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Dysregulated long noncoding RNAs (lncRNAs) andmicroRNAs
(miRNAs) mediating chemotherapeutic drug effects and metas-
tasis in pancreatic cancer (PC) are key reasons for the poor prog-
nosis of this disease. lncRNA growth arrest-specific 5 (GAS5) is
reported to be a tumor suppressor inmultiple cancers. However,
the functions of GAS5 and its related miRNAs in PC are poorly
understood. This study explored the potential functions and
mechanisms of GAS5 in PC gemcitabine resistance and metas-
tasis. The results show that overexpression of GAS5 suppressed
the proliferation, migration, gemcitabine resistance, stem cell-
like properties, and epithelial-mesenchymal transition (EMT)
of PC cells by directly binding to and suppressing miR-221
expression and enhancing suppressor of cytokine signaling 3
(SOCS3) expression. The effects of miR-221 overexpression on
proliferation, migration, gemcitabine resistance, stem cell-like
properties, and EMT inhibition were reversed by SOCS3 overex-
pression in PC cells. Additionally, GAS5 promoted gemcitabine-
induced tumor growth and metastasis inhibition, as determined
by Ki-67 staining and terminal deoxynucleotidyl transferase
dUTP nick end labeling (TUNEL), bioluminescence imaging,
and the detection of cell-like properties and EMT in vivo. Thus,
lncRNA GAS5 functioned as a competing endogenous RNA
formiR-221, and it suppressed cell growth,metastasis, and gem-
citabine resistance in PC by regulating the miR-221/SOCS3
pathway mediating EMT and tumor stem cell self-renewal.
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INTRODUCTION
Oneof themost common lethalmalignancies is pancreatic cancer (PC),
with an overall 5-year survival rate less than 5% due to the advanced
stage of disease at initial diagnosis, frequent recurrence, and the lack
of effective therapies.1 Surgical resection and chemotherapy are consid-
ered to be themain treatment options for PC.2 Currently, gemcitabine-
based chemotherapy forms first-line treatment for PC.3 However,
chemotherapy resistance seriously impedes PC treatment. Increasing
evidence indicates that the epithelial-to-mesenchymal transition
(EMT) and accumulation of cancer stem cells (CSCs) are important
contributors to PC chemoresistance, recurrence, and metastasis.4–6

Previous studies found that suppressor of cytokine signaling 3
(SOCS3) is an important tumor suppressor, which is often aberrantly
inactivated in various tumors.7,8 Overexpression of SOCS3 signifi-
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cantly suppressed EMT9 and enhanced chemosensitivity.10 It has also
been found that SOCS3 is involved in CSC regulation11 and influences
gemcitabine resistance andmetastasis, although the underlyingmolec-
ular mechanisms involved in these processes remain unclear.

Long noncoding RNAs (lncRNAs) of more than 200 nt modify chro-
matin, and they act as transcriptional or post-transcriptional regula-
tors of gene expression. lncRNAs are involved in many biological
processes, such as the cell cycle, cell differentiation, and apoptosis.
Dysregulated lncRNAs have oncogenic or tumor-suppressive effects
in multiple cancers.12–14 lncRNA growth arrest-specific 5 (GAS5) is
one of the most common noncoding RNAs, and it has been reported
to be involved in tumor proliferation, migration, and the EMT in
osteosarcoma.15 The regulatory mechanisms of GAS5 in PC are still
unknown; therefore, we initiated this study to determine if GAS5
could regulate chemoresistance, recurrence, and metastasis of PC
by controlling the EMT and CSCs.

MicroRNAs (miRNAs) are small, non-protein-coding RNAs.
Increasing evidence indicates that miRNAs are important in carcino-
genesis through post-transcriptional gene silencing. Dysregulation of
miRNAs is involved in many cancers, and some miRNAs function as
tumor suppressors or oncogenes.16,17 miR-221 has been identified as
an oncogene in many types of cancers, including colorectal cancer,18

breast cancer,19 and osteosarcoma.20 Bioinformatics analysis found
that miR-221 was a target of GAS5. GAS5 and miR-221 are suggested
to interact with each other to regulate chemoresistance, recurrence,
and metastasis of PC. However, the precise mechanisms remain un-
known and require further investigation.
The Author(s).
://creativecommons.org/licenses/by-nc-nd/4.0/).
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Figure 1. Expression of GAS5, miR-221, and SOCS3 in

Human PC

(A) RT-PCR of GAS5 expression in pancreatic tissues. Data

are means ± SD (n = 3). ***p < 0.001 versus normal group.

