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miR-1 reverses multidrug resistance in gastric cancer cells
via downregulation of sorcin through promoting the
accumulation of intracellular drugs and apoptosis of cells
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Abstract. Gastric cancer (GC) is one of the most common
cancers worldwide and results in the second greatest
rate of cancer-associated mortality globally. Multidrug
resistance (MDR) often develops during the chemotherapy,
resulting in the failure of treatment. To investigate the molecular
mechanism of MDR, the roles of microRNA (miR)-1 were
studied in GC. Reverse transcription-quantitative polymerase
chain reaction and western blotting were used to investigate
the expression levels of miR-1 and sorcin in SGC7901/ADM
and SGC7901/VCR cell lines. The effect of miR-1 on the
half maximal inhibitory concentration (ICs,), cell apoptosis
rates and drug accumulation was uncovered by MTT assay
and flow cytometric analysis. Furthermore, dual-luciferase
assay and western blotting were used to determine the
target of miR-1 in GC. It was demonstrated that miR-1 was
highly downregulated in MDR GC cell lines, including
SGC7901/ADM and SGC7901/VCR. Overexpression of
miR-1 in MDR GC cells decreased ICs, but increased the cell
apoptosis rates and promoted the drug accumulation in cancer
cells. Dual-luciferase activity assay indicated that sorcin was
the target of miR-1 in GC. In addition, overexpression of
sorcin could partially reverse the effect of miR-1 in MDR GC
cells. The role of miR-1 in MDR GC cells makes it a potential
therapeutic target for a successful clinical outcome.

Introduction

Gastric cancer (GC) is one of the most common cancers
worldwide and results in the second greatest rate
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cancer-associated mortality globally (1). Although surgery is
an effective therapeutic strategy for patients with resectable
tumors, the majority of patients with GC, particularly in
China, are diagnosed at an advanced and are thus unresectable
at that clinical stage (2). For those patients, chemotherapy
becomes the preferred treatment method. However, multidrug
resistance (MDR) often develops during chemotherapy, resulting
in the failure of treatment (2-4). Therefore, strategies that can
reverse MDR of GC cells have a notable impact on the success
of chemotherapy. To generate an efficient strategy for reversing
MDR, it is important to discover novel cancer-associated key
molecules and MDR-associated mechanisms in GC cells.

Sorcin is a soluble resistance-associated calcium-binding
protein, which is expressed in many human tissues, with
especially high levels in the bones, heart, kidneys and
skin (5,6). However, it was also demonstrated that sorcin was
overexpressed in many types of cancer, including leukemia,
breast cancer and GC (7-9). Sorcin gene is positioned in the
same amplicon of other genes associated with the resistance
to chemotherapeutic agents in cancer cells. Therefore, in
multidrug-resistant cancer cells, sorcin was recognized
as ‘resistance-associated’ (10). For instance, a high sorcin
expression level in leukemia patients indicated poor
chemotherapeutic response and poor prognosis (5). Previous
studies have demonstrated that sorcin overexpression is
closely associated with the MDR of GC (11-13). Silencing
sorcin by shRNA, Xu et al (14) demonstrated that the drug
chemosensitivity in myeloma KM3/DDP and U266/ADM cell
lines was enhanced. In MDA-MB-231 breast cancer cells,
Hu et al (15) demonstrated that sorcin depletion by RNA
interference inhibited epithelial-to-mesenchymal transition
and suppressed breast cancer metastasis in vivo. It has been
suggested that suppressing sorcin may have the potential to
improve the sensitivity of GC cells to drugs.

MicroRNAs (miRNAs or miRs), small non-coding RNA
molecules with ~22 nucleotides, control gene expression
levels by degrading mRNA at the posttranscriptional
level (16). The binding sites of miRNAs are usually the
3'-untranslated region (UTR) sequences of mRNAs. Upon
the hybridization of miRNAs and mRNA, the target gene is
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downregulated (17). During GC development, progression and
therapeutic processes, >200 miRNAs have been demonstrated
to be involved (18). Furthermore, the MDR of various types
of cancer is also regulated by miRNAs (18). Among those
miRNAs, miR-1 is decreased in various human cancers,
which indicated that it may be a potential therapeutic target for
cancer treatment (18). Conversely, the prediction of Targetscan
and previous studies indicated that miR-1 may directly target
sorcin. It was also reported that the expression level of miR-1
was associated with the chemoresistance of GC and lung
cancer (19,20). Therefore, the interaction between miR-1 and
sorcin in the development of MDR of GC is of interest for the
diagnosis and treatment of MDR GC.

