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miR-15b promotes epithelial-mesenchymal transition
by inhibiting SMURF?2 in pancreatic cancer
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Abstract. The epithelial-mesenchymal transition (EMT) is
a key developmental program that is often activated during
cancer invasion and metastasis. We report here that silencing
SMURF2 (SMAD specific E3 ubiquitin protein ligase 2)
promoted EMT in HPDE6c7 normal pancreas cells and
overexpression of SMURF2 inhibited TGF-f-mediated EMT
in the cells. Subsequent studies showed that SMURF2 was
downregulated in pancreatic cancer tissues and it promoted
mesenchymal-epithelial transition (MET) in pancreatic cancer
cells as well as its expression negatively associated with
gemcitabine-resistance, but it did not alter cell viability, cell
cycle and cell senescence. In addition, we demonstrated that
miR-15b degraded SMURF?2 and its overexpression promoted
EMT in pancreatic cancer, and its expression was associated
with metastasis in the disease. Elucidating molecular mecha-
nism of EMT in pancreatic cancer not only will help us to
further understand the pathogenesis and progression of the
disease, but also offers new targets for effective therapies.

Introduction

The epithelial-mesenchymal transition (EMT) and the reverse
process, termed the mesenchymal-epithelial transition (MET),
play central roles in embryogenesis (1-3). For example, for the
period of early embryonic development, the mesoderm gener-
ated by EMTs develops into multiple tissue types, as well as
later in development, mesodermal cells generate epithelial
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organs, such as the kidney and ovary, by MET (4). Epithelial
to mesenchymal transition (EMT) is an essential process for
driving plasticity during development, yet it is an unintentional
behavior of cells during progression of the malignant tumor
(5-7). In recent years, many embryonic genes have been found
to confer malignant traits, such as motility, invasiveness,
and resistance to apoptosis, on neoplastic cells (8-16). The
EMT-associated reprogramming of pancreatic cancer cells not
only implies that fundamental changes may occur to several
regulatory networks but also that an intimate interplay exists
between them. Disturbance of a controlled epithelial balance
is triggered by altering several layers of regulation, including
the transcriptional and translational machinery, expression of
non-coding RNAs, alternative splicing and protein stability
(17-19).

SMURF2, a HECT-family ubiquitin ligase (E3), has
been implicated in diverse biological functions including
TGF-p signaling, mitotic regulation, cell polarity, motility
and chromatin modifications (20). It appears to play complex
roles in tumorigenesis. Esophageal squamous cell carcinomas
expressed high levels of SMURF2, which correlated with
poor prognosis (21). Another study on lung adenocarcinomas
and head and neck carcinomas showed a positive correlation
between SMURF2 and EGFR protein levels (22). Yet, there
are several reports demonstrating decreased expression of
SMURF?2 in other types of cancer. Protein levels of SMURF2
were found to be downregulated in human lymphoma and
breast cancer tissues relative to non-cancer tissues (23) and its
SMURF?2 levels were lower in advanced tumors compared to
less advanced organ-confined tumors, suggesting association
of SMURF2 downregulation with tumor progression (24).
Importantly, two recent studies using SMURF2-null mice
showed that SMURF2-deficiency increased susceptibility
to spontaneous tumorigenesis in various tissues including
the liver, lung, pituitary and mammary gland (23,25). The
activity of SMURF?2 to ubiquitinate and degrade RNF20, a
RING-family E3 that controls histone H2B ubiquitination and
genome stability, has been implicated for the tumor suppres-
sive role of SMURF2 (23).

In this study, we found that the silencing of SMURF2
promoted EMT in HPDE6c7 normal pancreas cells and
overexpression of SMURF?2 inhibits TGF--mediated EMT
in the cells. Subsequent studies showed that SMURF2 was
downregulated in pancreatic cancer tissues and it promoted
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MET in pancreatic cancer cells, the expression was negatively
associated with gemcitabine-resistance, but it did not alter
cell viability, cell cycle and cell senescence. In addition, we
demonstrated that miR-15b was able to degrade SMURF?2 and
its overexpression promoted EMT in pancreatic cancer and
its expression was associated with metastasis in pancreatic
cancer.

Materials and methods

Pancreatic cancer tissues. Nineteen patients diagnosed with
pancreatic cancer were recruited from the Second Artillery
General Hospital of PLA, Tongji Hospital and Hubei Cancer
Center. The use of human tissue samples followed the inter-
nationally recognised guidelines as well as local and national
regulations. Informed consent was obtained from each
individual. The local Medical ethics committee approved the
experiments undertaken. Human normal pancreas HPDE6c7,
pancreatic cancer gemcitabine-sensitive cell lines HPAC,
BxPC-3, Colo357, and L3.6pl (26), gemcitabine-resistant cell
lines ASPC-1, Panc-1 and MiaPaCa-2 (26) were kindly donated
by Dr Hua Wei (University of Michigan Medical Center, MI,
USA). Briefly, cells were maintained in RPMI-1640 medium
supplemented with 10% fetal bovine serum (FBS) (Gibco,
Grand Island, NY, USA) and penicillin/streptomycin at 37°C in
a humidified atmosphere with 5% CO,.

