Am J Cancer Res 2016;6(8):1681-1694
www.ajcr.us /ISSN:2156-6976/ajcr0032039

Original Article
Targeting PCDH20 gene by microRNA-122 confers
5-FU resistance in hepatic carcinoma

Wei Wang?, Wen Bin Liu?3, Da Bing Huang?, Wei Jia*, Chu Shu Jit, Bing Hu*

Departments of *Medical Oncology, >Hepatic Surgery, Anhui Provincial Hospital, Anhui Medical University, Hefei
230001, PR China; SAnhui Provincial Key Laboratory of Hepatopancreatobiliary Surgery, Hefei 230001, PR China

Received May 11, 2016; Accepted June 1, 2016; Epub August 1, 2016; Published August 15, 2016

Abstract: Drug resistance is one of the main hurdles for the successful treatment of hepatic carcinoma. However,
the detailed mechanisms underlying resistance remain largely unknown and therapeutic approaches are limited. In
the present study, we show that miR-122 confers resistance to 5-fluorouracil induced hepatocellular carcinoma cell
apoptosis in vitro and reduces the potency of 5-fluorouracil in the inhibition of tumor growth in a mouse xenograft
model in vivo. Further studies indicate that miR-122 modulates drug resistance through down-regulation of expres-
sion of PCDH20, which belongs to the protocadherin gene family and negatively regulates Akt activation. Knock-
down of PCDH20 expression increases Akt phosphorylation, which leads to elevated mTOR activity and enhanced
5-fluorouracil resistance; whereas rescue of PCDH20 expression in miR-122-expressing cells decreases Akt and
mTOR phosphorylation, re-sensitizing hepatocellular carcinoma cell to 5-fluorouracil induced apoptosis. Moreover,
a specific and potent Akt inhibitor reverses miR-122-conferred 5-fluorouracil resistance. These findings indicate
that the miR-122/PCDH20/Akt/mTOR signaling axis has an important role in mediating response to chemotherapy
in human hepatocellular carcinoma. A major implication of our study is that inhibition of miR-122 or restoration
of PCDH20 expression may have significant therapeutic potential to overcome drug resistance in hepatocellular
carcinoma and that the combined use of an Akt inhibitor with 5-fluorouracil may increase efficacy in liver cancer
treatment.
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Introduction

Hepatocellular carcinoma (HCC) is a primary
malignancy of the liver, and the leading cause
of cancer-related mortality around the world
[4]. Although the main etiologies of HCC are
now well defined, the molecular mechanisms
involved in tumor initiation and progression
have yet to be fully characterized. During the
initiation and progression of hepatocarcinogen-
esis, multiple genetic and epigenetic events
accumulated, leading to deregulated expres-
sion of various genes [2]. 5-Fluorouracil (5-FU)
is one of the chemotherapeutic drugs most
widely used alone or combined with other drugs
in liver cancer treatment [3]. 5-FU primarily
interrupts synthesis of the pyrimidine thymi-
dine, a nucleoside required for DNA replication,
by blocking the activity of thymidylate synthase.
Consequently, 5-FU induces cell cycle arrest
and/or apoptosis in cancer cells [4]. Although
adjuvant 5-FU treatment has yielded a good

success rate, the failure of treatment in bulk of
patients with HCC is due to drug resistance [5].
Many mechanisms have been suggested to be
responsible for drug resistance, including block-
ing apoptosis. Although resistance to chemo-
therapy is one of the biggest obstacles for
effective cancer therapy, no significant advance
has been made to identify targets overcoming
drug resistance [6].

MicroRNAs (miRNAs), which are a class of small
(about 22 bps) non-coding regulatory RNA mol-
ecules, provide functions essential for diverse
biological processes in cancer [7]. Currently, a
number of miRNAs has been described which
may have a specific role in cancer pathogene-
sis, biological and clinical disease behavior as
well as in modulating response to anti-cancer
treatments [8]. To date, more and more reports
have indicated that alternations in miRNA
expression have been associated with 5-FU
drug resistance and may function as crucial
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mediators of resistance (for example, the miR-
200 family, miR-124, and miR-122) [9]. In fact,
miRNA-based anti-cancer therapies are being
developed, either alone or in combination with
targeted therapies, with the goal to improve dis-
ease response and increase patient survival.
MiR-122 is the most abundant miRNA (consti-
tuting 70% of the total miRNA population) in the
liver and is implicated in different physiological
and pathological processes in the liver, includ-
ing hepatitis C virus replication, lipid metabo-
lism, and HCC development [10]. For examples,
miR-122 represses hepatitis B virus (HBV) rep-
lication, and is decreased in the livers of HBV-
positive patients [11]. More recently, it has
been reported that miR-122 regulates tumori-
genesis in hepatocellular carcinoma by target-
ing serine/threonine kinase (Akt) [12]. However,
little is known about the role of miR-122 in
hepatocellular carcinoma patients’ drug resis-
tance. Because of many important roles of miR-
122, it is necessary to further understand its
regulatory mechanisms in drug resistance.

