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Abstract Pancreatic cancer is a highly lethal disease due to its
rapid dissemination and resistance to conventional chemo
therapy. MicroRNAs (miRNAs) are emerging as novel regu-
lators of chemoresistance, which modulate the expression of
drug resistance-related genes. MiRNA-221 has been reported
to be associated with chemoresistance in various types of can-
cer. But the detailed molecular mechanism about miR-221-3p
regulating 5-fluorouracil (5-FU) resistance in human pancre-
atic cancer remains to be clarified. In this study, we investi-
gated the association between miR-221-3p expression and 5-
FU sensitivity. Studies on pancreatic cancer cell lines sug-
gested an increased 5-FU resistance with miR-221-3p over-
expression. In addition, the results indicated that miR-221-3p
down-regulated RB1 expression by directly binding to its 3'-
UTR and therefore caused increased several aspects of pan-
creatic cancer pathogenesis, including proliferation, migra-
tion, invasion, and epithelial-mesenchymal transition (EMT).
Collectively, our findings revealed the important role of miR-
221-3p in promoting 5-FU resistance of pancreatic cancer
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cells and provided a potential therapeutic target for pancreatic
cancer.
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Introduction

Pancreatic cancer has the poorest survival among all hu-
man cancers, mostly due to its difficulty for early diagno-
sis, local aggression, and rapid progression [1]. To date,
surgery is the primary treatment for long-term survival of
pancreatic cancer patients. However, only approximately
10-20 % of patients with pancreatic cancer are suitable
for surgery at the time of diagnosis because of tumor
invasion and metastasis [2]. Therefore, chemotherapy be-
comes one of the important treatments for pancreatic can-
cer patients. A frequently used chemotherapeutic drug is
5-FU, which can effectively improve quality of life and
increase the long-term survival of pancreatic cancer pa-
tients. Nevertheless, widespread 5-FU drug resistance
leads to the poor prognosis of pancreatic cancer [3, 4].
Therefore, there is a dire need for understanding the drug
resistance mechanisms and discovering potential new tar-
gets for improving therapeutic efficacy of pancreatic can-
cer patients.

It has been found that multiple regulators are involved
in cancer cell chemoresistance, including aberrant gene
expression, mutations, deregulation of key signaling path-
ways, epithelial-mesenchymal transition (EMT), and the
presence of highly resistant cells and stem cells [5].
Each of those mechanisms contributes to drug resistance
of pancreatic cancer from different aspects and suggests
different therapeutic targets.
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Studies show that miRNAs play critical roles in reg-
ulating gene expression by affecting mRNA stability,
translation, and the post-transcriptionally regulation of
target genes [6—9]. The mature miRNAs imperfectly
bind to the 3’ untranslated region (3'UTR) of target
mRNA, causing either degradation of mRNA or inhi-
bition of their translation to functional proteins [10,
11]. A series of recent studies have shown that
miRNAs are associated with a wide range of biological
processes, such as embryonic development, organ for-
mation, and cell proliferation and apoptosis [12].
Besides, miRNAs play important roles in tumorigenesis
and chemo resistance [13—15]. MiR-221 are reported to
be involved in many epithelial cancers, such as glioma,
prostate carcinoma, hepatocellular cancer, lung cancer,
and breast cancer [1, 16-22]. Study also shown that
miR-221 1is significantly up-regulated in pancreatic
cancer cell lines [23]. However, the detailed function,
the mechanism, and the correlation between miR-221-
3p and 5-FU resistance in pancreatic cancer are still
poorly understood.

