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A comprehensive understanding of molecular mechanisms driving
cancer onset and progression should provide a basis for improving
early diagnosis, biomarker discovery and treatment options. A key
value of genetically engineered mice for modeling human cancer is
the possibility to analyze the entire process of tumor development.
Here, we applied functional genomics approach to study step-by-
step development of hepatocellular carcinoma (HCC) in the c-Myc/
Tgfa transgenic mouse model of aggressive human liver cancer. We
report that coexpression of c-Myc and Tgfa induces progressive
and cumulative transcriptional alterations in the course of liver
oncogenesis. Functional analysis of deregulated genes at the early
stage of HCC disease supports a model of active hepatocyte pro-
liferation on the background of chronic oxidative stress generated
by a general metabolic disorder. In addition, early and persistent
deregulation of numerous immune-related genes suggested that
disruption of immune microenvironment may contribute to onco-
genic process in this model of accelerated liver carcinogenesis. In
particularly, by flow cytometry analysis, we found loss of the major
histocompatibility complex class I expression in dysplastic hepato-
cytes followed by upregulation of numerous activating ligands for
natural killer (NK) cells concomitant with a drastic decrease in
hepatic NK cell frequency. In conclusion, our study provides a com-
prehensive characterization of sequential molecular changes dur-
ing a stepwise progression of preneoplastic lesions toward HCC
and highlights a critical role of metabolic disorders and innate
immunity at the early stages of liver cancer.

Introduction

Hepatocellular carcinoma (HCC) is one of the most common types of
visceral cancer worldwide with .550 000 new cases diagnosed each
year. HCC also ranks among the deadliest forms of human malignan-
cies with 600 000 deaths annually and a mean survival of 6 months
from the time of diagnosis (1,2). Increased incidence and mortality
rate along with the lack of effective curative treatment options for
advanced HCC has rendered the disease a major health problem
worldwide.

Hepatocarcinogenesis in humans is a slow process that may take
.30 years after a chronic hepatitis is first diagnosed (3). During this
long process, the accumulation of irreversible structural alterations
in chromosomes and genes eventually leads to the emergence and
the expansion of clonal populations of transformed hepatocytes that
evolve toward HCC. Numerous genomic changes, including geno-
mic instability, aberrant methylation and profound alterations in
gene expression have been reported in HCC (3,4). However, the
precise sequence of molecular events involved in tumor initiation
and progression is not well defined due to the limited access to early
stages of tumor development in humans (3). In this context, genet-

ically engineered mice represent a valuable experimental system for
a sequential analysis of cancer onset and progression. By using
a cross-species comparative oncogenomics approach, we identified
previously the best-fit mouse models to study human hepatocarcino-
genesis (5). Notably, we have demonstrated that transgenic mice
which concomitantly overexpress c-Myc and transforming growth
factor alpha (Tgfa) in the liver develop HCC with molecular phe-
notype that mimics a subset of human tumors with poor prognosis
(5), suggesting that hepatocarcinogenesis in c-Myc/Tgfa mice and
aggressive subsets of human HCC may progress through similar
molecular mechanisms.

In the present study, we used the c-Myc/Tgfa transgenic mouse
model to provide a comprehensive dynamic characterization of the
cellular and molecular alterations involved in HCC onset and pro-
gression. We demonstrate that coexpression of the potent oncogene
c-Myc with Tgfa generates a broad spectrum metabolic disorder that
promotes progressive accumulation of genetic alterations due to
chronic stimulation of hepatocyte proliferation in an oxidative stress
microenvironment. By using a functional genomics approach focused
on the early stages of HCC disease, we further find that disruption of
innate immune surveillance mediated by natural killer (NK) and nat-
ural killer T (NKT) cells may contribute to oncogenic process in this
model of accelerated liver cancer.