Plasmids, pre-miR-15b/control miR, anti-miR-15b/scramble
and transfection. SMURF2-expressing plasmids/empty
vectors (pcDNA3.1) were purchased from Tiangene, Tianjin,
China. The expressing plasmids or empty vector (pcDNA3.1)
used for each transfection is 10 pg. Pre-miR-15b/control miR
and anti-miR-15b/scramble were purchased from Ambion, Inc.
(Ambion, Austin, TX, USA). Transfection was performed with
Lipofectamine 2000 reagent (Invitrogen, CA, USA) according
to the manufacturer's instructions.

Western blot analysis. Western blot analysis was performed as
described before (27). Briefly, after incubation with primary
antibody anti-SMURF2 (1:250; Abcam, Cambridge, MA,
USA), anti-E-cadherin (1:500; Abcam), anti-N-cadherin
(1:200; Abcam), anti-vimentin (1:500; Abcam), anti-SNAIT1
(1:500; Abcam), anti-TGFB1 (1:800; Abcam), anti-TWIST
(1:500; Abcam), anti-ZEB1 (1:500; Abcam), anti-TGFB2
(1:500; Abcam), anti-a-SMA (1:500; Abcam) and anti-3-actin
(1:500; Abcam) overnight at 4°C, IRDye™-800 conjugated
anti-rabbit secondary antibodies (Li-COR, Biosciences,
Lincoln, NE, USA) were used for 30 min at room temperature.
The specific proteins were visualized by Odyssey™ Infrared
Imaging System (Gene Co., Lincoln, NE, USA).

Migration and invasion assay. For transwell migration
assays, 5x10* cells were plated in the top chamber with the
non-coated membrane (24-well insert; pore size, 8 mm,;
BD Biosciences, San Jose, CA, USA). For invasion assays,
1.25x10° cells were plated in the top chamber with Matrigel-
coated membrane (24-well insert; pore size, 8 mm; BD
Biosciences). In both assays, cells were plated in medium
without serum or growth factors, and medium supplemented
with serum was used as a chemoattractant in the lower

ZHANG et al: miR-15b AND SMURF2 IN PANCREATIC CANCER

chamber. The cells were incubated for 36 h and cells that did
not migrate or invade through the pores were removed by
a cotton swab. Cells on the lower surface of the membrane
were stained with the Diff-Quick Staining Set (Dade) and
counted.

Wound healing assay. Cells (6x10°) were seeded onto each
35-mm glass bottom dish (MatTek Co., Ashland, MA, USA)
and cultured at 37°C with 5% CO, for 36 h. The confluent
monolayer of cells was wounded. Mono-layer of cells were
wounded with yellow pipette tips. After washing with PBS, the
cells were incubated in fresh culture medium. The wounded
areas were photographed at the beginning (0 h) and the end
(12, 24, 48 or 72 h) of the assay with Nikon inverted micro-
scope (ECLIPSE TE-2000U, Nikon, Japan) equipped with a
video camera (DS-U1, Nikon).

Immunofluorescence analyses. For immunofluorescence
analyses, cells were plated on glass coverslips in 6-well
plates and transfected as indicated. At 36 h after transfection,
coverslips were stained with the anti-SMURF2, anti-vimentin
antibody or anti-E-cadherin antibody. Alexa Fluor 488 goat
anti-rabbit IgG antibody was used as secondary antibody
(Invitrogen). Coverslips were counterstained with DAPI
(Invitrogen-Molecular Probes, Eugene, OR, USA) for visu-
alization of nuclei. Microscopic analysis was performed with
a confocal laser-scanning microscope (Leica Microsystems,
Bensheim, Germany). Fluorescence intensities were measured
in several viewing areas for 300 cells per coverslip and
analyzed using ImageJ 1.37v software (http://rsb.info.nih.gov/
ij/index.html).

Reverse-transcription polymerase chain reaction (RT-PCR)
and quantitative real-time RT-PCR (qRT-PCR) for SMURF?2.
RT-PCR and qRT-PCR were described before (27). The primer
sequences for SMURF2: forward, 5'-CGATGGCTGTTA
GCAGCTTTTC-3" and reverse, 5S"TGCCTCTGCAGGGCTT
CAAAG-3'. TGFp1: forward, 5'-CGATGGCTGTTAGCAG
CTT TTC-3' and reverse, 5-TGCCTCTGCAGGGCTTC
AAAG-3.

