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Downregulation of miR-301a-3p sensitizes pancreatic
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Abstract: Background: We previously showed that miR-301a-3p affects the invasion and migration abilities of pan-
creatic cancer cells. Here, we explore the role of miR-301a-3p in chemoresistance, which represents a major ob-
stacle in cancer treatment. Methods: We tested the effects of miR-301a-3p ongemcitabine resistance in cytotoxicity
assays in vitro and in vivo. We used quantitative real-time PCR (qRT-PCR) to measure miR-301a-3p expression in
wild-type and gemcitabine-resistant pancreatic cancer cells. We performed Western blot, gRT-PCR, and luciferase
and rescue assays to confirm the direct target of miR-301a-3p. Results: The overexpression and inhibition of miR-
301a-3p promoted and reversed, respectively, gemcitabine resistance in pancreatic cancer cells in vitro. The role
of miR-301-3p in chemoresistance was dependent on PTEN. The suppression of miR-301-3p expression sensitized
pancreatic cancer cells to gemcitabine chemotherapy in a xenograft mouse model. Conclusion: MiR-301a-3p con-
fers resistance to gemcitabine by regulating the expression of PTEN. The co-delivery of miR-301a-3p and gem-

citabine might be an effective therapeutic regimen for patients with pancreatic cancer.
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Introduction

Pancreatic cancer is an extremely aggressive
disease in humans. It has a poor prognosis
despite recent progress in pharmacological
and surgical therapies. Approximately 90% of
pancreatic cancers are classified as pancreatic
ductal adenocarcinoma (PDAC) and are diag-
nosed at a later or metastatic stage, offering
few therapeutic options. Only one fifth of
patients are candidates for surgical resection,
after which the 5-year survival rate is less than
5% [1, 2]. Although combinational chemothera-
pies exist, such as gemcitabine with 5-fu or
nab-paclitaxel, gemcitabine remains the prima-
ry drug for the treatment of pancreatic cancer
in most patients [3]. Since 1997, gemcitabine,
a nucleoside analog, has been the standard
treatment choice for locally advanced and met-
astatic PDAC [4]. PDAC has proven highly resis-
tant to chemotherapy in clinical practice, how-
ever, with primary or acquired drug resistance
often leading to treatment failure [5]. Hence,
there is an urgent need to understand the
mechanism of gemcitabine resistance and to

explore new strategies to overcome drug resis-
tance in PDAC.

MiRNAs are endogenous, 18-25 bp, single-
stranded, non-coding modulators of the post-
transcriptional process [6]. Many biological pro-
cesses require the functions of miRNAs, and
miRNA dysfunction is involved in many patho-
logical processes, including cancers. The links
between aberrant miRNA expression and the
pathogenesis of several cancers are largely
documented [7, 8]. There is a growing body of
evidence indicating that the deregulation of
miRNAs contributes to chemoresistance [9].
The inactivation of oncogenic miRNAs [10] and
the restoration of tumor-suppressing miRNAs
[11, 12] are promising strategies for cancer
treatment. Both strategies have been tested in
clinical trials [13, 14]; however, there are few
reports in the literature of miRNA-mediated
therapies for PDAC.

In a previous study, we found that miR-301a-3p
levels were significantly higher in PDAC tissues
and cell lines than in matched non-tumor tis-
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sues and normal pancreatic ductal cells. The
overexpression of miR-301a-3p in PDAC cells in
vitro enhanced colony formation, invasion, and
migration but not proliferation [15]. The role of
miR-301-3p in chemotherapy has not been
investigated. Therefore, we launched a series
of experiments to study the effects of miR-
301a-3p on gemcitabine resistance in PDAC.

Materials and methods
Cell culture

We obtained human PDAC cell lines (sw1990
and panc-1) from the Department of General
Surgery, Shanghai General Hospital (Shanghai,
China). We propagated both cell lines in
Dulbecco’s modified Eagle medium (Invitrogen,
Carlsbad, CA, USA) supplemented with 10%
fetal bovine serum (Invitrogen) at 37°C in
humidified air with 5% CO..

Development of gemcitabine-resistant sw1990
and panc-1 cells

We serially subcultured sw1990 and panc-1
cells for 5 months in medium containing incre-
mentally increasing concentrations of gem-
citabine. The starting concentrations for the
sw1990 and panc-1 cells were 3 nM and 300
nM, respectively. Thus, we generated resistant
cell lines (sw1990/res and panc-1/res) that
were able to proliferate in the presence of gem-
citabine (8 nM and 600 nM, respectively).

