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A B S T R A C T

DNA microarray analysis of human cancer has resulted in considerable accumulation of

global gene profiles. However, extraction and understanding the underlying biology of

cancer progression remains a significant challenge. This study applied a novel integrative

computational and analytical approach to this challenge in human hepatocellular carci-

noma (HCC) with the aim of identifying potential molecular markers or novel therapeutic

targets. We analysed 100 HCC tissue samples by human 30 K DNA microarray. The gene

expression data were uploaded into the network analysis tool, and the biological networks

were displayed graphically. We identified several activated ‘hotspot’ regions harbouring a

concentration of upregulated genes. Several ‘hotspot’ regions revealed integrin and

Akt/NF-jB signalling. We identified key members linked to these signalling pathways

including osteopontin (SPP1), glypican-3 (GPC3), annexin 2 (ANXA2), S100A10 and vimentin

(VIM). Our integrative approach should significantly enhance the power of microarray data

in identifying novel potential targets in human cancer.

� 2008 Elsevier Ltd. All rights reserved.
1. Introduction

Investigation of various cancers at the molecular level is well

underway through functional approaches including DNA

microarray technology that can simultaneously detect the

expression levels of tens of thousands of genes. The resulting

wealth of data has been analysed with a variety of clustering,

partitioning and pattern-matching algorithms in the quest to

generate molecular signatures for several human malignant

tumours with respect to their stage, prognostic outcome

and response to therapy.

Notwithstanding the obvious power of the genomic data

generated, these molecular analyses have not yielded the ex-
er Ltd. All rights reserved

; fax: +81 6 6879 3259.
Takemasa).
pected advances in our understanding of the mechanisms of

cancer development, or the identification of critical genomic

and molecular aberrations that would improve the precision

of diagnosis or serve as therapeutic targets. This is mainly

due to the overwhelming diversity of genome-wide interac-

tions and gene-expression patterns, which limit effective

learning from experimental data alone. Network analysis tech-

nologies are currently addressing this problem by mapping the

gene expression data into relevant networks based on known

mammalian biology, derived from basic and clinical research.

To this end, our group has combined microarray analysis with

a computational tool to obtain further biological insights into

the regulatory networks of differentially expressed genes and
.
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Table 1 – Clinicopathological characteristics of 100
patients with HCC

Clinicopathological features n

Age

Median 66

Range 47–81

Gender

Male 81

Female 19

Virus

HBV 21

HCV 40

Both 28

None 11

Child-Turcotte-Pugh stage

A 77

B 23

C 0

Liver cirrhosis

Present 42

Absent 58

AFP

<200 ng/ml 71

P200 ng/mg 29

PIVKA-II

<50mAU/ml 36

P50mAU/ml 64

Tumour size

<5.0 cm 76

P5.0 cm 24

Edmonson grading

1–2 43

3–4 57

Histologic type of tumour

Well differentiated 4

Moderately differentiated 41

Poorly differentiated 55

Vascular invasion

Present 41

Absent 59

Intrahepatic metastasis

Present 22

Absent 78

Pathological stage

I 23

II 52

III 20

IVA 5

CLIP score

0 56

1 35

2 8

3 0

4 1

5 0

6 0

JIS score

0 18

1 46

2 26

3 9

4 1

5 0

CLIP score; The cancer of Liver Italian Program score.

JIS score; The Japan Integrated Staging score.
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the corresponding canonical pathways related to the progres-

sion of cancer. We applied this integrative approach to human

hepatocellular carcinoma (HCC), the fifth most common malig-

nancy worldwide.1,2 Despite the remarkable improvements in

diagnosis and patient management, the outcome for patients

with HCC remains grave, mainly due to the advanced tumour

stage accelerated by intrahepatic tumour spread and frequent

tumour recurrence.3 Hepatocarcinogenesis is a multistep pro-

cess involving somatic mutations, loss of tumour suppressor

genes and possibly the activation or overexpression of certain

oncogenes.4 These events lead to changes in the expression of

numerous genes, and comparison of gene expression patterns

between HCC and normal liver tissue is a popular method for

characterising tumour properties and identifying novel target

genes for possible therapy. However, this method has not pro-

ven to be sufficiently definitive in identifying genetic determi-

nants of specific HCC regulatory pathways. New approaches

are urgently needed to better understand the underlying

mechanisms of hepatocarcinogenesis, and to develop new

therapeutic approaches targeted to HCC-specific molecular

abnormalities. By highlighting several activated regions in

the genome (known as ‘hotspot’ regions5,6) involved in regulat-

ing the progression of HCC, we have identified significantly

upregulated genes linked to these ‘hotspot’ pathways as po-

tential key molecules.