It has previously been reported that miR-1 is significantly
downregulated in GC cells (19). However, the mechanism of
miR-1 in regulating the MDR of GC cells remains unclear.
In the present study, the role of miR-1 and sorcin in MDR
GC cells was assessed using SGC7901/adriamycin (ADM)
and SGC7901/vincristine (VCR) resistant cell lines, which
have been widely used as the model of MDR GC (21,22).
Doxorubicin, also known as ADM, is an anthracycline-based
anti-tumor agent and is an effective FDA-approved drug
for GCs (23). Vincristine is also a common drug for cancer
thermotherapy for many types of cancer, such as acute myeloid
leukemia, small cell lung cancer and neuroblastoma (24-26).
The aim of the present study was to provide an insight
into the molecular mechanism of MDR in GC cells. It was
demonstrated that miR-1 was significantly downregulated in
all MDR GC cells lines. By overexpressing miR-1 in those
MDR GC cell lines, the apoptosis and drug accumulation
rates were increased. In addition, the results demonstrated that
sorcin was one of the targets of miR-1 in GC. Overexpression
of miR-1 in GC cells inhibited sorcin and then promoted the
cell apoptosis and drug accumulation. Therefore, miR-1 may
be used as a small therapeutic molecule and potential target for
new drug discovery in GC.

Materials and methods

Cell culture and treatment. The GC cell lines, SGC7901,
SGC7901/VCR and SGC7901/ADM, were obtained from the
Shanghai Institutes for Biological Sciences Cell Resource
Center (Shanghai, China). The cells were cultured with
RPMI-1640 medium (Thermo Fisher Scientific, Inc.) with
10% fetal bovine serum (Thermo Fisher Scientific, Inc.),
penicillin and streptomycin at 37°C in a humid atmosphere
(5% CO,, 95% air). For drug treatment, the SGC7901,
SGC7901/ADM and SGC7901/VCR cells were cultured in
the same medium with the addition of 0, 0.5, 1, 2, 4, 8, 16
or 32 ug/ml ADM, or 0, 0.01, 0.1, 1, 5, 10 or 20 ug/ml VCR
and MTT assay was performed 24 h later. The half maximal
inhibitory concentration (ICs,) was determined by plotting the
relationship between the concentrations of drugs and the cell
viabilities.

Cell transfection. miR-1 mimics, scramble miRNA negative
control (miR-NC) and miR-1 inhibitors were synthesized by
Shanghai GenePharma Co., Ltd.. The sequences were as
follows: miR-1 mimic, 5-UGGAAUGUAAAGAAGUAUG
UAU-3' (sense) and 5'-"ACAUACUUCUUUACAUUCCAUU-3'
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(antisense); miR-NC, 5'-UUCUCCGAACGUGUCACGUTT-3'
(sense) and 5'-ACGUGACACGUUCGGAGAATT-3'
(antisense); miR-1 inhibitor, 5'-UUCAGUUAUCACAGUACU
GUA-3'; inhibitor NC, 5'-CAGUACUUUUGUGUAGUA
CAA-3". SGC7901, SGC7901/ADM and SGC7901/VCR cells
were transfected with 100 nM miR-1 mimics or miR-1
inhibitor for miR-1 overexpression and knockdown,
respectively. miR-NC (100 nM) and inhibitor NC (100 nM)
were used as negative controls. Transfection was conducted
using Lipofectamine 2000 reagent (Invitrogen; Thermo Fisher
Scientific, Inc.) according to the manufacturer's protocol.
Six hours post-transfection, the medium was changed with
fresh medium. At 48 h post-transfection, the cells were used in
subsequent experiments.

MTT assay. In 96-well plates, the GC cells (2,000 cells/well)
were cultured in RPMI-1640 medium for 24 h following the
different treatments. Then, 10 ul MTT was added into the
culture medium for 60 min at 37°C, followed by the addition
of 100 ul dimethyl sulfoxide in each well to dissolve the
resulting crystals by shaking for 10 min at room temperature.
Then, the optical absorbance at 490 nm was measured using a
microplate reader.

Apoptosis analysis by flow cytometry. For the apoptosis
analysis, the cells were transfected with miR-NC, miR-1
mimics and miR-1 inhibitors. Then, the Annexin V-FITC/PI
Apoptosis Detection kit (BD Biosciences) was used to stain
each sample, which were then analyzed by flow cytometry.
The quantitative analysis of the percentage of the apoptosis
cells was performed using FlowJo v10 (Tree Star, Inc.,).