(B) RT-PCR of GAS5 in human normal pancreatic epithelial

cells (HPDE6-C7) and five pancreatic cancer cell lines

(PANC-1, AsPC-1, Capan-2, SW19990, and BxPC3). Data

are means ± SD (n = 3). *p < 0.05, **p < 0.01, and

***p < 0.001 versus HPDE6-C7 group. (C) RT-PCR of miR-

221 in pancreatic tissues. Data are means ± SD (n = 3).

***p < 0.001 versus normal group. (D) RT-PCR of miR-221

in human normal pancreatic epithelial cells (HPDE6-C7)

and PC cell lines (PANC-1, AsPC-1, Capan-2, SW19990,

and BxPC3). Data are means ± SD (n = 3). ***p < 0.001

versus HPDE6-C7 group. (E) IHC staining for SOCS3 in

human PC (right) and paired adjacent noncancerous tis-

sues (left). Original magnification, 400�. (F) Western blots of

SOCS3 in pancreatic tissues. Data are means ± SD (n = 3).

***p < 0.001 versus normal group. T, tumor; N, normal.
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Therefore, the aim of this study was to identify the regulatory mech-
anism of GAS5/miR-221 in chemoresistance, recurrence, and metas-
tasis of PC. Specifically, we investigated if the regulatory effect
involved the EMT and CSCs. Our data may provide new directions
for the future development of potential molecular therapies aimed
at improving therapeutic outcomes for PC patients.

RESULTS
Identifying the Expression of GAS5, miR-221, and SOCS3 in

Human PC

Chemotherapy resistance, recurrence, and metastasis are important
reasons for the poor prognosis of PC. Increasing evidence shows
that noncoding RNAs (including lncRNAs and miRNAs) are crucial
for tumorigenesis and tumor progression.21,22 Previous studies have
shown that lncRNA GAS5 expression was downregulated in gastric
cancer; furthermore, upregulation of GAS5 expression is known to
suppress cell proliferation.23 In this study, we found that expression
of GAS5 was downregulated in PC tissue compared with adjacent
normal pancreatic tissues (Figure 1A). In addition, GAS5 expression
levels in the PC cell lines PANC-1, AsPC-1, Capan-2, SW19990,
Molecular Thera
and BxPC3 were significantly downregulated
compared with normal pancreatic epithelial cells
(HPDE6-C7; Figure 1B). The results suggested
that downregulation of GAS5 was involved in
the poor prognosis of PC.

Bioinformatics analysis (http://starbase.sysu.edu.
cn/) found that miR-221 was the target of GAS5.
Increasing evidence has shown that miR-221 pro-
motes carcinogenesis, including cervical can-
cer,24 osteosarcoma,20 and lung cancer.25 We
found that miR-221 was upregulated in both
PC tissues and cell lines (Figures 1C and 1D).
In addition to noncoding RNA, we detected the
expression of SOCS3, which was decreased in PC tissues (Figures
1E and 1G). Our study found that downregulation of GAS5 promoted
the miR-221/SOCS3-mediated progression of PC.

Overexpression of GAS5 Inhibits Xenograft Tumor Growth,

Metastasis, and Gemcitabine Resistance

To identify if GAS5 overexpression reversed the promotion of tumor
growth,metastasis, and gemcitabine resistance, a GAS5 overexpression
vector was constructed and transfected into PANC-1 cells (Figure 3A),
followed by injection of 5� 106 viable cells into the right flanks of nude
mice.Beginning7days after inoculation,mice receivedweekly intraper-
itoneal injections of either gemcitabine (15 mg/kg) or saline (100 mL,
negative control [NC]). Tumor sizes were measured every 7 days.