Moreover, emerging evidence indicated that the ma-
lignant behavior of pancreatic cancer is partly due to
its intrinsic and extrinsic drug resistance characteristics,
which are associated with the acquisition of the EMT
phenotype [24, 25]. The EMT is a process that epithe-
lial cells with a cobblestone phenotype acquire mesen-
chymal cell characteristics with a spindle-shaped fibro-
blast-like morphology. This process involves the disas-
sembly of cell-cell junctions, the down-regulation of
epithelial cell phenotype markers (E-cadherin, zonula
occludens-1), as well as the translocation of (3-catenin
from the cellular membrane to the nucleus, reorganiza-
tion of the actin cytoskeleton, and up-regulation of
mesenchymal cell phenotype markers (vimentin, fibro-
nectin, and N-cadherin) [26]. And the adhesive capacity of
mesenchymal phenotypic cells is reduced in EMT, which
leads to increased cell migration and invasion, resulting in
tumor aggressiveness [27]. Moreover, accumulating evi-
dence indicates the correlation between EMT and drug
resistance [28-30]. However, whether the change of
EMT markers contributes to pancreatic cancer 5-FU re-
sistance was less studied.

In the present study, we identified miR-221-3p as a
key regulator of 5-FU resistance in human pancreatic
cancer cells by targeting RB1 and facilitating several
aspects of pancreatic cancer pathogenesis, including pro-
liferation, invasion, metastasis, drug resistance, and
EMT. Furthermore, the expression of miRNAs and the
specific targets can predict the effectiveness of the che-
motherapy drugs for particular patients, which also im-
plies miR-221-3p can be developed as a new prognostic
marker for chemotherapy of pancreatic cancer.
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Materials and methods
Cell lines and cell culture

The stable human pancreatic cancer PANC-1 cell line and
PATUS8988 cell line were obtained from the Department of
General Surgery, Peking Union Medical College (Beijing,
China), and 293TN cells were obtained from American Type
Culture Collection. The 293TN cell line and PANC-1 cell line
were cultured in Dulbecco’s modified Eagle medium
(Invitrogen, USA), and PATU8988 cell line was cultured in
RPMI-1640 medium (PAA). All media were supplemented
with 10 % fetal bovine serum (FBS; from PAA Laboratories,
USA), 100 U/ml penicillin, and 100 mg/ml streptomycin. All
of the cells were maintained at 37 °C in a humidified atmo-
sphere consisting of 5 % CO,.

Construction and transduction of recombinant lentivirus

Human miR-221-3p expression construct was generated by
insertion of the coding sequence (CDS) of miR-221-3p into
the downstream of CMV promoter in pMIRNA1 to generate
pMIRNAI1-miR-221-3p. The pMIRNAI1 plasmid and
pPACKHI lenti-vector packaging kit were purchased from
SBI (System Biosciences, USA). Recombinant lentiviruses
were produced by transient transfection of HEK293TN cells,
along with package vectors, using Lipofectamine 2000
(Invitrogen). Viral packaging was performed according to
the manufacturer’s instructions. After transfection for 48 h,
virus particles (lenti-miR221-3p and lenti-GFP) were harvest-
ed and concentrated using PEG-it Virus Precipitation Solution
(SBI), and virus titer was determined in 293TN cells using
global ultrarapid lentiviral titer kit (SBI). For gene transduc-
tion into PATU&8988 and PANC-1 cells, the recombinant virus
were added to the culture medium of the cells as MOI = 3~5.

Construction and transfection of expression plasmids

The coding sequence of RB1 were obtained and inserted into
pmiR reporter plasmid. A 500-bp DNA fragment flanking
pre-miR-221-3p was inserted into PcDNA3.1 (+) plasmid.
The plasmid inserted with complementary sequences of
miR-221-3p was used as positive control. The recombinant
expression plasmids were transfected into PATU8988 and
PANC-1 cells using Lipofectamine 2000 (Invitrogen) trans-
fection reagent according to the protocols. The transfection
efficiency was confirmed by RT-PCR.

RNA isolation and quantitative real-time PCR
Total RNA was isolated from pancreatic cancer PANC-1

cell line and PATU8988 cell line using Trizol reagent
(Invitrogen, CA, USA) according to the manufacturer’s
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instructions. RNA was quantified by absorbance at
260 nm, and cDNA was synthesized by M-MLV reverse
transcriptase (Invitrogen) from 2 pg of total RNA.
Oligo (dT) 18 was used as the RT primers for reverse
transcription of mRNA. A stem-loop RT primer was
used for the reverse transcription of miRNA. For
mRNAs, quantitative real-time PCR was carried out in
a Bio-Rad CFX96 real-time PCR System (Bio-Rad, CA,
USA) using SYBR Premix Ex Taq kit (Takara, Dalian,
China) according to the manufacturer’ s instructions.
The PCR conditions were as follows: 95 °C for
1 min, followed by 40 cycles of 95 °C for 30 s,
60 °C for 30 s, 70 °C for 1 min. For mRNAs, the data
were normalized using the endogenous GAPDH control.
For miRNAs, U6 snRNA was used as the endogenous
control.

