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Abstract

AIM: To determine the expression of microRNA-210
(miR-210) in hepatocellular carcinoma (HCC) and to
examine its role using HCC cells.

METHODS: The expression of miR-210 was deter-
mined in 21 pairs of HCC samples and the corre-
sponding surrounding non-tumor tissues. The effects
of miR-210 on proliferation and cell cycle progression
were examined using HepG2 and HuH7 cells. Over-
expression and inhibition of miR-210 was achieved
by transfection of the cells with miR-210 mimic or
inhibitor. Luciferase reporter constructs were used to
identify the miR-210 interacting site on Yesl. Yesl
expression was examined after miR-210 transfection,
as well as in the HCC samples.

RESULTS: miR-210 was significantly up-regulated
by 3.4 fold (P < 0.01) in the tumor samples. The
over-expression of miR-210 significantly reduced cell
proliferation compared to the mock-treated cells (68.9%
* 7.4% and 53.6% % 5.0%, P < 0.05 for the HepG2
and HuH7 cells respectively). Analysis of the HuH7
cells transfected with miR-210 mimic by flow cytometry
showed that the cells took a longer time to reach the
G2/M phase. The interaction between miR-210 and the
3'UTR of the Yesl transcript was confirmed using a
luciferase reporter assay. Over-expression of miR-210
reduced the expression of Yesl protein in both HuH7
and HepG2 cells. Tumors with a greater than four-
fold increase in the expression of miR-210 showed
consistently lower expressions of Yesl in the tumors.
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In nocodazole-treated cells with a significant G2/M
cell population, Yesl protein was significantly reduced
and pre-inhibition of miR-210 in HuH7 cells was able
to prevent the reduction of Yesl protein expression.
Knock-down of Yesl by siRNA also led to reduced cell
proliferation (70.8% £ 7.5%, P < 0.05 in the HuH7
cells).

CONCLUSION: Up-regulation of miR-210 inhibits cell
proliferation. Yesl is a target of miR-210 and affects
cell proliferation in HCC.

Key words: MicroRNA-210; Hepatocellular carcinoma;
Proliferation; Yesl

© The Author(s) 2015. Published by Baishideng Publishing
Group Inc. All rights reserved.

Core tip: In this study, miR-210 is significantly up-
regulated in hepatocellular carcinoma (HCC). Over-
expression of miR-210 decreased cell proliferation and
delayed cell cycle progression of HCC cells. The tyrosine
kinase Yesl is shown to be a target of miR-210 and is
down-regulated in HCC. Knock-down of Yesl by siRNA
also significantly reduced cell proliferation. These results
increase the understanding of the multiple roles of
miR-210 in liver cancer growth and metastasis.
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INTRODUCTION

MicroRNAs (miRNAs) are small, RNA molecules of
approximately 20-24 nucleotides in length. Most
miRNA genes are transcribed by RNA Polymerase ™.
The primary transcripts generated are processed in the
nucleus to smaller approximately 70-nucleotide stem-
looped precursor molecules (pre-miRNAs)??!, The pre-
miRNAs are then transported to the cytoplasm™ where
the pre-miRNAs are further processed by Dicer (an
RNase I family member)™®, releasing approximately
22-nucleotide miRNA-miRNA* duplexes. The duplex is
incorporated into the RNA-induced silencing complex
(RISC) where it unwinds. Subsequently, one strand of
the duplex will serve as the mature miRNA while the
other strand (miRNA*) is degraded”®!. The mature
miRNA that is incorporated into RISC then directs the
RISC to its targets, resulting in two possible outcomes.
When there is extensive base-pairing between the
miRNA and its target RNA, cleavage of the target
occurs at a single phosphodiester bond between
nucleotides 10 and 11 of the miRNA®"'?, In vertebrates
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including humans, most known mRNA targets base-
pair only partially to their corresponding miRNAs, such
that translation of the target RNA is repressed without
cleavage of the target ",

To date, there have been many studies docu-
menting the differential expression of miRNAs in
cancers including that of miR-210. It is now established
that the expression of miR-210 is induced by hypoxia-
inducible factor (HIF-1a)™*™!, Work has also been
carried out to determine the targets of miR-210 and
these have been shown to affect many biological
processes including angiogenesis, mitochondrial
metabolism, DNA repair, apoptosis and cell cycle.