GAS5 overexpression significantly increased the inhibition of tumor
growth by gemcitabine (Figures 2A and 2B). Immunohistochemistry
(IHC) analysis confirmed that GAS5 overexpression suppressed
Ki67 expression, which represents tumor proliferation ability (Figures
2C and 2D). Terminal deoxynucleotidyl transferase dUTPnick end la-
beling (TUNEL) showed that GAS5 overexpression (Figure 2J)
py: Nucleic Acids Vol. 13 December 2018 473
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Figure 2. Overexpression of GAS5 Inhibits Xenograft

Tumor Growth, Metastasis, and Gemcitabine

Resistance

(A) Tumor growth curves of PANC-1 cells transfected with or

without a GAS5 overexpression vector, treated with gem-

citabine (125 mg/kg) or saline. Data are means ± SD (n = 5).

***p < 0.001. (B) Representative images of tumors from four

groups at 5 weeks after subcutaneous transplantation or

when mice were euthanatized. (C) Ki67 staining shows tu-

mor growth. (D) The relative Ki67 expression was analyzed.

Data are means ± SD (n = 5). ***p < 0.001 versus control;
###p < 0.001 versus gemcitabine treatment group. (E) The

relative apoptosis rate was analyzed. (F) TUNEL analysis of

four tumor xenografts groups. Data are means ± SD (n = 5).

***p < 0.001 versus control; ###p < 0.001 versus gemcita-

bine treatment group. (G and H) RT-PCR for miR-221 (G)

and SOCS3 (H) in tumor tissue. Data aremeans ±SD (n = 5).

***p < 0.001 versus control group. (I) Live imaging of the

effects of GAS5 overexpression on metastasis of PANC-1

cells 5 weeks after intravenous tail injection. (J) RT-PCR

detection shows the GAS5 expression in tumor tissue. Data

are means ± SD (n = 5). ***p < 0.001 versus control group.
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promoted gemcitabine-induced tumor cell apoptosis (Figures 2E and
2F). RT-PCR assays demonstrated that GAS5 overexpression in-
hibited miR-221 expression (Figure 2G), but it increased SOCS3
expression (Figure 2H). Live-imaging experiments showed that
GAS5 overexpression suppressed metastasis of PANC-1 cells 5 weeks
after tail intravenous injection (Figure 2I). Our study thus found that
GAS5 overexpression inhibited xenograft tumor growth, metastasis,
and gemcitabine resistance. This inhibitory effect may be involved
in miR-221 and SOCS3 regulation.
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Overexpression of GAS5 Inhibits

Proliferation, Migration, and Chemotherapy

Resistance by Suppressing the EMT and

Tumor Stem Cell-like Properties

To further study the underlying mechanisms of
GAS5 effects, PANC-1 cells were selected for
in vitro experiments. GAS5 expression increased
after transfection with a GAS5 overexpression
vector (Figure 3A). Cell counting kit-8 (CCK8)
analysis found that GAS5 overexpression signifi-
cantly suppressed cell proliferation (Figure 3B).
To determine the effect of GAS5 on metastasis,
transwell migration assays were performed.
GAS5 overexpression significantly suppressed
migration compared with the control and NC
groups (Figures 3C and 4D). To establish if
GAS5 was involved in a chemo-modifying effect,
PANC-1 cell lines with or without GAS5 overex-
pression were treated with 0–1,000 nM gemcita-
bine for 72 hr. Our data suggested that overex-
pression of GAS5 enhanced gemcitabine
sensitivity, as shown by the reduced half-maximal
inhibitory concentration (IC50) and increased numbers of apoptotic
cells (Figures 3E–3G).