Materials and methods

Transgenic and wild-type mice

Male c-Myc/Tgfa double transgenic were produced by crossing homozygous
B6CBA Alb/c-Myc (6) and B6CBAxCD1 Mt/Tgfa single transgenic mice (7).
Male wild-type (WT) mice were generated in a B6CBAxCD1 background as
described previously (8). Liver samples were collected at various time-points
ranging from 3 weeks (moderate dysplasia), 3 months (severe dysplasia) and
9 months (HCC). Tissue samples were divided into two parts: one was fixed in
10% formalin for histopathological evaluation and the other was used for RNA
analysis. Total RNAs were isolated from dysplastic livers, HCC and surround-
ing non-tumor livers (5–15 mice per each group, including WT controls).
RNAs isolated from the liver of the age-matched WT mice were used as
reference for microarray experiments as described (9). All experimental pro-
cedures were approved by the NCI-Bethesda Animal Care and Use Committee
(ACUC). The NCI animal program meets or exceeds requirements of the
Public Health Service Policy on Humane Care and Use of Laboratory Animals
and is fully accredited by AAALAC International.

Genome-wide messenger RNA analysis

Total RNAs were purified using a CsCl gradient-density centrifugation method
(9). A genome-wide set of mouse oligonucleotides obtained from Illumina
(San Diego, CA) and printed at the Advanced Technology Center (NCI/NIH)
was used in this study. Gene expression profiling was performed as described
(9). MIAME compliant microarray data have been deposited to the GEO
database (GSE25587). Differentially expressed genes were clustered using
K-mean algorithm and visualized using TreeView. Data mining was performed
using Gene Ontology annotations and relevant gene networks were identified
by Ingenuity Pathway Analysis (Ingenuity Systems, Mountain View, CA).

Hepatocyte isolation and flow cytometry analysis

Hepatocytes were isolated by a 2-step collagenase perfusion of mouse liver
followed by isodensity purification in Percoll gradient (10). Cell viability
was.90% as determined by trypan blue exclusion. For major histocompatibility
complex (MHC)-I and Raet1 staining, a single-cell suspension of freshly isolated
hepatocytes was incubated for 20 min at 4�C with phycoerythrin-conjugated
anti-mouse H-2Kb/H-2Db (Catalog #114607; BioLegend, San Diego, CA)
and allophycocyanin-conjugated anti-mouse-Raet-1 pan-specific (Catalog
#FAB17582A; R&D Systems, Minneapolis, MN) monoclonal antibodies. Hep-
atocytes were washed twice with phosphate-buffered saline and analyzed on
a FACSCalibur G4 flow cytometer using Flowjo software (BD Bioscience, San
Jose, CA).

Abbreviations: HCC, hepatocellular carcinoma; MHC, major histocompati-
bility complex; NK, natural killer; NKT, natural killer T; WT, wild-type.
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Analysis of liver NK and NKT cells

Mouse liver mononuclear cells were isolated as described previously (11).
Hepatic NK and NKT cells were analyzed by flow cytometry using phycoer-
ythrin-conjugated anti-mouse CD49b/Pan-NK (Pharmingen, San Diego, CA)
and allophycocyanin-conjugated anti-mouse-CD3e monoclonal antibodies.
After exclusion of dead cells using propidium iodide labeling, mononuclear
cells were gated to evaluate the proportion of Cd49bþCD3e� (NK) and
Cd49bþCd3eþ (NKT) cells at 3 and 12 weeks. Data were acquired from three
to six experiments per group.

Statistical analysis

Microarray data were analyzed using BRB-ArrayTools software developed by
Richard Simon and BRB-ArrayTools Development Team (12). Differentially ex-
pressed genes were identified by a univariate two-sample t-test with a random
variance model (10). Permutation P-values for significant genes (P, 0.001) were
computed based on 10 000 random permutations with a false discovery rate ,1%
and a 95% confidence interval. Expression of Raet1 and MHC-1 proteins was
evaluated by the non-parametric two-tailed Mann–Whitney test using Prism soft-
ware, version 5.01 (GraphPad Software, Inc., La Jolla, CA).

