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Abstract MicroRNAs (miRNAs) are a class of non-protein-
coding small RNAs with the capacity to regulate fundamental
biological processes essential for cancer initiation and pro-
gression. In the present study, we analyzed miRNA expression
levels between multidrug-resistant gastric carcinoma cell line
SGC7901/ADR and its parent cell line SGC7901 using a
miRNA microarray. MiR-103/107 was downregulated com-
pared with parental SGC7901 cells. Overexpression of miR-
103/107 sensitized SGC7901/ADR cells to doxorubicin
(DOX), as demonstrated by in vitro and in vivo drug sensi-
tivity assay. We further confirmed that miR-103/107 inhibited
P-gp function in gastric cancer SGC7901/ADR cells. Finally,
we verified that caveolin-1 (Cav-1), a critical component of
lipid rafts, was a target of miR-103/107.

Keywords Gastric carcinoma - miR-103/107 - Multidrug
resistance - Caveolin-1

Introduction

Gastric cancer is one of the most common malignancies
worldwide. Chemotherapy can improve survival rates and
quality of life in patients with unresectable gastric cancer
[1]. However, despite considerable advances in drug discov-
ery, the effectiveness of chemotherapy is seriously limited by
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drug resistance [2]. The molecular genetic basis of resistance
to cancer therapeutics is complex and involves multiple pro-
cesses such as drug transport, drug metabolism, DNA repair,
and apoptosis. Traditionally, therapeutic targets and modula-
tors are focused at the DNA level, and changes in messenger
RNA (mRNA) and protein expression levels have been inves-
tigated to clarify the mechanisms responsible for pharmaco-
logic responses [3—8]. Expression profiling has usually been
performed at the mRNA level, but mRNA and encoded pro-
tein levels are not necessarily proportional, and the expression
of noncoding RNAs has recently been suggested to contribute
to the lack of proportionality between mRNA and encoded
proteins [9].

MicroRNAs (miRNAs) are small noncoding RNAs of 21—
25 nucleotides in length that negatively modulate protein
expression [10]. One strand of the mature double-stranded
miRNA is incorporated into the RNA-induced silencing com-
plex, which downregulates target mRNAs either by degrada-
tion or translational inhibition [11]. miRNAs play important
roles in the normal regulation of cell proliferation and apopto-
sis. Moreover, altered miRNA expression is implicated in
cancers. Emerging evidence has shown that knock-down or
re-expression of specific miRNAs by synthetic antisense oli-
gonucleotides or miRNA precursors or mimics can modulate
drug resistance [12—17]. For example, miR-200c expression
was downregulated in multidrug-resistant (MDR) human
breast cancer cells (MCF-7/ADR), and upregulation of miR-
200c by transfection with miR-200c mimics enhanced their
chemosensitivity to epirubicin [13]. miR-1915 inhibits Bcl-2
and modulates MDR by increasing drug sensitivity in human
colorectal carcinoma cells [14]. miR-181a was downregulated
in a MDR leukemia cell line (K562/A02), while overexpres-
sion of miR-181a sensitized K562/A02 cells to daunorubicin
by targeting Bcl-2 [15]. In contrast, miR-21 was upregulated
in glioblastoma cells (U251), and miRNA-21 inhibitor sensi-
tized U251 cells to chemotherapeutic drugs [16]. Knock-
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down of miR-203 upregulated SOCS3 expression and en-
hanced cisplatin chemosensitivity in breast cancer cells [17].
Overall, these reports suggest that miRNAs play a significant
role in drug resistance.

However, the role of miR-103/107 in drug resistance in
gastric cancer remains unknown. We therefore compared
miR-103/107 expression levels in the drug-resistant human
gastric carcinoma cell line SGC7901/ADR and the parental
SGC7901 cell line. We investigated its relationship with
doxorubicin (DOX) sensitivity and examined the potential
role of caveolin-1 (Cav-1) in miR-103/107-mediated regula-
tion of drug resistance in human gastric cancer cells.

Materials and methods
Reagents

Antibodies against P-gp and f3-actin were purchased from
Santa Cruz Biotechnology Inc. (CA, USA). Antibodies spe-
cific to caveolin-1 were purchased from Cell Signaling Tech-
nology (Beverly, MA, USA). Doxorubicin (DOX), verapamil,
3-(4,5-dimethylthiazol-2-yl)-3,5-diphenyl-tetrazolium bro-
mide (MTT), and other chemicals were obtained from Sigma
Chemical Co. (St. Louis, MO).

