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miR-21 expression in cancer tissue has been reported to be associated with the clinical out-
come and activity of gemcitabine in pancreatic cancer. However, resection is possible in
only a minority of patients due to the advanced stages often present at the time of diagno-
sis, and safely obtaining sufficient quantities of pancreatic tumor tissue for molecular anal-
ysis is difficult at the unresectable stages. In this study, we investigated whether the serum
level of miR-21 could be used as a predictor of chemosensitivity. We tested the levels of se-
rum miR-21 in a cohort of 177 cases of advanced pancreatic cancer who received
gemcitabine-based palliative chemotherapy. We found that a high level of miR-21 in the
serum was significantly correlated with a shortened time-to-progression (TTP) and a lower
overall survival (OS). The serum miR-21 level was an independent prognostic factor for
both the TTP and the OS (HR 1.920; 95% CI, 1.274—2.903, p = 0.002 for TTP and HR 1.705;
95% CI, 1.147—2.535, p = 0.008 for OS). The results from a functional study showed that
gemcitabine exposure down-regulated miR-21 expression and up-regulated FasL expres-
sion. The increased FasL expression following gemcitabine treatment induced cancer cell
apoptosis, whereas the ectopic expression of miR-21 partially protected the cancer cells
from gemcitabine-induced apoptosis. Additionally, we confirmed that FasL was a direct
target of miR-21. Therefore, the serum level of miR-21 may serve as a predictor of chemo-
sensitivity in advanced pancreatic cancer. Additionally, we identified a new mechanism of
chemoresistance mediated by the effects of miR-21 on the FasL/Fas pathway.
© 2012 Federation of European Biochemical Societies.
Published by Elsevier B.V. All rights reserved.
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1. Introduction

Pancreatic cancer is the fourth leading cause of cancer-related
death and has an overall 5-year survival rate of less than 5%
(Siegeletal.,2012). Surgical resectionrepresents the only curative
treatment option, butmore than 80% of patients are diagnosed at
late,inoperablestages (Lietal.,2004). Despite advancesinclinical
management, thehigh mortalityrate of pancreatic cancer, which
is almost equal to its incidence, remains largely unchanged
(Siegeletal., 2012). Therefore, a greatneed exists for novel targets
for the diagnosis and therapy of pancreatic cancer.

Gemcitabine has been approved as a first line of treatment
for locally advanced and metastatic pancreatic cancer (Burris
etal., 1997). However, most pancreatic cancer patients treated
with gemcitabine do not have an objective response to treat-
ment, and only a minority of patients obtain a stabilization
of the disease or partial response to treatment (Burris et al.,
1997). The mechanisms regulating pancreatic cancer cell
growth and resistance to chemotherapy are poorly under-
stood. In recent years, considerable interest has been placed
in understanding the role of microRNAs in cancer. MicroRNAs
(miRNAs) are a class of small, non-coding, ~22-nt RNA mole-
cules with functions in the post-transcriptional regulation of
gene expression. These molecules have been shown to bind
to partially complementary sequences in mRNAs and down-
regulate protein expression by targeting the mRNAs for degra-
dation and/or inhibiting mRNA translation (Kim et al., 2009).
Growing evidence suggests that aberrant miRNA expression
contributes to the development and progression of pancreatic
cancer (Bloomston et al, 2007; Mardin and Mees, 2009;
Szafranska et al., 2007). In addition, at present, the most prom-
ising applications of miRNAs may be for the prognosis predic-
tion and response modification for anti-tumor therapies in
cancer (Hummel et al., 2010). For example, miR-93 (Fu et al.,
2012), miR-203 (Li et al,, 2011) and miR-200 (Lee et al., 2011)
have been shown to be strongly associated with the response
to cisplatin chemoresistance. The miRNA expression signa-
ture is correlated with the time to progression after chemo-
therapy (Kim et al., 2011). In addition, several miRNAs have
been shown to influence the sensitivity of cancer cells to che-
motherapy. Inhibiting endogenous miR-140 expression with
a locked nucleic acid-modified anti-miRNA partially sensi-
tized chemotherapy-resistant colon cancer cells to 5-FU treat-
ment (Song et al., 2009), whereas the restoration of miR-128
expression sensitized breast cancer cells to the proapoptotic
and DNA-damaging effects of doxorubicin (Zhu et al., 2011).

The expression of miR-21 has been shown to be involved in
the progression of several types of cancers (Yang et al., 2011,
Kwak et al, 2011), including pancreatic cancer (Bloomston
et al., 2007; Szafranska et al., 2007; Nagao et al., 2011), and the
up-regulation of miR-21 expression has been shown to correlate
with a lower cancer survival rate (Jamieson et al., 2011; Dillhoff
etal., 2008). Recent studies also demonstrated that miR-21 mod-
ulates the chemosensitivity of cancer cells primarily by target-
ing PTEN or PDCD4 (Ali et al.,, 2010; Moriyama et al., 2009;
Giovannetti et al., 2010; Tomimaru et al., 2010). In addition, can-
cer tissue miR-21 has been shown to be useful as a biomarker for
chemoresistance and clinical outcome following adjuvant ther-
apy in resectable pancreatic cancer (Hwang et al., 2010).

