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ABSTRACT

Microarray gene expression analysis offers great promise to help us understand the molecular events of experimental carcinogenesis, but have
such promises been fulfilled? Studies of gene expression profiles of rodent are being published and demonstrate that yes, indeed, gene array data is
furthering our understanding of tumor biology. Recent studies have identified differentially expressed genes in rodent mammary, colon, lung, and liver
tumors. Although relatively few genes on the rodent arrays have been fully characterized, information has been generated to better identify signatures
of histologic type and grade, understand invasion and metastasis, identify candidate biomarkers of early development, identify gene networks in
carcinogenesis, understand responses to therapy, and decifer overlap with molecular events in human cancers. Data from mouse lung, mammary
gland, and liver tumor studies are reviewed as examples of how to approach and interpret gene array data. Methods of gene array data analysis were
also applied for discovery of genes involved in the regression of mouse liver tumors induced by chlordane, a nongenotoxic murine hepatocarcinogen.
Promises are beginning to be fulfilled and it is clear that pathologists and toxicologists, in collaboration with molecular biologists, bioinformatists,
and other scientists are making great strides in the design, analysis, and interpretation of microarray data for cancer studies.
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INTRODUCTION

There is an explosion of studies utilizing microarray gene
expression analysis to explore the molecular pathways in-
volved in toxicity and disease, and many of these studies
are focused on finding the alterations involved in carcino-
genesis. There are numerous studies examining gene pro-
files in human cancer and relatively few utilizing rodent
neoplasms. Understanding the genetic pathways of cancer
in rodent models offers promise to prevent and success-
fully treat cancer in all species. Several recent studies in
the rodent have identified differentially expressed genes in
mammary (Desai et al., 2002a, 2002b; Simpson et al. 2003;
Green et al. 2004), colon (Chen et al., 2003), lung (Lin
et al., 2001; Yao et al., 2002; Bonner et al., 2004) and liver
tumors (Masui et al., 1997; Graveel et al., 2001; Meyer
et al., 2003; Liu et al., 2004). In these studies investiga-
tors have identified gene expression signatures of histologic
type and grade, pathways involved in invasion and metas-
tasis, candidate biomarkers of early development, potential
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oncogenes and tumor suppressor genes, gene networks in car-
cinogenesis, responses to therapy, and overlap with molec-
ular events in human cancers. Examples of such findings in
the mouse as well as data from a mouse liver tumor regres-
sion study will be presented as examples of how gene array
studies are furthering our understanding of the carcinogenic
process.

MOLECULAR PROFILING OF MOUSE NEOPLASIA

Lung Tumors
Studies of chemically induced mouse lung carcinogen-

esis in the laboratory of Ming You (Bonner et al., 2003,
2004) have identified distinct genetic differences between
normal lung and mouse lung neoplasms, as well as between
mouse lung adenomas and carcinomas. Using a mouse ar-
ray containing sequences that represent about 12,000 genes,
they identified an expression profile of 20 genes that distin-
guished lung adenomas and carcinomas from normal lung
(Bonner et al., 2004). Some of the altered genes identified
are known cancer genes (i.e., the putative tumor suppres-
sor gene APC2 (van Es et al., 1999) showed relatively de-
creased expression in the neoplasms). Fifty genes were found
that had exactly the opposite profiles of expression when
comparing lung adenomas to carcinomas; thus, identifying
genes and pathways with potential importance in the progres-
sion of benign lung neoplasia to malignancy (Bonner et al.,
2004). The expression profiles of lung tumors can potentially
be used as an adjunct to diagnose, classify, and grade lung
neoplasms.