Cell lines and culture

Human gastric adenocarcinoma cell line SGC7901 was ob-
tained from the Academy of Military Medical Science (Bei-
jing, China), and its DOX-selected P-gp overexpressing de-
rivative cell line, SGC7901/ADR, was granted by the Institute
of Gastroenterology, Xijing Hospital, Fourth Military Medical
University. To maintain the drug-resistant phenotype, DOX
(with final concentration of 1 pg/mL) was added to the culture
media for SGC7901/ADR cells. All cell lines were cultured in
RPMI 1640 supplemented with 10 % fetal bovine serum at
37 °C in the presence of 5 % CO,.

miRNA microarray analysis

Prior to experimentation, SGC7901 and SGC7901/ADR cells
were cultured 1 week without DOX. Total RNA from
SGC7901 and SGC7901/ADR cell lines was isolated with
Trizol reagent (Invitrogen, Carlsbad, CA), and the integrity
of these total RNAs was assessed using an Agilent 2100
bioanalyzer. miRNA fraction was further purified using a
mirVana™ miRNA isolation kit (Ambion, Austin, TX). The
isolated miRNAs from the two cell lines were then labeled
with Hy3 using the miRCURY™ Array Labeling kit (Exiqon,
Vedbaek, Denmark) and hybridized respectively on a
miRCURY™ LNA microRNA Array (v 8.0; Exiqon). Micro-
array images were acquired using a GenePix 4000B scanner
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(Axon Instruments, Union City, CA) and processed and ana-
lyzed with GenePix Pro 6.0 software (Axon Instruments) and
Excel.

Quantitative real-time PCR analysis for miRNA

Total RNA from the cultured cells was isolated with Trizol
reagent (Invitrogen, Carlsbad, CA), and the concentration of
the total RNA was quantified by measuring the absorbance at
260 nm. The expression of mature miRNAs was assayed
using stem-loop reverse transcription (RT) followed by real-
time PCR analysis [18]. All reagents for the stem-loop RT
were obtained from Applied Biosystems (Foster City, CA).
The PCR primers used were as follows: Cav-1 forward 5'
TCA ACC GCG ACC CTA AAC ACC 3', Cav-1 reverse 5'
TGA AAT AGC TCA GAA GAG ACA T 3’ (561 bp);
GAPDH forward 5" TGG TAT CGT GGA AGG ACT CAT
GAC 3’, GAPDH reverse 5’ AGT CCA GTG AGC TTC CCG
TTC AGC 3’ (198 bp). Quantitative real-time PCR was per-
formed using SYBR Premix Ex Taq II (TaKaRa) and mea-
sured in a LightCycler 480 system (Roche, Basel, Switzer-
land). U6 or GAPDH was used as the internal control. The
27 2AC method was used to calculate the fold change of the
RNA expression of one sample compared to the calibration
sample [19].

Oligonucleotide transfection

The miR-103/107 mimics or inhibitor and corresponding
negative control were designed and synthesized by RiboBio
(Guangzhou, China). Target cells were transfected with miR-
103/107 mimics, inhibitor, or the corresponding negative con-
trols at a final concentration of 50 nM (mimics) or 200 nM
(inhibitor) using Lipofectamine 2000 (Invitrogen) according
to the manufacturer’s protocol. Cells were collected 48 h after
transfection.

In vitro drug sensitivity assay

The sensitivity of gastric cancer cells to anticancer drugs was
evaluated using a colony-forming assay and 3-(4,5-dimethyl-
thiazol-2-yl)-2,5-diphenyl-tetrazolium bromide (MTT) assay
as described previously [20, 21]. Twenty-four hours after,
transfection cells were seeded into 96-well plates (5 x
10° cells/well) for next step experiment. After cellular adhe-
sion, freshly prepared anticancer drug DOX was added with
the different concentrations as previously described [21].
Forty-eight hours after the addition of the drug, cell viability
was assessed by MTT assay. The absorbance at 490 nm
(A490) of each well was read on a spectrophotometer. The
concentration at which the drug produced 50 % inhibition of
growth (ICsq) was estimated by the relative survival curve.
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Three independent experiments were performed in
quadruplicate.

Determination of intracellular DOX concentrations

The effect of miR-103/107 on the intracellular accumulation
of DOX in SGC7901/ADR cell lines was measured by flow
cytometry as previously described [21, 22]. Briefly, cells were
seeded onto six-well plates (1x10° per well) and cultured
overnight at 37 °C. After addition of DOX (final concentration
5 ug/mL), cells were cultured for a further 1 h. Cells were then
either harvested (DOX uptake) or cultured in drug-free RPMI
1640 medium for a further 1 h (DOX retention), followed by
harvesting. Cells were washed with PBS, and the mean fluo-
rescence intensity of intracellular DOX was determined using
flow cytometry at an excitation wavelength of 488 nm and an
emission wavelength of 575 nm. The DOX releasing index of
cells was calculated according to the formula: releasing
index=(accumulation value—retention value)/accumulation
value.