In vitro cytotoxicity tests

Cell viability (PATU8988 and PANC-1 cell) was identified by
5-FU and gemcitabine assay. 5-Fluorouracil and gemcitabine
were purchased from Eli Lilly and Company (USA). Briefly,
PATUR898S cells were plated (8 x 10° cells/well), and PANC-1
cells were plated (1 x 10* cells/well) in 96-well plates and
incubated overnight to allow cell attachment. Then, 5-FU
(fourfold serial dilution, from 1 X 10° t0 9.54 x 107* pg/ml)/
gemcitabine (twofold serial dilution, from 1.024 x 10* to
1.25 ng/ml) was added and incubated for 72 h.

Cell proliferation assay

2.5 % 10 cells of both PATU8988 and PANC-1 cells were split
into 96-well plates. The cells were treated with or without
10 ul CCK-8 (Dojindo, Japan) for 2 h, followed by a cell
proliferation assay. Proliferation rates were determined at 0,
24, 48, 72, and 96 h after seeding. All experiments were per-
formed at least three times.

Wound healing assay

A wound healing assay was performed to examine the capac-
ity of cell migration. After the PATU8988 and PANC-1 cells
grew to 90-95 % confluence in six-well plates, a single
scratch wound was generated with a 200-pl disposable pipette
tip. The scratch wounds were photographed at 0, 12, 24, and
36 h, with a Nikon inverted microscope with an attached dig-
ital camera, and their widths were quantitated with the ImageJ
software. The data were plotted as the percentage of wound
opening, setting the initial scratch width as 100 %. The results
are presented as the means = SD of triplicate measurements
per condition in three independent experiments.

Cell invasion assay

The invasive behaviors of the cells were tested using a
Matrigel transmembrane invasion assay. Transwell chambers
(Millipore, 8 mm pore size) were coated with Matrigel
(15 mg/filter). Cells (1 % 10* cells/well) were suspended in
serum-free medium and seeded into the upper chamber of
each insert, while the lower chamber contained medium with
10 % FBS. Cells were allowed to invade across the Matrigel-
coated membrane for 24 h at 37 °C in 5 % CO,. After 24 h of
incubation, cells were removed from the upper surface of the
filter by scraping with a cotton swab. The invaded cells that
adhered to the bottom of the membrane were fixed with meth-
anol and stained with the 0.1 % crystal violet and counted. All
experiments were performed at least three times. The number
of cells that penetrated the membrane was determined by
counting the mean cell number of five randomly selected
high-power fields.

Dual luciferase reporter assay

For miRNA target analysis, the 293TN cells were co-
transfected with 0.4 ug of the reporter construct, 0.02 pg of
pRL-TK-Renilla luciferase plasmid (Promega, Madison, WI,
USA), and miR-221-3p over-expression construct or control.
Cells were harvested 48 h post-transfection and assayed with
Dual Luciferase Assay (Promega) according to manufac-
turer’s instructions. All transfection assays were carried out
in triplicates.

Western blotting

For protein isolation from PATU8988 and PANC-1 cells, lysis
buffer supplemented with proteinase inhibitor cocktail was
used. The protein concentration was determined using the
BCA protein assay kit (Bio-Rad, Italy), and cell lysates were
subjected to SDS/PAGE (10 % separation gel) and transferred
onto a PVDF membrane (Millipore, USA). The following
antibodies were used for Western blot: GAPDH Rabbit mAb
antibody (Santa Cruz Biotechnology) and RB1 Rabbit mAb
antibody (Cell Signal Technology, Danvers, MA, USA). We
evaluated the relative expression of protein by Gel-pro
Analyzer.