By comparing the gene profiles in the mouse lung
neoplasms to the 1345 genes differentially expressed in
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embryonic and fetal lung development, 25 genes that are sim-
ilarly or oppositely dysregulated in lung cancer were identi-
fied (Bonner et al., 2004). Since many oncogenes are overex-
pressed and tumor suppressor genes repressed in cancer cells,
and such genes are similarly changed in embryological and
fetal development, it can be deduced that some or all of these
25 newly found genes are either oncogenes (n = 3) or tumor
suppressor genes (n = 22). This finding also substantiates the
theory that the development of cancer can recapitulate the
development of an organ. After identifying the homologous
gene sequences between the genes on the mouse array with
those in a human lung cancer array study, a hierarchical clus-
tering analysis1 revealed 39 altered genes with similar pro-
files in mouse and human lung cancer (Bonner et al., 2004).
Many of these 39 genes are known or suspected to play a role
in the carcinogenic process and others are good candidates
for further investigation. For the hundreds of genes other
than those 39, the gene expression varied greatly between
the species and between individual human lung neoplasms.
This suggests there are heterogenous responses as measured
by gene array and multiple, as well as common, pathways
in cancerous growth. By hierarchical clustering analysis1 the
investigators also found evidence that mouse bronchoalveo-
lar adenomas were more similar in genetic profile to human
low grade lung adenocarcinomas and that mouse adenocar-
cinomas were more similar to the higher grade and more ag-
gressive human large cell carcinomas and adenocarcinomas
(Bonner et al., 2004). This type of information is valuable
in the interpretation of animal models of cancer and further-
ing our understanding of the comparative patholobiology of
cancer.

Mammary Tumors
Genetic profiles of mammary tumors of various geneti-

cally altered mice have revealed common genetic pathways
as well as specific new insights on tumor heterogeneity in pro-
gression and “oncogenic signatures” (Kavanaugh and Green,
2003; Green et al., 2004). In the laboratory of Jeff Green at
NCI, gene expression profiles of mammary neoplasms from
6 well-characterized transgenic mouse models of breast can-
cer (MMTV-c-myc, MMTV-neu, MMTV-Ha-ras, MMTV-
polyoma middle T-ag (PyMT), C3(1)/SV40, and WAP-SV40/
T-ag) revealed that, despite different initiating events, the
gene expression profiles were remarkably similar to each
other, and they shared changes found in human breast cancer
(Desai et al., 2002a, 2002b). Altered genes in the mice (that
are also in human breast cancer) included those involved in
carcinogenic processes such as cell cycle control, tumor cell
adhesion, angiogenesis, apoptosis, and metabolism.

1Hierarchical clustering is a technique for grouping genes with similar
patterns of expression and the dendogram reflects the relatedness between
groups of genes or samples based on the gene expression profiles (much like
a family tree would). The clustered genes are often mechanistically related.
Samples with similar clustering are often biologically related. Supervised
clustering analysis defines an “anchor” and takes in to account external
factors for microarray profile analysis (i.e., identify all genes similar to or
opposite of the expression profile of a gene such as Tff3 in the regression
study) while the unsupervised analysis looks for structure in the data.

Small subsets of unique genes (“oncogenic signatures”)
were differentially expressed in the MMTV-c-myc (3% of
the genes were unique); MMTV-neu, MMTV-Ha-ras, and
PyMT mice (7% of the genes were unique); and T-ag mice
(19% of the genes were unique) (Desai et al., 2002b). For ex-
ample cyclin B1 was unique to the mice overexpressing SV40
T-antigen (T-ag) suggesting this was a specific gene-pathway
alteration and a potential therapeutic target for neoplasms
driven by T-ag. T-ag is known to inactivate the tumor sup-
pressor genes pRB and p53, which can be mutated in human
breast cancer (Desai et al., 2002b). In another study using
the neu/S100A4 transgenic model of metastatic breast can-
cer (Simpson et al., 2003), there was marked intertumoral
heterogeneity of gene expression profiles when comparing
multiple primary tumors and metastases among the animals.
The finding suggests that, despite their similar histological
appearance and initiating genetic event, there are multiple
pathways of cancer progression. Some of the genetic alter-
ations in this model are likely good candidate biomarkers of
prognosis.

