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excluded, leaving 1,917 genes. The major LC cluster includes two subclusters, one
consisting exclusively of LC patients and the other mixed with LC or HCC patients. The
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patients with 3 LC patients). B, principal d with the same
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The two major groups, classitying LC and HCC, are observed.

and the response to hypoxia and oxidative stress (eg. gluta-

down-regulated genes were observed, we used MetaCore. The up-
regulated genes in PBMCs from patients with HCC were involved
in processes such as ubiquitin-proteasomal proteolysis (e.g. heat
shock 70 kDa protein 4, ubiquitin conjugating enzymes), mRNA
processing (e.g., heterogeneous nuclear ribonucleoproteins, RNA
methyltransferase), antigen presentation (e.g, MHC class 1
polypeptide-related sequence A, B), cell cycle (e.g, HATI, PCNA),

redoxin 2, SOD2, thioredoxin; Table 3). These differentially up-
regulated biological processes were also up-regulated processes in
HCC-infiltrating inflammatory cells (Table 1), Thus, PBMCs from
HCC patients present antigens in conditions of hypoxia and
oxidative stress. Additionally, genes involved in other processes,
such as apoptosis (e.g., apoptotic peptidase activating factor 1,
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Classifier category Clinical groups Total no, cases No. cases misclassified Classifier P values No. genes in the classifiers (P < 0.002)
LC-C versus HCC Lc-C 32 8 <0.0005 1,430

HCC 30 2
Age (y) >68 31 12 0317 32

<68 31 16
Gender Male 25 15 0.178

Female 37 9

ALT (IU/L) >50 26 20 0.82 28

=50 36 14
AFP (ng/mL) =20 29 10 0.02 301

220 33 10
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Pl @ Biadardeal neanane -
Biological process —loglP) Gene
Ubig P I p lysis and ER nm Ubiquitin specific peptidase 8 D29956 554 0.0000
Protein phosphatase 3 (formerly 2B).  NM_000945 4.90 0.0000
Heat shock transcription factor 2 NM_004506 452 0.0000
Heat shock 90 kDa protein 1 NM_005348 445 0.0000 ™™
Ubiquitin protein ligase E3A NM_000462 427 0.0001
Ubiquiti jugating enzyme E2D1 NM_003338 362 0.0006 M
Phosphatidylinositol glycan, class B NM_004855 357 0.0007
Ubiquitin-conjugating enzyme E2D2 NM_003339 349 0.0009
Ubiquitin-conjugating enzyme E203  NM_003340 318 0.0023
RAN binding protein 2 NM_006267 il 0.0029
Ubiquitin-conjugating enzyme E2A NM_003336 3.09 0.0030
Activating transcription factor 6 NM_007348 3.03 0.0037 M
Ubiquitin specific protease 7 NM_003470 92 0.0050
Heat shock 70 kDa protein 9B NM_001746 291 0.0050
T-complex 1 NM_030752 276 0.0077
Glutaredoxin 2 NM_016066 70 0.0093
Ubig jugating enzyme E2N NM_003348 268 0.009
Ubiquitin-conjugating enzyme E2 AF049140 2.66 0.0110
variant 2
Ubiquitin specific protease 14 NM_005151 220 00322
Prog: T inted NM_003932 216 0.0353
pa8 protein
Heat shock 70 kDa protein 4 ABO23420 216 0.0346
Ubigy jugati yme E2L. 3 NM_003347 214 0.0363
Tenascin XB NM_004381 213 0.0377
Ubiquitin specific peptidase 33 AB029020 212 0.0385 M
mHNA processing 20.087 Heterogeneous nuclear NM_005826 390 0.0003 T
ribonucleoprotein R
RNA (guanine-7-) methyltransferase NM_003799 329 0.0024
Heterogeneous nuclear NM_031372 323 0.0020
ribonucleoprotein D-like
Survival motor neuron domain NM_005871 12 0.0031
containing 1
Ribonueclease, rnase a family, 4 NM_002937 293 0.0052
Heterogeneous nuclear NM_002136 268 0.0094
ribonucleoprotein Al
Heterogeneous nuclear NM_002140 246 0.0170
ribonucleoprotein K
Heterogeneous nuclear NM_031844 236 0.0216
ribonucleoprotein U
UPF3, yeast, homologue of, A NM_023011 235
Alternative splicing factor M72709 203 0.0471
Antigen presentation 10.124 Janus kinase 1 NM_002227 338 00013
MHC, class 11, DO a NM_002119 3.09 0.0031
MHC, class II, DR o NM_019111 267 0.0098
MHC class | polypeptide-related NM_005931 260 0.0122
ence B
MHC class | polypeptide-related NM_000247 226 0.0276
sequence A
Tumor necrosis factor receptor— NM_004620 205 0.0456
associated factor 6
Cell Cycle 6.185  Karyopherin (importin) p 2 NM_002270 432 0.0001
Histone acetyltransferase 1 NM_003642 415 0.0001 ™M™
V-myc myelocytomatosis viral NM_002467 57 0.0008
oncogene homologue
Transforming, acidic coiled-coil NM_006283 338 0.0014
containing protein 1
(Continued on the following page)
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Centromere protein B, 80 kDa X05299 337 0.0014
Conductin AF078165 3.07 0.0032
Amyloid B precursor protein- NM_003905 299 0.0040 T
binding protein 1
Centromere protein C 1 NM_001812 290 0.0054
Heterochromatin-like protein 1 BCOO0954 272 0.0085
Mature T-cell proliferation 1 BCO02600 248 0.0154
Prolif g cell nucl ig NM_002592 246 0.0166
CSEIl chromosome segregation 1-like NM_001316 242 0.0186 M
Karyopherin a4 (importin a3) NM_002268 237 0.0209
transducers and activators of BCO10854 236 0.0214
transcription-like protein
M-phase phosphoprotein & NM_005792 234 0.0228
Extra spindle pole bodies homologue 1 NM_012291 2.20 0.0316
Apoptosis 4811 Cathepsin § NM_004079 559 0.0000 M
YME]-like 1 NM_014263 549 0.0000 M
Cullin 5 NM_003478 4.65 0.0000 M
Apoptotic peptidase activating factor 1 ~ NM_001160 353 0.0008
Cullin 2 NM_003591 343 0.0012 M
Amyloid B p protein-binding NM_003905 299 0.0040 T
protein 1
Caspase 9 NM_032996 29 0.0044
F-box only protein 5 NM_012177 288 0.0055
Cullin 1 NM_003592 252 0.0146
Caspase 4 NM_001225 223 0.0293
Caspase | NM_033293 2.02 0.0475
TCR signaling and lated 5.462 Protein tyrosine phosphatase, NM_002838 572 0.0000
receptor type, C
Phosphoinositide-3-ki Iyt NM_006218 538 0.0000
a polypeptide
Activating transcription factor 2 NM_001880 3.98 0.0002
Chemokine (c-c motif) receptor 1 NM_001295 3.90 0.0003
NCK adaptor protein 1 NM_006153 3.18 0.0024
Ch kine (c-c motif) plor 2 NM_000647 278 00075
Toll-like receptor2 NM_003264 275 0.0078
Inositol 1,4.5-triphosphate receptor, NM_002222 224 0.0290
type |
T-cell receptor a-chain X01403 205 0.0452
Res to hypoxia and oxidative stress 2.655 MAPIKIIP1 NM_021970 651 0.0000
Glutathione s-transferase 0 2 NM_000854 343 0.0011
Hypoxia-inducible factor 1, a subunit NM_001530 299 0.0040
MAP/ERK kinase kinase 5 NM_005923 273 0.0086
Glutaredoxin 2 NM_016066 270 0.0093
Peroxiredoxin 3 NM_006793 268 0.0157
Catalase NM_001752 250 0.0151
Plasma glutathione peroxidase 3 NM_002084 19 0.0329
precursor
Superoxide dismutase 2 NM_000636 2.10 0.0400
Thioredoxin NM_003329 2.05 0.0186

caspase 9) and T-cell receptor (TCR) signaling (e.g., CCRI, CCR2,
TCR a-chain), were also up-regulated in PBMCs from patients
with HCC, suggesting vulnerabilities of PBMCs and activated
T-cell signaling, respectively, in HCC development.

