRNAs in the regulation of TGF-B signaling and
metastasis in PDAC remains to be clarified. Alterations
in the profiles of various miRNAs have been reported in
several tumors, including PDAC [25]. In this study, we
found that miR-323-3p was significantly decreased in
PDAC cells compared to normal pancreatic cells, and
that downregulation of miR-323-3p promoted invasion
and metastatic colonization of the lung. Furthermore,
miR-323-3p directly suppressed expression of SMAD2
and SMAD3 leading to inactivation of TGF-f signaling.
Overall, our results have suggested that re-expression of
miR-323-3p may provide a potential strategy for treating
patients with metastatic PDAC.

RESULTS

Downregulation of miR-323-3p is correlated with
PDAC progression

In order to identify miRNAs involved in the
regulation of PDAC progression, miRNA expression
profiles were analysed in The Cancer Genome Atlas
(TCGA) microarray and GEO datasets. The analyses
showed that miR-323-3p was significantly downregulated
in pancreatic tumor tissues compared to normal tissues
(Figure 1A and Supplementary Figure S1). Consistent
with this finding, real-time PCR analyses showed that
miR-323-3p expression was significantly downregulated
in eight PDAC cell lines relative to two normal pancreatic
cell lines (Figure 1B; P <0.05); and was decreased by 2 to
10-fold in eight primary PDAC tissues compared to levels
in matched adjacent normal pancreatic tissues (Figure
1C). Comparisons between the expression levels of miR-
323-3p in archived PDAC tissue specimens and patients’
clinicopathologic characteristics revealed that decreased
expression of miR-323-3p was strongly correlated with
clinical stage (P = 0.046) and TNM classification (T: P
= 0.037; N: P = 0.004; M: P = 0.001; Supplementary
Table S1 and S2). Furthermore, low expression levels of
miR-323-3p predicted shorter overall survival (P < 0.001)
and metastasis-free survival (P < 0.001) in patients with
primary PDAC (Figure 1D). Collectively, these results
demonstrated that miR-323-3p was downregulated in
human PDAC and was associated with enhanced tumor
progression and poorer prognosis in patients with PDAC.

miR-323-3p overexpression inhibits invasion and
metastasis of PDAC cells in vitro and in vivo

The biological function of miR-323-3p in the
progression of PDAC was investigated by stably
transducing miR-323-3p into BxPc3 and PANC-1
PDAC cell lines (Supplementary Figure S2A). Western
blotting showed that overexpression of miR-323-3p led
to marked upregulation of epithelial markers E-cadherin
and a-catenin with concurrent downregulation of
mesenchymal markers vimentin and N-cadherin (Figure
2A). Matrigel-coated transwell assays and wound healing
assays demonstrated that overexpression of miR-323-3p
significantly decreased the invasiveness and migratory
capabilities of BxPc3 and PANC-1 cells (Figure 2B-2C; P
< 0.05) compared to normal control cells. In addition, we
also examined the effect of miR-323-3p on cell viability.
Anoikis assays showed that miR-323-3p did not affect cell
viability of PDAC cells (Supplementary Figure S2B).

Since miR-323-3p did not affect the anoikis
resistance of pancreatic cancer cells, we examined the
effect of miR-323-3p overexpression on the metastatic
colonization capacities of PDAC cells by an intravenously
injection mouse model. As shown in Figure 2D and 2E, the
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number of metastatic lung foci was significantly reduced
in mice injected with PANC-1-miR-323-3p-transduced
cells compared to those injected with vector control cells.
This indicated that metastatic lung colonization could be
inhibited by overexpression of miR-323-3p in PDAC cells.
Collectively, these results demonstrated that overexpression
of miR-323-3p could inhibit PDAC cell motility in vitro and
abrogated the metastatic progression of PDAC in vivo.

Inhibition of miR-323-3p by antago-miR323-3p
promotes invasion and metastasis of PDAC cells
in vitro and in vivo

Having demonstrated that overexpression of miR-
323-3p inhibited metastasis in PDAC in vitro and in
vivo, the effect of inhibiting miR-323-3p expression on
the invasive and metastatic behaviors of PDAC cells was
examined. The expression of miR-323-3p was inhibited
by transfection with antago-miR323-3p in BxPc3 and

