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Abstract

Background: Hepatocellular carcinoma (HCC) is the third-leading cause of cancer-related deaths worldwide. It is often
diagnosed at an advanced stage, and hence typically has a poor prognosis. To identify distinct molecular mechanisms
for early HCC we developed a rat model of liver regeneration post-hepatectomy, as well as liver cells undergoing
malignant transformation and compared them to normal liver using a microarray approach. Subsequently, we
performed cross-species comparative analysis coupled with copy number alterations (CNA) of independent early
human HCC microarray studies to facilitate the identification of critical requlatory modules conserved across species.

Results: We identified 35 signature genes conserved across species, and shared among different types of early human
HCCs. Over 70% of signature genes were cancer-related, and more than 50% of the conserved genes were mapped to
human genomic CNA regions. Functional annotation revealed genes already implicated in HCC, as well as novel genes
which were not previously reported in liver tumors. A subset of differentially expressed genes was validated using
guantitative RT-PCR. Concordance was also confirmed for a significant number of genes and pathways in five
independent validation microarray datasets. Our results indicated alterations in a number of cancer related pathways,
including p53, p38 MAPK, ERK/MAPK, PI3K/AKT, and TGF- signaling pathways, and potential critical regulatory role of
MYC, ERBB2, HNF4A, and SMAD3 for early HCC transformation.

Conclusions: The integrative analysis of transcriptional deregulation, genomic CNA and comparative cross species
analysis brings new insights into the molecular profile of early hepatoma formation. This approach may lead to robust

biomarkers for the detection of early human HCC.

J

Background

Hepatocellular carcinoma (HCC) is the fifth most com-
mon cancer type, and is the third leading cause of cancer
mortality worldwide [1,2]. Recent reports show that HCC
is becoming more wide-spread and has dramatically
increased in North America Western Europe and Japan
[2-4]. Additionally, there is an increasing incidence of the
disease among younger age groups that warrants further
investigation [5,6].
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Recently considerable attention has been placed on
global gene expression studies as well as genomic aberra-
tions in order to understand the pathogenesis of HCC,
and to look for possible early markers of detection [7-13].
Although notable successes have been achieved, there
still exist significant challenges due to the heterogeneous
nature of HCC (and other cancers) as well as the com-
plexity of the molecular pathogenesis of this disease.
Depending on etiological and accompanying pathological
conditions, such as viral infection, cirrhosis, inflamma-
tion, fibrosis and others, the HCC signature genes identi-
fied thus far vary considerably. Additionally, the study of
tumor formation in the liver is difficult due to the contin-
uous transcriptome changes that occur during regenera-
tion after hepatectomy [14], as well as age related gene
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expression changes [15-17]. Similarly, cancer progresses
through a series of histopathological stages during which
genetic alterations accumulate, and a natural conse-
quence of this are the dynamic changes in gene expres-
sion patterns that occur during hepatocellular
carcinogenesis. Developing animal models of HCC pro-
vide an experimental ground for dissecting the genetic
and biological complexities of human cancer and contrib-
ute to our ability to identify and characterize pathogenic
modifications relevant to early stages of cancer develop-
ment and progression [18,19]. The previous studies have
used cross-species comparative genomics approach suc-
cessfully to understand the molecular pathogenesis of
various cancers [20-23]. Hence, combining cross-species
comparative and/or functional genomics approaches with
independent datasets from human and animal models of
HCC along with genomic DNA copy number alterations
enhances the ability to identify robust predictive markers
for HCC [23-26].

Here we present a comparative and integrative func-
tional genomics approach to find an early marker for
HCC. We developed a rat model and analyzed the tran-
scriptomes of early HCC versus regenerated liver and
normal liver in both young and old age animals using a
microarray of more than 27,000 annotated genes from
Celera and public repositories. We then performed cross-
species comparative genomics analysis to identify genes
that are conserved in rat and human early HCCs by re-
analyzing independent datasets for human early HCC
microarray expression profiling data [8,27] and also com-
paring with the Stanford HCC microarray data [7].
Finally, we performed an integrative analysis of DNA
genomic copy number alterations (CNAs) and gene
expression profiles (schematically outlined in Figure 1).
Our findings include some genes already reported to be
associated with human HCC, thus validating our
approach. We also report many other novel genes which
were not reported previously in liver cancers. Further-
more, we validated the high expression of eight potential
biomarker genes from the blood of patients with early
HCC using realtime RT-PCR. Our comparative and inte-
grative genomics approach involving the integration of
multiple high dimensional independent datasets may lead
to robust biomarkers for the detection of early HCC.