Because no clinical means of predicting whether patients
will benefit from gemcitabine treatment in advanced/inopera-
ble pancreatic cancer exist, in this study, we investigate
whether the serum level of miR-21 can be used as a predictor
of chemosensitivity in advanced pancreatic cancer. In addi-
tion, we explore the effects of miR-21 expression on gemcita-
bine sensitivity in pancreatic cancer cells and identify the
target gene involved in miR-21-mediated chemoresistance.

2. Materials and methods
2.1. Patient characteristics and clinical features

This study included two cohorts of patients. In cohort 1, hu-
man pancreatic cancer samples were collected from 65 pa-
tients after surgical resection at the Huashan Hospital,
Fudan University, Shanghai, China, from January 2003 to
December 2005. All of the patients underwent a macroscopic
curative resection. The resected primary tumors and lymph
nodes were histologically examined with hematoxylin and eo-
sin staining using the tumor-node-metastasis classification
system. Histologically, all of the tumors were classified as in-
vasive ductal adenocarcinomas. None of the patients had re-
ceived neoadjuvant radiochemotherapy. Freshly frozen and/
or formalin-fixed paraffin-embedded (FFPE) samples were ob-
tained for the miR-21 expression analysis. The characteristics
of the patients in cohort 1 are shown in Supplementary Table
1. In cohort 2, a total of 177 patients with pathologically con-
firmed locally advanced or metastatic pancreatic adenocarci-
noma were retrospectively recruited between January 2009
and December 2010 from the Fudan University Shanghai Can-
cer Center, Shanghai, China. The criteria for locally advanced
disease included tumor invasion to the celiac trunk or supe-
rior mesenteric artery, or both, which corresponded to clinical
stage III according to the International Union Against Cancer
(6th edition). Standard radiological studies included
contrast-enhanced abdominal CT, magnetic resonance imag-
ing (MRI) and/or MR-cholangiopancreaticography (MRCP). All
of the patients received gemcitabine-based palliative chemo-
therapy. The characteristics of the patients in cohort 2 are
shown in Supplementary Table 2. Each participant donated
5 ml of venous blood before initiating chemotherapy. The
blood was collected in tubes with an EDTA anticoagulant
and was separated into the serum and cellular fractions
within 4 h after the sample collection. The serum was then
stored immediately at —80 °C until analysis. This study was
approved by the Ethics Committee of Fudan University Shang-
hai Cancer Center, Shanghai, China, and written informed
consent was obtained from each participant, in accordance
with the institutional guidelines of our hospital.

2.2. Cell lines and mice

The human pancreatic cancer cell lines PANC-1 and BxPC3
were obtained from the American Type Culture Collection
and grown in complete growth medium according to the rec-
ommendations of the supplier. The two cultured cell lines
were maintained in a humidified 5% CO, atmosphere at


http://dx.doi.org/10.1016/j.molonc.2012.10.011
http://dx.doi.org/10.1016/j.molonc.2012.10.011
http://dx.doi.org/10.1016/j.molonc.2012.10.011

336 MOLECULAR ONCOLOGY 7 (2013) 334—345

37 °C. Both the cell lines were regularly authenticated by ex-
amining their morphology and testing for the absence of my-
coplasma contamination (MycoAlert, Lonza, Rockland, ME,
USA). Four to 6-week-old female BALB/c-nu/nu nude mice
were obtained from the Shanghai Institute of Materia Medica,
Chinese Academy of Sciences (Shanghai, China) and housed
in laminar flow cabinets under specific pathogen-free condi-
tions with food and water ad libitum. All of the mouse experi-
ments were conducted in accordance with the guidelines of
the NIH for the care and use of laboratory animals. The study
protocol was also approved by the Committee on the Use of
Live Animals in Teaching and Research, Fudan University,
Shanghai, China.

2.3. RNA isolation

For the freshly frozen tissue samples or cell lines, total RNA was
extracted using TRIzol® Reagent (Invitrogen, San Diego, CA), and
the small-sized RNAs were isolated using a mirVana miRNA Iso-
lation Kit (Ambion, Inc.), both according to the manufacturers’
instructions. FortheFFPEsamples, thetotal RNAwasisolated us-
ing a RecoverAll Total Nucleic Acid Isolation Kit (Ambion)
according to the manufacturer’s instructions. For the serum
microRNA isolation, 5 ml of whole blood was obtained from
each patient. The plasma was extracted from the serum by
centrifuging the whole blood at 3000 rpm for 10 min followed
bya15-minhigh-speed centrifugationat12,000 x gtocompletely
remove the cellular debris. The supernatant from the serum was
then frozen in separate aliquots at —80 °C. Total RNA was
extracted from 500 ul of serum using a mirVana PARIS Kit
(Ambion, Inc.) according to the manufacturer’s instructions for
enrichment procedure for small RNAs. To allow for normaliza-
tion of sample-to-sample variation in RNA isolation, synthetic
Caenorhabditis elegans miRNA cel-miR-54 (purchased as a custom
RNA oligonucleotide from Qiagen) was added (50 pmol/lina 5-pul
total volume) to each denatured sample. The use of cel-miR-54
has previously been shown not to affect the detection of human
miRNAs (Arroyo etal., 2011).