Targets of miR-210 include ephrin A3 and neuronal
pentraxin 1**], Down-regulation of neuronal pen-
traxin 1 by miR-210 confers protection against hypoxic
injury in cortical neurons. However, in vivo, the role
of miR-210 in regulating ephrin-A3 expression is
unclear as both are up-regulated in ischemic braint*,
In vitro, the down-regulation of ephrin-A3 by miR-210
is essential for the response of endothelial cells to
vascular endothelial growth factor (VEGF)-induced
capillary-like formation and chemotaxis!*®’, Hypoxia
is also a strong inducer of VEGF, and miR-210 was
predicted to target VEGF'”). In addition, RAD52, a key
factor in homology-dependent repair, is also a target
of miR-210 and this probably accounts for one of the
mechanisms leading to the reduced DNA repair activity
in hypoxic cells™®. miR-210 has also been shown to
affect mitochondrial oxidative phosphorylation and cause
a shift to glycolysis by targeting transcripts encoding
various electron transport chain proteinst*>**%,

The over-expression of miR-210 promotes survival
by preventing apoptosis through targeting caspase-
8-associated protein 2 and apoptosis-inducing factor,
mitochondrion-associated 3%**, In addition, miR-210
also disrupts mitosis by targeting mitosis-related
genes®®. Hence, when expression of miR-210 is low,
activation of cell cycle occurs through the up-regulation
of other miR-210 targets, E2F3 and fibroblast growth
factor receptor-like 11?1, However, the over-
expression of miR-210 can down-regulate the MYC
antagonist MNT, thereby bypassing hypoxia-induced
cell cycle arrest'®?®, Thus like other miRNAs, miR-210
can interact with multiple targets and the possibility
of tissue-specific and cell type dependent effects of
miR-210 must always be considered.

Both over-expression and down-regulation of
miR-210 have been reported in human tumors.
Enhanced expression of miR-210 has been observed
in breast cancer and is inversely correlated with overall
patient survival'*****? but is significantly correlated
to cancer aggression and metastatic capacity””. In
contrast, gene copy loss of miR-210 was observed in
epithelial ovarian cancer and melanoma cancer****,
This has been attributed to the location of the miR-210
gene within the minimal region of loss of heterozygosity,
LOH11B on 11p15.5. The over-expression of miR-210
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Table 1 Primers used for RT-PCR

Primer sequences

55 rRNA For: CGCCCGATCTCGTCTGAT

Rev: GGTCTCCCATCCAAGTACTAACCA

Probe: TCGGAAGCTAAGCAGGGTCGGGC
Yesl mRNA For: GGACAAGGATGTTTCGGCGA

Rev: GATCTCGGTGAATATAGTTC
GAPDH mRNA For: GAAGGTGAAGGTCGGAGTC

Rev: GAAGATGGTGATGGGATTTC

has also been reported for hepatocellular carcinoma
(HCC)®>*), In addition, the up-regulation of miR-210
has been observed in cirrhotic livers indicating the
possibility of miR-210 playing important role(s) in the
diseased liver™. This study thus further examine the
role of miR-210 using the hepatocarcinoma cell lines
HepG2 and HuH7 and consequently, Yes1, a member
of the Src family of non-receptor tyrosine kinases, was
identified as a target for miR-210.

MATERIALS AND METHODS

Human liver tissues

Surgical liver tumor tissues and the surrounding non-
tumor tissues were obtained from National University
Hospital, Singapore. The necessary ethics approval
was obtained from the National Health Group Domain
Specific Review Board (Reference code: 2012/00394)
before the collection and analysis of tissues.

Cell culture

The HepG2 and HuH7 human liver cell lines were
obtained from American Type Culture Collection
(Manassas, United States), and from RIKEN Biore-
source Center (Japan) respectively. Cells were cultured
in DMEM, supplemented with 10% fetal bovine serum,
100 U/mL penicillin, 100 pg/mL streptomycin, 2
mmol/L glutamine, 1 mmol/L sodium pyruvate and 0.1
mmol/L MEM nonessential amino acids at 37 °C under
5% CO2. Primary human hepatocytes were purchased
from BD Biosciences (San Jose, CA, United States) and
cultured according to the manufacturer’s protocol.

