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Pim-3 enhances melanoma cell migration and invasion by promoting STAT3
phosphorylation
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ABSTRACT
Melanoma is the deadliest form of commonly encountered skin cancer, and has fast propagating and
highly invasive characteristics. Pim-3, a highly expressed oncogene in melanoma, is a highly conserved
serine/threonine kinase with various biological activities, such as proliferation-accelerating and anti-
apoptosis effects on cancer progression. However, whether Pim-3 regulates melanoma metastasis has not
been determined. Here, we constructed a Pim-3–silencing short hairpin RNA (sh-Pim-3), a TLR7-stimulating
ssRNA and a dual-function vector containing a sh-Pim-3 and a ssRNA, and transfected them into the
B16F10 melanoma cell line to investigate the effects of Pim-3 on migration and invasion in melanoma. We
found that sh-Pim-3 inhibited B16F10 cell migration and invasion in vitro. In a tumor-bearing mouse
model, sh-Pim-3 significantly downregulated pulmonary metastasis of B16F10 melanoma cell in vivo.
Mechanistically, sh-Pim-3 inhibited metastasis by regulating the expression of genes related to epithelial–
mesenchymal transition (EMT). Further study revealed that by promoting the phosphorylation of STAT3
(signal transducer and activator of transcription 3), Pim-3 induced the expression of Slug, Snail, and ZEB1,
which enhanced EMT-related changes and induced melanoma migration and invasion. Our study
suggests that Pim-3 is a potential effective target for melanoma therapy.

Abbreviations: bFGF, basic fibroblast growth factor; control, ctrl; EMT, epithelial–mesenchymal transition; ELISA,
enzyme-linked immunosorbent assay; FBS, fetal bovine serum; IFN, interferon; IL-6, interleukin 6; JAK, Janus kinase;
MMP, matrix metalloproteinase; NF-kB, nuclear factor-kB; PPAR-g , peroxisome proliferator–activated receptor g ;
shRNA, small hairpin RNA; SOCS1, suppressor of cytokine signaling 1; ssRNA, single-stranded RNA; STAT3, signal
transducer and activator of transcription 3; TNF-a, tumor necrosis factor-a; TLR7, Toll-like receptor 7; VEGF, vascular
endothelial growth factor.
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Introduction

Melanoma is the most serious skin cancer and had highly
metastatic and invasive characteristics.1 Metastasis is a com-
plex, multi-factor, and multi-step process by which primary
tumor cells invade the adjacent tissue, enter the systemic cir-
culation, translocate through the vasculature, arrest in distant
capillaries, extravasate into the surrounding tissue paren-
chyma, and finally proliferate from microscopic growths into
macroscopic secondary tumors.2 The initial and pivotal step
of tumor migration and invasion is epithelial–mesenchymal
transition (EMT), which is accompanied by dramatic changes
in cellular morphology, the loss and remodeling of cell–cell
and cell–matrix adhesions, and the gain of migratory and
invasive capabilities.3 Various factors (e.g., transfection factors,
microRNAs, epigenetic modifications, long non-coding RNAs)
can activate signaling cascades that mediate EMT progression.
Signaling pathways, such as that of Wnt, Notch, Hedgehog,
JAK-STAT (Janus kinase–signal transducer and activator of
transcription 3), ERK, and nuclear factor-kB (NF-kB), are
involved in the induction or modulation of EMT.3-5 EMT is

also a rate-limiting step in melanoma metastasis and is associ-
ated with poor prognosis of patients with melanoma.6