Statistical analysis

Statistical analyses were performed using IBM SPSS Statistics
(version 22, IBM SPSS Inc., Chicago, IL) or the Graph Pad
Prism 5.0 software package (GraphPad Software, Inc., USA).
Survival curves were generated by Kaplan-Meier analysis and
tested for significance using the Mantel-Cox log rank test
using TCGA pancreatic adenocarcinoma (PAAD) miRNA ex-
pression by RNA seq. The Spearman correlation analysis was

@ Springer



16056

Tumor Biol. (2016) 37:16053-16063

examined by Spearman p test using GEO database
(GSE41368 and GSE41369). Student’s ¢ test (two-tailed)
was performed to analyze data from the experiments in three
triplicates. All data are presented as the means + SD. p values
<0.05 were considered significant, as indicated by the aster-
isks (*p < 0.05, **p < 0.01, ***p < 0.001).

Results

Establishment of S-FU-resistant cell lines
and identification of differentially expressed miRNAs

In order to systematically screen the miRNAs involved in the
induction of 5-FU drug resistance, we created 5-FU-resistant
pancreatic cancer cell lines and examined its response to 5-FU
using MTT assay. IC50 were 2.456 pg/ml for PATU8988 cells
and 51.83 pg/ml for PATU8988/5-FU cells (Fig. 1a). The
resistance of PATU8988/5-FU cells to 5-FU was estimated
to be approximately 25 times higher than that of the parental
cells (Fig. 1b). Further, we investigated the miRNA expres-
sion profile of PATU8988/5-FU and PATU898S cells through
microarray to find the differentially expressed miRNAs. The
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results showed that there were many miRNAs differentially
expressed in PATU8988/5-FU cells compared with
PATUS8988 cells. MiR-221-3p was significantly up-regulated
in the PATU8988/5-FU cells compared with that in
PATUS898S cells with a fold change of 2.8 by RT-PCR analysis
(***p < 0.0001, Fig. 1c). These results led us to speculate that
up-regulation of miR-221-3p may be associated with 5-FU
resistance of pancreatic cancer cells. The resistant cells were
continuously maintained in culture medium containing 5-FU
for the following study.

Association of miR-221-3p expression level with the clinic
pathological significance in pancreatic cancer

To investigate the biological role of miR-221-3p in human
pancreatic cancer, we assessed the prognostic value of miR-
221-3p with the data from GEO database (GSE41369). We
found that miR-221-3p was significantly up-regulated in pan-
creatic cancer tissues compared with their paired normal tis-
sues (p =0.0039, Fig. 1d). We also evaluated the clinical value
of miR-221-3p in 179 pancreatic cancer patients in TCGA
database. According to the TCGA pancreatic adenocarcinoma
(PAAD) miRNA expression by RNA seq, we found that lower
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Fig. 1 Up-regulation of miR-221-3p in PATU8988/5-FU cells and
prognostic value of miR-221-3p in pancreatic cancer patients. a
Representative curves of growth-inhibitory effects in 5-FU-resistant
PATU8988/5-FU and PATU8988 cells. IC50, half-maximal inhibitory
concentration. b Resistant index of PATU8988 and 5-FU-resistant
PATUS8988. ¢ Real-time PCR analysis of miR-221-3p expression
between 5-FU-resistant PATU8988/5-FU cells and its parental
PATU898S cells. d The relative expression of miR-221-3p in pancreatic
cancer tissues compared to their paired normal tissues (n = 9) with the
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data from GEO database (GSE41369) (**p < 0.01). e Kaplan-Meier
overall survival analysis of miR-221-3p expression on the pancreatic
cancer patients (n = 179) from TCGA database. f Kaplan-Meier
relapse-free survival analysis of miR-221-3p expression on the pancreatic
cancer patients (n = 179) from TCGA database. p value was calculated
by log-rank test. All data are presented as the means + SD. Student’s ¢ test
(two-tailed) was performed to analyze data from the experiments in
triplicate. p values <0.05 were considered significant, as indicated by
the asterisks (**p < 0.01, ¥**¥p < 0.001)
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expression of miR-221-3p was correlated with longer overall
survival, while shorter overall survival was associated with
higher expression of miR-221-3p (Fig. le, p = 0.028). The
similar result was found in the correlation analysis of expres-
sion level of miR-221-3p with the relapse-free survival
(Fig. 1f, p = 0.035). These results suggested that higher ex-
pression of miR-221-3p might increase 5-FU resistance and
then reduce therapeutic effect.