Protocadherin-20 (PCDH20), also known as
PCDH13, is located at 13g21.2 and belongs to
the 0 subgroup of nonclustered protocadherin
gene family [13]. PCDH20 has attracted atten-
tion for their implications in the tumourigene-
sis. It has been reported that PCDH20 was
frequently silenced by promoter methylation
in non-small cell lung cancers [14]. Restoration
of PCDH20 expression in NSCLC cells reduced
cell numbers in colony formation and anchor-
age-independent assays. PCDH20 was fre-
quently silenced by promoter methylation in
non-small-cell carcinoma (NSCLC) cancers,
suggested that it might function as a candidate
tumor suppressor. Furthermore, PCDH20 func-
tions as a tumor-suppressor gene through
suppressing Akt activities and promoting glyco-
gen synthesis kinase-3B (GSK-3B) signaling
activities in hepatocellular carcinoma [15]. Till
now, the functions of PCDH20 in HCC remain
elusive.

In this study, we have discovered a novel miR-
122/PCDH20/Akt/mTOR signaling axis that
mediates the response of hepatoma carcinoma
cell to 5-FU treatment. Our results show that
miR-122 expression is suppressed by 5-FU
treatment in the sensitive but not resistant
hepatoma carcinoma cells. MiR-122 confers
resistance to 5-FU-induced apoptosis through
the inhibition of PCDH20 expression, which is a
direct target of miR-122. Knock-down of PCD-
H20 confers 5-FU resistance in liver cancer
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cells, mimicking miR-122 effect. Inhibition of
miR-122 expression or rescue of PCDH20
expression in hepatoma cells increases their
sensitivity to 5-FU treatment. Additionally, an
Akt inhibitor re-sensitizes miR-122 over-ex-
pressing cells to 5-FU. Moreover, experiments
in tumor xenograft mouse models reveal that
miR-122 significantly reduces the effective-
ness of 5-FU in the inhibition of tumor growth.
Our studies have identified miR-122 as a poten-
tial target for drug resistance in hepatic cancer
and suggest that modulating the PCDH20/Akt/
mTOR axis may have benefits against 5-FU
resistance.

Materials and methods
Cell lines and reagents

The human hepatoma carcinoma cell SNU-449,
MHCC97, HepG2 and SMMC-7721 cell lines
were cultured in indicated medium. Cells were
maintained at 37°C in a humidified incubator
with 5% CO,. 5-FU and GSK690693 were pur-
chased from Selleckchem (Houston, TX, USA),
respectively. Anti-hsa-miR-122 miScript miRNA
inhibitor was purchased from Qiagen Inc.
(Valencia, CA, USA).

One solution cell proliferation assay and apop-
tosis assays

Tumor cells viability was determined by CellTiter
96® Aqueous One Solution cell proliferation
assay (Promega, Madison, USA). Briefly, cells
were seeded in 96-well cell culture plates and
treated with indicated agents. After incubation
for indicated time, 20 uyL of One Solution
reagent were added to each well and incuba-
tion was continued for 4 h. The absorbance
was measured at 490 nm using Synergy™ HT
Multi-Mode Microplate Reader (Bio-Tek, Win-
ooski, VT, USA). The effect of indicated agents
on cell viability was assessed as the percent of
cell viability compared with vehicle-treated con-
trol cells, which were arbitrarily assigned 100%
viability [16]. Apoptosis was detected using a
DNA fragmentation ELISA kit (Roche, India-
napolis, IN, USA) [17].

Western blot analysis

Cell lysates were prepared in RIPA buffer (1%
Triton X-100, 1% sodium deoxycholate, 0.1%
SDS, 150 mM NaCl, 10 mM Tris-HCI (pH 7.5), 5
mM EDTA and a protease inhibitor cocktail
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(Sigma)). Equivalent amounts of protein were
separated by SDS-PAGE and transferred to a
PVDF membrane (Millipore, Billerica, MA, USA).
Subsequently, the membranes were blocked
with 5% fat-free dry milk in Tris-buffered saline
containing 0.1% Tween-20, and then incubated
separately with primary antibodies at 4°C over-
night. After incubation with horseradish peroxi-
dase-conjugated secondary antibodies for 2 h,
proteins were detected using chemilumines-
cence detection reagents (Pierce, Rockford, IL).
Antibodies were purchased as indicated: anti-
PCDH20 (Santa Cruz, CA, USA); anti-PARP (San-
ta Cruz, CA, USA), anti-cleaved PARP (Santa
Cruz, CA, USA), anti-Akt (Santa Cruz, CA, USA),
anti-pAkt (T308) (Santa Cruz, CA, USA), anti-
pAkt (S473) (Santa Cruz, CA, USA), anti-mTOR
(Santa Cruz, CA, USA), anti-pmTOR (Ser2481)
(Santa Cruz, CA, USA), anti-pmTOR (Ser2448)
(Santa Cruz, CA, USA) and B-tublin (Abcam,
Cambridge, MA, USA).