In vitro cytotoxicity tests

We plated sw1990, sw1990/res, panc-1, and
panc-1/res cells in triplicate at a concentration
of 6x10% cells per well in 96-well plates and
maintained the cultures overnight. We prepar-
ed fresh gemcitabine before each experiment.
We determined the sensitivity of the cells to
gemcitabine using the 3-(4,5-dimethylthiazol-
2-yl)-2, 5-diphenyl-tetrazolium bromide (MTT)
assay. We measured the absorbance of each
well at 490 nm (A490) using a spectrophotom-
eter and estimated the concentration of gem-
citabine required for 50% growth inhibition
(IC,,) using relative survival curves. We per-
formed three independent experiments for
each treatment and cell type in triplicate.

Plasmids and cell transfection

We purchased a mimic and an inhibitor of miR-
301-3p along with their corresponding negative
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(nonspecific-oligonucleotide) controls  from
Shanghai GenePharma Co., Ltd. (Shanghai,
China). The miR-301-3p mimic consisted of a
pcDNA3.1 (+) plasmid with the coding sequence
of PTEN inserted into it. The miR-301-3p inhibi-
tor was an siRNA specific for PTEN. We seeded
the sw1990 and panc-1 cells in six-well plates
at 40% confluence 1 day prior to transfection.
We transfected the cells using Invitrogen
Lipofectamine® 2000 (Thermo Fisher Scientific,
Inc.) according to the manufacturer’s protocol.
We confirmed the transfection efficiency by
Western blot.

Reverse-transcription quantitative polymerase
chain reaction (QRT-PCR)

We extracted the total RNA from the cell lines
using Invitrogen TRIzol reagent (Thermo Fisher
Scientific, Inc.). We performed reverse tran-
scription using the PrimeScript™ RT reagent Kit
(Promega, Madison, 21060 WI) according to
the manufacturer’s protocol. We performed
real-time PCR using SYBR Green PCR Master
Mix (Applied Biosystems, Foster City, CA) andan
ABI 7900HT fast real-time PCR system (Applied
Biosystems). We verified the expression of miR-
301-3p by stem-loop qRT-PCR with specific
reverse-transcription and PCR primers. We per-
formed qRT-PCR for PTEN and U6 using condi-
tions described previously [15]. We used the
comparative C. method, AAC, to quantify the
data. Briefly, we calculated AC, by subtracting
the C, of U6 or GAPDH mRNA from that of the
mMRNA of interest and calculated AAC, by sub-
tracting the AC, of the negative control from the
AC, of the samples. We performed the PCRs in
triplicate for each sample.

Western blotting

We harvested sw1990 and panc-1 cells in ice-
cold PBS and lysed them in radioimmunopre-
cipitation assay (PIRA) buffer supplemented
with protease inhibitors. We determined the
protein concentrations using a BCA protein
assay kit (Rockford, IL, USA) and analyzed
equal amounts of proteins by SDS-PAGE (10%
acrylamide gel). The antibodies used for
Western blot were B-actin rabbit antibody
(CPO1, Calbiochem, San Diego, CA) and PTEN
rabbit antibodies (Cell Signal Technology,
Danvers, MA).
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Figure 1. Cytotoxicity of gemcitabine to PDAC cells with altered miR-301a-3p expression. A. The expression of miR-
301a-3p in sw1990 cells transfected with nonspecific-oligonucleotide controls or miR-301a-3p mimic or inhibitor. B.
Survival curves and IC50 values of sw1990 cells transfected with nonspecific-oligonucleotide controls or miR-301a-
3p mimic or inhibitor. C. The expression of miR-301a-3p in panc-1 cells transfected with nonspecific-oligonucleotide
controls or miR-301a-3p mimic or inhibitor. D. Survival curves and IC,, values of panc-1 cells transfected with
nonspecific-oligonucleotide controls or miR-301a-3p mimic or inhibitor. ***P<0.001 versus the control.

Luciferase assays

We seeded ~1x10° panc-1 cells per well in
24-well plates 24 h before transfection. We
transiently co-transfected the panc-1 cells with
~100 ng wild-type or mutant PTEN 3'-UTR psi-
CHECK-2 plasmid (Promega) and 60 pmol miR-
301a-3p mimic, miR-301a-3p inhibitor, or non-
specific-oligonucleotidecontrol using 1.44 yl
Lipofectamine reagent (Invitrogen). We harvest-
ed the cell lysates 48 h after transfection and
measured firefly and Renilla luciferase activi-
ties using the Dual-Luciferase Reporter Assay
System (Promega) and a Berthold AutoLumat
LB9507 rack luminometer. We normalized the
Renilla luciferase activity to the firefly luciferase
activity to control for transfection efficiency.