Our integrative analysis revealed two ‘hotspot’ canonical

pathways (integrin and Akt/NF-jB signalling pathways) and

identified five potential key genes that were upregulated in

the majority of HCC tumours. We further investigated two

of these potential key molecules, ANXA2 and S100A10, which

were upregulated at the protein and mRNA levels in most

HCC samples. Importantly, because it is proteins that func-

tion in networks controlling critical cellular events,7 it is rea-

sonable to speculate that coexpression of ANXA2 and

S100A10 at the protein level might have an impact on hepato-

carcinogenesis through the activated ‘hotspot’ pathway.

2. Materials and methods

2.1. Tissue samples

Samples from 100 HCC tissues and seven normal livers

without virus infection were obtained with informed consent

from patients who underwent hepatic resection at Osaka

University Hospital from 1997 to 2003. Tissue specimens

(approximately 5 mm3) for RNA isolation were stored at

–80 �C until use. All tissue specimens were submitted for rou-

tine pathological evaluation and confirmation of diagnosis.

The histopathological characterisation of HCC was based on

the Classification of the Liver Cancer Study Group of Japan.

Table 1 lists the clinicopathological features of the 100 cases

of HCC.

2.2. Extraction and quality assessment of RNA

Total RNA was purified from tissue samples using TRIzol

reagent (Invitrogen, San Diego, CA) as described by the man-

ufacturer. The integrity of RNA was assessed on an Agilent

2100 Bioanalyzer and RNA 6000 LabChip kits (Yokokawa Ana-
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lytical Systems, Tokyo, Japan). Only high-quality RNA with in-

tact 18s and 28s RNA was used for subsequent analysis. Seven

RNA extractions from different normal liver tissue were

mixed as the control reference.

2.3. Preparation of fluorescently labelled aRNA targets
and hybridisation

Extracted RNA samples were amplified with T7 RNA polymer-

ase using the Amino Allyl MessageAmpTM aRNA kit (Ambion,

Austin, TM) according to the protocol provided by the manu-

facturer. The quality of each Amino Allyl-aRNA sample was

checked on the Agilent 2100 Bioanalyzer. Five micrograms of

control and experimental aRNA samples were labelled with

Cy3 and Cy5, respectively, mixed and hybridised on an oligo-

nucleotide microarray covering 30,336 human probes (Ace-

Gene Human 30K; DNA Chip Research Inc. and Hitachi

Software Engineering Co., Yokohama, Japan). The experimen-

tal protocol is available at http://www.dna-chip.co.jp/thesis/

AceGeneProtocol.pdf. The microarrays were scanned on a

ScanArray 4000 (GSI Lumonics, Billerica, MA).

2.4. Analysis of microarray data

Signal values were calculated using DNASIS Array Software

(Hitachi Software Inc., Tokyo). Following background subtrac-

tion, data with low signal intensities were excluded from

additional investigation. In each sample, the Cy5/Cy3 ratio

values were log-transformed. Then, global equalisation to

remove a deviation of the signal intensity between whole

Cy3- and Cy5-fluorescence was performed by subtracting

the median of all log(Cy5/Cy3) values from each log(Cy5/

Cy3) value. Genes with missing values in more than 20% of

samples were excluded from further analysis; a total of

16,923 genes out of 30,336 were available for analysis.

2.5. Gene network analysis

We further analysed the signature genes of HCC by Ingenuity

Pathways Analysis (Ingenuity systems, Mountain View, CA;

http://www.ingenuity.com), a web-delivered application that

enables biologists to discover, visualise and explore relevant

networks significant to their experimental results, such as

gene expression array datasets. The application makes use

of the Ingenuity Pathways Knowledge Base (IPKB), which con-

tains large amounts of individually modelled relationships

between gene objects (e.g., genes, mRNAs and proteins) to

dynamically generate significant biological networks and

pathways. The submitted genes that are mapped to the corre-

sponding gene objects in the IPKB are called ‘focus genes’.
Table 2 – Candidate genes and expression ratio of microarray

CDS ID Gene symbol

NM_000582 SPP1 Secreted ph

NM_004484 GPC3 Glypican 3

NM_004039 ANXA2 Annexin 2

M38591 S100A10 Cellular liga

NM_003380 VIM Vimentin
The focus genes are used as the starting point for generating

biological networks. To start building a network, the Ingenu-

ity software queries the IPKB for interactions between focus

genes and all the other genes stored in the IPKB, and then

generates a set of networks with a maximum network size

of 35 genes. A p value for each network is calculated according

to the fit of the user’s set of significant genes. This is accom-

plished by comparing the number of focus genes that partic-

ipate in a given network relative to the total number of

occurrences of those genes in all networks stored in the IPKB.