Over-expression of miR-221-3p induces resistance to 5-FU
in pancreatic cancer cells

To determine the contribution of miR-221-3p to 5-FU resis-
tance in pancreatic cells, PATU8988 and PANC-1 cells were
infected with lenti miR-221-3p and lenti GFP (as a control),
respectively, and treated with 5-FU. MiR-221-3p was over-
expressed successfully in PATU8988 and PANC-1 cells as
determined by quantitative RT-PCR (Fig. 2a, d). As a result,
miR-221-3p decreased the sensitivity to 5-FU in both PANC-1
and PATU8988 cells compared with the control. IC50 was
evaluated as 4.727 pg/ml for miR-221-3p over-expression

group, 1.804 pg/ml for the control in PANC-1 cells, and
0.6982 vs. 0.1784 pg/ml in PATU8988 cells (Fig. 2b, e).
Thus, the IC50 values of miR-221-3p over-expressed cells
were approximately three times higher than that of the control
cells. Gemcitabine was also one of the most popular chemo-
therapy drugs used in pancreatic cancer treatment, so we also
detected the effect of miR-221-3p on regulating gemcitabine
resistance. We found that IC50 of gemcitabine was evaluated
as 143.4 ng/ml for miR-221-3p over-expression group,
22.09 ng/ml for the control in PANC-1 cells, and 149.8 vs.
32.33 ng/ml in PATU8988 cells (Fig. 2c, f). Thus, the IC50 of
gemcitabine in miR-221-3p over-expressed cells were both
higher than that of the control cells. According to these data,
the expansion of miR-221-3p might have an important role for
the acquisition of 5-FU and gemcitabine resistance.

Over-expression of miR-221-3p promotes proliferation
and migration of pancreatic cancer cells

To explore whether miR-221-3p can regulate the aggressive
characteristics of pancreatic cancer cells, we measured the
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Fig. 2 Over-expression of miR-221-3p induces drug resistance in
pancreatic cancer cells. a Real-time PCR analysis of miR-221-3p
expression in PANC-1 cells after lentivirus infection with lenti GFP
control and lenti miR-221-3p. b Representative curves of growth-
inhibitory effects of 5-FU on PANC-1 cells which were infected with
lenti miR-221-3p and lenti GFP. ¢ Representative curves of growth-
inhibitory effects of gemcitabine on PANC-1 cells which were infected
with lenti miR-221-3p and lenti GFP. d Real-time PCR analysis of the
expression of miR-221-3p in PATU8988 cells after lentivirus infection
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with lenti_GFP control and lenti_miR-221-3p. e Representative curves of
growth-inhibitory effects of 5-FU on PATU898S cells after infecting with
lenti miR-221-3p and lenti GFP. f Representative curves of growth-
inhibitory effects of gemcitabine on PATU8988cells which were
infected with lenti miR-221-3p and lenti GFP. All data are presented
as the means + SD. Student’s ¢ test (two-tailed) was performed to
analyze data from the experiments in triplicate. p values <0.05 were
considered significant, as indicated by the asterisks (*p < 0.05,
**p < 0.01, ***p < 0.001)
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proliferation and migration in PANC-1 cells and PATU8988
cells with miR-221-3p over-expression. The proliferation rate
of pancreatic cells was measured at 0, 24, 48, 72 h and 96 h,
which showed that miR-221-3p promoted the growth of pan-
creatic cancer cell lines PANC-1 and PATU8988(Fig. 3a, b). To
further validate whether pancreatic cancer cells with miR-221-
3p over-expression have enhanced motility, we detected cell
migration using wound-healing assay. Our migration results
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Fig. 3 Over-expression of miR-221-3p promotes pancreatic cancer cell
proliferation and migration. a Proliferation assays by cck-8 at 0, 24, 48,
72 h and 96 h after infecting with lenti miR-221-3p or lenti GFP in
PANC-1 cells. b Proliferation assays by cck-8 at 0, 24, 48, 72 h and
96 h after infecting with lenti miR-221-3p or lenti GFP in PATU8988
cell. ¢ PANC-1 cells were infected with lenti miR-221-3p or lenti GFP
for 36 h and wounds were made. d PATU8988 cells were infected with
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showed that over-expression of miR-221-3p increased cell
migration compared with their control cells in PANC-I cells
and PATU898S cells. We found that miR-221-3p significantly
promoted the migration rate during the closure of a wound
created in a confluent monolayer in PANC-1 cell and
PATUS8988 cell (Fig. 3c, d). The relative ratio of PATU8988
cell wound opening per field at 0, 12, 24, and 36 h is shown
(Fig. 3e, ). Taken together, we demonstrated that miR-221-3p
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lenti_miR-221-3p or lenti GFP for 36 h and wounds were made. Bar,
100 puM. e The relative ratio of PANC-1 cell wound opening per field at 0,
12, 24, and 36 h. f The relative ratio of PATU8988 cell wound opening
per field at 0, 12, 24, and 36 h. All data are presented as the means + SD.
Student’s ¢ test (two-tailed) was performed to analyze data from the
experiments in triplicate. p values <0.05 were considered significant, as
indicated by the asterisks (*p < 0.05, **p < 0.01, **¥p < 0.001)
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promotes proliferation and migration of pancreatic cancer
cells.