RT-PCR and real-time Q-PCR

For RT-PCR, 2 pg of RNA was reverse-tran-
scribed with M-MLV reverse transcriptase (Pro-
mega, Madison, WI, USA) using a random prim-
er. cDNA (2 ul) product was used to amplify
human pri-miR-122, pre-miR-122 and B-actin.
Primer sequences for pri-miR-122 were 5-GC-
AGATAAGGAGGAGCTTCA-3’ (forward) and 5-AA-
GAGTCACCGGTCACAGGA-3’ (reverse), for pre-
miR-122 were 5-TGGAAAGTCCATTCCTCTGC-3’
(forward) and 5-TGGACTTTCCAATCTTGCTG-3’
(reverse), and for [-actin were 5-TGACG-
GGGTCACCCACACTGTGCCCAT-3’ (forward) and
5-CTAGAAGCATTTGCGGTGGACGATGGAGG-3’
(reverse). Expression of miR-122 was deter-
mined by miScript primer assays and miScript
SYBR Green PCR Kit from Qiagen Inc. The U6
endogenous control was used for norma-
lization.

Luciferase assays

Oligos with sequences of PCDH20 3'-UTR con-
taining predicted recognition sites of miR-122
were synthesized and cloned into a Promega
psiCHECK-2 vector downstream of Renilla
reporter gene to generate psiCHECK2-PCDH20.
The seed sequences of miR-122 recognition
sites were mutated to generate psiCHECK2-
PCDH20-MUT as negative controls. The psi-
CHECK2 vector contains a second reporter
gene, firefly luciferase, and is designed for end-
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point lytic assays [18]. The reporters were
transfected into cells using Lipofectamine LTX
(Life Technologies). Luciferase activity was me-
asured 48 h later using Dual-Luciferase Re-
porter Assay (Promega). Values were normal-
ized with firefly luciferase activity.

Plasmid construction and lentiviral infection

cDNA encoding human miR-122 precursor
(~300 bp) was cloned into pCDH-CMV lentiviral
vector purchased from System Biosciences
(SBI, Mountain View, CA, USA). PCDH20 lentivi-
ral expression vector was purchased from Cell
Biolabs, Inc. (San Diego, CA, USA). Packaging
cells (293T) were co-transfected with pPackH1
packaging plasmid mix (SBI) and the lentiviral
vectors using Fugene HD (Promega). Viruses
were harvested 48 h later to infect target cells.

Knockdown assay

siRNAs used to knock down PCDH20 expres-
sion were purchased from RiboBio Co., Ltd.
(Guangzhou, China). The target sequences for
siRNAs are GGAAGCUAGTCAGCUTAACA (siRNA
#1) and ACCCGTGGUATTGAUAUUCAA (siRNA
#2). Transfections were performed using Lipo-
fectamine 2000 reagent (Invitrogen) following
the manufacturer’s instruction [19].

In vivo xenograft model

Experiments involving animals were approved
by the Anhui Medical University Animal Care
and Use Committee. HepG2 cells (2 x 10°) ex-
pressing miR-122 or empty vector were inject-
ed into the flank of male athymic nude mice (10
mice per group). On the seventh day, mice with
appropriate size (100-150 mm?) of tumors were
divided randomly into four groups including
vehicle-treated group and 5-FU dosage groups.
Tumor volume and mice body weight were mea-
sured every 3 days. Tumor volumes were calcu-
lated from caliper measurements by using the
following ellipsoid formula: (D x d?)/2, in which
D represents the large diameter of the tumor,
and d represents the small diameter [20].

Immunohistochemical staining

After sacrificing mice on day 25, formalin-fixed
paraffin-embedded tissue blocks of tumors
were incubated with the primary antibody
against TUNEL and Ki67 (ZSGB-BIO, Beijing,
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Figure 1. Hepatic carcinoma cells show differential responses to 5-FU treatment. A. SNU-449, MHCC97, HepG2 and
SMMC-7721 cells were treated with 5-FU. MTT assays showed different sensitivity of those cells to 5-FU treatment.
B. SNU-449, MHCC97, HepG2 and SMMC-7721 cells were treated with 5-FU. DNA fragmentation assays showed dif-
ferent sensitivity of those cells to 5-FU treatment. C. Western blot analysis showed that cleaved PARP was higher in
SNU-449 and MHCC97 cells than in HepG2 and SMMC-7721 cells after 5-FU treatment. D. Determined by real time
Q-PCR analysis, miR-122 expression in SNU-449 and MHCC97 cells, which are relatively sensitive to 5-FU-induced
apoptosis, was significantly reduced after exposure to 5-FU. E. RT-PCR analysis showed 5-FU inhibited the expres-
sion of pri-miR-122 and pre-miR-122. The data are presented as the Mean + S.D. of triplicate experiments. *P <
0.05, **P < 0.01 compared to control cells.