Biological processes involving the down-regulated genes in
PBMCs from patients with HCC included skeletal muscle
development, the estrogen receptor 1 (ESR1) nuclear pathway,
NOTCH signaling, feeding, and neurchormones signaling, neuro-

& leptin signaling, and IL-12, IL-15, and IL-18 signaling
(Supplementary Table S4), showing no obvious connection
compared with the down-regulated genes in HCC-infiltrating
mononuclear inflammatory cells (Supplementary Table $3).
These results indicate that HCC development in cirrhotic liver
can influence PBMCs, providing distinct transcriptional features
of up-regulated genes even during the operable stage of
HCCs.
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Networks of genes commonly up-regulated or down-
regulated in both PBMCs and HCC-infiltrating mononuclear
inflammatory cells. Analysis of the gene expression profiles of
HCC-infiltrating mononuclear inflammatory cells and PBMCs from
HCC patients showed that the development of HCC altered the
gene expression of local infiltrating mononuclear inflammatory
cells and systemically circulating PBMCs; interestingly, the affected
biological processes were largely the same. To further explore
these presumed local and systemic influences resulting from HCC
development, we examined how individual genes were affected by
constructing a network.

We found 773 up-regulated and 750 down-regulated significant
genes in HCC-infiltrating mononuclear inflammatory cells com-
pared with noncancerous liver-infiltrating mononuclear inflamma-
tory cells at the P < 005 level In PBMC gene expression,
we observed 2,111 up-regulated and 2,027 down-regulated genes in
the PBMCs of HCC patients, compared with LC patients at the
P < 0,05 level. Among these genes, 378 were significant in both
HCC-infiltrating m clear infl tory cells and PBMCs from
patients with HCC (Fig. 34). For these 378 genes commonly altered
genes, 70% of them were up-regulated or down-regulated in both
HCC-infiltrating mononuclear inflammatory cells and PBMCs from
HCC patients, whereas expression of the remaining 30% of them
was discordant.

We used MetaCore software to perform network construction for
172 up-regulated and 93 down-regulated genes in both HCC-
infiltrating mononuclear inflammatory cells and PBMCs from HCC
patients. The signal pathway network revealed three central genes,
PCNA (32), SMAD3 (33), and nucleophosmin (34), which were all
up-regulated in HCC-infiltrating mononuclear inflammatory cells
and PBMCs from HCC patients (Fig. 3B). PCNA had interactions
with proteasome subunit genes, PSMC2, PSMC6, PSMDI2, and
thioredoxin and DNA polymerase iota genes. SMAD3 was linked
with cyclin-dependent kinase 7 and cyclin G, with various genes
related to the cell cycle. Nucleophosmin was connected to
ubiquitin-conjugating enzyme e2e3 and glutaredoxins. Notably,
FOXP3, a marker of regulatory T cells, and Janus-activated kinase 3
(JAK3), related to interleukin signaling (35), were up-regulated
and down-regulated, respectively, in HCC-infiltrating mononuclear
inflammatory cells and PBMCs from HCC patients in the cons-
tructed gene network.

The network constructed for individual genes whose expression
was commonly altered in HCC-infiltrating mononuclear inflam-
matory cells and PBMCs from HCC patients also supported a
condition of HCC-related stress. The network also indicated that
immune reactions in patients with HCC are complex, because
down-regulated JAK3, an interleukin signaling molecule, and up-
regulated FOXP3 and SMAD3, known molecules of anticancer
immunity, are involved in this network. Biological processes in
HCC-infiltrating mononuclear inflammatory cells and PBMCs from
HCC patients also included the antigen-presentation process.

Discussion

In this study, we explored gene expression in local infiltrating
mononuclear inflammatory cells in HCC and noncancerous
liver tissues and in PBMCs obtained from patients with hepatitis
C-related LC, with or without HCC. Gene expression profiles
of HCC-infiltrating mononuclear inflammatory cells were quite
distinct from those of noncancerous liver-infiltrating mononuclear
inflammatory cells, showing their differing roles in anticancer

immunity, We also investigated gene expression in systemically
circulating PBMCs from LC-C patients with or without HCC and
found that PBMC gene expression profiles from patients with or
without HCC were significantly different. Intriguingly, many bio-
logical processes involving the up-regulated genes were shared
between HCC-infiltrating mononuclear inflammatory cells and
PBMCs from HCC patients, suggesting that the local inflammatory
effect evoked by HCC development is systemically projected in
the host.

Tumor-infiltrating mononuclear inflammatory cells have been
investigated to examine their roles in local cancer tissues. We have
selectively obtained aggregates of infiltrating mononuclear inflam-
matory cells in HCC and noncancerous liver tissues by LCM
without contamination of carcinoma or parenchymal cells. We
have shown that the process of antigen-presentation (36) is a
distinguishing feature for up-regulated genes in HCC-infiltrating
mononuclear inflammatory cells compared with noncancerous
liver-infiltrating lear infl tory cells. Consistently,
immunohistochemical staining of HCC and noncancerous liver
tissues revealed that the HCC-infiltrating mononuclear inflamma-
tory cells are primarily monocytes/macrophages, a lineage of pha-
gocytes and antigen-presenting cells (37). Helper CD4 T cells were
also found but seemed to be scattered in the HCC-infiltrating
mononuclear inflammatory cells, compared with their intensive
accumulation in infiltrating mononuclear inflammatory cells in
noncancerous liver tissues. Correspondingly, analysis using a
publicly available gene expression database of major leukocytes
showed that up-regulated genes in HCC-infiltrating mononuclear
inflammatory cells were primarily featured for macrophages and
Thl and Th2 CD4 cells, preconditioned with IL-12 and IL-4,
respectively. These findings could be interpreted in that HCC
expresses tumor-antigens (38) different from the surrounding
noncancerous liver tissues; consequently, phagocytes gather in
HCC tissues, take up antigens expressed by HCC tissues, and
interact with CD4 cells (39). The scattered distribution and
transcriptional features of both the Thl and Th2 predisposed
status of CD4 helper T cells in HCC-infiltrating mononuclear
inflammatory cells suggests their versatile inflammatory status in
cancer immunity, although there was no obvious shift of the Thl/
Th2 balance, which is considered to be important in cancer
immunity (40).

Other characteristic biological processes involving the up-
regulated genes in HCC-infiltrating mononuclear inflammatory
cells included the response to hypoxia and oxidative stress (41), the
ubiquitin-proteasome system, cell cycle, mRNA processing, ER. and
cytoplasm. The ubiquitin-proteasome system is unique to eukary-
otic cells and important in maintaining the normal biological
activity of cells, with pleiotropic effects in higher animals (42).
The cell cycle requires precise regulation of cyclin-dependent
kinase under strict control by ubiquitination and subsequent
protein degradation (32). Taken together, these processes involving
the up-regulated genes may reflect a protective local response of
the host, corresponding to the stress environment of HCC. In this
sense, the double-strand break repair gene up-regulation may be
interpreted as the cells responding to maintain normal cellular
activities although they are exposed to a harmful environment
by the HCC (43).

The biological processes involving the up-regulated genes in
PBMCs from HCC patients, compared with those from LC-C
patients without HCC, were, to a substantial degree, the same,
involving the up-regulated genes in HCC-infiltrating mononuclear
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-infiltrating inflammatory
cells on the x axis and the ratio of PBMCs
from HCC patients over LC-C patients
on the y axis. The right 1op quadrant
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inflammatory cells, such as ubiquitin-proteasomal proteolysis, ER,
and cytoplasm, mRNA processing, antigen presentation, the cell
cycle, and the response to hypoxia and oxidative stress. The reflec-
tion of these transcriptional features of HCC-infiltrating mono-
nuclear inflammatory cells by PBMCs from HCC patients suggests
a systemically projected influence of local HCC development.
which is presumably the result of the stress environment caused
by HCC and the host’s reaction even when the size of the tumor is

relatively small. In addition to exploring these biological processes,
we also constructed networks of individual genes, the expression
of which was similarly up-regulated or down-regulated, to depict
commonly affected biological processes in tumor-infiltrating
mononuclear inflammatory cells and PBMCs under HCC develop-
ment in more detail The networks highlighted three central
genes, nucelophosmin, PCNA. and SMAD3, as up-regulated genes.
They are connected to individual genes involved in ubiquitin,

www.aacrjournals.org
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proteasomes, the cell cycle, and oxidative stress (Fig 3B).
Interestingly, the immunologically important molecules, FOXP3
and JAK3, are in the network as up-regulated and down-regulated
genes, respectively. FOXP3 is a transcriptional marker for reg-
ulatory T cells (44), and SMAD3 is also believed to be important in
maintaining regulatory T cells (45). JAK3, which is associated with
the interleukin receptor common <y chain (35) and is important in
lymphoid development (46), was also involved in the network,
suggesting that HCC influences the host immune system, which
can be observed not only in HCC-infiltrating mononuclear
inflammatory cells but also in the PBMCs of HCC patients. Thus,
the network features of mdiwdual genes. commonly affected in
HCC-infiltrating mc ory cells and PBMCs
from HCC patients, fw'ther imply that the anticancer immunity
of the host in response to HCC development involves the antigen
presentation process to initiate the immune reaction.