Luciferase reporter assay

The full-length 3" untranslated regions and coding sequences
of Cav-1 were cloned into the psiCheck2 dual luciferase
reporter vector (Promega). Potential miR-103/107 sites in
genes were identified by alignment with the complementary
miR-103/107 sequence. Mutagenesis was performed using
the QuickChange Multi Site-Directed Mutagenesis Kit
(Agilent Technologies). Cells in 24-well plates were
transfected with either 400 ng of luciferase reporter psiCheck2
control or 500 ng psiCheck?2 plus Cav-1 3’ untranslated region
(UTR) constructs using Lipofectamine 2000 (Invitrogen), ac-
cording to the manufacturer’s instructions. Cotransfection of
miR-103/107 mimic and antagomiR at 50 nM was also per-
formed. All transfection experiments were performed in trip-
licate. Luciferase activity was assayed at 48 h post-transfec-
tion, using a dual luciferase reporter assay system (Promega).

Western blot analysis

Cells were extracted and proteins were quantified as described
previously [22]. Aliquots (50 pg) of each lysate were separat-
ed by electrophoresis on SDS-PAGE gels and transferred to
nitrocellulose membranes. Membranes were blocked with 5 %
non-fat milk in TBST (10 mM Tris-HCI pH 7.4, 100 mM
NaCl, 0.5 % Tween-20) for 2 h at room temperature and
incubated overnight at 4 °C in 5 % non-fat milk in TBST
containing P-gp, Cav-1, or (3-actin antibodies. Membranes
were washed and incubated with peroxidase-conjugated sec-
ond antibodies for 1 h. After extensive washing with TBST,
proteins were visualized using the enhanced chemilumines-
cence reagent (SuperSignal Western Pico Chemiluminescent

Substrate; Pierce, Rockford, IL). Final images were analyzed
using NIH Image J software.

Tumor xenograft studies

We subcutaneously injected 5x10° SGC7901/ADR cells re-
suspended in 50 uL of phosphate-buffered saline into the right
flank of 4-week-old BALB/C athymic mice (Shanghai SLAC
Laboratory Animal Co., Ltd). Mice were housed and main-
tained under specific pathogen-free conditions. All animal
experiments were carried out in accordance with the Guide
for the Care and Use of Laboratory Animals of China Medical
University. When mice had palpable tumors, the mice were
randomly assigned, to avoid treatment bias, to treatment
groups (n=6 mice per group). DOX (2 mg/kg) was given
intraperitoneally every other day for 28 days. For agomiR
treatment, agomiR-103 or agomiR-NC (RiboBio, Guang-
dong, China) was directly injected intratumorally at the dose
of 1 nmol (diluted in 20 pL phosphate-buffered saline) per
mouse every 4 days for seven times. Tumor volumes were
calculated as lengthx(square of width)/2. After the initial
treatment, the tumor size was determined every day. Mice
were killed by cervical dislocation under anesthesia. Investi-
gators were blinded to the treatment groups.

Statistical analysis

Data are presented as the mean+standard deviation, and dif-
ferences were determined using the Student’s # test. A P value
of less than 0.05 was considered statistically significant. All
means were calculated from at least three independent
experiments.

Results
miR-103/107 was downregulated in MDR gastric cancer cells

In order to determine whether miRNAs are involved in the
development of MDR in human gastric cancer cells, we
performed profile analysis of miRNA expression in
SGC7901/ADR compared with parental SGC7901 cells. Thir-
teen of miRNAs had shown obvious differential expression
between SGC7901/ADR cells and their parent cells (Table 1,
fold change >2.5).

