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The dual-inhibitory effect of miR-338-5p on the multidrug
resistance and cell growth of hepatocellular carcinoma

Yang Zhao'?, Jing Chen'?, Wenxin Wei>, Xinming Qi'?, Chunzhu Li? and Jin Ren'?

Chemotherapeutic treatments against hepatocellular carcinoma (HCC) are necessary for both inoperable patients to improve
prospects for survival and surgery patients to improve the outcome after surgical resection. However, multidrug resistance (MDR) is
a major obstacle to obtaining desirable results. Currently, increasing the chemotherapy sensitivity of tumor cells or discovering
novel tumor inhibitors is an effective therapeutic strategy to solve this issue. In the present study, we uncovered the dual-inhibitory
effect of miR-338-5p: on the one hand, it could downregulate ABCB1 expression and sensitize HCC cells to doxorubicin and
vinblastine by directly targeting the 3’-untranslated region (3’-UTR) of ABCB1, while, on the other hand, it could suppress the
proliferation of HCC cells by directly targeting the 3’-UTR of EGFR and reducing EGFR expression. Since EGFR regulates ABCB1 levels,
the indirect action of miR-338-5p in ABCB1 modulation was revealed, in which miR-338-5p inhibits ABCB1 expression by targeting
the EGFR/ERK1/2 signaling pathway. These data indicate that the miR-338-5p/EGFR/ABCB1 regulatory loop plays a critical role in
HCC, and a negative correlation between miR-338-5p and EGFR or ABCB1 was also detected in HCC clinical samples. In conclusion,
these findings reveal a critical role for miR-338-5p in the regulation of MDR and proliferation of HCC, suggesting the potential

therapeutic implications of miR-338-5p in HCC treatment.
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INTRODUCTION
Hepatocellular carcinoma (HCC) is one of the most prevalent
forms of cancer and a leading cause of cancer mortality globally.’>
The frontline treatment for this disease is orthotopic liver
transplantation and hepatic resection.>* Unfortunately, most of
the tumors are at advanced stages and often inoperable when
diagnosed.> Chemotherapy is commonly used as a primary
treatment in inoperable patients or as an adjuvant therapy after
surgical resection. However, the successful treatment of HCC with
chemotherapeutic agents is often hampered by the multidrug
resistance (MDR) of this cancer.® MDR can be caused by the high
expression of adenosine triphosphate (ATP)-binding cassette
(ABC) transporter family members, which mediate the ATP-
dependent efflux of chemotherapeutic drugs out of cancer cells.”
So far, developing inhibitors of MDR-related proteins is one of
the solutions for MDR in cancers. Based on the important role of
ABC transporters in the MDR of cancers, numerous inhibitors of
ABC transporters were discovered to improve the efficacy of
anticancer agents in resistant tumor tissues in recent decades.®®
However, most of these drugs failed in the clinic because of
undesired side effects and toxicity issues.'®'’ In addition,
identifying novel anti-tumor candidates with low probability to
develop resistance in cancers may also be another feasible
strategy to avoid MDR. Thus, exploring new chemosensitizers that
inhibit the activities of MDR-related genes or developing new anti-
cancer candidates that suppress tumor cell replication may be
crucial for the successful treatment of HCC.

MicroRNAs (miRNAs) are small endogenous non-coding RNAs
with 18-25 nucleotides that can trigger either mRNA translational
suppression or mRNA degradation.'? Multiple miRNAs are capable
of modulating MDR in cancers.'*'* Zhu et al."® found that miR-
181b modulated multidrug resistance by targeting BCL2 in human
cancer cell lines. miR-133a and miR-326 sensitized HepG2 cells to
ADM (adriamycin) through modulating ABCC1 expression.'® In
addition to the regulation of MDR, recent studies have shown that
specific miRNAs could contribute to cell proliferation and
metastasis in cancers.'”'® For instance, miR-32 promoted growth,
migration and invasion in colorectal carcinoma cells.'® Lal et al.*°
found that miR-24 inhibits cell proliferation by targeting E2F2,
MYC, and other cell cycle genes via binding to “seedless” 3’-UTR
microRNA recognition elements. Therefore, miRNA targeting of
MDR- or proliferation-associated genes has been demonstrated as
effective in cancer therapy.

In the present study, we found that miR-338-5p could suppress
the expression of ABCB1, a drug transporter and the main reason
for MDR, and sensitize HCC cells to doxorubicin (DOX) and
vinblastine (VBL), two chemotherapeutic drugs and P-gp (P-
glycoprotein) substrates. We further observed that miR-338-5p
could inhibit the proliferation of HCC cells by directly targeting
EGFR. Moreover, these results suggested that miR-338-5p down-
regulated ABCB1 via a dual inhibitory pathway. In addition to
directly interacting with the ABCB1 3’-UTR, miR-338-5p could
target the EGFR/ERK1/2 pathway to inhibit the expression of
ABCB1, resulting in increased sensitivity of hepatoma cells to DOX.
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These results indicated that miR-338-5p might be a new potential
therapeutic target for HCC treatment.

MATERIALS AND METHODS

Cell culture and tissue samples

Two human hepatocellular carcinoma cell lines, Hep3B and
Huh72'?%, were obtained from the Shanghai Institutes for
Biological Sciences, Chinese Academy of Sciences. Cells were
cultured in DMEM (HyClone, #AC10232473, USA) supplemented
with 10% fetal bovine serum (FBS) (Sigma, #F2442, USA) and
antibiotics (antibiotic-antimycotic, 50 units mL™" each) (Invitrogen,
#15240062). All cells were cultured at 37°C in a humidified air
atmosphere at 5% CO,.