Quantitative RT-PCR

Total RNA was extracted from cultured cells or from
liver tissues using the TRIzol reagent (Invitrogen,
Carlsbad, CA, United States) according to the manu-
facturer’s protocols. TagMan® MicroRNA Individual
Assay for miR-210, the TagMan® MicroRNA Reverse
Transcription Kit and the TagMan® Universal PCR Master
Mix without AmpErase® UNG were purchased from
Applied Biosystems (Foster City, CA, United States)
and used to detect and quantify mature miR-210. This
reverse transcription-real-time PCR was carried out as
previously described™ starting with 10 ng of total RNA
in each reverse transcription reaction. The 5S rRNA was
also quantified via reverse transcription- real time PCR
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and served as a control for normalization. The 5S rRNA
primers and probe were obtained from Sigma-Proligo
(The Woodlands, TX, United States). The sequences of
these are listed in Table 1.

The real-time PCR reactions were carried out
using an ABI PRISM 7300 sequence detection system
with the ABI PRISM 7300 SDS software (Applied
Biosystems). The relative amount of miR-210 to 5S
rRNA was calculated using the equation: 2", where
CT is the cycle threshold value and ACT = (CTmir-210
- CTss =), To facilitate data presentation, relative
gene expression was multiplied by 10°. The relative
gene expression for miR-210 was calculated for the
liver samples (mean = SE) and the cultured cells (mean
+ SD).

For the detection and quantification of Yes1 mRNA,
0.2 ug of total RNA was reverse-transcribed using the
Reverse Transcription System (Promega, Madison, WI,
United States) with gene-specific reverse primer from
Sigma-Proligo (The Woodlands, TX, United States).
Real-time PCR amplification was done using SYBR
Green PCR Master Mix (Applied Biosystems, Foster
City, CA, United States). The GAPDH transcript was
used as a normalization control. The sequences of the
Yes1 and GAPDH primers are listed in Table 1.

Effects of miRNAs on cell proliferation
HepG2 or HUH7 cells (8 x 10° cells) were seeded into
each well of a 48-well plate. The cells were allowed to
attach and recover for 24 h. miRIDIAN miRNA mimic
or inhibitor (Dharmacon, Lafayette, CO, United States)
were diluted in Opti-MEM I reduced serum medium.
Lipofectamine 2000 was also diluted 100 times with
Opti-MEM 1 reduced serum medium. Equal volumes
of the two solutions were mixed and incubated at
25 °C for 20 min. The cells were rinsed with Opti-MEM
I reduced serum medium before the introduction of
200 pL of the miRNA-Lipofectamine 2000 solution (50
nmol/L) to each well. The plates were then incubated
at 37 °C for 4 h. Control transfections were carried
out with either miRIDIAN microRNA Mimic Negative
Control CN-001000-01 or miRIDIAN microRNA Inhi-
bitor Negative Control IN-002005-01 (Dharmacon,
Lafayette, CO, United States) while mock transfections
were carried out as described but without any mimics
or inhibitors. After 4 h, the transfection reagent was
removed and replaced with DMEM medium. 40 pL
of MTS/PES reagent [3,(4,5-dimethylthiazol-2-yl)-
5-(3-carboxy methoxy phenyl)-2-(4-sulfophenyl)-
2H tetrazolium/phenazine ethosulfate] (Promega,
Madison, WI, United States) was added to each well 72
h after transfection. Following an one-hour incubation
at 37 C, the absorbance at 490 nm was measured.
The Assonm of mock transfected cells was set as 100%.
Similarly, for the small interfering RNA (siRNA)-
mediated Yes1 knockdown, Silencer Select Validated
siRNA for Yesl (s14955) and the Silencer Select
Negative Control No. 1 (4390843) (Ambion, Austin,
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TX, United States) were transfected at 5 nmol/L for 4
h, after which the transfection reagent was removed
and replaced with DMEM medium. At 72 h post-
transfection, 40 uL of MTS/PES reagent was added to
each well. Following an one-hour incubation at 37 C,
the absorbance at 490 nm was measured. The Aagonm
of mock transfected cells was set as 100%.

Synchronization of cells

HuH7 cells were synchronized in G1 phase by in-
cubating the cells in 4 mmol/L thymidine for 24
h followed by another 24 h in complete DMEM.
To synchronize HuH7 cells at S phase, thymidine
double-block was performed by incubating the cells
in thymidine for 24 h followed by a 16-h recovery in
normal complete medium and another 24-h incubation
with thymidine; or alternatively cells were treated
with 2.5 mmol/L hydroxyurea in complete medium
for 48 h. HepG2 and HuH7 cells were synchronized
at pro-metaphase by incubating the cells in 1 ug/mL
nocodazole in complete medium for 24 h. This was
followed by a mitotic shake-off, and the suspended
cells were collected. HepG2 cells were synchronized in
G1 phase by incubating mitotic shake-off cells for 4 h
in complete medium. To obtain synchronized HepG2
cells at S phase, the cells in G1 phase were further
treated with 4 mmol/L thymidine for 24 h.