Luciferase reporter assay. The 3' untranslated region
(3'-UTR) of human SMURF2 mRNA was cloned into
pRL-TK (Promega, Madison, WI, USA) using PCR-generated
fragment. Site-directed mutagenesis of the miR-15b target-
site in the SMURF2-3'-UTR was carried out using Quik
change-mutagenesis kit (Stratagene, Heidelberg, Germany),
with SMURF2-WT-luc as a template. For reporter assays,
cells were transiently transfected with WT or mutant reporter
plasmids and microRNA or anti-microRNA (as indicated in
Fig. 5N-P) using Lipofectamine 2000 (Invitrogen). Reporter
assays were performed 36 h post-transfection using the
Dual-luciferaseassay-system (Promega), normalized for
transfection efficiency by cotransfected Renilla-luciferase.

Real-time PCR for miRNA. Total RNA from cultured cells,
with efficient recovery of small RNAs, was isolated using
the mirVana miRNA Isolation kit (Ambion). Detection of the
mature form of miRNAs was performed using the mirVana
gRT-PCR miRNA detection kit, according to the manufac-
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Figure 1. Silencing SMURF2 promotes EMT phenotype in HPDE6c7 normal pancreas cells. (A) HPDE6c¢7 normal pancreas cells were transfected as indicated.
Cells were then photographed. n=3. (B) Western blot analysis for SMURF?2, E-cadherin, N-cadherin, vimentin SNAIL and TGFBI1 in HPDE6c7 cells. -actin
was a loading control. n=3. (C) Wound-healing assays for HPDE6c7 cells transfected as indicated. The cell layer was photographed. n=3. (D) Invasion and

migration assays for HPDE6c7 cells transfected as indicated. n=3.

turer's instructions (Ambion). The U6 small nuclear RNA was
used as an internal control.

MTT assay. To perform the MTT assay, cells (0.5x10*/well)
were plated in 96-well sterile plastic plates and allowed to
attach overnight. Cells were transfected as indicated. After
72 h, 15 ml of MTT solution (5 mg/ml) was added to each well
and plates were incubated for 4 h. Crystalline formazan was
solubilized with 100 ml of a 10% (w/v) SDS solution.

Cell cycle analysis. Cells were starved for 24 h by deprivation
of serum to synchronize the cell cycle, and then transfected as
indicated. After transfection for 48, the cells were collected
and fixed, and then incubated with RNase A (Invitrogen).
Propidium iodide (PI) (Sigma, MO, USA) was added, followed
by a 30-min incubation in the dark. Cellular DNA content
was analyzed by a FACS (Becton-Dickinson, Franklin Lakes,
NJ, USA). Data were processed using Modfit Lt software
(Version SM1120, Verity Software House, USA).

Senescence-associated 3-galactosidase staining. Cells seeded
in 6-well plates were transfected as described previously. After
72 h, the cells were rinsed with PBS, fixed and then incubated
with freshly prepared senescence-associated P-galactosidase

(SA-p-gal) staining solution at 37°C overnight. A total of
200 cells were counted and percentages of SA-f-gal-positive
cells calculated.

Statistical analysis. Data are presented as mean + SEM.
Student's t-test (two-tailed) was used to compare two groups
P<0.05 was considered significant, unless otherwise indicated
(% test).

Results

Silencing SMURF2 promotes EMT phenotype in HPDE6c7
normal pancreas cells. In order to identify the role of
SMURF?2 in normal pancreas, we transfected HPDE6c7 cells
with shSMURF2 plasmids and then western blot analysis
was performed. We found that SMURF2 protein was signifi-
cantly decreased in the cells transfected with ssSMURF2
plasmids (Fig. 1B) and its reduction caused significant
changes in HPDE6c7 cell morphology (EMT) (Fig. 1A). To
further verify that the changes in cell morphology are caused
by EMT, expression levels of epithelial and mesenchymal
markers were compared in HPDE6c7 cells transfected with
shSMURF2 plasmids with the cells transfected with scramble.
The results revealed that the epithelial markers (E-cadherin)
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Figure 2. SMURF2 inhibits TGF-f-mediated EMT in HPDE6c¢7 normal pancreas cells. (A) Western blot analysis for SMURF2 in HPDE6c7 cells. 3-actin was
a loading control. n=3. (B) HPDE6c7 normal pancreas cells were treated as indicated. Cells were then photographed. n=3. (C) Migration assays for HPDE6¢7
cells transfected as indicated. n=3. (D) RT-PCR for TGF-f in HPDE6c7 cells treated as indicated. GAPDH was a loading control. n=3. (E) Western blot
analysis for TGF-f3 in HPDE6c7 cells treated as indicated. 3-actin was a loading control. n=3.