China), followed by a peroxidase-conjugated Results
secondary antibody. Three tumors from each
group were analyzed. The histologically similar
fields were randomly selected from each slide
for analysis. Apoptosis and proliferation of
tumor cells was determined quantitatively by
counting the numbers and calculating the per-
centage of positively stained cells for TUNEL
and Ki67 at x 20 magnification, respectively

MiR-122 mediates resistance to 5-FU-induced
apoptosis in hepatic carcinoma cells

Although 5-FU based adjuvant chemotherapy is
one of the most important chemotherapeutic
agents for liver cancer treatment, the intrinsic
or acquired 5-FU resistance in the course of

[21].
Statistical analysis

The data were presented as mean + SD.
Differences in the results of two groups were
evaluated using either two-tailed Student’s t
test or one-way ANOVA followed by post hoc
Dunnett’s test. The differences with P < 0.05
were considered statistically significant.
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treatment has been a major obstacle. To explo-
ration the molecular basis of 5-FU resistance,
we determined 5-FU effect in a panel of hepatic
cancer cell lines by one solution cell prolifera-
tion assay, in which 5-FU decreased cell viabili-
ty both in a dose-dependent and time-depen-
dent manner. As shown in Figure 1A, 5-FU had
a much more pronounced effect on SNU-449
and MHCC97 cells proliferation than on HepG2
and SMMC-7721 cells. Similarly, SNU-449 and

Am J Cancer Res 2016;6(8):1681-1694



microRNA-122 confers 5-FU resistance in hepatic carcinoma

A B C D
S »{ﬂ’
S, HepG2 &© &
- - Vecto
§ f - § _120 10, HepG2 mell;-1;2 \\6 &
[ - © 5 100 o w
Z8,, 52 5 43 Cleaved PARP [T o
£3 S oo 1 & PARP e 2
& 8 5 :‘?; 40{ = Vector - = %
E 4 £ = 20{ = miR-122 o 2 —% 3 —= # B-tUblin _ T
= 0 © o! . S g ; ; os—
£ 0 5 10 15 20 25 0 5 10 15 20 25 5_|:U + +
5-FU (ug/ml) 5-FU (ug/ml)
c v
o - rL
[ g 120, SNU-449 60, SNU-449 Vmelat-:rzz c}o‘ . P
2 g g 5100 8.4 50 P &
= x = & 80 c
] E‘——»._ - & 40 c)
P s ? S%w .+ Cleaved PARP i <
o =z ; 40{ -« Vector =20 I q’
o £ < 20{ = miR122 “ 940, —%— PARP _ D
E “ % 5 10 15 20 25 % 5§ 10 15 20 25 B-tUb“ﬂ _ =
5-FU (ug/ml) 5-FU (ug/ml) 5 FU + 4 w
2, g, HepG2 . S \gc} ,:\6{\0
. H 2 - Contro
° 51.5 "g::i: o 12, HePG2Z hhibitor N \(:S\
2 812 58 g 23 e
3009 S e * 3 5= . N
e = 0.6 .:i_": :: 40{ = Control  #__ i é % ; (3_
o 0.3 = = 20{ = Inhibitor i‘ uw o e ) @
= 0'060\‘0\10 N R it & i R~ B-tublin le—— T
O\ 5-FU (ug/ml) 5-FU (ug/ml) 5-FU + +
c N NN
S . . SNU-449 RS
i g 120 Suseo o, SNUas0 T Conrel s
o2l 2 5100 o
2 %09 SE w0 &% i O° N (o)
206 g » 5% Cleaved PARP s 3
N 40{ « Vector b= =
%03 . §§ 20|« mRazz S520{ PARP - —
E 0.0 € o — : - =
“o\ \\o‘ 0 5 10 15 20 25 0 3 10 15 20 25 B-tUb"n _ 1)
G°°\<\‘{\“ 5-FU (ug/ml) 5-FU (ug/ml) 5-FU + Y