The mechanism by which PBMCs from HCC patients reflect the
transcriptional features of HCC-infiltrating mononuclear inflam-
matory cells requires further study. We observed that the popu-
lation of CCR1-expressing and CCR2-expressing cells in PBMCs
from HCC patients was higher than in those from LC-C patients.
However, HCC-infiltrating mononuclear inflammatory cells did not
show up-regulation of these genes. The meaning of the up-
regulated CCR1 and CCR2 should be further investigated because
chemokines are key molecules for the recruitment of inflammatory
cells, regulating cellular adhesion and transendothelial migration,
and the activation of inflammatory cells (47). The biological
process of integrin-mediated cell matrix adhesion, genes involved
in which were down-regulated in HCC-infiltrating mononuclear
inflammatory cells, may suggest that these cells were able to
remigrate into the microcirculation with the enriched blood flow
in HCC tissues. The process of integrin-mediated cell matrix
adhesion in HCC-infiltrating inflammatory cells may imply weaker
adhesion of infiltrating mononuclear inflammatory cells to cancer
tissues compared with noncancerous liver tissues (48). PBMCs
are also presumed to be affected by humoral factors from HCC
tissues (49). Another possibility is the presence of hematogenous

spreading and circulating HCC cells because mRNA for AFP was
detected in circulation (50). Because two-thirds of HCC patients
enrolled for gene expression analysis of PBMCs showed serum AFP
value <100, the presence of circulating HCC cells would not be
evaluated by the detection of Afp gene expression alone. Therefore,
we have examined expression of Krt8, Krtl8 and Krt19, as well as
Afp. Despite of the possibility of circulating cancer cells, we neither
detected expression of Afp nor found significantly different
expression of Krt8, Krtl8, and Krt!9 between HCC and LC-C
patients without HCC. Furthermore, genes up-regulated in HCC
tissues compared with noncancerous liver tissues” did not correlate
to up-regulated genes in PBMCs of HCC patients, indicating that
different signature of gene expression in PBMCs between HCC and
LC-C patients is not the reflection of the possible migrating cells
from HCC tissues. In addition, all HCC cases, except for a case in
gene expression analysis of PBMCs, were radiologically free of
tumor thrombus in the vessel, which was indicative of microscopic
invasion free or concomitant with invasion in the periphery of
third or lower branch of vessels, suggesting that contribution of
circulating cancer cells were presumed to be sufficiently small for
the distinct difference of gene expression signature of PBMCs.

Although the number of enrolled HCC patients for analysis
with local inflammatory cells was relatively small compared with
the number of patients for analysis of PBMCs, our study has shown
shared features of gene expression profiles of HCC-infiltrating
mononuclear inflammatory cells and PBMCs from HCC patients,
showing a complex immune status of the host in anticancer
immunity. This finding suggests the possibility that readily
accessible PBMCs can be used as a surrogate tissue to assess the
local inflammatory environment surrounding cancers through
examination of gene expr profiles.
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Abstract

Proteome analysis of human hepatocellular carcinoma (HCC) was done using two-dimensional difference gel electrophoresis. To gain
an understanding of the molecular events accompanying HCC development, we compared the protein expression profiles of HCC and
non-HCC tissue from 14 patients to the mRNA expression profiles of the same samples made from a cDNA microarray. A total of 125
proteins were identified, and the expression profiles of 93 proteins (149 spots) were compared to the mRNA expression profiles. The over-
all protein expression ratios correlated well with the mRNA ratios between HCC and non-HCC (Pearson’s correlation coefficient:
r = 0.73). Particularly, the HCC/non-HCC expression ratios of proteins involved in metabolic processes showed significant correlation
to those of mMRNA (r = 0.9). A considerable number of proteins were expressed as multiple spots. Among them, several proteins showed
spot-to-spot differences in expression level and their expression ratios between HCC and non-HCC poorly correlated to mRNA ratios.
Such multi-spotted proteins might arise as a consequence of post-translational modifications.
© 2007 Elsevier Inc. All rights reserved.

Kevwords: Hepatocelhlar carcinoma; Proteome; Two-dimensional difference gel electrophoresis; Transcriptome; cDNA microarray

Hepatocellular carcinoma (HCC) is one of the most
common cancers worldwide, and a leading cause of death
in Africa and Asia [1]. Although several major risks related
to HCC, such as hepatitis B and/or hepatitis C virus infec-
tion, aflatoxin Bl exposure, and alcohol consumption, and
genetic defects, have been revealed [2], the molecular mech-
anisms leading to the initiation and progression of HCC
are not well known. To find the molecular basis of hepato-
carcinogenesis, comprehensive gene expression analyses
have been done using many systems such as hepatoma cell
lines and tissue samples [3.4]. Previously, we have carried
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out a comprehensive mRNA expression analysis using
the serial analysis of gene expression (SAGE) [5] and
c¢DNA microarray-based comparative genomic hybridiza-
tion [6] to acquire the outline of gene expression profile
of HCC. Although these genomic approaches have yielded
global gene expression profiles in HCC and identified a
number of candidate genes as biomarkers useful for cancer
staging, prediction of prognosis, and treatment selection
[7], the molecular events accompanying HCC development
are not yet understood. In general, proteins rather than
transcripts are the major effectors of cellular and tissue
function [8] and it is accepted that protein expression do
not always correlate with mRNA expression [9.10]. Thus,
protein expression analysis. which could complement the
available mRNA data, is also important to understand
the molecular mechanisms of HCC.
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The technique of two-dimensional difference gel electro-
phoresis (2D-DIGE), developed by Unlu et al. [11]is one of
major advances in quantitative proteomics. Several groups
have recently utilized 2D-DIGE to examine protein expres-
sion changes in HCC samples [12.13], whereas reports on
the analysis combining both transcriptomic and proteomic
approach are rare.

In the present study, we compared quantitatively protein
expression profiles of HCC to non-HCC (non-cancerous
liver) samples derived from 14 patients by 2D-DIGE. We
also compared the protein expression profiles of the same
HCC and non-HCC samples to the mRNA profiles which
have been obtained using a cDNA microarray. The expres-
sion ratios of 93 proteins showed significant correlations
with the mRNA ratios between HCC and non-HCC. Pro-
teins involved in metabolic processes showed more promi-
nent correlation. Our study describes an outline of gene
and protein expression profiles in HCC, thus providing
us a basis for better understanding of the disease.

Materials and methods

Patients. A total of 14 HCC patients who had surgical resection done
in the Kanazawa University Hospital were enrolled. The climicopatho-
logical characteristics of them are shown in Table 1, The HCC I

obtained from hepatic SAGE libraries (derived from normal liver, CH-C,
CH-C related HCC, CH-B, and CH-B related HCC), including 52,149
unigue tags. Among these, 16,916 tags expressing more than two hits were
selected to avoid the effect of sequencing errors in the libraries. From these
candidate genes, 9614 non-redundant CiDIICS were obtained from I!scylc
Genomics (Incyte Corporation), Cl h (Nippon B Dich I,
and Invitrogen (Invitrogen). Each clone was sequence validated and PCR
amplified by Dragon Genomics (Takara Bio), and the cDNA microarray
slides (Liver chip 10k) were constructed using SPBIO 2000 (Hitachi
Software) as described previously [6,16-18],

RNA isolation and antisense RN A amplification. Total RNA was iso-
lated from liver biopsy samples using an RNA extraction kit {Stratagene)
Aliguots of total RNA (5 ug) were subjected to amplification with anti-
sense RNA (aRNA) using a Message AmpTM aRNA kit (Ambion) as
recommended by the i . About 25 pg of aRNA was amplified
from 5 pg total RNA, assuming that 500-fold amplification of mRNA was
obtained. The quality and degradation of the isolated RNA were esti-
mated after electrophoresis using an Agilent 2001 bioanalyzer. In addition,
10 ug of aRNA was used for further labeling procedures,

Hybridization on ¢DNA microarray slides and image analysis. As 4
reference for each microarray analysis, aRNA samples prepared from the
normal liver tssue from one of the patients were used. Test RNA samples
fluorescently labeled with cyanine (Cy) 5 and reference RNA labeled with
Cy3 were used for microarray hybridization as described previously [6.16
18]. Quantitative assessment of the signals on the slides was done by
scanning on a ScanArray 5000 (General Scanning) followed by image
analysis using GenePix Pro 4.1 (Axon Instruments) as described previ-
ously [6.16-18).

