y
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Table 3 Results of liver biopsy

Simple steatosis NASH

Stage: 1/2/3/4 13/13/13/2
Grade: 1/2/3 27/10/4
Iron: 0/1/2/3 11/12/3/1 14/8/6/6
Steatosis:

<30% 14 18

30%-60% 7 13

60% < 2 10

NASH, nonalcoholic steatohepatitis.

patients than in the simple steatosis patients. Neither
significant fibrosis nor inflammation was observed in
the biopsy specimens from patients with simple steato-
sis. Six specimens from simple steatosis patients and
seven specimens from NASH patients were not available
for iron staining.

Hepatic oxidative stress

We evaluated hepatic oxidative stress by the level of
hepatic Trx, since Trx is known to be a redox-sensitive
molecule.’ We have previously reported that serum Trx
levels are a marker of NASH.”> We measured hepatic
thioredoxin mRNA, because it would reflect the redox
status of the liver more precisely than serum thioredoxin
levels. Hepatic thioredoxin consists of both reduced and
oxidized forms, whereas serum thioredoxin is an oxi-
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dized form. Therefore, hepatic thioredoxin levels do not
correlate with serum thioredoxin levels. The Trx level
increased in the order of controls, then simple steatosis
patients with the highest levels in NASH patients
(Table 4). The differences among the groups were sig-
nificant (Table 4). The Tix level tended to increase as the
stage progressed; however, it did not show any associa-
tion with the grade (Table 5).

Fatty acid metabolism

The levels of transcripts for the genes involved in fatty
acid metabolism were increased in the order of controls,
then NASH patients with the highest levels in simple
steatosis patients (Table 4). The differences among the
groups were significant (Table 4). When values were
compared between simple steatosis and NASH patients
by the Mann-Whitney's test, the difference was signifi-
cant in FATPS (P<0.01), ACAC (P<0.05), PPARa
(P<0.05), CYP2E1 (P<0.05), ACADM (P<0.05),
ACOX (P<0.05), MTP (P <0.05). Levels of all these
genes were significantly higher in the simple steatosis
patients than the NASH patients. When compared
with the liver histology, the levels of FATP5, SREBP1c,
ACAC, PPARq, CYP2E1, ACADM and MTP significantly
decreased as the stage and grade progressed (Table 5).
The level of ACOX tended to decrease as the stage and
grade progressed (Table 5). The level of FASN was simi-
larly decreased, although the difference between groups

Table 4 The levels of hepatic gene involved in lipid and iron metabolism

Control Simple steatosis NASH P value
Tix 1.0x1.1 23+0.9 25+1.0 P <0.00001
FATPS 1.0+x0.4 61x36 43425 P <0.00001
SREBP1c 1.0+0.6 7391743 56.0+854 P <0.00001
FASN 1.0+1.0 28.2+26.8 17.8+15.1 P <0.00001
ACAC 1.0+0.8 12259 8.7+34 P < 0.00001
PPARa 1.0+0.8 21.1+11.3 155+8.1 P <0.00001
CYP2E1 1.0+0.4 8.0+4.2 6.2+3.2 P <0.00001
ACADM 1.0+£09 17.8+9.7 13.1+6.1 P <0.00001
ACOX 1.0+£09 16.6+9.2 12.0x£5.7 P <0.00001
MTP 1.0+1.0 10.8 £ 3.8 8.8+3.3 P <0.00001
TfR1 1.0+1.1 10.8+11.3 11.8+103 P <0.00001
TfR2 1.0+04 7.6%3.06 56+28 P <0.00001
hepcidin 1.0+£0.9 11.2+9.6 57+3.9 P <0.00001

Note: The value is expressed as folds to mean control values (mean £ S.D.). The deference between the groups was determined using

the Kruskal-Wallis test.

Trx, thioredoxin; FATDS, fatty acid transport protein 5; SREBP1c, sterol regulatory element-binding protein 1c; FASN, fatty acid synthase;
ACAG, acetyl-coenzyme A cartboxylase; PPARq, peroxisome proliferative activated receptor o; CYP2E1, cytochrome P-450 2E1; ACADM,
acyl-coenzyme A dehydrogenase; ACOX, acyl-coenzyme A oxidase; MTP, microsomal triglyceride transfer protein; TfR1, transferrin

receptor 1, TfR2, transferrin receptor 2.

© 2008 The Japan Society of Hepatology
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Table 5 Correlation of the gene levels with liver histology*

Hepatology Research 2009; 39: 366-373

Table 6 Hepatic iron score and the stage

Stage Grade Hepatic iron score

r P value r P value 0 1 2 3 4
Trx 0.209 0.074 0.132 0.266 Stage 0 11 11 3 0 1
FATP5 -0.334 0.004 -0.339 0.003 Stage 1 7 1 1 1 0
SREBP1c -0.264 0.024 —0.283 0.015 Stage 2 3 4 3 2 0
FASN -0.158 0.178 —-0.182 0.124 Stage 3 4 4 2 2 0
ACAC —0.264 0.024 -0.313 0.007 Stage 4 0 0 0 0 1
PPARq —-0.253 0.031 -0.244 0.038 ] R -
G oaws oo o oma N Terermece e S
ACADM -0.241 0.040 —0.246 0.036 score vs stage: Spearman’s test.
ACOX -0.213 0.070 —-0.213 0.071
MTP —-0.262 0.025 -0.271 0.020
TfR1 0.227 0.037 0.182 0.089
TER2 —0.307 0.008 0318 0.006 higher in the NAFLD patients than in the controls
hepcidin —0.251 0.032 —0.221 0.060 (Table 4). When values were compared between simple

*Using Spearman’s test. Trx, thioredoxin; FATPS, fatty acid
transport protein 5, SREBP1c, sterol regulatory element-binding
protein 1¢; FASN, fatty acid synthase; ACAC, acetyl-coenzyme A
carboxylase; PPARQ, peroxisome proliferative activated receptor
o; CYP2E1, cytochrome P-450 2E1, ACADM, acyl-coenzyme A
dehydrogenase; ACOX, acyl-coenzyme A oxidase; MTP,
microsomal tnglyceride transfer protein; TfR1, transferrin
receptor 1, TfR2, transferrin receptor 2.

did not reach statistical significance (Table 5). In paral-
lel with these findings, the level of hepatic steatosis
decreased as the stage and grade progressed (Fig. 1).
None of these genes was independently correlated with
hepatic steatosis (not shown).

TfR1 and TfR2

The hepatic iron score (HIS) tended to increase as the
stage progressed (Table 6). We examined the levels of
TfR1 and TfR2, since the uptake of serum iron by hepa-
tocytes is largely through a transferrin-bound form.'
The levels of both of these genes were significantly

steatosis and NASH using the Mann-Whitney's test,
the TfR2 level was significantly (P < 0.01) higher in the
simple steatosis patients than the NASH patients. The
TfR1 level significantly increased as the stage progressed,
whereas that of TfR2 significantly decreased as the stage
and grade progressed (Table 5). Neither TfR1 nor TfR2
were independently correlated with HIS (not shown).

Hepcidin

Hepcidin is known to be secreted from hepatocytes and
regulates systemic iron transport.!® The hepcidin level
was significantly different among the controls, the
simple steatosis patients and the NASH patients. The
value was higher in the simple steatosis patients than in
the NASH patients (Table 4). Hepcidin level decreased
significantly as the stage progressed (Table 5). Since the
ratio of hepcidin to iron load has been reported to
evaluate the appropriateness of the hepcidin response to
iron overload,” we divided hepcidin mRNA levels by
serum ferritin levels or HIS. The ratios of hepcidin
mRNA/ferritin and hepcidin mNA/HIS were signifi-

% Figure 1 Distributions of the level of
hepatic steatosis in association with the
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v " stage (a) and grade (b). The level of
steatosis decreased as the stage and
Grade grade progressed.
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Figure 2 The ratio of hepcidin mRNA 30.15
levels to serum ferritin levels (a) and %
that of hepcidin mRNA levels to hepatic £0.101
iron score (HIS) (b). Hepcidin mRNA 3
levels corrected for iron overload were §‘0.05
L. . . X
significantly lower in NASH patients 0.00
than in simple steatosis patients. had
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cantly lower in NASH patients than simple steatosis
patients (Fig. 2). The ratio of hepcidin mRNA/ferritin
was significantly correlated with stage (r=-0.523,
P <0.00005) and grade (r=-0.436, P <0.0005). The
same results were obtained from the ratio of hepcidin
mRNA/HIS (r=-0.424, P<0.01 vs stage; r=-0.373,
P <0.05 vs grade). We compared hepcidin mRNA levels
with metabolic variables and found that the level of
hepcidin was significantly correlated with both total
cholesterol (r=0.323, P<0.01) and triglyceride
(r=0.323, P<0.01). The ratio of hepcidin mRNA/
ferritin was also significantly correlated with total cho-
lesterol (r=0.365, P < 0.005).

