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To identify key genes involved in the complex multistep process of
hepatotumorigenesis, we reduced multivariate clinicopathological
variables by using the Long–Evans Cinnamon rat, a model with
naturally occurring and oxidative stress-induced hepatotumorigen-
esis. Gene expression patterns were analyzed serially by profiling
liver tissues from rats of a naive status (4 weeks old), through to
those with chronic hepatitis (26 and 39 weeks old) to tumor de-
velopment (67 weeks old). Of 31 099 probe sets used for microarray
analysis, 87 were identified as being upregulated in a stepwise man-
ner during disease progression and tumor development. Quantita-
tive real-time reverse transcription–polymerase chain reaction and
statistical analyses verified that IQGAP1 and vimentin mRNA ex-
pression levels increased significantly throughout hepatotumori-
genesis. A hierarchical clustering algorithm showed both genes
clustered together and in the same cluster group. Immunohisto-
chemical and western blot analyses showed similar increases in
protein levels of IAGAP1 and vimentin. Finally, pathway analyses
using text-mining technology with more comprehensive and recent
gene–gene interaction data identified IQGAP1 and vimentin as
important nodes in underlying gene regulatory networks. These
findings enhance our understanding of the multistep hepatotumori-
genesis and identification of target molecules for novel treatments.

Introduction

Primary liver cancer ranks third worldwide as a cause for cancer-
related mortality, according to World Health Organization reports.
The incidence is increasing even in low-endemic Western countries,
with hepatocellular carcinoma (HCC) and cholangiocarcinoma ac-
counting for most of these cases. The prognosis for advanced liver
cancer remains very poor.
Recent advances in microarray technology have resulted in expo-

nential accumulation of gene expression profiling data and provided
novel insights into the molecular mechanisms underlying hepatotu-
morigenesis (1–3). Nevertheless, the molecular pathogenesis of liver
cancer is difficult to establish, because patients present with highly
variable clinicopathological features, the risk factors are diverse and
liver cancer is heterogenous in nature, both pathologically and bi-
ologically (4–7). Such heterogeneity and variation probably underlies
the genomic diversity of liver cancer, making it difficult to identify
gene signatures in hepatotumorigenesis. In fact, gene expression pro-
filing patterns of HCC differ even between patients with hepatitis B
and C virus infections (8,9). Alternatively, it is unclear whether differ-

ences in gene expression between tumor and non-tumor tissues rep-
resent the cause or consequence of the neoplastic transformation
because liver cancer generally evolves through multistep and diverse
dysregulated molecular pathways (4).
Liver cancer of any etiology is commonly preceded by chronic

inflammation, which is linked tightly to oxidative stress (4,10,11).
Indeed, oxidative stress is an important fundamental factor in tumor-
igenesis that is common to wide-ranging etiologies. For instance,
oxidative stress promotes fibrogenesis, serves as an oncogenic muta-
tional mechanism and might accelerate telomere shortening (4,12,13).
Long–Evans Cinnamon (LEC) rats with a genetic deletion in

the copper-transporting Atp7b gene (14), which is homologous to
Wilson’s disease gene, exhibit accumulation of large amounts of cop-
per in the liver and spontaneously develop chronic hepatitis, cholan-
giofibrosis and eventually liver tumor (15–17). Such excessive
accumulation of transition metals causes chronic inflammation, char-
acterized by excess production of reactive oxygen species (18), be-
cause transition metals interact with physiologically produced
reactive oxygen species to catalyze the formation of highly cytotoxic
hydroxyl radicals via the Fenton/Haber–Weiss reaction (19). Contin-
uous oxidative stress conditions could be responsible for the patho-
logical processes at play in hepatotumorigenesis (16). Thus, LEC rats
could be a useful model to define the multistep mechanisms of
hepatotumorigenesis induced by oxidative stress.
To elucidate the molecular mechanisms involved in the multistep

hepatotumorigenesis, this study investigated genes that are upregulated
in a stepwise manner from the naive liver condition to chronic oxidative
stress-induced hepatitis and liver tumor by time-series microarray anal-
ysis. The time-dependent gene expression profile should reflect the
multistep process of hepatotumorigenesis and identify genes that func-
tion specifically in this process. The study also undertook data mining
to clarify the impact of candidate genes in the tumor-specific dysregu-
lated gene networks using text-mining technology. These analyses
would be helpful not only for a better understanding of the multistep
process of liver tumor development but also to identify novel features of
known genes and target molecules for treatment.