PANC-1 cells (Supplementary Figure S3A). Inhibition
of miR-323-3p in BxPc3 and PANC-Icells induced a
dramatic morphological change which from cobblestone-
like, epithelial morphology into spindle-like, fibroblastic
appearance accompanied by a decreased cell-to-cell
adhesion (Supplementary Figure S3B). Western blotting
confirmed that inhibition of miR-323-3p led to a marked
decrease in the levels of epithelial markers E-cadherin and
a-catenin with increased levels of mesenchymal markers
vimentin and N-cadherin in BxPc3 and PANC-1 PDAC
cells compared to their levels in vector control cells
(Figure 3A). The invasive and migratory capabilities of
BxPc3 and PANC-1 cells were also significantly enhanced
by inhibition of miR-323-3p (Figure 3B and 3C; P < 0.05).
These in vitro results were supported by observations in
vivo: silencing of miR-323-3p in PANC-1 cells injected
into a mouse model significantly increased metastatic lung
colonization relatively to controls (Figure 3D and 3E;
P <0.05; Supplementary Figure S3C). Collectively, these
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Figure 1: Downregulation of miR-323-3p correlated with PDAC progression. A. Expression of miR-323-3p was downregulated
in PDAC tissues (T; n = 172) compared to normal pancreatic tissues (N; n = 4) based on microarray datasets in The Cancer Genome
Atlas (TCGA). B. Real-time PCR analysis showed that miR-323-3p expression was downregulated in eight pancreatic cancer cell lines
compared to two normal pancreatic cell lines (N). C. Real-time PCR analysis showed miR-323-3p expression in eight pancreatic tissues
(T) and adjacent normal pancreatic tissues (ANT). Transcript levels were normalized to U6 expression. D. Kaplan-Meier survival curves
demonstrated that PDAC patients with low miR-323-3p expression (<median; n = 54) had poorer 5-year overall survival (left panel) and
metastasis-free survival (right panel) than patients with high miR-323-3p expression (>median; n = 54). Error bars represent the mean + SD

of three independent experiments; * P < 0.05.
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results demonstrated that downregulation of miR-323-3p
promoted invasion- and metastasis-related properties of
PDAC cells in vitro and in vivo.

MiR-323-3p directly suppresses SMAD2 and
SMAD3 in PDAC cells

signaling pathway are SMAD2 and SMAD3 [9].
Exploration of the public bioinformatics tool, TargetScan,
predicted that both these proteins were potential targets of
miR-323-3p (Figure 4A). In order to explore the regulatory
mechanisms by which miR-323-3p promoted PDAC
progression, Western blotting and luciferase reporter

assays were conducted. Western blotting revealed that
expression of SMAD2 and SMAD3 proteins were markedly
decreased in miR-323-3p-transduced PDAC cells, whereas

TGF-B signaling has been implicated in PDAC
metastasis [19-21]. Two key contributors in the TGF-3
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Figure 2: Overexpression of miR-323-3p suppressed invasion and metastasis of PDAC cells in vitro and in vivo. A. Western
blotting analysis showed the expression levels of epithelial markers (E-cadherin and a-catenin) and mesenchymal markers (N-cadherin and
Vimentin) in BxPc3 and PANC-1 PDAC cells transfected with miR-323-3p or vector control. o-tubulin was used as a loading control. B.
The migratory and invasive properties of BxPc3and PANC-1 cell lines transfected with miR-323-3p or vector control were analyses using a
Matrigel-coated Boyden chamber. Magnification, x400. Error bars represent mean=SD from 3 independent experiments. C. Representative
micrographs (left panels) and quantification (right panel) of the wound healing assay. The histograms represented the percentage area
of recovery 24 h after the initial wounds were created. Magnification, x100. D. Representative images (left panel) and real-time PCR
quantification (right panel) showed tumor colonization in the lungs of mice injected with miR-323-3p-transfected PDAC cells or vector
control. E. Representative micrographs using a dissection microscope showed metastatic lung lesions by H&E staining in the mouse model
(left panel). Magnification, x100. Quantification showing the numbers of lung metastatic foci in the different groups (right panel). Error
bars represent the mean = SD of three independent experiments; * P < 0.05.
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inhibition of miR-323-3p had the opposite effect (Figure
4B). Luciferase assays showed that the reporter activities
linked with the 3'UTRs of SMAD2 and SMAD3 transcripts
were significantly reduced by overexpression of miR-
323-3p; whereas, they were increased by inhibition of
endogenous miR-323-3p (Figure 4C; P < 0.05). Moreover,
the suppressive actions of miR-323-3p could be mitigated
through a mutation in the seed sequence of miR-323-3p
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(Figure 4C). Further investigation by immunoprecipitation
of microribonucleoprotein (miRNP) revealed that miR-
323-3p overexpression enriched the transcripts of SMAD?2
and SMAD?3, but not that of GAPDH or 5s rRNA controls
(Figure 4D). In addition, RIP assay was performed
and showed that miR-323-3p did not bind to 3'UTR of
Smadl and Smad5 in the PDAC cell lines (Figure 4D).
Consistently, western blotting analysis revealed that
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Figure 3: Silencing of miR-323-3p enhanced the invasive and metastatic abilities of PDAC cells in vitro and in vivo.
A. Western blotting analysis showed the expression levels of epithelial markers (E-cadherin and a-catenin) and mesenchymal markers
(N-cadherin and Vimentin) in the indicated cells following silencing of miR-323-3p. a-tubulin was used as a loading control. B. and C.
Matrigel invasion and migration assays (B) and wound healing assays (C) showed enhanced abilities of invasion and migration in BxPc3
and PANC-1 cells following inhibition of miR-323-3p. Magnification, x400. D. Representative images (left panel) and real-time PCR
quantification (right panel) showed the levels of tumor colonization in the lungs of mice injected with miR-323-3p-silenced PDAC cells
or vector control. E. Representative H&E staining images using a dissection microscope showed metastatic lesions in the lungs of mice
injected with miR-323-3p-silenced PDAC cells or vector control (left panel). Histograms showed the numbers of metastatic lung foci (right
panel). Magnification, x100. Error bars represent mean + SD of three independent experiments; * P < 0.05.
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JLIXUH OL5 S LOQDFWLYDWHYV W K K. Tutiferase\adsay Gh&wed lsupdessmDoNVTKIZBinduced
p3TP-lux transcriptional activity by miR-323-3p in PDAC cells. Each bar represents the mean + SD of three independent experiments;
*P < 0.05. B. Western blotting showed the expression levels of total SMAD2, SMAD3, p-SMAD2 and p-SMAD3 and nuclear SMAD2
and SMAD3 in miR-323-3p transfected and silenced PDAC cells. a-tubulin was used as a loading control; nuclear protein p84 served as
a nuclear protein marker. C. and D. Immunofluorescence staining of Smad2 and Smad3 in the Bxpc3 overexpressing or knockdown cells
(C) and PANC-1 overexpressing or knockdown cells (D). Scale bars: 20 pm. E. ChIP analysis showed the levels of the indicated factors
recruited to the P4/-1 promoter in miR-323-3p-overexpressing and miR-323-3p-knockdown cells. IgG served as a negative control. F. PAI-
1 and COL7A1 expression in the indicated cell lines was assayed by real-time qRT-PCR. *P < 0.05.
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SMAD2 and SMAD3 are functional effectors
for the biological functions of miR-323-3p in
PDAC cells