Over-expression of miR-221-3p promotes invasion
of pancreatic cancer cells

To further confirm the function of miR-221-3p in pancreatic
cancer cells, we investigated the effects of miR-221-3p on cell
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Fig. 4 Over-expression of miR-221-3p promotes pancreatic cancer cell
invasion and EMT. a PANC-1 cells were infected with lenti miR-221-3p
or lenti GFP for 24 h, and transwell invasion assay was performed. The
representative migrated cells per field are shown. b PATU8988 cells were
infected with lenti miR-221-3p or lenti GFP for 24 h, and transwell
invasion assay was performed. The representative migrated cells per
field are shown. We selected three visual fields for calculating. ¢, d
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invasion, which is an important function for malignant pro-
gression and metastases, using a Matrigel invasion assay. We
used PANC-1 and PATU898S cells with transwell assays for
these experiments. PANC-1 cells exhibited significantly in-
creased cell invasion (3.5-fold) compared with the control
cells at 24 h after seeding the cells transfected with the miR-
221-3p expression (***p < 0.0001, Fig. 4a). PATU8988 cells
with miR-221-3p over-expression also exhibited markedly
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increased cell invasion (4.6-fold) at 24 h after transfection
compared with the control cells (***p < 0.0001, Fig. 4b).
These findings revealed that miR-221-3p was critically in-
volved in invasion characteristics in pancreatic cancer cells.
Altogether, our results demonstrated that miR-221-3p plays an
important role in modulating biological functions of 5-FU
resistance in human pancreatic cancer cells. Over-expression
of miR-221-3p can promote cell proliferation, migration, and
invasion of pancreatic cancer cells.

Over-expression of miR-221-3p promotes EMT molecular
marker changes in pancreatic cancer cells

Recent studies have shown that epithelial-mesenchymal tran-
sition (EMT) is associated with drug resistance and cancer cell
metastasis [25, 31, 24]. Thus, an understanding of the molec-
ular biology of EMT in pancreatic cancer may provide insights
into the mechanisms of tumor proliferation, invasion, and met-
astatic progression and facilitates the development of alterna-
tive therapeutic approaches to improve the treatment outcomes
for patients suffering from pancreatic cancer [32]. To investi-
gate whether miR-221-3p promotes EMT to facilitate drug
resistance of pancreatic cancer cells, we measured the mRNA
levels of EMT markers using RT-PCR in PANC-1 and
PATU8988 cells. We found that epithelial molecule f3-
cadherin and E-cadherin mRNAs were down-regulated, while
the mRNA levels of mesenchymal markers including
Fibronectin, ZEB1, and ZEB2 were up-regulated in PANC-1
cells with over-expression of miR-221-3p (Fig. 4c). And the
similar results were found in PATU8988 cells (Fig. 4d). These
results further suggested that miR-221-3p promoted pancreatic
cancer cells to acquire a mesenchymal phenotype to facilitate
drug resistance.