1685 Am J Cancer Res 2016;6(8):1681-1694



microRNA-122 confers 5-FU resistance in hepatic carcinoma

Figure 2. MiR-122 confers resistance to 5-FU treatment in hepatic carcinoma cells in vitro. (A) miR-122 expression
was increased in HepG2 and SNU-449 cells as compared with vector control, and ectopically expressing miR-122
as determined by quantitative real-time PCR. The data are presented as the Mean + S.D. of triplicate experiments.
**P < 0.01 compared to vector cells. (B) miR-122- and vector-expressing cells were treated with increasing concen-
trations of 5-FU for 72 h. MTT assays showed sensitivity of cells to 5-FU treatment. (C) DNA fragmentation assays
showed sensitivity of those cells to 5-FU treatment. (D) Western blot analysis showed that cleaved PARP was higher
in miR-122-expressing cells than vector control cells after 5-FU treatment. (E) An miR-122 inhibitor decreased miR-
122 expression in HepG2 and SNU-449 cells as determined by quantitative real-time PCR. The data are presented
as the Mean + S.D. of triplicate experiments. **P < 0.01 compared to control cells. (F and G) The miR-122 inhibitor-
treated or control cells were subjected to increasing concentrations of 5-FU. MTT assays (F) and DNA fragmentation
assays (G) showed increased sensitivity to 5-FU-induced apoptosis in the inhibitor-treated cells as compared with
the control cells. (H) Western blot analysis showed that cleaved PARP was lower in miR-122-expressing cells than

control cells after 5-FU treatment.

MHCC97 cells displayed much higher sensitivi-
ty to 5-FU induced apoptosis than HepG2 and
SMMC-7721 cells as demonstrated by PARP
cleavage (Figure 1B) and DNA fragmentation
assays (Figure 1C). To identify the molecular
determinants of differential 5-FU sensitivity, we
evaluated the contribution of miR-122 owing to
the relationship between miR-122 dys-regula-
tion and cancer resistance has attracted in-
creasing attention. As expected, the expression
of miR-122 was significantly suppressed by
5-FU in highly sensitive SNU-449 and MHCC97
cells, but not in relatively resistant HepG2 and
SMMC-7721 cells (Figure 1D). In addition, the
expression of both pri-miR-122 and pre-
miR-122 were inhibited by 5-FU in SNU-449
and MHCC97 cells (Figure 1E), suggesting that
5-FU might regulate miR-122 expression at the
transcriptional level.

Confirming miR-122 confers drug resistance to
5-FU-induced apoptosis

To affirm whether miR-122 contributes to 5-FU
resistance, miR-122 was ectopically expressed
in HepG2 and SNU-449 cells, which resulted in
miR-122 expression increasing (Figure 2A).
Consequently, miR-122 over-expressing cells
shown increased cell viability (Figure 2B) and
decreased apoptosis (Figure 2C) in response to
5-FU compared with vector transfection cells.
Consistently, 5-FU-induced PARP cleavage was
reduced in miR-122 over-expressing cells as
compared with vector control cells (Figure 2D).

Complementarily, an anti-hsa-miR-122 miS-
cript miRNA inhibitor was used to inhibit miR-
122 expression. As shown in Figure 2E, the
inhibitor decreased miR-122 effectively in both
HepG2 and SNU-449 cells. As a result, the
inhibitor sensitized HepG2 and SNU-449 cells
to 5-FU (Figure 2F) and increased apoptosis
(Figure 2G). Consistently, 5-FU-induced PARP
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cleavage was increased in miR-122 down-
expressing cells as compared with control cells
(Figure 2H). Taken together, these results indi-
cated that miR-122 confers resistance to
5-FU-induced apoptosis in hepatic carcinoma
cells.

MIiR-122 reduces the efficiency of 5-FU-in-
duced inhibition of tumor growth in vivo

To determine whether miR-122 conferred resis-
tance to 5-FU-induced apoptosis in vivo, a
xenograft model of hepatic carcinoma was con-
ducted. HepG2 cells transfected with the con-
trol vector or miR-122 were implanted subcuta-
neously into athymic nude mice for tumor
growth and mice were randomly segregated
into five groups when tumor grown to reach a
size larger than 100 mm3. Two group was treat-
ed with 5-FU (40 mg/kg per day) administered
by intraperitoneal injection (i.p.) injection and
the other with vehicle. Compared with vector
control, miR-122 tumors showed considerably
smaller reduction of tumor size (Figure 3A and
3B) after 5-FU administration. In addition,
tumor growth-curves showed that miR-122
conferred HepG2 hepatocellular carcinoma
growth advantage as compared with vector
control (Figure 3C). Consistent with in vitro
results, miR-122 triggered a marked difference
in the response to 5-FU. Tumors with vector-
transfection cells were sensitive to 5-FU and
failed to growth, whereas tumors with miR-
122-expressing cells were relatively resistant
to 5-FU and continued to grow at a steady rate
during drug treatment. These results demon-
strated that 5-FU was much less potent in the
inhibition of miR-122-expressing hepatoma
carcinoma tumor growth.