Results

Progressive and cumulative transcriptional alterations during HCC
development in c-Myc/Tgfa transgenic mice

Our earlier work has established that hepatic co-expression of c-Myc
and Tgfa accelerates HCC development as compared with each pa-
rental strain (Figure 1) (8,13). We also showed that neoplastic lesions
in c-Myc/Tgfa mice develop through a distinct sequence of events
including early (3 weeks) and widespread (3 months) dysplasia fol-
lowed by the appearance of preneoplastic foci that advance to HCC
stage with 100% penetrance by 10 months (Figure 1).

To define the sequential changes in transcriptome during a stepwise
progression toward malignancy, we performed a genome-wide ex-
pression profiling at various stages of tumor development (3 weeks,
3 months and 9 months, Figure 1). As shown in Table I, the number of
genes differentially expressed in c-Myc/Tgfa transgenic mice versus
WT mice progressively increased from early dysplasia (3 weeks) to
tumor stage (9 months). In total, the expression of 2802 genes was
altered (P, 0.001, false discovery rate , 1%). All significant genes
were further organized into 10 clusters (C1–C10) using a K-means
algorithm (Figure 2A). C1–C4 and C5–C8 clusters contained genes
that were, respectively, induced and repressed at specific stages of
tumor development. For example, clusters C1 and C8 included genes
with alterations initiated at an early stage of dysplasia and maintained
up to the final tumor stage, whereas clusters C4 and C5 included genes
which expression levels were altered exclusively in the fully devel-
oped tumors (Figure 2A). Clusters C9 and C10 included genes with
opposite regulation in HCC versus other stages. Thus, the unsuper-
vised clustering analysis based on the expression of all significant
genes revealed that the transcriptional changes induced in c-Myc/
Tgfa livers were progressive and cumulative during the course of
HCC development.

From cluster organization to functional modules

An extensive functional analysis of the gene clusters was further
performed using the Ingenuity Pathway Analysis tools. Validating
our gene selection, this approach unambiguously correlated the tran-
scriptional alterations with the histological changes observed during
c-Myc/Tgfa hepatocarcinogenesis (8). Early stages were character-
ized by a sustained induction of genes linked to hyperproliferation and
dysplasia, whereas the progressive induction of HCC-related genes
was prevalent at the later stages (supplementary Figure 1 is available
at Carcinogenesis Online). Induced genes (clusters C1–C4) were sig-
nificantly associated with protein synthesis, cell proliferation and
DNA repair, whereas repressed genes (clusters C5–C8) were related
to immunological and metabolic disorders (Figure 2B–D). To further
identify key molecular alterations that could be responsible for the
rapid tumor initiation and progression in this model, we adopted
a supervised approach based on the functional analysis of genes de-
regulated at each stage of HCC development.

Cell cycle and immune system abnormalities at an early stage of
hepatocyte dysplasia

The first signs of hepatocyte dysplasia were obvious in c-Myc/Tgfa
livers already at 3 weeks of age (Figure 1). Data mining of 197
differentially expressed genes (Table I) indicated a predominant in-
duction of genes involved in cell proliferation and repression of
immune-related genes as the first transcriptional changes at this
early stage (Figure 2C–D; supplementary Table I is available at
Carcinogenesis Online). The upregulation of genes involved in
DNA replication (e.g. Mcm3-6, Rfc4) as well as the induction of
survivin (Birc5), an inhibitor of apoptosis which expression is mark-
edly elevated with the onset of DNA synthesis (14), was consistent
with a high proliferation rate. The expression of key cell division
regulators involved in mitotic spindle organization and chromosome
segregation (e.g. Cenpa, Mad2l2, Stmn1, Pttg1) was simultaneously
altered. The concomitant induction of DNA repair sensing genes
(e.g. Ddb2, Mlh1, Msh2, Rad50, Rad51l1) suggested abnormalities
of DNA replication and cell division well before the appearance of
the first signs of focal growth.