were significantly repressed, whereas mesenchymal markers
(N-cadherin, vimentin, SNAIL and TGFB1) were induced
by silencing SMURF2 in the cells (Fig. 1B). EMT can result
in increased cell invasion and migration (28-30). Thus, we
reasoned that SMURF?2 could also affect invasion and migra-
tion in HPDEG6C7 cells. To identify this reason, we performed
would healing, invasion, and migration assay. We found that
silencing SMURF?2 resulted in enhanced invasion (Fig. 1D)
and migration (Fig. 1C and D) in the cells.

SMURF?2 inhibits TGF-(-mediated EMT. Having demon-
strated that silencing SMURF2 promoted EMT phenotype in
HPDEG6c7 normal pancreas cells, we reasoned that SMURF2
overexpression could reverse EMT, namely promoting MET.
TGF-f can induce epithelial to mesenchymal transition (31).
Thus, we reasoned that SMURF2 could reverse TGF-B-induced
EMT. We treated HPDEG6c7 cells with TGF-f for 7 days, a
standard treatment that induces EMT (32) and then western
blot analysis was performed. We found that TGF-f3 protein
was significantly increased in the cells (data not shown). We
also performed western blot analysis in the cells transfected
with SMURF2 expressing plasmids or empty vector. The
results showed SMURF2 was significantly increased by the
expressing plasmids (Fig. 2A). Similar to previous observa-
tions, TGF-p treatment induced EMT phenotype from a
cobblestone-like to a spindle-like morphology (Fig. 2B),
accompanied by increase of migration in the cells (Fig. 2C).
As expected, we found that SMURF2 not only reversed the
change of morphology induced by TGF-§ (Fig. 2B), but also
eliminated the increase of migration promoted by TGF-3
(Fig. 2C) in HPDEG6CcT cells. Next, in an attempt to identify the
role of SMURF?2 in regulating TGF-3 expression of HPDE6c7
cells, the cells were treated as indicated. After treatment,
TGF-f mRNA expression was detected by RT-PCR and the

results showed that TGF-f mRNA was increased by TGF-3
in the cells, but the increase was attenuated by SMURF2
(Fig. 2D). We also performed western blot analysis to detect
TGF-f protein, and found that TGF-f was also attenuated by
SMURF?2 (Fig. 2E). Thus, we concluded that SMURF?2 could
inhibit TGF-f-mediated EMT.

SMURF?2 is downregulated in pancreatic cancer tissues and
its expression is negatively associated with gemcitabine resis-
tance and it promotes MET in pancreatic cancer cells. In an
attempt to identify SMURF2 expression between pancreatic
cancer tissues and adjacent normal tissues, we performed
western blot analysis in cancer tissues versus normal tissues.
Protein was isolated from 10 pairs of pancreatic cancer tissues
and normal tissues (patient nos. 1-10). We found that SMURF2
protein was significantly decreased in cancer tissues (C),
compared with adjacent normal tissues (N) (Fig. 3A). It
implied that SMURF2 could be a tumor suppressive gene
in pancreatic cancer. In an attempt to identify the SMURF2
protein expression among different pancreatic cancer cell
lines, we performed western blot analysis in pancreatic cancer
cell lines (HPAC, BxPC-3, Colo357, L3.6pl, ASPC-1, PANC-1
and MiaPaCa-2 cells). Protein isolated from the 7 cell lines
was detected by western blot analysis and the results showed
that the expression of SMURF2 was lower in gemcitabine-
resistant cells (ASPC-1, PANC-1 and MiaPaCa-2 cells) than
gemcitabine-sensitive cells (HPAC, BxPC-3, Colo357 and
L3.6pl) (Fig. 3B).

Next, in order to identify whether EMT was associated with
gemcitabine-resistance, we performed western blot analysis in
gemcitabine-sensitive cells (HPAC, BxPC-3 and Colo357) and
gemcitabine-resistant cells (PANC-1 and MiaPaCa-2 cells)
to detect vimentin (mesenchymal marker) and E-cadherin
(epithelial marker). The results of western blot analysis showed
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Figure 3. SMURF?2 is a tumor suppressor in pancreatic cancer. (A) Western blot analysis for SMURF2 in pancreatic cancer tissues (C) and adjacent normal
tissues (N). B-actin was a loading control. n=10. (B) Western blot analysis for SMURF2 in pancreatic cancer cell lines. 3-actin was a loading control. n=3.
(C) Western blot analysis for vimentin and E-cadherin in pancreatic cancer cell lines. B-actin was a loading control. n=3. (D) MiaPaCa-2 cells were transfected
with empty vectors (EV) or SMURF?2 expressing plasmids. Cells were then photographed. n=3. (E) Western blot analysis for E-cadherin, vimentin, TWIST
and SNAIL in pancreatic cancer MiaPaCa-2 cells. $-actin was a loading control. n=3. (F) Wound-healing assays for MiaPaCa-2 cells transfected with empty
vectors (EV) or SMURF2 expressing plasmids. The cell layer was photographed. n=3. (G) Invasion and migration assays for MiaPaCa-2 cells transfected with

empty vectors (EV) or SMURF2 plasmids. n=3.