To elucidate the mechanism involved in the
decrease in cell proliferation by miR-210, HuH7 cells
were transfected with 50 nmol/L mimic negative
control or 50 nmol/L miR-210 mimic followed by
sequential incubation with thymidine as described to
synchronize the cells. The cells were released from the
block by washing away the thymidine and replacing
with fresh medium to allow cells to resume cell cycle
progression. Samples were collected at different time
points for flow cytometry analysis.

Cell cycle analysis

Cells were harvested by trypsinization, centrifuged and
fixed with ice-cold 70% ethanol for 2 h, washed with
phosphate-buffered saline (PBS), and re-suspended
in 0.4 mL of PBS containing 0.1% Triton-X, 20 ug/mL
propidium iodide and 0.2 mg/mL RNase A. After a
final incubation at 37 °C for at least 30 min, cells were
analyzed using a FACSCanto II flow cytometer (Becton
Dickinson, Franklin Lakes, NJ, United States). A total
of 10000 events were counted for each sample. Data
were analyzed using the WinMDI 2.8 software.

Yes1 and MCM8 3°UTR constructs

A 775-bp Spel-HindIll fragment containing the 3'UTR
of the Yes1 cDNA (corresponding to nt-1854 to nt-2612
of the GenBank sequence NM_005433) was generated
by reverse transcription-PCR using total RNA extracted
from HuH7 cells. Primers used were: Forward:
5'-CGAACTAGTTCAAGTAGCCTATTTTATATG-3’ and
Reverse: 5-GGAAAGCTTCAATGCAACCTCATACAAG-3'.
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This was then cloned into the pMIR- REPORT Luciferase
miRNA Expression Reporter Vector (Ambion, Austin,
TX, United States) to generate the pMIR-luciferase
Yes1/3'UTR (Luc-YES1) construct and the cloned
fragment was verified by sequencing. This construct
was used to generate the mutant fragment of 3'UTR
of the Yesl lacking the seed sequence of the miRNA
binding site at position 1865-1869 of the sequence
NM_005433, and the mutant Luc-Yeslmt construct
was verified by sequencing. Similarly, a 561-bp Spel-
HindIl fragment containing the 3'UTR of the MCM8
cDNA (corresponding to nt-2907 to nt-3451 of the
GenBank sequence NM_032485) was cloned into
the pMIR- REPORT Luciferase miRNA Expression
Reporter Vector (Ambion, Austin, TX, United States)
to generate the pMIR-luciferase MCM8/3’UTR (Luc-
MCM8) construct and the cloned fragment was
verified by sequencing. Primers used were: Forward:
5'-TAAACTAGTTCACCAAGTTAGGGCCTCC-3" and
Reverse: 5-GGAAAGCTTGGCTACCACTACAATTTTTT-3".

Luciferase reporter assay

HuH7 cells (7 x 10* cells) were seeded into each
well of a 24-well plate and allowed to recover for 24
h. 300 uL of miRNA mimic-Lipofectamine 2000 (50
nmol/L) was then added to each well and the plates
were incubated at 37 °C. After 3 h the miRNA mimic
was removed and the cells were transfected with
25 ng of reporter construct pMIR-luciferase Yes1/3’
UTR, or the mutant Luc-Yeslmt, or pMIR-luciferase
MCMB8/3'UTR and 2.5 ng of pRL-CMV Renilla luciferase
control plasmid (Promega, Madison, WI, United
States) with Lipofectamine 2000 as the transfection
reagent. The transfection solution was removed 3 h
later and replaced with DMEM. The cells were lysed
with the Passive Lysis Buffer 24 h after transfection
and assayed for the firefly luciferase and the Renilla
luciferase activities using the Dual-Luciferase Reporter
Assay System (Promega, Madison, WI, United States).
The firefly luciferase activity was normalized to that
of the Renilla luciferase activity for each well, and the
data was expressed as relative luciferase activity.