The functional roles of SMAD2 and SMAD3 in
miR-323-3p-induced TGF-f signaling and the invasive
properties of PDAC cells were investigated further in
SMAD4-wild type PANC-1 and SMAD4-null BxPc3
PDAC cell lines [28]. The results showed that the TGF-
b-induced transcriptional activities in miR323-3p-
transduced cells were significantly decreased as compared
to the control cells, which were rescued by ectopic
overexpression of the SMAD2 or SMAD3 in these cells
(Figure 6A; Supplementary Figure S6A; P < 0.05).
Furthermore, overexpressing of miR323-3p in PANC-1
and BxPc3 cells significantly inhibited the TGF-b-induced
EMT and cell migration/invasion abilities compared to the
control cells, while these inhibition effects were partially
abrogated by ectopic overexpression of the SMAD?2 or
SMAD3 (Figures 6B-6D; P < 0.05). Conversely, silencing
of miR-323-3p in BxPc3 and PANC-1 cells promoted
the TGF- b-induced luciferase activities, EMT and cell
migration/invasion abilities compared to the control cells,
while silencing of SMAD2 or SMAD?3 led to a significant
reduction of these effects in antagomiR-323-3p transfected
cells (Figures 6E-6H and Supplementary Figure S6B; P
< (0.05). Taken together, these results demonstrated that
miR-323-3p-mediated TGF-b signaling inhibition, EMT
and cell motility suppression were at least partially caused
by repressing of Smad2 and Smad3 in PDAC cells.

Clinical relevance of miR-323-3p, SMAD2,
SMAD3 expression in PDAC

Finally, we examined whether miR-323-3p-mediated
Smad2 and Smad3 suppression in PDAC is clinically
relevant. The expression levels of miR-323-3p, Smad2
and Smad3 were analysed in eight freshly collected PDAC
tissue samples (Figure 7A). Correlation studies showed
that miR-323-3p levels were inversely correlated with
SMAD?2 (r =-0.94; P=0.001) and SMAD3 (r = -0.762;
P =0.028) protein levels (Figure 7B). This suggested that
downregulation of miR-323-3p with increased expression
of SMAD2 and SMAD3 contributed to more aggressive
phenotypes, leading to worse survival in patients with
PDAC. As such, miR-323-3p-mediated suppression of
SMAD?2 and SMAD?3 could be clinically important in
PDAC treatments.

DISCUSSION

The roles of miRNAs in the progression of PDAC
are becoming recognized [29, 30] and there is increasing
interest in identifying the key miRNAs involved in
aggressive phenotypes in PDAC to improve diagnosis,
predict prognosis and develop new therapeutic strategies

[31]. Several miRNAs have been found to be differentially
expressed in tumoral and normal pancreatic tissues
[32-34]: decreased expression of miR96 promotes cell
invasion and tumor growth in PDAC [35]; low levels of
mir-146a induces the metastatic phenotype; whereas high
levels of miR-10a promotes invasiveness in PDAC cells
[36, 37]. However, prior to this investigation, deregulation
of miR323-3p in PDAC was unreported to our knowledge.

