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Fig. 3. Southern blot analyses of DNA from seven hepatoma cell lines. (A) Gel electrophoresis image of seven hepatoma cell lines and two normal
cell lines. (B) Two amplified genes and three deleted genes in hepatoma cell lines, as shown by the cDNA array-CGH method.

by Southern blotting. Similarly, Southern blotting con-
firmed the deletion of inhibin o in Huh7 and SK-Hepl
cells, of human vitamin K-dependent protein Z in
HLE cells, and of interferon-o in PLC/PREF/5 cells.

Comparison with expression microarray data

We proceeded to determine the relationship between
genomic alterations and changes in mRNA expression
in these cell lines (Table 1). We found that 40% of ampli-
fied genes were associated with mRNA overexpression
and, conversely, 2-3% of overexpressed genes were
accompanied by genomic alterations. When we plotted
the global effect of copy number on gene expression,
we found a direct relationship between these parameters
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(Fig. 4). Thus, changes in DNA copy number closely
correlated with gene expression in these hepatoma cell
lines.

Chromosome mapping

The chromosome locations of amplified and deleted
genes were determined (Table 1, Fig. 5). In Hep3B cells,
we observed a cluster of amplified and deleted genes at
chromosome 11q13; whereas, in HepG2 cells, there
was a cluster at 14ql1. Similarly, we observed clusters
at 5q31 in HLE cells and at 9p22 in PLC/PRF/5 cells.
These results indicate that relatively long-range genomic
DNA rearrangements take place within these cell
lines. In addition to these clusters, DNA copy number
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Fig. 4. Impact of gene copy number on global gene expression levels. (A) Percentage of over- and underexpressed genes (vertical axis) according to
copy number ratios (horizontal axis). Threshold values used for over- and underexpression were >1.80 and <0.55, respectively. (B) Percentage of
amplified and deleted genes according to expression ratios, using the same threshold values for amplification and deletion.
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Fig. 5. Chromosome locations of genes amplified or deleted, as shown by cDNA array-CGH. Squares on the right side of each chromosome indicate
genomic amplifications, squares on the left side indicate deletions. The percentages of genes amplified or deleted at each chromosomal location are

indicated.

alterations were scattered at other chromosomal loca-
tions, reflecting genomic alteration in small regions,
including multiple copies of single genes, in tumor cells.
Overall, we found that there were many alterations in
genes located on chromosomes 5 (7.5% amplified or de-
leted genes/analyzed genes), 11 (7.9%), 13 (13%), 14
(10%), and 17 (6.5%). In contrast, we did not identify
any alterations on chromosomes 1 and 8 (Fig. 5), loca-
tions at which chromosomal alterations have been fre-
quently observed in previous CGH analyses.

Genomic copy number profiling of hepatoma and
non-hepatoma cells relative to clinical parameters

To determine the clinical relevance of our data, we
evaluated the genomic copy number in each of these
hepatoma and non-hepatoma cell lines with respect to
their clinical parameters. Each hepatoma cell line in this
study could be differentiated by various parameters,
including HBV integration, AFP-production, and p53
mutation. Hierarchical clustering analysis of all copy
number alterations did not differentiate these cell lines
according to any clinical parameter, reflecting the high
conservation of DNA copy number compared with
mRNA expression. Using the class comparison method
in BRB-Array tools (p < 0.05), however, we identified 57
genes that were differentially amplified between AFP-
producing (40 genes) and AFP-negative (17 genes) cell

lines (Fig. 6A, Table 2). Importantly, expression of
mRNA encoded by these genes differentiated AFP-pro-
ducing from AFP-negative cell lines, except for one
(Huh7 cells, Fig. 6B), suggesting a physiological role

- of genomic copy number alterations in gene expression
and the phenotype of these cell lines. Clinical parameters
other than AFP-production, however, did not differenti-
ate these cell lines.

Surprisingly, the genes differentially amplified in
AFP-producing and AFP-negative cells were clustered
at specific chromosomal locations (Table 2). Genes
amplified in AFP-producing cell lines included interleu-
kin-1 receptor types 1 (IL-1R1), 2 (IL-1R2), and trans-
forming growth factor B receptor-1 (TGFBR1), located
at cytokine receptor cluster 2q11-12; the apoptosis regu-
latory genes granzyme H, Bcl-w, and DADI, located at
14q11-12; and the immune response genes cytokine
receptor (EBI3), intercellular adhesion molecule 3
(ICAM3), CD79A, and interferon regulatory factor 3,
located at 19q13. In AFP-negative cell lines, amplified
genes were clustered at chromosomes 5q11-13 and
17q11. When these differentially expressed genes were
classified by function, we found that many cell—ell
interaction genes, including cytokine and chemokine
receptors (IL-1R1, IL-1R2, TGFpBR1, chemokine (C-C
motif) receptor 5, IGF2R, EBI13, and erythropoietin
receptor), and cell adhesion molecules (collagen IX,
ICAM3, Jaggedl, and integrin), as well as cell cycle
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Fig. 6. Genes used to differentiate a-fetoprotein (AFP)-positive from
AFP-negative cell lines. Using BRB-Array Tools Ver. 3.1.0 (http://
linus.nci.nih.gov/BRB-ArrayTools.html), a modified ¢ test was used to
identify genes that could differentiate the AFP-positive hepatoma cell
lines, Huh7, Hep3B, HepG2, PLC/PRF/5, and Huh6, from the AFP-
negative hepatoma (SKHepl and HLE) and non-hepatoma (HeLa and
KMBC) cell lines. (A) Dendrogram of 57 genes determined by the class
comparison method, showing the relatedness of genome gain or loss
among these cell lines. (B) Expression of mRNA encoded by these 57
genes differentiated AFP-producing and AFP-negative cell lines,
except for Huh7 cells.

(p19, KAP1, and B-myb) and apoptosis-related genes
(granzyme H, Bcl-w, and DADI1), were up-regulated in
AFP-producing cells.

Discussion

Microarray-based CGH was developed to detect gen-
ome-wide alterations in tumor samples [14]. We utilized
cDNA as probes instead of BAC or PAC clones, making
it easier to determine genes amplified and/or deleted in
these cell lines and enabling us to evaluate the effect of
changes in DNA copy number on mRNA expression
[19]. In addition, the cDNA array-CGH method enabled
us to detect changes in small regions of DNA, especially
intron-less genes, including interferon-o. and BCL-2
homologous antagonist/killer protein. Using ¢cDNA

probes eliminated binding to intron sequences of the
genome, thus decreasing the background signal. We ver-
ified the reliability of our ¢cDNA array-CGH method
using cell lines known to have high copy numbers of
c-myc (HL60), N-myc (IMR-32), and luciferase (RCF-
26) genes, all of which were significantly amplified by
our cDNA array-CGH method and shown to correlate
with Southern blot results. Our ¢cDNA array consisted
of suitable gene sets for analyzing the hepatoma cell
lines. Using this series of in-house cDNA microarrays,
gene expression profiling clearly distinguished between
AFP-positive and AFP-negative cell lines [23], differen-
tial gene expression in chronic hepatitis B and C tissue

.lesions was demonstrated [21], gene expression profiling

of hepatocellular carcinoma was performed [22], and
genes for systemic vascular complications were found
to be differentially expressed in the livers of type 2 dia-
betic patients {35]. Thus, the cDNA microarray used
in this study was equipped with gene sets suitable and
advantageous for the evaluation of human liver-derived
materials. Furthermore, the sensitivity and specificity of
our cDNA microarray had been properly evaluated. As
we previously reported, the sensitivity of our array sys-
tem is sufficient to detect 10° copies/ml (in the case of
plasmid DNA) to 10° copies/m! (in the case of serum
HBYV virus) of the HBV genome, which corresponds to
4-400 ng/ml of human genomic DNA [36]. The high
sensitivity of our array system enabled us to detect gene
amplification or deletion properly, as confirmed by
Southern blotting in this study. To reduce non-specific
binding of intronic sequences to the cDNA probe on
the slide, genomic DNA preparation was modified from
previously described methods. Specifically, nuclei were
isolated from cells, mitochondrial DNA was removed,
and the nuclei were sonicated before Dpnll restriction
enzyme digestion. These changes increased the specific-
ity and sensitivity of our cDNA. array-CGH system.
Although few genes were amplified or deleted in com-
mon among the seven hepatoma cell lines analyzed, we
found that there were common biological characteristics
among the genes amplified or deleted in the individual
cell lines. As the sharp contrast in function of the genes
amplified and deleted in each cell line may reflect their
different oncogenetic pathways and tumor phenotypes,
a greater number of genes must be analyzed in these cell
lines before more confident conclusions can be made.