Results

Gene Expression Profiling Confirms Pathological
Classification

We performed genome-wide gene expression profiling of
24 samples for early HCC, regenerated liver and normal
liver of both young and old rats using Applied Biosystems
Rat Genome Survey microarray which includes more
than 27,000 annotated genes from Celera and public
repositories. To find genes that were differentially
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expressed across three different "treatment” types (i.e.
early HCC, regenerated, and normal), and two age groups
(old and young), we performed two-factor ANOVA to
look for variations due to treatment, age and their inter-
actions. The ANOVA identified 432 and 4063 genes that
were significantly modulated by treatment type and age
with p < 0.01, respectively. In addition, we found 322
genes that showed a significant interaction of age and
treatment effect (data not shown). The unsupervised
two-dimensional hierarchical clustering as well as princi-
pal component analysis (PCA) using genes which varied
significantly with the treatment effect clustered samples
according to their treatment type for both old and young
(Figure 2A and 2B), hence supporting the conclusion that
gene expression profiles robustly reflected the histologi-
cal classification.

Identifying HCC Specific Genes Conserved Across Old and
Young

The ANOVA identified 432 genes that showed significant
expression differences due to treatment in both age
groups (p-value < 0.01) were subjected to a template
matching algorithm (TMA) [28] to identify HCC specific
genes conserved across both age groups. We identified 96
up-regulated and 38 down-regulated genes specific to
HCC (template-match p-values < 0.01) (Figure 2C and
Additional file 1).

The gene ontology and functional network analyses of
HCC specific genes were performed using the Ingenuity
knowledge base. The biological functions assigned to the
dataset are ranked according to the significance of that
biological function to the dataset. The enriched func-
tional categories and diseases include carcinogenesis, cell
cycle, immune response, cell morphology, cellular devel-
opment, and growth and proliferation (Figure 2D). The
PANTHER also revealed that signal transduction (p-
value = 7.17 x 104), proteolysis (p-value = 1.59 x 10-3),
cell motility (p-value = 391 x 10-3), immunity and
defense (p-value = 1.07 x 10-2), and cell proliferation and
differentiation (p-value = 4.9 x 10-2) were among the
most enriched biological processes in the HCC specific
genes. The most significantly altered pathways include
p53, p38 MAPK, insulin/IGF pathway-protein kinase B
signaling cascade, apoptosis, interleukin and integrin sig-
naling pathways. The gene interaction network also cor-
roborated with the altered pathways (Figure 2E).

Age-Dependent Differences in Early HCC Differentiated
from Regeneration

We found a significant interaction of age and treatment
effect in our two-factor ANOVA analysis. Indeed, the
hepatic transcriptome changes with ageing as in other
cancer types, and age is a potential confounding factor
embedded in gene expression profiles [15,16]. Therefore,
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Figure 1 Integrative and cross-species comparative genomics approach to identify evolutionary conserved inter-species biomarkers for
early HCC differentiated from liver regeneration. Gene expression signature for early rat HCC is differentiated from liver regeneration and normal
liver in young and old using a microarray approach. Next, the cross-species comparative analysis was performed to identify genes that are conserved
in early rat HCCs and in multiple independent early human HCCs, which would facilitate the identification of critical regulatory modules in the expres-
sion profiles. Finally, the integrative analysis of genomic copy number alteration (CNA) regions and gene expression profiles as well as independent

validation analyses both in silico and with quantitative realtime RT-PCR were performed. HCC, hepatocellular carcinoma.

we stratified samples as young and old cohorts, and iden-
tified HCC and regeneration specific genes using one-
way ANOVA in each age group separately. The ANOVA
identified 925 and 408 significantly dysregulated genes
(up or down) due to the different treatment types in old
and young animal groups (p-value < 0.02), respectively.
The hierarchical clustering in both dimensions (samples
and genes), as well as the PCA clearly separated samples
based on the treatment type (Additional file 2), The gene
expression clustering distance between the HCC group
and the other two groups (regenerated and normal) was
the greatest in both age groups (Additional file 2).