DISCUSSION

N THIS STUDY, we investigated the expression levels
I of hepatic genes that play significant roles in the
metabolism of fatty acids and iron. Their roles in hepa-
tocytes include the uptake, synthesis, oxidation, storage
and excretion of fatty acids,'*'®?? the uptake of iron and
the regulation of systemic iron transport.'®* We found
that the levels of these genes were significantly higher in
NAFLD patients than controls. In addition, we found
some novel findings. However, none of the individual
genes was independently correlated with hepatic steato-
sis. These results indicated that neither the lack of nor
increase in the expression levels of any of these genes
plays an independent role in the development of fatty
liver.

Insulin resistance is the “first hit” in the development
of NASH,? which is characterized by an increase in the
uptake and synthesis of fatty acids in hepatocytes.'” Nev-
ertheless, our results showed that the levels of fatty acid-
related genes decreased in the later stages despite the
presence of insulin resistance. In parallel with these find-
ings, the level of hepatic steatosis also decreased. Con-

Simple steatosis NASH

Simple steatosis NASH

sidering that fat is the fuel involved in progressive liver
injuries,” these findings might be associated with “burn-
out” NASH.*! Although the underlying reason for this is
unclear, some possibilities should be considered.
Because hepatic adenosine 5-triphosphate (ATP) levels
tend to be decreased in fatty liver,™ hepatic adenosine
monophosphate-activated  protein kinase (AMPK)
should be activated.”® AMPK is known to activate cata-
bolic pathways and switch off protein, cartbohydrate and
lipid synthesis, such that cellular energy levels remain
unchanged.* Thus, activated AMPK in hepatocytes might
contribute to the decrease in the expression levels of fatty
acid-related genes. Anti-diabetic drugs, which ameliorate
liver injuries in patients with NASH, have been reported
to activate AMPK.> Interestingly, the levels of all the
genes involved in fatty acid metabolism were lower in the
patients treated with insulin sensitizers than in those
treated with other agents or followed with diet restric-
tion. Statistical significance was achieved only in FATP5
(P < 0.05, Mann-Whitney's test). However, these results
may be difficult to evaluate or apply generally, because
the numbers of patients were small.

Hepaticiron load has been documented to be another
key player in the progression from steatosis to steato-
hepatitis."" Hepatic iron load has been attributed to the
Cys282Tyr mutation in the hemochromatosis gene."
This mutation decreases hepatic synthesis of hepcidin,
resulting in the facilitation of iron absorption from the
duodenum.'® Our results showed that hepatic iron
scores tended to correlate with the histological stage of
NAFLD. Furthermore, the ratios of hepcidin mRNA/
ferritin and hepcidin mRNA/HIS were significantly
lower in NASH patients than in simple steatosis
patients. This insufficient production of hepcidin may
not be attributed to the genetic mutation, since known
mutations of hemochromatosis-associated genes have
been reported to be rare among Japanese patients.™

© 2008 The Japan Society of Hepatology
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Interestingly, the hepcidin level was significantly corre-
lated with the levels of total cholesterol and triglycer-
ides. These findings coincide with those recently
reported by Barisani et al.,'” who reported that the hep-
cidin mRNA/ferritin ratio and the hepcidin mRNA/
tissue iron score ratio were significantly lower in the
NAFLD group with hepatic iron overload than in the
NAFLD group without iron overload,"” and that the level
of hepatic hepcidin mRNA was significantly correlated
with lipid parameters.”” Our findings, in concert with
those of Barisani et al., suggest that more severe forms of
NAFLD are associated with insufficient hepcidin pro-
duction, and thatlipid metabolism might be involved in
hepcidin synthesis. Alternatively, the hepatic levels of
TfR1 and TfR2 were significantly higher in NAFLD
patients than controls. Therefore, TfR1 and TfR2 would
be expected to promote hepatic iron load irrespective of
iron absorption from the duodenum.

TfR1 is ubiquitously expressed in the human body,'
while TfR2 is dominantly expressed in specific organs
including the liver.?s TfR1 has a high affinity with trans-
ferrin” and its expression is regulated by the iron-
responsive element (IRE) in the 3’-untranslated regions
of mRNAs.' In the NAFLD patients, the TfR1 level
increased significantly as the stage progressed. Since
ROS stabilize TfR1 mRNA via activation of iron regula-
tory proteins that interact with IRE,'® hepatic oxidative
stress should upregulate TfR1 in NAFLD.

TfR2 was recently identified as a novel transferrin
receptor,® although the expression mechanisms have
not been fully determined.”® Similarly, neither the
physiological nor pathological role of TfR2 in the liver
has been documented. The expression level of TR2 was
higher in NAFLD patients than controls. At present, the
association between the level of TfR2 and the pathogen-
esis of NAFLD remains unknown. Regardless of the role
of TfR2, we have reported that the TfR2 level is signifi-
cantly correlated with that of PPARa.* It is of much
interest to speculate that PPARo. might contribute to the
regulation of TfR2, since PPAR0. may be upregulated in
NAFLD by intrinsic PPARo ligands. This hypothesis is
under investigation in our institute.

In summary, we investigated the metabolism of fatty
acids and iron in the livers of NAFLD patients. Steatosis-
related metabolism is attenuated as the disease
progresses, whereas iron load-related metabolism is
exacerbated. Based on these findings, we hypothesize
that anti-lipid synthesis should be considered in the
early stages and that iron reduction should be consid-
ered in the later stages. The former therapies may thus
include body weight reduction and insulin-sensitizing

© 2008 The Japan Society of Hepatology
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drugs, and the latter therapies may include phlebotomy,
iron-restriction diets and/or antioxidants.
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RhoA, a member of the Rho family of small GTPases, directs the orgamization of the actin
cytoskeleton and s involved 1n regulating cell shape and movement. Its activity 1s nega-
tively regulated by p190-B RhoGAP (GTPase-activating protein). We investigated DNA copy
number aberrations in human hepatocellular carcinoma and esophageal squamous cell

carcinoma cell lines using a high-density oligonucleotide mucroarray and found a novel
amplification at chromosomal region 14q12. We dentified ARHGAP5 (the gene encoding

Keywords:

ARHGAPS

p190-B RhoGAP

RhoA

Amplification
Hepatocellular carcinoma

p190-B RhoGAP) as a probable target for the amplification at 14q12, and our results
showed that p190-B RhoGAP promotes cells spreading and migration by negatively regu-
lating RhoA activity in Huh-7 hepatocellular carcinoma cells.

© 2008 Elsevier Ireland Ltd. All nights reserved.

1. Introduction

Members of the Rho family of small GTPases act as
molecular switches. In response to extracellular signals,
they direct the organization of the actin cytoskeleton
and alter gene expression [1]. Rho proteins, which in-
clude the much-studied Cdc42, Racl and RhoA, are in-
volved in regulating cell shape, polarity and movement
and establishing cell-cell junctional complexes. Accord-
ingly, their activity is tightly controlled by regulatory
proteins that determine whether GTP or GDP is bound.
Rho proteins are activated by guanine nucleotide ex-

* Corresponding author. Tel.: +81 75 251 5519; fax: +81 75 251 0710.
E-mail address: yasuik@koto.kpu-m.ac.Jp (K. Yasui).

0304-3835/$ - see front matter @ 2008 Elsevier Ireland Ltd. All rights reserved.

do1:10.1016/j.canlet.2008.09.036

change factors, which catalyze the release of GDP and
thus allow GTP to bind the proteins. Rho proteins in turn
are inactivated by Rho GTPase-activating proteins (GAPs),
which bind to the Rho proteins and induce them to
hydrolyze their bound GTP to GDP. p190-B RhoGAP, a
member of the RhoGAP family, negatively regulates RhoA
activity [2,3].

Amplification of DNA in certain regions of chromosomes
plays a crucial role in the development and progression of
human malignancies, specifically when proto-oncogenic
target genes within those amplicons are overexpressed.
Oncogenes that are often amplified in cancers include
MYC, ERBB2 and CCND1.