To verify the results obtained by microarray profiling, we
performed quantitative real-time polymerase chain reaction (RT-
PCR) in the two cell lines. As consistent with the microarray
data, quantitative RT-PCR analysis demonstrated that miR-103/
107 was significantly downregulated in SGC7901/ADR cells
compared with SGC7901 cells, with decreased fold changes of
0.32+0.04 and 0.45+0.09, respectively (Fig. 1a, b).
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Table 1 miRNAs differentially expressed in SGC7901 and parental
SGC7901 cells

miRNA Upregulation or downregulation
in SGC7901/ADR

hsa-miR-10a Up
hsa-miR-1254 Up
hsa-miR-145 Up
hsa-miR-17 Up
hsa-miR-297 Up
hsa-miR-338-5p Up
hsa-miR-519b-5p Up
hsa-miR-523 Up
hsa-miR-103 Down
hsa-miR-107 Down
hsa-miR-1224-5p Down
hsa-miR-30e Down
hsa-miR-30b Down
hsa-miR-361-3p Down
hsa-miR-424 Down
hsa-miR-487b Down
hsa-miR-520f Down
hsa-miR-587 Down
hsa-miR-593 Down
hsa-miR-628 Down
hsa-miR-675 Down
hsa-miR-760 Down
hsa-miR-92b Down

miR-103/107 regulated DOX resistance in human gastric
cancer cells in vitro

To explore the role of miR-103/107 in gastric cancer,
SGC7901/ADR drug-resistant cells were transfected with
miR-103/107 mimics or miRNA mimic control, and parental
SGC7901 cells were transfected with anti-miR-103/107 or
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Fig.1 Expression of miR-103/107 in SGC7901/ADR and SGC7901 cell
lines. a, b Real-time quantification of miR-103/107 by RT-PCR showed
that miR-103/107 was downregulated in SGC7901/ADR compared with
SGC7901 cells. Triplicate assays were performed for each RNA sample,

@ Springer

anti-miR control. DOX sensitivity was greatly increased in
cells transfected with miR-103/107 mimics compared with
miRNA mimic control-transfected cells, demonstrated by
MTT assay (Fig. 2a). In contrast, DOX resistance was in-
creased in SGC7901 cells transfected with anti-miR-103/107
compared with control-transfected cells (Fig. 2b). Treatment
of SGC7901/ADR cells with miR-103/107 mimics and DOX
also significantly reduced the colony-forming ability of the
cells (Fig. 2¢). These results suggest that miR-103/107 might
regulate DOX resistance in human gastric cancer cells.

miR-103/107 reduced DOX efflux by P-glycoprotein
downregulation

To determine if miR-103/107 affected drug efflux in gastric
cancer cells, we measured the DOX-release index in
SGC7901/ADR cells transfected with miR-103/107 mimics.
DOX efflux was clearly lower in miR-103/107-transfected
cells (Fig. 3a). Consistent with these results, RT-PCR demon-
strated decreased mdrl levels in miR-103/107-transfected
SGC7901/ADR cells (Fig. 3b), and reduced P-gp expression
in SGC7901/ADR cells transfected with miR-103/107 was
also validated by Western blot (Fig. 3c). To further investigate
the mechanism of miR-103/107-mediated reversal of MDR in
gastric cancer, we treated transfected cells with the P-gp
inhibitor verapamil. DOX release was reduced in miR-103/
107 mimic-transfected SGC7901/ADR cells, but was not
decreased further in the same cells incubated with verapamil
(Fig. 3d). This indicates that P-gp downregulation only partly
accounted for miR-103/107-induced reversion of DOX efflux.

miR-103/107 modulated MDR by targeting Cav-1

Cav-1 is a critical component of lipid rafts and has been
identified as a direct target gene of miR-103/107 [23]. As a
specialized domain in the plasma membrane, lipid rafts have
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and the amount of miR-103/107 was normalized relative to U6 snRNA.
Results represent the means of the values. Bars indicate SD. *P<0.05
(significant difference between groups)
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been shown to be essential for channel formation by P-gp and
to play important roles in modulating P-gp transport activity
[24-27]. The decreased expression of miR-103/107 in
SGC7901/ADR cells compared with parental SGC7901 cells
was concurrent with the overexpression of Cav-1 protein
(Fig. 4a), but not mRNA levels (data not shown). We
transfected SGC7901/ADR cells with miR-103/107 mimics
and control miRNA mimics and measured the changes in
Cav-1 expression levels. Cav-1 protein levels in SGC7901/
ADR cells were significantly reduced 72 h after transfection
with miR-103/107 mimics, compared with miRNA mimic
control-transfected cells (Fig. 4b).

To assess whether miR-103/107 directly regulates Cav-1
expression, the target sequence of Cav-1 3' UTR (wt 3' UTR)
or the mutant sequence (mt 3’ UTR) was cloned into a lucif-
erase reporter vector. SGC7901/ADR cells were then
transfected with wt or mt 3’ UTR vector and miR-103/107
mimics. The results showed a significant decrease in lucifer-
ase activity when compared with miR control (Fig. 4c). The
activity of mt 3' UTR vector was unaffected by a simultaneous
transfection with miR-103/107 (Fig. 4c). Moreover,
cotransfection with anti-miR-103/107 and wt 3’ UTR vector
in SGC7901/ADR cells led to an increase in luciferase activity

(Fig. 4c). Taken together, all these results strongly suggested
that Cav-1 is a direct target of miR-103/107 in SGC7901/
ADR cells.