Various studies have demonstrated that TGF-§
signaling can play contradictory roles in tumor progression:
TGF-B inhibits growth in normal and premalignant
epithelial cells; whereas, tumor cells become insensitive
to the growth-inhibitory effects of TGF-B signaling by
accumulating multiple genetic and epigenetic alterations.
Instead tumor cells utilize TGF-$3 to promote EMT and
metastasis [38—40]. Mutation or deletion of SMAD4 gene
has been reported in 60% of PDAC cases and has been
associated with poor prognosis [41]. Studies have shown
that downregulation of SMAD4 could counteract TGF-p-
induced cell cycle arrest and promote EMT, resulting in
increased motility and invasiveness of cancer cells [26, 42].
These observations suggest that compensatory mechanisms
may contribute to the activation of TGF-f signaling and its
pro-metastatic effects in PDAC cells.

MiRNAs have the ability to suppress multiple target
genes. Therefore enhanced expression of tumor-suppressive
miRNAs and inhibition of oncogenic miRNAs may offer
more effective treatment strategies than conventional
approaches that target single genes alone [25]. Our results
showed that restoring miR323-3p expression in PDAC cells
could significantly inhibit cell motility in vitro and reduce
lung metastasis in vivo, suggesting that mechanisms capable
of promoting or restoring expression of miR-323-3p could
be used to suppress malignant progression of PDAC.
Further investigation into the underlying mechanisms found
that restoring expression of SMAD2 and SMAD3 increased
TGF-B-stimulated transcriptional activity of TGF-f
signaling and promoted motility and invasion in both
SMAD4-wild type PANC-1 and SMAD4-null BxPc3 PDAC
cell lines. Conversely, downregulation of miR323-3p led to
nuclear accumulation of SMAD2 and SMAD3 in SMAD4-
null BxPc3 PDAC cells. This observation was consistent
with a previous report that demonstrated that TGF-
could induce nuclear localization of SMAD2 and SMAD3
in SMAD4-null cancer cell lines [43]. Together, these
results suggested that decreased expression of miR323-3p
contributed to TGF-B-induced aggressive phenotypes in
PDAC via modulation of SMAD2 and SMAD?3 expression.

In summary, to our knowledge, this study has
provided the first evidence to identify miR-323-3p as a
critical mediator in the activation of TGF-f signaling,
suggesting that the mir323-3p/TGF-p signaling cascade
may be an important regulatory mechanism in the
metastatic progression of PDAC. Our findings may offer
potentially novel strategies for therapeutic interventions in
the treatment of patients with metastatic PDAC.
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effects of miR-323-3p on the TGF-B-induced invasiveness (C) and migratory ability (D) of PDAC cells. E. Conversely, depletion of
SMAD2 or SMAD3 reduced the effects of miR-323-3p-silencing on TGF-B-induced p3TP-lux transcriptional activity in PDAC cells.
F. The expression levels of EMT markers in miR-323-3p-silencingcells with SMAD2 or SMAD3 knockdown were analyzed by western
blotting. G. and H. Silencing of SMAD2 or SMAD?3 inhibited TGF-B-induced cell invasion (G) and migration (H) in miR-323-3p-silencing
PDAC cells. Each bar represents the mean + SD of three independent experiments; *P < 0.05.
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Figure 7: Clinical correlation between miR-323-3p and SMAD2 and SMAD3 in PDAC cells. A. Expression profiles of
miR-323-3p (top) and expression levels of SMAD 2 and SMAD3 protein (bottom) in eight freshly collected human PDAC tissue samples
(T). The expression of miR-323 was examined using Real-time PCR analysis and normalized by U6 expression. The sample T7 was used
as a standard, and the fold change of miR-323 expression in other samples was calculated by comparing the miR-323/U6 ratio in sample
T7. a-tubulin was used as a loading control; each bar represents the mean + SD of three independent experiments. B. Correlation between
expression of miR-323-3p and expression of SMAD2 and SMAD3 in the PDAC tissue samples.

MATERIALS AND METHODS

Cell culture

Human pancreatic cancer cell lines were purchased
from American Type Culture Collection and maintained
in a 5% CO2 humidified incubator in DMEM (PANC-1,
AsPC-1, CFPAC-1, MIA PaCa-2, BxPc3 and HC-2667)
or IMDM (Capan-1 and Capan-2) with 10% (fetal bovine
serum) FBS. Primary cultures of normal human pancreatic
duct epithelial cells (HPDEC) were established from two
fresh specimens of the adjacent non-tumor pancreatic
tissues, located more than 5 cm from the cancerous tissues,
according to a previous report [44, 45], and maintained
in bronchial epithelial basal medium (BEBM; Lonza
Walkersville, Walkersville, MD) containing 10% FBS
and supplemented with BEGM Single-Quots (Lonza
Walkersville).