Xenograft experiments

All mouse experiments were performed accord-
ing to protocols approved by the Shanghai
Medical Experimental Animal Care Commission.
We injected panc-1/res cells (1x10° cells/injec-
tion) subcutaneously into both flanks of 5-week-
old female nude mice. We injected control
miRNA + gemcitabine (20 mg/kg) or miR-301a-
3p inhibitor + gemcitabine intraperitoneally into
the mice every 4 days starting on day 15. We
measured the tumors using calipers and deter-
mined the tumor volume [volume = (lengthx
width?)/2] twice per week. We expressed the
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results as the mean tumor volume and stan-
dard deviation (SD).

Statistics

We analyzed the data using SPSS 13.0. We pre-
sented the tumor volume as the mean + SD of
triplicate experiments. We assessed differenc-
es between groups using Student’s t-tests and
considered P<0.05 to be statistically signifi-
cant.

Results

The intracellular miR-301-3p level affected
sensitivity to gemcitabine in PADC cells

To better understand the relationship between
miR-301-3p and gemcitabine resistance in
PDAC cells, we altered miR-301-3p expression
in sw1990 and panc-1 cells. As shown in Figure
1, transfection with the miR-301-3p mimic and
inhibitor significantly enhanced and inhibited,
respectively, the miR-301-3p expression in the
sw1990 cells (Figure 1A) and panc-1 cells
(Figure 1C). In cytotoxicity assays, the suppres-
sion of miR-301-3p increased the cells’ sensi-
tivity to gemcitabine. The IC, j was 1.625 nM for
the suppressed sw1990 cells and 203.4 nM
for the suppressed panc-1 cells, which was less
than that for the cells transfected with the
respective nonspecific-oligonucleotide con-
trols. In contrast, the overexpression of miR-
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Figure 2. Association of miR-301a-3p expression with resistance to gemcitabine. A. The IC_, value determined by
cytotoxicity assay in sw1990 and sw1990/res cells. B. The representative survival curves for sw1990/res cells
after transfection with miR-301a-3p inhibitor or nonspecific-oligonucleotide control. C. The IC,; value determined
by cytotoxicity assay in panc-1 and panc-1/res cells. D. The representative survival curves for panc-1/res cells after
transfection with miR-301a-3p inhibitor or nonspecific-oligonucleotide control. The expression levels of miR-301a-
3p in parental, resistant, and inhibitor-transfected cells determined by gRT-PCR (right panel). *P<0.05, **P<0.01
and ***P<0.001 versus the control.
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Figure 3. The inhibition of miR-301a-3p increased the chemoresistance of PDAC cells in vivo. A-C. The co-adminis-
tration of miR-301a-3p inhibitor enhanced the inhibitory effects of gemcitabine on tumor growth in vivo. Nude mice
were implanted subcutaneously with panc-1/res cells and received intraperitoneal injections of either control miR-
NA + gemcitabine (20 mg/kg) or miR-301a-3p inhibitor + gemcitabine. Tumor volumes (mean + SD) were obtained
from four mice in each group and plotted. **P<0.01, ***P<0.001 versus the control. D. MiR-301a-3p expression in
tumor tissues was confirmed by qRT-PCR. Data represent the mean + SD. ***P<0.001 versus the control.

301-3p induced resistance to gemcitabine in
both cell types, resulting in IC_ values approxi-
mately two times higher than those in cells
transfected with the nonspecific-oligonucle-
otide controls (Figure 1B, 1D).

Identification of miR-301a-3p associated with
gemcitabine resistance in PDAC cells

The gemcitabine-resistant cell lines were able
to tolerate approximately twice the gemcitabine
concentrations that the parental cell lines were
able to tolerate. The IC,, was 8.058 nM for
sw1990/res and 744.0 nM for panc-1/res com-
pared with 3.731 nM for sw1990 and 358.2
nM for panc-1 (Figure 2A, 2C). The gRT-PCR
results showed that the levels of miR-301a-3p
were strikingly higher in the sw1990/res and
panc-1/res cells compared with those in the
respective parental cells (Figure 2A, 2C). The
inhibition of MiR-301a-3p expression in the
resistant cells resulted in increased sensitivity
to gemcitabine (Figure 2B, 2D).
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The combination of miR-301a-3p inhibitor and
gemcitabine attenuated PDAC tumor formation