MiR-221-3p targets RB1 in pancreatic cancer cells

Emerging evidence suggests that the expression of genes is
fundamental to the acquisition of the EMT phenotype, and the
aggressiveness of tumor cell is regulated by miRNAs which
lead to either translational repression or the degradation of
target mRNAs [33, 34]. The putative targets of miR-221-3p
were predicted using target prediction programs, TargetScan,
PicTar, and miRanda. Our analysis revealed that RB1 was a
potential target of miR-221-3p. The 3’-UTR of RB1 mRNA
contains complementary sites for the seed region of miR-221-
3p (Fig. 5a). To determine whether RB1 is a direct target of
miR-221-3p, wild-type 3'-UTR binding site was cloned into
the downstream of firefly luciferase-coding region in pmiR
luciferase reporter vector. The constructs were co-transfected
with miR-221-3p over-expression construct or control into
293TN cells. The relative luciferase activity was reduced to
40 % in miR-221-3p over-expression group (Fig. 5b). To fur-
ther determine whether RB1 was a direct target of miR-221-
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3p, we over-expressed miR-221-3p in the two pancreatic can-
cer cell lines and detected RB1 protein levels. The protein
levels of RB1 were substantially decreased after ectopic
over-expression of miR-221-3p in pancreatic cancer cell lines
PANC-1 and PATU8988 (Fig. 5c¢) as evidenced by western
blot assays (Fig. 5d). Taken together, these findings indicate
that RB1 can be negatively regulated by miR-221-3p, and
miR-221-3p modulates 5-FU resistance in human pancreatic
cancer cells by targeting RB1.

Then, the Spearman correlation analysis using GEO data-
base (GSE41368 and GSE41369) was applied to compare the
relative expression levels of RB1 and miR-221-3p in the pan-
creatic cancer specimens. We obtained a statistically signifi-
cant inverse correlation (R* = 0.0955, p = 0.032) in pancreatic
cancer tissues (Fig. 5e). These data suggested that miR-221-
3p expression was inversely correlated with RB1, and RB1
was a direct target of miR-221-3p in pancreatic cancer.

Discussion

Pancreatic cancer is the fourth leading cause of cancer death in
the USA. In addition, 80-85 % of patients diagnosed with
pancreatic cancer are in the terminal period. Therefore, che-
motherapy becomes one of the important treatments for pa-
tients with pancreatic cancer. Recently, a lot of researches
focused on the gemcitabine drug resistance in pancreatic can-
cer; however, 5-FU as the earliest pancreatic cancer chemo-
therapy drug which is frequently used in the treatment of pan-
creatic cancer was less studied. As 5-FU primary and second-
ary resistance phenomenon is widespread and becomes one of
the important factors affecting the effect of chemotherapy, so
whether or not we can predict the effectiveness of the chemo-
therapy drugs for particular patients, make individualized che-
motherapy come true, and reverse chemotherapy drug resis-
tance is the core issue of the current research on pancreatic
cancer chemotherapy.