Patient information and tissue specimens

A total of 108 freshly-collected surgical specimen
of PDAC samples were obtained from the First Affiliated
Hospital of Sun Yat-sen University and Sun Yat-sen
University Cancer Center from 2005 to 2009. Prior
patient consent and approval from the Institutional

Research Ethics Committee were obtained for the
use of these clinical materials for research purposes.
Clinical information on the samples is summarized in
Supplementary Table S1. The expression of miR-323-3p
was determined by real-time PCR analysis. The median
value of miR-323-3p expression in the 108 samples
was defined as the cutoff value to classify low and high
expression of miR-323. The value > median was defined
as high expression, and value < median as low expression.
Eight pairs of primary PDAC and adjacent normal tissues
were frozen and stored in liquid nitrogen until further use.

Vectors, retroviral infection and transfection

The human miR-323-3p gene was PCR-amplified
from genomic DNA and cloned into a pMSCV-puro
retroviral vector. pMSCV-miR-323-3p was co-transfected
with the pIK packaging plasmid in HEK293T cells using
the standard calcium phosphate transfection method.
Thirty-six hours after the cotransfection, supernatants
were collected and incubated with PDAC cells to be
infected for 24 hours in the presence of polybrene (2.5
pg/ml). After infection, cells were selected with 0.5 pg/
ml puromycin for 10 days. The ORFs of SMAD2 and
SMAD3 generated by PCR amplification were cloned into
pcDNA 3.1 (Invitrogen; Life Technologies). The 3'UTRs
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of SMAD2 and SMAD3 were respectively amplified and
cloned downstream to the luciferase gene in a modified
pGL3 control vector. Antagomir-323-3p was purchased
from RIBOBIO Company (Guangzhou, China). The TGF-b
luciferase reporter gene plasmid p3TP-lux was a gift from
Joan Massague & Jeff Wrana (Addgene plasmid # 11767).

RNA extraction, reverse transcription, and
real-time RT-PCR

Total RNA was extracted from cultured cells using the
mirVana miRNA Isolation Kit (Ambion; Life Technologies).
cDNA was synthesized from total RNA with the TagMan
MicroRNA Reverse Transcription Kit (Applied Biosystems;
Life Technologies). Expression of miRNAs was analyzed
by real-time PCR using the TagMan MicroRNA Assay kit
(Applied Biosystems; Life Technologies).

Western blot analysis

Western blot analysis was performed according to
a standard method, as described previously [46], using
anti-E-cadherin, anti-a-catenin, anti-vimentin and anti-N-
cadherin (Bioworld Technology, Louis Park, MN, USA),
anti-SMAD?2, anti-p-Smad2; anti-SMAD3 and anti-p-
Smad3 (Abcam, Cambridge, MA, USA). To control
sample loading, the blotting membranes were stripped
and re-probed with an anti—a-tubulin or anti-p84 antibody
(1:2000, Sigma, Saint Louis, MO, USA). Nuclear extracts
were prepared using the Nuclear Extraction Kit (Active
Motif), following the manufacturer’s instructions.

Wound healing assay

Cells were seeded on six-well plates and grown to
monolayer confluency. Straight wounds were created in
the cell monolayers using a sterile pipette tip. Progression
of migration was observed and photographed at 24 hours
after wounding.

Cell invasion assay

Cell invasion assay was analysed using the
Transwell chambers (Costar; Corning Inc.) coated
Matrigel (BD Biosciences). Cells (1 x 10*) were plated on
upper chamber and the lower chamber was filled with 500
pul DMEM supplemented with 10% FBS. After 24 hours
of incubation, cells invading into the bottom side of the
filter were fixed in 1% paraformaldehyde, stained with
hematoxylin, and counted (Ten random 200x fields per
well). Three independent experiments were performed and
the data are presented as mean + standard deviation (SD).

Luciferase reporter assay

Cells (2x 10*) were seeded in triplicate in 24-well
plates and incubated for 24-hours. Luciferase reporter

plasmids plus 3 ng pRL-TK Renilla plasmid were
transfected into the cells using Lipofectamine 2000
Reagent (Life Technologies, USA). After treatment with
human recombinant TGF-b1 (R&D Systems, Minneapolis,
MN, USA) at 10 ng/ml for 24hrs, cells were harvested
and Dual Luciferase Reporter Assay (Promega, USA) was
performed according to the manufacturer’s instructions.