Materials and methods

Tissue samples

Four-week-old male LEC rats were purchased from Charles River Japan
(Yokohama, Japan) and maintained in controlled environments. At 4, 26, 39
and 67 weeks of age, the rats were killed by exsanguination of blood from the
abdominal aorta under pentobarbital anesthesia. Paired liver tumor and adja-
cent non-tumor tissue specimens were obtained from 67-week-old LEC rats
(n 5 8, Figure 1) that had developed liver tumors. Liver tissues without tumor
were obtained from 4-, 26- and 39-week-old LEC rats (n 5 6 for each) for
analysis of the chronological changes in gene expression profiles. Long–Evans
Agouti rats at 67 weeks of age (n 5 3), which are wild-type rats, served as the
control group (a kind gift from Dr Kozo Matsumoto, Tokushima University,
Japan). The Committee for the Care and Use of Laboratory Animals of the
Jikei University School of Medicine approved all experimental protocols.

Gene expression analysis

Total RNAwas extracted from tissue samples using the RNeasy kit (QIAGEN,
Valencia, CA). The RNA integrity was assessed using the Agilent 2100
BioAnalyzer (Agilent Technologies, Palo Alto, CA). A comprehensive gene
expression analysis was then performed using 3 lg of total RNA from each
sample and the GeneChip� Rat Genome 230 2.0 Array (Affymetrix, Santa
Clara, CA) containing 31 099 probe sets, according to the instructions supplied
by the manufacturer. To confirm the reproducibility of the results, in the first
series of experiments (Figure 1), equivalent amounts of RNA from two pairs
randomly selected from eight paired liver tumor and adjacent non-tumor tissue
specimens were mixed and analyzed. The average gene expression levels for
tumor and non-tumor tissue samples were calculated using the four microarray
datasets, respectively. In the following experiments (Figure 1), a mixture of

Abbreviations: HCC, hepatocellular carcinoma; LEC, Long–Evans Cinnamon;
RT–PCR, reverse transcription–polymerase chain reaction.
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equivalent amounts of RNA isolated from LEC rats at 4, 26 and 39 weeks of
age and controls (n 5 3 for each), respectively, was exploited as an RNA pool
for microarray analyses. Microarray datasets were normalized by the robust
multi-array analysis, using the R 2.6.1 statistical software together with a
BioConductor package (http://www.bioconductor.org/). Normalized expres-
sion levels were presented as log2-transformed values by robust multi-array
analysis, and control probe sets were removed for further analysis. To eliminate
background signals, genes were selected if their expression was assigned as
‘Present’ in at least one sample by the GeneChip Operating Software version
1.4 (Affymetrix). A total of 11 305 probes met the quality criteria in the first
experiments and were thus subjected to further analysis.

