Cancer Chemother Pharmacol (2017) 80:765-775
DOI 10.1007/s00280-017-3418-2

CrossMark

@

ORIGINAL ARTICLE

MiR-608 regulating the expression of ribonucleotide reductase
M1 and cytidine deaminase is repressed through induced
gemcitabine chemoresistance in pancreatic cancer cells

Azam Rajabpour!?? - Ali Afgar? - Habibollah Mahmoodzadeh® - Jalal-e-Din Radfar® -

Farzad Rajaei'® - Ladan Teimoori-Toolabi?

Received: 31 January 2017 / Accepted: 7 August 2017 / Published online: 8 September 2017

© Springer-Verlag GmbH Germany 2017

Abstract

Purpose Gemcitabine resistance is the main problem in
pancreatic adenocarcinoma patients. Hence, we aimed to
identify the correlation between expression of RRM1 and
CDA as the resistance genes and their predicted target-
ing miR-608 in the resistant pancreatic cancer cell lines to
gemcitabine.

Methods Dual luciferase assay was performed to determine
whether both RRM1 and CDA are targeted by miR-608 in
293T and pancreatic cancer cell lines. AsPC-1 and MIA
PaCa-2 cell lines became gradually resistant to gemcitabine
by exposing to the increasing doses of gemcitabine. After
RNA and miRNAs extraction and cDNA conversion, the
expressions of RRM1, CDA and miR-608 in all cell lines
were studied by quantitative PCR. Pre-miR-608 transfection
to the cell lines was done by calcium phosphate method.
MTT assay was performed for analyzing the chemo sensitiv-
ity of different cell lines to gemcitabine.
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Results Luciferase assays showed that miR-608 targeted
RRM1 and CDA genes in 293T, AsPC-1 and MIA PaCa-2
cell lines. Compared to parental cell line, resistant MIA
PaCa-2 and AsPC-1 cells demonstrated increased expres-
sion of RRM1 and CDA. On the other hand the expression
of miR-608 in resistant MIA PaCa-2 and AsPC-1 cells was
lower than parental cells. Furthermore, transfection of MIA
PaCa-2 and AsPC-1 cells by miR-608 lead to decreased
expression of RRM1 and CDA and lowered viability of the
cells in comparison with scrambled microRNA transfected
cells.

Conclusion During resistance induction in pancreatic can-
cer cells, miR-608 which is targeting RRM1 and CDA is
downregulated which leads to upregulation of these genes.

Keywords Pancreatic neoplasms - Gemcitabine
resistance - RRM1 protein, human - CDA - MIRNA-608,
microRNA, human

Abbreviations

PDAC Pancreatic adenocarcinoma

GEM  Gemcitabine

CDA  Cytidine deaminase

RRM1 Ribonucleotide reductase M1
dNTP  Deoxynucleoside triphosphate
miR miRNA, microRNA

dFdU  2"2'-Difluorodeoxyuridine

IC Inhibitory concentration
MTT  3-(4,5-Di methylthiazole-2-yl)-2, 5-biphenyl
tetrazolium bromide

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s00280-017-3418-2&domain=pdf

766

Cancer Chemother Pharmacol (2017) 80:765-775

Introduction

Pancreatic adenocarcinoma (PDAC) is one of the most dev-
astating malignancy in human [1]. Only in about 20% of the
patients surgical resection could be effective because the
disease is diagnosed in advanced stages [2]. Even though
gemcitabine is the most popular approach for PDAC treat-
ment, there are still therapeutic challenges because of high
degree of inherent and acquired chemoresistance [3, 4]. It
is believed that variable responses of patients to a medica-
tion may be due to the genetic and epigenetic factors which
are known as determinants of drug efficacy and toxicity [5].
Alterations in the gene sequence (including SNPs or single
nucleotide polymorphisms) or expression may be the most
important underlying mechanism for different reactions to
a drug [6].

Several studies have reported many genes underlying
chemoresistance in pancreatic cancer cells [7, 8]. One of
these genes playing role in the metabolism of gemcitabine is
ribonucleotide reductase (RNR) which reduces nucleotides
into deoxynucleotides. Increased activity or expression of
RNR which is essential for DNA synthesis, increases the
dNTP pool in the cells and by competition with gemcitabine-
diphosphate for incorporation into DNA counteracts the
activity of gemcitabine [9]. The active site of this multim-
eric enzyme is located in the ribonucleotide reductase large
subunit (RRM1) which is encoded by rrmlI [10]. Upregu-
lation of rrmI mRNA as a target of gemcitabine has been
implicated in gemcitabine resistance [11]. Hence, studying
genetic variants and mRNA expression level of this gene has
been discussed as a prognostic marker in different types of
malignancies, including breast, non-small-cell lung, biliary
tract and pancreatic cancer [12].