Animal study

BALB/c-nu mice (56 weeks of age, 18-20
g) were purchased from the Centre of Experimental
Animal of Guangzhou University of Chinese Medicine.
All experimental procedures were approved by the
Institutional Animal Care and Use Committee of Sun Yat-
sen University. Mice were randomly divided into 4 groups
(n=6 per group). Two groups were injected with miR-
323-3p-transduced PANC-1 cells and the control cells via
lateral tail veins. Another two groups were intravenously
injected with PANC-1 cells in the mice, followed by a
succession of either control antagomir or antagomir-
323-3p treatments via the tail vein, twice per week for 3
weeks. Tumor colonization and growth in the lung were
detected by an IVIS imagining system (Caliper). Mice
were sacrificed on day 40 after injection. Lungs were fixed
in formalin and embedded in paraffin using the routine
method. H&E staining was performed on sections from
paraffin-embedded samples for histological examination.
The number of lung metastasis foci in each group was
counted under a low power field.

miRNP immunoprecipitation

Cells were co-transfected with HA-Agol together
with 100nM  miR-323-3p, followed by HA-Agol
immunoprecipitation using HA antibody. Real-time PCR
analysis of the IP products was used to test the association of
the mRNA of SMAD2 and SMAD3 with the RISC complex.

Statistical analysis

All statistical analyses were carried out using SPSS
18.0 statistical software. Survival curves were plotted
using the Kaplan—Meier method and compared by log-
rank test. Comparisons between 2 groups were performed
using the Student’s t test. The nonparametric Mann
Whitney test was used to compare the expression levels of
miR-323 between two disproportionate groups (172 tumor
tissues with 4 normal tissues). In all cases, P < 0.05 was
considered statistically significant.

ACKNOWLEDGMENTS

This work was supported by the Natural Science
Foundation of China (NO. 81001064, 81472309,
81402198), and the Fundamental Research Funds for the
Central Universities.

www.impactjournals.com/oncotarget

14922

Oncotarget



CONFLICTS OF INTEREST

The authors declared no conflict of interest.

Authors’ contributions

SG designed and conceived the study. CW and PL

carried out most of the experimental work. HW and PC
conducted the molecular cloning and animal experiments.
YFL and YL conducted the luciferase assay experiments.
ZL collected the clinical tissues. SG supervised the
project. CW and PL wrote the manuscript. All authors read
and approved the manuscript.

REFERENCES

10.

11.

12.

13.

Siegel R, Ma J, Zou Z and Jemal A. Cancer statistics, 2014.
CA Cancer J Clin. 2014; 64:9-29.

Muniraj T, Jamidar PA and Aslanian HR. Pancreatic
cancer: a comprehensive review and update. Disease-a-
month. 2013; 59:368-402.

Maitra A and Hruban RH. Pancreatic cancer. Annual review
of pathology. 2008; 3:157-188.

Stathis A and Moore MJ. Advanced pancreatic carcinoma:
current treatment and future challenges. Nature reviews
Clinical oncology. 2010; 7:163-172.

Wrana JL, Attisano L, Wieser R, Ventura F and Massague
J. Mechanism of activation of the TGF-beta receptor.
Nature. 1994; 370:341-347.

Drabsch Y and ten Dijke P. TGF-beta signalling and its role
in cancer progression and metastasis. Cancer metastasis
reviews. 2012; 31:553-568.

Levy L and Hill CS. Alterations in components of the TGF-
beta superfamily signaling pathways in human cancer.
Cytokine & growth factor reviews. 2006; 17:41-58.

Wrighton KH, Lin X and Feng XH. Phospho-control of TGF-
beta superfamily signaling. Cell research. 2009; 19:8-20.

Massague J and Gomis RR. The logic of TGFbeta signaling.
FEBS letters. 2006; 580:2811-2820.

Miyazono K, Suzuki H and Imamura T. Regulation of TGF-
beta signaling and its roles in progression of tumors. Cancer
science. 2003; 94:230-234.

Cano A, Perez-Moreno MA, Rodrigo I, Locascio A,
Blanco MJ, del Barrio MG, Portillo F and Nieto MA. The
transcription factor snail controls epithelial-mesenchymal
transitions by repressing E-cadherin expression. Nature cell
biology. 2000; 2:76-83.

Savagner P, Yamada KM and Thiery JP. The zinc-finger
protein slug causes desmosome dissociation, an initial
and necessary step for growth factor-induced epithelial-
mesenchymal transition. The Journal of cell biology. 1997,
137:1403-1419.

Comijn J, Berx G, Vermassen P, Verschueren K, van
Grunsven L, Bruyneel E, Mareel M, Huylebroeck D and

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

van Roy F. The two-handed E box binding zinc finger
protein SIP1 downregulates E-cadherin and induces
invasion. Molecular cell. 2001; 7:1267-1278.