Liver Tumors
The liver transcriptome (total population of mRNAs) is

second only to brain in its size and complexity (Shackel
et al., 2002). It is believed that about 25–45% of all genes
are expressed in this heterogeneous organ and that the tran-
scriptome doubles or triples in complexity during disease
states such as cancer (Shackel et al., 2002; Malarkey et al.,
2005). There are a number of recent studies examining the
gene profiles of hepatocellular tumors in mice. In a transpla-
cental arsenic carcinogeneisis study in C3H male mice by
Liu et al. (2004) differentially expressed gene expression
profiles were found in hepatocellular neoplasms (82 genes
representing ∼14% of the genes on the array) as well as
nontumorous liver from treated mice (60 genes represent-
ing ∼10% of the genes on the array). The latter finding in
nonneoplastic liver suggests that there are permanent gene
alterations in adulthood as a result of in utero exposure to a
carcinogen. Genes found altered in nontumorous liver from
treated mice included c-myc, H-ras, α-fetoprotein, superox-
ide dismutase, glutathione-S-transferase (GST), Bcl-2, cas-
pase 8, insulin-like growth factor binding protein 1 (IGFBP1),
and estrogen receptor-α, many of which were also altered
in the neoplasms (Table 1) (Liu et al., 2004). Together the
findings highlight and/or confirm that dysregulation of the
insulin-like growth factor (IGF) axis (Lee et al., 1997; Gong
et al., 2000; Scharf et al., 2000; Scharf et al., 2001; Price
et al., 2002; Yakar et al., 2002) and overexpression of cy-
clin D1 (Anna et al., 2003) are involved in the carcino-
genic process. Studies are underway at the National Toxi-
cology Program (NTP) to examine other hepatic carcinogens
that might have a similar long-term effect on nonneoplastic
liver.

Gene expression analysis of liver tumors from C3H mice
treated once neonatally with diethylnitrosamine (DEN) by
Graveel et al. (2001) revealed 194 genes with altered ex-
pression out of the ∼6500 on the microarray, some of which
are known to be altered in human hepatocellular carcinoma.
Genes dysregulated in the neoplasms included H19 and
IGFBP1, CD63, intestinal trefoil factor 3 (Tff3), monokine
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TABLE 1.—Selected genes1 differentially expressed in mouse liver cancer.

Liu et al. (2004) Graveel et al. (2001) Meyer et al. (2003) Chlordane regression study
n = 822 n = 1942 n = ∼4002 n = ∼3702

IGFBP1 IGFBP1 IGFBP1 IGFBP1
IGF-I — — IGF-I&II
— Intestinal trefoil factor 3 — Intestinal trefoil factor 3
— CD63 CD63 CD63
— Osteopontin — Osteopontin
— MIG — MIG
— — Cathepsins E and L Cathepsins S and L
— — Lipocalin 2 Lipocalin 2
— CRG-L1 CRG-L1 —
— — Major urinary protein Major urinary protein
GST µ H19 LY-6D c-fos
AFP CYp4502c29 Cyp4504a1
p53 DNA primase
Syndecan-1
GADD45
c-myc
cyclin D1
Bad

Abbreviations: GST, glutathione-s-transferase; AFP, alpha fetoprotein; IGFBP1, insulin-like growth factor binding protein 1; IGF, insulin-like growth factor; MIG, monokine induced by
γ interferon; CRG-L1, cancer related gene-liver 1; Ig, immunoglobulin.

1Genes were selected based on having a potential role in the carcinogenic process.
2“n” is the total number of differentially expressed genes detected on the microarray (ranging from 600 to 12000 total gene sequences on the array per study).

induced by γ interferon (MIG), and osteopontin (Table 1).
Novel genes, called cancer related gene-liver 1 (CRG-L1)
(Graveel et al., 2001) and cancer related gene-liver 2 (CRG-
L2) (Graveel et al., 2003), were discovered and have since
been proposed to be biomarkers of malignant liver neoplasia
in mice and humans.

Meyer et al. (2003) examined gene expression in hepato-
cellular carcinomas from 26 peroxisomal fatty acyl-CoA ox-
idase null mice (AOX−/−) (Fan et al., 1996), 3 C57BL/6 J
male mice treated with ciprofibrate (a synthetic peroxisome
proliferator that acts through PPARα); and 3 C57BL/6 J
mice treated with DEN. Of the approximately 500 genes de-
tected as differentially expressed on the cDNA microarray
(containing about 9000 gene sequences) among all groups of
mice, there were 37 that were found in common among all
3 groups (Meyer et al., 2003). Included among the differen-
tially expressed genes were some implicated in cancer such
as lipocalin 2 (Bratt, 2000; Xu and Venge, 2000; Seth et al.,
2002), IGFBP1 (Lee et al., 1997; Scharf et al., 2001), cathep-
sins (Navab et al., 1997 Bank et al., 2000; Koblinski et al.,
2000; Krepela, 2001; Nasu et al., 2001), CRG-L1 (Graveel
et al., 2001), and CD63 (Graveel et al., 2001) (Table 1). Hi-
erarchical clustering revealed that the profiles of the tumors
from the AOX −/− were very similar to the mice treated with
ciprofibrate and different than those from mice treated with
DEN, suggesting that the nongenotoxic PPARα cancer path-
ways differ from those involved with genotoxic pathways of
DEN.