Increasing evidence shows that the EMT and tumor stem cells are
important in regulating proliferation, migration, and chemotherapy
resistance.13,26–28 To identify if GAS5 regulated PC proliferation,
migration, and chemotherapy resistance through the EMT and/or tu-
mor stem cells, PANC-1 cells were examined. Western blots showed
that GAS5 overexpression suppressed N-cadherin, vimentin, and



Figure 3. Overexpression of GAS5 Inhibits Cell Growth, Migration, and Chemotherapy Resistance In Vitro

(A) RT-PCR of GAS5 expression after transfection with a GAS5 overexpression vector. Data are means ± SD (n = 3). ***p < 0.001 versus control group. (B) Cell proliferation

was examined by CCK8 assays. Data are means ± SD. *p < 0.05 and ***p < 0.001 versus control. (C) The relative migration cells were analyzed. (D) Transwell analyses

showed the effects of GAS5 on PANC-1 cell migration (magnification, 200�). Data are means ± SD. ***p < 0.001 versus control. (E) Comparison of cell viability and IC50 of

gemcitabine in PANC-1 cells with or without GAS5 overexpression. (F) Effect of GAS5 on gemcitabine-induced apoptosis detected using annexin V-PI double staining after

exposure to 10 nM gemcitabine for 72 hr. (G) The relative apoptosis cells were calculated. Data are means ± SD. ***p < 0.001 versus control.
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snail mesenchymal marker expression, but it increased E-cadherin
epithelial marker expression (Figures 4A–4E). This result suggested
that the expression of GAS5 inhibited the EMT. Western blots were
then used to determine the relative levels of the stem cell-like markers
OCT4, CD133, Nanog, and SOX2. GAS5-overexpressing cells ex-
pressed lower levels of OCT4, CD133, Nanog, and SOX2 compared
with control cells (Figures 4F–4J). Our results also found that overex-
pression GAS5 decreased the EMT (Figure S1) and CSC (Figure S2)
relative protein expression in Capan-2 cells. Collectively, these find-
ings suggested that GAS5 repressed the EMT in PC cells and the
development of stem cell-like phenotypes.

The Interaction of GAS5, miR-221, and SOCS3 in Pancreatic

PANC-1 Cells

Bioinformative tool analysis (http://starbase.sysu.edu.cn/index.php)
found that lncRNA GAS5 targeted miR-221. To determine if miR-
221 was a possible target of GAS5, luciferase reporter analysis was em-
ployed. miR-221 was found to be a downstream binding target of
GAS5 (Figure 5A). The results showed that GAS5 inhibited luciferase
activity in wild-type cells but did not affect activity in mutated cell
lines (Figure 5B). RT-PCR assays showed that GAS5 overexpression
inhibited miR-221 expression (Figure 5C).

To further identify if SOCS3 was a possible target of miR-221, bio-
informative analysis (https://www.genecards.org/) was used to find
that miR-221 directed interactions with the 30 UTR of SOCS3 and
suppressed SOCS3 expression at the mRNA level (Figure 5D). Lucif-
erase reporter analysis found that miR-221 inhibited luciferase activ-
ity in wild-type cells, but not in mutated cell lines (Figure 5E). Finally,
RT-PCR assays showed that miR-221 overexpression inhibited
SOCS3 expression (Figure 5F) but had no effect on GAS5 at the
mRNA level (Figure 5G).

SOCS3 Overexpression Reverses miR-221 Overexpression-

Induced Proliferation, Migration, EMT, Chemotherapy

Resistance, and Stem Cell-like Properties in PANC-1 Cells

Studies have shown that SOCS3 is involved in different processes of
tumorigenesis. High expression of SOCS3 was found in various can-
cers, including PC.29 To determine if SOCS3 was involved in miR-
221-mediated tumor cell proliferation,migration, EMT, chemotherapy
Molecular Therapy: Nucleic Acids Vol. 13 December 2018 475
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Figure 4. Overexpression of GAS5 Inhibits Cell EMT and Stem Cell-like Properties

(A) Western blot detection shows the relative protein expression. The relative E-cadherin (B), N-cadherin (C), vimentin (D), and Snail (E) were analyzed. Data are means ± SD.

***p < 0.001 versus control. (F) Western blot detection shows the stemness marker protein. The relative protein expression of OCT4 (G), CD133 (H), Nanog (I), and SOX2 (J)

were calculated. Data are means ± SD. ***p < 0.001 versus control.
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resistance, and stem cell-like properties, a SOCS3 overexpression vec-
tor was constructed and transfected into PANC-1 cells. RT-PCR assays
and western blots showed that SOCS3 overexpression reversed miR-
221-induced decreases in SOCS3 (Figures 6A and 6B). CCK8 and
transwell migration assays were performed using PANC-1 cells, and
they showed that cell proliferation andmigration of SOCS3-transfected
PANC-1 cells induced by miR-221 was significantly reversed (Figures
6B–6E).