Furthermore, numerous genes encoding innate immunity-related
proteins such as acute-phase proteins (e.g. Ctsc, C9 complement com-
ponent, Orm1-2, Saa1) were repressed at this stage (Figure 2D; sup-
plementary Table I is available at Carcinogenesis Online). Genes
involved in the MHC class I antigen presentation were also down-
regulated as exemplified by b2-microglobulin and H2-D1, -Q10 and
-T9 genes. Clec2d gene, encoding a ligand for the NK cell inhibitory
receptor Cd161, was induced.

Fig. 1. Incidence and kinetics of hepatic lesions in c-Myc/Tgfa mice.
Combined hepatic overexpression of c-Myc with Tgfa resulted in tumor
development with a shorten latency and a higher incidence (left 3 curves)
when compared with single transgenic strains (right 2 curves, Tgfa HCC and
c-Myc HCC). Hepatocarcinogenesis in c-Myc/Tgfa mice progressed from
early and severe hepatocyte dysplasia (closed diamonds) to preneoplastic
focal lesions (closed triangles) and HCC (closed circles) within 4 months. By
9 months, .90% c-Myc/Tgfa mice developed HCC in a background of
severe dysplasia, whereas single transgenic strains did not exhibit any
tumors. Mice were killed at various times-points (vertical dotted bars; 5–15
mice per each group) and macrodissected liver samples were submitted to
a gene expression profiling study. Only male mice were used in this study.

Table I. Number of genes differentially expressed during the course of HCC
development in c-Myc/Tgfa transgenic mice

c-Myc/Tgfa transgenic mice

3 wk 3 mo 9 mo (ST) 9 mo (HCC)

WT mice 197� 613 1175 2896
c-Myc/Tgfa 3 Weeks — 910 841 2044

3 Months — — 267 2152
9 Months (ST) — — — 1245

ST, surrounding non-tumor tissue; mo, months; wk, weeks.
�P , 0.001, random-variance t-test, false discovery rate ,1%.
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Fig. 2. Functional analysis of genes altered during the course of HCC development in c-Myc/Tgfa mice. (A) Dendrogram and heat-map overview of genes
differentially expressed in c-Myc/Tgfa livers at various stages of HCC development [early dysplasia, 5 mice; late dysplasia, 6 mice; HCC and surrounding tissue
(ST), 15 and 5 mice, respectively]. Data are presented in a matrix format in which rows and columns represent genes and samples, respectively. Gene expression
values are the mean of two separate experiments (each RNA sample was analyzed twice using a dye-swap design). K-means algorithm organized significant genes
in 10 clusters (C1–C10) and highlighted a progressive accumulation of transcriptional alterations during the course of HCC development in c-Myc/Tgfa mice. (B)
Functional characterization of upregulated (C1–C4) and downregulated (C5–C8) genes by ingenuity pathway analysis. (C and D) Detailed time-course analysis of
biological functions (C) and canonical pathways (D) enriched during hepatocarcinogenesis in c-Myc/Tgfa mice, using a progressive aggregation of deregulated
gene clusters from early stage of dysplasia to fully developed HCC (C1 to C4 and C8 to C5 for up- and downregulated genes, respectively). P values were
determined using the ingenuity scoring system and were judged significant at a 0.001 level (B–D, vertical dashed line).
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Metabolic perturbations and immune surveillance disruption at the
late stage of hepatocyte dysplasia

A widespread hepatocyte dysplasia preceding the appearance of pre-
neoplastic foci is a hallmark feature of c-Myc/Tgfa hepatocarcino-
genesis (Figure 1). At this stage, expression of 613 genes was altered
when compared with the age-matched control animals (Table I). As
observed previously, a sustained high proliferation rate in transgenic
livers correlated with the induction of proliferation-associated
markers, such as nucleolar protein 1 (Nol1) and numerous transla-
tion-related factors (e.g. Eif4b, Eef1b2, Eef2, Rpl4, Rpl12, Rps12)
reflecting an increased protein synthesis (Figure 2; supplementary
Table II is available at Carcinogenesis Online). At the same time,
proapoptotic genes (e.g. Bmf, Bok, Tnfsf10/Trail) were repressed,
and Birc6, an inhibitor of apoptosis, was induced.