Because the miR-301a-3p inhibitor resulted in
increased sensitivity to gemcitabine in PDAC
cells, we reasoned that the inhibitor might
decrease primary tumor formation when admin-
istered with gemcitabine in vivo. We estab-
lished a xenograft mouse model to assess the
effect of miR-301a-3p inhibition on chemore-
sistance in the panc-1/res cells. As shown in
Figure 3A-C, gemcitabine treatment alone did
not inhibit tumor growth in mice with panc-1/
res xenografts, but a combination of miR-301a-
3p inhibitor and gemcitabine significantly inhib-
ited tumor formation and reduced the tumor
weight. The gRT-PCR results revealed moder-
ate to strong downregulation of miR-301a-3p in
the tumors treated with the combination of
miR-301a-3p inhibitor and gemcitabine (Figure
3D). Those results indicated that the inhibition
of miR-301a-3p could significantly augment the
sensitivity to gemcitabine in PDAC cells.

Am J Transl Res 2017;9(4):1886-1895
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Figure 4. PTEN was a direct target of miR-301a-3p in panc-1 cells. (A) Schematic graph of the putative binding
sites of miR-301a-3p in the PTEN 3’UTR. The PTEN mutant had a mutated 3’UTR to prevent miR-301a-3p binding.
(B) Treatment with miR-301a-3p decreased the luciferase reporter activity of the wild-type PTEN 3’UTR (**P<0.01
versus the control) but not that of the mutant PTEN 3'UTR. (C, D) Levels of PTEN mRNA and protein in panc-1 cells
after transfection with nonspecific-oligonucleotide control, miR-301a-3p mimic, or miR-301a-3p inhibitor examined
by qRT-PCR (C) and Western blot (D), *P<0.05 versus the control.

MiR-301a-3p inhibited PTEN expression and
directly targeted the PTEN 3'UTR

To elucidate the underlying mechanism by
which miR-301a-3p induces gemcitabine resis-
tance, we searched for miR-301a-3p targets
using the TargetScan (http://www.targetscan.
org) and miRanda (http://www.microrna.org)
bioinformatics algorithms. The bioinformatics
tools predicted that PTEN was a putative target
of miR-301a-3p based on target sequences at
the PTEN 3’UTR. We cloned the wild-type 3'UTR
sequence of PTEN and a mutated 3'UTR
sequence into a luciferase reporter vector
(Figure 4A). We then performed a luciferase
reporter assay to determine whether miR-
301a-3p can directly regulate the expression of
PTEN in panc-1 cells. The results showed that
the luciferase activity linked with the wild-type
3'UTR of PTEN was repressed in panc-1 cells
transfected with the miR-301a-3p mimic com-
pared with that in control cells (Figure 4B). The
luciferase activity linked with the mutated
3'UTR of PTEN was not suppressed by the miR-
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301a-3p mimic (Figure 4B). The results of qRT-
PCR indicated that the expression level of PTEN
was reduced in the cells transfected with the
miR-301a-3p mimic and elevated in the cells
transfected with the miR-301a-3p inhibitor
(Figure 4C). Similar changes were apparent at
the protein level (Figure 4D).

The effects of miR-301a-3p on gemcitabine
resistance were dependent on PTEN

In order to determine whether the effects of
miR-301a-3p on gemcitabine sensitivity were
dependent on PTEN, we performed rescue
experiments with miR-301a-3p and PTEN in
sw1990 and panc-1 cells. The overexpression
of miR-301a-3p and PTEN blocked the reduc-
tion of the PTEN protein level as well as the
gemcitabine resistance that resulted from
transfection with the miR-301a-3p mimic
(Figure 5A, 5B). Conversely, cotransfection
with miR-301a-3p inhibitor and siPTEN blocked
the augmentation of the PTEN protein level and
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Figure 5. Gemcitabine resistance induced by miR-301a-3p was dependent on PTEN in PDAC cells. Rescue assays
were performed by transfection of sw1990 (A) and panc-1 (B) cells with nonspecific-oligonucleotide control, miR-
301a-3p mimic, PTEN, or a combination of miR-301a-3p mimic and PTEN. Rescue assays were performed by trans-
fection of sw1990 (C) and panc-1 (D) cells with nonspecific-oligonucleotide control, miR-301a-3p inhibitor, siPTEN,

or a combination of miR-301a-3p inhibitor and siPTEN.

gemcitabine sensitivity that resulted from miR-
301a-3p inhibition (Figure 5C, 5D). Taken
together, those results confirmed that miR-
301a-3p plays a critical role in gemcitabine
resistance in PDAC cells by targeting PTEN.
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Discussion
Resistance to gemcitabine represents a clinical

and scientific challenge for patients with PDAC.
Several combinations of gemcitabine and other
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chemotherapeutic regimens without gem-
citabine have been evaluated, but few showed
better results than gemcitabine alone [16-18].
Therefore, understanding and exploring the
underlying mechanisms behind gemcitabine-
related chemoresistance is crucial for further
clinical developments.