Differential gene expression during disease progression

To identify genes that were upregulated during disease progression and in-
volved in multistep hepatotumorigenesis, each gene was analyzed for fold
change and statistical significance using the following three criteria: (i) .2-
fold upregulation in tumor tissue samples compared with adjacent non-tumor
tissue samples and P values , 0.01 (analyzed by two-tailed, paired t-test); (ii)
stepwise increase in relative expression level at weeks 4, 26 and 39, as well as
in non-tumor and tumor tissues at week 67 and (iii) relative expression levels at
weeks 26 and 39 (‘chronic oxidative stress-induced hepatitis phase’) and in
non-tumor tissue samples higher than the control sample (‘no or less oxidative
stress status’). The third criterion was important for selection of genes that
were considered more strongly influenced by continuous oxidative stress.
For paired t-test, false discovery rate was calculated using the Benjamini–
Hochberg method. Three similar criteria were applied also to identify down-
regulated genes: (i) greater than a 2-fold downregulation in tumor tissues
compared with adjacent non-tumor tissues and P values , 0.01; (ii) stepwise
decrease in relative expression level at weeks 4, 26 and 39, as well as in non-
tumor and tumor tissues at week 67 and (iii) relative expression levels at weeks
26 and 39 and in non-tumor tissue samples lower than the control.

Hierarchical clustering

Upregulated and downregulated probe sets were analyzed by hierarchical clus-
tering using the R 2.6.1 statistical software. The gene expression intensities

were transformed into Z scores to set the mean expression intensity to 0 and
variance to 1 for all genes. Pearson’s correlation coefficient was used to cal-
culate a similarity matrix among probe sets. The complete linkage method was
used for agglomeration.

Quantitative real-time reverse transcription–polymerase chain reaction

To validate microarray results and to confirm quantitatively any observed differ-
ences in gene expression level, each sample was also subjected to reverse
transcription–polymerase chain reaction (RT–PCR) and quantitative real-time
RT–PCR at least three times using an ABI PRISM 7700 Sequence Detection
System (Applied Biosystems, Foster City, CA). Aliquots of RNA were mixed
with oligo(dT) primer to obtain complementary DNA using reverse transcriptase.
Target genes in the complementary DNA solution were amplified in a PCR
mixture containing TaqMan Universal PCR Master Mix (Applied Biosystems),
forward and reverse primers and TaqMan probes (Roche Diagnostics, Indian-
apolis, IN) designed by the Universal Probe Library Assay Design Center (http://
www.roche-applied-science.com/sis/rtpcr/upl/adc.jsp). The expression levels of
the 18S rat housekeeping gene were also quantified in all samples using the
standard primers and TaqMan probe (Applied Biosystems). Differences in gene
expression levels among week 4, 26 and 39 samples (n5 6 for each, Figure 1), as
well as non-tumor and tumor tissues (n 5 8 for both), were examined by one-way
analysis of variance followed by Tukey test or Games–Howell procedure, as
appropriate. Each dataset was evaluated for normality of distribution by the
Shapiro–Wilk test. P values , 0.05 were considered significant. Statistical anal-
yses were performed using the SPSS 17.0 statistical package (SPSS, Chicago, IL).

Immunohistochemistry

Formalin-fixed paraffin-embedded tissue sections were subjected to the
streptavidin–biotin–peroxidase complex assay (i-VIEW DAB kit; Ventana
Japan, Yokohama, Japan) on the Ventana auto-immunostaining system
(Ventana Japan). Slides were pretreated by the recommended procedures for
antigen retrieval. The sections were then incubated with rabbit polyclonal and
monoclonal antibodies to IQGAP1 (H-109; Santa Cruz Biotechnology, Santa
Cruz, CA) and vimentin (Epitomics, Burlingame, CA) at dilutions of 1:500 and
1:200, respectively, for 30 min at room temperature and then washed three
times in phosphate-buffered saline. Sections were incubated with the appro-
priate secondary antibody for 30 min at room temperature.

Western blotting

Liver tissues were homogenized by sonication in lysis buffer. The protein con-
centration of each tissue lysate was determined using a bicinchoninic acid pro-
tein assay kit (Pierce, Rockford, IL). Samples were subjected to sodium dodecyl
sulfate–polyacrylamide gel electrophoresis and then electrotransferred onto ni-
trocellulose membrane. Membranes were blocked with 5% non-fat milk and
then probed with the above-described primary antibodies and another for b-actin
(Abcam, San Diego, CA). The bound antibodies were visualized with horserad-
ish peroxidase-conjugated secondary antibodies using Enhanced Chemilumines-
cence western blotting detection reagents (Amersham Pharmacia Biotech,
Piscataway, NJ). The substrate reaction was recorded on X-ray film.