Human hepatocellular carcinoma tissues were obtained from
Eastern Hospital of Hepatobiliary Surgery (Shanghai, China). No
patients received any local or systemic anticancer treatments
before the surgery. The present study was approved by the Ethics
Committee of Eastern Hospital of Hepatobiliary Surgery.

Cell transfection

miRNA mimics, inhibitors, siRNAs and their negative control
oligonucleotides (NC) were purchased from GenePharm (Shang-
hai, China). ABCB1 and EGFR overexpression plasmids that carried
no binding sites for miR-338-5p were purchased from Sino
Biological Inc. (#HG12030-UT, #HG10001-UT) (Beijing, China). After
seeding onto six-well plates at 2x 10° cells/well, the cells were
cultured for 16 h and then transfected with the oligonucleotides
or plasmids using Lipofectamine 2000 reagent and OPTI-MEM |
reduced serum medium (Invitrogen, #1836503) according to the
manufacturer’s instructions.

Drug sensitivity assay

At densities of 2 x 10°/well, the cells were cultured in six-well
plates for 16 h and then transfected with 50 nM miR-338-5p/NC
mimics or inhibitor. Next, 5 x 10% cells were reseeded onto 96-well
plates at 72h after transfection and treated with medium
containing DOX (Aladdin, #g1509018) or VBL (J&K, #9COL18) for
48 h. Finally, 10 uL of CCK-8 (Cell Counting Kit-8, DojinDo, #kp774)
was added to each well and incubated for a further 2 h. The
absorbance of each sample was measured at 450 nm by the
microplate reader.

Flow cytometry

The fluorescence intensity of intracellular DOX was measured by
flow cytometry. The cells were seeded onto six-well plates and
cultured overnight at 37 °C. Then, the cells were transfected with
50 nM miR-338-5p/NC mimics or inhibitors. After 72 h, the cells
were incubated in medium containing DOX (15 uM) (CALBIO-
CHEM, #324380) for 3 h. At the end of incubation, the cells were
washed thrice with cold PBS, and the DOX fluorescence intensity
in the cells was measured using a FACSCalibur flow cytometer (BD
Biosciences, Franklin Lakes, NJ, USA).

Cell proliferation analysis

Hep3B and Huh7 cells were seeded onto 96-well/six-well plates
and transfected with small RNAs (50 nM miR-338-5p mimics,
inhibitor or NC) or plasmids (vector, ABCB1 or EGFR expression
construct). At 72, 96 and 120 h after transfection, the cells were
incubated with CCK-8 for 2 h, and subsequently, the absorbance
was measured at 450 nm.

Colony formation assays

A total of 3000 Hep3B or Huh7 cells per well were seeded onto a
six-well plate and transfected with small RNAs (50 nM miR-338-5p
mimics, inhibitor or NC) or plasmids (vector, ABCB1 or EGFR
expression construct). After 14 days, cells were washed twice with
cold PBS, fixed with methyl alcohol, stained by Giemsa and
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photographed using a Typhoon FLA 9500 instrument (GE
Healthcare, Little Chalfont, UK). The colony numbers were counted
using ImageQuant TL (GE Healthcare, Little Chalfont, UK).

RNA isolation and real-time qRT-PCR
Total RNA was extracted from cells or tissues by using the UNIQ-
10/Trizol total RNA extraction kit (Sangon, #B511361, Shanghai,
China) and converted to cDNA using the PrimeScript RT Reagent
Kit (Takara, #a4302-1, Otus, Shiga, Japan). The SYBR Green PCR kit
(Takara, #aka505, Otus, Shiga, Japan) was used for qRT-PCR. The
expression levels of gene mRNA were normalized to the GAPDH
levels. The following primer sequences were used: ABCB1 (human)
sense  5'-CCCATCATTGCAATAGCAGG-3’ and antisense 5'-
TGTTCAAACTTCTGCTCCTGA-3’, EGFR (human) sense 5’-TCTAC
AACCCCACCACGTAC-3’ and antisense 5'-TTCCGTTACACACT
TTGCGG-3', IL6 (human) sense 5-AGTCCTGATCCAGTTCCTGC-3’
and antisense 5-AAGCTGCGCAGAATGAGATG-3’, IL16 (human)
sense 5'-AAAACATTTTGCGCGCACAA-3’ and antisense 5'-AC
CCAGGCACATCATCAGAA-3’, and GAPDH (human) sense 5'-GGTG
GTCTCCTCTGACTTCAACA-3’ and antisense 5'-GTTGCTGTAGCC
AAATTCGTTGT-3".

miRNA was isolated using the mirVana™ miRNA isolation kit
(Ambion, #AM1556, Austin, TX). MicroRNA cDNAs were synthe-
sized using the Tagman® MicroRNA Reverse Transcription Kit
(Invitrogen, #4366596). Tagman® MiRNA Assays (Invitrogen,
#4427975) were used to amplify the expression of miR-338-5p
(ID 002658) and RNU6B (ID 001093) according to the manufac-
turer’s instructions. The amplification and detection of specific
products were performed with the Rotor-Gene Q 2plex HRM
System (Qiagen, Valencia, CA, USA).