Pim-3, a highly conserved serine/threonine kinase, is an
oncogene with various biological activities. It prevents apopto-
sis and promotes cell survival by phosphorylating and inacti-
vating the proapoptotic BH3-only protein BAD.7 Pim-3 is
highly expressed in several endoderm-derived tumors such as
hepatocellular carcinoma, adenocarcinoma, and pancreatic
cancer, but is barely detected in the normal organs.8-10 It is
reported that the higher expression of Pim-3 is associated with
tumor overgrowth or oversurvival, and Pim3 knockdown or
inhibition prevents or suppresses tumorigenesis.11-14 Previ-
ously, we reported that a dual-function small hairpin RNA
(shRNA) vector containing a Pim-3–silencing shRNA (sh-Pim-
3) and a Toll-like receptor 7 (TLR7)-stimulating ssRNA (sin-
gle-stranded RNA) significantly inhibited murine hepatoma
growth by promoting tumor cell apoptosis and inducing the
secretion of type I interferons (IFNs).11 Interestingly, in the
present study, we found that therapy with this dual-functional
vector not only inhibited melanoma cell growth by promoting
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apoptosis, but also significantly reduced pulmonary metastasis
in a B16F10 tumor–bearing mouse model. Exploration of the
mechanism revealed that Pim-3 bound directly to STAT3 and
promoted its phosphorylation. The activated STAT3 further
augmented Slug, Snail, and ZEB1 expression, which enhanced
EMT-related changes and induced melanoma invasion and
metastasis. Consequently, Pim-3 may be a candidate molecular
target for inhibiting melanoma metastasis and invasion.

Results

Function verification of ssRNA–sh-Pim-3 dual-function
vector in B16F10 cells

First, we compared the Pim-3 expression and metastatic capac-
ity of two murine melanoma cell lines: B16 and B16F10. The
results showed that B16F10 has a higher expression of Pim-3
and stronger ability to migration compared to B16 cells
(Fig. S1). Importantly, B16F10 cell line has been usually used
as a model system for melanoma metastasis studies,15-17 so we
used B16F10 as melanoma cell model to explore the role of
Pim-3 on metastasis of melanoma. Next, we detected Pim-3
expression in mouse normal skin tissue and subcutaneously
implanted B16F10 melanoma tissue by qRT-PCR and western
blotting. Pim-3 expression in B16F10 melanoma tissue was sig-
nificantly higher than that in normal skin tissue at both mRNA
and protein level (Fig. 1A, 1B). Transfection with sh-Pim-3 and

dual-function vector significantly reduced Pim-3 expression in
B16F10 cells at both mRNA and protein level (Fig. 1C, 1D). It
is known that, ssRNA acts as a ligand of TLR7 to activate the
TLR7 signal pathway, leading to the production of type I IFNs
and inflammatory cytokines.18-20 As expected, transfection
with the ssRNA and dual-function vector induced the mRNA
expression of IFN-a and IFN-b in the B16F10 cells and
increased the concentration of IFN-a and IFN-b in the super-
natants (Fig. 1E, 1F). Collectively, these results indicate that sh-
Pim-3 and the dual-function vector downregulate Pim-3
expression; ssRNA and the dual-function vector stimulated the
production of type I IFNs in B16F10 melanoma. These results
suggested that the functional dual-function vector with both
Pim-3 silencing and innate immune stimulation effects has
been successfully constructed.

Silencing Pim-3 reduces pulmonary metastasis of
melanoma in vivo

To explore the potential role of Pim-3 in melanoma metastasis,
we injected C57BL/6 mice intravenously with B16F10 mela-
noma cells transfected with control, ssRNA, sh-Pim-3, or
dual-function vector to establish the mouse model of mela-
noma pulmonary metastasis (Fig. 2A). There were significantly
fewer tumor nodules in the lungs in the sh-Pim-3 and dual-
function vector transfection groups than in the ctrl and ssRNA
groups (Fig. 2B, 2C). Transfection with ssRNA also suppressed

Figure 1. Dual-function vector silences Pim-3 expression and stimulates the production of type I IFN. Pim-3 expression in normal skin tissue and B16F10 melanoma was
measured by qRT-PCR (A) and western blotting (B) B16F10 cells were transfected with pSIREN (ctrl), ssRNA, sh-Pim-3, or dual-function vector. (C) After 24 h, the gene
expression of Pim-3 was assessed by qRT-PCR. (D) The protein levels of Pim-3 measured by western blotting. (E) The gene expression of IFN-a and IFN-b analyzed by
qRT-PCR. (F) Supernatant levels of IFN-a and IFN-b detected by ELISA. Data are representative of three independent experiments. �P< 0.05, ��P< 0.01, ���P< 0.001 ver-
sus ctrl group.
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pulmonary metastasis, possibly due to the induction of type I
IFNs and inflammatory cytokines as compared with the ctrl
group. As expected, the dual-function vector caused the most
significant inhibition (Fig. 2B, 2C). These results indicate that
Pim-3 might be involved in promoting melanoma metastasis.