Functional analysis of genes altered at this stage also pointed to
a major metabolic disorder. As an example, genes involved in xeno-
biotic metabolism (e.g. aryl hydrocarbon receptor and Nrf2-mediated
oxidative stress signaling pathways) were upregulated (Figure 2D)
suggesting that transgenic hepatocytes were subjected to oxidative
stress. Several heat shock proteins and Hsp-interacting proteins were
also upregulated. One of the most prominent metabolic alterations
involved genes associated with beta oxidation of fatty acids (e.g.
Acadm, Ehhadh, Oxsm). A Cyp4a14 gene encoding a microsomal
lipid peroxidizing enzyme involved in fatty acid omega oxidation
was induced and the expression of several peroxisomal enzymes
was altered (e.g. Acaa1b, Acox1, Acox3). The antioxidant enzyme
peroxiredoxin 5, which reduces hydrogen peroxides and alkyl hydro-
peroxides, was downregulated. In the context of active proliferation
associated with a chronic oxidative stress environment, an extensive
DNA damage response signature was identified (Figure 2C–D; sup-
plementary Table II is available at Carcinogenesis Online). Also,
Pttg1 gene was strongly downregulated potentially further amplifying
the genomic instability. Pttg1, encoding the homolog of the yeast
securin which prevents separins from promoting sister chromatid sep-
aration, is known to be required for chromosomal stability (15).

Most of the genes involved in innate immunity remained down-
regulated in the dysplastic livers (Figure 2C–D; supplementary Table
II is available at Carcinogenesis Online), including components of the
complement pathway (e.g. C6, C9, Mbl1), the aforementioned acute-
phase proteins (e.g. Saa1-3, Orm1) and MHC-I-encoding genes (e.g.

H-2K1, H-2D1). In contrast, a cluster of genes located at the 10A3
locus, and encoding retinoic acid early transcripts (Raet1a-e), was
induced (Figure 3). Raet1 molecules are ligands for Nkg2d, an acti-
vating receptor expressed by immune cells such as NK and cytolytic T
cells. Raet1s are thought to play an important role in mediating NK
antitumor responses (16).

A gene expression profile of dysplastic lesions at the HCC stage

By 9 months, 100% transgenic mice developed HCC in a background
of severe hepatocyte dysplasia (Figure 1). Not surprisingly, the gene
expression profiles of the dysplastic lesions at 3 and 9 months were
highly similar. Actually, only 267 genes were differentially expressed
between these two stages (Table I), and the differences were mostly
quantitative (e.g. greater fold induction or repression). Thus, the genes
which expression was altered in the surrounding non-tumorous tissues
were enriched in the same functional modules which were identified
in the livers of 3-month-old mice (Figure 2C–D). Genes involved in
fatty acid b-oxidation (e.g. Acadm, Acox1, Ehhadh) were notably
induced along with key enzymes involved in the detoxification
of aldehydes arising from lipid peroxidation (e.g. Aldh1b1,
Aldh3a2). Genes involved in detoxication pathways, including P450
cytochromes (e.g. Cyp2b10), uridine 5’-diphospho-glucuronosyl-
transferase glucuronosyltransferases (e.g. Ugt1a7c), glutathione-
S-transferases (e.g. Gsta1) and sulfotransferases (e.g. Sult1c2), were
similarly induced. These alterations coincided with the induction of
Nr1i3/Car, a central regulator of xenobiotic metabolism known to
control the transcription of these genes (17). As observed previously,
immune-related genes remained downregulated, including compo-
nents of complement pathway, MHC-I and numerous cytokines asso-
ciated with their cognate receptors (e.g. Csf1/Csf1r, Il13/Il13ra1, Lif/
Lifr).