Effect of miR-103/107 on tumor growth in vivo combined
with DOX

To further demonstrate the role of miR-103/107 in
chemosensitization, we used miR-103/107 agomiR, a
cholesterol-conjugated 2'-O-methyl-modified miR-103/107
that has suitable pharmacokinetic properties for in vivo stud-
ies. Mice were treated with vehicle alone, DOX plus miR-103/
107 agomiR, or DOX plus scramble agomiR. DOX plus
scramble agomiR had no statistical effects on tumor growth.
However, in mice treated with DOX plus miR-103/107
agomiR, tumor growth was statistically significantly delayed,
with a 49 % (P<0.01) and 58 % (P<0.01) reduction in tumor
volume at day 35 compared with vehicle or DOX plus scram-
ble agomiR, respectively (Fig. 5a, c). Moreover, tumor
weights after tumor cell infection with DOX plus miR-103/
107 agomiR were statistically significantly lower than the
vehicle or DOX plus scramble agomiR, respectively (DOX
plus miR-103/107 agomiR: mean tumor weight=50.8 mg,
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Fig. 3 miR-103/107 decelerated DOX efflux through P-gp
downregulation. a DOX-release index of miR-103/107-transfected
SGC7901/ADR cells was measured after incubation with 5 pg/mL
DOX. DOX-release index was calculated as described in “Materials and
Methods.” b Expression of mdrl in SGC7901/ADR was examined by
qRT-PCR after transfection with miR-103/107 mimics. GAPDH mRNA
level was used as an internal control. ¢ Expression of P-gp in SGC7901/
ADR cells was examined by Western blot after transfection with miR-

95 % CI=46.7 to 89.2 mg; vehicle alone: mean tumor
weight=166.7 mg, 95 % CI=148.1 to 202.6 mg; DOX plus
scramble agomiR: mean tumor weight=181.6 mg, 95 % CI=
153.3 to 217.4 mg) (Fig. 5b, d). Moreover, treatment with
DOX plus miR-103/107 agomiR did not result in any obvious
signs of toxicity such as weight loss over the course of the
treatment (Fig. Se). These data support the notion that miR-
103/107 is a potent DOX sensitizer in vivo.

Mice were killed after 28 days of treatment. Tumors over-
expressing miR-103/107 had a lower level of caveolin-1 pro-
tein than control tumors by IHC. Furthermore, miR-103/107
overexpressing tumors showed lower Ki67 staining, which
indicates that miR-103/107 overexpressing tumors have lower
proliferative potential (Fig. 5f). Therefore, these data suggest
that miR-103/107-dependent downregulation of caveolin-1
plays a positive role in the treatment of gastric cancer.

Discussion
Acquired resistance to classical chemotherapeutics is the most

frequent cause of treatment failure in gastric cancer chemo-
therapy [2]. DOX is used in many cancer therapies, either as a
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103/107 mimics. Actin was used as an internal control. d SGC7901/ADR
cells were transfected with miR-103/107 mimics and incubated with
5 pg/mL DOX after incubation with verapamil (10 pmol/L) or negative
control for 24 h, and the DOX-release index was calculated as that in the
“Materials and Methods.” Data are shown as the mean+SEM (n=3) of
one representative experiment. Similar results were obtained in three
independent experiments

single agent or in combination with other agents. Several
recent studies have demonstrated an involvement of miRNAs
in the development of drug resistance in cancer [12-15, 18].
The results of the current study provide the first evidence to
suggest that miR-103/107 might regulate DOX resistance in
human gastric cancer cells by targeting Cav-1.