- Inhepatoma cells, CGH analysis showed that the most
frequent DNA copy number gains had been localized to
1p34.3-35, 1p33-34.1, 1q21-23, 1q31-32, 6p11-12, 7p21,
7q11.2, 8q24.1-24.2, 1l1qll-13, 12q11-13, 12¢23,
17q11.2-21, 17q23-24, and 20p11.1-q13.2, whereas recui-
rent losses had been mapped to 3pl2-14, 3925, 4pl2-14,
4q13-34, 5q21, 6q25-26, 8p11.2-23, 9pl12-24, 11q23-24,
13q12-33, 14q12-13, 15q25-26, 18q11.2-22.2, and 21g21-
22[37]. Our data did not show amplified or deleted genes
on chromosomes 1q or 8q where amplification had been
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Table 2
Identification of 57 genes differentially amplified in AFP-producing and AFP-negative cell lines
Genes Chromosome  Fold (genome: | Fold (expression: Function GenBank
location AFP-producing cells/ AFP-producing cells/
AFP-negative cells) AFP-negative cells)
AFP-producing cell lines dominant
Protein tyrosine phosphatase, 1g32.1 1.314 1.087 Signal transduction NM_080588
non-receptor type 7
MAX dimerization protein 2pl13-p12 1.871 1.025 Transcriptional repressors NM_002357
Ribosomal protein 2qll.l1-glt.2 1.349 1.393 Housekeeping Genes NM_014763
Interleukin 1 receptor 1 2ql2 1.626 0.949 Cytokine NM_003856
Interleukin 1 receptor 2 2qi12-q22 1.359 0.807 Cytokine NM_004633
TGFbeta receptor 1 2ql2.1 1.315 0.797 Cell receptor NM_004257
ERCC3 2q21 1.427 1.240 DNA repair NM_000122
Homeobox protein HOX-D3  2qg31-g37 1.627 1.087 Transcriptional factors NM_006898
Chemokine (C-C motif) 3p21 1.313 1.025 Cell receptor NM_000579
receptor 5
Special AT-rich 3p23 1.301 0.726 Transcriptional factors NM_002971
sequence-binding protein 1
Sno oncogene snoN protein 3q26 1.326 0.948 Oncogenes NM_005414
ski-related
Epidermal growth factor 4q25 1.373 0.958 Growth factors NM_001963
Collagen, type IX, alpha 1 - 6q12-q14 1.44 1.040 Cell—Cell interaction NM_078485
Cytosolic acetoacetyl- 6q25-q27 1.347 2.234 Stress and toxicology response NM_005891
coenzyme A thiolase
IGF2R 6926 1.4 1.270 Cell receptor NM_000876
Paraoxonase 3 7q921.3 1.265 1.608 Metabolism NM_000940
Deoxynucleotidyltransferase, 9q34.3 1.427 1.433 Cell receptor NM_002957
terminal .
Granzyme H 14ql1.2 2.503 0.942 Immune response NM._033423
Ref-1 14gil.2-q12 1.468 1.375 DNA repair NM_080648
Bel-w 14q11.2-q12 1.424 1.057 Apoptosis NM_004050
DADI1 14q11-q12 1.638 0.858 Apoptosis inhibitor NM._001344
Chromosome 16 BAC clone 16 1.309 1.027 BAC clone Unknown
CIT987SK-A-233A8
plo 19p13 1.425 0.734 Cell cycle NM_079421
Human protein phosphatase 19p13.2 145 1.077 Cell cycle NM_005192
(KAPY)
EB virus-induced gene 3 19p13.3 1.319 0.927 Cytokine NM_005755
(EBI3)
Nuclear factor I/X (CCAAT- 19pl3.3 1.304 1.037 Transcriptional factors NM_002501
binding transcription factor)
Erythropoietin receptor 19p13.3-p13.2  1.475 1.005 Cell receptor NM_000121
Intercellular adhesion 19p13.3-p13.2  1.441 1.528 Cell-Cell interaction NM_002162
molecule 3 (ICAM 3)
CD79A antigen 19q13.2 1.329 0.969 Immune response NM_021601
Interferon regulatory factor 3  19q13.3-q13.4  1.366 1.079 Cytokine NM_001571
Jagged 1 20pl12.1-p11.23 1.384 2.144 Cell-Cell interaction NM_000214
B-myb 20ql13.1 1.473 0.708 Cell cycle NM._002466
Glutamate receptor, 21q22.11 1.326 0.794 Cell receptor NM_000830
ionotropic, kainate 1 ’
Integrin, beta 2 21922.3 1.368 1.088 Cell-Cell interaction NM_000211
Glutathione-S-transferase T1 22ql1.23 2.187 1.160 Metabolism NM_000853
Crystallin, beta Bl 22g12.1 4.905 0.906 Structural components NM_001887
Leukemia inhibitory factor 22q12.2 1.431 0.800 Growth factors NM_002309
ESTs 22q13.1 1.306 1.168 EST NM_002110
HBV-P — 8.496 2.188 Virus genome —
HBV-full — 3.294 2.3%4 Virus genome —
AFP-negative cell lines dominant
CD58 antigen IpI3 0.737 1.086 Immune response NM_001779
Glucose transporter-like 1p22-p21 0.762 3.791 Transcriptional factors NM_006931
protein-III (GLUT3)
Endothelin 2 ip34 0.762 0.747 Vasoconstrictor NM_001956
Corticotropin releasing 5q11.2-q13.3 0.697 1.117 Hormone regulator NM_001882

hormone-binding protein
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Table 2 (continued)

Genes Chromosome  Fold (genome: Fold (expression: Function GenBank
location AFP-producing cells/ AFP-preducing cells/
AFP-negative cells) AFP-negative cells)
Granzyme A 5qli-ql2 0.684 0.960 Immune response NM_006144
XRCC4 5q13-qi4 0.718 0.911 DNA repair NM_022406
Human protocadherin 42 5q32-q33 0.697 0.308 Cell-Cell interaction NM_032420
Human KIAA0056 11925 0.787 0.839 Unidentified human genes Unknown
P120 antigen 12p13 0.703 1.097 Cell Cycle NM_006170
Myelodysplasia/myeloid 12pl3 0.764 1.178 Leukemia factor NM_005439
leukemia factor 2 (MLF2)
Alpha-2-macroglobulin 12p13.3-p12.3  0.649 3.886 Celi-Cell interaction NM_000014
HIF-1 14g21-q24 0.735 1.103 p53 Pathway Unknown
Monocyte chemotactic 17q11.2 0.721 1.031 Chemokine NM_005623
protein 2
Ecotropic viral integration 17q11.2 0.71 0.707 Oncogene NM_006495
site 2B
CDC18 17q21.3 0.751 0.751 Cell Cycle NM_001254
Topoisomerase (DNA) II 17q21-g22 0.74 1.048 Transcriptional factors NM_001067
alpha
Transmembrane 4 superfamily Xqll 0.69 1.109 Cell-Cell interaction NM_004615
member 2

frequently observed in other CGH analyses [37,38]. This
may be due to the relatively low number of analyzed genes
located on chromosome 8, although many genes located
on chromosome 1 have been analyzed (data were not
shown). The other possibility is that our criteria used
for identifying genes may have been too strict and may
have failed to find genes located in these chromosome le-
sions. By setting over 1.5-fold as significant, several chro-
mosome 1q or 8q genes were listed, but, in addition, many
chromosome 11q or 17q genes were listed as well. The last
possibility might be that the use of intron-less cDNA
probe sequences reduced the sensitivity of gene alteration
detection, alterations which involved both intron and
exon sequences. We failed to detect c-myc amplification
in Huh7 cells by Southern blotting using cDNA probes
that had successfully detected c-myc amplification in
HL60. It is possible that only portions of genes, such as
c-mye intronic sequences, are amplified in Huh7 cells.

When we compared DNA copy number and mRNA
expression of individual genes, we found that about 40%
of amplifications and/or deletions were associated with
changes in mRNA expression level. Other reports have
hypothesized that global genome-wide analysis of
expression profiles may reflect chromosomal aberrations
in hepatoma [7]. These findings indicate that alterations
in DNA copy number have a marked effect on gene
expression in hepatoma cell lines. Among the differen-
tially expressed genes in AFP-producing cells, as deter-
mined by hierarchical clustering [23], we found that 16
out of 325 genes were frequently changed at the gen-
ome-wide level (data was not shown). Thus, the data de-
scribed in this report support our previous data.

We previously reported that the five AFP-producing
hepatoma cell lines could be differentiated from two
AFP-negative cell lines by their global gene expression

profiles using cDNA microarrays [23]. In this study, we
found that these AFP-producing and AFP-negative hep-
atoma cell lines could not be clearly differentiated by
hierarchical clustering using all the genes analyzed. We
were able to identify many genes that could differentiate
AFP-producing from AFP-negative hepatoma cell lines.
We found that many cell-cell interaction genes, includ-
ing cytokine and chemokine receptors, cell adhesion mol-
ecules, and cell cycle and apoptosis-related genes, were
up-regulated in AFP-producing cells. Inflammation-re-
lated cytokine receptor family genes were up-regulated
in AFP-producing cells, suggesting that these receptors
may serve to mediate growth and inflammatory signal-
ing, although functional studies must be performed to
confirm this hypothesis. Thus, these data strongly sug-
gest that alterations in DNA copy number are common
to AFP-producing and AFP-negative cells, and that
alterations in these genes, accompanied by altered
mRNA expression, might determine the specific pheno-
type of each cell line. Differential expression of many
of these genes did not exceed the 1.8-fold threshold, sug-
gesting that differences lower than 1.8-fold may have
physiological significance. Considering that non-syn-
chronized cell populations contain cells at various points
in the cell cycle, gene amplification or deletion may not
be correlated with mRNA over- or underexpression,
especially in those cells undergoing DNA synthesis or
those in the mitotic phase of the cell cycle.