Reverse transcription-quantitative polymerase chain reaction
(RT-gPCR). The total RNA from the GC cells were collected
using TRIzol reagent (Life Technologies; Thermo Fisher
Scientific, Inc.) according to the manufacturer's instructions.
Then, the reverse transcription of cDNA from the RNAs was
performed with TagMan Reverse Transcription reagents (Life
Technologies; Thermo Fisher Scientific, Inc.). The analysis of
expression levels of miR-1, B cell lymphoma (BCL)-2,
BCL-2-associated X protein (Bax), c-fos, c-jun and sorcin
were performed using TagMan microRNA assay kits (Applied
Biosystems; Thermo Fisher Scientific, Inc.). The primer
sequences used for miR-1 were as follows: Forward,
5'-GCGGCTGGAATGTAAAGAAGT-3"; andreverse, 5'-CGG
CCCAGTGTTCAGACTAC-3'. The sequences for BAX were
as follows: Forward, 5'-CTGACGGCAACTTCAACTGGG-3"
and reverse, 5'-CAACCACCCTGGTCTTGGATC-3'". The
sequences forc-fos wereas follows: Forward,5'-CTTACTACCA
CTCACCCGCAG-3"andreverse,5-GCCTCCTGTCATGGTC
TTCAC-3'". The sequences for c-jun were as follows: Sense,
5-GTGCCGAAAAAGGAAGCTGG-3"; and reverse, 5'-CTG
CGTTAGCATGAGTTGGC-3'. The sequences for BCL-2
were as follows: Forward, 5'-GGATCCAGGATAACGGA
GGC'"; and reverse, 5'-GATAGGCACCCAGGGTGATG-3".
The sequences for sorcin were as follows: Forward, 5'-GGAGA
CTTGCCGGCTTATGG-3"; and reverse, 5'-CACAGCCTGG
GGACTCAACC-3". The sequences for GAPDH were as
follows: Forward, 5'-GTCAACGGATTTGGTCTGTATT-3";
and reverse, 5'-AGTCTTCTGGGTGGCAGTGAT-3". The
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sequences for U6 were as follows: Forward, 5“TGCGTTCCCT
TTGTCATCCT-3"; and reverse, 5-"AACGCTTCACGAATTT
GCGT-3". The primers were synthesized by Sangon Biotech
Co., Ltd. The thermocycling conditions were: 95°C for 10 min,
then 45 cycles of 94°C for 15 sec, 60°C for 40 sec, and 72°C for
45 sec. The 224 method was used to calculate the relative
fold change in expression compared with a reference
sample (27).

Western blot analysis. Total cellular proteins were extracted
from cells using cell lysis buffer (Beijing Solarbio Science &
Technology Co., Ltd.) and the amount of protein was deter-
mined by bicinchoninic acid assay. Then, the proteins (50 pg)
were separated by 10% SDS-PAGE and then transferred
to polyvinylidene difluoride membranes (EMD Millipore).
Subsequently, 5% milk was used to block the membrane for 1 h
at room temperature followed by incubation overnight at 4°C
with primary antibodies against MDR protein 1/P-glycoprotein
(MDR1/P-gp; cat. no. 13342; 1:1,000), MDR-associated
protein 1 (MRP-1; cat. no. 72202; 1:600), Bax (cat. no. 2774;
1:800), c-fos (cat. no. 4384; 1:1,000), c-jun (cat. no. 9165;
1:800) and BCL-2 (cat. no. 4223; 1:600) from Cell Signaling
Technology, Inc., and against sorcin (cat. no. A6751, 1:1,000)
from ABclonal. Membranes were then incubated at room
temperature for 2 h with horseradish peroxidase-conjugated
secondary antibodies (goat anti-rabbit; cat. no. ZB-2301;
1:5,000; and goat anti-mouse; cat. no. ZDR5307; 1:1,500;
OriGene Technologies, Inc.). An enhanced chemilumines-
cence detecting system (iBright CL1000 imaging system;
Thermo Fisher Scientific, Inc.) was used to quantify the expres-
sion levels. The bands were quantified using Image Lab™
software (Bio-Rad Laboratories, Inc.). B-actin (cat. no. AC004;
1:1500; ABclonal) was used as loading control.

Dual luciferase activity assay. The dual luciferase activity
assay was used to confirm the target of mir-1. The potential
target site of miR-1 on the sorcin gene was predicted using the
miRDB database (http:/mirdb.org/). Fragments containing
the 3'UTR target sites of sorcin were amplified and then cloned
into psiCHECK (Invitrogen; Thermo Fisher Scientific, Inc.).
Forward and reverse PCR primers carried a 5' overhang that
contained Spel and HindIII recognition sites, respectively.
Then, the sorcin 3'-UTR fragment was cloned into the dual
luciferase reporter vector psiCHECK and the recombinant
plasmid was named psiCHECK-wt. The miR-1 targeting
sequence in the above sorcin 3'UTR reporter plasmid was also
mutated and named psiCHECK-mut. Then, the SGC7901 cells
were transfected with the psiCHECK-wt, psiCHECK-mut,
miR-NC and miR-1 mimic using Lipofectamine 3000 for 48 h
(Thermo Fisher Scientific, Inc.). The Dual-Luciferase assay
kit (Promega Corporation) was used to measure the luciferase
activities in transfected cells following to the manufacturer's
information. The luciferase activity, normalized against
protein concentration, was expressed as a ratio of firefly lucif-
erase to Renilla luciferase units.

