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Abstract. - OBJECTIVE: MiR-183 acts as an
oncomiR and is usually upregulated in hepato-
cellular cancer (HCC). This study aims to study
the association between miR-183 dysregulation
and multi-drug resistance (MDR). Also, how it is
dysregulated in HCC cells was investigated.

MATERIALS AND METHODS: The association
between miR-183 and HIF-1a in HCC cell line
BEL-7402 and the multidrug-resistant variant
BEL-7402/5-fluorouracil (BEL-7402/5-FU) were
studied using qRT-PCR and Western blot analy-
sis. The mediators involved in feedback regula-
tion between miR-183 and HIF-1a were further
studied. Then, the effect of the miR-183-SOCS6
axis on IC50 of BEL-7402/5-FU cells to 5-FU were
investigated by MTT assay.

RESULTS: The expression of miR-183 and HIF-
1a are positively correlated in BEL-7402 and
BEL-7402/5-FU cells. IDH2 knockdown resulted
in significantly increased HIF-1a expression in
both BEL-7402 and BEL-7402/5-FU cells. Knock-
down of SOCS6 had similar but stronger effect
as miR-183 in promoting MRP2, P-gp, p-STAT3
and HIF-1a expression in BEL-7402 cells, while
SOCS6 overexpression also showed similar but
stronger effect as miR-183 inhibition in reducing
MRP2, P-gp, p-STAT3 and HIF-1a levels in BEL-
7402/5-FU cells. Both SOCS6 overexpression
and miR-183 knockdown significantly increased
the sensitivity of BEL-7402/5-FU cells to 5-FU.
MiR-183 overexpression partly abrogated the ef-
fect of SOCS6 in enhancing 5-FU sensitivity.

CONCLUSIONS: Both HIF-1a-miR-183-IDH2-
HIF-1a and HIF-10-miR-183-SOCS6-p-STAT3-HIF-
1a feedback loops are involved in miR-183 up-
regulation in HCC cells. MiR-183 can modulate
MDR of HCC cells at least partly through sup-
pressing SOCS6.
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Introduction

Hepatocellular carcinoma (HCC) is a common
malignancy across the world and is the leading
cause of malignancy-related death in China'~.
Surgical resection and liver transplantation are
the most effective therapies for HCC?. However,
these strategies have limited application since on-
ly a small proportion of the patients are with re-
sectable cancer and the liver donors are in a great
shortage*®. Chemotherapy is an important thera-
peutic strategy for most of the HCC patients®’.
Conventional chemotherapy with agents such as
5-fluorouracil (5-FU), cisplatin, epirubicin and
doxorubicin has been administrated for the pa-
tients®>. However, multi-drug resistance (MDR) is
one of the toughest obstacles to successful treat-
ment. One well-recognized mechanism underly-
ing MDR is the activation of the multi-drug resis-
tance protein 1 (MDR1) gene and subsequently
overexpression of P-glycoprotein (P-gp)®. How-
ever, the detailed mechanisms of MDR in HCC
are complex and have not been fully revealed.

HCC is a type of solid tumor characterized as
increasing hypoxia during tumor growth. One
previous study reported that miR-183 is associat-
ed with dysregulated HIF-1a expression in
glioma cells via targeting isocitrate dehydroge-
nase 2 (IDH2)°. In fact, miR-183 acts as an on-
comiR and is usually upregulated in HCC'*!!, Tt
can inhibit apoptosis of HCC cells via repressing
the PDCD4 expression'®. MiR-183 upregulation
is also associated with higher level cell invasion
of HCC''. Another recent study'? reported that
miR-183 can suppress suppressors of cytokine
signaling 6 (SOCS6) expression and modulate
growth and invasion of HCC cells. In addition, it
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might be a miRNA related to chemosensitivity of
HCC cells'®. However, how it is dysregulated in
HCC and the how it is involved in regulation of
chemosensitivity of HCC cells have not been ful-
ly elucidated.