Genetics of Liver Tumor Regression
We have shown previously that lesions diagnosed as either

hepatocellular adenomas and carcinomas in mice treated with
chlordane regress after cessation of the chlordane administra-
tion (Malarkey et al., 1995). Upon cessation of chronic expo-
sure to chlordane (55 ppm) in B6C3F1 mice at least 30% of
hepatocellular adenomas and carcinomas regress (Malarkey
et al., 1995). Chlordane was introduced in the 1940s as the
first chlorinated cyclodiene insecticide and used extensively
for the control of numerous agricultural pests until banned in

the United States, Canada, and Western Europe in the 1980s.
Chlordane is a nongenotoxic murine hepatocarcinogen that
is believed to be associated with increased risk of reproduc-
tive problems, immune dysfunction, and cancer. It is listed
as “possibly carcinogenic to humans” (IARC group 2B) and
identified by the United Nations Environmental Program as 1
of the top 12 persistent organic pollutants requiring urgent at-
tention (Malarkey et al., 1995; Yang and Chen, 1999; Huang
and Chen, 2004).

Spontaneous tumor regression has been reported in a num-
ber of cases of histologically benign and malignant human
neoplasms, including the liver (Lam et al., 1982; Challis and
Stam, 1990; Gaffey et al., 1990; Chien et al., 1992; Papac,
1998; Takeda et al., 2000; Ikeda et al., 2001). For example,
regression of hepatocellular carcinomas has not only been
reported in mice after cessation of chlordane exposure, but
also in rats after cessation of nafenopin (Grasl-Kraupp et al.,
1997), in children after cessation of growth hormone supple-
mentation that contained androgens (McCaughan et al., 1985;
Fremond et al., 1987), and in women after ceasing oral con-
traceptives (Emerson et al., 1980; Steinbrecher et al., 1981).
Hepatocellular adenomas and/or altered hepatocellular foci
have regressed in rats after cessation of phenobarbital, clofi-
brate (Greaves et al., 1986), or the peroxisome proliferator,
WY-14,643 (Marsman and Popp, 1994).

The mechanisms at play are uncertain, however chlor-
dane, phenobarbital, nafenopin, clofibrate, and WY-14,643
are all considered nongenotoxic murine carcinogens and ex-
perimental evidence indicates that each likely contributes to
the carcinogenic process, at least in part, by altering the bal-
ance of genes that regulate apoptosis (Grasl-Kraupp et al.,
1997; Diez-Fernandez et al., 1998; Christensen et al., 1999).
For example, nontumorous liver and/or the majority of liver
neoplasms in mice treated with chlordane, phenobarbital, or
WY 14,643 frequently express higher levels of inhibitory
apoptotic proteins (such as Bcl-2 and Bcl-xL) (Christensen
et al., 1999). It is probable that stopping the exposure to
compounds like chlordane favors apoptotic pathways and re-
gression of the neoplasms.
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FIGURE 1.—Heat map (referring to color intensity representing gene expression) and dendrogram (indicating relatedness of genes in the profile) of cluster analysis
for all differentially expressed genes (370 of 8736 gene sequences on the array) found by MAPS analysis in a chlordane stop-study in which hepatocellular neoplasms
regressed. The mRNAs from hepatocellular carcinomas (HCCs) in mice continuously treated with chlordane (55 PPM) were compared to HCCs from mice in which
chlordane exposure was stopped for 22 or 77 days prior to the end of the study (“regressing” tumors). The list on the right of the panel is a subset of the 370 genes
(32 genes from the top of the main list outlined in yellow) that demonstrates the profiles of staining of each of the 6 paired comparisons (labelled on columns with
sample number EST: expressed sequence tag from stop vs. continuous [cont] groups). Differentially expressed genes were identified if they appeared in 3 or 4 of the
replicates at the 95% confidence interval. The color intensity in the figure is the mean intensity of the 4 replicates and red equates to gene expression being higher in
HCC from the continuous treated mice, green is higher in the HCC from the stop group, and black is either equal or no expression. The dendrogram to the left helps
to identify profile patterns among genes.
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Gene microarray technology was applied in the study of
gene expression and discovery of new genes involved in the
regression of mouse liver tumors induced by chlordane.
Chlordane was administered in the feed at 55 ppm to 210
B6C3F1 male mice and interim sacrifices were performed be-
ginning at 408 and up to 570 days of age for mice treated con-
tinuously with chlordane or after cessation of treatment (63
mice) at 491 days (Malarkey et al., 1995). Analysis of gene
expression was performed using NIEHS cDNA microarray
mouse chips containing 8736 genes or expressed sequence
tags (ESTs) as previously described (Iida et al., 2003). Briefly,
total RNA was extracted from ∼0.4 gm each of 12 archived
snap-frozen hepatocellular carcinomas, 6 from the continu-
ously treated and 6 from the stop group. Three tumors of each
group (stop and continuous) were either from mice at 22 or 77
days after the cessation of chronic exposure beginning at 491
days of age. mRNA [1 µg/mL] was used as the template for
generation of flourescent-labelled cDNA and subsequent hy-