that vimentin was detected only in gemcitabine-resistant cells
(PANC-1 and MiaPaCa-2 cells) and E-cadherin was signifi-
cantly elevated in gemcitabine-sensitive cells, compared with
gemcitabine-resistant cells (Fig. 3C).

Because SMURF2 was downregulated in gemcitabine-
resistant pancreatic cancer cells and gemcitabine-resistant
pancreatic cancer cells was associated with EMT and SMURF2
inhibited EMT in normal pancreatic cells, we reasoned that
SMURF2 was associated with EMT in pancreatic cancer.
In order to assess the role of SMURF2 in pancreatic cancer,
we transfected MiaPaCa-2 cells with SMURF2 expressing
plasmids and then western blot analysis was performed. We
found that SMURF?2 protein was significantly increased in

the cells transfected with SMURF2 expressing plasmids
(data not shown) and its overexpression caused significant
changes in MiaPaCa-2 cells morphology (MET) (Fig. 3D). To
further verify that the changes in cell morphology are caused
by EMT, expression levels of epithelial and mesenchymal
markers were compared in MiaPaCa-2 cells transfected with
SMURF?2 expressing plasmids with the cells transfected with
empty vectors. The results revealed that the epithelial marker
(E-cadherin) was promoted, whereas mesenchymal markers
(vimentin, TWIST and SNAIL) were suppressed by SMURF2
overexpression in the cells (Fig. 3E). In order to identify
whether SMURF2 overexpression affected migration and
invasion, we performed would healing, migration and invasion
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Figure 4. SMURF2 does not alter cell viability, cell cycle or senescence in
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pancreatic cancer. (A) MTT assay for MiaPaCa-2 cells transfected with empty

vectors (EV) or SMURF2 expressing plasmids. n=3. (B) Cell cycle analysis for MiaPaCa-2 cells transfected with empty vectors (EV) or SMURF?2 expressing
plasmids. n=3. (C) -gal senescence assay for MiaPaCa-2 cells transfected with empty vectors (EV) or SMURF2 expressing plasmids. n=3. (D) MTT assay
for MiaPaCa-2 cells transfected with scramble or ssSMURF2. n=3. (E) Cell cycle analysis for MiaPaCa-2 cells transfected with scramble or ssSMURF2. n=3.
(F) p-gal senescence assay for MiaPaCa-2 cells transfected with scramble or ssSMURF2. n=3.

assay in MiaPaCa-2 cells. The results showed that SMURF2
suppressed migration (Fig. 3F and G) and invasion (Fig. 3G) in
the cells. Thus, we concluded that SMURF?2 is downregulated
in pancreatic cancer tissues and negatively associated with
gemcitabine resistance and it promotes MET in pancreatic
cancer cells.

SMURF?2 does not alter cell viability, cell cycle and cell
senescence. To identify whether SMURF?2 could alter prolif-
eration, we performed an MTT assay and cell cycle analysis.
However, the result of MTT demonstrated that SMURF2 did
not affect viability of MiaPaCa-2 (Fig. 4A) and the cell cycle
was not changed by its overexpression in the cells (Fig. 4B).
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Next, we performed -gal senescence assay, but the results
showed that SMURF2 overexpression did not alter cell
senescence (Fig. 4C). Having demonstrated that SMURF2
overexpression did not alter cell viability, cell cycle and cells
senescence in MiaPaCa-2 cells, to provide further evidence
that SMURF2 was not involved in viability, cells cycle and cell
senescence of MiaPaCa-2 cells, we studied the effects of the
inhibitor of SMURF2, the shSMURF2. shSMURF?2 signifi-
cantly downregulated SMURF2 expression in MiaPaCa-2
cells (data not shown). After stable transfection, we performed
MTT assay, cell cycle analysis and [3-gal senescence assay to
detect cell viability, cell cycle distribution and cell senescence
of MiaPaCa-2 cells transfected with ssISMURF?2 plasmids and
scramble. Silencing SMURF?2 did not alter viability (Fig. 4D),
cell cycle distribution (Fig. 4E) or cell senescence (Fig. 4F).