Cytidine deaminase (CDA) is an enzyme metabolizing the
majority of administered gemcitabine to the inactive form of
2'2'-difluorodeoxyuridine (dFdU) [13]. Several SNPs have
been reported in this metabolizing enzyme. Polymorphisms
in this gene results in various functional enzymatic activities
leading to significantly differential sensitivity to gemcitabine
[14]. For instance, reduced enzyme activity was shown in
pancreatic cancer patients carrying cda 79A > C (Lys27Gln)
SNPs [15]. Also, high levels of CDA mRNA in advanced
pancreatic cancer patients after treatment with gemcitabine
were associated with delayed response to gemcitabine [16].

MicroRNAs (miRNAs) belong to small noncoding RNA
molecule family (21-23 nucleotides) which play important
roles in post transcriptional control of protein-coding genes.
MiRNA pharmacogenomics states that overexpression of
specific miRNAs down-regulate the genes encoding proteins
that promote drug efficacy while overexpression of some
other miRNAs inhibits drug efficiency [17]. Both processes
may impact drug function making miRNAs as the regula-
tors of drug action [6]. It is assumed that each miRNA can
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regulate several messenger RNAs while each mRNA can be
regulated by different miRNAs. Despite the fact that many
computational analyses have demonstrated the interaction
between miRNAs and their targets, few studies have experi-
mentally examined this relevance in vivo/vitro [18].

As we reviewed recently [5], some other studies have
proven the role of miRNAs in gemcitabine resistance,
including miR-15a [19], miR-21 [20], miR-34 [21], miR-
200b, miR-200c [22], miR-214 [19], miR-221 [23] as well
as some members of the let7 family [22]. However, it seems
that studying miRNAs with common target genes is still
untouched area. Several studies have illustrated the role of
different genes in cellular uptake and metabolism of gemcit-
abine as the resistance biomarkers. Herein RRM1 and CDA
were chosen as they showed increased activity/expression
in gemcitabine-resistant cells. Thereafter, we hypothesized
that any microRNA regulating both of these genes would
also affect the response of pancreatic cancer cells to gem-
citabine. In the current study, we developed gemcitabine-
resistant cells from human pancreatic cancer cell lines and
performed comparative studies on the expression level of
RRM1 and CDA as well as their predicted commonly target-
ing miRNA (miR-608).

Materials and methods
Cell culture

MIA PaCa-2 and 293-T acquired from National Cell Bank of
Iran (Pasteur Institute of Iran, Tehran, Iran) were cultured in
Dulbecco’s modified Eagle’s medium (DMEM) while AsPC
cell line was Roswell Park Memorial Institute (RPMI) 1640
medium. All media were supplemented with 10% heat-
inactivated fetal bovine serum, L-glutamine (2 mM) and
antibiotics (100 units/ml of penicillin and 100 pg/ml of
streptomycin) (all from Gibco, Invitrogen). The cells were
maintained at 37 °C in 5% CO,. Gemcitabine was obtained
from Eli Lilly (Italy).

Establishment of gemcitabine-resistant cells

For establishment of gemcitabine-resistant cells, the cells
were gradually adapted to gemcitabine through exposing
to increasing concentrations of the drug. Based on the
previous articles we chose the least and the most reported
IC50 for gemcitabine for these two cell lines and we car-
ried out three independent triplicate MTT assay experi-
ments to find a proper inhibitory concentration of gem-
citabine in MIA PaCa-2 and AsPC-1 cells [4, 24]. To
make resistant cell lines, the cell lines were incubated
with 80% of inhibitory concentration 50% (IC50) for
at least 14 days. In this process, the flasks refreshed by
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gemcitabine-contained-medium every 3 days for 2 weeks.
After 2 weeks the medium was replaced with medium
lacking gemcitabine supplemented with L-glutamine and
non-essential amino acids. The alive cells after 3—4 weeks
were considered as resistant cell lines and this was proved
by proliferation assay. After each period of exposition
MTT assay was done to detect any probable change in
IC50 values of two cell lines. The next period of exposi-
tion was done on the alive cells after the previous expo-
sition process by 80% of the new IC50. These processes
continued four times for MIA PaCa-2 cells and two times
for AsPC-1 cell line until no cells can endure the drug
(80% of new IC50) and no viable cells were seen 3 weeks
after discontinuing the gemcitabine incubation. Following
schedules were applied for incubation of the cells with
gemcitabine consecutively: (a) MIA PaCa-2: 10, 15, 25
and 40 uM, (b) AsPC-1: 25 and 35 pM. They were named
MIA PaCa2-S, MIA PaCa2-RG1, MIA PaCa2-RG2, MIA
PaCa2-RG3, and MIA-PaCa2-RG4. AsPC-1 clones con-
tained AsPC-S and its two resistant clones AsPC-RG1
and AsPC-RG?2 cells according to the consecutive resist-
ance to gemcitabine.