Silencing Pim-3 inhibits B16F10 cell migration and
invasion in vitro

To confirm the effects of Pim-3 on B16F10 cell migration and
invasion, we performed wound healing and Transwell migra-
tion assays in vitro. The wound healing assay showed an obvi-
ous decrease in the migration capability of Pim-3-silenced
B16F10 cells (both sh-Pim-3 and dual-function vector group)
as compared with ctrl cells (Fig. 3A, 3B). Such changes were
not associated with the proliferative capability of the cells, as
the B16F10 cell proliferation rates did not change after trans-
fection (Fig. S2). In addition, silencing Pim-3 significantly
reduced B16F10 cell migration ability (Fig. 3C, 3D). Boyden
chamber membranes were pre-coated with Matrigel to test the
effect of Pim-3 on B16F10 cell invasive capability. Consistent
with the migration assay, silencing Pim-3 strongly decreased
the number of cells that passed through the membrane
(Fig. 3E, 3F). These data indicate that Pim-3 plays an important
role in promoting melanoma migration and invasion.

Silencing Pim-3 inhibits EMT

We explored the mechanisms of Pim-3 regulation of cell migra-
tion and invasion. EMT is a vital step during the early stage of
metastasis. The typical characteristics in tumor cells during EMT
include altered cell morphology, cytoskeleton rearrangement,

and reciprocal change of several adhesion molecules such as E-
cadherin, N-cadherin, and vimentin.3 To determine whether
silencing Pim-3 inhibited B16F10 cell invasiveness through
EMT, we detected E-cadherin, N-cadherin, and vimentin expres-
sion through real-time PCR and western blotting in B16F10 cells
transfected with ctrl, ssRNA, sh-Pim-3, or dual-function vector.
Inhibiting Pim-3 significantly enhanced E-cadherin but reduced
N-cadherin and vimentin expression (Fig. 4A, 4B). We detected
the expression of Snail, Slug, ZEB1, and Twist, as they are
important transcription factors contributing to early EMT.3,21,22

Transfection with shRNA and dual-function vector markedly
decreased Snail, Slug, and ZEB1 expression at both mRNA and
protein level, but did not impair the mRNA level of Twist
(Fig. 4A–C). Transfection with ssRNA did not affect the expres-
sion of these EMT markers and the related transcription factors
(Fig. 4A–C). We also detected the invasion-related indicators
MMP-2 and MMP-9 post-transfection via real-time PCR. Silenc-
ing Pim-3 significantly inhibited the gene expression of MMP-2
and MMP-9, while ssRNA had no effect (Fig. 4D). We conclude
that silencing Pim-3 inhibits B16 cell EMT.

Pim-3 enhances B16F10 cell metastasis and invasion by
phosphorylating STAT3

To further explore the exact molecular mechanism of Pim-3
regulation of invasion and metastasis, we examined the changes
of the related signal pathways, including that of STAT3, ERK,
JNK, P38, and NF-kB. B16F10 cells were transfected with ctrl,
ssRNA, shRNA, or dual-function vector for 24 h, and then the
phosphorylation of the indicated signal proteins was detected
by western blotting. The expression of p-STAT3 was signifi-
cantly lower in the cells transfected with sh-Pim-3 and dual-

Figure 2. In vivo inhibition of melanoma pulmonary metastasis by the therapeutic immunostimulatory sh-Pim-3 vector. (A) B16F10 cells were transfected with the vectors
and injected intravenously into C57BL/6 mice (5 £ 105 cells/mice). The mice were sacrificed after 3 weeks. (B) Metastatic nodules on the surface of the lungs were
counted. (C) The average numbers of metastatic nodules on the lung surface. Data are representative of three independent experiments with three mice per group. ��P
< 0.01 versus ctrl group.
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Figure 3. sh-Pim-3 inhibits B16F10 cell migration and invasion in vitro. (A, B) Wound healing assay assessment of B16F10 cell migration at 0, 12, and 24 h after transfec-
tion. (B) The wound healing assay data were averaged and summarized as the width ratio of migratory inhibition. Boyden chamber evaluation of the migration (C, D) and
invasive (E, F) ability of transfected B16F10 cells. Data are representative of three independent experiments. �P < 0.05, ��P < 0.01 versus ctrl group.