SOCS6 functions as a regulator of survival sig-
naling due to its apoptosis-inducing effect via pro-
moting ligand-dependent ubiquitination'*. The low
SOCS6 expression is associated with aggressive
tumor progression and poor prognosis of HCCP.
The loss of SOCS6 expression enhances cell resis-
tance to programmed cell death'®. Also, some re-
cent studies'” suggest that low SOCS6 expression
contributes to chemoresistance in breast cancer.
Therefore, we hypothesized that this protein might
be involved in MDR regulation in HCC. In this
study, we investigated the mechanism of miR-183
dysregulation and further studied its role in the
regulation of 5-FU resistance in HCC.

Materials and Methods

Cell Culture

Human hepatocellular carcinoma cell line
BEL-7402 and the multidrug-resistant variant
BEL-7402/5-fluorouracil (BEL-7402/5-FU) were
obtained from the Cell Bank of the Chinese
Academy of Sciences (Shanghai, China). Both of
the cell lines were cultured in RPMI-1640 medi-
um supplemented with 10% FBS (fetal bovine
serum), 100 U of penicillin/ml and 100 pg of
streptomycin/ml in a humidified atmosphere con-
taining 5% CO, at 37°C. To maintain the MDR
phenotype, the cultured medium for BEL-
7402/5-FU was further supplemented with 20
pg/ml 5-FU.

Cell Transfection

MiR-183 mimics, mir-183 inhibitors (IH),
HIF-1a siRNA, SOCS6 siRNA, IDH2 siRNA
and the scramble negative controls were synthe-
sized by GenaPharma (Shanghai, China). BEL-
7402 were transfected with 50 nM miR-183
mimics, 75 nM IDH2 siRNA or 75 nM SOCS6
siRNA using Lipofectamine 2000 (Invitrogen,
Carlsbad, CA, USA) according to the manufac-
turer’s protocol. BEL-7402/5-FU cells were
transfected with 100 nM miR-183 inhibitors, 50
nM HIF-1a siRNA or 50 nM IDH2 siRNA using
Lipofectamine 2000 (Invitrogen).

pCMV-HIF-1a and pCMV-SOCS6 expression
vectors were purchased from GeneChem (Shang-
hai, China). BEL-7402 cells were transfected

with pCMV-HIF-1a for HIF-1a overexpression.
BEL-7402/5-FU cells were transfected with
pCMV-SOCS6 alone or in combination with 50
nM miR-183 mimics or miR-183 inhibitors using
Lipofectamine 2000 (Invitrogen).

ORT-PCR analysis

Total RNA was isolated using the TRIZOL
reagent (Invitrogen) according to the manufactur-
er’s instruction. For the miRNA reverse tran-
scription (RT), miRNA-specific cDNA was first-
ly synthesized using the stem-loop primers and
the TagMan MicroRNA Reverse Transcription
Kit (Applied Biosystems, Foster City, CA, USA)
according to the manufacturer’s instructions.
Then, the mature miR-183 level was determined
using the TagMan MicroRNA Assays Kit (Ap-
plied Biosystems).

For RT of mRNA, the first strand cDNA was
synthesized using the PrimeScript RT reagent kit
(TaKaRa, Dalian, Liaoning, China). The primers
for IDH2 and SOCS6 are synthesized and ob-
tained from Qiagen (Suzhou, Jiangsu, China).
Then, gqRT-PCR was performed using SYBR
Green PCR master mix (TaKaRa, Otsu, Shiga,
Japan) on the ABI 7500HT System (Applied
Biosystems). GAPDH was used as the internal
control to normalize the expression of IDH2 and
SOCS6. The 244 method was used to calculate
relative miRNA and mRNA expression.