RNA isolation and cDNA synthesis

TRIZOL reagent (Life Technologies) was applied for isola-
tion of small RNAs containing total RNA from MIA PaCa-2
and AsPC-1 after each period of incubation, followed by
cDNA synthesis according to the previously described meth-
ods [25, 26].

Real-time quantitative RT-PCR for analysis of mRNA
and miRNA expression level

Duplicate qRT-PCR assays were fulfilled in a StepOne-
Plus ™ Real-Time PCR System (Applied Biosystems)
with SYBR Green PCR Master Mix and TagMan univer-
sal PCR Master Mix (both from Takara, Japan) for mRNA
and miRNA, respectively. Primer sequences are shown in
Table 1.

Relative expressions of mRNAs/miRNA were calculated
by mean C value for replicates. Then the test gene mean
C was taken away from mean Cy of the housekeeping gene
(GAPDH for mRNAs and U47 for miRNA). After obtain-
ing ACT, AACT was calculated as AC of exposed sam-
ples from ACT of non-exposed samples. As the efficiency
of all real-time PCR conditions were 100% +3, the relative
expression was calculated by 2722€T, Relative quantifica-
tion of RRM1 and CDA was calculated by delta—delta CT

method and actual fold change in expression raised to power
of 2(274ACT),

MicroRNA transfections

MiRNA-608 precursor (pre-miR-608) and scrambled
miRNA were purchased from Hum Diagnostics Company
(Tehran, Iran). About 3 x 10° of cells were transfected with
100 pl of vector containing mixture according to the trans-
fection method of calcium phosphate. Transfection mix-
ture included 8 pg of pre-miR-608 in 422 ul of 1x HBS
and 16 ul TE1% buffer. Next 62 pl of CaCl, (2.5 M) solu-
tion was added and mixed immediately. In the following
step, 500 pl of 2x HBS (drop-wise) was added slowly to

Table 1 Primer sequence

. ; Name of the gene
for real-time PCR analysis

Sequence of oligonucleotides from 5’ to 3’ for qPCR analysis

and construction of luciferase
reporter plasmids

RRM1
CDA
miR-608 primers

miR-608 probe
miR-608 stem loop

Name of the gene
RRM1

CDA

Forward: ACATCCACATTGCTGAGCCTAAC
Reverse: CATTAGCCGCTGGTCTTGTCC

Forward: TGCTATCGCCAGTGACATGC

Reverse: ATCCGGCTTGGTCATGTACAC

Forward: CAGTGTACAAGGGGTGGTGTT

Reverse: AGCTTAGACTACACCTGTCCGG

TGTGGCCCTGCGTCCTGTAGTCT

CAATTAGACTACACCTGTCCGGTAGTGTGGACGTGC
GTCCTGTAGTCTAATTGAAGGGAG

Sequence of oligonucleotides from 5’ to 3’ for construction
of luciferase reporter plasmids

Forward: GCGATCGC GGAAAGACTTGGAAGAGACC

Reverse: CTCGAG TATTTCAGAATAACCTATAGG

Forward: GCGATCGCTA TTGTCATGACGGTCCAG
Reverse: CTCGAGTGATCCAG GATGTTCTGTG

Bold sequences are restriction enzyme sites
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the above mixture. Thereafter, 1 ml of the final mix was
dropped around the plate, and mixed gently. After 6 h, the
transfection medium was substituted by fresh medium.
The transfected cell lines were harvested 24, 48, and 72 h
post-transfection.

Construction of luciferase reporter plasmids
and evaluation of luciferase activity

3'UTR of rrml and cda containing the miR-608 recogni-
tion site were inserted into psiCHECK™?2 vector (Pro-
mega) downstream to the stop codon of renilla luciferase
gene confirmed by sequencing (primers are listed in
Table 1).