In humans, the classical causes of drug resistance in-
volve overexpression of the MDR1 gene product, P-gp,
which correlates with poor prognosis in many cancer types
[28]. Inhibition of P-gp function or expression can reverse
P-gp-mediated MDR and improve the efficacy of chemo-
therapy [29]. The current study demonstrated downregula-
tion of miR-103/107 in SGC7901/ADR cells and signifi-
cant downregulation of P-gp by miR-103/107 transfection.
DOX release was also decreased in miR-103/107 mimic-
transfected SGC7901/ADR cells. These results indicate
that miR-103/107 reduces the efflux of cytotoxic drugs by
downregulating the expression of the ABC transporter P-
gp, and that modulation of miR-103/107 expression could
alter the sensitivity of gastric cancer cells to DOX. Notably,
we treated transfected cells with the P-gp inhibitor verapa-
mil. DOX release was reduced in miR-103/107 mimic-
transfected SGC7901/ADR cells, but was not decreased fur-
ther in the same cells incubated with verapamil. This indicates
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Fig. 4 miR-103/107 modulated
DOX resistance by repressing
Cav-1 protein expression. a
Caveolin-1 protein was
overexpressed in SGC7901/ADR
cells compared with parental
SGC7901 cells. Representative
Western blot is attached beside
the graph. b Caveolin-1 protein
levels were significantly reduced
inn SGC7901/ADR cells at 72 h
after transfection with miR-103/
107 mimics compared with
miRNA mimic control-
transfected cells, as demonstrated
by Western blot. Representative
Western blot is attached beside
the graph. Results represent the
mean=SD from three
independent experiments. ¢ Dual
luciferase assay was performed in
SGC7901/ADR cells transfected
with luciferase construct alone or
cotransfected with miR-103/107
mimics and miR-103/107
antagomiRs. Firefly luciferase
construct containing mutant target
site of the Cav-1 3’ UTR was
generated and transfected as
indicated. Firefly luciferase
activity was normalized to Renilla
luciferase activity for each
sample. The results shown
represent the mean+SE from
three independent experiments.
(*P<0.05; **P<0.001)
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that P-gp downregulation only partly accounted for miR-103/
107-induced reversion of DOX efflux, suggesting that P-gp
downregulation only partly accounts for the miR-103/107-
induced deceleration of drug efflux.

Lipid rafts are small, heterogeneous, highly dynamic,
sterol- and sphingolipid- enriched domains. Caveolae are a
subset of lipid rafts characterized by flask-like invaginations
of the plasma membrane and distinguished from bulk lipid
rafts by the presence of Cav-1 [27]. Caveolin-1 interacts with
P-gp and modulates P-gp transport activity [30, 31], indicating
that caveolae represent the platform for P-gp channel forma-
tion. Trajkovski et al. reported that Cav-1 acted as the func-
tional target of miR-103/107 during the regulation of insulin
sensitivity [23]. We therefore investigated the effect of miR-

l | miR-103 mimics

SGC7901/ADR

. @mmmm. -a—caveolin-1

— — — - AcCtin

B SGC7901
0 SGC7901/ADR

—& Actin

Relative expression level

caveolin-1

@ miRNA mimic control
0 miR-103 mimic

08
0 miR-107 mimic

06

miR-107 mimics

04
*

R [ &

caveolin-1

~ -acaveolin-1

Relative expression level

+

o 44
'
'
'
'
'
T
o 4
Vo 4 4
[ T T S B R S
T
P

L R T T

[ T T R S
[ I

[ T T S
[ T

103/107 on Cav-1 expression in MDR gastric cancer cells.
Compared with parental SGC7901 cells, the decreased ex-
pression of miR-103/107 in SGC7901/ADR cells was con-
current with Cav-1 protein overexpression. Furthermore, we
demonstrated a decreased expression of Cav-1 in miR-103/
107-transfected SGC7901/ADR cells. Given that reduced
Cav-1 expression could affect P-gp drug transport activity to
reverse DOX chemoresistance, we suggest that miR-103/107
increases drug susceptibility by regulating P-gp function.
Several recent studies confirmed that downregulation of
Cav-1 by short interfering RNA increased the sensitivity of
acquired drug-resistant cells toward DOX [30] and paclitaxel
[31]. Ho et al. also reported that Cav-1 expression was asso-
ciated with a poor prognosis and with drug resistance in
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Fig. 5 Effect of miR-103/107 on
tumor growth in vivo combined
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patients with advanced non-small cell lung cancer after
gemcitabine-based chemotherapy [32]. These results suggest
that miR-103/107 may also inhibit drug efflux by regulating
Cav-1 expression.

In conclusion, the results of this study demonstrate that
miR-103/107 is downregulated in MDR gastric cancer cell
lines. Moreover, miR-103/107 increases the sensitivity of
gastric cancer cells to the anticancer agent DOX by inhibiting
drug efflux and downregulating P-gp expression. Importantly,
Cav-1 was confirmed as a functional target of miR-103/107 in
gastric cancer cells, demonstrating that miR-103/107 may
reverse MDR by downregulating Cav-1 expression. These
results enhance our understanding of the molecular network
underlying MDR in gastric cancer.