Western blot analysis

Tissue or cell protein was solubilized in radio immunoprecipitation
assay (RIPA) lysis buffer (Beyotime, #p0013¢, China) containing
1:1000 phenylmethanesulfonyl fluoride (Beyotime, #st506, China).
Equal quantities of proteins were separated by 8% SDS-PAGE and
subsequently transferred onto PVDF membranes (Millipore,
#IPVH00010, Billerica, MA, USA). Primary antibodies against P-gp
(1:1000; Abcam, #170904, USA), EGFR (1:1000; Cell Signaling
Technology, #4267, Danvers, MA, USA), p-EGFR (1:1000; #3777, Cell
Signaling Technology, Danvers, MA, USA), ERK1/2 (1:1000; #4695,
Cell Signaling Technology, Danvers, MA, USA), p-ERK1/2 (1:1000;
#4370, Cell Signaling Technology, Danvers, MA, USA), and B-actin
(1:1000, #sc4778, Santa Cruz Biotechnology, USA) were incubated
with membranes. Then, antibody binding was assessed
by incubation with HRP-conjugated secondary antibodies
(Jackson Immuno Research Laboratories, #115-035-003, Inc.,
USA). The signals were detected using an ECL Plus immunoblot-
ting detection system (Millipore, #WBKLS0500, Billerica,
MA, USA).

Luciferase assay

The wild-type 3'-UTR of ABCB1 or EGFR mRNA was inserted into
the psiCHECKTM—Z Vector (Promega, #C8021, USA). Mutants lacking
the miR-338-5p binding sites in the 3’-UTR of ABCB1 or EGFR was
constructed using the KOD Plus Mutagenesis kit (TOYOBO,
#562900, Japan) according to the manufacturer's protocol.
Seventy-two hours post transfection, the cells were lysed with
1 x passive lysis buffer, and both Renilla and firefly luciferase
activities were measured with the Dual-Luciferase Reporter Assay
System (Promega, # 0000223860, USA). Luciferase activity values
were normalized to firefly luciferase values.

Statistical analysis

Data are presented as the means+SD of at least three
independent experiments, unless otherwise mentioned. Two-
tailed Student’s t-test or one-way analysis of variance was
employed to analyze the data, unless otherwise mentioned. To
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Fig. 1 ABCBI1 is a direct target of miR-338-5p. ABCB1 was detected by qRT-PCR in Hep3B and Huh7 cells treated with miR-338-5p mimics a or
inhibitors b. ABCB1 mRNA levels were normalized to GAPDH mRNA levels. P-gp expression in hepatoma cells transfected with miR-338-5p
mimics ¢ or inhibitors d was analyzed by western blotting. Hep3B e and Huh7 f cells were treated with the ABCB1 vector (ABCB1, hereafter) or
empty plasmid (Vector, hereafter), and then, the levels of P-gp were measured. g Left: alignment of miR-338-5p with ABCB1 3’-UTR. Right:
luciferase assay for the direct targeting of the 3'-UTR of ABCB1 by miR-338-5p. The wide-type or mutant of ABCB1 3’-UTR plasmid was co-
transfected with miR-338-5p mimics or NC in Hep3B cells, and subsequently, luciferase activity was detected. The data in all experiments are
presented as the means + SD of three independent experiments. **P < 0.01, ***P < 0.001 vs. NC or Vector
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Fig.2 miR-338-5p regulates the sensitivity of HCC cells to DOX and VBL by targeting ABCB1. The ectopic expression of miR-338-5p enhanced
the sensitivity to chemotherapeutics and increased the intracellular concentration of DOX in HCC cells. Cells were treated with medium
containing DOX or VBL for 48 h, and then, cell viability was detected. Overexpression of miR-338-5p in Hep3B a or Huh7 b cells increased the
sensitivity to DOX or VBL. Knockdown of miR-338-5p reduced the sensitivity to DOX or VBL of Hep3B ¢ and Huh7 d cells. Intracellular DOX
accumulation was measured by flow cytometry in cells transfected with miR-338-5p mimics e or inhibitors f. e-f Left: the output results of the
intracellular DOX fluorescence intensity measured by flow cytometry. Right: the statistical results. (g—h) The sensitivity of cells to DOX or VBL
was detected by CCK-8 assay. (a-d) and (g-h) Left: The sensitivity of cells to DOX. Right: The sensitivity of cells to VBL. Two-way analysis of
variance was employed to analyze the drug sensitivity data. The data in all experiments are presented as the means+SD of three

independent experiments. ***P < 0.001 vs. NC

analyze the relationship between the expression of miR-338-5p
and its targets in HCC tumor samples, Spearman’s correlation test
was used. All statistical analyses were performed using SPSS
v.11.5 software (Chicago, IL, USA). A P-value <0.05 was considered
statistically significant.