Protein exprc.rmn analysis using 2D-DIGE. Prolein samples were

and adjacent non-tumor liver samples were snap frozen in liguid nitrogen,
and used for cDNA microarray and 2D-DIGE analysis. All HCC and
non-tumor samples were histologically diagnosed and quantitative detec-
tion of hepatitis C virus RNA by Amplicore analysis (Roche Diagnostic
Systems) showed positive. The grading and staging of chronic hepatitis
associated with non-tumor lesion were histologically assessed according to
the method described by Desmet et al. [14] and histological typing of HCC
was assessed according to Ishak et al. [15]. All strategies used for gene
expression and protein expression analysis were approved by the Ethical
Committee of Kanazawa University Hospital.

Preparation of ¢cDNA microarray slides. In addition to in-house cDNA
microarray slides consisting of 1080 cDNA clones as previously described
[6.16- 18] we made new cDNA microarray slides for detailed analysis of
the signaling pathway of bolism and enzyme function in liver disease
[19]. Besides ¢DNA microarray analysis, a total of 256,550 tags were

Table 1

Charactenistics of patients involved in this study

Patient  Age Sex' Histology of non- Tumor Viral

No. tumor lesion” histology status
1 [t M F4Al Moderate HCV
2 65 M F4Al Well HCV
3 48 M F3Al Moderate HCV
4 69 F F4A2 Moderate HCV
5 6 F F4A2 Well HCV
6 45 M Fd4Al Well HCV
7 5 F F4Al Well HCV
8 446 M Fd4A2 Moderate HCV
9 6 M FlA2 Well HCV
10 % M F3Al Moderate HCV
I 67 F F4A2 Well HCV
12 64 M F4Al Moderate HCV

13 68 M F4A0 Well HCV

14 74 M F1AO Moderate HCV

* M. male; F, female.
" F. fibrosis; A, activity.

homogenized with lysis buffer (7 M urea, 2 M thiourea, 4% w/v CHAPS,
0.8 uM aprotinin, 15uM pepstatin, 0.1 mM PMSF, 0.5mM EDTA,
30 mM Tris-HCI, pH 8.5) and centrifuged at 13,000 rpm for 20 min at
4°C. The supernatants were used as protein samples. The protein con-
centrations were determined with a protein assay reagent (Bio-Rad). The
non-HCC and HCC samples (50 pg each) labeled with either Cy3 or Cy3
according to the manufacture’s manual were combined and separated on
2-DE gels together with the Cy2-labeled internal standard (1S), which was
prepared by mixing equal amounts of all samples. Analytical 2-DE was
performed as described previously [20] using I biline DryStrip (pH 3-
10, 24 cm. GE Healthcare) in the first dimension and 12.5% SDS-poly-
acrylamide gels (24 x 20 cm) in the second dimension. Samples were run in
triplicate to obtain statistically reasonable results. After scanning with a
Typhoon 9410 scanner (GE Healthcare), gels were silver stained for pro-
tein identification. For protein identification, 400 ug of the IS sample was
also separately run on a 2-DE gel and stained with SYPRO Ruby
(Invitrogen), All analytical and preparative gel images were processed
using ImageQuant (GE Healthcare) and the protein level analysis was
done with the DeCyder software (GE Healthcare), To detect phospho-
proteins, 400 pg of HCC and non-HCC samples were separately run on 2-
DE gels and stained with ProQ Diamond (Invitrogen). After acquiring
images, gels were counterstained with SYPRO Ruby to visualize total
proteins as described above.

Protein identification. The excised protein spots were in-gel digested
with porcine trypsin (Promega). For LC-ESI-IT MS/MS analysis using
LCQ Deca XP (Thermo Electron), the digested and dried peptides were
thsmlved in IDN of 0.1% formic acid in 2% acetonitrile (ACN). The

I were loaded onto CIB silica gel capillary columns
[Masx: Cl8, mxﬂlm.m]‘ and the elution from the column was directly
connected through a sprayer to an ESI-IT MS. Mobile phase A was 2%
ACN containing 0.1% formic acid, and mobile phase B was 90% ACN
containing 0.1% formic acid. A linear gradient from 5% to 65% of con-
centration B was applied to clute peptides. The ESI-IT MS was operated
in positive ion mode over the range of 350-2000 (m/z) and the database
search was carried out against the IPI Human using MASCOT (Matrix-
science). The following search parameters were used: the cutling enzyme,
trypsin; one missed cleavage allowed, mass tolerance window, +1 Da, the
MS/MS tolerance window, +0.8 Da; carbamidomethy! cystein and oxi-
dized methionine as fixed and variable modifications, respectively.

— 094 —
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Detection of phosphorylated peptide. Possible phosphorylation sites
were investigated by MALDI-TOF-MS using monoammonium phos-
phate (MAP) added matrix mainly according to Nabetani et al. [21]. An
additive of MAP was mixed with a-CHCA matrix solution (5 mg/mL,
0.1% TFA, 50% ACN aqueous) to 40 mM in final concentration. Trypisin
digests of the spots positively stained with ProQ) were dissolved into 4 pL
of 0.1% TFA. 50% ACN aqueous solution and | uL of the peptides
solution was spotted on the MALDI target plate. After drying up, 1 uL of
the MAP matrix was dropped on the dried peptide mixture. Voyager DE-
STR (ABI) was used 1o obtain mass spectra both in negative and positive
ion mode, MS peaks that had relatively stronger intensities in negative ion
maode than in positive ion mode were selected as candidates for acidically
maodified peptides.

Results and discussion

We identified 195 spots representing 125 proteins (Sup-
pl. Table 1) and obtained the corresponding mRNA
expression data for a total of 93 proteins (149 spots) (Sup-
pl. Table 2), These 93 proteins were classified according to
their biological processes and subcellular localizations into
categories described by the Gene Ontology Consortium
(http://www.gencontology.org/index.shtml) and about a
half of them were related to metabolic processes
(Fig. 1A). It is a general agreement that proteins with extre-
mely high or low p/ as well as hydrophobic proteins are dif-
ficult to be detected by 2-DE. Being consistent with this
notion, our analysis detected many cytoplasmic proteins
(Fig. 1B). Therefore, the protein expression data presented
here were biased in favor of cytoplasmic and soluble pro-
teins. The protein expression abundance between non-
HCC and HCC was calculated using the normalized spot
volume, which was the ratio of spot volume relative to IS
(Cy3:Cy2 or Cy5:Cy2) and we used the Student’s paired
r-test (p < 0.05) to select the protein spots which were
expressed differentially between non-HCC and HCC, using
2-DE gel images run in triplicate. The spot volume of a
multi-spotted protein was indicated as a total volume by
integrating the intensities of multiple spots as was done
by Gygi et al. [10], Comparison of protein expression pro-
files revealed that several proteins were expressed differen-
tially between HCC and non-HCC. Proteins whose
abundances increased >2-fold or decreased <1/2 in HCC
are listed in Table 2. While glutamine synthetase, vimentin,

Table 2
Proteins expressed differentially between HCC and non-HCC
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Fig. |. Classification of identified proteins according to their cellular
function (A) and subcellular localization (B).

annexin A2 and aldo-keto reductase were up-regulated,
carbonic anhydrase 2, argininosuccinate synthetase 1, car-
bonic anhydrase 1, fructose-1,6-bisphosphatase 1, and
betaine-homocysteine methyltransferase were down-regu-
lated in HCC. Up- or down-regulation of most of these
proteins in HCC has been reported previously [22 27].
Up-regulation of vimentin and annexin A2, and reduced
expression of carbonic anhydrase 1 and 2 was suspected
to be associated with cellular motility and metastasis
[23,24.26].