In this study, we have demonstrated that cDNA ar-
ray-CGH analysis is a sensitive method for identifying
altered genes in hepatoma cell lines. Although we found
that alterations in DNA copy number can be correlated
with gene expression, other types of alterations,
including single nucleotide polymorphisms (SNPs) and
epigenetic methylation, should also influence gene
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expression levels. The biological significance of these
chromosomal alterations on tumorigenesis in HCC re-
quires further study, including the analysis of a greater
number of genes and the use of more primary tumor
samples.
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Background and aims: o-Fefoprotein {AFP), a tumour marker for hepatocellular carcinoma {HCC), is
associated with poor prognosis. Using cDNA microarray analysis, we previously found that ephrin-A1, an
angiogenic factor, is the most differentially overexpressed gene in AFP producing hepatoma celf lines. In
the present study, we investigated the significance of ephrin-Al expression in HCC.

Methods: We examined ephrin-Al expression and its effect on cell proliferation and gene expression in
five AFP producing hepatoma cell lines, three AFP negative hepatoma cell lines, and 20 human HCC
specimens.

Results: Ephrin-A1 expression levels were lowest in normal liver fissue, elevated in cirrhofic fissue, and
further elevated in HCC specimens. Ephrin-A1 expression was strongly correlated with AFP expression
{r=0.866). We showed that ephrin-A1 induced expression of AFP. This finding implicates ephrin-Al in
the mechanism of AFP induction in HCC. Ephrin-A1 promoted the proliferation of ephrin-Al
underexpressing HLE cells, and an ephrin-Al antisense cligonucleotide inhibited the proliferation of
ephrin-Al overexpressing Huh7 cells. Thus ephrin-A1 affects hepatoma cell growth. cDNA microarray
analysis showed that ephrin-A1 induced expression of genes related fo the cell cycle (p21), angiogenesis
(angiopoietin 1 and thrombospondin 1), and cell-cell interactions (Rho, integrin, and matrix
metalloproteinases) in cultured hepatoma cells. These ephrin-Al induced genes are also acfivated in
HCC tissues that overexpress AFP.

Conclusion: These findings suggest that the poor prognosis of patients with AFP producing HCC is partially
caused by ephrin-Al expression, which induces expression of genes related to tumour cell growth,
angiogenesis, invasion, and mefastasis.

cellular carcinoma (HCC), is expressed in fetal liver but

is not expressed in normal adult liver. Approximately
70% of HCCs are positive for AFP, and levels of AFP increase
with tumour progression.! HCCs with high levels of AFP have
a poor prognosis and exhibit multicentric growth more
frequently than AFP negative HCCs.** In a previous study,
we identified a gene cluster that was characteristically
expressed in AFP producing hepatoma cell lines but not in
non-AFP producing hepatoma cell lines” In this cluster,
ephrin-Al was the most differentially overexpressed gene in
AFP producing hepatoma cell lines.

Ephrin-Al, a ligand for the Eph receptor tyrosine kinase, is
involved in vascular development, tissue border formation,
cell migration, axon guidance, synaptic plasticity, and adult
neovascularisation.® Several lines of evidence suggest that
ephrin-Al plays roles in multiple aspects of tumorigenesis,
including abnormal cell growth, angiogenesis, invasion, and
metastasis.” Overexpression of ephrin-Al in melanoma
cells correlates with an increase in tumour cell growth,

ﬁ Ipha-fetoprotein (AFP), a tumour marker for hepato-

indicating that ephrin-Al acts as a cell survival factor or a:

promoter of abnormal cell growth in tumour cells.”** Ephrin-
Al and its receptor are consistently expressed in endothelial
cells of tumour associated vessels in a variety of human
tumours, including lung, stomach, and colorectal cancers,’
and blocking the EphA receptor inhibits tumour angiogenesis
and tumour progression in vivo.® Inappropriate expression
and regulation of ephrin ligands and Eph receptors affects
cell-matrix interaction by modulating integrin activity.”
Although these findings suggest that ephrin-Al expression

participates in turnorigenesis, the biological significance and
expression patiern of ephrin-Al in HCC are unknown.

In the present study, we investigated ephrin-Al expression
in HCC specimens and hepatoma cell lines, and we examined
the effect of ephrin-Al on cell proliferation and gene
expression. We also discuss the significance of ephrin-Al
expression in AFP producing HCC.

MATERIALS AND METHODS

Cell lines

Huh7, Hep3B, HepG2, Huhé, PLC/PRE/S, SK-Hepl, and HLE
cells were maintained in Dulbecco’s modified Eagle's
medium supplemented with 10% fetal bovine serum. The
simian virus 40 large-T antigen-immortalised normal
human hepatocyte cell line (THLE-5b) was maintained in
PMFR-4.1

Tissue specimens

Cancerous and non-cancerous tissues were obtained from
patients who underwent partial hepatectomy for HCC.
Normal controls were histologically normal tissues and were
obtained from patients who underwent partial hepatectomy
for metastatic liver tumours. These patients had no obvious
underlying disease, tested negative for all hepatitis virus
markers, and had normal levels of serum transaminase.

Abbreviations: AFP, a-fetoprotein; HCC, hepatocellular carcinoma;
RIA, radicimmunoassay; IGF-Il, insulin-like growth factor II; TGF-B,
transforming growth factor B; BMP, bone morphogenetic profein; TSP-1,
thrombospongin 1; MMP-2, matrix metalloproteinase 2; SDS-PAGE,
sodium dodecy! sulphate-polyacrylamide gel electrophoresis
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Figure 1 Expression of c-fetoprotein {AFP) and ephrin-A1 mRNA in
eight human Eeputomu cell lines determined by northern blotting (20 pg
RNA/lane). Expression levels of AFP and ephrin-A1 mRNA were
quantified. The ratio of AFP or ephrin-A1 to B-actin is shown below each
northern blot.

Cancerous and non-cancerous tissues were separately enu-
cleated from resected tissues and were then immediately
frozen in liquid nitrogen. Histological characterisation of HCC
and normal liver tissue was performed as described pre-
viously."” ' Informed consent was obtained from all patients
and ethics approval for the study was obtained from the
ethics committee for human genome/gene analysis research
at Kanazawa University Graduate School of Medical Science.

Northern blotting

Total RNA was isolated from cultured cells and frozen tissues
using a ToTally-RNA kit (Ambion, Austin, Texas, USA).
Northern blotting was performed using a NorthernMax kit
(Ambion). ¢cDNA probes containing unique sequences from
human AFP, ephrin-Al, EphAl, EphA2, p21 WAFYCF! thrombo-
spondin 1 (TSP-1), matrix metailoproteinase 2 (MMP-2), and
B-actin were labelled with [o>®P] dCTP by random
priming. mRNA expression levels were quantified with a
Fujix-MacBas1000 Bio-imaging analyser (Fujix, Tokyo, Japan).

Immunohistochemistry
Tissue specimens were fixed in 10% formalin, embedded in
paraffin blocks, and cut into 5 pm section. Sections were

lida, Honda, Kawai, et al

incubated overnight at 4°C with anti-ephrin-Al (Santa Cruz
Biotechnology, Santa Cruz, California, USA), anti-EphAl
(R&D Systems, Minneapolis, Minnesota, USA), or anti-AFP
antibodies (DakoCytomation, Glostrup, Denmark), and were
subjected to the ABC immunostaining procedure using a
Vectorstain ABC kit (Vector, Burlingame, California, USA),
followed by DAB (Sigma-Aldrich Co., S. Louis, Missouri,
USA). Negative controls were normal liver tissues in which
northern blotting and western blotting confirmed the
absence of ephrin-Al, AFP, and EphAl expression.

Antisense-oligodeoxynucleotide and cell proliferation
assay

We designed an antisense phosphorothioate oligodeoxy-
nucleotide (5-CCA GAG GAA CTC CAT AGC GC-3')
complementary to the ephrin-Al gene nucleotide sequence
that spans from five nucleotides upstream of the predicted
translational initiation site to 15 nucleotides downstream
from this site. We also used a sense oligodeoxynucleotide (5'-
GCG CTA TGG AGT TCC TCT GG-3') as a negative control.
For positive controls, we used an antisense oligodeoxy-
nucleotide for the potent HCC growth factor, insulin-like
growth factor I (IGF-1I; 5'-TCT GCC TCG CAG TIG G-3'),
and its control sense oligodeoxynucleotide (5'-TGT CTC CCA
GGC GGT T-3')." For the proliferation assay, 3x10° cells
were cultured in 96 well plates for 24 hours. Various
concentrations of oligodeoxynucleotides were then added to
the medium wusing the FuGENE6 transfection reagent
(Boehringer Mannheim, Mannheim, Germany), and cultures
were incubated for 72 hours. Cell growth was measured
using the MTS assay kit (Promega, Madison, Wisconsin,
USA).

Clonal growth assay

For studies using soluble ephrin-A1-Fc, 250 cells were plated
in triplicate directly onto 12 well cell culture dishes in the
presence of 0.3 pg/ml ephrin-Al-Fc. The medium was
changed every two days. After 8-10 days of culture, cell
growth was measured using the MTS assay kit (Promega).