2.4. qRT-PCR assays

Real-time PCR measurements with specific TagMan primers
for miR-21 were performed to determine the mean Cr value
for each sample. Briefly, 2 ul aliquot of enriched small RNAs
from plasma samples were reverse transcribed using the Tag-
Man MicroRNA Reverse Transcription Kit (Applied Biosys-
tems, San Diego, CA) according to manufacturer’s protocol.
Then 2 ul of the cDNA solution was used as template for the
PCR stage. PCR reaction was performed using 10 pl TagMan
Universal Master Mix (2x) (Applied Biosystems, USA), 1 ul
gene-specific primers/probe, and nuclease-free H,0 in a final
volume of 20 pl. No-template controls for both RT step and
PCR step were included to ensure target specific amplification.
Quantitative PCR was run on a 7500 HT quantitative PCR ma-
chine (Applied Biosystems, USA). The TagMan primers for
miR-21 and U6 are shown in Supplementary Table 4. The Ct
values of the different samples were compared using the
AACT method as described previously (Giovannetti et al.,
2010). U6 RNA served as an internal reference for the tissues
and cell lines, and the synthetic cel-miR-54 was used as

a control for the serum miR-21 expression. Semi-
quantitative real-time RT-PCR using SYBR Green [ was per-
formed to compare the relative expression levels of specific

mRNAs as described previously (Lekanne Deprez et al., 2002).
2.5. Oligonucleotide transfection

For these experiments, miRNA duplexes corresponding to the
miR-21 sequence were designed as previously described (Lim
et al., 2005). The control RNA duplexes (termed NC for “nega-
tive control”) for the miRNA mimics and the small-interfering
RNAs (siRNAs) were not homologous to any known human
gene sequence. The siRNAs were designed to target the hu-
man FasL transcript (GenBank Access No. NM_000639). For
the in vivo tumorigenicity assay, all of the pyrimidine nucleo-
tides in the NC or miR-21 duplex were replaced by the corre-
sponding 2’-O-methyl analogs to improve RNA stability as
previously described (Su et al., 2009). All of the RNA oligoribo-
nucleotides were purchased from Genepharma (Shanghai,
China). The sequences were as follows: miR-21 mimics, 5'-
UAGCUUAUCAGACUGAUGUUGA-3 and 5-AACAUCAGUCU-
GAUAAGCUAUU-3'; NC, 5'-UUCUCCGAACGUGUCACGUTT-3
and 5-ACGUGACACGUUCGGAGAATT-3; FasL siRNA, 5'-
GGTGGCCTTGTGATCAATGAAACT-3' (sense); anti-miR-21 (an
inhibitor of miR-21), 5-UCAACAUCAGUCUGAUAAGCUA-3;
anti-miR-C (used as a negative control for anti-miR-21 in the
antagonism experiment), 5-GUGGAUAUUGUUGCCAUCA-3'.
The oligonucleotide transfection was performed with the Lip-
ofectamine 2000 reagent (Invitrogen). Fifty nanomoles per liter
of the RNA duplex were used for each transfection.

2.6. Vector constructs

To generate the FasL expression vector, the open reading frame
of the human FasL gene was amplified and cloned into the
pcDNA3.0 vector. Luciferase constructs were generated by ligat-
ingoligonucleotidescontainingthe wild-type ormutantputative
targetsiteoftheFasL3'UTRintothePsi-CHECK2vector (Promega)
downstream of a luciferase gene. HEK293 or PANC-1 cells were
cotransfected with 80 ng of the luciferase reporter plasmid,
40 ng of the pRL-TK-Renilla-luciferase plasmid (Promega, Madi-
son, WI), and the indicated RNAs at a final concentration of
20 nM. Twenty-four hours after the transfection, the firefly and
Renilla luciferase activities were measured using the Dual-
Luciferase Reporter Assay (Promega). Transfections were done
in duplicate and repeated in three independent experiments.

2.7. Cell viability assays

To assess the chemosensitivity to gemcitabine treatment, the
oligonucleotide-transfected cells were plated onto a 96-well
plate (5000 cells/well) and incubated overnight under normal
culture conditions. Then the cells were incubated with various
concentrations of gemcitabine (2.5, 5, 10, or 20 nM for the
PANC-1 cells and 5, 10, 20, or 40 nM for the BxPC3 cells). After
72 h of treatment, the cells were subjected to the CCK-8 assay.
The number of viable cells was determined with a Cell Count-
ing Kit (Dojindo Molecular Technologies, Inc., Gaithersburg,
MD), which counted the number of living cells using WST-8.
The absorbance was determined at 490 nm.
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2.8.  Apoptosis assay

The level of apoptotic cell death was determined by Annexin V
and/or PIstainingusing an Annexin V-FITCKit (BD Pharmingen,
San Diego, CA). The cells were analyzed by flow cytometry to de-
termine the percentage of cellsundergoingapoptosis and necro-
sis among the cells treated with gemcitabine. The apoptosis
assay was conducted using the protocol supplied by the manu-
facturer (BioVisionInc.). Briefly, the cells were trypsinized gently
and resuspended in 500 pl of 1x binding buffer. Then, the cells
were treated with 5 ul of Annexin V-FITC and 5 ul of PI. Afterincu-
bation for 10 min in the dark, each sample was analyzed imme-
diately using a FACSCalibur flow cytometer (Becton Dickinson).
Approximately 15,000 cells were detected for each sample.
Data analysis was performed using the Cell Quest software,
and the data were expressed as the percentage of apoptoticcells.