Our data also suggested that overexpression of SOCS3 enhanced gem-
citabine sensitivity, as shown by reduced IC50s and increased
numbers of apoptotic cells, even with miR-221 overexpression (Fig-
ures 6F–6H). Western blots showed that SOCS3 overexpression
reversed miR-221-induced N-cadherin, vimentin, and Snail mesen-
chymal marker expression but decreased E-cadherin epithelial
476 Molecular Therapy: Nucleic Acids Vol. 13 December 2018
marker expression (Figure 6I). This result indicated that SOCS3
expression inhibited the EMT. Western blots also showed that
SOCS3 overexpression reversed miR-221-induced OCT4, CD133,
Nanog, and SOX2 expression (Figure 6J). Collectively, our findings
suggested that SOCS3 inhibited cell proliferation, migration, and
chemotherapy resistance of PC cells by repressing the EMT and the
development of stem cell-like phenotypes. Taken together, the results
showed that the antitumor effects of GAS5 on PC were related to
miR-221/SOCS3-mediated EMT and stem cell-like phenotype
inhibition.

DISCUSSION
In previous studies, we found that toll-like receptor 2 (TLR2) has pro-
tumorigenic and prometastatic effects in intrahepatic cholangiocarci-
noma through the upregulation of inflammatory cytokines induced



Figure 5. The Relationships among GAS5, miR-221, and SOCS3 in Pancreatic PANC-1 Cells

(A) Complementary sequences between miR-221 and GAS5 mRNA were obtained using publicly available algorithms. The GAS5 mutant (MUT) is also shown. (B) Relative

luciferase activity by luciferase reporter assays in PANC-1 cells co-transfected with wild-type GAS5 (GAS5-WT) or GAS5-MUT and miR-221 or miR negative control (NC).

Data are means ± SD. ***p < 0.001 versus other groups. (C) Expression of miR-221 in PANC-1 cells transfected with GAS5 or NC by RT-PCR. Data are means ± SD.

***p < 0.001 versus control. (D) Complementary sequences between miR-221 and the 30 UTR of SOCS3 mRNA were obtained using publicly available algorithms. The

SOCS3 mutant is also shown. (E) Relative luciferase activity by luciferase reporter assays of PANC-1 cells co-transfected with SOCS3-WT or SOCS3-MUT and miR-221 or

miR-NC. Data are means ± SD. ***p < 0.001 versus other groups. (F) SOCS3 expression in PANC-1 cells transfected with miR-221 mimics or NC by RT-PCR. Data are

means ± SD. ***p < 0.001 versus control. (G) GAS5 expression in PANC-1 cells transfected with miR-221 mimics or NC by RT-PCR.
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by the activation of nuclear factor kB (NF-kB) signaling.30 The acti-
vation of the phosphatidylinositol 3-hydroxy kinase (PI3K)/protein
kinase B (AKT)-ERK1/2-signaling pathways plays an important
role in mediating CCL20-induced invasiveness in PC cells.31 In this
study, we found that noncoding RNA (lncRNA GAS5) is involved
in the progress of PC. Our results showed that the expression levels
of GAS5 and SOCS3 were downregulated in both PC tissues and
cell lines; however, the expression of miR-221 was increased. Upregu-
lation of GAS5 promoted SOCS3 expression and suppressed PC
growth, metastasis, and gemcitabine resistance by inhibiting the
EMT and tumor stem cell accumulation in both in vivo and in vitro
experiments.

Numerous studies have shown that lncRNAs play an important role
in the regulation of cancer progression. In PC, several lncRNAs have
been identified as either oncogenes, such as lncRNA H19, lncRNA
NNT-AS1, and lncRNA SNHG15,32–34 or as tumor-suppressive
lncRNAs, such as lncRNA MEG3 and lncRNA GAS5.35,36 The func-
tion of GAS5 in PC has not been investigated. Consistently, our re-
sults showed that GAS5 was downregulated in PC tissues and cell
lines, while overexpression of GAS5 suppressed cell proliferation,
cell invasion, and migration. Further mechanistic studies demon-
strated that GAS5 overexpression promoted gemcitabine-induced
apoptosis. Taken together, our results suggest that GAS5 has tu-
mor-suppressive effects in PC.