Early HCC signature genes in each age group were
obtained by overlapping gene lists. Each circle in the
Venn diagram represents the differential expression

between two treatment types. We identified 80 genes and
100 genes specific to hepatoma in young and old, respec-
tively (Figure 3A and Additional file 3). As seen from the
heatmap of HCC specific genes, these sets of genes were
exclusively up/down regulated in the HCC group only
(Figure 3B and Additional file 3). The expression of Pbsn,
Lum, Adam8, Ctse, Calb3, Fbnl, Agtpbpl, Proml, Elal,
Tnfsf13, and Ap2bl were significantly altered in both
young and old rats with early HCC. The genes A2m,
Cdhl3, Masl, Slack, Cidea, and Dcn were significantly
dysregulated exclusively in HCC in the young; whereas
Cxcl5, Lox, Slc25a2, Rmtl, and Nid2, were specific to
HCC in old rats. We also identified regeneration specific
genes in old and young rats in a similar approach (data
not shown).
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Figure 2 Early HCC signature genes conserved across old and young rats. (A) The unsupervised two-dimensional hierarchical clustering using
genes that were significantly modulated due to treatment type across all samples (p < 0.01) clustered samples based on their treatment groups (HCC,
regenerated and normal). Highly expressed genes are indicated in red, intermediate in black and weakly expressed in green. (B)The three dominant
PCA components that contained around 60% of the variance in the data matrix separated samples based on treatment as well as age groups. (C) Heat-
map of HCC signature genes conserved across old and young (D) Functional analysis of HCC specific genes. X-axis indicates the significance (-log p-
value) of the functional association that is dependent on the number of genes in a class as well as biologic relevance (E) Gene interaction network of
HCC specific genes generated by IPA analysis. Nodes represent genes, with their shape representing the functional class of the gene product, and
edges indicate biological relationship between the nodes.
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Figure 3 Heatmap and gene interaction networks of early HCC specific genes in young. (A) Venn diagram characterizing differential gene ex-
pression between and specific to different treatment types: early rat HCC (DY), regenerated (RY), and normal (NY). The number of HCC specific genes,
80, is circled in black. (B) Heatmap of HCC specific genes exclusively dysregulated (up/down regulated) in the HCC group only. (C-E) Top three scoring
gene interaction networks (with highest relevance scores). Nodes represent genes, with their shape representing the functional class of the gene

product, and edges indicate biological relationship between the nodes (see legend in Figure 2). (F) Top network functions associated with three net-

works shown. An IPA score of three indicates that there is 1/1000 (score = -log (p-value)) chance that the focus genes are assigned to a network ran-
domly.
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Functional Comparison of Hepatoma and Regeneration in
Young and Old

Early HCC signature genes in young animals were mainly
associated with cancer, cell cycle, immune response, cel-
lular function and maintenance, development, cell adhe-
sion-mediated  signaling, proteolysis, and signal
transduction, whereas genes in old animals were highly
associated with cancer, cellular movement, extracellular
transport and import, cell adhesion, tissue development,
cell morphology, cell-to-cell signaling and interaction. On
the other hand, the regeneration specific genes were
mainly associated with mRNA transcription and regula-
tion, lipid metabolism, protein modification, protein
phosphorylation, cell morphology, cellular development,
small molecule biochemistry, and cellular growth and
proliferation (Table 1). To gain more insights into HCC
pathogenesis for young and old age early HCCs, we car-
ried out gene interaction networks of HCC specific genes
in young and old (Figure 3C, D and 3E and Additional file
3, respectively). The interaction networks highlight the
important role of p53, p38 MAPK, ERK/MAPK, PI3K/
AKT signaling, NF-kB and TGF-p pathways in early rat
HCC.