Figure 4. Pim-3 silencing inhibits EMT of B16F10 cells. (A) qRT-PCR detection of E-cadherin, N-cadherin, vimentin, Snail, Slug, Zeb1, and Twist expression in transfected B16F10
cells. (B) Western blot measurement of E-cadherin, N-cadherin, vimentin, Snail, Slug, and ZEB1 protein levels. (C) Statistical analysis of the relative intensity of the EMT markers.
(D) qRT-PCR assessment of MMP-2 and MMP-9 expression. Data are representative of three independent experiments. �P < 0.05, ��P < 0.01, ���P < 0.001 versus ctrl group.
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function vector than in the cells transfected with ctrl or ssRNA
(Fig. 5A), while the phosphorylation of the other signal proteins
was not affected. Transfection with ssRNA and dual-function
vector induced NF-kB and P38 activation, while silencing
Pim-3 had no effect (Fig. 5A). Next, the relationship between
Pim-3 and STAT3 was detected by co-IP. Pim-3 bound to both
STAT3 and p-STAT3 in the B16F10 cells, while silencing
Pim-3 significantly decreased Pim-3 binding to STAT3 and
p-STAT3 (Fig. 5B). Furthermore, we detected the expression of
p-STAT3 and STAT3 in metastatic nodules of the lung by
Western blotting. The results showed that both treatment with
the shRNA and dual-function vector significantly decreased the
phosphorylation STAT3 compared with ctrl and ssRNA
treatment (Fig. 5C). These results further confirmed that Pim-3
promotes STAT3 phosphorylation.

We then treated B16F10 cells with interleukin 6 (IL-6, a
STAT3 stimulator) or the STAT3 inhibitor cryptotanshinone
(S2285) to further confirm whether silencing Pim-3 inhibits
B16F10 cell migration and invasion by downregulating STAT3
phosphorylation. First, the appropriate concentrations of IL-6
and S2285 were determined by western blotting, we found that
20 mM of S2285 and 1600 U/ml of IL-6 were appropriate (Fig.
S3A/B), while and stimulating with IL-6 or s2285 had no influ-
ence on the expression of Pim-3 in B16F10 cells (Fig. S3C).
S2285 (20 mM) and sh-Pim-3 significantly inhibited B16F10 cell

migration and invasion, while IL-6 (1600 U/ml) promoted it.
Furthermore, STAT3 activation by IL-6 significantly reversed the
Pim-3 silencing-induced suppression of B16F10 cell migration
and invasion (Fig. 6A, 6B). STAT3 mediates EMT and is associ-
ated with the Snail and ZEB1 pathways.23-25 As shown in
Fig. 4C, Pim-3 silencing regulated Slug, Snail, and ZEB1 expres-
sion, thereby inhibiting B16F10 cell EMT. Consequently, we
explored whether silencing Pim-3 suppressed Slug, Snail, and
ZEB1 expression and reduced EMT by inhibiting p-STAT3.
Compared to sh-Pim-3-transfected B16F10 cells, IL-6-stimulated
STAT3 activation significantly reversed the decrease in E-cad-
herin, N-cadherin, vimentin, Snail, Slug and ZEB1 expression
caused by Pim-3 silencing (Fig. 6C). These results strongly sug-
gest that, by promoting STAT3 phosphorylation, Pim-3 aug-
ments Slug, Snail, and ZEB1 expression, which further enhances
EMT-related changes and induces melanoma migration and
invasion.

Discussion

The Pim-3 oncogene is frequently overexpressed in a wide
range of tumors, including both hematological malignancy and
solid cancer. A serine/threonine kinase, Pim-3 was originally
demonstrated to promote survival signaling through the phos-
phorylation of BAD, which induces the release of the anti-