To future determine miR-122-mediated resis-
tance to 5-FU induced apoptosis in vitro was

Am J Cancer Res 2016;6(8):1681-1694
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Figure 3. MiR-122 decreases the effectiveness of 5-FU in the inhibition of tumor growth in vivo. (A) Representative
mice with tumor xenografts. Scale bars, 25 um. (B) MiR-122 decreases the effectiveness of 5-FU in the inhibition
of tumor weight in vivo. Values represent means + SD, n = 6, *P < 0.05, **P < 0.01 versus vehicle group. (C) Xe-
nograft tumor growth curves. Values represent means + SD, n = 6, **P < 0.01 versus vector + vehicle group. (D)
Body weight changes in 5-FU and vehicle treated mice. There was no significant difference in body weight between
5-FU and vehicle treated group. Values represent means + SD, n = 6. (E and F) Images of TUNEL (E) and Ki67 (F)
staining of tumors are shown in the left panels. The images are representative of multiple fields of tumor sections
from each group. Percentage of positive TUNEL and Ki67 staining cells were determined. The data are presented
as the mean £ S.E. *P < 0.05, **P < 0.01 versus vehicle group.
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Figure 4. PCDH20 is a direct target of miR-122. A. Sequence of the miR-122 binding sites within the human PCDH20
3’-UTR and a schematic of the reporter construct shown the PCDH20 3’-UTR sequence and the mutated PCDH20
3’-UTR sequence. B. Luciferase activity of the PCDH20 reporter in the presence of miR-122 or scramble. Data were
collected from three independent experiments and were average * SD. values. **P < 0.01, compared to scramble
transfected cells. C. PCDH20 expression was decreased and Akt phosphorylation and mTOR activity were increased
by miR-122 expression in HepG2 and SNU-449 cells as determined by western blot analysis. D. The miR-122 inhibi-
tor increased PCDH20 expression and suppressed Akt phosphorylation and mTOR activity, determined by western

blot analysis.

associated with 5-FU inhibited tumor growth in
vivo, TUNEL method was performed to detect
the apoptotic index of tumors. TUNEL staining
showed that the proportion of apoptotic cells
was similar in miR-122 and vector tumors from
mice un-treated with 5-FU. However, the in-
crease of apoptotic cells triggered by 5-FU
treatment was considerably lower in miR-122
tumors than that in vector tumors (Figure 3E).
Moreover, Ki67 staining indicated that miR-122
tumors have slightly more proliferative cells
than vector tumors in the absence of 5-FU
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(Figure 3F). In addition, 5-FU treatment de-
creased the percentage of proliferative cells in
miR-122 tumors by 17% and in vector tumors
by 66%. Taken together, these findings in vitro
and in vivo reveal the critical role of miR-122 in
drug resistance of hepatic carcinoma.

MiR-122 mediates 5-FU resistance by target-
ing gene PCDH20

To search for target genes of miR-122 and fur-
ther understand molecular mechanism of miR-
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Figure 5. PCDH20 expression is required for 5-FU-induced apoptosis. (A) Expression of PCDH20 was knocked down
by siRNAs in HepG2 and SNU-449 cells, resulting in the up-regulation of Akt phosphorylation and mTOR phosphory-
lation. PCDH20 knockdown and control cells were treated with 5-FU. MTT assays (B), DNA fragmentation assays (C)
and western blot analysis of cleaved PARP (D) were performed, all of which indicated that knockdown of PCDH20
expression conferred resistance to 5-FU-induced apoptosis.

145 mediates 5-FU resistance, several algo-
rithms including, TargetScan, PicTar and mi-
Randa-mirSVR were applied to predict the tar-
gets of miR-122. The candidate target genes
were predicted based on the representation of
miR-122 recognition sites in their 3’-UTRs.
Among those examined, we found that proto-
cadherin 20 (PCDH20), which acting as a candi-
date tumor-suppressor gene could be the
potential targets of miR-122 (Figure 4A). To
determine whether PCDH20 is the direct target
of miR-122, oligos representing two predicted
recognition sites of miR-122 in the 3-UTR of
PCDH20 were synthesized and cloned into the
luciferase reporter construct psiCHECK2 (des-
ignated psiCHECK2-PCDH20-WT), whereas oli-
gos with seed sequences of the recognition
sites mutated were also cloned into the same
construct (designated psiCHECK2-MUT), which
were used as controls. Luciferase assays sh-
owed that the luciferase activity of psiCHECK2-
PCDH20-WT was decreased in miR-122-ex-
pressing cells as compared with vector control
cells, whereas that of the control plasmid, psi-
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CHECK2, and of the mutant construct, psi-
CHECK2-MUT, remained unchanged (Figure
4B). In addition, PCDH20 showed decreased
expression in HepG2 and SNU-449 cells
expressing miR-122 as compared with vector
cells (Figure 4C). On the other hand, the miR-
122 inhibitor increased PCDH20 expression
in both cell types (Figure 4D). These results
indicate that miR-122 represses the 3-UTR
of PCDH20 and that the expression of PCDH20
is directly regulated by miR-122.