The score of a network is displayed as the negative log of the p

value, indicating the probability that a collection of genes

equal to or greater than the number in a network could be

achieved by chance alone.

2.6. Selection of candidate genes expressed in HCC

To identify molecular pathways that may be activated or

suppressed in HCC, we used a network knowledge-base ap-

proach, Ingenuity Pathway Analysis Software, to analyse gen-

ome-wide transcriptional responses in the context of known

functional interrelationships amongst proteins, small mole-

cules and phenotypes. The post-normalised genes (16,923

genes) either up- or down-regulated in the microarray data,

were uploaded into the IPKB as a tab-delimited text file of

GenBank accession numbers. These biological networks com-

prising 5936 genes are displayed graphically as nodes (genes/

gene products) and edges (the biological relationships be-

tween the nodes). The nodes are displayed using various

shapes that represent the functional class of the gene prod-

uct. The colour green reflects downregulation of gene expres-

sion, and red represents upregulation of gene expression with

the significance of that regulation represented by colour

intensity. Edges are displayed with various labels that de-

scribe the nature of the relationship between the nodes. In

this way, simultaneous survey and evaluation of the subnet-

work regions enabled us to identify several activated canoni-

cal pathways in HCC. We highlighted new molecules linked to

the ‘hotspot’ canonical pathways.

2.7. Real-time quantitative RT-PCR analysis

Total RNA (1 lg) was used for reverse transcription, and comple-

mentary DNA (cDNA) was generated using the Reverse

Transcription System (Promega, Madison, WI) as described pre-

viously.8 Quantification of mRNA expression of the candidate

genes listed in Table 2 was performed using a real-time thermal

cycler, the LightCycler and detection system (Roche Diagnos-

tics, Mannheim, Germany). For detection of the amplification

products, LightCycler-DNA master SYBR green I (Boehringer
analysis

Description Average of Cy5/Cy3

osphoprotein 1 (osteopontin) 4.69

4.23

2.86

nd of annexin 2 1.97

1.82

http://www.dna-chip.co.jp/thesis/AceGeneProtocol.pdf
http://www.dna-chip.co.jp/thesis/AceGeneProtocol.pdf
http://www.ingenuity.com
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Mannheim, Mannheim, Germany) was used as described previ-

ously.9 Briefly, a 20 ll reaction volume containing 2 ll of cDNA

and 0.2 lmol/l of each primer was applied to a glass capillary.

The primer sequences, PCR cycle conditions and annealing

temperatures are listed in Supplementary Table 1. Quantitative

analysis of mRNA was performed using LightCycler analysis

software (Roche Diagnostics). The relative expression level of

the candidate gene was computed with respect to the internal

standard GAPDH mRNA to normalise for variations in the

amount of input cDNA. The level of expression of the candidate

gene was provided by the ratio, in which each normalised gene

value in tissue samples was divided by GAPDH mRNA in the

same control reference used in the microarray assay. We com-

pared the ratio of candidate genes between samples randomly

selected out of 100 HCC samples.

2.8. Immunohistochemical staining

Formalin-fixed, paraffin-embedded samples were cut into

5 lm sections, and these were deparaffinised in xylene and

rehydrated through a graded series of ethanol. Immunohisto-

chemical staining was performed using a Vectastain ABC per-

oxidase kit (Vector Labs, Burlingame, CA) as described

previously.10 Briefly, the sections were treated for antigen re-

trieval in 0.01 M sodium citrate buffer (pH 6.0) for 40 min at

95 �C, followed by incubation in methanol containing 0.3%

hydrogen peroxide at room temperature for 20 min to block

endogenous peroxidase. After blocking endogenous biotin,

the sections were incubated with normal protein-block serum

solution at room temperature for 20 min, to block non-specific

staining, and then incubated overnight at 4 �C with anti-

ANXA2 (mouse monoclonal IgG, diluted 1:500, Abcam Inc.),

anti-S100A10 (mouse monoclonal IgG, diluted 1:400, Swant

Inc.) and anti-GPC3 (mouse monoclonal IgG, University of Tor-

onto, Jorge Filmus et al.11) as primary antibodies. After wash-

ing three times for 5 min in phosphate buffered saline (PBS),

sections were incubated with a biotin-conjugated secondary

antibody (horse anti-mouse for ANXA2, S100A10 and GPC3)

at room temperature for 20 min and finally incubated with per-

oxidase-conjugated streptavidin at room temperature for

20 min. The peroxidase reaction was then developed with

3,30-diaminobenzidine tetrachloride (Wako Pure Chemical

Industries, Osaka, Japan). Finally, the sections were counter-

stained with Mayer’s haematoxylin. For negative controls, sec-

tions were treated the same way except they were incubated

with non-immunised rabbit IgG or Tris-buffered saline instead

of the primary antibody. Immunohistochemical staining was

assessed by two investigators independently, without the

knowledge of the corresponding clinicopathological data.