Figure 5. Pim-3 silencing inhibits STAT3 phosphorylation in B16F10 cells. (A) Western blot detection of p-STAT3, STAT-3, p-NF-kB, NF-kB, p-P38, P38, p-JNK, JNK, p-ERK,
ERK, and b-actin protein expression in B16F10 cells transfected with pSIREN (ctrl), ssRNA, sh-Pim-3, or dual-function vector for 24 h. Right: The relative intensity of p-
STAT3 was analyzed. (B) Co-IP detection of the binding of endogenous Pim-3 and STAT-3 or p-STAT3 in B16F10 cells. Co-IP detection of binding of Pim-3 and STAT-3 or
p-STAT3 in B16F10 cells transfected with pSIREN (ctrl), ssRNA, sh-Pim-3, or dual-function vector for 24 h. (C) The protein expression of p-STAT-3 and STAT-3 was detected
by Western blotting in metastatic nodules on the lung surface. Data are representative of three independent experiments. ��P < 0.01 versus ctrl group. IgG, Immunoglob-
ulin G.
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apoptotic BCL-2 and BCL-X proteins, thereby preventing apo-
ptosis. In the present study, we found higher Pim-3 expression
in melanoma tissue than in normal skin tissue. Using our previ-
ously established ssRNA–sh-Pim-3 dual-function vector,11 we
found that silencing Pim-3 not only inhibited melanoma cell
growth by promoting apoptosis, but also significantly reduced
pulmonary metastasis in a B16F10 tumor-bearing mouse
model. We found that Pim-3 bound directly to the transcrip-
tion factor STAT3, and promoted STAT3 phosphorylation.
The activated STAT3 further augmented the expression of
Slug, Snail, and ZEB1, which enhanced EMT-related changes
and induced melanoma cell invasion and metastasis (Fig. S4).
As far as we know, our results provide a novel description of
Pim-3 promotion of melanoma cell migration and invasion by
phosphorylating STAT3. Therefore, Pim-3 may be a candidate
molecular target for suppressing the metastasis and invasion of
melanoma and other related tumors.

It is well-established that aberrant Pim-3 expression contrib-
utes to tumorigenesis and progression by preventing apoptosis
and maintaining cell survival and the regulation of cell cycle
progression.7 Recently, several reports found that Pim-3 might
also be involved in promoting cell invasion. For example,
Pim-3 plays a role in endothelial cell spreading, migration, and
tumor necrosis factor-a (TNF-a)-induced angiogenesis.26

Pim-3 overexpression significantly accelerates ovarian cancer
cell proliferation and migration.27 Pim-3 enhances migration
and metastatic growth in prostate cancer by phosphorylating
the CXCR4 chemokine receptor, which might enable tumor
cell migration towards tissues such as the lungs, which express

the CXCL12 chemokine ligand.28 In the present study, our data
show that Pim-3 is highly expressed by melanoma cells
(Fig. 1A, 1B) and that sh-Pim-3 inhibits the migration and
metastasis of murine melanoma B16F10 cells both in vitro and
in vivo (Fig. 2B, 2C; Fig. 3). Importantly, silencing Pim-3 signif-
icantly inhibited EMT and the expression of MMP-2 and
MMP-9 (Fig. 4). Our results indicated that Pim-3 promotes
melanoma metastasis by regulating the expression of
EMT-related genes and MMPs.

However, very little is known of the mechanism of Pim-3
promotion of tumor metastasis. Pim proteins mediate their
physiological activities by phosphorylating a wide range of cel-
lular substrates, such as SOCS1 (suppressor of cytokine signal-
ing 1), BAD, and c-MYC. Recently, it was reported that the
Pim-3-selective inhibitor M-110 or Pim-3-specific small inter-
fering RNA significantly downregulate STAT3Tyr705 phosphor-
ylation.29 SGI-1776, a Pim inhibitor, specifically inhibits
adipogenesis by downregulating the expression and/or phos-
phorylation levels of STAT3, C/EBP-a, PPAR-g (peroxisome
proliferator–activated receptor g), and FAS.30 Moreover, Pim-3
overexpression upregulated the intratumoral levels of p-
STAT3Try705, p-survivinThr34, and vascular endothelial growth
factor (VEGF) in human pancreatic cancer, while the increases
were markedly diminished when Pim-3 was inactivated.31 In
the present study, we demonstrate for the first time that Pim-3
binds directly to STAT3 in B16F10 cells (Fig. 5B), thereby pro-
moting STAT3 phosphorylation. Indeed, silencing Pim-3 sig-
nificantly decreased p-STAT3 levels and the binding of Pim-3
to STAT3 and p-STAT3 (Fig. 5C).