Bioinformatics

Pathway analysis was used to clarify the significance of candidate genes in the
gene regulatory networks, using GENPAC� (NalaPro Technologies, Tokyo,
Japan) and Cytoscape (http://www.cytoscape.org). GENPAC is a novel infor-
mation extraction system and database for life science using natural language
processing/text-mining technology, thereby deducing gene–gene interaction
datasets (20). Cytoscape is a visualization and analysis tool for biological
pathways (21). Gene ontology annotation was realized by using the GeneCodis
2.0 web tool (http://genecodis.dacya.ucm.es).

Expression of candidate genes in human microarray databases

To determine the expression levels of candidate genes in human liver cancer,
we explored and analyzed publicly available microarray datasets of human
liver cancer from the National Center for Biotechnology Information Gene
Expression Omnibus (GEO: http://www.ncbi.nlm.nih.gov/geo/). For each mi-
croarray dataset, differences in the expression levels of candidate genes be-
tween human liver cancer and normal liver tissues were examined byWilcoxon
rank-sum test or one-sample t-test, as appropriate.

Results

Stepwise-upregulated genes during the development of liver tumor

Of the 11 305 probe sets filtered, 482 were initially identified as
upregulated according to the first criterion of selection. Of these
482 probe sets, 122 met the second criterion. Finally, 87 probe sets
(including 22 with no annotation) satisfied the third criterion for

Fig. 1. Analysis flowchart for identification of stepwise upregulated genes
during disease progression and multistep hepatotumorigenesis.
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selection (supplementary Table 1 is available at Carcinogenesis
Online). When the cut-off value for the paired t-test for 11 305 probe
was set at P , 0.01, the estimated false discovery rate was 0.0273. The
list contained genes associated with a variety of biological processes,
such as cell/cell-matrix adhesion, signal transduction, positive regula-
tion of cell proliferation, integrin-mediated signaling, angiogenesis,
regulation of cell growth, positive regulation of the mitogen-activated
protein (MAP) kinase kinase kinase cascade, cell motion and inflam-
matory response. All microarray data have been submitted to Gene
Expression Omnibus as GSE17384 (‘Gene expression data from the
LEC rat model with naturally occurring and oxidative stress-induced
liver tumorigenesis’; http://www.ncbi.nlm.nih.gov/geo/). The accession
numbers for ‘Non-tumor liver at 67 weeks_1 to _4’, ‘Control liver at
67 weeks’, ‘Liver at 4, 26 and 39 weeks’ and ‘Tumor liver at 67
weeks_1 to _4’ are GSM434390-3, GSM434394, GSM434395-7 and
GSM434398-401, respectively.

Stepwise downregulated genes during the development of liver tumor

Similarly, 58 probe sets (including 7 with no annotation) were identi-
fied as being stepwise downregulated during disease progression and
tumorigenesis according to all selection criteria (supplementary Table 2
is available at Carcinogenesis Online). The list also included genes
associated with a variety of molecular functions such as metal/iron
ion binding, transferase activity, oxidoreductase activity, protein homo-
dimerization and electron carrier activity.

Two-dimensional hierarchical clustering algorithm

Figure 2 represents the result of hierarchical clustering of the 87
upregulated and 58 downregulated probe sets. A two-dimensional
hierarchical clustering algorithm completely distinguished between
tumor and non-tumor tissues (Figure 2). The dendrogram shows that
samples from 4-week-old LEC and control rats clustered together and
formed a statistically different group from samples of 26-, 39- and 67-
week-old rats (non-tumor and tumor), indicating that the listed genes
were altered by persistent exposure to oxidative stress.