Ligand stimulation and ¢DNA microarray analysis
Subconfluent HLE cells were cultured with or without 1 pg/
ml of ephrin-Al-Fc¢ for 10 hours in serum free Dulbecco’s

vww.gutinl.com

Table 1  Characteristics of the 20 hepatocellular carcinomas
Size of tumour ~  Histological grading Non-cancerous fissue
Case  Virus {cm} . of HCC* : staging and grading -
1 C 4.7 Well differentiated F4A3
C 2 B+C 55 Well differentiated F4A1
3 C 30 : Poorly differentiated F3A1
4 C 127 Poorly differenfiated F4A1
5 c 135 . Poorly differentiated F3AZ:
6 C 3.5 Poorly differentiated F4A2
7 C 55 Moderately differentiated F3A1
8 C 4.0 Moderately differentiated F4A3
9 B 10.0 © - Poorly differentiated F3A2
10 C 55 Moderately differentiated F3A2
ki C 3.5 Poorly differentiated F4A2
12 C 2.5 : Poorly differentiated F4A2
13 c 6.0 Well differentiated F2A1
14 C 2.3 Moderately differentiated F3A1
15 B .35 i Poorly differentiated F4A2
16 C 20 Maoderately differenfiated F4A2
17 C 14 Moderately différentiated F3A1
18 C 2.5 Moderately differentiated - F3A1
19 C 2.5 Well differentiated F4A2
20 C 40 - ) Well differentiated F3A1
*Histological grading of HCCs was decided according to the Classification of Liver Cancer Study Group of Japan.
Histological grading and staging of non-cancerous tissue were decided according to the method of Desmet and
colleagues.' - : :
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Figure 2 Expression of o-fetoprotein
{AFP) and epErin-A] in one normal
liver fissue specimen and 20 cancerous
fissue specimens from patients with
hepatocellular. carcinoma. (A) Amount
of AFP profein per gram of fotal protein
{gTP) was calculated after AFP protein
expression was quantified by
radicimmunoassay. (B) AFP mRNA and
ephrin-A1 mRNA expression analysed
by northern blotting (20 pg RNA/lane).
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modified Fagle’s medium. Total RNA was then isolated. The
¢DNA microarrays were produced in collaboration with
Hitachi Software Engineering Co. Ltd (Yokohama, Japan)
using a SPBI02000 robotic arrayer, and contained a total of
1080 cDNA clones, as described previously.” ¢ ** Fluorescence
intensities, generated by Cy5 or Cy3 immobilised to the target
sequences on the microarray slides, were measured with a
ScanArray5000 laser confocal microscope equipped scanning
system(General Scanning, Watertown, Massachusetts, USA)
with appropriate excitation and emission filters, as described
previously.” The signal from each immobilised cDNA target
on the microarray slide was localised, and the expression
ratio between the experimental and reference samples {Cy5/
Cy3 ratio) was determined using ImaGene version 3.0
software (Biodiscovery, Los Angeles, California, USA).
Microarray analysis was performed in triplicate, and the
values of Cy5/Cy3 ratio represent averages.
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Figure 4 Immunohistochemisiry of a-fetoprotein (AFP), ephrin-Al, and
EphA1 in cancerous (A, C, E) and non-cancerous (B, D, F) tissues of
hepatocellular carcinoma (HCC) (case 4). Immunoperoxidase labelling
of these specimens using anti-AFP antibody (A, B}, anfi-ephrin-Al
antibody (C, D), or anfi-EphA1 antibody (E, F). Top figures show
haematoxylin-eosin staining of cancerous and non-cancerous fissues of

HCC (case 4).

Immunoprecipitation and immunoblotting

Cell extracts were prepared in RIPA buffer (50 mM HEPES,
pH 7.2, 150 mM sodium chloride, 1.5 mM MgCl,, 1 mM
EDTA, 1 mM sodium orthovanadate, 10 mM sodium pyro-
phosphate, 100 mM sodium fluoride, 10% glycerol, 1%
TritonX-100, 0.1% sodium dodecyl sulphate, and 1% sodium
deoxycholate) containing protease inhibitors (1 mM phenyl-
methylsulfonyl fluoride, 10 pg/ml aprotinin, 10 pg/ml leu-
peptin, and 10 pg/ml pepstatin). For immunoblotting, whole
cell Iysates were boiled in SDS-polyacrylamide gel electro-
phoresis (SDS-PAGE) loading buffer, separated by 4-20%
gradient SDS-PAGE, and then electrophoretically transferred
to PVDF membranes. Immunoblotting was carried out accor-
ding to the manufacturer's instructions. Anti-ephrin-Al,
anti-EphA2, anti-AFP, anti-p21, anti-TSP-1, and anti-MMP-2
antibodies were purchased from Santa Cruz Biotechnology,
while anti-EphAl antibody was purchased from R&D
Systems. For immunoprecipitation, cell lysates were first
incubated for two hours at 4°C with anti-EphAl antibodies
(R&D Systems) followed by incubation for 1.5 hours at 4°C
with Gamma-Bind Sepharose beads. Immunoprecipitates
were boiled in SDS-PAGE loading buffer, separated by
4-20% gradient SDS-PAGE, and then electrophoretically
transferred to PVDF membranes. An anti-phosphotyrosine
antibody, PY-20, conjugated to horseradish peroxidase
(Transduction Laboratories, Lexington, Kentucky, USA)
was used for immunoblotting at a dilution of 1:2000. An
anti-EphAl antibody (R&D Systems} was used at a
dilution of 1:1000, followed by an antirabbit antibody
conjugated to horseradish peroxidase. Immunoreactive
bands were revealed with the Amersham ECL immunoblot
detection system.
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Radicimmunoassay for AFP
AFP protein concentrations’ in clinical specimens were
measured by radioimmunoassay (RIA) (SRL, Tokyo, Japan).*

Statistical analysis

In order to investigate correlations between expression levels
of ephrin-Al mRNA and AFP mRNA in clinical specimens,
linear relationships were measured using scatterplots.
Statistical differences between the two groups were deter-
mined by the Student’s ¢ test. A p value of <0.05 was
considered statistically significant.

RESULTS

Ephrin-A1l expression correlates with AFP expression
Using ¢DNA microarray analysis, we previously found that
ephrin-Al was the most differentially overexpressed gene in
AFP producing hepatoma cell lines.® In the current study, we
investigated expression of ephrin-Al mRNA in eight hepa-
toma cell lines using northern blotting. As shown in fig 1,
AFP producing hepatoma cell lines (Huh7, Hep3B, HepG2,
Huh6, and PLC/PRF/5) displayed elevated ephrin-Al expres-
sion compared with non-AFP producing hepatoma cell lines
(SK-Hepl, HLE, and THLE-5b).

We then investigated expression of ephrin-Al mRNA in
cancerous tissue obtained from 20 patients with HCC by
northern blotting (table 1, and fig 24, B). Interestingly, in 11
(cases 3, 4, 5, 6,7, 9, 11, 12, 15, 16, and 18) HCC specimens
with markedly increased ephrin-Al mRNA expression, the
cancerous tissue showed high levels of AFP expression.
Ephrin-Al mRNA expression in HCC tissue strongly corre-
lated with AFP mRNA expression (r=0.866), suggesting a
close association between expression of both genes (fig 3).
Immunostaining (fig 4, case 4) showed that ephrin-Al, AFP,
and EphAl receptors were strongly expressed in the
cytoplasm and on the cell surfaces of tumour cells in
cancerous tissue. In particular, in AFP overexpressing HCC
(cases 3, 4, 5, 6,7, 9, 11, 12, 15, 16, and 18), ephrin-Al was
strongly expressed in tumour cells in cancerous tissue, but in
AFP underexpressing HCC (cases 1, 2, 8, 10, 13, 14, 17, 19,
and 20), expression of ephrin-Al was markedly lower.
Furthermore, in non-cancerous (cirrhotic) tissue, only slight
expression of ephrin-Al, AFP, and EphAl receptor was seen
in hepatocytes. In normal liver tissues, expression of ephrin-
Al, AFP, and EphAl was not seen (data not shown). -

Effltlact of ephrin-A1 on the proliferation of hepatoma
cells

In order to determine whether overexpression of ephrin-Al
plays a significant role in the malignant growth of hepatoma
cells, we examined the effect of an ephrin-Al antisense
oligonucleotide on proliferation of Huh7 and HLE cells
(fig 5A). The specificity of the antisense oligonucleotide
was confirmed by northern blotting. Suppression of ephrin-
Al by antisense oligonucleotide led to dose dependent
growth inhibition of ephrin-Al overexpressing Huh7 cells.
The degree of growth inhibition caused by ephrin-Al
suppression was equal to or greater than the reduction of
growth caused by suppression of IGF-II, a growth factor that
strongly induces Huh7 cell proliferation.’”” Compared with the
sense oligonucleotide, the antisense oligonucleotide did not
increase apoptosis in Huh7 cells, as determined by DNA
content analysis and acridine orange/ethidium bromide
double staining (data not shown). These results indicate
that reduced cell proliferation, rather than increased apop-
tosis, was responsible for the reduction in Huh7 cell number
by the ephrin-Al antisense oligonucleotide. The antisense
oligonucleotide against ephrin-Al did not have an antipro-
liferative effect on HLE cells, which produce little ephrin-Al.
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Figure 5 Dose dependent inhibition of cell proliferation by an
ephrin-A1 antisense oligodeoxynucleotide. (A} Cell proliferation assay.
Cells were incubated for 72 hours with various concentrations of
antisense or sense oligodeoxynudeotides. Cell proliferation was
measured by MTS assay. ““Control” indicates absorbance at 490 nm
with o oligodeoxynucleotide added. Mean (SEM) of three independent
experiments is plotted. The upper figures show the effect of ephrin-Al
antisense or sense oligodeoxynucleofide, while the lower figures show
the effects of insulin-liﬁe growth factor Il {IGF-Il} antisense or sense
oligodeoxynucleotides. Bands under the graphs confirm that the
anfisense oligodeoxynudlectide suppresses ephrin-A1 mRNA expression
by northern %Ioh‘ing. Total RNA was extracted from cells 20 hours after
transfection (20 pg/lane). *p<0.05. (B} Changes in expression of p21
mRNA after treatment with ephrin-Al anfisense or sense oligodeoxy-
nucleotide by northern blotting. Total RNA was extracted from cells

24 hours after transfection (20 pg/lane).