Drug accumulation assay. The treated GC cells (2x10° cells/well
in a 6-well plate) were collected and incubated with 0.3 yM
Rhodanmin 123 (Rhol23; cat. no. R8004; Sigma-Aldrich;
Merck KGaA) in RPMI-1640 medium for 90 min at 37°C.
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Then, the cells were washed with ice-cold PBS twice and finally
suspended in 500 ul ice-cold PBS. Beckman CytoFLEX flow
cytometry (CytExpert 2.0; Beckman Coulter, Inc.) was used to
quantify the Rhol23 accumulation in cells with excitation at
488 nm and emission at 530 nm.

Statistical analysis. Data are presented as the means + standard
deviation of at least three separate experiments. The difference
between two groups was analyzed by unpaired two-tailed
Student's t-test. One-way analysis of variance was used for
comparison among multiple groups and multiple comparisons
were further performed using post hoc Tukey's test. P<0.05 was
considered to indicate a statistically significant difference.

Results

Expression of miR-1 and sorcin in GC cells. In order to discover
the roles of miR-1 and sorcin in GC cells, the expression levels
of miR-1 and sorcin were examined by RT-qPCR and western
blotting in GC cell lines, including SGC7901, SGC7901/ADM
and SGC7901/VCR. The half maximal inhibitory concentration
(ICs,) of VCR and ADM was investigated in different gastric
cell lines. As presented in Fig. 1A, SGC7901/VCR and
SGC7901/ADM exhibited significant resistance to VCR and
ADM treatments, respectively. ICs, of ADM to SGC7901/ADM
increased 7.65-fold compared with the SGC7901 cells. ICy, of
VCR to SGC7901/VCR increased 5.94 times compared with the
SGC7901 cells. Furthermore, the expression level of miR-1 and
mRNA level of sorcin were determined in these three GC cell lines.
As presented in Fig. 1B, miR-1 was significantly downregulated
in the drug resistant cell lines, which were downregulated to 0.47
and 0.40 in SGC7901/ADM and SGC7901/VCR, respectively,
compared with the SGC7901 cells. However, the mRNA
expression level of sorcin in these two drug-resistant cell lines
was significantly enhanced. The sorcin protein expression level
measured by western blot assay also demonstrated the enhanced
expression of sorcin in the drug-resistant cell lines (Fig. 1C).

miR-1 reverses the MDR in GC cells. The effect of miR-1
on the MDR in GC cells was investigated. The miR-NC,
miR-1 mimics and miR-1 inhibitor were transfected into two
drug-resistant GC cells, SGC7901/VCR and SGC7901/ADM.
AspresentedinFig.2A,the miR-1 expression was significantly
enhanced when miR-1 mimics were transfected in both
cell lines. In contrast, the transfection of miR-1 inhibitor
downregulated the expression of miR-1 in both cell lines.
Furthermore, the IC;, of these two drug-resistant cell lines
following transfection was determined. As presented in
Fig. 2B, the IC,, of both SGC7901/VCR and SGC7901/ADM
treated with miR-1 mimics was significantly decreased and
the transfection of miR-1 inhibitor increased the ICs, in
both cell lines. The results indicated that miR-1 reversed the
multi-drug resistance in GC cell lines.

miR-1 induces GC cell apoptosis. To elucidate how miR-1
reversed the MDR, the effect of miR-1 on the apoptosis of
GC cell lines was investigated. As presented in Fig. 3A,
SGC7901/ADM and SGC7901/VCR cells were transfected with
miR-NC, miR-1 mimics and miR-1 inhibitor and the apoptosis
rates were measured by flow cytometry without the treatment
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Figure 1. The expression of miR-1 and sorcin in gastric cancer cells. (A) SGC7901, SGC7901/VCR and SGC7901/ADM were treated with different concentrations
of ADM or VCR for 48 h, cell viability was detected through MTT assay. IC5, of ACR and ADM were determined according to the cell viability curve. (B) The
mRNA expression of miR-1 and sorcin in SGC7901, SGC7901/VCR and SGC7901/ADM cells. (C) The protein expression of sorcin in SGC7901/VCR and
SGC7901/ADM cells. Data are presented as the mean + standard deviation of three repeated experiments. “P<0.05, “P<0.01. miR, microRNA; VCR, vincristine;

ADM, adriamycin; ICs,, half maximal inhibitory concentration.
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Figure 2. miR-1 reverses the multidrug resistance in gastric cancer cells. (A) miR-1 was upregulated following transfection of miR-1 mimics in SGC7901/VCR
and SGC7901/ADM cell lines. miR-1 was downregulated following transfection of miR-1 inhibitor in SGC7901/VCR and SGC7901/ADM cell lines. (B) Half
maximal inhibitory concentrations of ADM and VCR were significantly decreased when SGC7901/VCR and SGC7901/ADM cells were treated with miR-1.
Data are presented as the mean + standard deviation of three repeated experiments. ‘P<0.05, “P<0.01. miR, microRNA; VCR, vincristine; ADM, adriamycin;

miR-NC, scramble control.

of drugs. The results demonstrated that the transfection of
miR-1 mimics significantly promoted the apoptosis rates
in both SGC7901/ADM and SGC7901/VCR cell lines, but
miR-1 inhibitor suppressed cell apoptosis. Furthermore, the
transfection of miR-1 mimics significantly enhanced the
drug-resistant GC cell apoptosis rates under the treatment
of the drugs (Fig. 3B). The apoptosis rate of SGC7901/ADM
cells following transfection of miR-1 mimics and treatment
with 10 uM ADM was ~1.9 times higher than control groups.
Similarly, the apoptosis rate of SGC7901/VCR cells following
transfection of miR-1 mimics and treatment with 5 yM VCR
was ~2.1 times higher than the control groups. Meanwhile,
the transfection of miR-1 inhibitor significantly decreased

the apoptosis rate compared with the control groups when the
ADM or VCR drugs were present.