The miRNAs that are often expressed aberrant-
ly in cancers, sometimes referred to as onco-
mMiRNAs or tumor-suppressor miRNAs, are
important hallmarks of tumor progression [19,
20]. Previously, several studies reported that
miR-301a-3p is an onco-miRNA in various can-
cers including those of the breast [21], stom-
ach [22], and pancreas [15]. Most of the stud-
ies found that miR-301a-3p could promote the
proliferation, invasion, and migration of cancer
cells and might furthermore be a biomarker for
diagnosis and prognosis. Little is known, how-
ever, about the significance and clinical rele-
vance of miR-301a-3p in regard to chemoresis-
tance. Our findings confirmed that (i) the up
regulation and down regulation of miR-301a-3p
can attenuate and enhance, respectively, the
cytotoxicity of gemcitabine towards human
PDAC cells in vitro and in vivo; (ii) the overex-
pression of miR-301a-3p results in strong gem-
citabine resistance; and (iii) the gemcitabine
resistance induced by miR-301a-3p is depen-
dent on PTEN.

PTEN, a well-known tumor-suppressor gene,
has a suppressive effects on the PI3K/Akt sig-
naling pathway and tumor growth [23, 24]. It
was also reported that PTEN is a powerful and
pleiotropic tumor-suppressor gene that con-
trols many cellular processes such as survival
and proliferation [25] and that the impairment
of the PTEN tumor-suppressor pathway is a
potential causal factor in carcinogenesis.
Several mechanisms could account for PTEN
down regulation, including genomic loss, epi-
genetic silencing, transcriptional repression,
and negative post-transcriptional regulation by
oncogenic miRNAs.

In the last few years, PTEN regulation by miR-
NAs has been studied extensively. For example,
the overexpression of miR-17, miR-21, and miR-
128 was shown to induce a malignant pheno-
type of osteosarcoma via the degradation or
translational repression of target PTEN mRNAs
[26, 27]. MiR-32 could also promote colorectal
cancer-cell proliferation and invasion by down
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regulating PTEN [28]. Our results indicate that
PTEN is a target of miR-301a-3p and can be
inhibited or overexpressed by means of miR-
301a-3p up regulation or down regulation at
both the mRNA and protein levels. Meanwhile,
the overexpression of PTEN in PDAC could
mimic the functions of miR-301a-3p inhibitors
as well as rescue the resistance induced by
miR-301a-3p mimics and vice versa. MiR-
301a-3p up regulation in pancreatic cancer
resulted in PTEN suppression and subsequent
PI3K/Akt constitutive activation, which led to
anti-apoptotic signals caused by the phosphor-
ylation and inactivation of key proteins involved
in proliferation and survival, such as BAD, cas-
pase-9, and forkhead [29]. Akt affects cell pro-
liferation by modulating elements of the cell-
cycle machinery such as cyclin D1 [30]. MiR-
301a-3p modulated gemcitabine chemoresis-
tance by inactivating PTEN, thus causing aber-
rant PI3K/Aktactivation, resulting in the dereg-
ulation of an essential tumor-suppressor
pathway.

The treatment of PDAC cells with gemcitabine
for 5 months greatly increased miR-301a-3p
expression and gemcitabine resistance. The
inhibition ofmiR-301a-3p expression in those
resistant cells sensitized them to gemcitabine,
suggesting a close relationship between miR-
301a-3p up regulation and gemcitabine resis-
tance. Those results suggest that miR-301a-3p
could be used as a biomarker to screen for
patients with pancreatic cancer who would be
sensitive to gemcitabine treatment and, fur-
thermore, that miR-301a-3p inhibitors might be
an effective therapeutic-intervention target for
patients with chemoresistant PDAC in the
future.

In conclusion, the results of our investigation of
gemcitabine-related mechanisms may help to
identify suitable patients for gemcitabine treat-
ment. Novel therapeutic strategies could be
tailored according to biomarkers, such as miR-
301a-3p, to maximize the clinical efficacy of
gemcitabine. In the future, randomized clinical
trials will be essential to evaluate whether miR-
301a-3p can be the signature for patients with
chemorefractive PDAC.
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