Bifluorescein experiments showed that miR-221 was the target of
GAS5. GAS5 overexpression suppressed miR-221 expression, but
miR-221 overexpression had no effect on GAS5 expression. Previous
research found that miR-221 promoted oncogenic activity in gastric
cancer.37 Expression of miR-221 was also shown to promote the pro-
liferation of capan-2 pancreatic ductal adenocarcinoma cells by tar-
geting PTEN-Akt.38 Downregulation of miR-221 enhanced tumor
necrosis factor-related apoptosis-inducing ligand (TRAIL) sensitivity
through DR5 upregulation in PC cells.39 Here we found that expres-
sion of miR-221 promoted PC cell proliferation, migration, and
chemotherapy resistance by promoting the EMT and tumor stem
cell accumulation. This suggests that miR-221 acts as an oncogene;
Molecular Therapy: Nucleic Acids Vol. 13 December 2018 477
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Figure 6. SOCS3Overexpression ReversesmiR-221 Overexpression-Induced Cell Proliferation, Migration, EMT, Chemotherapy Resistance, and StemCell-

like Properties in Pancreatic PANC-1 Cells

(A and B) RT-PCR (A) and western blot (B) of SOCS3 after transfection with a SOCS3 overexpression vector or miR-221 mimic alone or combined. Data are means ± SD.

***p < 0.001 versus control. (C) Cell proliferation was examined by CCK8 assays. Data are means ± SD. *p < 0.05 and ***p < 0.001 versus control. (D) Transwell analyses of

(legend continued on next page)
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our previous study found that miR-29a can promote tumor progres-
sion and invasion by downregulating tristetraprolin in PC.40

We also found that SOCS3 was a downstream target of miR-221;
overexpression of miR-221 suppressed SOCS3 expression, while
overexpression of SOCS3 reversed miR-221-induced proliferation,
migration, and chemotherapy resistance of PC cells by inhibiting
the EMT and tumor stem cell accumulation. Previous studies found
that the expression of SOCS3 suppresses JAK2/STAT3-signaling acti-
vation.41 JAK2/STAT3 signaling is important in inducing CSC prop-
erties.42 Other studies found that SOCS3 overexpression inhibited
advanced glycation end-product-induced EMT in proximal tubule
epithelial cells.9 SOCS3 overexpression also inhibited the JAK2/
STAT3-mediated EMT program in metastatic breast cancer.43

In conclusion, this study identified an interaction among GAS5, miR-
221, and SOCS3 in PC. The results suggested that GAS5 positively
regulated SOCS3 expression by acting as a competing endogenous
RNA for miR-221 binding. Our study also found the downregulation
of GAS5 and concomitant upregulation and downregulation of miR-
221 and SOCS3, respectively. Our findings linking miR-221 to the
regulation of miR-221 and SOCS3 expression in PC identify potential
novel biomarkers and therapeutic targets, and they provide the basis
for future studies aimed at exploring the effects of the modulation of
the miR-221/SOCS3 axis as a potential therapeutic strategy in cancer.

MATERIALS AND METHODS
Ethics Statement

Carcinomas and adjacent tissue from 60 patients with PC were
collected from January 1, 2017 to September 31, 2017, at Tongren
Hospital of Shanghai Jiaotong University School of Medicine,
Shanghai, China. The study was approved by the Ethics Committee
of Tongren Hospital of Shanghai Jiaotong University School of Med-
icine. All participants or their relatives were informed of the study and
signed consent forms before inclusion.