In the present study, we investigated DNA copy number
aberrations in human hepatocellular carcinoma (HCC) and
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esophageal squamous cell carcinoma (ESCC) cell lines and
found a novel amplification at chromosomal region
14q12. Because the region may harbor one or more pro-
to-oncogenes whose overexpression following amplifica-
tion contributes to the initiation or progression of HCC
and ESCC, we carried out molecular definition of the ampli-
con. We show here that the p190-B RhoGAP gene (ARH-
GAP5) within the 14q12 amplicon is amplified and
overexpressed, and that p190-B RhoGAP promotes cell
spreading and migration in Huh-7 hepatocellular carci-
noma cells.

2. Materials and methods
2.1. Cell lines

A total of 10 HCC cell lines (JHH-6, JHH-7, SNU354,
SNU398, SNU423, SNU475, Huh-1, Huh-7, HLE and PLC/
PRF/5) and 10 ESCC cell lines (T.T, EC-GI-10, KYSE140,
KYSE220, TE-4, TE-5, TE-6, TE-10, TE-14 and TE-15) were
examined. All cell lines were maintained in Dulbecco’s
modified Eagle’s medium (DMEM) supplemented with
10% fetal calf serum (FCS). Genomic DNA was isolated from
each cell line using the Puregene DNA isolation kit (Gentra,
Minneapolis, MN, USA).

2.2. Array analysis

Array analyses were performed using the GeneChip
Mapping 250K Sty array (Affymetrix, Santa Clara, CA,
USA) according to the manufacturer's instructions. In brief,
250 ng of genomic DNA was digested with a restriction en-
zyme (Styl), ligated to an adaptor and amplified by PCR.
Amplified products were fragmented, labeled by biotinyla-
tion and hybridized to the microarrays. Hybridization was
detected by incubation with streptavidin-phycoerythrin
conjugate, and the array was scanned. Analysis was per-
formed as previously described [4]. Copy number changes
were calculated using the Copy Number Analyzer for
Affymetrix GeneChip Mapping Arrays (CNAG; http://
www.genome.umin.jp) [5].

2.3. Fluorescence in situ hybridization (FISH)

We performed FISH using three bacterial artificial chro-
mosomes (BACs), RP11-113E19, RP11-431H16 and RP11-
54H22 as probes (Invitrogen, Carlsbad, CA, USA), as de-
scribed previously [6]. The BACs were selected based on
homology with locations in the human genome according
to the database provided by the UCSC (http://genome.ucsc.
edu/).

2.4. Real-time quantitative PCR

We quantified genomic DNA and mRNA using a real-
time fluorescence detection method, as described previ-
ously [6]. The primers used were as follows: ARHGAPS
mRNA (forward, 5-CATCTGTTTTTGGCCAACCT-3'; reverse,
5'-gtggaggagccacaatgttt-3'); HEATRSA mRNA (forward, 5'-T
GTGCCTCCTACTCATGCTG-3'; reverse, 5'-gagatggcctgagct

tgaac-3'); cl4orf126 mRNA (forward, 5'-gtgctttttcaaggga
gctg-3'; reverse, 5'-ttcctccaagggtagettga-3'); NUBPL mRNA
(forward, 5'-cttggccttgtccaaaacat-3'; reverse, 5'-acaattggc
tggcetgtate-3'), These primers were designed using Pri-
mer3  (http://frodo.wi.mit.edu/cgi-bin/primer3/primer3_
www.cgi) based on sequence data obtained from the NCBI
database (http://www.ncbi.nlm.nih.gov/). GAPDH and long
interspersed nuclear element 1 (LINE-1) were used as
endogenous controls for mRNA and genomic DNA levels,
respectively,

2.5. RNA interference (RNAi)

For RNAI, small interfering RNA (siRNA) duplex oligori-
bonucleotides targeting ARHGAP5 (5'-CAAGATCATAATAT-
CAATCTA-3") and control (non-silencing) siRNA duplexes
were synthesized by QIAGEN (Valencia, CA, USA). The siR-
NAs were delivered into Huh-7 cells using HiPerfect Trans-
fection Reagent (QIAGEN), according to the manufacturer’s
protocol.

2.6. Immunoblotting

Immunoblots were prepared according to previously
reported methods [7]. Cell lysates (20 pg protein per
sample) were separated by sodium dodecyl sulfate-poly-
acrylamide gel electrophoresis on 10% acrylamide gels.
Anti-p190-B RhoGAP monoclonal antibody was obtained
from BD Transduction Laboratories (Lexington, KY, USA);
anti-RhoA monoclonal antibody was from Santa Cruz
Biotechnology (Santa Cruz, CA, USA); and anti-p-actin
monoclonal antibody was from Sigma-Aldrich (Tokyo, Ja-
pan). For immunoblotting, we used anti-p190-B RhoGAP,
anti-RhoA and anti-p-actin at dilutions of 1:250, 1:100
and 1:5000, respectively. For secondary immunodetec-
tion, we used anti-mouse IgG (Amersham, Tokyo, Japan)
diluted 1:5000. Protein binding was detected using the
ECL system (Amersham).

2.7. RhoA activity assay

Active RhoA levels were measured using the enzyme-
linked immunosorbent assay (ELISA)-based G-LISA RhoA
activation assay Biochem Kit (Cytoskeleton, Denver, CO,
USA) according to the manufacturer’s instructions. In brief,
Huh-7 cells were transfected with siRNA targeting ARH-
GAP5 or negative control siRNA, or were left untreated.
Cells were then cultured under the standard conditions
in DMEM containing 10% FCS. After 48 h, cells were har-
vested for the RhoA activity assay or trypsinized and held
in suspension for 1 h in DMEM containing 1% FCS. The sus-
pended cells were then plated on 6-well plates coated with
5 pg/ml fibronectin (BD Transduction Laboratories) and
harvested for the RhoA activity assay at the indicated time
points, For the RhoA activity assay, cells were lysed in 70 pul
of G-LISA lysis buffer, scraped into tubes and snap frozen in
liquid nitrogen. Cell lysates were subsequently thawed,
clarified for 2 min at 10,000g, and protein concentrations
were normalized between the various time points. Equal
amounts of total protein were added to a 96-well plate
coated with the Rho-binding domain of Rho effector pro-
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teins (which bind active GTP-bound Rho) in triplicate and
incubated at 4 °C for 30 min with vigorous shaking. Active
Rho levels were determined by subsequent incubations
with anti-Rho antibody and secondary horseradish peroxi-
dase-conjugated antibody for 45 min each at room temper-
ature. After adding developing solution, the level of active
Rho was determined by measuring absorbance at 490 nm
using an ELISA plate reader. Equal loading of total RhoA
protein at each time point was determined via immuno-
blotting using anti-RhoA antibody as described above.
Experiments were repeated at least three times.

2.8. Immunofluorescence

Huh-7 cells were transfected with siRNA targeting ARH-
GAP5 or negative control siRNA or were left untreated.
Cells were harvested 48 h after transfection, suspended
for 1 h in DMEM containing 1% FCS and then plated on
glass slides coated with fibronectin for 10, 20, 40, 60 or

180 min. Cells were fixed for 10 min in 3.7% formaldehyde,
permeabilized for 2 min in 1% Triton X-100 and incubated
for 1 h with a blocking buffer {phosphate-buffered saline
containing 3% bovine serum albumin). The cells were then
incubated for 1h at room temperature with anti-p190-B
RhoGAP monoclonal antibody diluted 1:200 in blocking
buffer. Fluorescein isothiocyanate (FITC)-conjugated anti-
mouse IgG (Cappel, Aurora, OH, USA) was used to detect
the primary antibody. Actin filaments and nuclei were
counterstained with rhodamine-phalloidin (Molecular
Probes, Eugene, OR, USA) and 4’,6-diamidino-2-phenylin-
dole (DAPI; Sigma-Aldrich), respectively.