Western Blot Analysis

Cells were firstly lysed using a RIPA lysis
buffer (Beyotime, Shanghai, China) for protein
extraction. The protein concentration was mea-
sured using the BCA method. Then, samples
containing 20 pg protein were loaded in 10%
sodium dodecyl sulphate-polyacrylamide gel
electrophoresis (SDS-PAGE) for separation. The
first antibody include anti-HIF-1a (1:1000,
ab16066, Abcam, Cambridge, UK), anti-IDH2
(1:1000, ABC57, Merck Millipore, Darmstadt,
Germany), anti-MRP2, anti-P-gp (1:2000,
ab129450, Abcam), anti-SOCS6 (1:1000,
ab157168, Abcam), anti-STAT3 (1:1000,
ab137803, Abcam), anti-p-STAT3 (1:1000, sc-
81523, Santa Cruz, CA, USA) and anti- -actin (1:
2000, ab8227, Abcam). The second HRP conju-
gated secondary antibodies were obtained from
Abcam. The signal intensity of the protein bands
was visualized using the ECL Western blotting
substrate (Promega, Madison, WI, USA). The
signal intensity was quantified using ImageQuant
TL (GE Healthcare, Piscataway, NJ, USA).
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Drug Sensitivity Assay

BEL-7402/5-FU cells transfected with miR-
183 mimics, inhibitors or SOCS6 expression vec-
tors alone or with combined transfection of
SOCS6 vectors and miR-183 mimics or miR-183
inhibitors were plated in 96-well plates and incu-
bated at 37°C in a humidified 5% CO, atmos-
phere for 24 hours. Then, 5-FU in various con-
centrations (0.2, 1, 5, 25, 125 pg/ml) were added.
48 hours later, cell viability was assessed using a
MTT assay. Three independent experiments were
performed in triplicate.

Statistical Analysis

Quantitative data were reported as mean + SD.
One-way ANOVA was performed to compare
means of multiple group experiments. Between
group difference was compared by using r-test
(Mann-Whitney rank sum test). p < 0.05 was
considered as statistically significant.

Results

The Expression of miR-183 and
HIF-1a Are Positively Correlated
in HCC Cells

MiR-183 has been reported as an oncomiR in
HCC!'%2, However, its association with MDR is
not clear. By performing qRT-PCR analysis, we

observed that the BEL-7402/5-FU cells had signif-
icantly higher miR-183 expression than the 5-FU
sensitive BEL-7402 cells (Figure 1A). One recent
study observed that the oncoprotein hepatitis B X-
interacting protein (HBXIP) can block the degra-
dation of HIF-1a, which binds to the promoter re-
gion of miR-183/96/182 cluster and results in en-
hanced transcription of miR-183/96/182'%. There-
fore, we hypothesized that miR-183 upregulation
in BEL-7402/5-FU cells might be related to HIF-
la dysregulation. Through performing western
blot analysis, we confirmed that BEL-7402/5-FU
cells also had significantly higher level of HIF-1a
expression than BEL-7402 cells (Figure 1B).
Then, we overexpressed HIF-1a in BEL-7402
cells and inhibited HIF-1o in BEL-7402/5-FU
cells (Figure 1C). In BEL-7402 cells, enforced
HIF-1a expression directly led to miR-183 upreg-
ulation (Figure 1D). In contrast, knockdown of en-
dogenous HIF-1a significantly suppressed miR-
183 expression (Figure 1E). These results suggest
that the expression of miR-183 and HIF-1a are
positively correlated in HCC cells.

The HIF-10-miR-183-IDH2-HIF-1a
Loop is Involved in miR-183
Upregulation in HCC Cells