2.9. Western blot analysis

Western blotting was performed according to our previous re-
port (Wang et al.,, 2009). Briefly, the cellular proteins were
extracted from the cultured cells and quantitated using a bicin-
choninic acid (BCA) assay kit (Pierce, Rockford, IL, USA) with
BSA as a standard. Equal amounts of protein from the various
cells were separated on a 10% SDS—PAGE gel and transferred to
a nitrocellulose membrane (Bio-Rad). The membrane was
blocked with 5% non-fat milk and subsequently incubated
with primary antibodies. The target proteins were detected us-
inganenhanced chemiluminescence (ECL) kit (Amersham Phar-
macia Biotech, Uppsala, Sweden) and anti-FasL (Epitomics) and
anti-GAPDH (ProteinTech Group, Inc., Chicago, IL) antibodies.

2.10. Tumorigenicity assays in nude mice and
gemcitabine administration

PANC-1 cells transfected with NC or miR-21 (2 x 10° cells in
200 pl) were injected s.c. into the right axillas of individual
BALB/c-nu/nu nude mice. When the tumor sizes reached
5 mm in diameter, the mice with the NC- or miR-21-
transfected cells were randomly divided into two groups.
One group received gemcitabine treatment (120 mg/kg, i.p.,
di1, 5,9, and 13), and the other group received an equal volume
of normal saline as a control. Tumor growth was then exam-
ined daily for the following 4 weeks. The length and width of
the tumors (in millimeters) were measured weekly with cali-
pers. The tumor volume was calculated by the formula
(a x b?) x 0.5, where a and b were the long and short dimen-
sions, respectively. The mice were sacrificed 4 weeks later,
and the tumors were subsequently removed and weighed.
Each group contained at least six mice.

2.11. Statistical analyses

ANOVA and Student’s t-test were used to analyze the results,
which were expressed as the mean =+ SD. The chi-squared test
was used to analyze the associations between miR-21 expres-
sion and the clinical-pathological parameters. For cohort 1,
the overall survival (OS) was defined as the interval between
the date of surgery and death. For cohort 2, the overall survival
(OS) was defined as the interval between the date of a definitive

diagnosis and death. The TTP was defined as the time from the
start of chemotherapy to the first report of progression. For the
patients who had not experienced a progression at the time of
death or last follow-up, the TTP was censored at the date of
death or the last follow-up (Meng et al., 2012). The Kaplan—Me-
ier method was used to compare the TTP and OS between pa-
tients in different groups, and the log-rank test was used to
estimate the differences in survival. Univariate and multivari-
ate analyses based on the Cox proportional hazards regression
model were performed using the SPSS 15.0 software (SPSS, Inc.).
A p value < 0.05 was considered to be statistically significant.

3. Results

3.1. miR-21 expression is up-regulated in pancreatic
cancer tissues and associated with a poor prognosis

Recently, miR-21 expression was found to be up-regulated
in pancreatic cancer tissue (Giovannetti et al., 2010). There-
fore, we first examined the miR-21 expression level in 10
paired pancreatic cancer samples by TagMan real-time
RT-PCR. The results showed that miR-21 expression was
significantly higher in the cancerous tissues compared
with the corresponding non-cancerous tissues (p < 0.001;
Figure 1A). To substantiate the significance of the miR-21
expression pattern in pancreatic cancer progression, we
detected the expression of miR-21 in 65 resectable PDAC
patients. The median miR-21 expression level of the 65
cases was chosen as the cut-off point for separating the
miR-21 low-expression tumors (n = 33) from miR-21 high-
expression tumors (n = 32). A Kaplan—Meier analysis
revealed that the median survival of the patients with
a high miR-21 expression level was 12.0 months compared
with a median survival of 32.0 months in the patients with
a low miR-21 expression level (log rank = 8.590, p = 0.003;
Figure 1B). Collectively, these data suggest that the up-
regulation of miR-21 may contribute to the development
of pancreatic cancer, and a high expression level of miR-
21 is associated with a poor prognosis.

3.2. A high level of serum miR-21 is associated with
a poor response to gemcitabine treatment in patients with
advanced pancreatic cancer

Testing the miRNA levels in pancreatic cancer tissues is not
a viable option for patients with an advanced disease because
of the inherent difficulties in obtaining pancreatic tumor tis-
sue. Therefore, we hypothesized that the level of miR-21 in
the serum could be used as a predictor of the chemosensitivity
of advanced cases of pancreatic cancer toward palliative che-
motherapy. To test this hypothesis, we examined the correla-
tion between the serum level of miR-21 and the cellular
response to gemcitabine-based chemotherapy. The levels of
miR-21 in a large cohort of 177 cases of advanced-stage pan-
creatic cancer who received gemcitabine-based palliative che-
motherapy were examined by TagMan real-time PCR. The
characteristics of the 177 cases are shown in Supplementary
Table 2. The median expression level of miR-21 of all of the
samples was chosen as the cut-off point for separating the
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Figure 1 — miR-21 expression is up-regulated in cancer tissue and correlates with shorter survival in patients with PDAC. (A) A comparison of

miR-21 expression levels in 10 paired pancreatic cancer and adjacent non-cancer tissues by TagMan real-time PCR. The U6 RNA served as

internal control. Statistical significance was calculated using Student’s #-test. (B) A Kaplan—Meier survival analysis of the PDAC patients grouped

according to the expression level of miR-21 in the cancer tissue. Mature miR-21 expression was analyzed by TagMan real-time qPCR, and the

median miR-21 expression level of the 65 cases was chosen as the cut-off point for separating the miR-21 low-expression tumors (n = 33) from

miR-21 high-expression tumors (n = 32). The p-value was determined using the log-rank test.