Furthermore, the expression levels of several
apoptosis-associated proteins in these transfected drug-resistant
GC cell lines were investigated. It was observed that miR-1
upregulated pro-apoptotic proteins including Bax, c-fos and
c-jun, but inhibited anti-apoptotic protein BCL-2 and sorcin
expression in both SGC7901/ADM and SGC7901/VCR cells.
In contrast, miR-1 inhibitor promoted the expression of BCL-2
and sorcin while inhibiting the expression levels of Bax, c-fos
and c-jun (Fig. 3C). Similarly, the protein expression levels of
these components measured by western blotting assay exhibited
the same trends in these drug-resistant GC cell lines (Fig. 3D).
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miR-1 promotes the drug accumulation in multidrug resistant  lines, SGC7901/ADM and SGC7901/VCR, were transfected
GC cells. The effect of miR-1 on the drug accumulation in ~ with miR-NC, miR-1 mimics and miR-1 inhibitor. Then, the
multidrug resistant GC cells was also investigated. Two cell ~ drug accumulation was measured by flow cytometry with
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Rhol23 following the treatment of 10 xM ADM and 5 yuM
VCR in SGC7901/ADM and SGC7901/VCR, respectively.
The results in Fig. 4A demonstrated that the transfection of
miR-1 mimics markedly enhanced the drug accumulation in
both SGC7901/ADM and SGC7901/VCR cells. In contrast,
the transfection of miR-1 inhibitor inhibited the drug
accumulation in these two cell lines. The expression levels of
MDRI1/P-gp and MRP-1 were determined using western blot
analysis following the transfection of miR-1 mimics and miR-1
inhibitor. The results demonstrated that both MDR1/P-gp and
MRP-1 were significantly inhibited in SGC7901/ADM and
SGC7901/VCR cells transfected with miR-1 mimics. The
transfection of miR-1 inhibitor upregulated the MDR1/P-gp
and MRP-1 expression levels in SGC7901/ADM and
SGC7901/VCR cell lines (Fig. 4B). All these results indicated
that the drug accumulation in these two MDR GC cell lines
was significantly enhanced by overexpression of miR-1.

Sorcin is a target of miR-1. In order to elucidate the
mechanism of miR-1 in the drug-resistant GC cell lines,
the interaction between miR-1 and sorcin in these cell
lines was investigated. The association between the

miR-1 expression level and the sorcin expression level in
the MDR GC cell lines was initially investigated. It was
demonstrated that the mRNA expression level and protein
level of sorcin in both SGC7901/ADM and SGC7901/VCR
cell lines were significantly inhibited when the cells were
transfected with miR-1 mimics (Fig. 5A and B). In contrast,
the transfection of miR-1 inhibitor in these two cell lines
significantly upregulated the sorcin mRNA and protein
levels. Furthermore, a dual-luciferase assay was conducted
to investigate the interaction between miR-1 and sorcin. The
potential target site of miR-1 for sorcin was predicted by
the miRDB database (Fig. 5C). Then, the sorcin 3'-UTR
fragment was cloned into the dual luciferase reporter
vector psiCHECK and the recombinant plasmid was named
psiCHECK-wt. The miR-1 targeting sequence in the above
sorcin 3'UTR reporter plasmid was also mutated and named
psiCHECK-mut. Dual-luciferase reporters containing either
psiCHECK-wt or psiCHECK-mut were co-transfected into
SGC7901 cells with either miR-NC or miR-1. The group with
co-transfection of psiCHECK-wt and miR-1 demonstrated a
significant luminescence intensity decrease, suggesting that
sorcin may be a target of miR-1 (Fig. 5D).