Western blot analysis

The cultured cells and liver tissues were lysed in ice-
cold 2% Triton X-100 in PBS containing the Halt
Protease Inhibitor Single-use Cocktail (Pierce, Rockford,
IL, United States). 20 ug of protein from each lysate
was separated on a SDS-PAGE gel and transferred
onto nitrocellulose membrane. The membranes
were incubated with monoclonal antibodies for Yesl
(610376, BD Transduction Laboratories, Lexington,
KY, United States), p-actin (Calbiochem, San Diego,
CA, United States) or GAPDH (Cell Signaling, Danvers,
MA, United States) diluted at 1:5000 each at 4 °C
overnight. The membranes were then washed and
incubated with the respective goat anti-mouse or anti-
rabbit secondary antibodies (Pierce, Rockford, IL,
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Table 2 Clinical information of the patients

Patient Intrahepatic metastasis Cirrhosis Age (yr) Sex Race

117 - - 54 M Indian
187 - + 61 M Chinese
195 - + 65 M Indonesian
211 - - 57 F  Malaysian
233 - - 53 M Chinese
247 - 44 F Chinese
198 + 5% F Chinese
201 + 56 M Chinese
206 + 65 M Chinese
216 + 52 F Indian
223 + 47 F -
227 + 44 M Chinese
228 + 47 F Russian
229 + 75 F Chinese
235 + 64 F Chinese
239 + - 53 M -
241 + o 65 M Chinese
244 + 45 F Chinese
255 + 64 M Chinese
259 + 45 M Indian
261 + 69 M Chinese

United States) for 1 h at 25 °C. The membranes were
washed again and the bound antibodies were detected
with the SuperSignal West Pico chemiluminescent
substrate (Pierce, Rockford, IL, United States). The
chemiluminescent signals were captured on X-ray
films and quantified using the Syngene Gbox-HR gel
documentation system (Syngene, Cambridge, United
Kingdom).

RESULTS

Up-regulation of miR-210 in HCC and in
hepatocarcinoma cell lines

The over-expression of miR-210 has been previously
described for HCCP>*"1, To confirm this, 21 pairs of
HCC and the corresponding non-tumor liver samples
were used (Table 2). The expression of miR-210 in
the tumor liver samples was 3.4 fold increased over
that of the corresponding non-tumor samples (P <
0.01; Figure 1A). The expression of miR-210 was also
determined for primary hepatocytes and HCC-derived
HepG2 and HuH?7 cells. In the hepatocytes, the relative
miR-210 expression level was 0.13 + 0.01 while that
for HepG2 and HuH7 cells were 4.37 + 1.48 and 2.39
+ 0.54 respectively (Figure 1B).

Effects of miR-210 on cell proliferation

miR-210 was over-expressed or blocked by the
introduction of 50 nmol/L of the miRIDIAN miR-210
mimic or inhibitor to the HepG2 or HuH7 cells. The
over-expression of miR-210 in HepG2 significantly
reduced cell proliferation to 68.9% =+ 7.4% compared
to mock-treated cells (P < 0.05; Figure 2A). However,
the inhibition of miR-210 in HepG2 cells did not affect
cell proliferation. In HuH7 cells, over-expression of
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Figure 1 miR-210 expression is up-regulated in hepatocellular carcinoma.
Reverse transcription-real time PCR analysis of miR-210 in (A) hepatocellular
carcinoma (HCC) tumor (T) and paired non-tumor (NT) samples and (B)
primary hepatocytes, HepG2 cells and HuH7 cells. Data shown are expressed
as mean + SE for the HCC paired samples with °P < 0.01, Student's paired t-test
analysis for comparison between tumor and paired non-tumor samples; and
mean + SD for the primary hepatocytes and cell lines with °P < 0.01, Student's
t-test analysis for comparison between primary hepatocytes to either HepG2 or
HuH7 cells.

miR-210 significantly reduced cell proliferation to
53.6% £ 5.0% compared to mock-treated cells,
while inhibition of miR-210 significantly increased cell
proliferation to 145.0% =% 10.8% compared to mock-
treated cells (P < 0.05; Figure 2B).