2.9. Statistical analysis

Pearson’s correlation coefficient, v2 test, t-test and Kaplan–

Meier plot were analysed using StatView (Version 5.0) soft-

ware (Abacus Concepts, Berkeley, CA). p values less than

0.05 were considered statistically significant. Hierarchical

cluster analysis (HCA) was performed with Euclidean distance

coefficient as a similarity coefficient and the unweighted pair

group method using arithmetic averages (UPGMA) as the clus-

tering algorithm, using GeneMaths (Version 2.0) software.
3. Results

3.1. Microarray analysis of gene expression changes
in HCC tumours

Gene expression profiling of primary HCC tumours from 100

patients was examined by DNA microarray. We calculated

the mean expression levels of each gene across all HCC sam-

ples, and, as a preliminary analysis, identified the top 2% of

candidate genes displaying at least a 1.5-fold increase in

expression. These highly upregulated genes included a-feto-

protein (AFP; data not shown), a common prognostic marker

for HCC (fold change = 1.56), and GPC3, recently identified as

a novel tumour marker of HCC (fold change = 4.23; fourth

highest upregulation).

3.2. Identification of biologically relevant networks
and potential key genes highly expressed in HCC tumours

In our global network comprising 5936 genes (Supplementary

Fig. 1), we highlighted integrin and Akt/NF-jB signalling as

two ‘hotspot’ pathways that comprised a concentration of

upregulated genes. The integrin signalling pathway shown

in Fig. 1A (gene subnetworks listed in Supplementary Table

2) was identified as significantly activated in HCC and con-

tained 11 upregulated genes, flagging this pathway as a key

regulator in HCC tumourigenesis. This fits with the role of

integrin signalling in promoting cell proliferation and cell

motility.12 Furthermore, SPP1 and GPC3 were identified as po-

tential key genes (upregulated with >1.5-fold change), with

links to integrin signalling. Similarly, we identified the activa-

tion of the Akt/NF-jB pathway shown in Fig. 1B in HCC tu-

mours (gene subnetworks listed in Supplementary Table 3).

This signalling pathway contained 12 upregulated genes and

plays key roles in many cell processes relevant to tumourigen-

esis including cell survival and apoptosis.13 Amongst the

genes linked to Akt/NF-jB signalling and that had >1.5-fold

change were ANXA2, S100A10 and VIM. Network analysis re-

vealed a link between Akt/NF-jB signalling and both ANXA2

and S100A10 through interactions with b-actin (ACTB) and

E-cadherin (CDH1). These candidate genes are listed in Table 2.

3.3. Quantitative RT-PCR validation of several selected
genes

To validate the microarray data, we performed quantitative

RT-PCR for candidate genes in 20 samples randomly selected

out of the 100 HCC tissues. We compared gene expression lev-

els generated from quantitative RT-PCR with those from

microarray analysis by Pearson’s correlation coefficients for

each candidate gene and StatView Software (Fig. 2). Each of

the five genes analysed showed significant correlation con-

firming the results obtained by DNA microarray.

3.4. Immunohistochemical study of glypican 3,
Annexin 2 and S100A10 in patient samples

Of the five genes overexpressed in HCC tumours by RT-PCR,

immunohistochemical staining for GPC3 was performed on

10 samples of HCC and surrounding non-cancerous tissues



Fig. 1 – (A) The integrated method of DNA microarray and Ingenuity Pathway Analysis produced a network with ‘hotspot’

regions harbouring concentrations of upregulated genes. These genes included ITGB1 (integrin, beta 1), RAC1 (ras-related C3

botulinum toxin substrate 1), GRB2 (growth factor receptor-bound protein 2), CDC42 (cell division cycle 42), PAK1 (p21/Cdc42/

Rac1-activated kinase 1) and MAPK1, which are all associated with integrin signalling. SPP1, GPC3, GLI1, GLI2, SUFU

(suppressor of fused homolog) and IGF2 are also linked to this pathway. The circled genes, SPP1 and GPC3, were selected as

candidate genes. The numerical value of each gene represents the median of all log(Cy5/Cy3) values. (B) The integrative

method showed a second network including a ‘hotspot’ region. This region contained AKT1 (v-akt murine thymoma viral

oncogene homolog 1), PDPK1 (3-phosphoinositide-dependent protein kinase-1), NFKBIB (nuclear factor of kappa light

polypeptide gene enhancer in B-cells inhibitor, beta), NFKB1 (nuclear factor of kappa light polypeptide gene enhancer in