RESULTS

ABCB1 is a direct target of miR-338-5p

Considering the pivotal role of ABCB1, one of the key drug efflux
pumps?>?*, in MDR and the potential use of miRNA in MDR
cancer therapy, we predicted candidate miRNAs that potentially
bind to the 3’-UTR of human ABCB1 (P-gp) using the bioinfor-
matics algorithms TargetScan and MicroCosm Targets in a
previous study and identified the miRNAs that negatively
regulated ABCB1 in hepatocarcinoma.”® The results of this
previous study showed that miR-338-5p significantly inhibited
P-gp expression and was another potential P-gp inhibitor
(Figure S1). We further verified the downregulation of ABCB1
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by miR-338-5p in Hep3B and Huh7 cells. The results showed that
compared to negative control (NC), the expression of ABCB1
mRNA was significantly suppressed in miR-338-5p mimic-
transfected cells (Fig. 1a), while the inhibition of miR-338-5p
upregulated ABCB1 mRNA levels in cells (Fig. 1b). Consistently,
the overexpression of miR-338-5p dramatically inhibited P-gp
levels (Fig. 1c), and P-gp expression increased upon miR-338-5p
inhibition in Hep3B and Huh7 cells (Fig. 1d). Furthermore, the
inhibitory effects of miR-338-5p on P-gp expression in Hep3B and
Huh7 cells were markedly offset by the overexpression of ABCB1
(Fig. 1e, f).

To detect whether the ABCB1 gene was the direct target of miR-
338-5p, we used a luciferase reporter plasmid containing the 3'-
UTR of ABCB1. Luciferase activity assays revealed that miR-338-5p
overexpression decreased the luciferase activity of wild-type
ABCB1 3’-UTR, and this inhibition was offset by the mutation of
the target sequences in the ABCB1 3'-UTR (Fig. 1g). These results
suggested that miR-338-5p downregulated ABCB1 expression via
direct binding to the 3’-UTR of ABCBI1.
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miR-338-5p regulates the sensitivity of HCC cells to
chemotherapeutics by targeting ABCB1

To examine the function of miR-338-5p in the MDR of HCC, miRNA
mimics or inhibitors were transiently transfected into Hep3B and
Huh7 cells. The results obtained from CCK-8 cell viability assays
showed that the overexpression of miR-338-5p notably sensitized
Hep3B or Huh7 cells to DOX or VBL compared with NC (Fig. 2a, b;
Figure S2d-e). In addition, the sensitivity to DOX or VBL was
decreased after miR-338-5p inhibition by an antagomir in Hep3B
and Huh7 cells (Fig. 2¢, d). To determine that the sensitization to
chemotherapeutics was associated with the miR-338-5p regula-
tion of P-gp function, we measured the intracellular concentration
of DOX (P-gp fluorescent substrate) in cells transfected with miR-
338-5p mimics or inhibitors. The results showed that the
enhancement of miR-338-5p increased the intracellular DOX
intensity (Fig. 2e), whereas the knockdown of miR-338-5p
decreased the intracellular intensity of DOX (Fig. 2f).

To further confirm that the function of miR-338-5p in drug
sensitivity was via ABCBT1, the effects of overexpressing ABCB1 on
cell sensitivity to DOX or VBL in the presence or absence of
miR-338-5p were investigated. As shown in Fig. 2g, h, the
overexpression of ABCB1 suppressed the sensitivity of miR-338-
5p-overexpressing cells to DOX or VBL, which indicated that
miR-338-5p regulated the sensitivity of HCC cells to DOX or VBL by
targeting ABCB1. We also detected the sensitivity of ABCB1-
silencing cells to DOX or VBL to validate the inhibitory effects of P-
gp on drug sensitivity (Figure S2a-c).

miR-338-5p suppresses proliferation of Hep3B and Huh7 cells

As reported, miR-338-5p also plays different roles in the
progression of several cancers.**?® However, the underlying
mechanism of miR-338-5p in HCC is still not well elucidated. In the
present study, the cell proliferation after transfection with miR-
338-5p mimics or inhibitors of Hep3B and Huh7 cells was
investigated to further explore the potential functions of miR-
338-5p in the tumorigenesis or tumor inhibition of HCC. The
results of the 5-day cell growth assay showed that overexpression
of miR-338-5p remarkably suppressed Hep3B and Huh7 cell
proliferation compared with NC (Fig. 3a, b). In contrast,
antagonizing endogenous miR-338-5p with its inhibitors obviously
promoted Hep3B and Huh7 cell proliferation (Fig. 3¢, d). Colony
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formation assays showed that miR-338-5p significantly inhibited
colony formation in HCC cells (Fig. 3e), and its inhibition
significantly promoted colony formation (Fig. 3f), which further
confirmed the ability of miR-338-5p for tumor suppression. These
results indicated that miR-338-5p notably suppressed human HCC
cell proliferation in vitro.

Identification of EGFR as another direct target of miR-338-5p
Since P-gp is a direct target of miR-338-5p and silencing of P-gp in
HCC cells had no effect on cell growth (Figure S2f-h), the tumor
growth-related target genes of miR-338-5p should be identified to
clarify the underlying mechanism of its effect on cell proliferation.
First, we obtained a list of candidate target genes that might be
regulated by miR-338-5p using bioinformatics algorithms, includ-
ing TargetScan, MicroCosm and MiRanda. Combining the predic-
tion results from these three algorithms, three genes were
selected for further identification: EGFR, IL6 and IL16 (Fig. 4a).
We detected the mRNA expression of these three genes after
transfection with miR-338-5p mimics or NC in Hep3B and Huh7
cells. Interestingly, the overexpression of miR-338-5p down-
regulated EGFR mRNA in both Hep3B and Huh7 cells (Fig. 4b, c).
In addition, the levels of EGFR mRNA were increased after
treatment with miR-338-5p inhibitors in Hep3B and Huh7 cells
(Fig. 4d). As shown in Fig. 4e, f, the overexpression or inhibition of
miR-338-5p markedly suppressed or increased EGFR protein
expression, respectively, in Hep3B and Huh7 cells compared with
NC. Furthermore, luciferase activity assays showed that miR-338-
5p decreased the luciferase activity of the plasmid containing the
wild-type EGFR 3’-UTR but not that of the plasmid containing the
mutant EGFR 3’-UTR (Fig. 4g), indicating that EGFR is a direct
target of miR-338-5p.