To do luciferase assay, co-transfection of pre-miR-608 and
psiCHECK-RRM1 and/or psiCHECK-CDA vectors into
MIA PaCA, AsPC and 293-T was performed. Transfected
solution was composed of 400 ng/ul psiCHECK-RRM1and/
or psiCHECK-CDA and 100 ng/ul of each precursor miRs
(608 or scrambled miRs). In the next day, luciferase activi-
ties were measured 24 and 48 h after transfection using
Dual-Glo® Luciferase Assay System (Promega, E2940).
Results were normalized to control samples. All tests were
done in triplicate.

MTT proliferation assay

MTT assay (Sigma, M2128) was performed for assay-
ing the cell proliferation. 2 x 10* of cells were added
to each well and exposed to different concentrations
(10 nM-1000 uM) of gemcitabine for 72 h. Based on the
previous articles the least and the most reported IC50 for
gemcitabine were chosen and MTT assays were carried out
to find a proper inhibitory concentration of gemcitabine
in MIA PaCa-2 and AsPC-1 cells [24]. MTT proliferation
assay was done according to the previously mentioned pro-
tocols [22]. MTT chemosensitivity assays were carried out
in triplicate which was repeated three times in the separate
experiments. MTT proliferation assay on MIA PaCa-2 and
AsPC-1 cells was performed 48 h after transfection with
pre-miR-608 and miR-scrambled. The inhibitory effect
of drugs on cell proliferation in each well was calculated
by calculating the ([average absorbance of drug contain-
ing wells — average absorbance of blank wells]/[average
absorbance of drug-free wells — average absorbance of
blank wells]) x 100 (100% survival). Putting concentra-
tion and average percentage viability of the different clones
in excel, a scatter plot of the data was made. We chose the
trend line and equation on chart showing R-squared for
each experiment. By solving the equation of each experi-
ment the exact IC50% of the cells could be calculated.
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Statistical methods

All the experiments were repeated at least three times.
Results are expressed as mean =+ standard error (SE). SPSS
software (version 23, SPSS, Inc., Chicago, IL)) was used for
calculating Pearson correlation analysis. P value <0.05 was
considered statistically significant.

Results

3'UTR of RRM1 and CDA have complementary
sequence for miR-608

To identify the putative miRNAs targeting 3'UTR of
RRM1 and CDA gene, an in silico approach was used,
which was a combination of bioinformatics algorithms
included TargetScan4.0 (http://www.targetscan.org/),
miRwalk (http://zmf.umm.uni-heidelberg.de/apps/zmf/
mirwalk2/), PicTar (http://www.pictar.mdc-berlin.de/),
DIANA-microT (http://www.microrna.gr/ web Server)
and FINDTAR3 (http://bio.sz.Tsinghua.edu.cn/) which
are dedicated to miRNA target prediction and functional
analysis. Due to four complementary sequences of miR-
608 in 3'UTR of CDA gene and one in RRM1 (Fig. 1a)
and good scores for miR-608 in binding to these genes, it
was selected for further studies.

RRM1 and CDA genes are imminent targets of miR-608

Co-transfection of premature-miR-608 with
psiCHECK-RRMI1 or psiCHECK-CDA into MIA
PaCa-2 cell line resulted in reduced luciferase activity
to 0.46 = 0.05 and 0.48 + 0.06%, respectively, compared
to control group. Transfecting psiCHECK-RRM1 and/
or psiCHECK-CDA together with premature-miR-608
into AsPC-1 cells decreased the luciferase activity to
0.45 + 0.076 and 0.49 + 0.072, respectively. To evaluate
this phenomenon on a cell line other than pancreatic cancer
cell lines, 293-T cells were subjected to co-transfection
of premature-miR-608 in addition to psiCHECK-RRM1
or psiCHECK-CDA. Decreased luciferase activity to
0.42 + 0.19 and 0.43 + 0.17, respectively, were seen in
transfected T-293 cell line. For negative control, a scram-
bled sequence was used. As shown in Fig. 1b, results
showed that premature-miR-608 in comparison with scram-
bled miRNA downregulated the expression of luciferase
in all transfected cells significantly (Student T test) which
were in line with our bioinformatics and gene expression
findings and validated that RRM1 and CDA as direct tar-
gets of miR-608.
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Fig.1 a Complementary sequences for miR-608 in 3'UTR of
RRM1 and CDA genes; b luciferase assay for assessing the effect
of pCDNA3.1-miR608 on 3'UTR of RRMI1 and CDA. Data are
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Fig.2 MTT assay analyses (IC50) in consecutive resistant clones of
a AsPC-1 and b MIA PaCa-2 cells showed significantly lower anti-
proliferative effect of gemcitabine in MIA PaCa2-RGs than parental
MiaPaCa-2 cells (MIA PaCa2-S) and in AsPC-1-RGs than in paren-