Confirming PCDHZ20 is required for 5-FU-
induced apoptosis

PCDH20 has been characterized as a tumor
suppressor. PCDH20 is a novel protocadherin
which is expressed predominantly in nervous
system and has also attracted attention for
their implications in the neurological disorders
and tumourigenesis. To determine whether
PCDH20 modulates 5-FU-induced apoptosis,
its expression was knocked down by two inde-
pendent siRNAs, which demonstrated robust
effect in HepG2 and SNU-449 cells and result-
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ing in the reduction of PCDH20 expression
(Figure 5A). Knockdown of PCDH20 expression
enhanced the tolerance of HepG2 and SNU-
449 cells to 5-FU-induced apoptosis as de-
monstrated by increased cell viability (Fig-
ure 5B) and reduced apoptosis (Figure 5C).
Consistently, 5-FU-induced PARP cleavage was
reduced in PCDH20 down-expressing cells as
compared with control cells (Figure 5D). These
results indicated that PCDH20 is required for
5-FU-induced apoptosis, suggesting that miR-
122 may increase 5-FU resistance through the
inhibition of PCDH20 expression.

To determine whether miR-122 mediated resis-
tance to 5-FU-induced apoptosis could be
reversed by restoration of PCDH20. PCDH20
cDNA was introduced into miR-122-expressing
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5-FU (ugiml) of triplicate experiments.

HepG2 and SNU-449 cells. Ectopically expre-
ssed PCDH20 is resistant to down-regulation
mediated by miR-122 owing to the lack of
3’-UTR (Figure 6A). Restoration of PCDH20 ex-
pression almost completely restored the sensi-
tivity of HepG2 and SNU-449 cells to 5-FU-
induced apoptosis (Figure 6B) and apoptosis
(Figure 6C). These results indicate that miR-
122 enhances 5-FU resistance through the
down-regulation of PCDH20 expression.

Akt activation mediated by PCDH20 contrib-
utes to miR-122-conferred 5-FU resistance

It has been shown that Akt is an anti-apoptotic
factor and that its activation is negatively regu-
lated by the PP2A complex through de-phos-
phorylation of Akt. One of the anti-apoptotic
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effectors regulated by Akt is mTOR. To deter-
mine the underlying mechanisms of miR-
122-mediated 5-FU resistance, we examined
Akt/mTOR signaling and found that miR-122
increased Akt phosphorylation and mTOR phos-
phorylation in both cell types (Figure 4C).
Moreover, the miR-122 inhibitor suppressed
Akt phosphorylation and reduced mTOR activity
(Figure 4D). In addition, the knockdown of
PCDH20 expression significantly increased
Akt phosphorylation and Akt activation, as
reflected by the phosphorylation of Akt and
enhanced mTOR activity (Figure 5A). In con-
trast, restoration PCDH20 expression inhibited
Akt phosphorylation and mTOR activation
(Figure 6A). These results support the possible
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122-expressing cells to 5-FU treat-
ment. The data are presented as
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165 20 25

involvement of Akt/mTOR in miR-122 mediated
5-FU resistance.

To confirm that Akt contributes to miR-122-me-
diated 5-FU resistance, a specific and potent
Akt inhibitor, GSK690693, was used to block
Akt activation and function. Although GSK-
690693 had little effect on both Akt and mTOR
phosphorylation in vector control cells, it signifi-
cantly repressed Akt phosphorylation and
mTOR phosphorylation in miR-122-expressing
cells (Figure 7A). As a result, it diminished miR-
122-conferred 5-FU resistance in both HepG2
and SNU-449 cells, as demonstrated by cell
viability (Figure 6B) and apoptosis (Figure 7C)
assays. Taken together, these results indicate
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that miR-122 mediates resistance to 5-FU-
induced apoptosis through regulating the
PCDH20/Akt/mTOR signaling axis.