2.9. Monolayer wound healing assay

Huh-7 cells were transfected with siRNA targeting ARH-
GAP5 or negative control siRNA or left untreated. After
24 h, cells in DMEM with 1% FCS were seeded on glass slides
coated with fibronectin and allowed to adhere overnight.
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Fig. 1. Map of the amplicon at 14q12. (A) Copy number profiles for chromosome 14 in Huh-7, T.T and TE-4 cells. Copy number values were détermined by
GeneChip Mapping 250 K array analyses. (B) The positions of the Affymetrix SNP probes, three BACs used as probes for FISH experiments, the 13 genes
within the 14q12 amplicon, and the seven STS markers used for real-time quantitative PCR on genomic DNA are shown according to the UCSC genome
database (http://genome.ucsc.edu/). (C and D) Representative images of two-color FISH on metaphase chromosomes from Huh-7 cells using BACs: paired
RP11-431H16 (green; C) and RP11-113E19 (red; C), or paired RP11-431H16 (green; D) and RP11-54H22 (red; D). (E) Copy numbers at the seven STS marker
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We scratched wounds in the cell monolayer using a sterile
200-ul pipet tip, rinsed the cells with phosphate-buffered
saline and added DMEM containing 10% FCS with or without
mitomycin C (10 pg/ml, Nacalai Tesque, Kyoto, Japan), Cells
were allowed to migrate into the wound for 0, 12, or 24 h be-
fore fixation. Cells were stained with Giemsa stain (Nacalai
Tesque) or were triple-labeled with anti-p190-B RhoGAP,
rhodamine-phalloidin and DAPI as described above. Wound
widths were measured in three randomly chosen regions.
Experiments were repeated at least three times.

2.10. Statistical analysis

Analysis of variance (ANOVA) was performed using
SPSS 15.0 software (SPSS Inc., Chicago, IL, USA). P values
of <0.05 were considered significant.

3. Results

3.1. Detection of 1412 amplicon in HCC and ESCC cell lines by array
analyses

We screened for DNA copy number aberrations i 10 HCC cell lines
and 10 ESCC cell lines using GeneChip Mapping 250 K array analysis. Of
the 20 cell lines, one HCC cell line, Huh-7, and two ESCC cell lines, T.T
and TE-4, commonly exhibited copy number gamns at chromosomal re-
glon 14q12 (Fig. 1A). In particular, Huh-7 cells showed a high-level
gam ndicative of amplification m a narrow region on 14¢12 between
the positions recognized by the Affymetrix SNP_A-1933754 and
SNP_A-2088149 probes. To confirm amplification mm Huh-7 cells, we
performed FISH analyses using BACs RP11-113E19, RP11-431H16 and
RP11-54H22 as probes (Fig. 1B-D). BAC RP11-431H16 generated strong
signals as a small homogeneously staming region (HSR), indicating
amplification (Figs. 1C, D). In contrast, BACs RP11-113E19 or RP11-
54H22 did not show a HSR pattern, mdicating their positions outside
the amplicon (Fig. 1C and D). Furthermore, we determined gene dos-
ages i Huh-7 cells at the STS markers RH53739, SHGC32910,
SHGC24139, G36143, D145941, RH45106, and RH45526 loct by real
time quantitative PCR. (Fig.1B and E). The highest copy number was
abserved at the D145941 and RH45106 loct. Taken together, we defined
the smallest region of amplification between markers (36143 and
RH45526. The extent of the amplicon was estimated to be 1.2 Mb. This
region mcludes four known or predicted protein-coding genes, HEA-
TR5A, c14orf126, NUBPL, and ARHGAPS.

3.2. Identification of candidate target genes i the 14q12 amplicon

The 14q12 region may harbor one or more genes (henceforth called
‘target genes') that, when activated by amplification, play a role mn carci-
nogenesis. A common criterion for designating a gene as a putative target
15 that amplification leads to its overexpression [8]. Using real-time quan-
titative PCR, we determined mRNA levels of all four genes within the
amplicon m the 10 HCC cell lines and 10 ESCC cell lines. Among the four
genes, HEATR5A and ARHGAP5 were commonly overexpressed in Huh-7,
T.T and TE-4 cells, the cell lines that were found to have copy number
gams at 14q12 (Fig. 2A). These findings 1dentified ARHGAPS5, which en-
codes p190-B RhoGAP, as one of candidate target genes for the 14q12
amplicon.

We determined copy numbers of ARHGAPS 1 the 10 HCC and 10 ESCC
cell lines by real-time quantitative PCR (Fig. 2B). Copy number changes
were counted as gains if the results of the analysis for a given tumor cell
type exceeded the twofold levels of the gene 1n normat cells. A copy num-
ber gain of ARHGAPS5 was observed 1n six (30%) of the 20 cell lines: Huh-7,
T.T, KYSE140, TE-4, TE-6 and TE-10.

We examined the expression of p190-B RhoGAP protein 1n 4 HCC and
4 ESCC cell lines by immunoblot analysts. As shown 1n Fig. 2C, expression
levels of p190-B RhoGAP were higher in cell lines exhibiting copy number
gains of ARHGAPS (Huh-7, T.T, KYSE140, TE-4 and TE~10) than other cell
lines that did not show gains (SNU354, Huh-1 and PLC/PRF/5).
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Fig. 2. Amplification and overexpression of ARHGAPS 1n Huh-7, T.T and
TE-4 cell lines. (A) Relative expression levels of four genes (HEATRSA,
c14orf126, NUBPL and ARHGAP5) within the 14q12 amplicon in 10 HCC
and 10 ESCC cell lines as evaluated by real-time quantitative PCR. Results
are presented as expression levels of each gene relative to a reference
gene {GAPDH) to correct for variations i the amount of RNA. (B) Copy
numbers at the ARHGAPS locus (the STS marker RH45106) in 10 HCC cell
lines, 10 ESCC cell lines and four normal peripheral blood lymphocytes as
measured by real-time quantitative PCR with reference to LINE-1
controls. Values are normalized such that the average copy number m
genomic DNA derived from four normal lymphocytes has a value of 2. A
value of 4, which 15 a twofold mncrease 1 copy number of normal
lymphocytes, was used to determine the cut-off value for copy number
gain, shown as a dotted line. (C) Levels of p190-B RhoGAP and f-actin, an
mternal control, determined by immunoblotting 1n 4 HCC and 4 ESCC cell
lines.
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Fig. 3. Knockdown of ARHGAPS mcreases RhoA activity. (A) Relative expression levels of ARHGAPS mRNA as determined by real-time quantitative PCR. Huh-
7 cells were treated with siRNA targeting ARHGAPS, negative control siRNA or transfection agent alone. Untreated cells were maintamned under 1dentical
expertmental conditions. Results are presented as a ratio between the expression level of ARHGAPS and that of a reference gene (GAPDH) to correct for
vaniation 1n the amount of RNA. Relative expression levels were normalized such that the ratio untreated cells was 1. (B) Levels of p190-B RhoGAP and p-
actin, an mnternal control, determined by immunoblotting. (C) (left) Levels of RhoA activity under standard culture conditions (DMEM contaiming 10% FCS).
RhoA activity was measured using a G-LISA kit (see Methods section). Values are represented as the mean  S.D. Differences were analyzed by ANOVA
(‘P < 0.05). (nght) Total RhoA and B-actin were determined by 1immunoblotting.

3.3. Regulation of RhoA activity by p190-B RhoGAP in Huh-7 cells

To mvestigate the biological function of p190-B RhoGAP 1n HCC cells,
knockdown of ARHGAPS expression i Huh-7 cells was carnied out using
RNAi. Following treatment of Huh-7 cells with siRNA targeting ARHGAPS,
we observed a decrease m both ARHGAP5 mRNA and p190-B RhoGAP pro-
tein levels relative to what was observed for cells recerving control siRNA,
transfection agent alone or left untreated (Fig. 3A and B). Because p190-B
RhoGAP negatively regulates RhoA activity, we examined the effect of the
siRNA-mediated knockdown of ARHGAPS on RhoA activity. Huh-7 cells
were treated with ARHGAPS siRNA or control siRNA or were left un-
treated. Cells were then cultured in DMEM containing 10% FCS for 48 h
under standard conditions. RhoA activity levels were higher i cells trea-
ted with ARHGAPS siRNA than 1n cells treated with control siRNA or m un-
treated cells, whereas total RhoA levels were similar among the three
groups {(Fig. 3C). These findings suggest that overexpression of ARHGAPS
contributes to downregulation of RhoA activity in Huh-7 cells.