We next used recombinant ephrin-Al that was dimerised
by fusion to human immunoglobulin G {ephrin-Al-Fc) to
investigate the effect of ephrin-Al on proliferation of
hepatoma cells (fig 6A).” We detected activated (tyrosine
phosphorylated) EphAl receptor in ephrin-Al overexpressing
Huh7 cells prior to addition of ephrin-Al-Fc, suggesting
autocrine activation of the EphAl receptor by endogenous
ephrin-Al. In contrast, activated EphAl receptor was not
observed in HLE cells prior to addition of ephrin-Al-Fc,
consistent with low expression of ephrin-Al in these cells.
Addition of ephrin-Al-Fc significantly increased the level of
activated EphAl receptor in both Huh7 and HLE cells.
However, ephrin-Al-Fc promoted the proliferation of only
ephrin-Al underexpressing HLE cell (16% increase in cell
growth, p = 0.014).
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Figure 6 Effect of ephrin-Al on proliferation of hepatoma cells.

{A} Clonal growth assay. Cells were plated in 12 weﬁ cell culture dishes
in the presence of 0.3 pg/ml ephrin-Al-Fc. Representative results from
three independent experiments are shown. Boncﬁ under the graphs show
that ephrin-A1-Fc stimulates tyrosine phosphorylation of the EphA1
receptor. Huh7 cells and HLE cells were treated for 60 minutes with
0.3 pg/mi ephrin-Al-Fc prior to protein extraction. Extracts were
immunoprecipitated {IP) with antibodies against EphAT. Immunopre-
cipitates were subjected to western blotting, probed with antibodies
against phosphorylated tyrosine (P-tyrosine), and reprobed with
antibodies against EphA1. Data in the bar chart are mean {SEM)
{n=9). *p<0.05. {B) Changes in expression of p21 mRNA 10 hours
Ichfer stimulation with ephrin-A1-Fc by northern bloiting {20 ng RNA/
ane).

In order to clarify these results, we investigated expression
levels of p21, a universal inhibitor of cydlin dependent
kinases (figs 5B, 6B).° In HCC, p21 is an important inhibitor
of cell cycle progression.?=* There was little basal expression
of p21 in Huh7 cells in which the EphAl signalling
pathway was already activated due to autocrine stimulation
(fig 6A, B). Consistent with autocrine activation of EphAl
and a role for p2l, suppression of ephrin-Al by the
antisense oligonucleotide caused increased expression of
p21 and inhibited Huh7 cell growth (fig 5B). Ephrin-Al-Fc
stimulated tyrosine phosphorylation of the EphAl receptor
in Huh7 cells but ephrin-Al-Fc did not alter the already
suppressed expression of p2l, and it did not' affect cell
growth (fig 6B). In contrast, in HLE cells, EphAl signal-
ling was not activated in the basal state, and p2l was
expressed (fig 6A, B). Furthermore, ephrin-Al-Fc stimulated
EphAl signalling, suppressed p2l expression, and pro-
moted the proliferation of HLE cells (fig 6B). These findings
strongly suggest that ephrin-Al enhances cell prolifera-
tion, at least in part, through a p21 dependent signalling
pathway.
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Table 2 Changes in HLE gene expression by ephrin-Al-Fc stimulation

. Cy5/Cy3
Gene category Gene name ratio
Cell cycle H sapiens RBQ-1 3.2
RB107 retinoblastoma-like 1 (p107) . 2.38
RB130 retinoblastoma-like 2 2.13
Cyclin D2 0.46
p21 0.40
Angiogenesis Endothelin 2 2.30
Endothelin 3 2.22
Laminin, a4 2.22
Bone morphogenehc protein 4 (BMPA) 2.16
Angiopoietin 1 (Angl) 2.12
Inhibin, BA {activin A, activin AB alpha polypeptide) 2.07
Fibroblast growth factor receptor 3 1.85
Laminin, y1 (formerly LAMB2) 0.68
Bone morphogenetic protein 1 (BMP1) 0.68
. Thrombospondin 1 {TSP-1) 0.47
Cell-cell interaction CD22 antigen 2.41
) Rhob protein 1.95
CD36 antigen {collagen type | receptor, thrombospondin recepl‘or) 1.94
Matrix metalloproteinase 12 {MMP-12) 1.89
,Ras homologue gene family, member H 1.88
Manic fringe (Drosaphila) homologue - 1.88
Integrin, a2 {CD498B, alpha 2 subunit of VLA-2 receptor) 1.83
Integrin, oM 1.81
Matrix metalloproteinase 2 {MMP-2) 1.58
CD44 anligen (homing function and Indian blood group system) 0.68
Oncogene Algha-fetoprotein (AFP) 1.91
Met proto-oncogene thepatocyte growth factor receptor) 0.52
. Vav 2 oncogene 0.59
Growth factors and Tachykinin 2 2.31
cytokines interleukin 5 0.59
.Fibroblast growth factor 7 (keratinocyte growih Faclor) 0.50
Cell recepior Interleukin 5 receptor, o 3.12
Erythropoietin receptor 2.12
Glutamate receptor, ionotropic, kainate 1 - 1.90
EphAT receptor 1.82
Signal transduction Human 76 kDa fyrosine phosphoprotein SLP-76 extracefllular slgnul
regulated kinase 2 (ERK2) 0.53
Stress and toxicology Cyiochrome P450, subfamily IC 1.95
response
Transcription factors Hepchc levkaemia factor 2.30
Nuclear factor 1/X {CCAAT binding transcription factor) 2.11
) Hurman lkaros/LyF-1 homologue (hik-1} 2.04
Tumour suppressors ~ BRCA1 associated RING domain 1 1.95
Cytoskelfon Keratin, fype Il cytoskeletal 6D 0.42

Changes in gene expression caused by ephrin-A1l
We used cDNA microarrays to identify the genes that are
induced by ephrin-Al-Fc¢ stimulation during hepatoma cell
proliferation (table 2). Ephrin-Al-Fc (fig 7A) increased
expression of AFP, indicating that enhanced ephrin-Al
expression induced AFP expression in hepatoma cells.
Furthermore, we performed northern blotting to confirm
that when mRNA expression of ephrin-Al in Huh7 cells was
suppressed by 77% using the antisense oligonucleotide,
mRNA expression of AFP decreased by 24% (fig 7B). This
agrees with our finding that ephrin-Al expression strongly
correlates with AFP expression in cultured hepatoma cells
and HCC tissue (figs 1-4). There was also an increase in
expression of the EphAl receptor, one of the seven EphA
receptors that bind to ephrin-Al (fig 7A).>**” Although the
EphA2 receptor is reported to mediate the majority of effects
of ephrin-A] in various cancers,” ® *** little or no change in
EphA2 receptor expression was observed (data not shown).
In the category of cell cycle related genes, we observed
decreased expression of p2l caused by ephrin-Al. This is
consistent with the results of cell proliferation assays (fig 6B).
Our microarray data confirmed that ephrin-Al suppresses
p21 expression. In addition, ephrin-Al increased expression
of other cell cycle related genes, such as RB family proteins
(table 2).
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Among angiogenesis related genes, we found a decrease in
the tumour angiogenesis inhibitor TSP-1 and an increase in
the tumour angiogenesis promoter angiopoietin 1 (table 2,
fig 7A). We also found increased expression of the TGF-B
superfamily, as well as angiogenesis related vasoactive
substances, such as bone morphogenetic protein (BMP),
inhibin, endothelin, fibroblast growth factor receptor, and
laminin.

Among cell-cell interaction related genes, we observed
increased expression of Rho family members: and integrins,
as well as MMP-2 and MMP-12 (table 2, fig 7A).

'

Expression of ephrin-Al induced genes in HCC tissue
We studied the association between expression of ephrin-Al
mRNA and AFP, EphAl receptor, EphA2 receptor, p21, TSP-1,
and MMP-2 mRNA in 11 HCC tissues that overexpress AFP
by northern blotting (cases 3, 4, 5, 6, 7, 9, 11, 12, 15, 16,
and 18) (table 3). In all 11 of these cases, cancerous tissue
showed increased expression of ephrin-Al mRNA compared
with non-cancerous tissue.