We further validated the roles of EGFR in cell growth in HCC and
investigated whether the inhibitory effects of miR-338-5p on HCC
cell proliferation were mediated by EGFR. The effects of siRNA on
EGFR expression were confirmed by western blot analysis
(Figure S3a). Notably, silencing of EGFR inhibited the proliferation
(Figure S3b and c) and colony formation (Figure S3d) of Hep3B
and Huh7 cells. Furthermore, EGFR overexpression restored the
inhibitory effects of miR-338-5p on EGFR expression in Hep3B and
Huh?7 cells (Fig. 4h). The proliferation (Fig. 4i, j) and colony
formation (Fig. 4k) of Hep3B and Huh7 cells were remarkably
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promoted after transfection with the EGFR vector compared with
the control vector. In addition, the effects of miR-338-5p mimics
were attenuated by the EGFR vector (Fig. 4i-k). These results
suggested that targeting of EGFR contributed to the inhibitory
effect of miR-338-5p on HCC cell proliferation.

miR-338-5p inhibits ABCB1 expression by targeting the EGFR/
ERK1/2 signaling pathway

In the present study (Fig. 1e, f), the inhibitory effect of miR-338-5p
on P-gp expression was still obvious after transfection with ABCB1
(cds), which indicated that miR-338-5p might reduce exogenous
P-gp via a non-classic regulatory mechanism of miRNA. Given that
the expression of ABCB1 can be regulated by the EGFR signaling
pathway?>3° and EGFR was discovered as another target of miR-
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338-5p, the association among EGFR, P-gp and miR-338-5p was
examined. First, we observed that silencing or overexpressing
EGFR, respectively, decreased or increased the expression of
ABCB1 mRNA (Figure S4a and b) and protein (Fig. 5a, b) in both
Hep3B and Huh7 cells. Furthermore, the inhibitory effects of miR-
338-5p on P-gp expression were tested under the condition of
EGFR overexpression. As shown in Fig. 5¢, d, the effects of miR-
338-5p on P-gp were significantly reversed by the overexpression
of EGFR.

To determine whether EGFR-mediated signaling participated in
the inhibitory effect of miR-338-5p on ABCB1, we examined the
levels of the major components of the EGFR pathway, including p-
EGFR, ERK1/2, p-ERK1/2, AKT, p-AKT, JNK, p-JNK, P38, and p-P38, in
the HCC cells overexpressing miR-338-5p. The results showed that
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miR-338-5p overexpression inhibited the levels of phosphorylated
EGFR and ERK1/2 (Fig. 5e, f) but not those of AKT, JNK, and P38
(Figure S4c) in Hep3B and Huh7 cells. In addition, the levels of
phosphorylated EGFR and ERK1/2 were enhanced in HCC cells
after silencing miR-338-5p (Fig. 5g, h). Moreover, we further
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verified whether ERK1/2 regulated the expression of ABCB1 in HCC
cells. The cells were treated with U0126 (an inhibitor of ERK1/
2 signaling) for 24 h, and then, the P-gp levels were detected. As
shown in Fig. 5i, j, the inhibition of ERK1/2 phosphorylation
obviously repressed P-gp expression in HCC cells. The suppressive
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effects of EGFR siRNA on the expression of ERK1/2 and p-ERK1/2
were confirmed by western blot analysis in HCC cells (Figure S4d
and e). Furthermore, inhibition of ERK1/2 obviously increased the
sensitivity of HCC cells to DOX (Figure S4f and g). These results
demonstrated that in addition to directly binding to the 3’-UTR
of ABCB1, miR-338-5p also regulated P-gp expression via the
EGFR/ERK1/2 signaling pathway. Together, these data revealed
the direct (targeting of ABCB1 3’UTR) and indirect (via the EGFR/
ERK1/2-dependent signaling pathway) regulation of ABCB1 by
miR-338-5p.

The miR-338-5p level is negatively correlated with ABCB1 and
EGFR mRNA levels in HCC clinical samples

We further investigated the correlation between miR-338-5p and
ABCB1 or EGFR in HCC to evaluate the potential clinical
application of miR-338-5p. The levels of miR-338-5p, ABCB1, and
EGFR were determined by gqRT-PCR in 21 pairs of HCC samples.
Compared with matched non-tumor clinical specimens, miR-338-
5p was remarkably decreased in liver tumors (Fig. 6a). Moreover,
ABCB1 (Fig. 6b) and EGFR (Fig. 6¢) were obviously upregulated in
HCC samples. Spearman’s correlation analysis revealed that the
expression of miR-338-5p was inversely correlated with that of
ABCB1 (correlation coefficient r=—0.445, p < 0.05; Fig. 6d) or EGFR
(correlation coefficient r=-0.4727, p < 0.05; Fig. 6e).