The mRNA expression abundance was calculated
from ¢cDNA microarray data. Hierarchical clustering of

Spot ID Protein name Refseq ID Theoretical Fold change (HCC/non-HCC)  References
p/ MW (kDa) Protein” mRNA

1353, 1354 Glutamine synthase NP_002056.2 643 427 2.06 3.08 [22
1039, 1046 Vimentin NP_003371 509 536 2.30 1.51 (23]
1716 Annexin A2 NP_001002857.1 7.57 388 257 1.82 124]
1685, 1699 Aldo-keto reductase 1B10 NP_064695 .12 362 4.29 4.73 [25]
1977 Carbonic anhydrase 2 NP_000058 687 293 0.39 0.62 [26])
1307, 1312, 1331  Argininosuccinate synthetase | NP_000041.2 B.08 468 0.41 0.30 [27]
1941 Carbonic anhydrase | NP_001729 6.59 289 0.47 1.25 [26]
1582 Fructose-1,6-bisphosph 1 NP_000498 6.54 372 0.48 0.36

1256 Betaine-homocysteine methyltransferase  NP_001704 641 454 0.48 0.40

* Integrated spot volume was used to calculate the fold change of multi-spotted proteins.
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Fig. 2. Comparative analysis of protein and mRNA expression profiles between HCC and non-HCC., (A) The HCC/non-HCC ratios of averaged protein
expression levels for 93 proteins were plotted against those of mRNA. Proteins related to metabolic pathways were indicated in closed circles and were
shown again in (B). Proteins related to the other biochemical pathways were indicated in open circles and shown in (C). Proteins listed in Table 3 were

indicated in (B) and (C). All graphs were depicted in log: scale.

Table 3

Proteins whose expression changes between HCC and non-HCC show poor correlation to mRNA expression changes

Spot Protein name Refseq ID  Theoretical Spot” Av, Spot p Protein Micro array Av. Micro array p
D r Ratio value ralio ralio value
pl MW
(kDa)
564 Transferrin NP_00ID54 68 79.3 2.23 0.035 1.61 0.45 33E-06
565 1.87 0.079
566 2.28 0.13
605 0.73 0.098
1489 Albumin NP_000468 59 713 - 0.63 125 0.47 2.3E-03
1941 Carbonic anhydrase 1 NP_001729 66 289 — 35E-03 047 1.25 0.39
2290 Peptidylprolyl NP_066953 7.7 18.1 — 5.0E-01 1.07 229 1.1IE-01
isomerase A
* Since transferrin was detected in multiple spots, averaged ratio and spot p value of each spot i1s shown.
Table 4
Multi-spotted proteins showing spot-to-spot differences in expression level between non-HCC and HCC
Spot 1D Spot Av, ratio Spot p value Protein name Refseq ID Theoretical Protein’ ratio
pl/ MW (kDa)
436 1.92 5.3E-04 Tumor rejection antigen (gp96) NP_003290 48 92.7 1.2
537 0.79 0.16
564 223 0.035 Transferrin NP_001054 6.8 79.3 1.61
565 1.87 0.079
566 2.28 0.13
605 0.73 0.098
1257 1.02 0.92 Fumarate hydratase NP_000134 8.8 548 0.8
1261 0.6 1.3E-03

* HCC/non-HCC protein ratios were calculated using integrated spot abundances.

gene expression was done with BRB-ArrayTools (http://
linus.nci.nih.gov/BRB-ArrayTools.htm). The filtered data
were log-transferred, normalized, centered, and applied
to the average linkage clustering with centered correla-
tion. BRB-ArrayTools contains a class comparison tool
based on univariate F tests to find genes differentially
expressed between predefined clinical groups. The permu-
tation distribution of the F statistic, based on 2000 ran-
dom permutations, was also used to confirm statistical

significance. A p value of less than 0.05 for differences
in HCC/non-HCC gene expression ratio was considered
significant.

The average HCC/non-HCC expression ratios of the 93
proteins were plotted against the mRNA ratios in Fig. 2,
where a positive value indicates increased expression in
HCC and a negative ratio indicates reduced expression.
The overall expression ratio of HCC/non-HCC indicated
noticeable correlation between protein and mRNA

—226—
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(Fig. 2A), and the Pearson’s correlation coeflicient for this
data set (93 proteins/genes) was 0.73. Next, we divided 93
proteins into those related to metabolism and others bio-
logical processes. The HCC/non-HCC ratios of protein
expression for metabolism-related proteins showed sub-
stantial correlation with those of mRNA (Fig. 2B,
r =0.9), whereas those of other proteins were poorly corre-
lated (Fig. 2C, r = 0.36). Extreme care must be taken in a
direct comparison of proteomic data with transcriptome
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because of multiple layers of discrepancies caused by the
distinct sensitivities of cDNA array hybridization and 2-
DE, the inability of 2 cDNA array to distinguish mRNA
isoforms and post-translational modifications of proteins.
Nevertheless, our results suggest that the expression of con-
siderable portion of proteins with metabolic function listed
here is regulated at transcriptional level. On the other
hand, post-transcriptional and/or post-translational pro-
cesses seem to be involved in the regulation of expression
level for proteins with other cellular functions as a whole.
Four proteins (albumin, transferrin, peptidylproryl isomer-
ase A, and carbonic anhydrase 1) showed apparent poor
correlation in protein and mRNA expression profiles
(Table 3 and Fig. 2). Transcriptional control might have lit-
tle effect on the expression changes of these proteins
between HCC and non-HCC.

A number of proteins were expressed as multiple spots
on 2-DE gels and most multi-spotted proteins showed little
spot-to-spot variations in the averaged HCC/non-HCC
ratio. Although we do not know how these multiple spots
were generated, many of them might be due to the confor-
mational equilibrium of proteins under clectrophoresis
rather than to any post-translational modifications [28].
On the other hand, the HCC/non-HCC expression ratios
of several multi-spotted proteins varied from spot to spot.
and three proteins (transferrin, fumarate hydratase, and
tumor rejection antigen gp96) were categorized as these
multi-spotted proteins (Table 4).

For example, gp96 was detected in two spots (spot #436
and 537) with distinct molecular mass and p/ and they
showed different HCC/non-HCC expression ratio
(Fig. 3A and B and Tuble 4). The expression of these two
isoforms was observed to change in the opposite direction
between non-HCC and HCC: #436 was up-regulated in
HCC (HCC/non-HCC ratio: 1.96) while #537 was down-
regulated (HCC/non-HCC ratio: 0.79) (Table 4 and
Fig. 3C and D). Gp96 is a glycoprotein present in endo-
plasmic reticulum and is supposed to function as a molec-

<
Fig. 3. Comparison of expression profiles of two gp96 spots between HCC
and non-HCC. The expression profile and phosphorylation of tumor
rejection antigen gp96 in HCC and non-HCC was investigated. Magnified
gel images and 3D views of two gp96 spots in non-HCC (A) and HCC (B)
were shown. Differences in expression level of two gp96 spots, #436 (C)
and #537 (D), between non-HCC and HCC were shown. The open circle
indicates the standardized abundance of the individual spot in each
sample. The closed square represents the averaged abundance of cach
gp96 spot. Magnified gel images of non-HCC (E) and HCC (F) stained
with ProQ. The #436 spot was positively stained with ProQ, while
unambiguous staining of the #3537 spot was not observed. Tryptic peptides
prepared from the spot #436 were analyzed by MALDI-TOF mass-
spectrometry in the positive ion mode (G) and the negative ion mode (H).
A peak of 2261.98 detected in positive ion mode corresponds to the amino
acid sequence from 512 to 530. In addition to the original peak (mf=:
2260.53). a peak mass shified by =80 Da was detected in the negative jon
mode. A predicted phosphorylation consensus motif for protein Kinase
CK2 is indicated in italics (G).
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ular chaperone and intracellular Ca®* regulator [29.30].
Several previous reports have shown that gp96 is glycosyl-
ated and phosphorylated, and exists as heterogeneous
molecular entities with various molecular weights [31]. In
order to know whether gp96 spots were phosphorylated
or not, we stained the 2-DE gels with ProQ Diamond
which is a dye specific to proteins phosphorylated on ser-
ine, threonine or tyrosine residues [32], and has been used
successfully to visualize phosphoproteins [33]. We found
that the spot #436 was positively stained with ProQ
(Fig. 3E and F). We further tried to detect possible phos-
phorylated peptides in the tryptic digests prepared from
#436 by MALDI-TOF-MS according to Nabetani et al.
[21]. Searching for those peaks that had relatively stronger
intensities in negative ion mode than in positive ion mode,
we found two peaks as candidates for acidically modified
peptides. They were assigned to the peptides SILFVPT-
SAPR (amino acid sequence: 385-395, data not shown)
and FQSSHHPTDITSLDQYVER (aa512-530). Fig. 3G
and H show the unmodified peak and the acidically modi-
fied peak (mass shifted by +80 Da in negative ion mode) of
the latter peptide, respectively. This peptide contained a
predicted phosphorylation consensus motif, [Ser or Thr}-
X-X-[Asp or Glu], for protein kinase CK2 (Fig. 3G) which
was suggested to phosphorylate gp96 [34]. These results
together with ProQ staining indicated that at least one
gp96 isoform was phosphorylated and was up-regulated
in HCC. Over-expression of gp96 in HCC has been
reported previously [35], though the reports that showed
over-expression of its phosphorylated form are rare. Fur-
ther investigation into biological meaning of gp96 phos-
phorylation may provide us important information about
HCC development.
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Background/Aims: Metabolic dysregulation is one of the risk factors for the development of hepatocellular carcinoma
(HCC). We investigated the activated metabolic pathway in HCC to identify its role in HCC growth and mortality.