Cross-Species Comparative Genomic Analysis

To identify how many of our early rat HCC signature
genes were conserved in early human HCCs, we re-ana-
lyzed two independently performed microarray datasets
for early human HCC from Wurmbach et. al. [8] and Mas
et. al. [27]. The Wurmbach et. al.'s dataset composed of
19 early HCC patients and 10 normal controls, and the
Mas et. al. dataset was composed of 16 cirrhotic livers
with early HCC, 38 HCV associated HCC, and 19 normal
livers. In addition, we also compared our signature genes
with the OncodB.HCC database for 57 HCC patients
from the Stanford HCC microarray data. The comparison
of our rat early HCC signature genes (human ortholo-
gous) with the re-analyzed early human HCCs datasets
revealed that 154 unique genes were conserved with early
human HCCs (p < 0.001), and 35 of those were shared by
all datasets analyzed (Table 2, Figure 1). We found that
unsupervised clustering using the conserved signature
gene list across species was sufficient to separate individ-
uals in both Wurmbach's and Mas' human HCC samples
as either early HCC patients or normal controls (data not
shown). The gene interaction network analysis of the 154
signature genes indicated the importance of NF-kB, RAS
and JNK activation in early hepatoma formation (Addi-
tional file 4). The network analysis of 35 cross-species
conserved early HCC signature genes reveals the impor-
tant roles of ERK/MAPK, PI3K/AKT, and TGE-p path-
ways (Figure 4). It also indicated a potential critical
regulatory role of MYC, ERBB2, HNF4A, and SMAD3 for
malignant transformation to early HCC (Figure 4B).
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Integrative Analysis of Transcriptional Deregulation with
Genomic Copy Number Aberrations

Various studies have reported chromosomal instability at
chromosomal regions associated with many cancers,
including human HCC copy number (CN) status
[7,9,26,29,30]. These genomic modifications, which in
part are reflected in changes in DNA copy number (CN),
may alter the transcriptional control mechanism, and
hence impact gene expression levels [31,32]. Hence, we
compiled genes located in CNA regions reported in three
independent genome copy number studies of human
HCC [7,9,10]. The integration of 154 early HCC signature
genes with the copy number data resulted in 75 genes
that mapped to human CNA chromosomal loci genes
including COL1IA1, CCNA2, NFATC2, F2, DCK, MMP2,
GJA1, VIM, LGALS3BE, and SP100. The interaction net-
work of those genes further corroborated with the activa-
tion of the NF-«B, p38 MAPK, AP1, and JNK pathways
(Figure 5). We found that almost 50% of the 35 cross-spe-
cies conserved signature genes that are common to differ-
ent types of early HCCs analyzed were mapped to
genomic locations within the CNA regions (Table 2).

Independent Validation Set Analysis

As a validation of our results, we analyzed four indepen-
dently performed microarray datasets for early human
and rat HCCs [19,33-35] using the analysis procedure
defined in the "Methods" section on the new datasets.
The first validation dataset was from Chiang et.al. [33]
using Affymetrix short oligo arrays. The dataset was
composed of 91 HCV-related HCC tumor samples, of
which 65 were very early or early stage disease, which we
used in our re-analysis and comparison. The re-analyzed
validation dataset showed a significant number of genes
(p < 10%) in common with our analysis results. In fact,
more than 50% of our cross-species conserved genes were
also differentially expressed in early HCC compared to
normal controls in the validation dataset (Table 2). The
significance of overlaps was calculated using hypergeo-
metric distributional assumption [36] and p-values were
adjusted using Bonferroni correction for multiple com-
parisons [37]. In addition, unsupervised clustering was
performed using our 35- gene signature to cluster the
samples from Chiang et. al. We found that using our sig-
nature gene list was sufficient to separate individuals in
Chiang et. al.'s study as either early HCC patients or nor-
mal controls (Additional file 5).

Moreover, we found a significant number of genes in
common with the second dataset from Boyault et. al. [34]
which consisted of 57 human HCCs and five samples of
pooled non-tumorus tissues, and a third gene expression
dataset from Liao et. al. [35] consisting of human HCC
from various stages (we used expression data for only the
early stage of the disease) (Table 2). Furthermore, we
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Table 1: Functional comparison of hepatoma and regeneration in young and old
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Molecular and Cellular Functions Significance Number of genes1 (%)
Hepatoma in Young