We examined the relationship between ephrin-Al and the
EphA2 receptor because it has been reported that an
autocrine loop between ephrin-Al and the EphA2 receptor
is responsible for the biological activity of ephrin-Al in
various cancers.” ®**?* Surprisingly, EphA2 receptor mRNA
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A Ephrin-Al-Fc
Time(h) O 5 10 15
AFP
0.14 0.28 0.31
EphAl
0.08 0.37 0.90 0.09
TSP

0.88 0.86 037 0.34

Antisense

{1.0 uM)

B Sense
(1.0 pM}

Ephrin-Al

0.88 0.20

AFP

0.86 0.65

Figure 7 (A) Time course {0, 5, 10, and 15 hours) of changes in
expression of a-fetoprotein (AFP), EphA1, thrombospondin T (TSP-1),
and matrix metalloprofeinase 2 (MMP-2) mRNA levels in HLE cells after
stimulation with epErin-A]-Fc by northern blotting (20 ug RNA/lane).
The relafive amounts of AFP, EphAT, TSP-1, and MMP-2 mRNA
fragments were measured by cEznsifometry and normalised against
B-actin levels. {B} Suppression of ephrin-AT mRNA by antisense
oligonucleotide inhibited expression of AFP in Huh7 cells. Total RNA for
epﬁrin-A] was extracted from cells 20 hours dfter transfection (20 g/
lane), and total RNA for AFP was extracted from cells 30 hours after
transfection (20 pg/lane). Expression levels of ephrin-Al and AFP
mRNA were quantified. The ratio of ephrin-Al or AFP to B-actin is
shown below each northern blot.

was strongly expressed in non-camncerous tissue but its
expression was suppressed in cancerous tissue. This expres-
sion pattern is the opposite of the ephrin-Al mRNA
expression pattern in HCC tissues. Expression of EphAl
receptor mRNA was more enhanced in cancerous tissue than
in non-cancerous tissue and was closely correlated with
ephrin-Al mRNA expression levels. Identical expression
patterns for ephrin-Al and the EphAl receptor protein were
also found by immunohistochemistry {fig 4). Because ephrin-
Al can induce tyrosine phosphorylation of EphAl receptors
in Huh7 and HLE cells (fig 64), these findings suggest that
ephrin-Al-EphAl signalling is activated in HCC.

Microarray analysis of ephrin-Al stimulated HLE cells
revealed reduced expression of p21 and TSP-1 mRNA and
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increased expression of MMP-2 mRNA (table 2, figs 6B and
7A). These proteins play important roles in nalignant
proliferation, angiogenesis, invasion, and metastasis of
HCC.? »* In agreement with these results, p21 mRNA
expression levels in cancerous tissues were significantly
reduced in comparison with those in non-cancerous tissues
in eight (cases 4, 5, 6, 7, 11, 12, 16, and 18) of the 11 HCC
specimens that overexpressed AFP (table 3). These eight
cases exhibited enhanced ephrin-Al mRNA expression and
reduced p21 mRNA expression in cancerous tissue compared
with non-cancerous tissue. In both cancerous and non-
cancerous tissues from the remaining three cases (cases 3, 9,
and 15), p21 mRNA expression was inhibited while ephrin-
Al was strongly expressed.

TSP-1 mRNA expression was lower in cancerous tissue
than in non-cancerous tissue in eight (cases 3, 4, 6, 7, 9, 11,
12, and 15) of the 11 cases of HCC that overexpressed AFP.
Thus TSP-1 mRNA expression correlated negatively with
ephrin-Al expression. MMP-2 mRNA expression was higher
in cancerous tissue than in non-cancerous tissue in 10 (cases
3,4,5,6 7,9, 12,15, 16, and 18) of the 11 cases of HCC that
overexpressed AFP. This revealed a positive correlation
between MMP-2 mRNA expression and ephrin-Al mRNA
expression.

Furthermore, we performed northern blotting and western
blotting in order to confirm that mRNA expression of AFP,
ephrin-Al, EphAl, EphA2, p2l, MMP2, and TSP-1 in
cancerous and non-cancerous tissues was correlated with
expression of their proteins (fig 8).

The above findings indicate that ephrin-Al induced genes
identified by cDNA microarray analysis are activated not only
in cultured hepatoma cells but also in clinical cases of HCC'
that overexpress AFP.

DISCUSSION

Expression of ephrin-Al was very low in normal liver tissue,
slightly increased in liver tissues from patients with cirrhosis,
and was further increased in HCC. Expression of ephrin-Al
was greater in poorly differentiated HCC than in well
differentiated HCC (table 1, figs 2-4). Thus expression of
ephrin-Al may be related to the malignant phenotype of
HCC. It is possible that local ischaemia in the cirrhotic state
may induce angiogenic factors, including ephrin-Al.
Immunohistochemistry showed high levels of ephrin-Al
protein in tumour tissue. Although tumour tissue includes
not only hepatocytes but also non-parenchymal cells (for
example, stellate cells, endothelial cells, Kupffer's cells, and
infiltrated lymphocytes), immunohistochemical staining
confirmed that increased expression of ephrin-Al was in
rumour cells rather than in the surrounding normal
hepatocytes (fig 4). This indicates that increased expression
of ephrin-Al in HCC tissue mainly originated from hepato-
cytes within the tumour:

Expression levels of ephrin-Al were strongly correlated
with those of AFP in hepatoma cell lines and human HCC
tissues. The cDNA microarray analysis showed that ephrin-
Al induced AFP expression in hepatoma cells, implicating
ephrin-Al in the mechanism of AFP induction. This may
explain why most patients with liver cirrhosis have elevated
AFP levels without any detectable HCC. Therefore, ephrin-Al
may play an important role in the transformation of normal
hepatocytes to tumour cells.

Enhanced expression of ephrin-Al may lead to tumori-
genesis by promoting abnormal cell growth, angiogenesis,
invasion, or metastasis.™*> However, the biological signifi-
cance of ephrin-Al in hepatocellnlar carcinogenesis has not
yet been clarified. We found that reduction of ephrin-Al
expression by an antisense oligonucleotide inhibited the
proliferation of ephrin-Al overexpressing Huh7 cells and
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overexpressing hepatocellular carcinomas

Table 3 Expression of erhrin-Al induced genes in 11 a-fetoprotein {AFP)

AFP RIA* . : R A
Case {ng/gTP) AFP §  Ephrin-Al1t-" EphAtf  EphA2+ ‘p21t ©  TSP-14 - MMP-2t
3 612 o+ ++ -—- /- - - ++
4 2454 =+ ++ -~ - - +
5 185 + + ++ - - +/~ +
6 2776 + + ++ - - = - - +
7 2816 + A ++ +f = - - - - ++
9 3613 + ++ ++ - - +/—- - - +
n 1526 ++ + + -~ - - -
12 1684 S ++ + - - - - - +
15 4671 A+ + ++ - - +/- - ++
16 1339 + ++ ++ - - - - +H=- o+
18 1311 ++ + ++ - - - +/= +

by the radicimmunoassay method.

*AFP RIA{ng/gTP) indicates the quantity of a-fetoprotein per g total protein after quantification of AFP expression

tRelafive amounts of AFP, ephrin-A1, EphAl, EphA2, p21, TSP-1, and MMP-2 mRNA fragments by northern

blotting were measured by densitomefry and normalised fo the level of B-actin. The rafios of the cancerous mRNA
expression level fo non-cancerous mRNA expression level (T/IN 18 rafios) are indicated {T/N ratio <0.50, — —;
0.50 <T/N ratio <0.67, —; 0.67 <T/N ratio <1.50, +/—; 1.50< T/N ratio <2.00, +; 2.00 <T/N ratio, ++).

increased expression of p21, an inhibitor of cyclin dependent
kinases.*** In contrast, inhibition of ephrin-Al expression
did not inhibit basal proliferation of HLE cells because they
express little ephrin-Al. In HLE cells, ephrin-Al-Fc promoted
cellular proliferation, activated the EphAl receptor, and
suppressed p2l expression. However, ephrin-Al-Fc did not
promote proliferation of ephrin-Al overexpressing Huh?7 cells
in which the EphAl receptor is already activated and p21
expression is suppressed by autocrine ephrin-Al. These
results indicate that ephrin-Al promotes the proliferation of
cultured hepatoma cell lines and that p21 might be involved
in the regulation of the cell cycle induced by ephrin-Al.