miR-15b degrades SMURF2 in pancreatic cancer cells.
Having demonstrated that SMURF?2 expression is specifically
downregulated in pancreatic cancer (Fig. 3A) and it suppressed
EMT in vitro, we investigated which mechanisms suppressed
SMURF2 expression in pancreatic cancer. MicroRNAs
(miRs) are a class of small noncoding RNAs (~22 nucleo-
tides) negatively regulating protein-coding gene expression
by targeting mRNA degradation or translation inhibition
(20,21,33). Upregulation of specific miRNA can contribute to
downregulation of a tumor suppressive gene (34-36). Thus we
reasoned that SMURF2 was downregulated by overexpression
of specific miRNA in pancreatic cancer.

In an attempt to identify the level of miRNA expression
in pancreatic cancer MiaPaCa-2 cells (low expression of
SMURF2) and BxPC-3 cells (high expression of SMURF2)
(Fig. 3B), we performed miRNA profiling in the cell lines.
RNAs isolated from the two cell lines were hybridized to a
custom miRNA microarray platform. After hybridization,
quantification, and normalization, we found that miR-15b,
miR-212 and miR-155 were significantly increased in
MiaPaCa-2 cells compared with BxPC-3 cells >100-fold
(Fig. 5A).

As further confirmation, we used 2 commonly used predic-
tion algorithms - TargetScan (http://www.targetscan.org) and
PicTar (http://pictar.mdc-berlin.de/) to analyze 3'-UTR of
SMURF2. The algorithms predicted that miR-15a/b, miR-16,
miR-195 and miR-200c could target 3'-UTR of SMURF2
(Fig. 5B). However, we found that only miR-15b was nega-
tively associated with SMURF2 expression in pancreatic
cancer cells. Target sites of miR-15b on 3'-UTR of SMURF2
are showed in Fig. 5C. We reasoned that miR-15b could
downregulate SMURF?2 expression by targeting its 3'-UTR
in pancreatic cancer and that SMURF2 was downregulated
in pancreatic cancer cells due to overexpression of miR-15b.
In an attempt to identify the role of miR-15b in regulating
SMURF?2 expression in pancreatic cancer cells, BxPC-3 cells
were transfected with pre-miR-15b and control miR. After
transfection, miR-15b expression was detected by real-time
PCR and the results showed that miR-15b was significantly
increased by pre-miR-15b in the cells (Fig. 5D). To confirm
the reason, we performed western blot analyses in BxPC-3
cells transfected with pre-miR-15b or control miR. The results
showed that SMURF?2 protein was evidently suppressed in the
cells transfected with pre-miR-15b at different time-points
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(Fig. 5E). Next, we performed immunofluorescence analysis
and RT-PCR to detect SMURF?2 expression in BxPC-3 cells
transfected with pre-miR-15b or control miR. The results
showed that SMURF?2 protein (Fig. 5F) and mRNA (Fig. 5G)
were significantly downregulated in the cells transfected with
pre-miR-15b. Consistent with the results of RT-PCR, real-time
PCR demonstrated that SMURF2 mRNA was not reduced in
BxPC-3 cells transfected with pre-miR-15b, compared with
control miR-transfected groups (Fig. SH).

Having demonstrated that miR-15b degrades SMURF2
in BxPC-3 cells, in order to further confirm that miR-15b
degrades SMURF?2 in pancreatic cancer cells, we performed
western blot analysis, RT-PCR and real-time PCR to detect
whether SMURF2 could be suppressed by pre-miR-15b in
MiaPaCa-2 cells. We showed that miR-15b could be signifi-
cantly increased by pre-miR-15b (Fig. 5I) in the cells and
SMURF?2 protein (Fig. 5J) and mRNA (Fig. 5K and L) were
evidently inhibited by it.

To further demonstrate the direct regulation of SMURF2
by miR-15b, we constructed luciferase reporters with the
targeting sequences of wild-type (SMURF2-WT-luc, S-W)
and mutated SMURF2 3'-UTRs (SMURF2-A-MUT-luc, S-M)
(Fig. 5SM). Both the wild-type and mutant reporters were intro-
duced into BxPC-3 cells and MiaPaCa-2 cells. We found that
SMURF2-WT-luc plasmids were suppressed in MiaPaCa-2
cells (miR-15b high expression).

Next, to identify that miR-15b directly targets 3'-UTR of
SMURF?2, luciferase reporter assay was performed in BxPC-3
cells. Luciferase reporter assay showed that the luciferase
activities of SMURF2-WT-luc plasmids were significantly
suppressed in the cells transfected with pre-miR-15b, implying
that miR-15b targeted 3'-UTR of SMURF2 mRNA (Fig. 50).
In order to further identify that miR-15b targeted 3'-UTR of
SMURF?2 by the predicted sites, we mutated 3 bases in the
predicted sites (Fig. 5M). In addition, mutant reporters were
introduced into BxPC-3 cells, as expected the luciferase activi-
ties of SMURF2-MUT-luc were not suppressed by miR-15b in
BxPC-3 cells (Fig. 50).