Yang J, Mani SA, Donaher JL, Ramaswamy S, Itzykson
RA, Come C, Savagner P, Gitelman I, Richardson A and
Weinberg RA. Twist, a master regulator of morphogenesis,
plays an essential role in tumor metastasis. Cell. 2004;
117:927-939.

Mani SA, Yang J, Brooks M, Schwaninger G, Zhou A,
Miura N, Kutok JL, Hartwell K, Richardson AL and
Weinberg RA. Mesenchyme Forkhead 1 (FOXC2) plays
a key role in metastasis and is associated with aggressive
basal-like breast cancers. Proceedings of the National
Academy of Sciences of the United States of America.
2007; 104:10069-10074.

Stankic M, Pavlovic S, Chin Y, Brogi E, Padua D, Norton
L, Massague J and Benezra R. TGF-beta-Id1 signaling
opposes Twistl and promotes metastatic colonization via
a mesenchymal-to-epithelial transition. Cell reports. 2013;
5:1228-1242.

Yuan JH, Yang F, Wang F, Ma JZ, Guo YJ, Tao QF, Liu F,
Pan W, Wang TT, Zhou CC, Wang SB, Wang YZ, Yang Y,
Yang N, Zhou WP, Yang GS, et al. A long noncoding RNA
activated by TGF-beta promotes the invasion-metastasis
cascade in hepatocellular carcinoma. Cancer cell. 2014;
25:666-681.

Papageorgis P, Lambert AW, Ozturk S, Gao F, Pan H,
Manne U, Alekseyev YO, Thiagalingam A, Abdolmaleky
HM, Lenburg M and Thiagalingam S. Smad signaling is
required to maintain epigenetic silencing during breast
cancer progression. Cancer research. 2010; 70:968-978.

Culhaci N, Sagol O, Karademir S, Astarcioglu H,
Astarcioglu I, Soyturk M, Oztop I and Obuz F. Expression
of transforming growth factor-beta-1 and p27Kipl in
pancreatic adenocarcinomas: relation with cell-cycle-
associated proteins and clinicopathologic characteristics.
BMC cancer. 2005; 5:98.

Teraoka H, Sawada T, Yamashita Y, Nakata B, Ohira
M, Ishikawa T, Nishino H and Hirakawa K. TGF-
betal promotes liver metastasis of pancreatic cancer by
modulating the capacity of cellular invasion. International
journal of oncology. 2001; 19:709-715.

Friess H, Yamanaka Y, Buchler M, Ebert M, Beger HG,
Gold LI and Korc M. Enhanced expression of transforming
growth factor beta isoforms in pancreatic cancer correlates
with  decreased Gastroenterology. 1993;
105:1846-1856.

Melisi D, Ishiyama S, Sclabas GM, Fleming JB, Xia Q,
Tortora G, Abbruzzese JL and Chiao PJ. LY2109761,
a novel transforming growth factor beta receptor type

survival.

I and type II dual inhibitor, as a therapeutic approach to
suppressing pancreatic cancer metastasis. Molecular cancer
therapeutics. 2008; 7:829-840.

Gaspar NJ, Li L, Kapoun AM, Medicherla S, Reddy
M, Li G, O’Young G, Quon D, Henson M, Damm DL,

WWWwW

.impactjournals.com/oncotarget

14923

Oncotarget



24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Muiru GT, Murphy A, Higgins LS, Chakravarty S and
Wong DH. Inhibition of transforming growth factor beta
signaling reduces pancreatic adenocarcinoma growth
and invasiveness. Molecular pharmacology. 2007;
72:152-161.

Bartel DP. MicroRNAs: target recognition and regulatory
functions. Cell. 2009; 136:215-233.

Nana-Sinkam SP, Fabbri M and Croce CM. MicroRNAs
in cancer: personalizing diagnosis and therapy.
Annals of the New York Academy of Sciences. 2010;
1210:25-33.

Chow JY, Quach KT, Cabrera BL, Cabral JA, Beck SE and
Carethers JM. RAS/ERK modulates TGFbeta-regulated
PTEN expression in human pancreatic adenocarcinoma
cells. Carcinogenesis. 2007; 28:2321-2327.

Fernandez-Zapico ME and Ellenrieder V. NFAT
transcription factors, the potion mediating "Dr. Jekill-Mr.
Hyde" transformation of the TGFbeta pathway in cancer
cells. Cell Cycle. 2010; 9:3838-3839.

Ungefroren H, Sebens S, Giehl K, Helm O, Groth S,
Fandrich F, Rocken C, Sipos B, Lehnert H and Gieseler F.
Raclb negatively regulates TGF-betal-induced cell motility
in pancreatic ductal epithelial cells by suppressing Smad
signalling. Oncotarget. 2014; 5:277-290. doi: 10.18632/
oncotarget.1696.

Croce CM. Causes and consequences of microRNA
dysregulation in cancer. Nature reviews Genetics. 2009;
10:704-714.