Discussion

Hepatocellular carcinoma (HCC) is one of the
most common highly lethal tumors, and the
prognosis of HCC patients is startling low
unless the disease is diagnosed early [22].
Beyond physical approaches such as radiation
and surgery, few therapies are recognized, and
a short list of expensive candidate drugs that
display a high failure rate exists. 5-FU is a com-
mon first-line chemotherapeutic drug for the
treatment of HCC [23]. However, the develop-
ment of acquired resistance to 5-FU confines
its clinical usages. In this study, we have identi-
fied a novel miR-122/PCDH20/Akt/mTOR
signaling axis that regulates the response of
liver cancer cells to 5-FU treatment. Ectopic
expression of miR-122 enhances 5-FU resis-
tance in vitro and in tumor xenografts in vivo.
An miR-122 inhibitor sensitizes hepatic cancer
cells to 5-FU treatment. MiR-122 promotes
drug resistance by the inhibition of PCDH20
expression, which leads to increased Akt
and mTOR activation, and PCDH20 is required
for 5-FU-induced apoptosis. Despite advances
in chemotherapy, drug resistance is still one
of the biggest obstacles for treating advan-
ced hepatic carcinoma effectively. Therefore,
the discovery of miR-122 as a contributing
factor of drug resistance and the identification
of the regulatory miR-122/PCDH20/Akt/
mTOR signaling axis may facilitate to design
strategies to increase the overall efficacy of
chemotherapy of HCC.

Our discovery of miR-122 as a mediator of 5-FU
response in hepatic cancer provides a potential
therapeutic target. Inhibition of miR-122 ex-
pression could increase liver cancer cells 5-FU
sensitivity. Interestingly, we observed that the
basal level of miR-122 expression is higher in
SNU-449 and MHCC97 cells than in HepG2
and SMMC-7721 cells in the absence of 5-FU.
In fact, miR-122-expressing cells displayed a
higher growth rate both in vitro and in vivo than
vector-expressing cells without 5-FU treatment.
These results indicate that, in addition to 5-FU
treatment, miR-122 has a pro-proliferative and
pro-survival role. However, 5-FU decreases
miR-122 expression in 5-FU-sensitive SNU-449
and MHCC97 cells but not in its resistant
HepG2 and SMMC-7721 cells, which leads to
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lower miR-122 expression in SNU-449 and
MHCC97 cells than in HepG2 and SMMC-7721
cells after 5-FU treatment. All this contributes
to cells differential 5-FU response. Therefore,
the sensitivity to 5-FU-induced apoptosis is
dependent upon the ability of 5-FU to suppress
miR-122 expression.

Protocadherin (PCDH) gene functions have pre-
dominantly been studied in neuronal cells,
although PCDH expression is also observed in
other cells including gut, lung and kidney [24].
PCDHs have extracellular cadherin domains
involved in cell adhesion and intracellular do-
mains, which can translocate to the nucleus
and regulate gene expression [25]. Although
little is known about protocadherin molecular
functions in relation to tumor biology, the di-
verse and complex cellular activities they medi-
ate likely impinge on key cellular pathways
involved in cell death and proliferation. A few
members of the protocadherin family have
been suspected of involvement in the carcino-
genesis of several tumors, such as colon can-
cer, hepatocellular carcinoma, renal cancer,
and prostate cancer, through their over-expres-
sion or inactivation [26]. However, the associa-
tion between protocadherin proteins and the
pathogenesis of many other cancers remains
unclear. PCDH20 has been identified as a
tumor suppressor in colorectal and lung cancer
[27]. It has been reported that PCDH20 expres-
sion is regulated by multiple transcriptional
factors including Ets-1, SP1/SP3 and RXRa/
[28]. Our current findings that miR-122 sup-
presses PCDH20 expression indicate that miR-
NA-mediated posttranscriptional regulation
could be a novel mechanism for suppressing
PCDH20 expression in colorectal cancer. This
is important because cancer cells often devel-
op multiple mechanisms to reduce the expres-
sion of or inactivate tumor-suppressor genes.
Understanding of the mechanisms would
help design strategies to restore the expres-
sion or activity of tumor suppressors.

Akt is a major survival factor in liver cancer
cells. Activated Akt mediates cell survival
through different mechanisms including block-
age of the release of cytochrome ¢ from the
mitochondria, and phosphorylation mediated
inactivation of the proapoptotic factors BAD,
procaspase-953 and FOXO (forkhead box class
0) transcription factors [29]. In addition, acti-
vated Akt also activate mTOR. mTOR has been
shown to be a key determinant for chemo-resis-
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tance in different types of cancer [30]. On the
basis of the results of this study, we report that
the inhibition of Akt activation by GSK690693
results in reduced activity of mTOR and
increased sensitivity to 5-FU-induced apopto-
sis, implicating Akt as a contributor to 5-FU
resistance through up-regulation of mTOR
activity. Our studies indicate that knockdown of
PCDH20 expression increases phosphorylation
of Akt at both Thr308 and Serd73, which leads
to increased resistance to 5-FU treatment.
Taken together, these results suggest that
miR-122 functions through suppression of
PCDH20 expression, thereby leading to
increased Akt activation and elevated mTOR
phosphorylation, which enhances the down-
stream anti-apoptotic pathway. Therefore, the
combination of an Akt inhibitor with 5-FU may
potentially increase efficacy of 5-FU treatment
in liver cancer patients.
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