Tumor Xenograft Formation and Metastasis Assays

The Animal Research Committee of Tongren Hospital of Shanghai
Jiaotong University School of Medicine approved all experimental
protocols and surgical procedures. In this study, 20 BALB/c nude
mice, 4 weeks old and weighing 15–20 g, were used (SLARC,
Shanghai, China). A total of 5 � 106 viable human pancreatic
PANC-1 cancer cells, stably infected with lncRNA GAS5 overex-
pression or control vectors, was injected into the right flanks of
the mice. When xenografts reached 0.5 cm in diameter (about
7 days after inoculation), the mice were randomly divided into a
gemcitabine therapy group and a control group (n = 5), and they
were given weekly intraperitoneal injections of either gemcitabine
PANC-1 cell migration (magnification, 200�). (E) The relative migration cells were calcula

and IC50 of gemcitabine in PANC-1 cells. (G) The relative apoptosis was analyzed. (H)

annexin V-PI double staining after treatment with 10 nM gemcitabine for 72 hr. Data are

Snail1 proteins by western blots. (J) Stemness markers OCT4, CD133, Nanog, and SO
(125 mg/kg), as previously reported,44,45 or saline (100 mL) as an
NC. Tumor sizes were measured using a vernier caliper every
7 days beginning when the tumors reached 0.5 cm in diameter,
and tumor volumes were calculated using the following formula:
volume = 1/2 � length � width.2 At 35 days after implantation,
mice were sacrificed for IHC and TUNEL.

For metastasis analysis, PANC-1 cells were transfected with lucif-
erase expression vectors, and they were injected along with wild-
type or GAS5-overexpressing cells into the mice’s tails intravenously
(2 � 105 cells). After 35 days, metastasis of PANC-1 cells was
analyzed by bioluminescence imaging after intravenous injection
of luciferin into the tails (150 mg luciferin/kg body weight).

Cell Culture

The human pancreatic ductal epithelial cell line HPDE6-C7 was ob-
tained from the American Type Culture Collection (Manassas, VA,
USA). Human PC cell lines PANC-1, AsPC-1, Capan-2, SW1990,
and BXPC-3 were all obtained from the laboratory of biliary-pancre-
atic surgery at Tongren Hospital. All cell lines were cultured in RPMI-
1640 (Gibco, Grand Island, NY, USA), supplemented with 10% fetal
bovine serum (FBS) in a humidified atmosphere of 5% CO2 at 37�C.
PC cells were selected by continuous treatment of PANC-1 cells with
0–1,000 nM gemcitabine (Selleck, Houston, TX, USA) for 72 hr.

Cell Transfection

For miR-221 overexpression, an miR-221 mimic and corresponding
NC (miR-NC) were purchased from GenePharma (Shanghai, China).
PANC-1 cells were transfected with either the miR-221 mimic or
miR-NC at a final concentration of 50 nM using Lipofectamine
2000 (Invitrogen, Carlsbad, CA, USA), according to the manufac-
turer’s protocol. Cells were used for miR-221 expression analysis or
other experiments after 48 hr of transfection.

For GAS5 overexpression, recombinant lentiviral overexpressing
GAS5 (GenePharma) was used to increase GAS5 expression, with
empty carrier recombinant lentiviral serving as an NC.

For SOCS3 downregulation experiments, small interfering RNA
(siRNA) against SOCS3 and NC were obtained from GenePharma
and used to increase SOCS3 expression.

Boyden Chamber Assays

Migration assays were performed using a Boyden chamber (8 mm;
Corning, Corning, NY, USA) containing a polycarbonate membrane.
Cells in serum-free medium (100 mL of 1� 106 cells/mL) were added
to the upper chamber, and 600 mL appropriate medium with 10% FBS
was added to the lower chamber. Cells were incubated for 24 hr.
ted. Data aremeans ± SD. ***p < 0.001 versus control. (F) Comparison of cell viability

Effect of miR-221 and SOCS3 on gemcitabine-induced apoptosis detected using

means ± SD. ***p < 0.001 versus control. (I) E-cadherin, N-cadherin, vimentin, and

X2 by western blots.
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Migratory cells from random regions of the lower surface were fixed
and stained with crystal violet for 30 s at room temperature. Six
random regions were photographed, and cells were counted to calcu-
late the average number of migrated cells per plate.

Luciferase Reporter Assays

To construct luciferase reporter vectors, 30 UTR fragments from
SOCS3 or GAS5 cDNA containing the predicted miR-221-binding
sites were amplified by PCR and subcloned downstream of the lucif-
erase gene in the PYr-MirTarget luciferase vector (Ambion, Austin,
TX, USA). The 30 UTRs of SOCS3 or GAS5 with or without the
mutant sequence were then amplified.