Methods: Gene expression profiles of HCC tissues and non-cancerous liver tissues were obtained by serial analysis of
gene expression. Pathway analysis was performed to characterize the metabolic pathway activated in HCC. Suppression
of the activated pathway by RNA interference was used to evaluate its role in HCC in vitro. Relation of the pathway acti-
vation and prognosis was statistically examined.

Results: A total of 289 transcripts were up- or down-regulated in HCC compared with non-cancerous liver (P < 0.005).
Pathway analysis revealed that the lipogenic pathway regulated by sterol regulatory element binding factor 1 (SREBFI)
was activated in HCC, which was validated by real-time RT-PCR. Suppression of SREBFI induced growth arrest and
apoptosis whereas overexpression of SREBFI enhanced cell proliferation in human HCC cell lines. SREBFI protein
expression was evaluated in 54 HCC samples by immunohistochemistry, and Kaplan-Meier survival analysis indicated
that SREBFI-high HCC correlated with high mortality.

Conclusions: The lipogenic pathway is activated in a subset of HCC and contributes to cell proliferation and prognosis.
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1. Introduction

Hepatocellular carcinoma (HCC) is one of the most
frequently occurring malignancies in the world [1]. The
major risk factors associated with HCC include chronic
infection with hepatitis B virus (HBV) and hepatitis C
virus (HCV), alcohol abuse, and exposure to aflatoxin
B1 [2]. HCC usually develops from liver cirrhosis, which
involves continuous inflammation and hepatocyte
regeneration, suggesting that reactive oxygen species
and DNA damage are involved in the process of hepato-
carcinogenesis [3].

The development of gene expression profiling tech-
nologies including DNA microarrays and serial analysis

0168-8278/$34.00 ® 2008 European Association for the Study of the Liver. Published by Elsevier B.V. All rights reserved.
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of gene expression (SAGE) have enhanced our ability to
identify inventory transcripts and global genetic altera-
tions in HCC [4 10]. In general, these methods have
demonstrated that transcripts associated with cell
growth are up-regulated, whereas those related to inhi-
bition of cell growth are down-regulated, in HCC [11].
It is difficult, however, to decipher molecular pathways
activated during hepatocarcinogenesis.

Epidemiological studies suggest that metabolic dys-
regulation in the liver increases the risk of HCC develop-
ment. For example, diabetes is associated with a 2-fold
increase in the risk of HCC [12]. Obesity and hepatic ste-
atosis also increase the risk of HCC [13-15]. Further-
more, recent studies indicate that HCV infection
provokes hepatic steatosis, which may be a vulnerable
factor for liver inflammation and HCC development
[16,17]. Thus, dysregulation of a metabolic pathway
may play a crucial role to promote HCC growth, but
the molecular mechanism is still obscure. In this study,
we have utilized SAGE [18.19], which enables us to
monitor the differential expression of all genes, to deter-
mine the global changes in gene expression that occur
during hepatocarcinogenesis.

2. Materials and methods

2.1. Tissue samples

All HCC tissues, adjacent non-cancerous liver tissues, and nor-
mal liver tissues were obtained from 69 patients who underwent hep-
atectomy from 1997 to 2005 in Kanmwa University Hospital.
Normal liver tissue samples were ¢ i from p undergoing
surgical resection of the liver for lmtmt of metastatic colon can-
cer. HCC and surrounding non-cancerous liver samples were
obtained from patients undergoing surgical resection of the liver
for the treatment of HCC. The samples used for SAGE, real-time
reverse-transcription (RT)-PCR analysis, and immunohistochemistry
(IHC) are listed in Supplementul Table |. All samples used for
SAGE and real-time RT-PCR analysis were snap-frozen in liquid
nitrogen. Four normal liver tissues and 20 HCCs and their corre-
sponding non-cancerous liver tissues were used for real-time RT-
PCR analysis; seven of these HCC samples, along with 47 additional
HCC samples, were formalin-fixed paraffin-embedded and used for
IHC. HCC and adjacent non-cancerous liver were histologically
characterized as described [20].

All strategics used for gene expression analysis as well as tissuc
acquisition processes were approved by the Ethics Committee and
the Institutional Review Board of Kanazawa University Hospital.
All procedures and risks were explained verbally, and each patient pro-
vided written informed consent.

2.2. SAGE

Total RNA was purified from each homogenized tissue sample
using a ToTally RNA extraction kit (Ambion, Inc., Austin, TX),
and polyadenylated RNA was isolated using a MicroPoly (A) Pure
kit (Ambion). A total of 2.5 pyg mRNA per sample was analyzed by
SAGE [18]. SAGE libraries were randomly sequenced at the Genomic
Research Center (Shimadzu-Biotechnology, Kyoto, Japan), and the
sequence files were analyzed with SAGE 2000 software, The size of
cach SAGE library was normalized to 300,000 transcripts per library,
and the abundance of transcripts was compared by SAGE 2000 soft-

ware. Monte Carlo simulation was used to select genes with significant
differences in expression between two libraries without multiple
hypothesis testing correction (P < 0.005) [21]. Each SAGE tag was
annotated using a gene-mapping web site (hitp://www.ncbi.nlm.nih.-
gov/SAGE/findex.cgi).

2.3. Analysis of signaling networks

Ingenuity Pathways Analysis software (Ingenuity® Systems,
www.ingenuity.com) was used to investigate the molecular pathways
activated in an HCC SAGE hbrary compared with an adjacent non-
cancerous liver SAGE library. All rcluhl: lrlns:npl.s statistically
up-rcguhtedeCCm... ig ol

d and i with biologi
protein interactions, and gene regulatory net-

works using a \ reference-based data file with statistical

All identified pathways were screened individually. MetaCore™

software (GeneGo Inc., St. Joseph, MI) was used to evaluate candi-

date transcription [actors responsible for up-regulation of transcripts

in HCC.

2.4. RT-PCR

A l-pg aliquot of each total RNA was reverse-transcribed using
SuperScript 11 ranscriptase (Invi , Carlsbad, CA).
Real-time RT-PCR analysis was performed using ABI PRISM
7900 Sequence Detection System (Applied Biosystems, Foster City,
CA). Usm: the standard curve method, quantitative PCR was per-
formed in triplicate for each sample-primer set. Each sample was
normalized relative to Pactin. The assay IDs used were
Hs00231674_m! for sterol regulatory clement binding factor |
(SREBFI), Hs00203685_m1 for fatty acid desaturase 1 (FADSI)
;HsD0748952_s1 for stearoyl CoA desaturase (SCD); Hs001
88012 _ml for fatty acid synthase (FASN); and Hs99999_ml for p-
actin. SREBFla and SREBFl¢ mRNA levels were assayed by
semi-quantitative RT-PCR [22].

2.5. RNA Interference targeting SREBFI

Si-RNAs targeting SREBF! were constructed using a Stlencer™™
SiRNA Construction kit (Ambion) according to the manufacturer's
protocol. We constructed two different si-RNAs, targeting different
sites of SREBFI (SREBFI-1; CAGTGGCACTGACTCTTCC, SREBFI-
2; TCTACGACCAGTGGGACTG). Control si-RNA duplexes target-
ing scramble sequences were also synthesized (Dharmacon Research,
Inc., Lafayette, CO). Lipofectamine 2000™ reagent (Invitrogen) was
used for transfection according to the manufacturer’s instructions.

2.6. Cell proliferation assay

Cell proliferation assays were performed using a Cell Titer96 Aque-
ous kit (Promega, Madison, W1). Results are expressed as the mean
optical density (OD) of each five-well set, All experiments were
repeated al least twice.

2.7. Soft agar assay

To each well of a six-well plate, containing a base layer of 0.72%
agar in growth medium, was added 1 x 10* cells, suspended in 2 mi
of 0.36% agar with growth medium (DMEM supplemented with
10% FBS), and the plates were incubated at 37 °C in a 5% CO; incu-
bator for 2 weeks. The numbers of colonies in each well were counted
as previously described [23].