tumors from patients with a low level of serum miR-21 from
the tumors from patients with a high level of serum miR-21.
A Kaplan—Meier analysis revealed that the time to progres-
sion (TTP) after gemcitabine treatment in the patients with
a low miR-21 expression level was 161 days, whereas the
TTP in patients with a high miR-21 expression level was 80
days (log rank = 13.620, p < 0.001; Figure 2A). Similarly, a low
level of serum miR-21 was significantly correlated with a lon-
ger overall survival (OS) in patients who received gemcitabine-
based palliative chemotherapy (348 days for a low miR-21 level
and 186 days for a high miR-21 level; log rank = 9.981,
p = 0.002, Figure 2B). To examine whether the serum miR-21
level was associated with specific stages of the disease, the pa-
tients were classified according to the TNM staging. Of the 177
patients with advanced pancreatic cancer, the serum miR-21
levels were significantly higher in the stage IV patients com-
pared with the stage III patients ( p = 0.008; Figure 2C). Because
tumor stage affects prognosis (Figure 2D) and to exclude con-
founding effects, we then performed a Cox proportional haz-
ards regression analysis. A multivariate analysis confirmed
that the serum miR-21 level was an independent prognostic
factor for both the TTP and OS (HR 1.920; 95% CI,
1.274-2.903, p = 0.002 for TTP; and HR 1.705; 95% CI,
1.147—-2.535, p = 0.008 for OS; Table 1). In both stage III and
stage IV patients, a high level of miR-21 in the serum was as-
sociated with a shortened TTP and OS (Figure 2E—F and
Supplementary Table 3). Taken together, these results suggest
that the serum level of miR-21 can be used to predict the re-
sponse of pancreatic cancer to gemcitabine treatment in pa-
tients with advanced stages of the disease.

3.3.  The up-regulation of miR-21 is associated with
a decreased chemosensitivity to gemcitabine treatment due
to an enhanced resistance to gemcitabine-induced apoptosis

To determine the effects of miR-21 overexpression on the sensi-
tivity of cancer cellsto gemcitabine treatment, pancreatic cancer
cells were transfected with miR-21 mimics to increase miR-21
expression (Supplementary Figure 1). The transfected cells
were then treated with increasing concentrations of

gemcitabine, and cell growth was measured by the CCK-8 assay
72 h later. As shown in Figure 3A, the growth of the cells trans-
fected with the control mimics (NC) was manifestly inhibited
by gemcitabine treatment while theinhibitory effect of gemcita-
bine was significantly reduced in the miR-21-transfected PANC-
1and BxPC3 cells. To confirm the role of miR-21 in chemoresist-
ance, we examined whether theinhibition of miR-21 expression
correlated with an enhanced sensitivity to gemcitabine treat-
ment. PANC-1 and BxPC3 cells were transfected with an anti-
miR-21 inhibitor to decrease the miR-21 levels (Supplementary
Figure 1) and then challenged with increasing concentrations
of gemcitabine for 72 h. As shown in Figure 3B, the down-
regulation of miR-21 expression rendered the pancreatic cancer
cells more susceptible to the cytotoxic effects of gemcitabine
treatment than the cells treated with a control inhibitor. With
the use of Annexin V/PI double staining and flow cytometry,
we also found that cells transfected with miR-21 mimics
exhibited lower levels of apoptosis upon gemcitabine treatment
compared with the cells transfected with control mimics
(Figure 3C). Additionally, an increase in the level of
gemcitabine-induced cellular apoptosis was observed in a loss-
of-function study that used an anti-miR-21 inhibitor to signifi-
cantly decrease endogenous miR-21 expression (Figure 3C). We
also performed an in vivo study to evaluate the effects of miR-
21 on the resistance to gemcitabine treatment. NC- and miR-
21-transfected PANC-1 cells were injected s.c. into theright axil-
las of nude mice, and the tumor-bearing mice were treated with
gemcitabine. We found that compared with the NC-transfected
cells, enhanced expression of miR-21 significantly decreased
gemcitabine-induced tumor growth inhibition (Figure 3D).
Taken together, these data indicate that increased expression
of miR-21renders pancreatic cancer cellsmoreresistant to gem-
citabine treatment.