For luciferase assays, PANC-1 cells were cultured in 24-well plates
and co-transfected with 50 ng vector containing firefly luciferase
sequence with 25 ng miR-221 or control DNA, using Lipofectamine
2000 reagent. At 48 hr post-transfection, relative luciferase activity
was calculated by normalizing firefly luminescence to Renilla lumi-
nescence using Dual-Luciferase Reporter Assays (Promega, Madison,
WI, USA), according to the manufacturer’s instructions.

Cell Viability Assays

CCK8 (Sigma-Aldrich, St. Louis, MO, USA) was used to assess cell
viability. PANC-1 cells (1 � 104) were seeded into 96-well plates
and incubated overnight. Medium was removed and cells were
washed three times with PBS. DMEM (90 mL; Gibco, Grand Island,
NY, USA) and CCK8 reagent (10 mL) were added to each well and
incubated for 1.5 hr at 37�C. Amicroplate reader was used to measure
optical density at 450 nm.

Western Blots

Protein was extracted from tissues and cells using radio immunopre-
cipitation assay (RIPA) lysis buffer containing proteinase inhibitors
(Sigma-Aldrich, St. Louis, MO, USA). Protein concentrations were
determined using BCA Protein Assay kits (Vigorous Biotechnology
Beijing, Beijing, China). Equal amounts of protein lysates (20 mg
per lane) were resolved on 10% SDS-PAGE gels and electroblotted
onto nitrocellulose membranes (Millipore, Madison, WI, USA).
Membranes were blocked for 2 hr with 5% non-fat dry milk in
Tris-buffered saline containing 0.1% Tween-20, and they were incu-
bated overnight at 4�C with primary antibodies. GAPDH was used as
the internal control for protein loading. Membranes were incubated
with secondary antibodies for 1 hr at room temperature. Immune
complexes were detected by enhanced chemiluminescence (Cell
Signaling Technology, Danvers, MA, USA). Integrated densities of
bands were quantified by Quantity One software (Bio-Rad, Hercules,
CA, USA).

IHC

Tumor tissue samples were fixed in 10% formalin solution and
embedded in paraffin. Sections (5 mm) were stained with Ki67 or sub-
jected to TUNEL to evaluate proliferation and apoptosis. Sections
were examined using an Axiophot light microscope (Zeiss, Oberko-
chen, Germany) and photographed with a digital camera.
480 Molecular Therapy: Nucleic Acids Vol. 13 December 2018
Flow Cytometry

Flowcytometrywas used to determine the rate of apoptosis of PANC-1
cells. Apoptotic cellswere differentiated fromviable or necrotic cells by
the combined application of annexin V (AV)-fluorescein isothio-
cyanate (FITC) and propidium iodide (PI) (Sigma-Aldrich, St. Louis,
MO, USA). Cells were washed twice and adjusted to 1� 106 cells/mL
with cold D-Hanks buffer. AV-FITC (10 mL) and PI (10 mL) were
added to 100-mL cell suspensions and incubated for 15 min at room
temperature in the dark before 400 mL binding buffer was added.
Withoutwashing, sampleswere analyzedusingflow cytometry. Exper-
iments were performed in triplicate.

RNA and miRNA Extraction and RT-PCR

Total RNA was isolated from PANC-1 cells or tumor tissue using
TRIzol reagent (Takara, Osaka, Japan). First-strand cDNA was syn-
thesized using PrimeScript RT Master Mix (Perfect Real Time) kits
(Takara) and used for RT-PCR, with forward and reverse primers
and Power SYBR Green PCR Master Mix (Life Technologies, New
York, USA). GAPDH or U6 was the internal control. Relative expres-
sion of target genes was determined using the 2�DDCt method.

Statistical Analysis

Continuous variables were expressed as means ± SD. One-way
ANOVA was performed for multiple comparisons using GraphPad
Prism software, version 5.0 (GraphPad, La Jolla, CA, USA); p values
% 0.05 indicated a statistically significant difference.
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