Gene alterations in HCC

The most dramatic changes in terms of gene expression were found in
tumors (Table I, Figure 2A). Alterations of genes involved in all func-
tional categories described above, including protein synthesis, cell
cycle/death, DNA repair, oxidative stress, detoxication, cytoskeleton
organization, metabolic and immune disorders, culminated in HCC
(Figure 2C–D; supplementary Table III is available at Carcinogenesis

Fig. 3. Raet1 and MHC-I messenger RNA levels in hepatic lesions derived from c-Myc/Tgfa, c-Myc and Tgfa mice. Relative messenger RNA level for Raet1a-e
and MHC-I (H2-D1, -K1, -Q6, -T23, -T9) genes was determined at various stages of tumor development in c-Myc/Tgfa mice as well as in HCC from c-Myc and
Tgfa single transgenic animals. In c-Myc/Tgfa mice, MHC-I genes were repressed in early dysplastic lesions and Raet1a-e genes were induced at a later stage.
Similar profiles were observed in Tgfa-induced HCC. Expression values were expressed as log2 ratios using WT mice as a reference (bars, mean ± SD; 5–15 mice
per group).
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Online). For example, 15 translation initiation/elongation factors
(e.g. Eif1a, Eef2), .55 ribosomal genes (e.g. Rpl3), aminoacyl-tRNA
synthetases (e.g. Cars) and importins (e.g. Ipo4) were upregulated in
HCC, indicating a global increase in protein synthesis and metabolic
activity. An obvious oxidative stress signature was identified, which
included the induction of key regulators of the Nrf2 pathway (Nfe2l2,
Keap1, Mafk). In contrast, antioxidant enzymes were repressed (e.g.
Gpx1, Prdx2). These results indicated that redox homeostasis was
completely disrupted in transgenic livers. Master regulators of cell cycle
checkpoint signaling pathways required for DNA damage response
and genome stability were induced (e.g. Brca1, Rad21, Trp53). Finally,
as observed at the earlier stages, tumor cells exhibited numerous alter-
ations in the expression of genes involved in metabolism and immunity
(Figure 2C–D, supplementary Table III is available at Carcinogenesis
Online). Cross-comparison of gene expression profiles between HCCs
from c-Myc/Tgfa mice and single transgenic counterparts (9) sug-
gested that c-Myc and Tgfa mainly contributed to the deregulation
of translation-associated and immune-related genes, respectively
(supplementary Figure 2 is available at Carcinogenesis Online).

Disruption of immune microenvironment in the course of liver
oncogenesis

The deregulation of numerous immune-related genes at all stages of
tumor development starting from early hepatocyte dysplasia sug-
gested that the immune system may contribute to the rapid initiation
and tumor progression in c-Myc/Tgfa transgenic mice. The network
analysis revealed a significant enrichment of genes associated with the
NK cell-mediated cytotoxicity pathway. NK cells activity is tightly
controlled by a balance between inhibitory and activating signals,
which are mediated through inhibitory (e.g. Ly49c/Klra3 in mouse)
and activating (e.g. Nkg2d) receptors, respectively (18). Inhibitory
receptors recognize MHC-I molecules, and activating receptors may
eventually bind Raet1 ligands (18). Interestingly, the messenger RNA
levels for MHC-I-associated genes (H-2Db/H-2Kd) were found to be
decreased at the early stage of hepatocyte dysplasia (3 weeks),
whereas the abundance of Raet1 messenger RNAs was increased at
a later dysplastic stage (3 months) (Figure 3). Analysis of MHC-I and
Raet1 expression in tumors derived from single transgenic mice sug-
gested that Tgfa was the main contributor in modulating the expres-
sion of these genes (Figure 3). The expression of MHC-I and Raet1
was next evaluated on a protein level. Since microarray experiments
were performed on RNA extracted from whole livers, including both
hepatocytes and stromal cells, we performed fluorescence activated
cell sorting analysis using purified hepatocytes. As shown in Figure 4,
protein expression of MHC-1 and Raet1 closely recapitulated mes-
senger RNA profiles from whole livers. Hepatocytes isolated from c-
Myc/Tgfa transgenic mice exhibited a decrease in MHC-I expression
starting at 4 weeks which was followed by increased Raet1 expression
at 12 weeks (Figure 4). The fluorescence activated cell sorting results
identified hepatocytes as the cell type responsible for the alterations in
MHC-1 and Raet1 expression. These events, although representing an
activating signal for NK cells (18), did not appear to slow down the
rapid progression to malignancy suggesting that transformed hepato-
cytes are able to evade NK-mediated immune surveillance starting
from the very early stage of disease.