Many studies have found that various factors are involved
in the chemosensitivity of cancer cell, and miRNAs have been
extensively studied in recent years. Presently, about 28,645
human miRNAs have been annotated in the miRBase data-
base [35], and many of them are correlated with cancer
chemoresistance [36, 37]. MiRNAs are a group of regulators
which modulated target gene expression and involved in a
wide range of biological processes [38—41]. In addition, nu-
merous studies on miRNAs have indicated that miRNAs can
function as oncogenes or tumor suppressor genes and partic-
ipate in the development and progression of different tumors
[42]. In our study, we created 5-FU-resistant pancreatic cancer
cell lines and analyzed the expression profile of miRNAs
using miRNA microarray, and we found that miR-221-3p
was significantly up-regulated in the PATU8988/5-FU cells
compared with that in the PATU8988 cells. Studies show that
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Fig. 5 RBI is verified as a direct target of miR-221-3p in pancreatic
cancer cells lines. a The prediction of the binding between miR-221-3p
and RBI1 by Pictar. b Relative luciferase activity of the indicated RB1
reporter constructs in 293TN cells. Error bars presented standard
deviation obtained from three independent experiments. ¢ Real-time
PCR analysis of the expression of miR-221-3p in PANC-1 and
PATUB8988 cells after lentivirus infection with lenti GFP control and
lenti_miR-221-3p. d Western blot analysis of RB1 protein in PANC-1

miR-221-3p plays critical roles in varieties of cell types, such
as hematopoietic cells, endothelial cells, and tumor cells
[43-46]. A series of reports pointed out that miR-221-3p is
involved in the malignant behavior of the cancer, including
proliferation, apoptosis, invasion, metastasis, and
chemoresistance [47-49] and plays as an oncogenic
microRNA in prostate cancer [S0-52]. Similar with the pre-
cious study, we demonstrated that miR-221-3p played an im-
portant role in regulating 5-FU resistance in pancreatic cancer.

Recently, emerging evidence show that miR-221-3p has
been found to play important roles in the acquisition of the
EMT phenotype in cancer cells, like miR-221/221 targets
ADIPORI1 to promote the EMT in breast cancer [53].
Moreover, it has become increasingly clear that the EMT
plays an important role in the progression of cancer and is also
responsible for the resistance of cancer cells to conventional
chemotherapeutics. Such as, EMT may account for the move-
ment of cells from a primary tumor into the circulation, sug-
gesting that EMT is important in forming initial metastases
[54]. Our current study demonstrated that miR-221-3p pro-
moted cell proliferation, migration, and invasion and resulted
in the acquisition of the EMT phenotype by up-regulation of
mesenchymal cell markers (ZEB1, ZEB2, and fibronectin)

and PATUS8988 cells after miR-221-3p over-expression. e The inverse
correlation of RB1 and miR-221 expression levels was examined by
Spearman correlation analysis using GEO database (GSE41368 and
GSE41369) (R2 = 0.0955, p = 0.032). All data are presented as the
means + SD. Student’s ¢ test (two-tailed) was performed to analyze data
from the experiments in triplicate. p values <0.05 were considered
significant, as indicated by the asterisks (*p < 0.05, **p < 0.01,
*#kp < 0.001)

and down-regulation of an epithelial cell marker (3-cadherin,
E-cadherin) in both PANC-1 cells and PATU8988 cells. Thus,
miR-221-3p may promote the acquisition of the EMT pheno-
type, which will result in drug resistance in the treatment of
pancreatic cancer disease.

Further investigation into the mechanism revealed that
miR-221-3p modulates 5-FU resistance in human pancreatic
cancer cells by targeting RB1. As we know, RB1 is a tumor
suppressor protein that is dysfunctional in several major can-
cers [55]. Precious studies show that RB1 can prevent exces-
sive cell growth by inhibiting cell cycle progression [56], also
participates in the regulation of apoptosis, which partly ac-
counts for cancer development and chemotherapy resistance
[57]. In our present study, we demonstrate that miR-221-3p
directly targeted the 3'-UTR of RB1 mRNA and repressed its
expression, lead to drug resistance in pancreatic cancer.

Taken together, miR-221-3p has been considered to be im-
portant in human pancreatic cancer. In the current study, a
growing body of literature strongly suggests that over-
expression of miR-221-3p can promote the processes of cell
proliferation, migration, invasion, EMT, and promote resis-
tance to 5-FU in pancreatic cancer cells. We have further dem-
onstrated that miR-221-3p may represent a novel therapeutic
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by targeting RB1, and which is likely to have a significant
therapeutic impact on human pancreatic cancer.
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