Case 4
N T

N T

Ephrin-Al

Figure 8 Expression of a-fetoprotein (AFP), ephrin-Al, EphA1, EphA2,
p21, thrombospondin 1 {TSP-1), and matrix metalloproteinase 2 (MMP-
2} mRNA and protein in AFP overexpressing HCC patients {cases 4 and
6) by northern blotting and western Eloﬁing. In each figure, the left side
shows the results of northern blotting {total RNA: 20 pg/lane) while the
right side shows the results of western blotting. T, tumour; N, adjacent
non-cancerous tissue.
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Using cDNA microarray analysis we found that ephrin-Al
induced genes related to the cell cycle, angiogenesis, and cell-
cell interactions. In agreement with the results of clonal
growth assay, -we observed decreased p2l expression in
response to ephrin-Al. Reduced expression of p21 has been
reported to participate in hepatocarcinogenesis and is
associated with larger tumour size and poor prognosis in
HCC patients.”™® In HCC tissues that overexpress AFP, we
found that p21 expression is suppressed in cancerous tissue
compared with non-cancerous tissue and that p21 expression
correlates negatively with ephrin-Al expression. Although we
also found that ephrin-Al-Fc increased expression of RB
family cell cycle arresting genes, many studies have reported
mutations and inactivation of RB family proteins and p53 in
HCC tissue.”! » * 37 Therefore, increased expression of these
genes does not necessarily imply that they cause arrest of the
cell cycle in HCC. )

We found that ephrin-Al induces expression of the
angiogenesis factor angiopoietin 1** as well as angiogenesis
related vasoactive substances, including BMP, inhibin,
endothelin, fibroblast growth factor receptor, and laminin.
We also found that ephrin-Al inhibits the expression of the
tumour angiogenesis inhibitor TSP-1. Reduced TSP-1 expres-
sion promotes angiogenesis in melanoma, lung cancer, breast
cancer, and cholangiocarcinoma.*** TSP-1 expression,
which correlated negatively with ephrin-Al expression, was
suppressed in HCC tissue compared with non-cancerous
tissue. These results suggest that ephrin-Al downregulates
TSP-1 and acts upstream of angiogenesis related factors in
promoting HCC vascular growth.

Our microarray studies also showed that ephrin-Al
increases expression of cell-cell interaction related genes,
such as Rho family proteins, integrins, MMP-2, and MMP-12.
Ephrin-Al regulates cellular migration and cell-cell and cell-
matrix interactions via Rho and integrin, thus influencing
tumour cell motility, invasion, and metastasis in various
human cancers.”"**** Changes in expression of these
proteins play a key role in the invasion and metastasis of
HCC. MMPs play a crucial role as proteinases during cancer
invasion and metastasis, and overexpression of MMP-2
correlates closely with portal invasion and intrahepatic
metastasis of HCC.”® *® We found that MMP-2 expression is
higher in cancerous tissue than in non-cancerous tissue in
cases of HCC that overexpress ephrin-Al. In HCC cases that
underexpress ephrin-Al, MMP-2 expression is lower in
cancerous tissue than in non-cancerous tissue. These findings
suggest that ephrin-Al increases expression of MMP-2,
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thereby promoting cancer invasion and metastasis in cases of
HCC that overexpress AFP. The ephrin-Al induced changes
in gene expression of hepatoma cells in vitro recapitulate the
changes in gene expression of cancerous and non-cancerous
tissues from patients with HCC in vivo. This is particularly
the case in HCC tissues that overexpress AFP and have high
levels of ephrin-Al expression; a large percentage (72.7%)
of these HCC cases are highly malignant and poorly
differentiated.

In conclusion, ephrin-Al induces gene expression that is
also activated in AFP producing hepatoma but not in non-
AFP producing hepatoma. Ephrin-Al induces AFP and
changes the expression level of genes associated with tumour
cell proliferation, angiogenesis, invasion, and metastasis. It is
important to examine whether the findings could be applied
to HCC related to non-viral liver disease, because all HCC
cases in this study were related to viral liver disease.
Elucidation of gene expression patterns in AFP producing
HCC is important for the development of new molecular
targeting therapies. These results indicate that ephrin-Al is a
promising therapeutic target in cases of HCC that overexpress
AFP.
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Interferon-y-mediated hepatocarcinogenesis
in mice treated with diethylnitrosamine

Mitsuru Matsuda?, Yasunari Nakamoto?, Satoshi Suzuki?, Tomomitsu Kurata® and
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Hepatocarcinogenesis is a complex multifactorial process in which continuous intrahepatic inflammation plays
a major role. Although inflammatory cell infiltration is observed in the process of chemical-induced
hepatocarcinogenesis, the pathophysiological role of the inflammatory response is not well defined. To
approach this question, molecular and cellular responses were monitored during the development of liver
tumors in mice exposed to a chemical hepatocarcinogen, diethylnitrosamine (DEN), in drinking water (50 pgll).
Intrahepatic type | and type Il interferon (IFN-§ and IFN-y, respectively) mRNA expression was found to be
induced 2 months before the appearance of hepatocellular carcinomas. The pathogenetic importance of IFNs
was determined by monitoring tumor development in mice genetically deficient in the IFN-o/p receptor (IFN-o/fR
KO) or the IFN-y receptor (IFN-yR KO). IFN-yR KO mice developed fewer tumors than IFN-2/fR KO and wild-type
(wt) mice, although the tumor diameters did not differ significantly among the three lineages. Interestingly,
immunohistochemical studies demonstrated that the percentage of monocytes/macrophages in infilirating
mononuclear cells was reduced greatly in the livers of IFN-yR KO mice, which is consistent with the facts that
intrahepatic cytokine expression was diminished and oxidative DNA damage was induced to a lesser éxtent. In
conclusion, type Il IFN, but not type I IFNs, may be involved critically in the initiation stage, but not the
promotion stage, of DEN-induced hepatocarcinogenesis by enhancing monocytes/macrophages activation and
eventual hepatocyte DNA damage.
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Hepatocellular carcinoma (HCC) occurs after many
years of chronic hepatitis. Prolonged inflammation
is thought to set up a cycle of liver cell destruction
and regeneration, resulting in a mitogenic and
mutagenic environment that precipitates random
genetic and chromosomal damage and leads to the
development of HCC.»® Recently, continuous in-
trahepatic inflammation has been reported to be the
principal oncogenic factor in hepatocarcinogenesis
on the basis of experiments with a hepatitis B virus
(HBV) transgenic mouse model.®’ Interestingly, in
that study, malignant transformation was induced
by immune-mediated mechanisms in the absence of
viral transactivation, insertional mutagenesis, or
genotoxic chemicals.
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Diethylnitrosamine (DEN) is an experimental
hepatocarcinogen found in a variety of products to
which humans may be exposed, for example,
tobacco smoke, meat, and whiskey. Currently, the
mechanism of DEN-induced hepatocarcinogenesis
is thought to be as follows:® DEN is hydroxylated by
cytochrome P-450 isozymes in the liver, through an
alkylation mechanism, to become bicactive. Subse-
quently, bioactivated DEN reacts with DNA, causing
ethylation of the bases. The ethyl DNA adducts can
interrupt base pairing, resulting in mutations and
the activation of proto-oncogenes, for example,
ras,®® and inhibition of tumor—suppressor genes,
for example, p53,** which often result in HCC.
While the previous studies reported that continuous
intrahepatic necroinflammatory changes were ob-
served during the process of DEN-induced hepato-
carcinogenesis,'>*® the pathogenetic importance of
the inflammatory respomse has not been well
defined.

To approach this question, mice were exposed in
this study to DEN in drinking water. Liver tumors
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appeared in 46% of the mice after 3 months of DEN
exposure, and intrahepatic type I and type II
interferon (IFN-§ and IFN-y, respectively) mRNA
expression was induced 2 months before _the
appearance of tumors. Furthermore, to define the
role of type I and II IFNs in the process of chemical
carcinogenesis, mice genetically deficient in the
IFN-a/f receptor (IFN-a/fR KO) or IFN-y receptor
(IFN-yR KO} and wild-type (wt} syngeneic controls
were treated with DEN, and tumor development was
monitored. The results indicate that type II IFN, but
not type I IFNs, may be involved critically in the
initiation stage, but not the promotion stage, of
hepatocarcinogenesis in mice exposed to DEN in
drinking water.

Materials and methods
Mice and Animal Experiments

1298V wt mice, IFN-a/f receptor knockout (IFN-«/
SR KO), and IFN-y receptor knockout mice (IFN-yR
KO) on a 129SV background were purchased from
B&K Universal (East Yorkshire, UK}. They were
maintained on a 12-h light/dark cycle at 22°C. They
were fed a standard laboratory diet, CRF-1, from
Charles River Japan (Kanagawa, Japan) and given tap
water ad Ilibitum. All animal experiments were
conducted in accordance with recommendations in
the Guide for the Care and Use of Laboratory
Animals (NIH publication 86-23, revised 1985).

Male 4-5-week-old mice were used in this
experiment. Mice were exposed to DEN (Wako,
Tokyo, Japan) at 50 ug/l in drinking water through-
out the period of study. On a monthly basis for 5
months, 8~17 mice were killed and tumors that had
developed on the liver surface were observed. The
numbers of liver tumors and diameters of liver
tumors were evaluated. Inflammatory cell infiltra-
tion was quantitated in 100 high-power (x 400)
fields representing 4 mm? of the liver tissue stained
with hematoxylin and eosin.