We also performed luciferase reporters assay in MiaPaCa-2
cells. First, we found that anti-miR-15b could significantly
downregulate miR-15b expression in MiaPaCa-2 cells (data
not shown) and then luciferase reporters assay showed that the
luciferase activities of SMURF2-WT-luc plasmids were signif-
icantly promoted in the cells transfected with anti-miR-15b,
implying that miR-15b targeted 3'-UTR of SMURF2 mRNA
(Fig. 5P). In order to further identify that miR-15b targeted
3'-UTR of SMURF?2 by the predicted sites in MiaPaCa-2
cells, mutant reporters were introduced into MiaPaCa-2 cells,
as expected the luciferase activities of SMURF2-MUT-luc
were not promoted by silencing miR-15b in MiaPaCa-2 cells
(Fig. 5P).

miR-15b overexpression promotes EMT in pancreatic cancer.
We had demonstrated that SMURF2 was downregulated in
pancreatic cancer tissues and it promoted MET in pancreatic
cancer cells and miR-15b degraded SMURF?2 in pancreatic
cancer cells. Moreover, miR-15b was upregulated in pancre-
atic cancer, implying that it is an oncogene (37). Thus, we
reasoned that contrary to SMURF2, miR-15b might promote
EMT in pancreatic cancer. miR-15b could be increased
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Figure 5. miR-15b suppresses SMURF?2 by targeting its 3'-UTR in a pancreatic cancer cell line. (A) Partial heat map of miRNA microarray analysis of
MiaPaCa-2 and BxPC-3 cells. n=3. (B) Ven diagram showing the predicted microRNA targeting 3'-UTR of SMURF2 mRNA from databases (TargetSan
and PicTar). (C) Schematic of predicted miR-15b-binding sites in the 3'-UTR of SMURF2 mRNA by TargetSan. (D) Real-time PCR for miR-15b in BxPC-3
cells. BxPC-3 cells were infected with pre-miR-15b or control miR (mock). U6 was a loading control. n=3. (E) Western blot analysis for SMURF2 protein
in BXxPC-3 cells infected as indicated. 3-actin was a loading control. n=3. (F) Immunofluorescence analyses for BXPC-3 cells transfected with pre-miR-15b
and control miR (mock). Left panel shows microscopic images of immunofluorescence staining of one representative experiment (x100 magnification). Right
panel shows graphic presentation of mean fluorescence intensities. n=3. (G) RT-PCR for SMURF2 mRNA in BxPC-3 cells infected as indicated. GAPDH
was a loading control. n=3. (H) Real-time PCR for SMURF?2 in BxPC-3 cells infected with pre-miR-15b or control miR (mock). GAPDH was a loading
control. n=3. (I) Real-time PCR for miR-15b in MiaPaCa-2. MiaPaCa-2 were infected with pre-miR-15b or control miR (mock). U6 was a loading control.
n=3. (J) Western blot analysis for SMURF?2 protein in MiaPaCa-2 cells infected as indicated. -actin was a loading control. n=3. (K) RT-PCR for SMURF2
mRNA in MiaPaCa-2 cells infected as indicated. GAPDH was a loading control. n=3. (L) Real-time PCR for SMURF?2 in MiaPaCa-2 cells infected with
pre-miR-15b or control miR (mock). U6 was a loading control. n=3. (M) Diagram of SMURF2-3'-UTR-containing reporter constructs. MUT, contains 3-base-
mutation at the miR-15b-target region, abolishing its binding. (N) Reporter assay, WT-UTR (S-W) but not MUT-UTR (S-M) reporter activity is reduced only
in MiaPaCa-2 cells. n=3. (O) Reporter assay, with cotransfection of 500 ng WT- or MUT-reporter and 50 nM control-miR (mock), or pre-miR-15b as indicated.
n=3. (P) Reporter assay, with cotransfection of 500 ng WT- or MUT-reporter and 50 nM scramble, or anti-miR-15b as indicated. n=3.
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microscopic images of immunofluorescence staining of one representative experiment (x100 magnification). Right panel shows graphic presentation of mean
fluorescence intensities. n=3. (C) Immunofluorescence analyses for E-cadherin in BXPC-3 cells transfected with pre-miR-15b and control miR (mock). Left
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tion of mean fluorescence intensities. n=3. (D) Western blotting for ZEB1, ZEB2, N-cadherin and a-SMA protein in BXPC-3 cells transfected with pre-miR-15b
and control miR (mock). f-actin was a loading control. n=3. (E) Wound-healing assays for BxPC-3 cells transfected with pre-miR-15b and control miR
(mock). The cell layer was photographed. n=3. (F) Invasion and migration assays for BxPC-3 cells transfected with pre-miR-15b and control miR (mock). n=3.
(G) Real-time RT-PCR for miR-15b in 19 thyroid cancer tissues from patients with indicated status of metastasis and 5 normal tissues. Error bars indicate SEM
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by pre-miR-15b in BxPC-3 cells (Fig. 5D). In an attempt to  cancer, the cells were transfected with pre-miR-15b. Its over-
identify the role of miR-15b in regulating EMT in pancreatic ~ expression caused changes in BxPC-3 cell morphology (EMT)
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(Fig. 6A). To further verify that the change in cell morphology
was caused by EMT, we performed immunoflurescence to
analyze expression of epithelial and mesenchymal markers
in pancreatic cancer cells. Expression levels of vimentin
(mesenchymal markers) and E-cadherin (epithelial marker)
were compared in BxPC-3 cells transfected with pre-miR-15b
or control miR. The results showed that vimentin was induced
by miR-15b overexpression in BxPC-3 cells (Fig. 6B), whereas
E-cadherin was evidently repressed by it (Fig. 6C). We also
performed western blot analysis and expression was analyzed
of other mesenchymal markers in the cells transfected with
pre-miR-15b. The results showed that expression of ZEBI,
ZEB2, N-cadherin and a-SMA were significantly promoted
by miR-15b (Fig. 6D). In order to identify whether miR-15b
affected migration and invasion, we performed would healing,
migration and invasion assay in BxPC-3 cells. The results
showed that miR-15b promotes migration (Fig. 6E and F) and
invasion (Fig. 6F) in the cells. Having showed that miR-15b
was positively associated with invasion and migration in vitro,
we performed real-time PCR to analyze whether it was associ-
ated with metastasis in pancreatic cancer patients.