To elucidate the mechanism involved in the
decrease of cell proliferation, HuUH7 cells transfected
with miR-210 mimic or the negative control were
synchronized and allowed to resume cell cycle
progression. Analysis of the cells transfected with
miR-210 mimic by flow cytometry did not show any
significant accumulation of cells with sub-G1 DNA
content which is suggestive of apoptotic cell death
(Figure 2C). Cells treated with the miRNA mimic
negative control entered the G2/M phase by 12 h. In
contrast, cells transfected with miR-210 took a longer
time to reach the G2/M phase with < 40% of the
cells in this phase at 24 h. Taken together, these data
indicate that over-expression of miR-210 inhibits cell
proliferation by delaying cell cycle progression.
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Figure 2 Effects of miR-210 on proliferation of hepatocellular carcinoma cells. A and B: HepG2 cells (A) or HuH7 cells (B) were left untreated (UT), or mock
transfected with Lipofectamine 2000 (Mock), or transfected with Mimic Negative Control (M-Neg), or Inhibitor Negative Control (I-Neg), or microRNA-210 Mimic (210-M),
or microRNA-210 Inhibitor (210-1). Cell proliferation was determined using the MTS assay. Data shown are expressed as mean + SD (n = 4). °P < 0.05, Student's t-test
analysis for comparison to the mock treatment; C: Flow cytometry analysis of HuH7 cells at various time points (T = 0 h - T = 24 h) following transfection with either M-neg
or 210-M and synchronization of the cells. Percentage of total cell population in each phase is shown below each graph.
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Alignment

miR-210 agucggcgacaGUGUGCGUGUC
SRR

2958 gaagatatgcgTGCACGCACAG 2979

Gene Genbank accession number
MCM8 NM_032485
YES1 NM_005433

miR-210 aGUCGGCGACAGUGUGCGUGUC
Flareratittl

1859 gTAGCCTATTTTATATGCACAa 1880

Figure 3 Genes targeted by miR-210 as predicted by miRBase/miRanda and selected for further analysis in this study.

Yes1 is a target of miR-210

To identify putative targets of miR-210 a search of the
computational target prediction programs miRBase
and miRanda"* was carried out. The list of relevant
targets was narrowed down to those that would affect
cell proliferation or cell cycle progress. Based on these
criteria, MCM8 and Yesl were selected for further
study. The putative binding sites for miR-210 for these
two transcripts are shown in Figure 3.

MCM8 is an MCM2-7-related protein. It functions
as a DNA helicase during replication elongation'*?.
Yesl is a member of the Src family of non-receptor
tyrosine kinases and has been shown to be involved
in the regulation of many cellular processes, including
cell proliferation, survival and differentiation**4, To
demonstrate the direct interaction between miR-210
and the predicted target transcripts, luciferase reporter
constructs containing portions of the MCM8 3'UTR or
Yesl 3'UTR with the predicted miR-210 interacting
sites were generated. In the presence of miR-210
mimic, the relative luciferase activity was significantly
reduced for the Luc-YES1 construct but not the Luc-
MCM8 construct (P < 0.05; Figure 4A). As a control, no
reduction was observed with the Luc-YES1mt mutant
construct with deletions in the seed sequence of the
miRNA binding site (Figure 4A).

Subsequently, experiments were carried out
to determine whether miR-210 can regulate the
expression of Yesl protein in HCC. Over-expression
of miR-210 in HuH7 and HepG2 cells led to reduced
expression of Yesl protein (Figure 4B and C). In
the HCC samples, tumors with higher expression of
miR-210 (> 4-fold increase) showed consistently lower
expressions of Yesl compared to the corresponding
paired non-tumor samples (Figure 4D).

Expressions of miR-210 and Yes1 protein during cell
cycle

The expressions of miR-210 and Yesl protein during
the different phases of the cell cycle were also
examined. Treatment of HepG2 or HuH7 cells with
thymidine, nocodazole or hydroxyurea as described
led to enrichment of cells (> 75%) in the different
phases of the cell cycle (data not shown). miR-210
was specifically up-regulated only in the nocodazole-
arrested HuH7 cells which were enriched with cells
in the G2/M phase (Figure 5A). Yesl transcript and
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protein were expressed in all phases but its protein
expression was greatly reduced in the nocodazole-
arrested cells (Figure 5B-D). This reduction in Yesl
expression and the presence of different forms is
similar to that described in earlier studies!***°.

To examine the influence of miR-210 on Yesl
protein levels during cell cycle, HuH7 cells were
transfected with miR-210 inhibitor or with the inhibitor
negative control for 4 h before nocodazole treatment.
After incubating the cells with nocodazole for 24 h
to synchronize the cells, the cells were harvested for
the analysis of Yesl protein expression. The decrease
of Yesl protein expression was reversed by pre-
treatment with miR-210 inhibitor (Figure 5E) indicating
that Yesl1 is indeed a target of miR-210.