3.4. Regulation of cell spreading by p190-B RhoGAP in Huh-7 cells

It 15 known that itegrin-mediated adheston regulates the activity of
p190-B RhoGAP and RhoA [3,9]. We therefore examined the function of
p190-B RhoGAP when Huh-7 cells were plated on fibronectin, a specific
ligand for a5p1 integrin. Huh-7 cells treated with ARHGAP5 siRNA or con-
trol siRNA or left untreated were suspended and plated on fibronectin.
Prior to and during plating, cells were mamtamed m DMEM containing
1% FCS. Adheston to fibronectin regulated RhoA activity n a triphasic or
biphasic manner (Fig. 4A). Prior to plating (0 min), RhoA activity was sig-
nificantly higher m ARHGAP5 siRNA-treated cells than n control siRNA-
treated cells or untreated cells. In ARHGAP5 siRNA-treated cells, RhoA
activity rapidly and transtently decreased (20 mimn). This mitial decline
was followed by an increase that peaked at 60 min. In the final phase,
RhoA activity gradually decreased. In control siRNA-treated cells or un-
treated cells, an mitial period of low RhoA activity was followed by a

slight ncrease that peaked between 40-60 min and then returned to ba-
sal level. RhoA activity was significantly higher in ARHGAPS5 siRNA-treated
cells than control siRNA-treated cells or untreated cells between 40 and
180 min. During the experimental period, expression of p190-B RhoGAP
was contmuously knocked down by ARHGAPS siRNA and total RhoA levels
were similar among the three groups (Fig. 4A).

Because RhoA affects cell motility by stimulating reorganization of ac-
tin, we examined whether p190-B RhoGAP regulates the spreading of
Huh-7 cells on fibronectin. Using immunofluorescence, we observed mor-
phological changes n Huh-7 cells during attachment and spreading on
fibronectin (Fig. 4B). Phalloidin stamning revealed that ARHGAP5 siRNA-
treated cells exhibited more robust actin stress fibers but less membrane
ruffling and protrusion at the cell periphery than control siRNA-treated
cells or untreated cells. The actin stress fiber formation and reduced
membrane ruffling and protrusion observed in ARHGAPS siRNA-treated
cells corresponded with higher RhoA activity (Fig. 4)

p190-B RhoGAP was expressed diffusely 1n the cytoplasm of control
siRNA-treated cells and untreated cells, whereas it was hardly detected
1n ARHGAP5 siRNA-treated cells. We found that p190-B RhoGAP had par-
tially translocated to the membrane protrusions in control siRNA-treated
cells and untreated cells by 40 min after plating (Fig. 4B). Taken together,
these findings suggest that RhoA inactivation by p190-B RhoGAP resuits
1n mhibition of actin stress fiber formation, enhanced membrane ruffling
and protrusion and promotion of cell spreading on fibronectin.

3.5, Regulation of cell nugration by p190-B RhoGAP n Huh-7 cells

To mvestigate the role of p190-B RhoGAP in cell motility, we per-
formed a monolayer wound healing assay. Wound closure was delayed
in ARHGAPS siRNA-treated cells relative to control siRNA-treated cells
or untreated cells, whether cultured mn the presence of mitomycin C or
1 1ts absence (Figs. 5A-E). Mitomycin C blocks mitosis and thus allows
analysss of cell migration in the absence of cell proliferation. These results
show that cell migration, rather than cell proliferation, 1s the major factor
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fibronectin. Huh-7 cells treated with siRNA targeting ARHGAPS or control siRNA or left untreated were plated on fibronectin, fixed at the indicated time
points and then triple-labeled with anti-p190-B RhoGAP, rhodamine-conjugated phalloidin and DAPI to reveal p190-B RhoGAP (green), actin filaments
(red), and nuclei (biue), respectively. Arrows indicate p190-B RhoGAP on membrane protrusions. Scale bar = 10 pm.

in the retarded wound repair process in ARHGAP5 siRNA-treated cells. edge than control siRNA-treated or untreated cells (Figs. 5F-H). p190-B
Wound edge cells in ARHGAPS siRNA-treated cells had more abundant ac- RhoGAP translocated to the membrane protrusions of control siRNA-trea-
tin stress fibers but less membrane ruffling and protrusion at the leading ted or untreated cells at the edge of the wound, but not in ARHGAP5-siR-
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Fig. 5. Knockdown of ARHGAPS inhibits migration in Huh-7 cells. Monolayer wound healing assay in Huh-7 cells transfected with siRNA targeting ARHGAPS
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with anti-p190-B RhoGAP, rhodamine-conjugated phalloidin and DAPI to reveal p190-B RhoGAP (green), actin filaments (red) and nuclei (blue),
respectively. Arrows indicate p190-B RhoGAP on membrane protrusions. Scale bar =10 pm.

NA cells. Taken together, these observations suggest that the inhibition of
RhoA activity by p190-B RhoGAP promotes cell movement and formation
of membrane protrusions in migrating cells.

4. Discussion

We report here the amplification of ARHGAP5 in HCC and
ESCC cell lines. We undertook a molecular definition of the
amplicon at 14q12 thatis present in HCC and ESCC cell lines.
The amplification at 14q12 has been reported in various
types of cancers, including HCC [10], ESCC {7], nasopharyn-
geal carcinoma [11] and non-squamous cell lung carcinoma
[12], although the frequency of 14q12 gain is low in primary
HCC (4-6%)[10,13]. The range of the amplicon varies among
these tumors, and their boundaries have not been deter-

mined in each case. Moreover, the target oncogene(s) in
the amplified regions have not been fully identified. Here
we defined the amplified regions in one HCC and two ESCC
cell lines and narrowed the site of the amplification to a rel-
atively short section. Among the four genes within the
smallest region of the amplification, only HEATR5A and ARH-
GAPS were overexpressed in all the tested lines exhibiting
copy number gains in the region; hence they are thought
to be candidate targets in the amplicon. Of the two genes,
we chose to focus further analysis on ARHGAPS because its
protein product, p190-B RhoGAP, is purported to play an
important role in dynamic cellular processes by regulating
RhoA activity, while little is known about HEATR5A. During
the preparation of this manuscript, amplification of ARH-
GAPS was reported in Huh-7 cells [14].
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Although several studies have suggested an association
of p190-B RhoGAP with tumors [15-17], its biological func-
tion in cancer cells is poorly understood. Therefore, using
siRNA, we studied its function in Huh-7 cells; the HCC cell
line that exhibited the most remarkable copy number gain
and overexpression of ARHGAP5. We found that p190-B
RhoGAP negatively regulates RhoA activity in Huh-7 cells
cultured in medium containing 10% FCS and plated on
fibronectin. Adhesion to fibronectin regulated RhoA activity
in a triphasic or biphasic manner, as previously reported in
fibroblasts [18,19]. Although some RhoA activity is required
for migration, possibly to maintain sufficient adhesion to
the substrate, high activity inhibits movement [19-22].
Our results showed that RhoA inactivation by p190-B Rho-
GAP results in inhibition of actin stress fiber formation, en-
hanced membrane ruffling and protrusion, and promotion
of spreading and migration of Huh-7 cells. These findings
are in agreement with results obtained from previous stud-
ies. A dominant negative (loss-of-function) p190-B RhoGAP
mutation elevates RhoA activity in fibroblasts cultured on
fibronectin and inhibits their migration, whereas overex-
pression of wild-type p190-B RhoGAP decreases RhoA
activity, promotes the formation of membrane protrusions
and enhances mobility [19]. Activation of B1 integrin sig-
naling stimulates tyrosine phosphorylation of p190-B Rho-
GAP and promotes membrane protrusion at invadopodia in
a melanoma cell line [17]. p190-B RhoGAP is also involved
in invasion by breast cancer cells [15].

In conclusion, we have identified ARHGAP5 as a proba-
ble target for the amplification at 14q12 detected in a sub-
group of HCCs and ESCCs. Our results indicate that p190-B
RhoGAP, the protein product of ARHGAPS, promotes cell
spreading and migration in Huh-7 cells. Further studies
are needed to determine the importance of ARHGAP5 and
p190-B RhoGAP in the development and progression of
not only HCC and ESCC but also other types of tumors.
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ERKS5 is a Target for Gene Amplification at 1 7pl 1 and
Promotes Cell Growth in Hepatocellular Carcinoma
by Regulating Mitotic Entry

Keika Zen,' Kohichiroh Yasui,'* Tomoaki Nakajima,' Yoh Zen,? Kan Zen,® Yasuyuki Gen,' Hironori Mitsuyc'shi,l
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Using high-density oligonucleotide microarrays, we investigated DNA copy-number aberrations in cell lines derived from
hepatocellular carcinomas (HCCs) and detected a novel amplification at 17pl 1. To identify the target of amplification at
17p11, we defined the extent of the amplicon and examined HCC cell lines for expression of all seven genes in the 750-
kb commonly amplified region. Mitogen-activated proten kinase (MAPK) 7, which encodes extracellular-regulated protein
kinase (ERK) 5, was overexpressed in cell lines in which the gene was amplified, An increase in MAPK7 copy number was
detected in 35 of 66 primary HCC tumors. Downregulation of MAPK7 by small interfering RNA suppressed the growth of
SNU449 cells, the HCC cell line with the greatest amplification and overexpression of MAPK7. ERKS5, phosphorylated dur-
ing the G2/M phases of the cell cycle, regulated entry into mitosis in SNU449 cells. In conclusion, our results suggest that
MAPKY is likely the target of 17p11 amplification and that the ERK5 protein product of MAPK7 promotes the growth of
HCC cells by regulating mitotic entry.  © 2008 Wiley-Liss, Inc.