Validation of microarray data by quantitative real-time RT–PCR

To verify the reliability of the microarray data, all the 87 upregulated
genes and all time-point samples of each gene were subjected to quan-
titative real-time RT–PCR. The average mRNA expression levels sim-
ply increased in a phased manner in only five genes: connective tissue
growth factor (CTGF), IQmotif containingGTPase-activating protein 1
(IQGAP1), vimentin (Vim), smooth muscle alpha-actin (Acta2) and
reticulocalbin 3 (Rcn3). The remaining 82 genes did not show a step-
wise increase. Analysis of variance showed significant differences in
expression of CTGF, IQGAP1 and vimentin. Finally, post hoc analyses
showed significant increases in IQGAP1 and vimentin in a stepwise
manner during liver disease progression and tumorigenesis (Figure 3).
IQGAP1 mRNA levels (mean ± SD) were 0.17 ± 0.15, 0.76 ± 0.21,
1.43 ± 0.49, 2.74 ± 0.34 and 54.33 ± 12.60 in non-tumor liver tissue
at week 4, 26, 39 and 67 and tumor tissues, respectively. Simi-
larly, vimentin mRNA levels were 0.0011 ± 0.00035, 0.32 ± 0.08,
0.62 ± 0.28, 4.27 ± 1.92 and 40.78 ± 12.01. All comparisons between
two time points except 26 week versus 39 week showed significantly
different relative expression levels in both IQGAP1 and vimentin.
IQGAP1 and vimentin clustered together and were in the same cluster
group (Figure 2).

Immunohistochemical staining and western blot analysis

Next, the expressions of IQGAP1 and vimentin were assessed at the
protein level during hepatotumorigenesis by immunohistochemical
staining with antibodies against the two proteins (Figure 4A and B).
Immunostaining for IQGAP1 and vimentin in the cell membrane or

pericytoplasm gradually increased with time. The cytoplasm of hepato-
cytes and lymphocytes showed IQGAP1 staining and strongly immuno-
positive cells were observed in tumor tissues.Western blotting confirmed
the immunostaining results for IQGAP1 and vimentin according to the
stepwise progression of hepatocarcinogenesis (Figure 4C).

IQGAP1 and vimentin interact with other genes
in gene regulatory networks

To provide insights into the relationship of IQGAP1 and vimentin
in underlying gene regulatory networks, microarray data and array-
independent text mining were integrated by using GENEPAC and
Cytoscape. Sixty-five upregulated known functional genes were re-
lated to another 470 genes and connected by 1009 interaction edges
(supplementary Figure 1 is available at Carcinogenesis Online).
IQGAP1 and vimentin were identified as important nodes in the net-
work graph and considered as key regulators. Figure 5A extracted from
the interactive graph illustrates the direct relationship of IQGAP1 and
vimentin with 37 and 18 other regulatory genes, respectively, including
CDH1 (E-cadherin) connecting IQGAP1 and vimentin.
We then explored the relationship of these genes to ‘oxidative stress’-

related, ‘carcinogenesis/tumorigenesis’-related or ‘fibrogenesis’-related
genes. The number of genes that were related to each category and the
degree of overlap between gene sets are shown in Figure 5B. Among 38
genes connected directly with IQGAP1, 31 and 31 were related to
‘oxidative stress’ and ‘carcinogenesis/tumorigenesis’, respectively.
Twenty and 8 of 38 genes were associated with both and all categories,
respectively. Among 19 genes connected directly with vimentin, 15
were related to ‘oxidative stress’ and ‘carcinogenesis/tumorigenesis’.
Five of 19 genes were associated with all categories.

IQGAP1 and vimentin in human liver cancer

IQGAP1 and vimentin were significantly upregulated in microarray
datasets of human liver cancer (GSE 4108 and GSE14323). In the

Fig. 2. A two-dimensional hierarchical clustering algorithm of gene expression using probe sets for 87 upregulated and 58 downregulated genes. The horizontal
and vertical axes of the dendrogram indicate the degree of similarity between genes and liver tissue samples, respectively, as determined by hierarchical clustering. The
gene expression changes are presented in graduated color patches from green (least expression) to red (most abundant expression). IQGAP1 and vimentin were
classified into the same cluster group. The vertical dendrogram reflects the clinical course during liver disease progression and tumorigenesis.