INTERNATIONAL JOURNAL OF ONCOLOGY 55: 451-461, 2019 457
-
A 3 miR-NC B ,\@5? @@o 3 miR-NC
B miR-1 mimics Y FE B miR-1 mimics
_g 2. A B miR-1 inhibitor &Q‘ GQ‘ é@“ M miR-1 inhibitor
” =
8 = Sorcin | == - 2
- @ .
= o
[ * * 5 O
<8 1 B-actin .-g| x
Z 5 o 0.
X a c £ * "
Es o SGC7901/ADM oL
L] : ° 8 0.
& Sorcin | - — g2
Lu‘: 0. o ]
[ SGC7901/ADM  SGC7901/VCR B-acﬂnE 5 o0
= SGC7901/ADM  SGCT7901/VCR
SGCT7901/NVCR
C D 1. I miR-NC
=2 Bl miR-1 mimics
Sorcin-WT & wugaauguaaucaﬂ(':ﬁ?lilu('l(lla ¥ % ’
S
hsa-miR-1 3’ uvauguaugaagaaaUGUAAGGuU 5 %
@ 0 .
Sorcin-MUT 5 caugaauguaaucaUGUAAGGa 3’ S i
-
0.0 T T
WT MUT

Figure 5. Sorcin was a target of miR-1. (A) mRNA and (B) protein expression levels of sorcin in SGC7901/ADM and SGC7901/VCR cells with transfection
of miR-NC, miR-1 mimics and miR-1 inhibitor. (C) The prediction of miR-1 binding sites on sorcin transcript. (D) The luciferase activities in SGC7901 cells
co-transfected with miR-1 or miRNA-NC and luciferase reporters containing psiCHECK-wt or psiCHECK-mut. Data are presented as the mean + standard
deviation of three repeated experiments. ‘P<0.05. miR, microRNA; VCR, vincristine; ADM, adriamycin; miR-NC, scramble control.

A & @, S 1.0q " CImiR-NC
\5’ & & & d‘(}o @ B miR-1 mimics
& & cgo & '\(\ = o 0.8 — L] ) - r
& o ¥ & N F s O W miR-1 mimics+pcDNA-sorcin
o & &S, &S 5 :
SRS Lo & & c 08
i}
Sorcin | - -— | - -I g 041
-acti K
a Ny & 0.0
SGCTS01/ADM SGC7901/VCR SGC7901/ADM  SGCT901/VCR
B . SGCT7901/ADM . SGC7901NVCR C CImiR-NC
- m!R‘NCI . - n‘-R-NCI 40- I miR-1 mimics
125, @ miR-1 mimics 125, & miR-1 mimics . . B miR-1 mimics+pcDNA-sorcin
-4 miR-1 mimics+pcDNA-sorcin . -4 miR-1 mimics+pcDNA-sorcin c
9 2 S
= £ E=
= 3 E
g 8 $5
B = 82
3 S J

10 20 30
ADM concentration (ug/ml)

VCR concentration (ug/ml)

SGCT7901/ADM

SGCT7901/VCR

Figure 6. Overexpression of sorcin partially recovered the effect of miR-1 on multidrug resistance in gastric cancer cells. (A) The expression level of sorcin
in SGC7901/ADM and SGC7901/VCR cells with transfection of miR-NC, miR-1 mimics and miR-1 mimics with pcDNA-sorcin. (B) ICy, of ADM to
SGC7901/ADM cells following transfection of miR-NC, miR-1 mimics and miR-1 mimics with pcDNA-sorcin. (C) ICy, of VCR to SGC7901/VCR cells fol-
lowing transfection of miR-NC, miR-1 mimics and miR-1 mimics with pcDNA-sorcin. Data are presented as the mean + standard deviation of three repeated
experiments. “P<0.05, “P<0.01. miR, microRNA; VCR, vincristine; ADM, adriamycin; ICs,, half maximal inhibitory concentration; miR-NC, scramble control.

Overexpression of sorcin in both SGC7901/ADM and
SGC7901/VCR cell lines partially reverses the impact of
miR-1 on drug resistance. In order to elucidate whether
miR-1 regulates the chemosensitivity of MDR GC cell lines
through targeting sorcin, sorcin was overexpressed following
upregulating miR-1in SGC7901/ADM and SGC7901/VCR and
their impacts on ICs,, apoptosis rates and drug accumulation
were investigated. SGC7901/ADM and SGC7901/VCR were

transfected with miR-NC, miR-1 mimics and miR-1 mimics
with pcDNA-sorcin. The sorcin expression levels in different
groups were measured by western blot assay (Fig. 6A). The
transfection of miR-1 alone significantly downregulated the
expression of sorcin in both cell lines. However, co-transfection
of miR-1 mimics and pcDNA-sorcin partially recovered the
expression of sorcin in both cell lines (Fig. 6A). The MTT
assay was used to measure ICs, of ADM and VCR in different
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groups. The results demonstrated that the transfection of
miR-1 mimics in both cell lines decreased the ICs,. However,
the co-transfection of miR-1 mimics and pcDNA-sorcin
partially restored the ICs, from 20.4 to 29.2, and 3.7 to 8.3
in SGC7901/ADM and SGC7901/VCR cells, respectively.
These results demonstrated that the effect of miR-1 on drug
resistance was partially reversed by overexpressing sorcin in
MDR GC cells (Fig. 6B and C).