B-cells 1), IKBKB (inhibitor of kappa light polypeptide gene enhancer in B-cells, kinase beta), HSP90AA1 (heat shock protein

90 kDa alpha, class A member 1) and HSP90AB1 (heat shock protein 90 kDa alpha, class B member 1), which are all associated

with the Akt/NF-jB signalling pathway. ANXA2, S100A10, ACTB, CDH1 and VIM are also linked to this pathway. The circled

genes, ANXA2, S100A10 and VIM, were selected as candidate genes. The numerical value of each gene represents the average

of all log(Cy5/Cy3) values.
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Fig. 2 – Results of quantitative RT-PCR on 20 samples randomly selected from the 100 HCC samples. Individual mRNA levels

were normalised to GAPDH and expressed relative to those in a mixture of seven normal livers for SPP1, GPC3, ANXA2,

S100A10 and VIM. We compared gene expression levels generated from quantitative RT-PCR with those from microarray

analysis and used Pearson’s correlation analysis for each candidate gene using StatView Software. (A), (B), (C), (D) and (E)

show the correlation of SPP1, GPC3, ANXA2, S100A10 and VIM, respectively.
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(Fig. 3A and B). GPC3 expression was observed in 7 of 10

cases of moderately or poorly differentiated HCC. As pub-

lished previously,11 staining of GPC3 was observed in a coar-

sely granular pattern near the cell membrane (2/7) and

dispersed evenly in the cytoplasm (5/7). GPC3 expression
was undetectable in all non-neoplastic tissues with diffuse

hepatitis changes.

Immunohistochemical staining of ANXA2 and S100A10

was then performed on 20 paraffin-embedded samples of

HCC and surrounding non-cancerous tissues. The Ca2+-



Fig. 3 – (A and B) GPC3 protein expression in human HCC tissue. Brown GPC3 immunostaining is evident in cancer cells. Note

the diffuse non-granular staining pattern in the cytoplasm. (C and D) ANXA2 protein expression in human HCC tissue. Note

ANXA2 staining in the cell membrane of cancer cells, with slight immunoreactivity in the cytoplasm. (E and F) S100A10

protein expression in human HCC tissues. Note S100A10 staining at the cell membrane of cancer cells. C, D, E and F are from

the same tissue sample, and staining for S100A10 overlapped significant with ANXA2 staining. (A, C and E) ·100

magnification. (B, D and F) ·400 magnification. T; tumour region. N; normal liver.
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and membrane-binding protein ANXA2 can form a hetero-

tetrameric complex with S100A10 and this complex is

thought to serve as a bridging or scaffolding function in

the membrane underlying cytoskeleton.14 Previous studies

demonstrated both ANXA2 and S100A10 at the plasma

membrane in hepatoblastoma HepG2 cell lines,15 but not in

human HCC tissues. Immunohistochemical staining of
ANXA2 and S100A10 was stronger at the plasma membrane

of the same samples than in the cytoplasm (Fig. 3C–F). The

immunoreactivity for ANXA2 was heterogeneous, and can-

cerous tissues were immunopositive in 16 samples. Endothe-

lial cells were immunopositive for ANXA2 in all samples

tested. Similarly, staining of S100A10 was heterogeneous,

and cancerous tissues were immunopositive in 17 samples.



Table 3 – Clinicopathological characteristics and results of immunohistochemical staining of ANXA2 and S100A10

Patient Age Gender Hepatitis virus
infection

Histological
type

Vascular
invasion

Annexin2
expression

S100A10
expression

Case 1 71 M HCV por – ++ ++

Case 2 66 F HBV mod + ++ ++

Case 3 38 M HBV mod + ++ ++

Case 4 65 M HCV por + ++ ++

Case 5 59 M HCV por – ++ ++

Case 6 72 F HCV mod – + ++

Case 7 71 M – por – ++ +

Case 8 72 M HBV, HCV por – ++ +

Case 9 61 M – por – ++ +

Case 10 78 M HCV por – ++ +

Case 11 49 F HBV por + ++ +

Case 12 72 F HBV por + + +

Case 13 68 M HBV, HCV mod – + +

Case 14 78 F HBV, HCV mod – + +

Case 15 74 M HBV, HCV well – + +

Case 16 67 M – mod – – +

Case 17 53 M HBV mod + – –

Case 18 75 M HCV por – – –

Case 19 66 M HBV, HCV mod + – –

Case 20 60 M HCV por – – –

++, strong immunopositive; +, partial immunopositive; –, immunonegative.
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Colocalisation of ANXA2 and S100A10 was observed in 15

samples (Table 3).