@ Springer

=25+ miR-107
2 3 4 5 4

Weeks (w)

Acknowledgements This work was supported by the National Science
and Technology Major Project (grant no. 2013ZX09303002), the Chinese
National Foundation of National Sciences (grant nos. 81270036, 81372485,
81372546, and 81472193), the Science and Technology project of Liaoning
Province (grant no. 2013021057), and the Colleges and Universities of
Liaoning Province Outstanding Talent Support Plan (grant no. LR2014023).

Conflicts of interest None

References

1. Cervantes A, Roda D, Tarazona N, Rosello S, Pérez-Fidalgo JA.
Current questions for the treatment of advanced gastric cancer.
Cancer Treat Rev. 2013;39:60-7.



Tumor Biol. (2015) 36:2277-2285

2285

10.

11.

12.

13.

16.

17.

. Anderson AC, Pollastri MP, Schiffer CA, Peet NP. The challenge of

developing robust drugs to overcome resistance. Drug Discov Today.
2011;16:755-61.

. Vadlapatla RK, Vadlapudi AD, Pal D, Mitra AK. Mechanisms of

drug resistance in cancer chemotherapy: coordinated role and regu-
lation of efflux transporters and metabolizing enzymes. Curr Pharm
Des. 2013;19:7126-40.

. Papp E, Gadawski I, Coté HC. Longitudinal effects of thymidine

analogues on mtDNA, mtRNA and multidrug resistance (MDR-1)
induction in cultured cells. J Antimicrob Chemother. 2008;61:1048—
52.

. Hui RC, Francis RE, Guest SK, Costa JR, Gomes AR, Myatt SS,

et al. Doxorubicin activates FOXO3a to induce the expression of
multidrug resistance gene ABCB1 (MDR1) in K562 leukemic cells.
Mol Cancer Ther. 2008;7:670-8.

. Kim HG, Hien TT, Han EH, Hwang YP, Choi JH, Kang KW, et al.

Metformin inhibits P-glycoprotein expression via the NF-kB path-
way and CRE transcriptional activity through AMPK activation. BrJ
Pharmacol. 2011;162:1096-108.

. Guo Q, Nan XX, Yang JR, Yi L, Liang BL, Wei YB, et al. Triptolide

inhibits the multidrug resistance in prostate cancer cells via the
downregulation of MDR1 expression. Neoplasma. 2013;60:598—
604.

. Nath S, Daneshvar K, Roy LD, Grover P, Kidiyoor A, Mosley L,

et al. MUC] induces drug resistance in pancreatic cancer cells via
upregulation of multidrug resistance genes. Oncogenesis. 2013;2:
e51.

. Neelakandan K, Babu P, Nair S. Emerging roles for modulation of

microRNA signatures in cancer chemoprevention. Curr Cancer Drug
Targets. 2012;12:716-40.

Bartel DP. MicroRNAs: genomics, biogenesis, mechanism, and func-
tion. Cell. 2004;116:281-97.

Kriitzfeldt J, Poy MN, Stoffel M. Strategies to determine the biolog-
ical function of microRNAs. Nat Genet. 2006;38:S14-9.

Hong L, Yang Z, Ma J, Fan D. Function of miRNA in controlling
drug resistance of human cancers. Curr Drug Targets. 2013;14:1118—
27.

Chen J, Tian W, Cai H, He H, Deng Y. Down-regulation of
microRNA-200c is associated with drug resistance in human breast
cancer. Med Oncol. 2012;29:2527-34.

. XuK, Liang X, Cui D, Wu Y, Shi W, Liu J. miR-1915 inhibits Bcl-2

to modulate multidrug resistance by increasing drug-sensitivity in
human colorectal carcinoma cells. Mol Carcinog. 2013;52:70-8.

. LiH, Hui L, Xu W. miR-181a sensitizes a multidrug-resistant leuke-

mia cell line K562/A02 to daunorubicin by targeting BCL-2. Acta
Biochim Biophys Sin (Shanghai). 2012;44:269-77.

Zhang S, Wan Y, Pan T, Gu X, Qian C, Sun G, et al. MicroRNA-21
inhibitor sensitizes human glioblastoma U251 stem cells to chemo-
therapeutic drug temozolomide. J Mol Neurosci. 2012;47:346-56.
Ru P, Steele R, Hsueh EC, Ray RB. Anti-miR-203 upregulates
SOCS3 expression in breast cancer cells and enhances cisplatin
chemosensitivity. Genes Cancer. 2011;2:720-7.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

Zhu W, Zhu D, Lu S, Wang T, Wang J, Jiang B, et al. miR-497
modulates multidrug resistance of human cancer cell lines by
targeting BCL2. Med Oncol. 2012;29:384-91.