The results demonstrated that miR-15b was increased in
primary tumors, compared with adjacent normal tissues and
it was also higher in metastatic tumors than primary tumors
(Fig. 6G). All the results demonstrated that miR-15b promoted
EMT and it was positively associated with metastasis in
pancreatic cancer.

Disscussion

Pancreatic cancer ranks fourth in cancer-related mortality, with
an overall 5-year survival rate <1% and a mean survival time
of 4-6 months (38). Late initial diagnosis, chemotherapy and
radiation resistance and early metastatic spread accounts for
non-satisfactory progress in therapy (39). There is evidence that
EMT account for drug resistance, metastasis and late recur-
rence after years of dormancy (26,40-43). Emerging evidence
also suggests that the processes of EMT is regulated by the
expression status of tumor suppressive genes, oncogenes and
many microRNAs (miRNAs), which are believed to function as
key regulators of various biological and pathological processes
during tumor development and progression (37,44-46).

Here we present evidence that the expression of SMURF2
protein is downregulated preferentially in pancreatic cancer.
The cancer-associated downregulation is consistent with the
recent study that suggested the tumor suppressive function of
this SMURF2 (47). Low expression of SMURF?2 protein was
also observed in gemcitabine-resistant cell lines, implying that
its abnormal expression was associated with drug-resistance. It
is able to promote MET in normal pancreas cells and pancre-
atic cancer cells. This is also consistent with the report that
EMT plays an important role in gemcitabine-resistance (41).
TGF-p functions as a pro-metastatic factor in human cancer
(48). In this study, we demonstrated that SMURF?2 inhibited
TGF-p-mediated EMT in normal pancreas cells. This further
confirmed that SMURF2 is a tumor suppressive gene. In addi-
tion, we found that miR-15b promoted EMT by degrading
SMURF?2 in pancreatic cancer cells. We found that antagomirs
against miR-15b substantially increased SMURF2 levels in
the glioblastoma cell lines (unpublished data). Whether anti-

ZHANG et al: miR-15b AND SMURF2 IN PANCREATIC CANCER

miR-15b could increase SMURF?2 levels in pancreatic cancer
needs further study.

Collectively, miR-15b-mediated SMURF?2 regulation in
pancreatic cancer has potential basic and clinical implications.
On the one hand, miR-15b could be a powerful oncogene by
promoting EMT and regulating relevant tumor suppressor genes
in pancreatic cancer, and pharmacological inhibition of miR-15b
may represent a promising therapeutic strategy. On another
hand, SMURF2 is a tumor suppressor gene and its expression is
inhibited by miR-15b in pancreatic cancer. Further studies are
clearly required.
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