3.5. Correlation between gene expression signature
of the two ‘hotspot’ and clinicopathological features

Next, to better understand if any of the two ‘hotspot’ identi-

fied by this integrated approach correlates with clinicopatho-

logical features, a hierarchical clustering of all 100 HCC

samples using the upregulated genes included in the ‘hotspot’

was performed. Fig. 4A shows the gene expression profiles

using the 11 genes upregulated in the ‘hotspot 1 (integrin sig-

nalling)’. Examination of this result allowed identification of

three subgroups; ‘relatively high-activated group (n = 39), de-

fined as Group A1’, ‘intermediate-activated group (n = 45), de-

fined as Group A2’, and ‘relatively low-activated group

(n = 16), defined as Group A3’. Likewise, Fig. 4B shows the gene

expression profiles using the 12 genes upregulated in the ‘hot-

spot 2 (Akt/NF-jB signalling)’. Examination of this result also

identified two subgroups; ‘relatively high-activated group

(n = 17), defined as Group B1’ and ‘relatively low-activated

group (n = 83), defined as Group B2’. Having identified the

two distinctive subgroups; ‘relatively high-activated group’

and ‘relatively low-activated group’ in each of the two ‘hot-

spots’, we examined the association between the activation

of ‘hotspot’ and clinicopathological data (Table 4A and B). In

the integrin signalling, the activated profile was significantly

associated with intrahepatic metastasis (p = 0.012), tumour

size (p = 0.023) and Edmonson grading (p < 0.001). On the other

hand, in the Akt/NF-jB signalling, the activated profile was

significantly associated with Edmonson grading (p = 0.004).

Kaplan–Meier plot showed a significant difference in the

probability of disease-free survival (p = 0.037) and overall sur-

vival (p = 0.045) between ‘Group A1’ and ‘Group A3’ in the inte-

grin signalling (Fig. 4C and D). In the Akt/NF-jB signalling, a
significant difference was observed in disease-free survival

(p = 0.045, Fig. 4E and F).

3.6. Overview of the distribution of
differentially expressed genes on human chromosome

To compare our microarray data with chromosomal aberra-

tions in HCC, we also investigated the chromosomal region

in which the differentially expressed genes were harboured.

The public source for annotating the location of each gene

was the National Center for Biotechnology Information

(NCBI). This investigation revealed that the regions of high

density of 100 upregulated genes tended to be at chromo-

somes 1q, 6p and 8q (Fig. 5A), whilst those of 100 downregu-

lated genes were at chromosomes 4q and 16q (Fig. 5B).

Furthermore, SPP1, GPC3, ANXA2 and S100A10, identified as

key molecules, were separately located at chromosomes 4q,

Xq, 15q and 1q.

4. Discussion

In the post-genomic period, DNA microarray technology is

used to monitor disease progress and to individualise treat-

ment regimens. However, extracting new biological insights

from high-throughput genomic studies of cancer progression

poses a challenge due to difficulties in recognising and evalu-

ating relevant biological processes from vast quantities of

experimental data. Although other high-throughput technolo-

gies in protein expression (proteomics) and low-molecular

weight metabolite expression (metabolomics) have made

remarkable progress, no comprehensive analytical techniques

exist that can measure more than 500,000 protein forms and

100,000–1,000,000 metabolites quantitatively.16 Generating

biological networks from comprehensive gene expression pro-

files manually in a visual manner could be used to navigate
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Fig. 4 – (A) Hierarchical clustering analysis of all 100 HCC samples using the 11 upregulated genes included in the ‘hotspot 1

(integrin signalling)’. Red and green indicate relative high- and low-expression, respectively. Based on the similarities of their

gene expression profiles, samples were grouped in ‘relatively high-activated group (n = 39), defined as Group A1’,

‘intermediate-activated group (n = 45), defined as Group A2’, and ‘relatively low-activated group (n = 16), defined as Group A3’.

(B) A hierarchical clustering analysis of all 100 HCC samples using the 12 upregulated genes included in the ‘hotspot 2 (Akt/

NF-jB signalling)’. Based on the similarities of their gene expression profiles, samples were grouped in ‘relatively high-

activated group (n = 17), defined as Group B1’ and ‘relatively low-activated group (n = 83), defined as Group B2’. (C and D)

Disease-free survival and overall survival of each of the activated groups in the ‘hotspot 1 (integrin signalling)’ (Kaplan–Meier

plot). The log-rank p value is shown. NS, not significant. (E and F) Disease-free survival and overall survival of each of the

activated groups in the ‘hotspot 2 (Akt/NF-jB signalling)’ (Kaplan–Meier plot). The log-rank p value is shown. NS, not

significant.
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Table 4 – Clinical and pathological characteristics of the high-activated and low-activated groups in each of integrin
signalling and AKT/NF-jB signalling