To further explore the association between
miR-183 and HIF-1a in HCC cells, we overex-
pressed miR-183 in BEL-7402 cells and sup-
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Figure 1. The expression of miR-183 and HIF-1a are positively correlated in HCC cells. A and B. QRT-PCR analysis of
miR-183 expression {A) and Western blot analysis of HIF-1a expression (B in BEL-7402 and BEL-7402/5-FU cells. C-E,
Western blot analysis of HIF-1a expression (CJ and QRT-PCR analysis of miR-183 expression (D-EJ in BEL-7402 cells trans-
fected with HIF-1a expression vector and in BEL-7402/5-FU cells transfected with HIF-1a si-RNA. *p < 0.05, **p < 0.01.
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pressed miR-183 in BEL-7402/5-FU cells (Fig-
ure 2 A and B). Interestingly, we found that BEL-
7402 cells with miR-183 overexpression had sig-
nificantly increased HIF-1a expression (Figure 2
C and E), while the BEL-7402/5-FU cells with
miR-183 knockdown had substantially sup-
pressed HIF-1a expression (Figure 2 D and E).
One recent study® suggests that miR-183 can di-
rectly target IDH2 and thereby increase HIF-1a
expression in glioma cells. Actually, IDH2 acts
as a tumor suppressor of HCC and is usually
downregulated in the cancer'”?°. In BEL-7402
cells, miR-183 overexpression significantly de-
creased IDH2 mRNA and protein (Figure 2 F and
H). In comparison, BEL-7402/5-FU cells with
miR-183 knockdown had significantly increased
IDH2 mRNA and protein (Figure 2 G and H).
Then, we further investigate how IDH2 affects
HIF-1a expression in the cells. BEL-7402 and
BEL-7402/5-FU cells were firstly transfected
with IDH2 siRNA (Figure 2 I-J). Knockdown of
IDH2 significantly increased HIF-1ow expression
(Figure 2K). Therefore, we infer that there is a
HIF-1a-miR-183-IDH2-HIF-1a feedback loop
involved in miR-183 upregulation in HCC cells.

MiR-183 is Involved in Regulation of
MDR-related Proteins

Since we confirmed different miR-183 expres-
sion in BEL-7402 and BEL-7402/5-FU cells, we
then detected how its expression is associated with
MDR-related proteins, including MRP2 and P-gp.
By performing Western blot analysis, we con-
firmed that BEL-7402/5-FU cells had significantly
higher basal levels of MRP2 and P-gp than BEL-
7402 cells (Figure 3A). MiR-183 overexpression
significantly enhanced MRP2 and P-gp expression
in BEL-7402 cells, while miR-183 suppression
significantly reduced the level of MRP2 and P-gp
in BEL-7402/5-FU cells (Figure 3B).

MiR-183 Results in 5-FU-resistance and
HIF-1o Upregulation Partly Via
Suppressing SOCS6

Then, we further investigated the downstream
regulation of miR-183 in HCC. One previous
study!'? reported that miR-183 can modulate
growth and invasion of hepatocellular carcinoma
(HCCQ) cells via targeting SOCS6. SOCS6 is an
important regulator of survival signaling due to
its initiating effect on ubiquitination of receptors
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Figure 2. The HIF-10-miR-183-IDH2-HIF-1a loop is involved in miR-183 upregulation in HCC cells. A-B. QRT-PCR analy-
sis of miR-183 expression in BEL-7402 cells fA] transfected with miR-183 mimics and in BEL-7402/5-FU cells (B} transfect-
ed with miR-183 inhibitors (IH). C-E. Western blot analysis of HIF-1a expression in BEL-7402 cells transfected with miR-183
mimics (Cand EJ and in BEL-7402/5-FU cells transfected with miR-183 inhibitors /D and E). F-H. QRT-PCR analysis (F-G)
and Western blot analysis fH) of IDH2 expression in BEL-7402 cells transfected with miR-183 mimics and in BEL-7402/5-FU
cells transfected with miR-183 inhibitors. /~/, QRT-PCR analysis of IDH2 expression in BEL-7402 and BEL-7402/5-FU cells
transfected with IDH2 siRNA. K, Western blot analysis of IDH2 and HIF-1a expression in BEL-7402 and BEL-7402/5-FU
cells transfected with IDH2 siRNA. L. Schematic representation of the proposed model of HIF-1a-miR-183-IDH2-HIF-1a