INTRODUCTION (Hayashi and Lee, 2004; Nishimoto and Nishida,
2006; Wang and Tournier, 2006). When stimu-
most common malignancy in the world and is lated, MA})/ERK kinase kinase 2 a.nd 3 activate
estimated to cause approximately half a million MAP/ERK kinase (MEK) 5, a specific kinase for
deaths annually (El-Serag, 2002). Several risk fac- ERKS. Subsequently, MEKS phosphorylates
ERKS, and the activated ERKS promotes cell pro-
liferation, differentiation, and survival (Hayashi
and Lee, 2004; Garaude et al., 2006; Nishimoto and
Nishida, 2006; Wang and Tournier, 2006). Some
investigators have described the possible involve-
ment of ERKS in cancers (Esparis-Ogando et al.,
2002; Weldon et al., 2002; Mulloy et al., 2003;
Carvajal-Vergara etal., 2005; Linnerth et al,, 2005).

Hepatocellular carcinoma (HCQ) is the fifth

i tors for HCC have been reported, including infec-
| tion with hepatitis B and C viruses, dietary intake
| of afratoxin, alcohol consumption, and diabetes.

| The mitogen-activated protein kinase (MAPK)
cascades transmit extracellular signals from cell
surface receptors to specific intracellular targets
and regulate a wide variety of cellular functions,
including cell proliferation, differentiation, and
the stress response (Nishimoto and Nishida,

2006). Extracellular stimuli induce sequential Additional Supportng Information may be found in the online

activation of MAPK kinase kinase, MAPK kinase, version of this article.
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Accumulating evidence suggests that multiple
sequential genetic alterations in a cell lineage at
the nucleotide and chromosome levels underlie
the carcinogenesis of solid tumors. Amplification
of chromosomal DNA is one mechanism of acti-
vating genes whose overexpression contributes to
the development and progression of cancer.
Regions of chromosomal amplification in cancer
cells frequently harbor oncogenes, such as MYC
(Liccle et al., 1983) and KRBB2? (D1 Fiore et al.,
1987). Using comparative genomic hybridization
(CGH), we have detected novel regions of ampli-
fication in a variety of cancer types, including
HCC, and we have identified a number of candi-
date oncogenes from amplicons (Yasui et al,
2001; Yasui et al., 2002; Yokoi et al., 2002; Oka-
moto et al., 2003; Yokoi et al., 2003). CGH was
initially used for genome-wide detection of copy
number changes occurring in cancers (Kallioniemi
et al., 1992). However, its resolution is limited
(5-10 Mb) because it detects segmental copy
number changes on metaphase chromosomes.

The recent introduction of high-density oligonu-
cleotide microarrays designed for typing of single
nucleotide polymorphisms (SNPs) facilitates high-
resolution mapping of chromosomal amplifications,
deletions, and loss of heterozygosity (Mei et al,,
2000; Bignell et al., 2004; Matsuzaki et al., 2004a,b;
Wong et al., 2004; Zhao et al., 2004). The Affyme-
trix GeneChip Mapping 100K array set contains
116,204 SNP loci with a mean intermarker distance
of 23.6 kb, and it enables detailed and genome-
wide identification of DNA copy number changes
(Martsuzaki et al., 2004a,b; Garraway et al., 2005;
Zhao et al., 2005). The newer GeneChip Mapping
500K array set is composed of two arrays, each capa-
ble of genotyping an average 250,000 SNPs.

In the work reported here, we investigated
DNA copy number aberrations in HCC cell lines
using Affymetrix high-density SNP arrays. We
identified a novel amplification at 17p11 in HCC
cell lines. This region may harbor one or more
genes that, when amplified, contribute to carcino-
genesis. Within the amplicon, MAPK7, which
encodes ERKS5, emerged as a probable target
gene that acts as a driving force for amplification
of the region and promotes the growth of HCC
cells by regulating entry into mitosis.

MATERIALS AND METHODS

Cell Lines and Tumor Samples

A total of 21 liver cancer cell lines [HCC-
derived HLE, HLF (Dor et al., 1975), PLG/PRE/

Genes, Ghromosomes & Cancer DOI 10.1002/gce

5 (Alexander et al., 1976), Li7 (Hirohashi et al,,
1979), Huh7 (Nakabayashi et al., 1982), Hep3B
(Aden et al.,, 1979), SNU354, SNU368, SNU387,
SNU398, SNU423, SNU449, SNU475 (Park
et al, 1995), JHH-1, JHH-2, JHH-4, JHH-5,
JHH-6, JHH-7 (Fujise et al., 1990), Huh-1 (Huh
et al., 1981), anid the hepatoblastoma line HepG2
{(Knowles et al.,, 1980)] were examined in this
study. All cell lines were maintained in Dulbec-
co's modified Eagle's medium supplemented
with 10% fetal bovine serum. We obtained 66 pri-
mary HCC tumors for analysis of the DNA copy
number of MAPK7 from patients undergoing
surgery at the hospitals of Tokyo Medical and
Dental University and Kyoto University, Japan.
Genomic DNA was isolated from each cell line
and from 66 primary tumors using the Puregene
DNA isolation kit (Gentra, Minneapolis, MN).
For immunohistochemical studies of ERKS, 43
additional HCC samples were obtained from the
Hospital of Kyoto Prefectural University of Medi-
cine, Japan. Before initiation of the present study,
informed consent was obtained in the formal
style approved by all relevant ethical committees.

SNP Assay

The GeneChip Mapping 100K array set and
GeneChip Mapping 250K Sty array (Affymetrix,
Santa Clara, CA) were used in this study. Analy-
ses were performed according to the manufac-
turer’s instructions. In brief, 250 ng of genomic
DNA was digested with a restriction enzyme
(Xbal or Hindlll for the 100K array set and Syl
for the 250K Sty array), ligated to an adaptor, and
amplified by PCR (Kennedy et al., 2003; Matsu-
zaki et al., 2004a,b; Zhao et al., 2004). Amplified
products were fragmented, labeled by biotinyla-
tion, and hybridized to the microarrays. Hybrid-
ization was detected by incubation with a
streptavidin-phycoerythrin conjugate, followed by
scanning of the array, and analysis was performed
as described previously (Kennedy et al., 2003; Di
et al.,, 2005). Copy number changes were calcu-
lated using the Copy Number Analyzer for Affy-
metrix GeneChip Mapping Arrays  (http//
www.genome.umin.jp) (Nannya et al,, 2005).

Fluorescence In Situ Hybridization

We performed FISH using the bacterial artifi-
cial chromosome (BAC) RP11-73E4 as a probe
(Invitrogen, Carlsbad, CA) as described previ-
ously (Yasui et al., 2002). The BAC was selected
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on the basis of its location according to the data-
base provided by the UGSC (http://genome.ucs-
c.edu/). Briefly, the probe was labeled by nick
translation with biotin-16-dUTP (Roche Diagnos-
tics, Penzberg, Germany) and hybridized to meta-
phase chromosomes. Hybridization signals for
biotin-labeled probes were detected with avidin-
fluorescein (Roche Diagnostics).