Induction of Gemcitabine resistance in MIA PaCa-2
and AsPC-1 cell lines

IC50 of MIA PaCa-2 for gemcitabine was 20.95 + 8.8 uM,
while IC50 of AsPC-1 was 32.36 + 7.9 uM. Initial incuba-
tion doses were below IC50 (AsPC-1 = 25 pM and MIA
PaCa-2 = 10 pM) and exposure was continued by increas-
ing the drug doses (Fig. 2a, b). Although during the pro-
cess of resistance induction in MIA PaCa-2, IC50 level
changed from 20.95 to 55.9 uM in four steps of resist-
ance induction, in AsPC-1 cells IC50 level increased from
32.36 to 61.48 uM which only continued in two respective

P3iCHECK-2

——
Scrambled

mean + SD from three independent experiments. Bars are indicative
of standard deviations. Significant differences (p < 0.05) in the results
are labeled with asterisks (Student T test)

B AsPC-1 Cells
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Cell Viability (%)
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tal AsPC-1 cells (AsPC-1-S). As it is shown in the graph, viability
of the resistant clones was higher in concentration below the respec-
tive IC50%. Values are representative of mean + SD obtained from at
least three independent tests

resistant cell lines. Finally the IC50 of resistant AsPC-1
and MIA PaCa-2 cells was near to each other. Resistant cell
lines in this research were called resistant in comparison
with the parental cell lines. In MIA PaCa-2 resistant cells,
obtained IC50 s were 32.25 +5.1,37.08 +4.7,49.4 + 7.5
and 55.9 + 5.5 pM, while in AsPC-1 resistant cell lines,
IC50 s were 41.41 + 5.2, and 61.48 + 3.8 uM, consecu-
tively. IC50 of MIA PaCa-RG4 cells was 2.66 fold more
than MIA PaCa-2 and IC50 of AsPC-RG?2 cells was 1.89-
fold more than non-resistant AsPC-1 cells. IC50 of the
last resistant clones was significantly different from the
parental cell lines.
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Compared to the parental cells, MIA PaCa-2 resistant
cells changed to elongated spindle-shaped cells in which the
proliferation time decreased so much that it took 4 weeks
and higher to reach proper number of cells after each round
of the drug exposition. On the contrary, AsPC-1 cell line
had no significant morphologic changes during resistance
induction.

Expression level of RRM1 and CDA was higher
in gemcitabine-resistant clones compared
to the parental cells

Interestingly, RRM1 and CDA expression was signifi-
cantly higher in gemcitabine-resistant cells. As it can be
seen in Fig. 2b, RRM1 and CDA expression changed about
1.6 + 0.45 and 1.86 + 0.79 fold, respectively, in AsPC-RG1
(p =0.02 and 0.01), whilst they increased to 3.34 + 0.35 and
4.14 + 0.68-fold in AsPC-RG2 compared with the parental
AsPC-1 cell line (p = 0.001 and 0.027). Although the first
clones of resistant MIA PaCa-RG1 did not show significant
alteration in both genes, CDA level showed 2.31-, 5.3- and
4-fold increase in MIA PaCa-RG2, MIA PaCa-RG3 and
MIA PaCa-RG4, respectively, that they were all significantly
different (p < 0.05). On the other hand, RRM1 expression in
MIA PaCa-RG1 was 0.2 fold in comparison with MIA PaCa-
2, MIA PaCa-RG2, MIA PaCa-RG3 and MIA PaCa-RG4
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Fig. 3 a Expression level of RRM1 and CDA in resistant clones of
MIA PaCa-2 and b AsPC-1 cells, ¢ MiR-608 expression in different
clones of MIA PaCa-2 cells and d AsPC-1 cells. QRT-PCR demon-
strated significantly lower miR-608 expression in MiaPaCa-2-RGs
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showed the most gross upregulation (2.66, 4.5 and 3.73,
respectively) compared to the sensitive parental cells
(p £0.05) (Fig. 2a). Data demonstrated that the expressions
of RRM1 and/or CDA in MIA PaCa-2 were related to IC50
(R =0.948, p = 0.014 for RRM1), (R = 0.908, p = 0.033
for CDA), respectively. Also in AsPC-1 cell line, there was
direct relationship between RRM1 expression and related
IC50 (R = 0.956, p = 0.011 for RRM1), but not for CDA
(R =0.954, p =0.193 for CDA) (Fig. 3c).