FIGURE 2.—This is a heat map and dendogram that identifies 16 genes in common when comparing 194 genes found altered by microarray analysis in mouse liver
cancer from the Graveel study et al. (2001) compared to the entire 9,000 gene list from the chlordane regression study. Hierarchical clustering analysis reveals 2
distinct groups: those HCCs 22 days after cessation of chlordane exposure and those 77 days after exposure. Tff3 (intestinal trefoil factor 3) is distinctly contributing
to this clustering and was used to search for genes among the chlordane study that had similar or opposite pattern of expression (Figure 3). The signal intensities
were median centered per gene for the 24 arrays (6 paired comparisons each run in quadruplicate). The quadruplicate runs were often closely segrated. The color
patterns are the same as for Figure 1.

bridizations. Quadruplicate directly paired comparisons were
made between mRNAs from the continuous and stop group
tumors (6 paired comparisons run in quadruplicate for total
of 24 arrays). Microarray project system (MAPS) analysis
was performed to identify differentially expressed genes that
were present in 3 or 4 of the 4 replicates (95% confidence in-
terval) and then Eisen cluster analysis using the mean signal
intensity of the 4 replicates to look for patterns of expression
related to stopping of treatment. Genes from the regression
study that were in common with the Graveel et al. (2001)
or Meyer et al. (2003) study were identified by direct com-
parison of the lists differentially expressed genes from each
study. Supervised hierarchical cluster analysis (correlation
coefficient of r > 0.9 or r < −0.9 for candidate gene pro-
file) was performed to search for potential genes that differed
between groups 22 and 77 days after cessation of exposure.

Using MAPS analysis (Bushel et al., 2001), a total of 370
genes of the approximately 9000 sequences on the array were
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differentially expressed and of those 7 appeared in 4 of the 6
comparisons, 30 in 3 of the 6 comparison, and the rest only
appeared in 1 or 2 times out of the 6 paired samples (Table 1,
Figure 1). Differential expression for 6 out of 6 genes chosen
for validation was confirmed by nonisotopic RNase protec-
tion assay (c-fos, Cyp450 4A14, and cyr 61) or quantitative
RT-PCR (osteopontin, cathepsin L, and an EST similar to
goliath protein). Further validation was supported by concor-
dant results for genes that had multiple sequences per gene on
the microarray, such as Cyp450 4A14. Among the 370 genes
many are proposed or known to be involved in carcinogenesis
(cell growth, apoptosis, and progression), immune function,
immediate early and stress responses, and lipid metabolism.
For example, cathepsins L, S, and C were relatively higher in
some of the neoplasms from the continuously exposed mice.
Cathepsins, which are among the family of papain cysteine
proteases, have mitogenic properties, inhibit apoptosis, and
contribute to progression, invasion, and metastasis via matrix
degradation properties (Navab et al., 1997; Bank et al., 2000;