DISCUSSION

HCC is a primary lethal neoplasm of the liver and one of the most
resistant cancers to chemotherapeutic drugs, partially related to
the overexpression of ABC transporters3' P-gp was the best
characterized member of ABC transporters and could contribute
to MDR when its expression or function changed. Recent studies
have shown that miRNAs play a critical role in the MDR of HCC and
could modulate MDR by regulating P-gp. miR-451 sensitizes breast
cancer cells to doxorubicin via targeting ABCB1.32 Wu et al. found
that the methylation of miR-129-5p CpG islands could regulate
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multidrug resistance in gastric cancer by targeting ABC transpor-
ters.3® Let-7 modulates the acquired resistance of ovarian cancer
to taxanes via the IMP-1-mediated stabilization of ABCB1.3

In the present study, we demonstrated that miR-338-5p
sensitizes HCC cells to DOX and VBL by targeting ABCB1. The
overexpression or knockdown of miR-338-5p, respectively,
repressed or increased the mRNA and protein levels of ABCB1 in
Hep3B and Huh7 cells compared with their controls, and the
inhibitory effects of miR-338-5p on ABCB1 expression were
reversed by the overexpression of ABCB1. These data suggested
that ABCB1 was a target of miR-338-5p, and the luciferase assay
confirmed that miR-338-5p regulated ABCB1 by directly binding to
the 3’-UTR. Furthermore, P-gp-mediated MDR functional assays
revealed that miR-338-5p could markedly enhance the response of
HCC cells to chemotherapeutic drugs and inhibit the function
of P-gp.

Although several reports have demonstrated that miR-338-5p
regulates the tumor growth of cancers?’?8, the role of miR-338-5p
in HCC progression needs further illumination. The results of the
present study showed that the ectopic expression of miR-338-5p
significantly suppressed the cell growth and colony formation of
Hep3B and Huh7 cells. In contrast, miR-338-5p inhibitors
enhanced the proliferation and colony formation of Hep3B and
Huh7 cells. Moreover, silencing of P-gp with siRNA had no effect
on the proliferation and colony formation of HCC cells. These data
indicated that there might be other targets that mediate the
inhibition of tumor cell growth by miR-338-5p. We also predicted
the potential targets of miR-338-5p using bioinformatics algo-
rithms and found that epidermal growth factor receptor (EGFR)
was another target of miR-338-5p. EGFR belongs to the HER family
of tyrosine kinase, which is widely distributed on the surface of
mammalian cell membranes.>® EGFR plays an important role in the
etiology and progression of many carcinomas, including HCC.3%3’
Here we found that the proliferation and colony formation of
Hep3B and Huh7 cells were markedly inhibited when EGFR was
silenced, and the suppressive tumorigenic property of miR-338-5p
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was mostly restored when EGFR was overexpressed in these HCC
cells. Although the partial recovery of the miR-338-5p inhibitory
function in cell proliferation could be explained by the phenom-
ena that miR-338-5p still inhibited EGFR protein levels after
overexpressing EGFR, we could not rule out the potential
existence of other underlying mechanisms; thus, further investiga-
tion is needed in the future. Taken together, these results
suggested that miR-338-5p suppressed the proliferation of HCC
cells at least in part by targeting EGFR.

Previous studies have indicated that EGFR signaling is also
involved in the regulation of ABCB1 expression.*®*? Hence, we
determined whether the EGFR signaling cascade was the target of
miR-338-5p in the regulation of P-gp. ABCB1 was markedly
decreased or increased at the protein level when EGFR was
downregulated or enhanced, respectively, and the inhibitory
effects of miR-338-5p on the expression of P-gp were significantly
reversed by the overexpression of EGFR. Notably, the over-
expression of miR-338-5p inhibited the level of phosphorylated
EGFR and ERK1/2, and P-gp expression was suppressed after the
inhibition of ERK1/2 phosphorylation in HCC cells. Moreover, the
miR-338-5p level was negatively correlated with ABCB1 and EGFR
mMRNA levels in 21 HCC clinical samples. Although this result
contradicted that of Chen et al.,** the main limitation of both
studies was the small number of HCC samples; thus, further
validation of the role of miR-338-5p in more patients is needed in
the future. According to Liang et al.,*’ EGFR inhibits the expression
of miR-338-3p via HIF-1a binding to the miR-338-3p promoter in
breast cancer. In the present study, we determined whether EGFR
could regulate the expression of miR-338-5p in HCC. As shown in
Figure S4h and i, EGFR had no effect on miR-338-5p expression in
Hep3B and Huh7 cells. The different types of cancers and miRNA
isoforms used by Liang and in the present study may explain
these phenomena. Furthermore, the present results revealed the
direct and indirect regulation of ABCB1 by miR-338-5p (Fig. 7). On
the one hand, ectopic miR-338-5p expression decreased ABCB1
expression by directly targeting its 3’-UTR. On the other hand, the
inhibition of the EGFR/ERK1/2 signaling pathway by miR-338-5p
via direct targeting of the 3’-UTR of EGFR suppressed ABCB1
expression.

In conclusion, the present study demonstrated the critical roles
of miR-338-5p in the MDR and growth of HCC by targeting ABCB1
and EGFR. Considering that the present results revealed
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attenuated miR-338-5p expression and enhanced ABCB1 and
EGFR expression in human clinical HCC specimens, the novel
identified miR-338-5p/EGFR/ABCB1 axis may provide new insight
into the mechanisms underlying MDR and the pathogenesis of
HCC, and the restoration of miR-338-5p expression may be a
potential therapeutic strategy for the treatment of HCC in the
future.