Figure 6. STAT3 activation reverses Pim-3 silencing suppression of B16F10 cell invasion and migration. Transwell migration assay evaluation of cell migration (A) and inva-
sive (B) ability of B16F10 cells treated with S2285 (20 mM) or IL-6 (1600 U/ml), or transfected with sh-Pim-3 for 24 h, or pretreated with sh-Pim-3 for 6 h and then stimu-
lated with 1600 U/ml IL-6. (C) Western blot determination of p-STAT3, STAT3, E-cadherin, N-cadherin, vimentin, Snail, Slug and ZEB1 protein expression. Data are
representative of three independent experiments. �P < 0.05, ��P < 0.01 versus ctrl group; #P < 0.05, ##P < 0.01 versus shRNA group.
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Numerous studies have demonstrated the constitutive acti-
vation of STAT in a wide variety of tumors, including breast,
colon, gastric, lung, head and neck, skin, prostate cancer, and
melanoma.32-38 Increasing evidence suggests that the STAT3
signaling pathway promotes tumor EMT,39 a crucial process
involved in the initiation of metastasis in melanoma and other
cancers. Snail, Slug, and ZEB1 are important components of
the metastatic program in melanoma cells.39,40 For example,
STAT3 activation induced EMT through Snail activation in
head and neck tumor, breast cancer, and hepatocellular carci-
noma.23-25 Furthermore, STAT3 activation in human mela-
noma promotes brain metastasis by regulating the expression
of bFGF (basic fibroblast growth factor), VEGF, and MMP-2.41

Our present data clearly show that STAT3 activation by IL-6
augmented the invasion, migration, and EMT changes in
B16F10 melanoma, while both the STAT3 inhibitor S2285 and
sh-Pim-3 significantly inhibited these changes. More impor-
tantly, IL-6 stimulation markedly attenuated sh-Pim-3–medi-
ated suppression of invasion, migration, and EMT changes
(Fig. 6).

It is known that, ssRNA acts as a ligand of TLR7 to activate
the TLR7, comprises recruitment of MyD88, activation of the
NF-kB and IRF7 pathway, and production of type I IFN and
inflammatory cytokines.18-20 Our data show that transfection
with the ssRNA and dual-function vector induced the expres-
sion of IFN-a and IFN-b in the B16F10 cells (Fig. 1E-F). We
also observed the profiles of ssRNA to inhibit melanoma pul-
monary metastasis in vivo (Fig. 2B-C). However, transfection
with ssRNA did not affect the migration and invasion of mela-
noma in vitro. It was reported that TLR7 activation can
induced immunostimulation was concurrent with the activa-
tion of NK and T cells directly or activated antigenpresenting
cells (APC) and leading to enhanced antitumor immune
responses and suppression of tumor growth.18-20,42 Therefore,
we speculate the reason why ssRNA has a role in vivo and
doesn’t work in vitro is likely to be that it can activate the
TLR7, which may further enhances innate and adactive
immune responses and inhibit melanoma pulmonary metasta-
sis in vivo. The exact mechanism of these effects needs to be
further investigated.

Collectively, our results strongly demonstrate that Pim-3 pro-
motes melanoma cell metastasis by activating the STAT3 path-
way, revealing a novel molecular mechanism of Pim-3–induced
melanoma cell metastasis. Our data increase knowledge of the
multiple roles of Pim-3 in melanoma and provide evidence for
Pim-3 as a promising therapeutic target in melanoma and other
related cancers with aberrant Pim-3 expression.

Materials and methods

Cell culture and animal model

B16F10 cells were cultured in RPMI 1640 medium supple-
mented with 10% fetal bovine serum (FBS) at 37�C in a 5%
CO2 incubator. C57BL/6 mice were purchased from HFK Bio-
science (Beijing, China) and maintained under specific patho-
gen–free conditions. All mice were used according to the
guidelines approved by the Shandong University Committee
on the Ethics of Animal Experiments. B16F10 cells (5 £ 105)

transfected with pSIREN (Clontech, California, USA; control,
ctrl), ssRNA, sh-Pim-3, and dual-function vector were intrave-
nously inoculated into the C57BL/6 mice in 200 ml phosphate-
buffered saline. The mice were sacrificed after 3 weeks to evalu-
ate the pulmonary metastatic ability by counting the number of
tumor nodules in the lungs.