MiR-608 was downregulated in gemcitabine-resistant
clones

Expression level of miR-608 was measured in each clone.
Interestingly compared to the sensitive cells, MIA PaCa-2
resistant clones showed decreased expression of miR-608
as below: MIA PaCa-RG1 0.75 + 0.024, MIA PaCa-RG2
0.31 + 0.056, MIA PaCa-RG3 0.54 + 0.069 and MIA
PaCa-RG4 0.65 + 0.12. Whereas AsPC-1 resistant clones
displayed lower level of miR-608 compared to the control
cells as you see below: AsPC-RG1 0.53 + 0.01, AsPC-RG2
0.68 + 0.07 (p < 0.05) (Fig. 3b, d). Moreover, there is a
significant correlation between decreased expression level of
miR-608 and IC50(R = —0.927; p = 0.023). Although there
were no ordered sequences of reduction in miR-608 level in
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from triplicate experiments performed with each condition; bars indi-
cate SD. Stars show the significant statistical difference (*p value
<0.05)
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the resistant clones (Fig. 3), down-regulation of miR-608 is
likely to be associated with resistance to gemcitabine.

MiR-608 increased sensitivity of MIA PaCa-2
and AsPC-1 to gemcitabine

To identify if miR-608 could impact the response of cells
to gemcitabine, MIA PaCa-2 and AsPC-1 cell lines were
transfected with premature-miR-608 and 24 h later they
were incubated with different concentration of gemcitabine
including IC50 of parental cell lines. MTT assay showed
that in transfected MIA PaCa-2 cells IC50 value decreased
to about 17.09 + 4 uM while in AsPC-1 cell line this value
decreased to 25.13 + 7 uM (Fig. 4a, b).

To study the effect of miR-608 on the drug sensitivity
of the resistant cell lines, MIA-PaCa2-RG4 and AsPC-RG2
resistant clones were transfected with this miRNA. The day
after, they were incubated with different concentrations of
gemcitabine to determine any possible changes in the IC50.
Pre-miR-608 transfection reduced IC50 from 61.48 to
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Fig. 4 a, b MTT assay analyses (IC50) in MIA PaCa and AsPC cell
lines after transfection with pre-miR-608 and treatment with differ-
ent concentration of gemcitabine. ¢, d MTT assay results (IC50) in
MIA PaCa-RG4 and AsPC-RG-2 after transfection with pre-miR-608

27.14 uM in AsPC-RG2 while the IC50 of MIA PaCa-RG4
was decreased from 55.9 to 30.51 uM (Fig. 4c, d). These
results suggest that miR-608 could be at least one of the
gemcitabine resistance mediators in the MIA PaCa-2 and
AsPC-1 cell lines that modulate their drug response. This
miRNA sensitized AsPC-RG2 cell line more profoundly but
it could not sensitize MIA PaCa-RG4 completely.

Expression level of RRM1 and CDA were decreased
after transfection of cells with premature-miR-608

To investigate the association between miR-608 expression
and RRM1 or CDA levels, a gain-of-function survey was
carried out. As it is shown in Fig. 5a, ¢ overexpression of
miR-608 is significantly correlated with down-regulation of
both target genes (p < 0.05). In MIA PaCa-2 cells, increased
expression of miR-608 decreased the expression of RRM1
t0 0.39 (R = —0.968; p = 0.007) while the decreased expres-
sion of CDA was up to 0.42 (R = —0.936; p = 0.019). In
AsPC-1 cells overexpression of miR-608 considerably
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Fig. 5 a, ¢ The effect of pPCDNA3.1-miR-608 on expression of CDA
and RRM1 genes in sensitive pancreatic cancer cell lines, and b, d
resistant cells; e measuring miR-608 overexpression after transient

reduced RRM1 to 0.43 (R = —0.908; p = 0.003) and CDA
to 0.37 (R = —0.812; p = 0. 283).