loop in HCC cells. *p < 0.05, **p < 0.01.
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Figure 3. MiR-183 is involved in regulation of multi-drug resistance related proteins. A, Western blot analysis of MRP2 and
P-gp proteins in BEL-7402 and BEL-7402/5-FU cells. C-E, Western blot analysis of MRP2 and P-gp proteins in BEL-7402
cells transfected with miR-183 mimics and in BEL-7402/5-FU cells transfected with miR-183 inhibitors.
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Figure 4. MiR-183 results in 5-FU-resistance and HIF-1o upregulation partly via suppressing SOCS6. A-B, QRT-PCR analy-
sis of SOCS6 expression mRNA in BEL-7402 cells (A) transfected with SOCS6 siRNA or miR-183 mimics and in BEL-
7402/5-FU cells (B) transfected with SOCS6 expression vector or miR-183 inhibitors. €, Western blot analysis of SOCS6,
MRP2, P-gp, STAT3, p-STAT3, HIF-1a expression in BEL-7402 cells transfected with SOCS6 siRNA or miR-183 mimics and
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HIF-10-miR-183-SOCS6-p-STAT3-HIF-1a feedback loop in HCC cells. *comparison with si-NC, vector or NC, *comparison
with SOCS6. * and *p < 0.05, ** and #p < 0.01.
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MRP2 and P-gp expression in BEL-7402 cells
(Figure 4C), while SOCS6 overexpression signif-
icantly decreased the expression of MRP2 and P-
gp in BEL-7402/5-FU cells (Figure 4C). By per-
forming drug sensitivity assay, we observed that
miR-183 overexpression further enhanced the 5-
FU resistance of BEL-7402/5-FU cells (Figure
4D). Both SOCS6 overexpression and miR-183
knockdown significantly increased the sensitivity
of BEL-7402/5-FU cells to 5-FU. MiR-183 over-
expression partly abrogated the effect of SOCS6
in enhancing 5-FU sensitivity (Figure 4D). Previ-
ous studies'’?! suggested that SOCS6 can sup-
press phosphorylation of STAT3. The phosphory-
lation of STAT3 is an upstream signaling of HIF-
Lo upregulation®?. Therefore, we decided to in-
vestigate whether this mechanism is involved in
HIF-1a upregulation in HCC cells. SOCS6
knockdown showed a similar effect as miR-183
in enhancing the expression of p-STAT3 and
HIF-1a in BEL-7402 cells (Figure 4D). Howev-
er, SOCS6 overexpression and miR-183 knock-
down significantly decreased the expression of p-
STAT3 and HIF-1a in BEL-7402/5-FU cells
(Figure 4D). Therefore, we infer that the HIF-1a.-
miR-183-SOCS6-p-STAT3-HIF-1a feedback
loop is also involved in the miR-183 upregulation
and the regulation of 5-FU resistance in HCC
cells (Figure 4E).

Discussion

HCC is a type of solid tumor characterized as
increasing hypoxia during tumor growth. Previ-
ous studies suggest that HIF-1a induced under
hypoxia can promote MDR and lead to signifi-
cantly upregulated expression of MDR-related
genes, such as mDR1, MRP1 and LRP at mRNA
and protein level®*. In fact, HIF-1a is a transcrip-
tion factor that is involved in a wide range of sig-
naling pathways related to tumorigenesis and
drug sensitivity of the cancer cells. For example,
HIF-inducible miR-191 can enhance migration
of breast cancer through a complex regulation of
TGF -signaling pathway®. HIF-1a can also en-
hance the transcriptional activity of the miR-27a
via binding to the upstream promoter region of
miR-27a%. Increased miR-27a expression results
in upregulated MDR1/P-gp, LRP and Bcl-2 ex-
pression, thereby enhancing MDR?.