Fig. 3. Validation of differentially expressed genes using quantitative real-time
RT–PCR analysis for IQGAP1 and vimentin. One-way analysis of variance and
subsequent post hoc analyses showed that the expression levels of only two
genes, IQGAP1 and vimentin, increased significantly in a stepwise manner
during liver disease progression and tumorigenesis. All comparisons between
two time points except 26 weeks versus 39 weeks were significantly different in
relative expression levels of both IQGAP1 and vimentin (P , 0.05).
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GSE4108, the two genes were significantly upregulated in HCC, com-
pared with normal liver tissue (P 5 1.76 � 10�2 and 1.69 � 10�6,
respectively; supplementary Figure 2A is available at Carcinogenesis
Online). In the GSE14323, the two genes were also significantly upre-
gulated in HCC (P 5 7.43 � 10�7/5.02 � 10�9 and 5.97 � 10�14,
respectively; supplementary Figure 2B is available at Carcinogenesis
Online).

Discussion

To identify specific genes involved in multistep tumorigenesis, multi-
variate clinicopathological variables should be reduced and simple

comparisons between tumor and non-tumor tissues should be avoided.
Instead, in the present study, an animal model in which liver tumor
developed naturally due to oxidative stress was prepared for microarray
analysis to analyze serial changes in gene expression profiles from
naive liver status to chronic hepatitis to tumor development. Such con-
ditions or examinations cannot be reproduced or performed in human
subjects. The analyses identified IQGAP1 and vimentin as stepwise-
upregulated genes throughout the oxidative stress-induced process of
hepatotumorigenesis, implicating both as reactive to persistent oxida-
tive stress and important molecules in the mechanism of hepatotumori-
genesis. In fact, the GEO database shows that IQGAP1 and vimentin
are significantly upregulated in human HCC tissues (GSE4108 and

Fig. 4. Immunohistochemical reactivity and western blot analysis of IQGAP1 and vimentin in liver tissue from 4-, 26- and 39-week-old LEC rats (a, b and c),
as well as in non-tumor (d) and tumor tissue (e) from 67-week-old LEC rats. (A) IQGAP1 staining was prominent at the cell–cell boundaries and cytoplasm
according to the stepwise progression of hepatocarcinogenesis. (B) Vimentin staining was prominent at the cell–cell boundaries and cytoplasm according to the
stepwise progression of hepatocarcinogenesis; bar 5 50 lm. (C) Western blot analyses. b-Actin was also blotted, as a control. Results are representative data
of at least three separate experiments.
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GSE14323, supplementary Figure 2 is available at Carcinogenesis
Online), relative to other normal liver tissues. This was also confirmed
in 165 of our patients with HCC (P 5 1.40 � 10�4 and 4.97 � 10�3,
respectively; M.Kaoru and T.Hiroshi, unpublished data).
IQGAP1 is a scaffolding protein that specifically interacts with di-