ACKNOWLEDGEMENTS

This work was financially supported through a grant from the National Science and
Technology Major Project of China (2015Z2X09102005). We thank Yizheng Wang for
helpful comments and Ying Hou, Jun Li, and Feng Shen of Eastern Hospital of
Hepatobiliary Surgery for providing the hepatocarcinoma samples.

AUTHOR CONTRIBUTIONS

JR, CL, and Y.Z. designed the project; CL. drafted the manuscript with J.C; Y.Z.
performed the research; WW.EI. and X.Q.. helped design the overall study and
analyze the data; and all authors have given their final approval for the manuscript.

ADDITIONAL INFORMATION
The online version of this article (https://doi.org/10.1038/541392-017-0003-4)
contains supplementary material, which is available to authorized users.

Conflict of interest: The authors declare that they have no conflict of interest.

REFERENCES

1. Llovet, J. M. & Bruix, J. Novel advancements in the management of hepatocellular
carcinoma in 2008. J. Hepatol. 48, S20-S37 (2008). (Suppl. 1).

2. Belghiti, J. & Fuks, D. Liver resection and transplantation in hepatocellular car-
cinoma. Liver Cancer 1, 71-82 (2012).

3. Lin, T. Y, Lee, C. S, Chen, K. M. & Chen, C. C. Role of surgery in the treatment of
primary carcinoma of the liver: a 31-year experience. Br. J. Surg. 74, 839-842
(1987).

4. Forner, A, Llovet, J. M. & Bruix, J. Hepatocellular carcinoma. Lancet 379,
1245-1255 (2012).

5. Befeler, A. S. & Di Bisceglie, A. M. Hepatocellular carcinoma: diagnosis and
treatment. Gastroenterology 122, 1609-1619 (2002).

6. Sangro, B. et al. Prognosis of hepatocellular carcinoma in relation to treatment: a
multivariate analysis of 178 patients from a single European institution. Surgery
124, 575-583 (1998).

SPRINGER NATURE


https://doi.org/10.1038/s41392-017-0003-4

The dual-inhibitory effect of miR-338-5p
Zhao et al.

10

18.
19.

20.

21.

22.

23.

24.

25.

26.

27.

. Lagas, J. S, Vlaming, M. L. & Schinkel, A. H. Pharmacokinetic assessment of

multiple ATP-binding cassette transporters: the power of combination knockout
mice. Mol. Interv. 9, 136-145 (2009).

. Joshi, P., Vishwakarma, R. A. & Bharate, S. B. Natural alkaloids as P-gp inhibitors for

multidrug resistance reversal in cancer. Eur. J. Med. Chem. 138, 273-292 (2017).

. Hasanabady, M. H. & Kalalinia, F. ABCG2 inhibition as a therapeutic approach for

overcoming multidrug resistance in cancer. J. Biosci. 41, 313-324 (2016).

. Longley, D. B. & Johnston, P. G. Molecular mechanisms of drug resistance. J.

Pathol. 205, 275-292 (2005).

. Gottesman, M. M. Mechanisms of cancer drug resistance. Annu. Rev. Med. 53,

615-627 (2002).

. Bartel, D. P. MicroRNAs: genomics, biogenesis, mechanism, and function. Cell 116,

281-297 (2004).

. Liang, Z. et al. Involvement of miR-326 in chemotherapy resistance of breast

cancer through modulating expression of multidrug resistance-associated pro-
tein 1. Biochem. Pharmacol. 79, 817-824 (2010).

. Xu, Y. et al. MicroRNA-122 sensitizes HCC cancer cells to adriamycin and vin-

cristine through modulating expression of MDR and inducing cell cycle arrest.
Cancer Lett. 310, 160-169 (2011).

. Zhu, W,, Shan, X, Wang, T., Shu, Y. & Liu, P. miR-181b modulates multidrug

resistance by targeting BCL2 in human cancer cell lines. Int. J. Cancer 127,
2520-2529 (2010).

. Ma, J. et al. Involvement of miR-133a and miR-326 in ADM resistance of HepG2

through modulating expression of ABCC1. J. Drug. Target. 23, 519-524 (2015).

. Hossain, A, Kuo, M. T. & Saunders, G. F. Mir-17-5p regulates breast cancer cell

proliferation by inhibiting translation of AIB1T mRNA. Mol. Cell. Biol. 26, 8191-8201
(2006).

Si, M. L. et al. miR-21-mediated tumor growth. Oncogene 26, 2799-2803 (2007).
Wu, W. et al. MicroRNA-32 (miR-32) regulates phosphatase and tensin homologue
(PTEN) expression and promotes growth, migration, and invasion in colorectal
carcinoma cells. Mol. Cancer 12, 30 (2013).

Lal, A. et al. miR-24 Inhibits cell proliferation by targeting E2F2, MYC, and other
cell cycle genes via binding to “seedless” 3'UTR microRNA recognition elements.
Mol. Cell 35, 610-625 (2009).

Yang, T. et al. MiR-223 modulates multidrug resistance via downregulation of
ABCB1 in hepatocellular carcinoma cells. Exp. Biol. Med. (Maywood). 238,
1024-1032 (2013).

Mok, T. S. et al. Effects of patupilone (epothilone B; EPO906), a novel che-
motherapeutic agent, in hepatocellular carcinoma: an in vitro study. Oncology 71,
292-296 (2006).