Secondly, SGC7901/ADM and SGC7901/VCR were
co-transfected with miR-1 mimics and pcDNA-sorcin and
then treated with 10 uM ADM and 5 uM VCR, respectively.
The flow cytometry results indicated that co-transfection
of pcDNA-sorcin with miR-1 mimics partially reduced the
apoptosis rates compared with the groups that were only
transfected with miR-1 mimics (Fig. 7A). From the western
blot assay, it was demonstrated that by overexpressing sorcin
in SGC7901/ADM and SGC7901/VCR cells, the upregulation
of the apoptosis-associated proteins, including Bax, c-fos and
c-jun, and downregulation of BCL-2 induced by transfection of
miR-1 mimics, were both partially reversed (Fig. 7B). Finally,
the drug accumulation in SGC7901/ADM and SGC7901/VCR
cells was tested following co-transfection of miR-1 mimics and
pcDNA-sorcin. As presented in Fig. 7C, the flow cytometric anal-
ysis indicated the accumulation of Rhol23 in SGC7901/ADM
and SGC7901/VCR cells following the overexpression of sorcin
was markedly decreased compared with the groups which were
only transfected with miR-1 mimics. The western blot analysis
demonstrated that the expression of MDR1/P-gp and MRP-1 in
SGC7901/ADM and SGC7901/VCR cells were partially recov-
ered when the cells were overexpressed with sorcin (Fig. 7D).
Based on the results, the impact of miR-1 on MDR GC cells
could be partially reversed by the overexpression of sorcin,
which indicated that miR-1 regulated the MDR in GC cells by
inhibiting the expression of sorcin.

Discussion

GC is a highly life-threating disease due to the lack of
efficient early diagnostic methods and treatment of tumor
metastases (1). Most patients with GC are diagnosed at
an advanced stage and lose the opportunity to be treated
by surgery. Alternatively, chemotherapy is the preferable
therapeutic option for those patients. However, developed
MDR in chemotherapy becomes a major obstacle leading
to the failure of treatment (3,4). Therefore, it is of interest
to elucidate the mechanism of MDR. There have been
several mechanisms reported, such as increased drug efflux,
dysfunction of pro-apoptotic proteins, mutation of target
genes and inactivation of detoxification enzymes (28).
However, the mechanism of chemoresistance remains to be
elucidated. In the present study, it was demonstrated that
miR-1 was highly downregulated in SGC7901/ADM and
SGC7901/VCR cell lines. Overexpression of miR-1 in these
MDR GC cells decreased ICs, but increased cell apoptosis
rates and promoted drug accumulation in cancer cells. It was
also demonstrated that sorcin was the target of miR-1 in GC.
Furthermore, overexpression of sorcin could partially reverse
the effects of miR-1 on the MDR of GC cells. The role of
miR-1 in MDR GC cells makes it a potential therapeutic
target for a successful clinical outcome.
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It has been reported that miRNA participated in the
development of drug resistance and metastasis in GC
cells (29). miRNA microarray and bioinformatics were widely
used to examine the miRNAs levels and their correlation
with progression and prognosis of GC (30). For instance,
Cao et al (31) reported that miRNA-647 regulated drug
resistance and metastasis of GC cells via inhibiting ANK2.
Yan et al (32) demonstrated that the recurrence rate of GC
could be discriminated by the seven upregulated and five
downregulated miRNAs. Therefore, it is of importance to
elucidate the mechanism of miRNAs on the regulation of
MDR in GC for improving the treatment efficiency and
discovering novel therapeutic targets. Among miRNAs,
miR-1 was demonstrated to be widely downregulated in
various types of cancer, including lung (33), prostate (34) and
colon (35) cancer and GC. In GC, Tsai et al (36) demonstrated
that downregulation of miR-1 directly regulated endothelin-1
expression to enhance the cell proliferation and metastasis,
and finally inhibited cell apoptosis. It was also reported that
aberrant expression of miR-1 impacted the chemoresistance
in cancers. For instance, overexpression of miR-1 in lung
cancer cells enhanced cells response rate to an anticancer
drug (doxorubicin) (37). However, the status of miR-1 and
its underlining mechanism to regulate the MDR in GC cells
are still unclear. Therefore, the expression levels of miR-1
were investigated in the MDR cell lines in the present study.
It was demonstrated that miR-1 was downregulated in the
MDR gastric cell lines, indicating that miR-1 might serve an
important role in the drug resistance of GC. Furthermore, when
the MDR GC cells were transfected to overexpress miR-1,
the chemosensitivity of these MDR GC cells significantly
increased, indicating the regulation function of miR-1 in the
drug resistance in GC cells.