2.8. TUNEL assay
A DeadEnd™ Colorimetric TUNEL System (Promega) was

used to measure nuclear DNA fragmentation as described previously
[24].
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2.9. Annexin V staining

To evaluate apoptotic cell death, Annexin V binding to cell mem-
branes was evaluated using Annexin V-FITC antibodies and FAC-
SCalibur flow cy (BD Biosci , Franklin Lakes, NJ), as
described by the manufacturer.

2.10. Focus assay

HuH7 cells and Hep3B cells were transiently transfected with
pCMV7 or pPCMV7-SREBFI ¢ vectors (kmdly provided by Dr. Hitoshi
Shimano) using Lipofectamine 2000™ reagent (Invitrogen), as
described by the manufacturer. A total of 2 x 10° cells were seeded
on six-well plates 48 h after transfection, and cultured in usual media
with 400 ng/ml of Geneticin for 9 days. The foci were fixed with ice-
cold 100% methanol and stained with 0.5% crystal violet solution.
All experiments were performed in triplicates.

2.11. Western blotting

Whole cell lysates were prepared using RIPA lysis buffer. Antibod-
ies used were rabbit polyclonal antibodies to phospho-GSK-3p (ser9)
(Cell Signaling Technology Inc., Danvers, MA), rabbit anti-sterol reg-
ulatory element binding protein-1 (encoded by SREBFI) polyclonal
antibody H-160 (Santa Cruz Biotechnology, Inc., Santa Cruz, CA),
and B—actm (Sigma-Aldrich Japan K.K., Tokyo Japan), Tmmune

were visualized by enhanced chemiluminescence (Amer-
sham Biosciences Corp., Piscataway, NJ) as described in the manufac-
turer’s protocol.

2.12. Immunohistochemistry

Rabbit anti-SREBFI polyclonal antibody H-160 (Santa Cruz Bio-
technology, Inc.) and mouse anti-proliferating cell nuclear antigen
(PCNA) monoclonal antibody PCI10 (Calbiochem, San Diego, CA)
were used to evaluate the immunoreactivity of HCC samples, using a
DAKO EnVision+™ Kit, as described by the manufacturer, The sig-
nal intensity of SREBFI was scored as negative, low, or high deter-
mined by the representative staining of the normal liver tissue and
cirrhotic liver tissue (Supplemental Fig. 1), HCC was referred as
SREBFI-high if SREBFI expression in the tumor was higher than that
in the cirrhotic liver tissue. PCNA index was evaluated as previously
described [25].

2.13. Statistical analysis

Kruskal-Wallis test was used to compare the differentially
expressed genes, as shown by real-time PCR, among normal liver,
CLD, and HCC tissues. Mann-Whitney U test was also used to eval-
uate the statistical significance of differences of gene expression
between CLD and HCC tissues, Spearman’s correlation coefficient
was used lo assess correlations between the expression levels of
SREBFI1, FADS!], SCD, and FASN. Univariate Cox proportional haz-
ards reg:mmn anaiysls was used to evaluate the association of gene
exp and clinicop with patient outcomes.
All statistical analyses were perfurmed using SPSS software (SPSS
software package; SPSS Inc., Chicago, IL) and GraphPad Prism soft-
ware (GraphPad Software Inc., La Jolla, CA).

3. Results
3.1. Gene expression profiling of HCC
We constructed two SAGE libraries from a HCC

HBV tissue and a corresponding non-cancerous tissue
(chronic liver disease (CLD)-HBYV). We also used two

previously described SAGE libraries, from an HCC-
HCYV sample and a corresponding non-cancerous tissue
sample (CLD-HCV) [4]. After excluding tags detected
only once in each library, to avoid the contamination
of tags derived from sequence errors, we selected
105,288 tags corresponding to the 9731 genes in all
libraries. Using Monte Carlo simulation, we compared
the differentially expressed transcripts in HCC and cor-
responding CLD libraries. Compared with their corre-
sponding CLD libraries, there were statistically
significant increases or decreases in 140 transcripts in
the HCC-HBV library and in 197 transcripts in the
HCC-HCV library (P < 0.005).

The HCC-HBV library contained one SAGE tag
encoding the HBV-X region, which was increased more
than 35-fold compared with its expression in the corre-
sponding CLD-HBV library (Supplemental Table 2).
We identified two additional SAGE tags, encoding
unknown genes (GTTCTAAAGG, GCATTATGAT),
which were expressed more than 10-fold in the HCC-
HBV library than in the corresponding CLD-HBV
library. The HCC-HBV library also contained tags
associated with lipogenesis, at greater than 10-fold
abundance, in the HCC-HBV library; these including
tags for steroyl-CoA desaturase, fatty acid synthase,
and fatty acid desaturase 1.

In contrast, SAGE tags associated with the immune
response were up-regulated in the HCC-HCV library.
These included tags for Thl-type chemokines, including
chemokine ligand 10 (C-X-C motif), chemokine ligand
9 (C-X-C motif), and major histocompatibility complex
classes IA and IB (Supplemental Table 3). In addition,
tags associated with lipogenesis were increased in the
HCC-HCV library, including tags for 3-hydroxy-3-
methylglutaryl-coenzyme A synthase 1 and cytochrome
P450, family 51, subfamily A, polypeptide 1. Taken
together, the differential gene expression patterns may
exist in HCC-HBV and HCC-HCV, HBV-X and lipo-
genesis-related genes are activated in HCC-HBV,
whereas genes associated with inflammation as well as
lipogenesis are activated in HCC-HCV.

3.2. Analysis of molecular pathways activated in HCC

To further characterize the gene expression patterns
of HCC-HBV and HCC-HCV, we performed pathway
analysis on SAGE data. Using MetaCore™ software,
we found that the candidate transcription factors acti-
vated were distinct in each HCC library (Table 1).
Several of these transcription factors, including NF-
kB, c-Myc, c-Jun, and HNF4-o, have been reported to
be activated in HCC [26-29]. In addition, our findings
indicated that the transcription factor SREBFI may be
activated in both HCC-HBV and HCC-HCV (to avoid
a confusion, we use HUGO symbol SREBFI to indicate
both gene/protein name).
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Table 1

Candidate transcription factors that regulate molecular pathways activated in HCC.

103

SAGE library Transcription factor

Molecular processes

P-value

HCC-HCV NF-xB

SREBF]

SP1

IRFI

HCC-HBV HNF4-a

HNFI

SP1

c-Jun

C/EBP-a

SREBFI

c-Myc

USFI1

PPAR-a

COUP-TFI

C/EBP-B

Antigen presentalion

Antigen processing

Defense response

Immune response

Cholesterol biosynthesis

Lipid biosynthesis

B-Glucoside transport

Negative regulation of lipoprotein metabolism
Electron transport; drug metabolism

Oxygen and reactive oxygen species metabolism
Cell-substrate junction assembly; wound healing
Immune response

Antigen presentation; antigen processing
Defense response; positive regulation of cell

Lipid transport

Fatty acid metabolism

Smooth muscle cell proliferation

Acute-phase response; lipid transport

Negative regulation of lipid catabolism
B-Glucoside transport

Negative regulation of lipoprotein metabolism
Zinc ion homeostasis; response 1o biotic stimulus
Nitric oxide mediated signal transduction

Copper ion homeostasis; fatty acid biosynthesis
Prog one bolism; prog one metabolism
Regulation of lipid bolism;
Prostaglandin metabolism

Llp’ld tr port; msﬂh\ﬂ! lation of ilpld tab
Negative regulation of lipoprotein metabolism
P-Glucoside transport

Positive regulation of interleukin-8 biosynthesis
Lipid biosynthesis; fatty acid biosynthesis
Fatty acid metabolism

Negative regulation of lipid catabolism
Negative regulation of lipoprotein metabolism
Fatty acid biosynthesis; latty acid metabolism
Fatty acid desaturation;

Activation of pro-apoplotic gene products
Release of cytochrome ¢ from mitochondria
Fatty acid metabolism

Smooth muscle cell proliferation

Fatty acid metabolism

Smooth muscle cell proliferation

Lipid transport

Smooth muscle cell proliferation

Acute-phase response

Regulation of interleukin-6 biosynthesis

Fat cell differentiation

Inflammatory response

0.004

0.05

0.05

0.05

0.002

0.01

0.03

0.03

0.03

0.03

0,03

0.03

0.03

0.03

These findings were evaluated by other pathway anal-
ysis software, Ingenuity Pathways Analysis (IPA). We
applied the signaling network analysis to the transcripts
up-regulated in the HCC libraries (P < 0.005). We found
that the top signaling network activated in HCC-HBV
contained several pathways involved in ERK/MAPK
signaling, PPAR signaling, linoleic acid metabolism,
and fatty acid metabolism (Supplemental Fig. 2A). Sim-
ilarly, pathways involved in interferon signaling, NF-xB
signaling, antigen presentation, PPAR signaling, linoleic

acid metabolism, and fatty acid metabolism were
included in the top signaling network activated in
HCC-HCV (Supplemental Fig. 2B). Consistent with
the results of transcription factor analysis by
MetaCore™, pathway analysis indicated that SREBFI
participates in the lipogenesis pathway in both
HCC-HBV and HCC-HCYV (blue nodes in Supplemen-
tal Fig. 2A and B). SREBFI, a major regulator of the
lipogenesis pathway, binds to sterol regulatory clements
on the genome [30], but less is known about its role in
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HCC [31]. We therefore focused on the role of SREBFI
signaling in HCC.