Minemura, M., Tanimura, H. & Tabor, E. Overexpression of multidrug resistance
genes MDR1 and cMOAT in human hepatocellular carcinoma and hepato-
blastoma cell lines. Int. J. Oncol. 15, 559-563 (1999).

Kato, A. et al. Multidrug resistance gene (MDR-1) expression as a useful prog-
nostic factor in patients with human hepatocellular carcinoma after surgical
resection. J. Surg. Oncol. 78, 110-115 (2001).

Zhao, Y. et al. The miR-491-3p/Sp3/ABCB1 axis attenuates multidrug resistance of
hepatocellular carcinoma. Cancer Lett. 408, 102-111 (2017).

Besse, A. et al. MiR-338-5p sensitizes glioblastoma cells to radiation through regula-
tion of genes involved in DNA damage response. Tumour Biol. 37, 7719-7727 (2016).
Lei, D. et al. MiR-338-5p suppresses proliferation, migration, invasion, and pro-
mote apoptosis of glioblastoma cells by directly targeting EFEMP1. Biomed.
Pharmacother. 89, 957-965 (2017).

SPRINGERNATURE

28.

29.

30.

31.
32.

33.
34.

35.
36.

37.
38.
39.
40.

41.

Xing, Z., Yu, L., Li, X. & Su, X. Anticancer bioactive peptide-3 inhibits human gastric
cancer growth by targeting miR-338-5p. Cell Biosci. 6, 53 (2016).

Hour, T. C. et al. EGFR mediates docetaxel resistance in human castration-
resistant prostate cancer through the Akt-dependent expression of ABCB1
(MDR?1). Arch. Toxicol. 89, 591-605 (2015).

Guan, H. Zhao, P, Dai, Z, Liu, X. & Wang, X. SH3GL1 inhibition reverses
multidrug resistance in colorectal cancer cells by downregulation of
MDR1/P-glycoprotein via EGFR/ERK/AP-1 pathway. Tumour Biol. 37, 12153-12160
(2016).

El-Serag, H. B. Hepatocellular carcinoma. N. Engl. J. Med. 365, 1118-1127 (2011).
Kovalchuk, O. et al. Involvement of microRNA-451 in resistance of the MCF-7
breast cancer cells to chemotherapeutic drug doxorubicin. Mol. Cancer Ther. 7,
2152-2159 (2008).

Wu, Q. et al. Methylation of miR-129-5p CpG island modulates multi-drug resis-
tance in gastric cancer by targeting ABC transporters. Oncotarget 5, 11552-11563
(2014).

Boyerinas, B. et al. Let-7 modulates acquired resistance of ovarian cancer to
taxanes via IMP-1-mediated stabilization of multidrug resistance 1. Int. J. Cancer
130, 1787-1797 (2012).

Bazley, L. A. & Gullick, W. J. The epidermal growth factor receptor family. Endocr.
Relat. Cancer 12, S17-527 (2005). (Suppl. 1).

Rocha-Lima, C. M., Soares, H. P., Raez, L. E. & Singal, R. EGFR targeting of solid
tumors. Cancer Contr. 14, 295-304 (2007).

Jang, J. W. et al. CD133 confers cancer stem-like cell properties by
stabilizing EGFR-AKT signaling in hepatocellular carcinoma. Cancer Lett. 389, 1-10
(2017).

Munoz, J. L. et al. Temozolomide induces the production of epidermal growth
factor to regulate MDR1 expression in glioblastoma cells. Mol. Cancer Ther. 13,
2399-2411 (2014).

Zhang, X. Y. et al. Osimertinib (AZD9291), a mutant-selective EGFR inhibitor,
reverses ABCB1-Mediated drug resistance in cancer cells. Molecules 21, 1236
(2016).

Chen, Y., Chen, J, Liy, Y., Li, S. & Huang, P. Plasma miR-15b-5p, miR-338-5p, and
miR-764 as biomarkers for hepatocellular carcinoma. Med. Sci. Monit. 21,
1864-1871 (2015).

Liang, Y. et al. The EGFR/miR-338-3p/EYA2 axis controls breast tumor growth and
lung metastasis. Cell Death Dis. 8, 2928 (2017).

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,

adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly
from the copyright holder. To view a copy of this license, visit http://creativecommons.
org/licenses/by/4.0/.

© The Author(s) 2018

Signal Transduction and Targeted Therapy (2018)3:3


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	The dual-inhibitory effect of miR-338-5p on the multidrug resistance and cell growth of hepatocellular carcinoma
	Introduction
	Materials and methods
	Cell culture and tissue samples
	Cell transfection
	Drug sensitivity assay
	Flow cytometry
	Cell proliferation analysis
	Colony formation assays
	RNA isolation and real-time qRT–nobreakPCR
	Western blot analysis
	Luciferase assay
	Statistical analysis

	Results
	ABCB1 is a direct target of miR-338-5p
	miR-338-5p regulates the sensitivity of HCC cells to chemotherapeutics by targeting ABCB1
	miR-338-5p suppresses proliferation of Hep3B and Huh7 cells
	Identification of EGFR as another direct target of miR-338-5p
	miR-338-5p inhibits ABCB1 expression by targeting the EGFR/ERK1/2�signaling pathway
	The miR-338-5p level is negatively correlated with ABCB1 and EGFR mRNA levels in HCC clinical samples

	Discussion
	Acknowledgements
	Author contributions
	Conflict of interest
	ACKNOWLEDGMENTS