Silencing of Yes1 reduces proliferation of HCC cells

The effect of silencing Yesl on cell proliferation was
also examined. Yesl in HuH7 cells was knocked down
by siRNA targeting the open reading frame of Yesl,
and the cell proliferation was significantly reduced to
70.8% £ 7.5% compared to mock-treated cells (P <
0.05; Figure 6), suggesting that the silencing of Yes1
can contribute to the decreased cell proliferation effect,
similar to that observed when miR-210 was over-
expressed.

DISCUSSION

In this study, we confirm the up-regulation of miR-210
in HCC tumors as well as in HCC-derived cells. This
observation is consistent with earlier studies which
had reported the over-expression of miR-2107°3",
miR-210 has also been identified as one of twelve
miRNAs which was consistently deregulated during the
development of liver cirrhosis and subsequently during
the progress from cirrhosis to HCC™”), Thus miR-210 is
likely to play an important role in disease progression
in the liver.

To further examine the role of miR-210, its effect on
HCC-derived HepG2 and HuH7 cells was determined.
In both, over-expression of miR-210 led to significant
reduction in cell proliferation. Yes1, a member of the Src
family of non-receptor tyrosine kinases, was identified
as a target for miR-210. The ability of miR-210 to
interact with the 3’UTR of the Yesl transcript was
observed using a luciferase reporter construct and
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with Mimic Negative Control (M-Neg), or microRNA-210 Mimic (210-M) followed by transfection with the Luc-MCM8 or Luc-Yes1 or Luc-Yes1mt reporter constructs
and the pRL-CMV Renilla luciferase control plasmid. Data shown are expressed as mean + SD. Assays were carried out in triplicate and as two independent
experiments. °P < 0.05, Student's t-test analysis for comparison to the corresponding control; B and C: Western blot analysis of Yes1 protein expression (top panel)
in HuH7 cells (B) or HepG2 cells (C) treated with Mock, M-Neg, or 210-M. p-actin was used as the control for normalization (bottom panel). Yes1 expression was
normalized to that of B-actin and the fold change was determined by comparison with the levels in Mock transfected cells; D: Western blot analysis of Yes1 expression
(top panel) in HCC tumor (T) and paired non-tumor (NT) samples. GAPDH was used as the control for normalization (bottom panel). Yes1 expression was normalized
to that of GAPDH and the fold change was determined by comparison with the paired non-tumor samples.
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in HUH7 cells; C and D: Western blot analysis of Yes1 protein expression (top panel) and in HuH7 cells (C) and HepG2 cells (D). Cells were enriched in the different
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Figure 6 Silencing of Yes1 reduces proliferation of hepatocellular
carcinoma cells. HuH7 cells were untreated (UT), or mock transfected with
Lipofectamine 2000 (Mock), or transfected with either siRNA negative control
(Neg) or siRNA targeting Yes1 (siY). Cell proliferation was determined using the
MTS assay. Data shown represent mean + SD (n = 4). °P < 0.05, Student's t-test
analysis for comparison to mock treatment.

the reduced expression of Yesl protein was evident
following the over-expression of miR-210.

The Yesl tyrosine kinase was identified as the
cellular homologue of the oncogenic viral yes gene
product™**. This 62 kDa non-receptor tyrosine
kinase is expressed in most tissues’. Yes1 has
been implicated in a variety of signaling pathways,
which include mediating cytokine and growth factor
responses, alterations in the cytoskeleton, cell cycle
progression, apoptosis and differentiation***, Our data
shows that the expression of Yesl was consistently
high in G1 phase and S phase but was reduced in the
G2/M cell population. Significant reduction in Yesl
expression during mitosis has also been previously
described by Park et al'**.. However, it was unclear
what regulates this reduced expression. In this study,
we provide evidence that miR-210 contributes to the
decreased Yesl protein expression during cell cycle.
In nocodazole-treated cells with a significant G2/M cell
population, Yes1 protein is significantly reduced while
that of miR-210 is significantly raised, and inhibition of
miR-210 is able to restore Yesl protein expression. In
addition, the decreased Yesl protein expression was
not due to a significant reduction in the Yes1 transcript.
Hence, it is likely that miR-210 represses the translation
of Yes1. Interestingly, miR-210 has also been shown to
regulate several other mitosis-related genes including
Plk1, Cdc25B, Cyclin F, Bub1B and Fam83D™®,