Characteristics Integrin signalling (‘Hotspot’ 1) p value

Group A1 (n = 39) Group A2 (n = 45) Group A3 (n = 16)

No. of patients (%) No. of patients (%) No. of patients(%)

A

Intrahepatic metastasis 12(30.8) (10(22.2)) 0(0) 0.012

Tumour size (cm) 4.79 ± 3.12 (3.49 ± 1.75) 2.91 ± 1.22 0.023

Edmonson grading

1–2 11(28.2) 22(48.9) 10(62.5) <0.001

3–4 28(71.8) 23(51.1) 6(37.5)

Pathological stage

I 5(12.8) 15(33.3) 3(18.7) 0.642

II 22(56.4) 20(44.4) 10(62.5)

III 9(23.1) 8(17.8) 3(18.7)

IVA 3(7.7) 2(4.5) 0

Characteristics Akt/NF-jB signalling (‘Hotspot’ 2) p value

Group B1 (n = 17) Group B2 (n = 83)

No. of patients (%) No. of patients (%)

B

Intrahepatic metastasis 4(23.5) 18(21.7) 0.867

Tumour size (cm) 4.55 ± 2.58 3.88 ± 2.81 0.226

Edmonson grading

1–2 2(11.7) 41(49.4) 0.004

3–4 15(88.3) 42(50.6)

Pathological stage

I 1(5.9) 22(26.5) 0.333

II 11(64.7) 41(49.4)

III 4(23.5) 16(19.3)

IVA 1(5.9) 4(4.8)

p values of A are obtained by comparing Group A1 with Group A3.

p values of B are obtained by comparing Group B1 with Group B2.

p values for intrahepatic metastasis, Edmonson grading and pathological stage are obtained by v2 test.

p value for tumour size is obtained by t test.

Tumour size is mean ± SD.
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through and unravel the complex networks involved in cancer

progression. Here, we combined genome-wide expression

analysis with a new bioinformatics method, Ingenuity Path-

way Analysis, to clarify the relationship between the micro-

array datasets and the canonical pathways based on the

published literature and identify functional networks, ‘hot-

spot’, responsible for the progression of HCC. Furthermore,

we discovered several molecules commonly upregulated in

HCC as potential key players in the neoplastic process.

This combined approach revealed that several distinct re-

gions with upregulated genes were concentrated. These con-

centrations of activated genes included several genes

involved in the WNT signalling pathway, which has been

the subject of intense research in recent years. In addition,

we highlighted integrin and Akt/NF-jB as two ‘hotspot’ sig-

nalling pathways, and propose that these signalling pathways

are crucial for the core biological functions in HCC progres-

sion and potential intervention, such as cell proliferation, cell

survival and apoptosis.17
In addition to studies of gene expression at the transcrip-

tional level, protein analysis is vital for understanding the

regulatory processes in living organisms, because emerging

evidence suggests that mRNA expression patterns them-

selves are necessary but insufficient for quantitative descrip-

tion of biological systems. So far, comparative studies of

mRNA and protein abundance indicate that only 20–28% of

the total variation of protein abundance can be attributed to

mRNA abundance alone.18 The limiting factors were ex-

plained partly by translational processes (microRNAs repress

the translation of mRNAs into proteins) and post-transla-

tional modification (such as phosphorylation, methylation,

acetylation, glycosylation and ubiquitination). In fact, this

was the basis for investigating the expression levels of pro-

teins encoded by highly upregulated genes related to key sig-

nalling pathways in hepatocarcinogenesis.

Using our analysis protocol, integrin pathway-associated

molecules, SPP1 and GPC3, were first identified as key for cell

proliferation in HCC. HCC generally spreads throughout the



Fig. 5 – Location of 100 upregulated genes (A) and 100 downregulated genes (B) on human chromosomes. Upregulated genes

are represented as red arrows, and downregulated genes are represented as blue arrows. Red-coloured circles (chromosomes

1q, 6p and 8q) represent regions with relative concentration of upregulated genes, whilst blue coloured circles (chromosomes