Cancer 2.1x103-49x1072 12 333
Cellular Development 46x103-49x%x102 8 22.2
Immune Response 2.5%x105-4.5% 102 7 19.4
Skeletal and Muscular System Development and Function 9.1 x104-4.5% 102 7 19.4
Cell Morphology 4.6x%x103-49x%x1072 7 19.4
Nervous System Development and Function 46%x103-49x102 6 16.7
Hair and Skin Development and Function 2.1x105-14x%x102 4 1.1
Cell Cycle 8.6%x105-4.8x 102 4 1.1
Cellular Function and Maintenance 2.1x104-45x1072 4 1.1
Amino Acid Metabolism 4.6x103-49x102 3 83
Cell Death 4.6%x103-49x%1072 3 8.3
Hepatoma in Old

Cancer 3.6 x103-48x 1072 15 46.9
Cellular Movement 23%x103-48x1072 13 40.6
Cell-to-Cell Signaling and Interaction 49%x103-4.81072 10 31.3
Tissue Development 4.7%103-39x%x102 9 28.1
Cell Morphology 49%x103-49x%1072 9 28.1
Organ Development 3.1x103-48x 1072 6 18.8
Embryonic Development 34x103-4.7 %102 5 15.6
Organ Morphology 3.1x103-34x%x102 4 125
Cell Death 49x103-3.9x%x102 4 12.5
Skeletal and Muscular System Development and Function 4.7%x103-1.9x%x 1072 3 9.4
Amino Acid Metabolism 49x103-43 %102 2 6.3
Regenerated in Young

Cellular Growth and Proliferation 1.6x103-4.8x 102 5 385
Skeletal and Muscular System Development and Function 1.6%x103-3.7x 1072 5 385
Cell Morphology 1.6x103-4.9%x 102 4 30.8
Cellular Assembly and Organization 1.6%x103-4.9x 1072 4 30.8
Cell-to-Cell Signaling and Interaction 1.6%x103-4.9x 1072 4 30.8
Small Molecule Biochemistry 1.6Xx103-47 %102 4 30.8
Tissue Development 1.9%103-48x%x 102 4 30.8
Cellular Development 1.6x103-49x%x 102 3 23.1
Cell cycle 1.4%x103-5,0x 102 3 23.1
Amino Acid Metabolism 1.6x103-4.6x 102 2 15.4
Cellular Function and Maintenance 1.6x103-3.2%x 102 2 154
Nervous System Development and Function 1.6%x103-4.8x 102 2 15.4
Regenerated in Old

Nervous System Development and Function 4.2%x105-42x102 22 379
Molecular Transport 3.8x103-42x1072 19 3238
Cell Morphology 1.3x104-3.8% 102 15 25.9
Small Molecule Biochemistry 1.1%x103-42x102 15 259
Cellular Movement 1.5x103-4.2%x 102 15 259
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Table 1: Functional comparison of hepatoma and regeneration in young and old (Continued)

Cell Signaling 7.1x103-23x%x102 15 259
Cell-to-Cell Signaling and Interaction 7.1x103-3.9x%x 1072 12 20.7
Tissue Morphology 23%x10%-4.2x1072 1 19.0
Lipid Metabolism 1.1x103-3.8%102 10 17.2
Cellular Growth and Proliferation 3.2x103-3.7 %102 10 17.2
Skeletal and Muscular System Development and Function 3.2x103-3.7%x 102 9 15.5
Cellular Assembly and Organization 7.1x103-4.1%x102 8 13.8
Cellular Function and Maintenance 7.1%x103-35x1072 7 12.1
Cellular Development 1.9%104-3.7 X102 5 8.6

TThirty six, 32, 13, and 94 genes of the signature genes for HCC in young, HCC in old, Regenerated in young and Regenerated in old, respectively,

mapped to corresponding genes in the knowledgebase.

obtained consistent results with the DEN-induced HCC
in rats from [19,38]. The IPA functional and network
analysis of all validation datasets revealed a significant
number of overrepresented functional categories and
pathways in common with our results. Of note, cell death,
cancer, cellular development, cellular growth and prolif-
eration, organismal development, transport, and cell
cycle came up as significantly enriched categories in both
the validation datasets and our analyses. The interaction
networks analyses of significantly dysregulated genes in
validation datasets highlight the important roles of MYC,
ERK/MAPK, AKT, NF-xB and TGEF-B signaling path-
ways. The similar findings between our results and the
independent validation sets argue against random chance

accounting for the observed enrichment of these func-
tional categories and pathways.