Vector transfection

We designed the ssRNA, sh-Pim-3, and dual-function vector as
described previously.11 The sh-Pim-3 and dual-function vector
were transfected into B16F10 cells to suppress Pim-3 expres-
sion. The ssRNA and pSIREN (empty vector) were transfected
into B16F10 cells as control. Briefly, B16F10 cells were seeded
in 6-well or 12-well plates in complete RPMI 1640 medium
overnight and then transfected with respective vector using jet-
PRIME transfection reagent (Polyplus Transfection Inc., New
York, NY, USA) according to the manufacturer’s instructions.
After 24 h, the protein or RNA was extracted for subsequent
experiments.

Wound healing assay

B16F10 cells were transfected with ssRNA, sh-Pim-3, or dual-
function vector when they had grown to about 80% confluence,
the cell monolayer was scraped with sterile 0.01-ml pipette tips,
and then fresh medium was added. The gaps, i.e., wounds, were
observed at 0, 12, and 24 h and digitally photographed under £
200 magnification.

Migration and invasion assays

The Transwell migration assay was performed using 6.5-mm
diameter Transwell cell culture chamber units (Corning Costar,
Cambridge, MA, USA) with 8-mm pore polycarbonate mem-
branes. Briefly, B16F10 cells were transfected with ssRNA, sh-
Pim-3, or dual-function vector for 24 h, and then 1 £ 105 cells
in 100 ml serum-free medium were seeded in the top chamber,
while 600 ml medium containing 20% FBS was added to the
bottom chamber. In the invasion assay, the membrane of the
cell culture insert was covered with a film of Matrigel (BD Bio-
sciences, San Jose, CA, USA). Cells that had migrated or
invaded to the underside of the membranes were fixed in meth-
anol and stained with crystal violet, and finally, the cells in
three separate fields were counted under £ 200 magnification.

Western blotting and co-immunoprecipitation (co-IP)

Western blotting was performed according to standard procedures
using antibodies against Pim-3, E-cadherin, N-cadherin, vimentin,
Snail, Slug, ZEB1, STAT3, phosphorylated (p)-STAT3, p–NF-kB,
NF-kB, p-P38, P38, p-JNK, JNK, p-ERK, ERK, and b-actin. All
antibodies were purchased from Cell Signaling Technology
(Danvers, MA, USA), except N-cadherin, which was purchased
from EMD Millipore (Billerica, MA, USA). For co-IP, total cell
lysates were incubated with anti–Pim-3 antibody (Cell Signaling
Technology) or anti-STAT3 antibody (Cell Signaling Technology)
at 4�C overnight. Then, the antibody–antigen complex was cap-
tured by Protein G agarose beads (Cell Signaling Technology).
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After centrifugation, the beads were collected and western blotting
was performed.

Quantitative real-time PCR (qRT-PCR)

Total cellular RNA was extracted using TRIzol (Invitrogen,
Carlsbad, CA, USA) according to the manufacturer’s protocol.
Reverse transcription–PCR was performed using M-MLV
reverse transcriptase (TianGen, Beijing, China). Samples were
subjected to real-time PCR analysis using a SYBR Green kit
(Roche, Indianapolis, IN, USA) on an iCycleriQ Real-Time
PCR System (Bio-Rad, Hercules, CA, USA) under standard
conditions. Supplementary Table I lists the primers for mouse
Pim-3, IFN-a, IFN-b, E-cadherin, N-cadherin, vimentin, Snail,
Slug, ZEB1, Twist, matrix metalloproteinase 2 (MMP-2),
MMP-9, and b-actin. Relative gene expression was determined
in comparison with b-actin.

Enzyme-linked immunosorbent assay (ELISA)

Cells were transfected with ssRNA, shRNA, or dual-function vec-
tor for 24 h and the levels of IFN-a (ExCellBiology, Shanghai,
China) and IFN-b (CUSABIO, Wuhan, China) in the culture
supernatants were quantified by ELISA.

Statistical analyses

All values are presented as the mean § SEM of three indepen-
dent experiments. Statistical analysis was performed using a
paired Student’s t-test. P values of <0.05 were determined to be
statistically significant.
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