Livak KJ, Schmittgen TD. Analysis of relative gene expression data
using real-time quantitative PCR and the 2(—Delta Delta C(T)) meth-
od. Methods. 2001;25:402-8.

Liu J, Zhang Y, Qu J, Xu L, Hou K, Zhang J, et al. 3-Elemene-
induced autophagy protects human gastric cancer cells from under-
going apoptosis. BMC Cancer. 2011;11:183.

Zhang Y, Qu X, Hu X, Yang X, Hou K, Teng Y, et al. Reversal of P-
glycoprotein-mediated multi-drug resistance by the E3 ubiquitin
ligase Cbl-b in human gastric adenocarcinoma cells. J Pathol.
2009;218:248-55.

Zhang Y, Mu X, Li E, Luo Y, Song N, Qu X, et al. The role of E3
ubiquitin ligase Cbl proteins in (3-Elemene reversing multi-drug
resistance of human leukemia and gastric cancer cells. Int J Mol
Sci. 2013;14:10075-89.

Trajkovski M, Hausser J, Soutschek J, Bhat B, Akin A, Zavolan M,
et al. MicroRNAs 103 and 107 regulate insulin sensitivity. Nature.
2011;474:649-53.

Yun UJ, Lee JH, Koo KH, Ye SK, Kim SY, Lee CH, et al. Lipid raft
modulation by Rpl reverses multidrug resistance via inactivating
MDR-1 and Src inhibition. Biochem Pharmacol. 2013;85:1441-53.
Orlowski S, Martin S, Escargueil A. P-glycoprotein and ‘lipid rafts’:
some ambiguous mutual relationships (floating on them, building
them or meeting them by chance?). Cell Mol Life Sci. 2006;63:
1038-59.

Bacso Z, Nagy H, Goda K, Bene L, Fenyvesi F, Matko J, et al. Raft
and cytoskeleton associations of an ABC transporter: P-glycoprotein.
Cytometry A. 2004;61:105-16.

Modok S, Heyward C, Callaghan R. P-glycoprotein retains function
when reconstituted into a sphingolipid- and cholesterol-rich environ-
ment. J Lipid Res. 2004;45:1910-8.

Pluchino KM, Hall MD, Goldsborough AS, Callaghan R, Gottesman
MM. Collateral sensitivity as a strategy against cancer multidrug
resistance. Drug Resist Updat. 2012;15:98-105.

Binkhathlan Z, Lavasanifar A. P-glycoprotein inhibition as a thera-
peutic approach for overcoming multidrug resistance in cancer: cur-
rent status and future perspectives. Curr Cancer Drug Targets.
2013;13:326-46.

Park J, Bae E, Lee C, Yoon SS, Chae YS, Ahn KS, et al. RNA
interference-directed caveolin-1 knockdown sensitizes SN12CPM6
cells to doxorubicin-induced apoptosis and reduces lung metastasis.
Tumour Biol. 2010;31:643-50.

Meena AS, Sharma A, Kumari R, Mohammad N, Singh SV, Bhat
MK. Inherent and acquired resistance to paclitaxel in hepatocellular
carcinoma: molecular events involved. PLoS One. 2013;8:¢61524.
Ho CC, Kuo SH, Huang PH, Huang HY, Yang CH, Yang PC.
Caveolin-1 expression is significantly associated with drug resistance
and poor prognosis in advanced non-small cell lung cancer patients
treated with gemcitabine-based chemotherapy. Lung Cancer.
2008;59:105-10.

@ Springer



	miR-103/107 modulates multidrug resistance in human gastric carcinoma by downregulating Cav-1
	Abstract
	Introduction
	Materials and methods
	Reagents
	Cell lines and culture
	miRNA microarray analysis
	Quantitative real-time PCR analysis for miRNA
	Oligonucleotide transfection
	In vitro drug sensitivity assay
	Determination of intracellular DOX concentrations
	Luciferase reporter assay
	Western blot analysis
	Tumor xenograft studies
	Statistical analysis

	Results
	miR-103/107 was downregulated in MDR gastric cancer cells
	miR-103/107 regulated DOX resistance in human gastric cancer cells in�vitro
	miR-103/107 reduced DOX efflux by P-glycoprotein downregulation
	miR-103/107 modulated MDR by targeting Cav-1
	Effect of miR-103/107 on tumor growth �in�vivo combined with DOX

	Discussion
	References