Western Blot Analysis of Cytochrome P-450 2E1
(CYP2E1) Expression in the Liver

Mouse liver washed with ice—cold buffer (250 mM
sucrose, 1mM EDTA, and 3mM Tris-HCl, pH 7.4)
was weighed and homogenized in three volumes (v/
w) of the buffer. The homogenate was centrifuged at
9000 g for 20min, and the supernatant was ultra-
centrifuged at 105 000 g for 60 min. The microsomal
pellet was suspended in the homogenizing buffer
and again centrifuged at 105 000 g for 60 min at 4°C.
The microsome was suspended in suspension buffer
(20% glycerol, 1mM EDTA, and 100mM Tris-HCl
buffer, pH 7.4) and stored at —80°C until use.
CYP2E1 activity was determined as described.**
Briefly, CYP2E1 activity was determined using
chlorzoxazone (100 uM) as a substrate. Specifically,
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the incubation mixture contained 1 mg/m! of micro-
some. The mixture was incubated at 37°C for 15 min.
All reactions were then terminated and subjected to
HPLC Gulliver 1500 analysis (JASCO, Tokyo, Japan)
with a reversed-phase analytical column. Sodium
dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE) and Western blots analysis were carried
out on pig liver microsomes, and the immunoblots
were probed with antibody to rat CYP 2E1 (Gentest,
Discovery Labware, BD Biosciences, Massachusetts,
USA).

Immunohistochemical Analysis

Expression of glutathione S-transferase placental
form (GST-p) and alpha-fetoprotein (AFP) were
studied using rabbif anti-mouse GST Yp antibodies
(Biotrin International, Dublin, Ireland) and rabbit
anti-mouse AFP antibodies (ICN Biomedicals, Inc.,
Aurora, USA]}, respectively. Monocytes/macro-
phages in inflammmatory infilirates were detected
using a rat monoclonal antibody to mouse macro-
phages {Caltag Laboratories, Burlingame, USA).
Liver tissues obtained from the mice were fixed in
formalin and embedded in paraffin. Sections of
2um were assayed for GST-p, AFP, and macro-
phage markers by immunoperoxidase staining using
the avidin—biotin complex {ABC) method (Vector
Laboratories Inc., Buringame, USA). Sections were
deparaffinized and dehydrated with xylene and a
graded alcohol series. To quench endogenous per-
oxidase activity, sections were incubated for 30 min
in 0.3% H,0, in water. To block nonspecific
staining, sections were incubated for 30min in
10% normal blocking serum in phosphate-butfered
saline (PBS). Then, sections were covered with
rabbit anti-mouse GST Yp antibody (1:100 diluted)
or rabbit anti-mouse AFP antibody (1:10 diluted) for
30min at room temperature. After washing, sections
were covered with biotinylated antibody for 30min
at room temperature, washed, and then incubated
with conjugated streptavidin for 30min at room

- temperature. After washing, sections were incu-

bated with 0.01% diaminobenzidene/0.01% H.,O,
and counterstained with hematoxylin.

RNA Extraction and RNase Protection Assay

Frozen nontumorous liver tissues (200mg) from
representative mice, killed at the indicated time
points, were homogenized using an ultrasonicator
and total RNA was extracted by the guanidium
isothiocyanate/silica-gel-based membrane method
using RNeasy Midi Kits (QIAGEN, Hilden, Ger-
many). To monitor the expression of a panel of
inflammatory cytokines, 15ug of total RNA was
subjected to RNase protection assay using a Ribo-
Quant Multi-Probe RNase Protection Assay System
(Pharmingen, San Diego, USA). Template set mCK-
3b (Pharmingen), containing subclones of mTNF-g,
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mLT-B, mTNF-¢, mIL-6, mIFN-y, mIFN-§, mTGF-$1,
mTGF-$2, mTGF-$3, mMIF, mL32, and mGAPDH,
was used as templates for T7 polymerase-directed

synthesis of [**P] antisense RNA probes. After”

overnight hybridization at 56°C and digestion with
RNase A/RNase T1 mix at 45°C for 30 min to degrade
unhybridized probe, the hybridized fragments were
separated on a 5% polyacrylamide gel. Gels were
dried and RNA bands were visualized by autoradio-
graphy and analyzed on a BAS 1000 image analyzer
(Fuji Photo Film, Tokyo, Japan).

Quantitation of 8-Hydroxydeoxyguanosine in Liver

Frozen nontumorous liver tissues (350mg) from
representative mice killed at the indicated time
points were homogenized using an ultrasonicator
and total genomic DNA was isolated using a Blood &
Cell Culture DNA Maxi Kit (QIAGEN). To evaluate
oxidative DNA damage, 200 ug of genomic DNA was
subjected to measurement of 8-hydroxydeoxygua-
nosine (8-OHdG) by enzyme-linked immunosorbent
assay (ELISA) using an anti-8-OHdG monoclonal
antibody (8-OHdG Check, JICA, Shizuoka, Japan).

Statistical Analysis

All numbers are expressed as the mean+s.e. All
data were analyzed for significance using the
paired Student’s t-test or Mann-~Whitney’s U-test.
A P-value <0.05 was considered to indicate a
statistically significant difference.

Resulis

Liver Tumor Development and Intrahepatic Cytokine
mRNA Expression

129SV wt mice were exposed to DEN (50 pg/l) in
drinking water, and the numbers and diameters of
liver tumors were monitored. Liver tumors appeared
in 46% of the mice after 3 months of DEN exposure
and in all mice after 4 months exposure (Figure 1a).
The numbers and diameters of the tumors increased
during the period of exposure to DEN (Figure 1b
and c). To define the histological features of liver
tumors, liver samples collected at the indicated time
points were evaluated immunchistochemically. The
tumors displayed the features of a solid pattern of
HCC that compresses the adjacent hepatic parench-
yma (Figure 2a and b), and stained immunohisto-
chemically positive for GST-p (Figure 2c) and
negative for AFP (Figure 2d). On the basis of these
observations, the liver tumors were classified histo-
logically as HCC-expressing GST-p. Furthermore,
because the surrounding hepatic parenchyma dis-
played infiltration of inflammatory cells (Figure 2b),
the numbers of infiltrating mononuclear cells were
counted during DEN exposure period. Inflammatory
cell infiltration was not observed after 1 month of
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Figure 1 Tumor development in the livers of wt mice exposed to

_ diethylnitrosamine (DEN) in drinking water. Rate of incidence

{a) and numbers (b) of liver tumors and diameters of the largest
liver tumors and mean diameters of the liver tumors (¢} were
monitored at autopsy monthly for the period of study. (a) Liver
tumors appeared in 46% of the mice after 3 months of DEN
exposure and in all mice after 4 months exposure. (b and c) The
numbers of liver tumors, the diameters of the largest tumors, and
the mean diameters of the liver tumors increased during DEN
exposure period (3 months, 2.6+1.0/liver, 0.7+0.2mm, 0.6
0.2mm; 4 months, 5.84-0.9/liver, 1.4+0.1mm, 1.1+0.1mm; and
5 months, 11.4+1.3/liver, 2.94+0.3mm, 1.5+0.1mm, respec-
tively). n=13 (2 months), 13 (3 months), 17 (4 months), and 17
(5 months).

DEN exposure, but was observed after 2 months

of exposure and its extent increased thereafter
(2 months, 246+128/mm?; and 3 months, 1597+
502/mm?). To understand the activation status of
the inflammatory infiltrates, the production of
inflammatory cytokines was evaluated in an RNase
protection assay. In wt mice, intrahepatic expression
of LT-B, TNF-a, IFN-y, [FN-8, TGF-$1, and TGF-$3
mRNA appeared after 1 month of DEN exposure
and remained elevated until 5 months of expo-
sure (Figure 3). The results suggest unexpectedly
that intrahepatic expression of the cytokines
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Figure 2 Gross and microscopic evidence of hepatocellular carcinoma (HCC) in wt mice after 5 months of diethylnitrosamine (DEN)
exposure. (a) A multinodular liver from a representative mouse. Liver nodules are indicated by arrowheads. (b) Classical histological
features of solid HCC consisting of relatively giant hepatocytes with large hyperchromatic nuclei that display increased mitotic activity,
compress the adjacent hepatic parenchyma, and display areas of hemorrhage and necrosis (not shown). Inflammatory infiltrates are
observed in the region surrounding the nodule. Hematoxylin and eosin; original magnification x 100. Serial sections of the specimen
described in (b) were analyzed immunohistochemically for expression of glutathione S-transferase placental form (GST-p) (c) and alpha-
fetoprotein (AFP) (d). Tumor cells in the liver nodule displayed strong cytoplasmic staining in brown for GST-p, while no staining for

AFP. (Original magnification: b-d, x 100.)

preceded inflammatory cell infiltration and tumor
development.

Tumor Development in the Livers of IFN-a/fR KO and
IFN-yR KO Mice

Among the cytokines induced prior to inflammatory
cell infiltration, type I IFNs are known to inhibit the
growth of neoplastic cells by inducing apoptosis®®

-and type II IFN is the major proinflammatory

cytokine that regulates macrophage function and
contributes critically to the establishment of chronic
inflammation.'® To define the role of type I and II
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IFNs in the process of chemical hepatocarcinogen-
esis, IFN-o/fR KO mice, IFN-yR KO mice, and wt
mice were treated with DEN and tumor develop-
ment was monitored. IFN-yR KO mice developed
fewer tumors than IFN-«/fR KO or wt mice 5 months
after DEN exposure (P<0.05, Figure 4a). However,
the sizes in diameter of the largest liver tumors and
mean diameters of liver tumors were not signifi-
cantly different (Figure 4b, ¢ and d) and the
histological features were similar among the three
lineages. Furthermore, CYP2E1 activity in the liver
was measured to evaluate the capacity to activate
DEN via members of the CYP450 family of enzymes.
After 3 months of DEN-exposure, CYP2E1 activities
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