Real-Time Quantitative PCR

We quantified genomic DNA and mRNA using
a real-time fluorescence detection method. Total
RNA was obtained using Trizol (Invitrogen). Re-
sidual genomic DNA was removed by incubating
the RNA samples with RNase-free DNase 1
(Takara Bio, Shiga, Japan) prior to reverse tran-
scription (RT)-PCR. Single-stranded complemen-
tary DNA was generated using superscript II1
reverse transcriptase (Invitrogen) according to the
manufacturer’s directions. Real-time quantitative
PCR experiments were performed with the
LightCycler system using FastStart DNA Master
Plus SYBR Green I (Roche Diagnostics) accord-
ing to the manufacturer’s protocol. The primers
were as follows: MAPK7 DNA (forward, 5'-
TGCTGACTGGCTCGAAG-3; reverse, 5-GG
GTCTGAGATGAACCTGC-3'); MAPK7 mRNA
(forward, 5-TTTGCCTTACTTCCCACCTG-3;
reverse, 5'-CCCATGTCGAAAGACTGGTT-3');
GRAP mRNA (forward, 5-TCGAAGGACAGA
CTGCACAC-3; reverse, 5-AGAAGAGGAGT
GTGCCTCCA-3), EPN2? mRNA (forward, 5'-
TCACCTCACCCACCACTGTA-3; reverse, 5'-
GTGGTCAGCTGCCCTTAGAG-3');  EPPBY
mRNA (forward, 5-CTTTGTGTACGGCCAG
GACT-3; reverse, 5'-CGTAGGGGTTGGTGCT
TTTA-3), MFAP4 mRNA (forward, 5-GGT
GACTCCCTGTCCTACCA-3; reverse, 5-TCA
TCTCAGTGCGTTTGAGG-3'); ZNF179 mRNA
(forward, 5-ACTGGGCAGAACCAGAGAGA-3;
reverse, 5-AGGATGCACAGACAGGCTCT-3");
FLI10847 mRNA (forward, 5-AACTCTTGGG
CTTCAAGCAA-3; reverse, 5-AGGAGGTTG
AGGCTGCAGTA -3). These primers were
designed using Primer3 (http://frodo.wi.mit.edu/
cgi-bin/primer3/primer3_www.cgi) on the basis of
sequence data obtained from the NCBI database
(htep://www.ncbi.nlm.nih.gov/). GAPDH (Mina-
miya et al., 2004) and long interspersed nuclear
element (LINE)-1 (Zhao et al., 2004) were used
as endogenous controls for mRNA and genomic
DNA levels, respectively.

Immunoblotting

Immunoblots were prepared according to previ-
ously reported methods (Yasui et al.,, 2001). Cell
lysates (20 pg protein per sample) were separated
by sodium dodecyl sulfate-polyacrylamide gel
electrophoresis on 10% acrylamide gels. We
obtained the following antibodies from Sigma-
Aldrich (Tokyo, Japan): anti-ERKS5 polyclonal
antibody. anti-phospho-ERKS (pThr218/pThr220)
polyclonal antibody, and anti-B-actin monoclonal
antibody. For immunoblotting, we used anti-
ERKS, anti-phospho-ERKS, and anti-B-actin at
dilutions of 1:500, 1:1000, and 1:5000, respec-
tively. For secondary immunodetection, we used
anti-rabbit or anti-mouse Ig (Amersham, Tokyo,
Japan) diluted 1:5000. Protein binding was
detected using the ECL system (Amersham).

Immunoprecipitation

Cells were lysed with RIPA buffer (10 mm
Tris-HCl, pH 7.4, 150 mMm NaCl, 1% Triton X-
100, 0.1% sodium dodecyl sulfate, 1% sodium de-
oxycholate, 1 mM phenylmethylsulfonyl fluoride),
and incubated on ice for 30 min. The lysate was
centrifuged at 14,000 x g at 4°C for 15 min. The
supernatant was incubated with normal rabbic
IgG and protein A-agarose beads (Santa Cruz Bio-
technology, Santa Cruz, CA) to decrease nonspe-
cific protein binding. After centrifugation, the
supernatant was incubated with anti-ERKS5 poly-
clonal antibody or normal rabbit IgG (control)
overnight at 4°C. Protein A-agarose beads were
added to the reaction and the mixture was incu-
bated for an additional 1 hr. The precipitates
were recovered by a brief centrifugation, followed
by four washes with RIPA buffer. Samples were
then boiled in electrophoresis sample buffer and
separated by electrophoresis as described above
(see “Immunoblotting” section).

Immunohistochemical Analysis

Forty-three primary HCCs. consisting of paired
tumor and surrounding nontumor tissues, and two
HCC cell lines (SNU449 and Li7) were analyzed
by ant-ERKS5 immunostaining. Immunohisto-
chemical staining was performed on formalin-
fixed and paraffin-embedded sections using an
anti-ERKS5 polyclonal antibody (Sigma-Aldrich) at
a 1:200 dilution. An automated tissue immunos-
tainer (Ventana Medical Systems, Tucson, AZ)
was used according to the manufacturer’s instruc-
tions. The staining was developed with 3,3'-

Genes, Chromosomes & Cancer DOI 10.1002/gec

- 307 -



112 ZEN ET AL.

diaminobenzidine tetrahydrochloride, followed by
counterstaining with hematoxylin.

Growth Assays and RNA Interference Studies

For cell growth assays viable cells were stained
with 0.2% trypan blue and counted with a hemo-
cytometer 24, 48, and 72 hr after transfection. For
RNA interference (RNAI) studies, Stealth small
interfering RNA (siRNA) duplex oligoribonucleo-
tides rtargeting MAPK7 (5'-CCAUGGCAUGAAC
CCUGCCGAUAUU-3') and Stealth RNAI nega-
tive control duplexes were synthesized by Invi-
trogen. The siRNAs were delivered into SNU449
cells using Lipofectamine 2000 (Invitrogen)
according to the manufacturer's instructions. To
determine mRNA levels, cells were harvested

48 hr after transfection and subjected to quantita-
tive RT-PCR as described above.

Cell Cycle Synchronization

SNU449 cells were synchronized at G1/S, early
S, or M phases. For G1/S or early S-phase syn-
chronization, cells were incubated in mediom
containing 2.5 mM thymidine (Sigma Chemical
Co., St. Louis, MO) for 24 hr, followed by 12 hr
in medium without thymidine, and finally
another 12 hr in medium containing 2.5 mM thy-
midine (double-thymidine block; for G1/S-phase)
or 1 pg/ml aphidicolin (early S-phase block). For
M phase synchronization, cells were incubated in
medium containing 2.5 mmM thymidine for 24 hr,
followed by 4 hr in medium without thymidine,
and finally another 12 hr in medium containing
0.5 ng/ml nocodazole.

Cell Cycle Analysis

SNU449 cells were synchronized at the G1/S-
phase boundary by a double-thymidine block as
described above. Synchronized cells were
released into fresh medium without thymidine
and harvested at the indicated time points. These
cells were then stained with propidium iodide
and analyzed using a FACSCaliber scanner and
Cell Quest software (Becton Dickinson Pharmin-
gen, San Diego, CA).

Mitotic Index

Cells were grown in 24-well plates and trans-
fected with Stealth RNAI cargeting MAPK7 or
Stealth RNAI negative control duplexes as
described above (see “Growth Assays and RNA

Genes, Chromosomes & Cancer DOI 10.1002/gcc

Interference Studies” section). After 24 hr, cells

* were synchronized at the G1/S-phase boundary

by a double-thymidine block. Synchronized cells
were collected, reseeded on glass slides, and
incubated for an additional 9 hr in fresh medium
without thymidine. Next, the cells were stained
with an anti-phospho-histone H3 antibody that
specifically detects mitotic cells. Briefly, cells
were fixed with 3.7% formaldehyde, permeabil-
ized with 0.25% Triton X-100, and incubated
with PBS containing 1% bovine serum albumin.
The cells were then treated with a mixture of 4
pg/ml  and-phospho-histone H3  (Ser10)-biotin
conjugated antibody (Upstate Biotechnology,
Lake Placid, NY) and a 1:100 dilution of strepra-
vidin-fluorescein (Roche Diagnostics) for 1 hr at
room temperature, followed by counterstaining
with propidium iodide. Positive staining for phos-
pho-histone H3 was quantified by counting
stained cells under a fluorescence microscope and
dividing by the number of total cells. The mitotic
index was scored as the percentage of mitotic
cells in a population. On average, 200 cells were
scored in three separate areas.

Statistical Analysis

All statistical analyses were performed using
SPSS 15.0 software (SPSS Inc., Chicago, IL).
Chi-square tests or analysis of variance (ANOVA)
were used. P values < 0.05 were considered
significant.

RESULTS

Detection of the [7pl | Amplicon in HCC Cell
Lines by SNP Array Analysis

We screened for DNA copy number aberra-
tions in 20 HCGC cell lines by SNP array analysis.
Two of the 20 cell lines, SNU449 and JHH-7,
exhibited amplifications at chromosomal band
17p11 (Fig. 1A). In particular, the SNU449 cell
line showed a high level of amplification in a nar-
row region on 17p11. We were able to define the
smallest commonly affected region in the 17pll
amplicon as that lying between the positions rec-
ognized by the Affymetrix SNP_A-1662618 and
SNP_A-1720748 probes (Fig. 1B). This region
includes seven known or predicted protein-coding
genes, GRAP, EPN2, EPPBY9, MAPK7, MFAP4,
ZNF179, and FLJ10847. The size of the ampli-
con was estimated to be approximately 750 kb.