In order to uncover the mechanism of miR-1 for
reversing drug resistance properties of MDR GC cells, it
was demonstrated that the overexpression of miR-1 could
upregulate the pro-apoptotic proteins including Bax, c-fos
and c-jun, but inhibit the anti-apoptotic protein Bcl-2,
which promoted the cell apoptosis with the treatment of
chemotherapeutic drugs. These findings are consistent with
a previous report, which demonstrated that ectopic miR-1
expression could decrease cell viability in lung cancer cells
in response to the chemotherapeutic drug (37). Apoptosis has
been proved to be a major mechanism of programmed cell
death and most of the chemotherapeutic drugs induce apoptosis
of cancer cells. For instance, Ma et al (4) demonstrated that
the inhibition of cell apoptosis induced chemoresistance in
GC, which was regulated by overexpression of hepatocyte
nuclear factor-4a. It is well known that in the process
of chemotherapy-induced apoptosis, Bcl-2 is a critical
survival factor which inhibits apoptosis in various cell
systems (38). In many cases, the resistance of cancer cells to
chemotherapeutic drugs may be caused by the overexpression
of Bcl-2 (39,40). Also, Bcl-2/Bax was recognized to be
critically involved in regulating mitochondrial function,
which ultimately modulates cell apoptosis (39). A number of
studies demonstrated the high expression ratio of Bcl-2/Bax
in chemoresistant cancer cells (40,41). Furthermore, the AP-1
proteins, composed of c-fos/c-jun, were reported to work as
tumor suppressors by inducing apoptosis of cells (41).
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On the other hand, drug efflux is also recognized as an
important pathway to generate drug resistance in chemotherapy
of many cancer types (42). P-gp and MRP-1 are members of
the ATP-binding cassette transporters, which serve as drug
efflux pumps that extrude chemotherapeutic agents from
MDR cancer cells, inducing drug resistance (43,44). P-gp and
MRP-1 are usually overexpressed in many types of MDR
cancer to increase drug efflux, which correlates with poor
prognosis and relapse in human cancers (42,45). For instance,
it was demonstrated that in human hepatocellular carcinoma
cells, MDR could be significantly reversed by inhibiting P-gp
and MRP1 expression using indomethacin and SC236 (45).
Recently, Wang et al (45) demonstrated that the multidrug
resistant leukemic cell proliferation was inhibited by reducing
P-gp expression via the knockdown of Wnt receptor Frizzled-1.
By overexpressing miR-1 mimics in MDR GC cells, the
present study demonstrated that the drug accumulation in
those MDR GC cells were significantly enhanced and the
expression levels of MDR1/P-gp and MRP-1 were lower than
those of the control groups.

All these data indicated that miR-1 overexpression could
reverse drug resistance through promoting cell apoptosis and
inhibiting drug efflux pumps. However, the mechanism of
miR-1 to promote the cell apoptosis and drug accumulation in
MDR GC cells remains unclear. The present results indicated
that the MDR in GC cells could be regulated by miR-1 via
targeting sorcin. Sorcin is a cytoplasmic protein with a
molecular mass of 22 kDa and is part of the penta-EF-hand
protein family. In a number of drug-resistant tumor cell lines,
sorcin was reported to be overexpressed, which was consistent
with the results that sorcin was highly overexpressed in the
SGC7901/ADM and SGC7901/VCR cells. In addition, more
evidences indicated that sorcin was involved in MDR in a
wide number of tumor types, including colorectal cancer cells,
GC cells, leukemia and lung cancer cells (5,13,15,46). It was
reported that sorcin expression upregulated P-gp expression
via a cyclic adenosine monophosphate response element,
which induced the drug efflux in leukemia cells (9). In human
breast cancer, Gong et al (12) demonstrated that sorcin
was overexpressed in the human serum of the neoadjuvant
chemotherapy (NAC)-resistant patients as compared with
that of NAC-sensitive patients. Therefore, the present study
systematically investigated the interaction between miR-1 and
sorcin in MDR GC cells and demonstrated that overexpression
of miR-1 could promote the chemotherapeutic sensitivity, but
overexpression of sorcin in those miR-1 mimics transfected
groups could partially reverse the impact of miR-1 in MDR GC
cells. The reason that the impact of miR-1 in MDR GC cells
was only partially but not totally reversed by overexpression of
sorcin may be that sorcin is not the only protein that is regulated
by miR-1. For instance, miR-1 was reported to regulate the
stromal cell-derived factor 1 and angiogenesis-associated
growth factors to regulate cell chemoresistance in different
types of cancer (19,20). These results indicated that in MDR
GC cells, miR-1 regulated the expression level of sorcin, which
controls the cell apoptosis and drug accumulation.

In conclusion, the present findings demonstrated that miR-1
was downregulated and sorcin was upregulated in multidrug
resistant GC cells. Furthermore, it was demonstrated that miR-1
reversed the MDR in GC cells via inhibiting the expression of
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sorcin, which promoted the accumulation of intracellular drugs
and enhanced the apoptosis of cells. Hence, by understanding
the involved mechanisms of miR-1 and sorcin in multidrug
resistant GC cells, miR-1 may be considered a valuable target
for chemotherapy of MDR GC. However, the present study
only demonstrated the function of miR-1 in MDR GC cells.
A future in vivo investigation should be conducted to further
promote the usage of miR-1 as a therapeutic target in MDR
GC treatment, which is our future direction.
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