verse proteins via multiple motifs. By doing so, IQGAP1 mediates
multiprotein complex assembly and regulates multiple physiological
cellular processes, such as cell–cell adhesion, cell polarization, cell
migration, transcription and regulation of actin cytoskeleton formation
and MAP kinase (MAPK) signaling. In addition, many IQGAP1-bind-
ing partners are implicated in tumorigenesis and/or tumor progression,
including Rac1, Cdc42, Rap1, E-cadherin, b-catenin, components of
the MAPK pathway, calmodulin, actin and APC (22–25). IQGAP1 is
a downstream effector of Cdc42 and Rac1 (members of the Rho
GTPase family). It localizes and interacts with the cytoplasmic domain
of E-cadherin (CDH1), b-catenin (CTNNB1) and a-catenin at the cy-
toplasmic side of adherens junctions to negatively regulate E-cadherin-
mediated cell–cell adhesion by interacting with b-catenin and dissoci-
ating a-catenin from the cadherin–catenin complex. Activated Cdc42
and Rac1 inhibit IQGAP1, thereby stabilizing the E-cadherin complex
link to actin cytoskeleton and ensuring strong and rigid adhesion. Con-
versely, non-suppressed IQGAP1 results in diminished cell–cell adhe-
sion (22,25,26). In human breast epithelial cells, IQGAP1 contributes
to neoplastic transformation, upregulation of cell proliferation, angio-
genesis, invasion and high metastatic capacity in vitro. Conversely,

knockdown of IQGAP1 substantially reduces the amount of active
Cdc42 and Rac1 in breast carcinoma in vivo. Cdc42/Rac1 and actin
participate in IQGAP1-stimulated tumorigenesis, invasion and prolif-
eration (27). In human gastric cancer, the expression levels of Rac1 and
IQGAP1 are significantly correlated, while tumors showing E-cadherin
mutations have reduced or absent levels of both (28). IQGAP1 also
directly interacts with vascular endothelial growth factor type-2 recep-
tor, via which reactive oxygen species derived from Rac1-dependent
NAD(P)H oxidase are involved in vascular endothelial growth factor
signaling, thereby promoting endothelial cell migration and prolifera-
tion that are important for angiogenesis (29). IQGAP1 activates B-Raf
to mediate endothelial cell proliferation, which is essential for vascular
endothelial growth factor to stimulate angiogenesis (30).
The IQGAP1 gene and/or protein is overexpressed in several human

neoplasms: gastric (28,31,32), lung (33), colorectal (34), ovarian (35)
and glioblastoma (36). From a clinical aspect, IQGAP1 seems closely
associated with tumor invasion and metastasis and with the progression
and poor prognosis of malignancies. However, it is not known whether
IQGAP1 is the cause or consequence of neoplastic transformation. The
present study analyzed the average levels of IQGAP1 mRNA and
found increases of .4-fold, .8-fold and .16-fold in non-tumor liver
tissues of rats at weeks 26, 39 and 67, respectively, compared with 4-
week-old animals (Figure 3). This indicated that IQGAP1 expression
was latently upregulated before development of the liver tumor.
The immunohistochemical and western blotting results (Figure 4)

Fig. 5. IQGAP1, vimentin and related genes. (A) Part of the gene regulatory networks for IQGAP1 and vimentin. Microarray data and array-independent text
mining were integrated by gene regulatory network analysis (GENPAC). The interaction data were visualized and analyzed by Cytoscape. CDH1 (E-cadherin) is
directly linked to both IQGAP1 and vimentin. Color nodes indicate relative overexpression of genes (fold change of tumor to non-tumor) on the microarray data:
violet, 4. to �2; pale red, 16. to �4; red, �16 and white, 2. or no data. Node size indicates the proportion of the downstream effectors to the upstream
modulators, of which genes are components of various signaling pathways. Edge colors and shapes reflect the interactions between genes: blue, upregulation type,
such as ‘activate’; red, downregulation type, such as ‘inhibit’; green, regulation type, such as ‘modulate’ without information of up/downregulation; yellow,
biochemical type, such as ‘phosphorylation’ and black, other types, such as ‘associate’. (B) Biological backgrounds of genes linked directly to IQGAP1 and
vimentin. Among 38 genes linked directly to IQGAP1, 31 and 31 were related to ‘oxidative stress’ and ‘carcinogenesis/tumorigenesis’, respectively. Twenty and 8
of 38 genes were associated with both and all key words, respectively. Among 19 genes connected directly with vimentin, 15 were related to ‘oxidative stress’ and
‘carcinogenesis/tumorigenesis’. Five of 19 genes were associated with all categories.
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supplementary Figure 2