Validation of Microarray Data for Early Rat HCC by Realtime
RT-PCR

To confirm the microarray results by an independent
method, we validated expression levels of six randomly
selected differentially regulated genes (Pbsn, Cdhl3, Lum,
Nid2, Dcn, Slc22a5) in early rat HCC by realtime quanti-
tative RT-PCR. A highly significant correlation existed
between the microarray and realtime RT-PCR results (r =
0.97, p value < 0.001) (Figure 6), thus demonstrating the
reliability of our gene expression measurements. The
selected genes and their interaction networks with other
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genes are shown (Figures 3C, D and 3E, 4A, and Addi-
tional file 3).

Validation of Potential Biomarker Genes from Whole Blood
of Patients with Early HCC Using qRT-PCR

To further validate the differential expression of potential
biomarker genes using realtime RT-PCR from the blood
of early HCC patients and healthy control subjects (ten
subjects in each group), we selected eight genes (GJAI,
VIM, IGFBP3, COL1A1, SP100, MMP2, LGALS3BPB and
DPP4) among early HCC gene signature with CNA
(denoted with asterisk in Table 2) and were differentially
regulated in at least one of the independent datasets. We
confirmed a statistically significant increase in the
expression of these biomarker genes in early HCC
patients relative to healthy control subjects (p-value <
0.05) (Table 2, Figure 7); hence demonstrating the robust-
ness of the cross-species integrated genomics procedure.

Discussion

The present study sought to identify evolutionarily con-
served inter-species biomarkers for early HCC differenti-
ated from liver regeneration using integrative and cross-
species comparative genomic approaches. The main con-
tributions of this study are as follows: First, we developed
a rat model of liver regeneration post-hepatectomy
(return to quiescence), as well as liver cells undergoing
malignant transformation and compared them to normal
liver using a comprehensive microarray of 27,000 publicly
available and Celera annotated rat genes. We included the
liver regeneration in our model, as regeneration is a criti-
cal component in the surgical treatment of HCC, and fre-
quently associated with HCC occurrence [39]. Though
liver cells can regenerate, they do not typically transform
and lead to HCC [40]. Therefore, an early HCC marker
needs to be unique for the tumorigenic process and not
overlap with the transcriptome changes that occur in
regenerating or normal liver tissue. As ageing is also
known to be a confounding factor embedded in gene
expression profile data [15-17], we included age as a fac-
tor in our multi-factor statistical analysis, and identified
age-specific differences in early HCC. Secondly, we per-
formed cross-species comparative analysis to identify
genes that are conserved in early rat HCCs and in multi-
ple independently performed early human HCCs which
would facilitate the identification of critical regulatory
modules conserved across species in the expression pro-
files. Finally, we integrated genomic CNA data associated
with the human HCCs with the transcriptomic profile,
and performed validation analyses both in silico and with
quantitative realtime RT-PCR (as schematically outlined
in Figure 1). As CNAs have clear impact on expression
levels in a variety of tumors [26,29,30], this dual strategy
is very effective for interpreting the DNA and RNA level
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anomalies in cancer, in order to identify genes involved
with tumor initiation and progression [24,26].

The validation analyses demonstrated great concor-
dance of our results with other data sets using various
microarray platforms. The ABI 1700 system has a unique
approach in identifying dysregulated genes since it tar-
gets genes from both Celera and Public databases and uti-
lizes chemiluminescently enhanced detection that is
likely to determine relatively rare mRNAs. Also, our con-
firmatory quantitative realtime RT-PCR experiments dis-
played a strong correlation with the microarray results,
adding to the validity of the present observations. This is
in agreement with some recent studies showing a linear
relationship for real-time and conventional reverse tran-
scription and therefore validates the robustness of mRNA
quantification using either microarrays or quantitative
RT-PCR[41]. Hence this allowed us to identify potential
biomarkers for human early HCC and to gain further
insight into the mechanism of early hepatoma formation.

We performed a two-step algorithm to identify early rat
HCC signature genes: In the first step, a two-way
ANOVA was performed including treatment and age as
well as thei