3.4. FasL is a direct target of miR-21 in pancreatic cancer

Next, we attempted to identify the relevant target mRNA of
miR-21. Using both TargetScan (http://www.targetscan.org)
and Sanger (http://microrna.sanger.ac.uk) database searches,
we found that the 3'UTRs of FasL mRNAs contain conserved


http://www.targetscan.org
http://microrna.sanger.ac.uk
http://dx.doi.org/10.1016/j.molonc.2012.10.011
http://dx.doi.org/10.1016/j.molonc.2012.10.011
http://dx.doi.org/10.1016/j.molonc.2012.10.011

MOLECULAR

ONCOLOGY 7 (2013) 334-345

339

A == miR-21 high (n=89) B
a 1.0 1.0
E . == miR-21 low (n=88)
< 0.8 o =038
g0 v 9o
S £ 0.6 2 E 06
5g &g
g 004 2 g 04
a. [-%
§ =02 — miR-21 low (n=88) §=o2 221 hich
55 0.0 == miR-21 high (n=89)
| [ [ [ I [ [ [ | I | |
O 100 200 300 400 500 600 0 200 400 600 800
Time (days) Time (days)
c _ P=.008 E . . _ F
2 10000 . a 10 " miR-21high (n=28) 10— — miR-21 high (n=61)
2 1000 v E< E-— '
= 100 7S a4 o O 08— c 0.8—
o >E ]
& 10 ‘A‘.A,:“.h., = 0.6— s £ 06—
E 1 “aaes S £ o4 52 04—
£ 01 N Ea 02— : g 2 02 "
2 o001 . at S~ — miR-21 low (n=41) s ¥ = miR-21 low (n=47)
[T 0.0— o 0.0—
» 0.001 [ | I I I [ I I [ [ | |
Stage Il Stage IV 0 100 200 300 400 500 600 0 100 200 300 400
D Time (days) Time (days)
1.0
[7) 1.0— i =
o< — - «» == miR-21 low (n=41) ©n 1.0—
°5 os Stage Ill (n=69) 8T os_ ot — miR-21low (n=47)
2 E o6 ] g S 08
£5 2 E 06— P=029 2 ¥ ;5
S 2 o4 ® O © o P=.069
S 2 04— s 2 :
g = S & 04—
5 & 02 g2 £ £
S= S 0.2— o2 02—
0.0 = Stage IV (n=108) S = . . o~ . f
: | | | ‘ 0.0— ™ miR-21 high (n=28) 0.0 == miR-21 high (n=61)
0 200 400 600 800 [ Pl ' I | I ‘
0 100 200 300 400 500 600 700 0 200 400 600 800
Time (days) Time (days) Time (days)

Figure 2 — A high level of serum miR-21 is associated with a poor response to gemcitabine treatment in patients with advanced pancreatic cancer.
(A, B) Kaplan—Meier curves for the time to progression (TTP) (A) and overall survival (OS) (B) in a cohort of 177 advanced pancreatic cancer
patients grouped by the serum level of miR-21. The serum miR-21 level was analyzed by TagMan real-time qPCR, and the median miR-21

expression level was chosen as the cut-off point for separating the miR-21 low-level cases (» = 88) from the miR-21 high-level cases (n = 89). (C)

A comparison of the serum miR-21 levels in stage III and stage IV tumors. The statistical significance of the differences between the two groups

was calculated using Student’s #-test. (D) Kaplan—Meier curves for the pancreatic cancer patients with stage III (n = 69) or stage IV (n = 108)
disease. (E, F) Kaplan—Meier curves for the TTP (top) and OS (bottom) of 69 stage III (E) and 108 stage IV (F) advanced pancreatic cancer
patients grouped by the serum level of miR-21. The p-value was determined by the log-rank test.

miR-21 binding sites (Figure 4A). In addition, previous studies
have indicated that miR-21 is involved in the apoptotic re-
sponse by targeting FasL in specific cell types, including neu-
rons and cardiocytes (Wang and Li, 2010; Sayed et al., 2010).
To demonstrate whether miR-21 directly regulates FasL in
pancreatic cancer, we employed a dual-luciferase reporter
system. We cloned the 3'UTR of FasL into a reporter plasmid
downstream of the luciferase gene to generate wild-type and
mutant FasL 3'UTR luciferase construct. The wild-type and
mutant 3’'UTRs are shown in Figure 4B. Using this system,
we found that the expression of miR-21 significantly sup-
pressed firefly luciferase reporter activity of the wild-type
FasL 3'UTR luciferase construct but not the mutant FasL
3'UTR luciferase construct. These results were observed in
both HEK293 cells and the pancreatic cancer PANC-1 cell line
(Figure 4C), which indicates that miR-21 suppresses FasL ex-
pression through the miRNA-binding sequences within the
FasL 3'UTR. Then we evaluated the FasL mRNA and protein
levels in cells over-expressing or under-expressing miR-21.
We found that the over-expression of miR-21 reduced the en-
dogenous expression of FasL both at the mRNA and protein
level, whereas the downregulation of miR-21 expression

with an anti-miR-21 inhibitor increased the expression of
FasL (Figure 4D). We also evaluated the correlation between
miR-21 expression and FasL during gemcitabine treatment
and found an inverse correlation between the expression of
miR-21 and FasL. The expression of miR-21 decreased follow-
ing gemcitabine treatment; however, the expression of FasL
mRNA significantly increased following gemcitabine treat-
ment (Figure 4E). Therefore, the results from our study indi-
cate that FasL is a direct target of miR-21 in pancreatic cancer.