Dalmay T and Edwards DR. MicroRNAs and the hallmarks
of cancer. Oncogene. 2006; 25:6170-6175.

Salek C, Benesova L, Zavoral M, Nosek V, Kasperova L,
Ryska M, Strnad R, Traboulsi E and Minarik M. Evaluation
of clinical relevance of examining K-ras, pl6 and p53
mutations along with allelic losses at 9p and 18q in EUS-
guided fine needle aspiration samples of patients with
chronic pancreatitis and pancreatic cancer. World journal
of gastroenterology. 2007; 13:3714-3720.

Lee EJ, Gusev Y, Jiang J, Nuovo GJ, Lerner MR, Frankel
WL, Morgan DL, Postier RG, Brackett DJ and Schmittgen
TD. Expression profiling identifies microRNA signature in
pancreatic cancer. International journal of cancer. 2007,
120:1046-1054.

Dillhoff M, Liu J, Frankel W, Croce C and Bloomston M.
MicroRNA-21 is overexpressed in pancreatic cancer and a
potential predictor of survival. Journal of gastrointestinal
surgery. 2008; 12:2171-2176.

Bloomston M, Frankel WL, Petrocca F, Volinia S, Alder
H, Hagan JP, Liu CG, Bhatt D, Taccioli C and Croce CM.
MicroRNA expression patterns to differentiate pancreatic
adenocarcinoma from normal pancreas and chronic
pancreatitis. Jama. 2007; 297:1901-1908.

Yu S, Lu Z, Liu C, Meng Y, Ma Y, Zhao W, Liu J, Yu
J and Chen J. miRNA-96 suppresses KRAS and functions

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

as a tumor suppressor gene in pancreatic cancer. Cancer
research. 2010; 70:6015-6025.

Li Y, Vandenboom TG, 2nd, Wang Z, Kong D, Ali S,
Philip PA and Sarkar FH. miR-146a suppresses invasion
of pancreatic cancer cells. Cancer research. 2010;
70:1486-1495.

Weiss FU, Marques 1J, Woltering JM, Vlecken DH,
Aghdassi A, Partecke LI, Heidecke CD, Lerch MM and
Bagowski CP. Retinoic acid receptor antagonists inhibit
miR-10a expression and block metastatic behavior of
pancreatic cancer. Gastroenterology. 2009; 137:2136-2145
e2131-2137.

Tang B, Vu M, Booker T, Santner SJ, Miller FR, Anver
MR and Wakefield LM. TGF-beta switches from tumor
suppressor to prometastatic factor in a model of breast
cancer progression. The Journal of clinical investigation.
2003; 112:1116-1124.

Wakefield LM and Roberts AB. TGF-beta signaling:
positive and negative effects on tumorigenesis. Current
opinion in genetics & development. 2002; 12:22-29.

Siegel PM, Shu W, Cardiff RD, Muller WJ and Massague
J. Transforming growth factor beta signaling impairs
Neu-induced mammary tumorigenesis while promoting
pulmonary metastasis. Proceedings of the National
Academy of Sciences of the United States of America.

2003; 100:8430-8435.

Hahn SA, Hoque AT, Moskaluk CA, da Costa LT, Schutte
M, Rozenblum E, Seymour AB, Weinstein CL, Yeo CJ,
Hruban RH and Kern SE. Homozygous deletion map
at 18q21.1 in pancreatic cancer. Cancer research. 1996;
56:490-494.

Levy L and Hill CS. Smad4 dependency defines two classes
of transforming growth factor{beta} (TGF-{beta}) target
genes and distinguishes TGF-{beta}-induced epithelial-
mesenchymal transition from its antiproliferative and
migratory responses. Molecular and cellular biology. 2005;
25:8108-8125.

Fink SP, Mikkola D, Willson JK and Markowitz S.
TGF-beta-induced nuclear localization of Smad2 and
Smad3 in Smad4 null cancer cell lines. Oncogene. 2003;
22:1317-1323.

Oda D, Savard CE, Nguyen TD, Swenson ER and Lee SP.
Culture of human main pancreatic duct epithelial cells.
In vitro cellular & developmental biology Animal. 1998;
34:211-216.

Trautmann B, Schlitt HJ, Hahn EG and Lohr M. Isolation,
culture, and characterization of human pancreatic duct cells.
Pancreas. 1993; 8:248-254.

Cui YM, Jiao HL, Ye YP, Chen CM, Wang JX, Tang N, Li
TT, Lin J, Qi L, Wu P, Wang SY, He MR, Liang L, Bian
XW, Liao WT and Ding YQ. FOXC2 promotes colorectal
cancer metastasis by directly targeting MET. Oncogene.
2015; 34:4379-4390.

WWWwW

.impactjournals.com/oncotarget

14924

Oncotarget