4q and 16q) represent regions with relative concentration of down-regulated genes. ANXA2, S100A10, SPP1 and GPC3 are

located at chromosomes 15q21-22, 1q22, 4q21-25 and Xq26.1, respectively.
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liver via the portal vein system even in advanced stages, and

portal vein invasion is the most crucial histological feature

associated with poor prognosis.3 SPP1 protein expression is

upregulated in primary HCC with accompanying metastasis,

and SPP1 expression correlates with the invasiveness of HCC

cells in tissue culture.19 Based on network analysis, we specu-

lated that the binding of integrins to SPP120 might be related to

the progression and metastasis of HCC. GPC3, a heparan sul-

phate proteoglycan anchored to the plasma membrane, is also

a good candidate marker of HCC. It is an oncofoetal protein

overexpressed in HCC at both the mRNA and protein levels.11

We also confirmed that GPC3 was overexpressed in HCC by the

immunostaining of paraffin sections. In the activated integrin

pathway, GPC3 interacts with IGF-2,21 a protein that increases

the phosphorylation of MAPK1.22 GPC3 is also related to the

zinc-finger transcription factors, GLI1 and GLI2, that are

known players in WNT signalling and Sonic hedgehog signal-

ling pathways.23 Recently, WNT signalling was implicated in

hepatocyte proliferation, which could be crucial in liver devel-

opment, regeneration following partial hepatectomy, and

pathogenesis of HCC.24 In this context, SPP1 and GPC3 might

participate in the activation of integrin signalling in HCC and

based on the results of clustering analysis, might be impli-

cated as mediators of intrahepatic metastasis, histopatholo-

gical malignancy or poor prognosis.

Second, we focused on ANXA2, S100A10 and VIM, which

were related to the Akt/NF-jB signalling pathway. ANXA2,

also called calpactin I heavy chain, is a member of the an-

nexin family of Ca2+- and phospholipid-binding proteins

and forms a heterotetrameric complex with S100A10, also

called calpactin I light chain.25 The ANXA2-S100A10 complex

has been implicated in the structural organisation and

dynamics of endosomal membranes, the organisation of

cholesterol-rich membrane microdomains, and connecting

lipid rafts with the actin cytoskeleton.25 The ANXA2-

S100A10 complex was also recently associated with recycling

endosomes, and might be involved in the recycling of E-cad-

herin during the formation of the E-cadherin-based adherens

junctions via the modulation of the actin cytoskeleton.26

Moreover, ANXA2 was identified as a Rac binding partner

and Rac activation is induced by the interactions of E-cad-

herin in the formation of adherens junctions.27 In this way,

cadherin–cadherin interactions initiate a cascade of signal-

ling events that result in increased cadherin/Akt association,

activation of Akt/NF-jB signalling, and increased cell survival

and tumour growth.27 Akt1 was found to associate structur-

ally with VIM (a structural component of intermediate fila-

ments),28 which has been found in poorly differentiated

HCC as well as hepatoblastomas.29 Therefore, it is possible

that binding of Akt1 and VIM activates downstream players

(NF-jB signalling) as well as increasing the intrinsic activity

of Akt1. This molecular understanding of HCC progression

in Akt/NF-jB signalling was not so different from our result

of correlations between clinicopathological features and

gene expression profiles. It seems that the higher-activated

group in Akt/NF-jB signalling has lower histopathological

differentiation.

Currently, the array-based CGH approach is used to study

chromosomal aberrations in human cancers. A previously re-

ported meta-analysis30 showed that the most common chro-
mosomal arms containing gains were 1q, 6p and 8q,

whereas the most common losses were found in chromo-

somes 4q, 8p and 16q. Comparing our expression data with

the meta-analysis result of array-based CGH in HCC,30 we

found that our gene expression data surprisingly matched

the chromosomal aberrations. The comprehensive analysis

of 100 HCC samples using human 30 K DNA microarray re-

vealed a potential association between the global copy num-

ber and expression. It is also noteworthy that our identified

key molecules that operate synergistically in hepatocarcino-

genesis are located at separate chromosomes, so chromo-

somal aberrations cannot prove a relationship of candidate

genes such as ANXA2 and S100A10. Therefore, our integrative

network approach can provide a significant clue to the discov-

ery of novel genetic combinations that may be important for

hepatocarcinogenesis.

Here, we highlighted the ‘hotspot’ canonical pathways in

HCC and improved our molecular understanding of HCC pro-

gression. It is widely recognised that there are distinct molec-

ular subtypes of HCC in the transcriptome space, and current

interest of the community spread to include identification of

subtype-specific aberration of genes/pathway. This functional

genomics study could contribute towards the detection of

several signalling pathways commonly activated in HCC.

Moreover, we succeeded in detecting two potential disease

markers, ANXA2 and S100A10, whose colocalisation in hu-

man HCC tissues has not been reported previously.

In conclusion, we reported an integrative approach of gen-

ome-wide microarray analysis and network analysis in HCC.

This novel approach allows the extraction of deeper biological

insight from microarray data and identifying potential key

molecules in hepatocarcinogenesis.
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