3.5. Decreased Fas/FasL signaling mediates miR-21-
induced chemoresistance in pancreatic cancer

To confirm that miR-21 confers chemoresistance by directly
targeting FasL in pancreatic cancer, we tested the ability of
Fas/FasL to trigger apoptosis in pancreatic cancer cells. Solu-
ble FasL (sFasL), a recombinant form of the extracellular do-
main of the human FasL protein, was used in these
experiments. We found that the addition of sFasL to pancre-
atic cancer cells triggered apoptosis in a dose-dependent man-
ner (Figure 5A). To determine whether the Fas death receptor
pathway contributes to gemcitabine-induced apoptosis, we
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Table 1 — Univariate and multivariate Cox regression analyses of the serum miR-21level for the TTP and OS of patients with advanced pancreatic

cancer (V = 177).

Variables TTP (OFS]
Hazard ratio (95% CI) p-value Hazard ratio (95% CI) p-value
Univariate analysis
Age (<65 years vs. >65 years) 0.950 (0.607—1.487) 0.821 1.189 (0.804—1.758) 0.385
Gender (male vs. female) 0.883 (0.590—1.320) 0.543 0.810 (0.547—1.199) 0.293
Location (head vs. body/tail) 1.319 (0.881—1.975) 0.178 1.282 (0.872—1.883) 0.206
Stage (III vs. IV) 2.097 (1.343—3.275) 0.001 1.724 (1.152—2.578) 0.008
CA19-9 (<500 vs. >500 IU/ml) 1.696 (1.137—2.530) 0.010 2.242 (1.514—3.321) <0.001
Serum miR-21 level (low vs. high) 2.124 (1.410—3.201) <0.001 1.860 (1.259—2.750) 0.002
Multivariate analysis
Stage (III vs. IV) 0.008 (1.177—2.904) 0.008 1.414 (0.935—2.140) 0.101
CA19-9 (<500 vs. >500 IU/ml) 1.526 (1.019—2.287) 0.040 2.109 (1.420—3.133) <0.001
Serum miR-21 level (low vs. high) 1.920 (1.274—2.903) 0.002 1.705 (1.147—2.535) 0.008

Abbreviations: TTP, time to progression; OS, overall survival; CI, confidence interval.
p-values in bold are statistically significant based on multivariate Cox regression analyses.

used Fas-Fc, a recombinant form of the extracellular domain
of the human Fas protein, to inhibit cell apoptosis. We found
that Fas-Fc inhibited the cellular apoptosis induced by gemci-
tabine treatment (Figure 5B). Next, we studied the role of FasL
in the miR-21-mediated inhibition of apoptosis. We found that
the silencing of FasL by siRNA treatment in PANC-1 cells sig-
nificantly decreased FasL expression and gemcitabine-
induced apoptosis in the pancreatic cancer cells (Figure 5C),
which was similar to the effects of miR-21 over-expression.
In contrast, the ectopic expression of FasL significantly abro-
gated the miR-21-induced chemoresistance (Figure 5D), which
indicates that FasL is a functional target of miR-21. Taken to-
gether, these results suggest that miR-21 expression sup-
presses FasL expression and protects pancreatic cancer cells
from gemcitabine-induced apoptosis (Figure 5E).

4. Discussion

The development of resistance to chemotherapy is one of the
major challenges in the treatment of patients with pancreatic
cancer. In this study, we focused on the microRNA miR-21,
which is known to be involved in the progression of several
types of cancers (Yanget al., 2011; Kwak et al., 2011). We report
2 significant, novel findings. First, in advanced pancreatic can-
cer, a high level of miR-21 in the serum was closely associated
with a poor response to palliative chemotherapy. Second, the
effects of miR-21 on chemosensitivity were mediated through
the FasL/Fas pathway.

The results from our study demonstrate that a high level of
serum miR-21 was closely associated with a poor response to
palliative chemotherapy. Many studies have shown that micro-
RNAs can serve as predictors or modifiers of the chemothera-
peutic response in different tumor types (Hummel et al.,
2010). In fact, miR-21 has been reported to be involved in the
chemosensitivity of several types of cancers, including pancre-
atic cancer (Ali et al.,, 2010; Moriyama et al., 2009; Giovannetti
et al., 2010; Tomimaru et al., 2010). For example, a high level
of miR-21 expression in cancer tissue is associated with a re-
duced disease-free survival (DFS) or OS in patients who under-
went a radical resection and adjuvant gemcitabine treatment

(Hwang et al., 2010). However, most of these reports focused
on studying the miRNA expression in cancerous tissues. Addi-
tionally, for pancreatic cancer, most studies have focused onre-
sectable pancreatic cancer; however, resection is possible only
in a minority of patients due to the advanced stages often pres-
ent at the time of diagnosis (Li et al., 2004), and safely obtaining
sufficient quantities of pancreatic tumor tissue for molecular
analysis is difficult at unresectable stages. Therefore, non-
invasive methods for detection are warranted. We hypothe-
sized that the serum level of miR-21 could serve as a surrogate
for the expression level of miR-21 in the tumor tissue and be
used as a predictor of the chemosensitivity of advanced stages
of pancreatic cancer treated with palliative chemotherapy.