To confirm amplification at 17p11 in SNU449
cells, we performed FISH analysis. The probe for
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Figure |. Map of the amplicon at 17pl] in two HCC cell lines. A:
Copy number profiles for chromosome 17 in SNU449 and JHH-7
cells. Copy number values were determined by SNP 100K and 250K
array analyses for SNU449 and JHH-7 cells, respectively. B: The small-
est common region of amplification in SNU449 and [HH-7 cells (left).
The position of the Affymetrix SNP marlkers, the seven genes within

these experiments was BAC RP11-73E4, which
contains EPN2, EPPRY9, MAPK7, MFAP4, and
ZNF179 (Fig. 1B). This probe showed an ampli-
fied FISH signal on metaphase chromosomes
from SNU449 cells (Fig. 2A). To further charac-
terize the relationship between the genes in this
chromosomal region and amplifications observed
in cancer cells, we analyzed the gene dosage of
the MAPK7 locus by real-time quantitative PCR
of DNA from 21 different liver cancer cell lines
(20 HCC cell lines and the hepatoblastoma line
HepG2). Amplification of MAPK7 was observed in
SNU449 and JHH-7 cells (Fig. 2B). Taken together,
the data provide strong evidence that the 17p11
region is amplified in SNU449 and JHH-7 cells.

Analysis of Positional Candidate Genes in
HCC Cell Lines

The 17pil region may harbor one or more
genes (henceforth referred to as “target genes”)

Marker Posltlo‘;\n :;l ChiT Copﬁnngrsgiz g?:gﬁ snﬂo)
a SNP_A-1662618 18.772 0.53
b SNP_A-1742165 19.211 138
[ SNP_A-1669862 19.304 2,39
d SHP_A-1684189 19.338 177
] SNP_A-1720748 19.430 0.78

the amplicon (GRAP, EPN2, EPPB9, MAPK7, MFAP4, ZNFI79. and
FLj10847) and the BAC RP11-73E4 (used as a probe for FISH) are
numbered according to the UCSC genome database (http://

genome.ucsc.edw/). Detalled copy-number information at positions

identified by individual SNP markers over the amplified region n
SNU449 cells 1s shown at right.

that, when activated by amplification, play a role
in carcinogenesis. A common criterion for desig-
nating a gene as a putative target is that amplifi-
cation leads to its overexpression (Collins et al.
1998). Thus, using real-time quantitative PCR,
we determined the mRNA levels of all seven
genes in the 17p11 amplicon in our panel of 21
liver cancer cell lines. As shown in Fig. 2C, the
EPN2, EPPBY, and MAPK7 genes were overex-
pressed in both SNU449 and JHH-7 cells. In sev-
eral other lines, one or more of these three genes
was overexpressed, despite the fact that regional
amplification was not observed. These findings
suggest that EPN2, EPPBY, and MAPK7 are can-
didate target genes for 17p11 amplification.

Of these three genes, we chose to focus further
analysis on MAPK7, which encodes ERKS,
because ERKS5-related proteins have been previ-
ously implicated in carcinogenesis (Hayashi and
Lee, 2004; Wang and Tournier, 2006), whereas
there is little or no evidence linking EPNZ or

Genes, Chromosomes & Cancer DOI 10.1002/gcc
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Figure 2. Amplification and overexpression of MAPK7 in HCC cell
lines. (A) Representative images from FISH analysis using a BAC
RP11-73E4 probe on metaphase chromosomes from normal lympho-
cytes and SNU449 cells. While the probe shows a normal signal pat-
tern (2 copies/cell) in normal lymphocytes (arrows, left), it shows an
amplified signal in SNU449 cells (arrow, right). (B) Copy number of
MAPK7 in 21 liver cancer cell lines (20 HCC cells and one hepato-
blastoma line, HepG2) and four peripheral blood lymphocytes (nor-
mal cell controls) as measured by real-time quantitative PCR with
reference to a LINE-1 control. Values were normalized such that the

Genes, Chromosomes & Cancer DOI 10.1002/gcc

average copy number of MAPKY in genomic DNA derived from noi-
mal lymphocytes is 2. (C) Relative expression levels of the seven
genes within the 17pt] amplicon in a panel of 21 liver cancer cell
lines as determined by real-time quantitative RT-PCR. The results are
presented as the ratio between the expression level of each gene and
a reference gene (GAPDH) to correct for variation in the amount of
RNA. (D) Immunoblot analysis to detect protein levels of ERKS and
B-actin, an internal control, in four HCC cell lines with different
MAPK7 DNA copy numbers (B) and mRNA levels (C). (E) Immuno-
staining of ERK5 in SNU449 and Li7 cells.
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EPPBY9 to tumorigenesis. Immunoblot analysis
revealed that ERKS expression is upregulated in
SNU449 cells. Indeed, among the HCC cell lines
that were tested, SNU449 showed the highest
level of both 17p11 amplification and MAPK7
overexpression (Fig. 2D). Moreover, immuno-
staining confirmed that the level of ERKS was
elevated in SNU449 cells. ERKS was strongly
expressed in the cytoplasm of SNU449 cells (Fig.
2E). In contrast, ERK5 was weakly expressed in
only a few Li7 cells, a HCC cell line that shows
neither amplification nor overexpression of
MAPK7 (Fig. 2E).

Copy Number Gain of MAPKY in
Primary HCC Tumors

To determine whether MAPK7 is amplified in
primary tumors, we examined 66 primary HCCs
for copy number gains using real-time quantita-
tive PCR. Copy number changes were counted as
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Figure 3. Copy number gain of MAPK7 in primary HCC tumors.
Copy numbers of MAPK7 in 66 primary HCC tumors and four nor-
mal peripheral blood lymphocytes were determined by real-time
quantitative PCR with reference to a LINE-1 control. Values were
normalized such that the average copy number of MAPK7 in genomic
DNA derived from the normal lymphocytes equals 2 (solid horizontal

line). The mean + 2 x SD of normal lymphocytes was used as the
cutoff value for copy number gain (dotted line).

gains if the results of the analysis for a given tu-
mor cell type exceeded the mean plus twice the
standard deviation (SD) of the levels of MAPK7
observed in genomic DNA derived from four
peripheral blood lymphocyte samples (i.e., normal
cells). A copy number gain for MAPK7 was
observed in 35 of the 66 tumors (53%; Fig. 3).

Expression of ERKS in Primary HCCs

We next examined the level of ERKS in 43
additional primary HCGCs, including paired tumor
and surrounding nontumor tissues. Immunohisto-
chemical studies revealed that, in nontumor tis-
sues (normal liver, chronic hepatitis, or liver
cirrthosis), ERKS is strongly expressed in bile
ducts, bile ductules, and a few small hepatocytes
(Fig. 4A). In these cells, ERK5 was present in
the cytoplasm. Hepatocytes also contained
ERKS, although at a lower level than in bile
ducts (Fig. 4A). The staining pattern for ERK5
was almost identical for normal liver, chronic hep-
atitis, and liver cirrhosis.

This granular cytoplasmic staining for ERK5
was also observed in HCC cancer cells (Fig. 4B).
HCC cells containing ERKS5 were uniformly dis-
tributed in the tumor tissues. The level of ERK5
was elevated in 11 of the 43 tumors compared
with the paired nontumor tissues (Iigs. 4B and
4C; Supp. Info. Table 1). To clarify the relation-
ship between the level of ERKS5 and various
clinicopathological parameters, we examined
available data from the 43 patients, whose tumors
were divided into elevated (T>NT) and not ele-
vated (T<NT) groups. There was no significant
correlation between the level of ERKS and any
parameter examined, including age and gender of
the patients; size, stage, and degree of differen-
tiation of the tumor; HBV or HCV infection; and

Figure 4. Representative ERKS immunostaining of tissues. (A) A
nontumorous liver tissue (chronic hepatitis). The level of ERKS is ele-
vated in the bile duct (large arrow), bile ductules (arrowheads), and a
few small hepatocytes (small arrow). (B, C) Paired tumor (B) and

nontumor (C) tissues from one HCC patient, wherein the level of
ERKS5 is elevated in the tumor compared with the counterpart nontu-
mor tissue. Original magnification, X400.
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