FIGURE 3.—This is a heat map and dendogram that shows a subset (listed in Table 2) of the 108 genes in the chlordan regression study that had either a positive
correlation (r > 0.9) with Tff3 (top half of the map, included 51 genes) or a negative correlation (r ← 0.9) with Tff3 (bottom part of the map, included 57 genes).
Genes similar to Tff3 were relatively higher in hepatocellular carcinomas in the stop group at day 22 and then lower than the hepatocellar carcinomas in the stop
group at day 77; the other genes were lower in the stop group at day 22 and then higher than the HCCs in the stop group. The color intensity in the figure is the mean
intensity of the 4 replicates after median centering per gene and the color patterns are the same as for Figures 1 and 2.

Koblinski et al., 2000; Krepela, 2001; Nasu et al., 2001).
Osteopontin, which was expressed at greater levels in some
tumors from the continuous groups, has been found over-
expressed in rodent and human hepatocellular carcinomas
(Graveel et al., 2001; Gotoh et al., 2002; Qin and Tang, 2004).
Osteopontin has been called the “metastasis gene” involved
in the spreading, migration, and adhesion of neoplastic cells
(Pan et al., 2003; Tang et al., 2004). It promotes angiogenesis,
inhibits apoptosis, and facilitates ras gene.

Comparing the list of differentially expressed genes found
in mouse liver neoplasms (relative to normal, quiescent liver)
from the Graveel et al. (2001) study (n = 194 genes) to the
total gene list from the ∼9000 gene array used in chlordane
regression study revealed an overlap of 16 genes (Figure 2),
11 of which were found when comparing the Graveel, et al list
only to the 370 genes found my MAPS analysis in the regres-
sion study. Hierarchical clustering analysis revealed a profile
that was dependent on the duration of time since cessation of
chronic chlordane exposure after 491 days of age (Figure 2).
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The gene profiles separated into two distinct groups, those 22
days or 77 days after cessation of chlordane exposure. The
clustering appeared to be mainly driven by intestinal trefoil
factor 3 (Tff3), which was relatively higher in hepatocellular
carcinomas in the stop group at day 22 and then lower in the
hepatocellular carcinomas in the stop group at day 77. Tff3
is a gastrointestinal peptide involved in mucosal injury and
repair and acts as a motogen, stimulating epithelial migration
(Emami et al., 2001; May and Westley, 1997a, 1997 b; Wright
et al., 1997). It has been found to be overexpressed in ulcers,
inflammatory bowel disease, and some gastrointestinal and
breast cancers and has been proposed as a tumor suppressor in
stomach cancer. Functionally, Tff3 inhibits apoptosis through
an EGFR pathway and induces cell scattering and invasion of
the basement membrane in cancer (May and Westley, 1997a,
1997b). The expression of Tff3 is regulated by FGF2, bFGF,
estrogen, FGF7, and some other stimuli.

Because of the distinct expression profile for Tf3, we per-
formed a supervised clustering analysis to search for genes
with the same or opposite expression patterns as Tff3 (i.e.,
correlation values of r > 0.90 or r < −0.90) among the
∼9000 genes differentially expressed in the chlordane tumor
regression study. We found 57 genes with similar and 51 with
opposite patterns of Tff3 expression (Figure 3 and Table 2).
Among these genes, some highlighted by EASE analysis,
were some already known to be involved in carcinogenesis
including glycogen synthase kinase 3 βgoGSK3β) (Desbois-
Mouthon et al., 2002; Leis et al., 2002); TNF ligand super-
family member 13b (Schneider et al., 1999); Forkhead box
01 (Nakae et al., 2002); serine protease 25 (van Loo et al.,
2002); plasminogen (Currier et al., 2003); pleomorphic ade-
noma gene-like 2 (Plagl2) (Furukawa et al., 2001). All of
these are believed to have some role(s) in the promotion or
prevention of cell death and some have been shown to act
through the IGF pathways. GSK3β plays a role in the Wnt
signaling pathway (Leis et al., 2002) that involves partner-

TABLE 2.—Selected genes1 (from 108) with similar or opposite expression
patterns to Tff32 from the chlordane liver tumor regression study.