3.3. Validation of SAGE and signaling network analysis

We performed real-time RT-PCR analysis of
SREBFI! and three representative target genes (SCD,
FADSI1, and FASN) [20] on 44 samples not used for
SAGE. We found that the levels of SREBFI, SCD,
and FASN mRNAs were higher in HCC tissues and
CLD tissues compared with normal liver, and that these
differences were statistically significant (Fig. 1A). We
further compared the expression of SREBFI, FADSI,
and FASN between HCC and non-cancerous liver tis-
sues, and identified the overexpression of SREBFI in
HCC with statistical significance (Supplemental
Fig. 3). Scatter plot analysis showed that the expression
levels of SREBFI were correlated with those of FADS/
(R=0.57, P<0.0001), SCD (R=0.82, P<0.0001),
and FASN (R=0.74, P <0.0001) (Fig. 1B).

Since the mammalian genome encodes two SREBFI
isoforms, SREBFla and SREBFIc [22], we performed
semi-quantitative RT-PCR with isoform specific primers
to determine which of these isoforms was up-regulated
in HCC. We found that SREBFlc mRNA, but not
SREBFla mRNA, was up-regulated in HCC compared
with adjacent non-cancerous liver and normal liver tis-
sues (Supplemental Fig. 4A).

3.4. Functional assay of the lipogenesis pathway in cell
lines

Although genome-wide expression profiling showed
that the lipogenesis pathway was activated in HCC
possibly through up-regulation of SREBFI, it was
not clear that this pathway played a role in HCC
growth. To investigate the role of lipogenesis in
HCC cell proliferation, we transfected two short inter-
fering (si)-RNAs (SREBFI-1 and SREBFI-2) targeting
SREBFI into the HuH7 and Hep3B cells. These cell
lines have no chromosome amplification or deletion
on 17pll, on which SREBFI is located [32] Transfec-
tion of the si-RNA constructs for SREBFI-1 or
SREBFI-2 decreased expression of SREBF] 90% and
70%, respectively, and the expression of both SCD
and FADS! 70% and 60%, respectively (Fig. 2A).
Because differences in SREBFlc and SREBFla
sequence alignments are very small, we could not
design si-RNAs specifically targeting SREBFlc. We
therefore checked the effect of si-RNAs on the expres-
sion of the SREBFI isoforms. We found that the
expression of SREBFIc was relatively more sup-
pressed than that of SREBFla (Supplemental
Fig. 4B), which may have been associated with the
higher expression of SREBFla than SREBFIc in cul-
tured cell lines [25].

We found that the growth of these transfected cells
was significantly inhibited at 72 h compared with mock
transfected cells (Fig. 2B and Supplemental Fig 5A).
Examination of anchorage independent cell growth
showed strong suppression by deactivation of the lipo-
genesis pathway (Fig. 2C). Because insulin-like growth
factor (IGF) is known to induce cancer cell proliferation
through activation of PI3-kinase signaling followed by
SREBFI induction, we investigated the effect of
SREBF! knockdown on IGF2 mediated cell prolifera-
tion. Interestingly, SREBFI knockdown abrogated the
IGF2 dependent cell proliferation (Supplementul
Fig. 5B). Moreover, both the TUNEL assay and
annexin V staining showed that transfection of SREBFI
si-RNAs increased apoptosis compared with mock
transfected cells (Fig. 2D and E).

We further investigated the role of SREBFI overex-
pression on cell growth in vitro. We transiently transfected
control pPCMV7 plasmids or pPCMV7-SREBFI¢ plasmids
(Fig. 3A), and cell proliferation was enhanced in SREBFI
overexpressing cells compared with the control in both
HuH7 and Hep3B cells evaluated by focus assay
(Fig. 3B and supplemental Fig. 6). Furthermore, overex-
pression of SREBFI intensified the phosphorylation of
GSK-3f, one of the major kinase phosphorylated by the
activation of IGF signaling, in a dose-dependent manner
(Fig. 3C).

3.5. SREBFI Expression and prognosis

Since the above results indicated that SREBFI signal-
ing may play an important role on tumor cell growth, we
investigated the relationship between SREBFI expres-
sion and mortality in 54 HCC patients by IHC. When
we examined the expression of SREBFI in HCC tissues
and adjacent non-cancerous liver tissues, we identified
the increase of the cytoplasmic SREBFI staining in a
subset of HCC (Fig. 4A), We evaluated the expression
of SREBFI in HCC and classified 4, 30, and 20 HCCs
as SREBFI-negative, SREBFI-low, and SREBFI-high
HCC, respectively (Fig. 4B and Supplemental Fig. 1).
We could not detect any differences of clinico-patholog-
ical characteristics between SREBFI-high HCC and
SREBFI-low/-negative HCC including histological stea-
tosis (Supplemental Tabled). Since the seven of these
HCC samples were also used for real-time RT-PCR
analysis, we investigated the relation of SREBFI RNA
and protein expression (Fig. 4C). SREBFIRNA expres-
sion was significantly higher in SREBFI-high HCC than
in SREBFI-low/-negative HCC with statistical signifi-
cance (P = 0.03). Then we examined the cell prolifera-
tion of these HCC samples by PCNA staining.
Notably, PCNA indexes were significantly higher in
SREBFI-high HCC than SREBFI-low/-negative HCC
with statistical significance (P < 0.001) (Fig. 4D). We
further investigated the relationship between SREBF]

—234—



lovol
8
1

50

axpression level

T. Yamashkita et al. | Journal of Hepatology 30 (2009) 100-110

=3 non-Cancerous SREBF1

I cc

F=0.005

normal kver (n = &)

CLD-HCV and HCC-HCV (n = 12) CLD-HBV and HCC-HBV (n = 8)

3 non-Cancerous FADS1

N cc

P=02

105

0
normal liver (n = 4) CLD-HCV and HCC-HCV (n = 12) CLD-HBV and HCC-HBV (n = 8)
75 7] [ nNon-Cancerous SCD
g I +cc
50 -
P < 0.0001
25 -
0 | | ' a B & .. 1
normal fver (n = 4) CLD-HCV and HCC-HCV (n = 12) CLD-HBV and HCC-HBV (n = 8)
400 7 [ Non-Cancerous FASN
E 300 | M Hcc
gm " P=0000
10T
5-
0 o a—u— ol
normal iver (n = &) CLD-HCV and HCC-HCV (n=12) CLD-HBV and HCC-HBV (n = 8)
B WY =087 W00y re082 - . 10007
. "o re0r4 .
104 #0000t b a8® 101 p<0.0001 100 .
. ﬁq-.- « *% 5 p<0.0001 .
= - 11 . 4
1 (Y. 8 " ey g ‘&
b3 e 011 s 17 % 'f.-t
. 2
019 0.01 . 0.1 .f
- -
o . . . : 0001 . - - . oot - -
oot o1 1 0 100 oo o 1 0 100 om 01 10
SREBFT SREBF1 SREBF1

Fig. 1. (A) Real-time quantitative RT-PCR analysis. RNA was isolated from 44 tissue samples: 20 HCC, 20 corresponding CLD, and four normal liver
samples. Differential expression of each gene among normal liver tissues, CLD tissves, and HCC tissues was examined by Kruskal-Wallis tests. (B)
Scatter plot analysis. Gene expression levels of FADS!, SCD and FASN were well-correlated with those of SREBFI, as shown by Spearman’s correlation

coefficients.

protein expression and prognosis. Kaplan-Meier sur-
vival analysis showed a significant relationship between
poor survival and high SREBFI protein expression
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(P=0.04; Fig. 4E). Univariate Cox regression analysis
showed a correlation between high SREBFI protein
expression and high risk of mortality with statistical