It was proved that transfection of resistant cells with
pre-miR-608 increased the level of miR-608 in the cells
(Fig. Se). After transfection with pre-miR-608, in resistant
MIA PaCa-RG4 cells in comparison with non-transfected
cells, RRM1 and CDA transcript levels were reduced to 0.45
and 0.47, respectively. In pre-miR-608 transfected AsPC-
RG2 cells, reduction of expression in comparison with non-
transfected cells were 0.40 and 0.42 for RRM1 and CDA,
respectively (Fig. 5b, d). In transfected MIA PaCa-RG4 and
AsPC-RG2 cells, RRM1 (R = —0.85 and —0.908) and CDA
(R =—-0.930 and —0.936) expressions were correlated with
miR-608 expression. These results illustrated that miR-608
mediates regulation of RRM1 and CDA transcript expres-
sion in miR-608 transfected sensitive and resistant cells.
Surprisingly CDA and RRM1 transcripts were affected in
almost the same manner in all cell lines including sensitive
and resistant cell lines.

Discussion

To the best of our knowledge, elevated expression of some
genes like RRM1 and CDA is correlated with gemcitabine
resistance and lower survival in patients with the pancre-
atic cancer [11, 12, 24]. In addition, some of the studies
have considered a predictive value for RRM1 and CDA lev-
els [11]. In vitro induction of resistance to gemcitabine in
pancreatic cancer lines eventuated to 4.5-fold increase in

@ Springer

®
&

transfection of MIA PaCa-2 and AsPC-1 cell lines. Data represent
mean + SD of three independent experiments. Asterisk show signifi-
cant differences different groups (¥p < 0.05)

RRM1 expression [9, 24]. The mechanism underlying gem-
citabine resistance in RRM1 overexpressing cell lines may
contribute to ‘‘molecular sink’’ property of RRM1 which
inactivates the drug through binding of RRM1 subunit to
the gemcitabine. To compensate lower ribonucleotide reduc-
tase activity of the cells incubated with gemcitabine, RRM1
expression in the cells is increased [27]. Overexpression of
RRMI1 might result in increased deoxynucleoside triphos-
phate (ANTP) concentration, which can compete with the
incorporation of triphosphorylated gemcitabine into DNA
[10]. In fact, resistant clones rectify lower level of ANTPs
with higher RRM1 [10].

CDA catalyzes the deamination and salvaging of pyrimi-
dine-containing compounds such as gemcitabine. Increased
activity and expression level of CDA was associated with
early progression of disease in pancreatic cancer patients
treated with gemcitabine compared to whose CDA expres-
sion levels was low [28]. In the study of Davidson et al.,
two non-small cell lung cancer cell lines which have been
exposed to increasing concentration of gemcitabine, demon-
strated considerable increased expression of ribonucleotide
reductase subunit ]| mRNA (RRM1). While in one study,
CDA expression was slightly decreased in gemcitabine-
resistant lung cancer cell lines [27]. Liu et al. [29] showed
that CDA and RRM1 expressions were increased along with
the gemcitabine resistance induction in these cell lines.

Cancer cells exhibit unique expression signature of spe-
cific miRNAs. Not only they act as cancer biomarkers, but
also some of them have been connected with drug resistance
phenotype in pancreatic cancer, including miR-15a, miR-21,
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miR-34, miR-200b, miR-200c, miR-214 and miR-221 [5,
30].

Present study uncovers the new role of miR-608 in gem-
citabine-resistant clones derived from pancreatic cancer cell
lines as the common regulator of RRM1 and CDA. In the
previous studies, association between miR-608 polymor-
phism and recurrence of nasopharyngeal carcinoma has
been investigated [31, 32]. Also Ryan et al. [33] showed
that there is a significant association between rs4919510:
C > G polymorphism and survival rate of colorectal cancer
patients but not risk of this type of cancer. However, Huang
et al. [34] ascertained the contribution of rs4919510: C > G
to the risk of HER2-positive breast cancer rather than the
other subtypes.

Through resistance induction in MIA PaCa-2 and AsPC-1
cells, RRM1 and CDA expression increased. This increase in
the level of RRM1 and CDA expression was correlated with
the increased level of IC50 in MIA PaCa-2 and AsPC-1.