Positively correlated with Tff3
(r > 0.9) n = 573

Negatively correlated with Tff3
(r < −0.9)

n = 513

Protease, serine, 19 (neuropsin) Pleiomorphic adenoma gene-like 2
(plag12)

EGFR Protease, serine, 25 (prss25)
GSK3β Protesome (prosome, macropain)

subunit, beta type 9
Phospholipase C, epsilon 1 (Plce1) (Psmb9)
TNF (ligand) superfamily, member 13b Plasminogen
Forkhead box 01 GNAS (guanine nucleotide binding

protein, α)
Checkpoint suppressor 1 (Ches1) RAP2B, member of RAS oncogene

family
CDC28 protein kinase 1 Nucleoporin 210

Glycosylation dependent cell
adnesion molecule 1 (Glycam1)

Rac (GTPase-activating protein)
Folate receptor 2 (fetal)

Abbreviations: Tff3, intestinal trefoil factor 3; EGFR, epidermal growth factor receptor;
TNF, tumor necrosis factor; GSK3β, glycogen synthase kinase 3 beta.

1Genes were selected based on having a potential role in the carcinogenic process.
2Tff3 was relatively higher in hepatocellular carcinomas in all the stop groups at day 22

and then lower than the hepatocellular carcinomas at day 77.
3“n” is the total number of differentially expressed genes that have the same or opposite

expression pattern as Tff3.

ing with APC proteins and β-catenin; inhibits apoptosis; acts
upstream of IGF and has been found to be dysregulated in
HCC cell lines (Desbois-Mouthon et al., 2002). β-catenin
mutations have been commonly demonstrated in mouse and
human hepatocellular carcinomas (Devereux et al., 1999).
Plagl2 is believed to be a tumor suppressor because it has
been shown to have antiproliferative effects on tumors and
promotes cell cycle arrest and apoptosis (Furukawa et al.,
2001).

Summary of Mouse Liver Tumor Genetics
Genomics studies in liver carcinogenesis are helping us

identify the many and complex genetic pathways involved in
the development, progression, and even regression of neo-
plasia. Systematic comparison of data between laboratories
leads to new clues and validation of findings and sheds light
on important pathways and discovery of novel cancer genes.
For example, repeated findings across mouse liver cancer
studies have revealed potentially critical roles for c-fos, osteo-
pontin, IGF, IGFBP1, Tff33, cathepsins (L,S, and C), CD63,
monokine induced by γ interferon (MIG), as well as novel
genes such as cancer related gene-liver 1 and as yet, unchar-
acterized genes. Along with the previously known genetic
alterations shown in mouse liver, such as mutation in H-ras
or β-catenin, overexpression of the Bcl-2 family of proteins
(controlling apoptosis), TGFα, TGFβ, IGF II, EGFR, c-myc,
raf, and cyclin D1 (Maronpot et al., 1995; Grisham, 1997;
Chiaverotti et al., 1999; Christensen et al., 1999; Devereux
et al., 1999; Fausto, 1999; Anna et al., 2003), we are begin-
ning to piece together the puzzle of the genetic basis of mouse
liver carcinogenesis and regression. It is just a matter of time
(and extensive analysis) that such critical pathways will be
deciphered and applied in the treatment and prevention of
cancer.

CONCLUSIONS

Progress has been made in the field of genomics of mouse
neoplasia and promises are beginning to be fulfilled. Biologi-
cal insights and pathways are being discovered that shed light
on the processes of cancer initiation, differentiation, progres-
sion, and metastasis. In the mouse lung cancer model, gene
expression profiles have been used to classify benign and ma-
lignant neoplasms as well as compare the expression profiles
between lung cancer and normal lung, developing lung, and
human lung cancer. Mammary gland and liver studies have
identified alterations that are either independent or depen-
dent on the underlying cause of cancer induction, whether it
be genetically or chemically initiated. The finding of perma-
nent gene expression alterations in adult mice after in utero
exposure to arsenic has profound implications for identifying
genetic risk to cancer development and understanding early
genetic alterations of cancer. New genes are being discov-
ered that have the potential to be novel oncogenes or tumor
suppressor genes, biomarkers of progression or regression, or
new therapeutic targets. It is clear that pathologists and tox-
icologists, in collaboration with molecular biologists, bioin-
formaticists, and other scientists are making great strides in
the design, analysis, and interpretation of microarray data
from cancer studies.
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