further supported that IQGAP1 is positively involved in the process of
hepatotumorigenesis. This is the first report to document the stepwise
increase of IQGAP1 mRNA and protein expression in a rat model of
naturally occurring oxidative stress-induced hepatotumorigenesis. In
Iqgap2�/� mice, HCC develops in an IQGAP1-dependent manner,
while overexpression of IQGAP1 is associated with acquired b-catenin
mutations, and dephosphorylated (active) b-catenin accumulates spe-
cifically in HCC livers but not in liver tissue from younger wild-type or
Iqgap2�/� mice without HCC (37).
Vimentin is a cytoplasmic intermediate filament protein synthe-

sized in cells of mesenchymal origin. It is therefore usually ex-
pressed in mesenchymal but not epithelial cells, and high vimentin
expression in tumor epithelial cells has been correlated with tumor-
igenic potential, marked by the growth, invasive and migratory abil-
ity of cancer cells (38,39). Vimentin knockdown by RNA
interference reduces cancer cell activities, resulting in greatly de-
creased tumorigenic potential (39,40). Reversal of the mesenchymal
phenotype by inhibition of vimentin expression restores epithelial
characteristics to cells in vitro (keratin gene expression) and smaller
more differentiated tumors in vivo (39). Vimentin expression is also
known as a sign of epithelial-to-mesenchymal transition, originally de-
fined as the formation of mesenchymal cells from epithelia during the
embryonic stages of development. In this process, the progression of
tumors with strong malignant potential requires the epithelial phenotype
to be lost along with junctional proteins such as E-cadherin and polariz-
ing of the cells. Meanwhile, the cell acquires a more mesenchymal
phenotype with reduced cell–cell adhesion, unpolarized spindle-shaped
morphology (fibroblasts and fibroblast-like cells), enhanced cell motility
and the presence of mesenchymal cellular markers such as vimentin
(41,42).
In fact, advanced liver tumors in LEC rats spread over the liver in a

scirrhous growth pattern and sometimes metastasize to lymph nodes. It
is noteworthy that the expression levels of vimentin mRNA and protein
increased in a stepwise manner during tumorigenesis in this study. Sim-
ilar to IQGAP1, vimentin was latently upregulated before the develop-
ment of liver tumors. It also increases in CCl4-induced cirrhotic mouse
livers, whereby hepatocytes derived from such livers and maintained
in vitro exhibit high expression of vimentin and low expression
E-cadherin, with the morphological characteristics of epithelial-to-
mesenchymal transition (43). Prolonged exposure of mouse hepato-
cytes to transforming growth factor-b increases vimentin expression,
suggesting that hepatocytes may have fibrogenic potential (44).
The text-mining software used in this study aimed to utilize more

comprehensive and recent gene–gene interaction data (http://www.
nalapro.com) than manual curation pathway databases, such as Ingenuity
Pathway Analysis (45) and MetaCore (46). Moreover, the software pro-
vides interaction data with directional information among genes by using
natural language processing/text-mining technology, unlike machine
curation pathway databases, such as PubGene (47) and BiblioSphere
(48), which use a different text-mining algorithm. Bioinformatics, such
as integration of additional biological interactive data, is needed to un-
cover the molecular mechanisms underlying hepatotumorigenesis be-
cause the inherently complex and multivariate relations in gene
regulatory network lead to difficulties in data interpretation.
In conclusion, IQGAP1 and vimentin were stepwise upregulated in

an animal model with naturally occurring and oxidative stress-
induced hepatotumorigenesis, implicating both as major molecules
initiated and promoted by persistent oxidative stress, as key regulator
genes involved in the multistep process of liver tumorigenesis and as
targets for the development of novel gene therapies.

Supplementary material

Supplementary Tables 1 and 2 and Figures 1 and 2 can be found at
http://carcin.oxfordjournals.org/
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