Inhibition of Yesl through knockdown using siRNA
or the over-expression of miR-210 led to reduced cell
proliferation. Similar knockdown studies of Yesl by
siRNA in human retinal microvascular endothelial cells
showed decreased VEGF-induced cell proliferation,
with no changes in DNA fragmentation™”. The over-
expression of miR-210 also led to delayed cell cycle
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progression with a significant delay at the G1/S
transition. This effect is not unexpected as there
is robust expression of Yesl in cells in the G1 and
S phases and hence, it is likely that Yesl may be
important in either one or both of these phases. Indeed
it has been observed that members of the Src family
are required to simulate entry of cells into S phase!™"
and silencing of Yesl expression has been shown to
reduce cell growth through G1 cell cycle arrest via the
inactivation of p-catenin signaling™. It is also likely
that the over-expression of miR-210 may affect other
targets such as E2F3 leading to the observed effect of
significant delay in G1/S progression™..

Each miRNA can potentially interact with multiple
targets. This is likely to be the case for miR-210 in
the context of the diseased liver and HCC. miR-210
has been shown to also target the hepatitis B virus
S protein and pre-S protein coding regions and this
may serve to regulate virion production in the chronic
infection state or in the latency state®*. The up-
regulation of miR-210 expression over that of healthy
liver has been observed in cirrhotic liver™. This study
and that of others have reported increased expression
of miR-210 in HCC™**), Yes1 has also been detected in
cirrhotic livers and in HCC®***\, In this study, Yes1 was
expressed in both tumor and non-tumor liver samples.
However, decreased Yesl protein was observed in
HCC tumors with high miR-210 expression. Similar
to an earlier study by Ying et a/l®®, this study too
provide evidence that over-expression of miR-210 led
to reduced cell proliferation. In addition, this present
study showed that this effect on cell growth was
mediated though Yesl. It is thus likely that in cirrhotic
livers and in HCC, the increase in miR-210 expression
may help keep in check cell cycle progression and cell
proliferation by repressing various miR-210 targets
including Yes1.

Over-expression of miR-210 also promotes hypoxia-
induced migration and invasion. In an earlier study
by Ying et al*®, miR-210 was shown to mediate HCC
metastasis through the down-regulation of vacuole
membrane protein 1. miR-210 has been shown to
also target apoptosis-inducing factor, mitochondrion-
associated 3 in human hepatoma cells thereby
preventing apoptosis®®. Thus it is evident that miR-210
does have multiple roles in the liver. Its roles in
hypoxia, apoptosis, cell proliferation and metastasis
are likely to be important for cancer development and
progression and more work has to be done to fully
understand the roles of miR-210 in the context of liver
cirrhosis and HCC.
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COMMENTS

Background

MicroRNAs (miRNAs) are small, RNA molecules involved in the process of
silencing gene expression. The mature miRNAs of 20-24 nucleotides direct
the RNA-induced silencing complex (RISC) to silence the expression of
their complement target mRNAs. To date, there have been many studies
documenting the differential expression of miRNAs in cancers including that of
miR-210. The over-expression of miR-210 has been reported for hepatocellular
carcinoma (HCC) and cirrhotic livers, indicating the possibility of miR-210
playing important role(s) in the diseased liver.

Research frontiers

miR-210 is hypoxia-inducible, and the over-expression of miR-210 in HCC
was previously reported to promote metastasis through the down-regulation
of vacuole membrane protein 1. miR-210 has also been shown to also target
apoptosis-inducing factor, mitochondrion-associated 3 in human hepatoma cells
thereby preventing apoptosis.

Innovations and breakthroughs

This present study showed that over-expression of miR-210 in HCC inhibited
cell proliferation and cell cycle progression, and this effect on cell growth was
mediated though Yes1, a member of the Src family of non-receptor tyrosine
kinases.

Applications

It is evident that miR-210 is frequently over-expressed in cirrhotic livers and
HCC. The increase in miR-210 expression may help keep in check cell cycle
progression and cell proliferation by repressing various miR-210 targets
including Yes1.

Terminology

Yes1 is a non-receptor tyrosine kinase that is expressed in most tissues. Yes1
has been implicated in a variety of signalling pathways, which include mediating
cytokine and growth factor responses, alterations in the cytoskeleton, cell cycle
progression, apoptosis and differentiation.

Peer-reviewer
Authors said that miR-210 is significantly up-regulated in HCC and over-
expression of miR-210 decreased cell proliferation and delayed cell cycle
progression of HCC cells via down-regulation of Yes1. This paper has been
well described to suggest that Yes1 is a target of miR-210 and affects cell
proliferation in HCC.
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