We hypothesized that the favorite miRNA candidate was
a miRNA that could target both genes with a good score.
Luckily, in silico analysis showed that miR-608 have com-
plementary sequences in 3'UTR of both genes. Luciferase
assay validated that miR-608 was directly targeting 3'UTR
of RRM1 and CDA. While downregulation of miR-608 was
seen in resistant clones, MTT assay results after transferring
pre-miR-608 to these cell lines, showed increased sensitivity
of the cells to gemcitabine. Transfection with Pre-miR-608
in MIA PaCa-RG4 did not shift the IC50 to the original
value of the sensitive parental cell line while in AsPC-RG2
the IC50 of transfected cell line was even less than paren-
tal cell line (AsPC). This suggest that there may be other
mechanism of resistance induction in MIA PaCa-RG4 while
in AsPC-RG2 miR-608 can neutralize all mechanisms of
resistance induction and sensitizes the cell more than paren-
tal cell line. Sensitization of MIA PaCa and AsPC cell lines
after transfection with pre-miR-608 was 18.42 and 22.34%
while in MIA PaCa-RG4 and AsPC-RG2 these values were
45.42 and 55.85%, respectively, which might be due to dif-
ferent mechanisms of resistance induction in these two cell
lines. While sensitization by miR-608 in induced resistant
cell lines was more profound, this effect was also more sig-
nificant in AsPC. This miRNA is targeting RRM1 and CDA,
the sensitization effect may be through targeting RRM1 and
CDA genes. It may be hypothesized that down-regulation
of this miRNA play greater role in resistance induction of
AsPC cell line.

However, in the last clones, increased expression of
CDA and RRM1 had not linear correlation with decreased
expression of miR-608. This phenomenon can be related to
miRNA-mediated gene regulatory network including inter-
actions between miRNA and their different targets or differ-
ent transcriptional factors (TFs) [35]. For instance feedback
loops (FBLs) that can fine-tune the gene expression, can be

affected by internal and external factors [36]. Internal fac-
tors that may confer miRNA regulation network consist of
randomized transcription and/or translation and molecular
depravity [37], while external agents refer to environment
fluctuations [38]. In highly resistant cell lines to gemcitabine
other factors and gene mutations may confer the pancreatic
cancer responsiveness; hence miR-608 may not be the only
important factor for this resistance [39]. Also genetic and
epigenetic changes may alter the expression of miR-608 in
resistant cell lines [40]. So it can be concluded that after
some period of time due to some unknown mechanisms,
fluctuation in genes and miRNA was seen.

Although most cases of the long term exposure of the
cells with the drugs resulted in obtaining high levels of
resistance (100-10,000-fold increase in IC50), there are
other reports showing lower increase in the IC50 value for
gemcitabine in the case of resistance induction. Achiwa
et al. [41] showed that in resistant lung cancer cell line, the
IC50 was about 8.6 times higher than the parental cell line.
Concordantly in our study, the IC50 of resistant cell lines
did not increase exceedingly. In other studies gemcitabine
resistance manifested a threshold level and there was no pro-
found change in the IC50 s after prolonged drug exposure
[42]. Moreover, since in our study the gemcitabine IC50 of
parental cell lines was higher in comparison with the previ-
ous reports, IC50 in the resistant cell lines did not increase
profoundly. Since altered expression of multiple individual
genes might lead to resistance to gemcitabine in pancreatic
cancer and in this study we just identified two of these genes
and one miRNA. hence, variable response in the two trans-
fected resistant cell lines may be the result of the molecular
variability among these two gemcitabine-resistant models.

Our result is the first report revealing the direct repression
role of miR-608 on RRM1 and CDA mediating responsive-
ness of pancreatic cancer cells to gemcitabine. Up to now,
all studies on gemcitabine resistance are based on in vitro
acquired resistance and no data are available in animal
model systems showing a relationship between RRM1 and
CDA expression and acquired gemcitabine resistance after
gemcitabine administration. Also, miR-608 has not yet been
reported to have implication in the pathology or prognosis
of pancreatic cancer.

Tumor-suppressor-miRs have been indicated as ideal
therapeutic tools in the battle against cancer [43], while our
results showed it could be a potential target for sensitizing
pancreatic cancer cells to chemotherapeutic drugs. Other
types of cancer which are treated by gemcitabine would be
good candidates for studying the expression of this miRNA
and studying the genes targeted by this miRNA.

In vivo analysis of the effect of miR-608 in addition to
gemcitabine in pancreatic cancer tissues should be done
before human studies. Then therapeutic manipulation of
miR-608 is ought to be explored in patients sample and if
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successful, might open opportunities to modify treatment
strategies in pancreatic cancer and other types of cancer such
as lung cancer as well.

In conclusion, it is suggested that to prescribe miR-608
along with gemcitabine to augment the effect of gemcitabine
in pancreatic cancer patients. To achieve this goal, more
assays such as in vivo analysis of the effect of miR-608 on
the gemcitabine metabolism have to be done.
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