MiR-183 has been reported as an oncomiR in
HCC due to its inhibiting effect on SOCS6 and
PDCD4, two inducers of apoptosis'®!'>!4, Tt is al-

so a miRNA related to paclitaxel resistance of
HCC cells'. One recent study'® observed that
HIF-1a can bind to the promoter region of the
miR-183/96/182 cluster and result in enhanced
transcription of miR-183/96/182. Also, another
recent study’ reported that miR-183 can directly
target IDH2 and thereby increase HIF-1a expres-
sion in glioma cells. This triggered our interest to
investigate whether there is a feedback regulation
between miR-183 and HIF-1a in HCC cells and
the involvement of miR-183 in MDR of HCC.

By using 5-FU sensitive BEL-7402 and the 5-
FU resistant BEL-7402/5-FU cells, we observed
that BEL-7402/5-FU cells had significantly high-
er level of HIF-1a and miR-183. HIF-1a overex-
pression resulted in increased miR-183 expres-
sion, while HIF-1o knockdown decreased miR-
183 level. Previous studies reported that IDH2, a
mitochondrial NADP-dependent isocitrate dehy-
drogenase, acts as a tumor suppressor in HCC'*?
and also may suppress HIF-1a expression’. In
this study, we confirmed that miR-183 overex-
pression decreased IDH2 in BEL-7402 cells,
while miR-183 knockdown increased IDH?2 in
BEL-7402/5-FU cells. IDH2 knockdown resulted
in significantly increased HIF-1o expression in
both BEL-7402 and BEL-7402/5-FU cells.
Therefore, we confirmed that the HIF-1o-miR-
183-IDH2-HIF-1a feedback loop is involved in
miR-183 upregulation in HCC cells.

Then, we investigated how miR-183 influence
two MDR-related proteins, including MRP2 and
P-gp expression, two ATP-binding cassettes
(ABC) transporters®’. Suppressing ABCBI1 tran-
scription and subsequently P-gp expression can
significantly enhance the sensitivity of multiple
HCC cell lines to anticancer drugs®. Increased
MRP?2 expression was associated with a poorer re-
sponse to neoadjuvant chemotherapy with cis-
platin in HCC?. In this study, we confirmed that
BEL-7402/5-FU cells had significantly higher ex-
pression of MRP2 and P-gp. MiR-183 overexpres-
sion increased MRP2 and P-gp expression in
BEL-7402 cells, while miR-183 knockdown re-
duced MRP2 and P-gp levels in BEL-7402/5-FU
cells. Therefore, we decided to further investigate
its downstream regulation. SOCS6, as a direct tar-
get of miR-183 in HCC cells, plays an important
role in regulating survival signaling due to its initi-
ating effect on ubiquitination of receptors or sub-
strate proteins'®. It is also related to chemosensi-
tivity in breast cancer'’. In addition, SOCS6 can
suppress phosphorylation of STAT3!72!, which is
an upstream signaling of HIF-1 + upregulation®*.
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By performing Western blot analysis, we observed
miR-183 overexpression inhibited SOCS6 expres-
sion. Knockdown of SOCS6 had similar but
stronger effect as miR-183 in promoting MRP2,
P-gp, p-STAT3 and HIF-1a expression in BEL-
7402 cells, while SOCS6 overexpression also
showed similar but stronger effect as miR-183 in-
hibition in reducing MRP2, P-gp, p-STAT3 and
HIF-1a levels in BEL-7402/5-FU cells. Therefore,
we infer that SOCS6 is an important downstream
regulator of miR-183 in regulating the 5-FU sensi-
tivity of HCC cells and the HIF-1a-miR-183-
SOCS6-p-STAT3-HIF-1a feedback loop is also
involved in miR-183 upregulation in the cells.

Conclusions

Both HIF-1a-miR-183-IDH2-HIF-1a and
HIF-1a-miR-183-SOCS6-p-STAT3-HIF-1a
feedback loops are involved in miR-183 upregu-
lation in HCC cells. MiR-183 can modulate
MDR of HCC cells at least partly through sup-
pressing SOCS6.
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