CA19-9is currently one of the most useful blood tests in dif-
ferentiating benign from malignant pancreatic disorders,
although it has limited value because several benign diseases
and multiple types of adenocarcinoma, especially advanced
gastrointestinal cancers, may give rise to elevated CA19-9
levels (Steinberg, 1990; Duffy et al., 2010). However, one recent
study has shown that the combination of miR-16, miR-196a and
CA19-9 was more effective then either miR-16 + miR-196a or
CA19-9 alone for pancreatic cancer diagnosis, especially in
early tumor screening (Liu et al., 2012a). CA19-9 has also been
used for determining prognosis in pancreatic cancer (Boeck
et al., 2006). Our previous study has confirmed that advanced
pancreatic cancer patients with elevated levels of CA 19-9 had
a worse prognosis than those with low levels (Ouyang et al,,
2011). Our present results agree with numerous earlier studies
that CA19-9 levelis a very good indicator of OS (Supplementary
Table 3). Multivariate Cox regression analyses indicated that
serum miR-21 and CA19-9 levels were independent prognostic
factors for both the TTP and the OS (Table 1). Importantly,
CA19-9 and miR-21 have distinct prognostic values: CA19-9 is
an excellent prognostic indicator of OS; miR-21 also is a prog-
nostic indicator of OS, but miR-21is also a prognostic indicator
of responsiveness to gemcitabine treatment.

Recent studies have shown that miRNAs are stably detect-
able in plasma/serum, and a strong correlation exists between
tumor-derived circulating miRNAs and miRNA directly within
tumor cells (Mitchell et al., 2008; Chen et al., 2008). Circulating
miRNAs may have potential as diagnostic, prognostic and
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right. The tumor weights are shown on the left, and the differences between the groups were compared using an ANOVA test. *p < 0.05.

predictive biomarkers, and these molecules may be useful as
potential future therapeutic targets. The presence of miRNAs
in the serum was first described in 2008 in patients with dif-
fuse large B cell lymphoma (Lawrie et al., 2008). Serum miRNA
expression profiles have subsequently been shown to have
signatures that are related to tumor classification, diagnosis
and state of disease progression. For example, miR-92 has
been shown to be significantly elevated in the plasma of pa-
tients with colorectal cancer (CRC) and serves as a non-
invasive molecular marker for CRC screening (Ng et al.,
2009); A 4-miRNA serum-based signature may provide a sim-
ple profiling method of predicting the survival of non-small-
cell lung cancer patients (Hu et al., 2010); and a plasma-based

microRNA panel has been shown to have considerable clinical
value for the diagnosis of early-stage hepatocellular carci-
noma (Zhou et al., 2011). Increased serum miR-21 has also
been detected in pancreatic cancer (Liu et al., 2012b; LaConti
et al,, 2011; Kong et al,, 2011). In this study, we report that
the serum level of miR-21 can be used to predict the chemo-
sensitivity of advanced pancreatic cancer to gemcitabine
treatment. Additionally, our study provides a new, non-
invasive, serum-based molecular biomarker for the prediction
of the response to gemcitabine treatment in patients with an
advanced disease.

This study demonstrated that the effect of miR-21 on the
development of chemoresistance is mediated through the
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FasL/Fas pathway. FasL, a member of the TNF protein family,
has been shown to induce apoptosis in cells that express the
Fas receptor (Sun and Fink, 2007). The FasL/Fas death pathway
is a key regulator of apoptosis that is induced by a variety of
stimuli, including anti-cancer agents (Chhipa and Bhat, 2007;
Ginestier et al., 2010). Fas is a transmembrane cell surface re-
ceptor that triggers cell death (apoptosis) upon binding to
FasL, which is an anchored cell membrane protein exposed
to the extracellular space. The activation of these death recep-
tors is triggered by cellular stress or death signals, and the ac-
tivation of this pathway leads to the recruitment of the Fas-
associated death domain (FADD) and death domain (DD),
which in turn induce the activation of caspase signaling and
leads to apoptosis (Song et al., 2000). In our study, we also
found that the addition of soluble FasL (sFasL, a recombinant
form of the extracellular domain of the human FasL protein)
to pancreatic cancer cells triggered apoptosis in a dose-
dependent manner, whereas the addition of Fas-Fc (a
recombinant form of the extracellular domain of the human
Fas protein) partially blocked the cellular apoptosis induced
by gemcitabine treatment. These results suggest that

gemcitabine-induced apoptosis in cancer cells is partially de-
pendent on the Fas/FasL pathway. Because the 3'UTR region of
the FasL mRNA contains conserved miR-21 binding sites, we
investigated the ability of miR-21 to directly regulate FasL ex-
pression through these 3'UTR sites and found that mutation of
these sites abrogated miR-21-mediated downregulation of
FasL expression. Additionally, because gemcitabine treatment
significantly up-regulated FasL expression and down-
regulated miR-21 expression, we hypothesized that FasL me-
diates the miR-21-induced chemoresistance in pancreatic
cancer. Based on the observations that the silencing of FasL
by siRNA treatment reduced the level of gemcitabine-
induced apoptosis in pancreatic cancer cells and that ectopic
expression of FasL significantly abrogated the miR-21-
induced chemoresistance, we concluded that FasL is a func-
tional target of miR-21.Therefore, the results from our study
identify a new mechanism of miR-21-mediated chemoresist-
ance in pancreatic cancer (Supplementary Figure 3).
Cumulatively, we demonstrated that the serum miR-21
level can be used as a predictor of the chemosensitivity of pan-
creatic cancer to gemcitabine treatment. Because this
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