To evaluate the contribution of NK cells, intrahepatic mononuclear
cells were isolated and analyzed by fluorescence activated cell sorting
using anti-Cd49b and anti-CD3 antibodies. Although the cumulative
frequency of Cd49bþ cells, which included both NK and NKT cells,
was comparable in transgenic and WT animals, the relative contribu-
tion of hepatic NK (Cd49bþCD3�) and NKT (Cd49bþCD3þ) cells
was strikingly different (Figure 5A). The proportion of NK was sig-
nificantly reduced, whereas the abundance of NKT cells was in-
creased in c-Myc/Tgfa dysplastic livers as compared with WT
controls (Figure 5B). The role of hepatic NKT cells in tumor rejection
is complex since NKT cells may both promote or inhibit antitumor
immunity (19,20). NKT cells can recognize tumor-derived phospho-
lipids and glycolipids which are present in the context of Cd1d1,
a non-classical MHC molecule (19). Interestingly, we have found that

Cd1d1 expression was repressed in HCC developed in c-Myc/Tgfa
transgenic mice (supplementary Figure 3 is available at Carcinogen-
esis Online).

Discussion

The conceptual basis for these studies was our earlier work that estab-
lished c-Myc/Tgfa mice as the best-fit model to mimic human liver
cancer with bad prognosis (5). Indeed, tumors developed in c-Myc/
Tgfa mice recapitulated human HCC characterized by increased
proliferation, decreased apoptosis and reduced patient survival. Here,
applying a functional genomics approach under well-controlled exper-
imental conditions, we identified and defined the exact sequence of
underlying cellular and molecular mechanisms involved in tumor onset
and progression in c-Myc/Tgfa mice (Figure 6). We demonstrated that
the hepatic coexpression of c-Myc and Tgfa caused a synchronized
activation of the stage-specific transcriptional programs from the
early stages of hepatocyte dysplasia to fully developed HCC.

The early transcriptome profiles remarkably corroborated the phe-
notypical and biochemical changes observed at the dysplastic stage,
including abnormal production of reactive oxygen species, increased
lipid peroxidation and high genomic instability (21–23). Although
each category of biological functions and canonical pathways in-
cluded upregulated and downregulated genes, we observed a general
shift toward either up- or downregulation, suggesting a global activa-
tion or repression of given pathways. The c-Myc/Tgfa hyperprolifer-
ative phenotype correlated with the early deregulation of specific
genes and signaling pathways that control cell cycling, execution of
mitosis and DNA damage response. Among the notable genes at this
stage was survivin, a member of the apoptosis inhibitor family. Sur-
vivin is highly expressed in most human tumors and has been shown
to play a contributing role in regulation of cell-cycle entry and pro-
gression, particularly in G2/M phase (24). Constitutive activation of c-
Myc and Tgfa also increased expression of genes involved in faithful
chromosome segregation and spindle organization/biogenesis, such as

Fig. 4. Loss of MHC-I and gain of Raet1 protein expression in c-Myc/Tgfa
dysplastic hepatocytes. At 4 and 12 weeks, hepatocytes were isolated from
the liver of WT and c-Myc/Tgfa (MA) transgenic mice and analyzed by flow
cytometry for the cell surface expression of MHC-I and Raet1 proteins.
Upper two panels: representative flow cytometry profiles obtained at 12
weeks showing a loss of MHC-I and a gain of Raet1 expression in
hepatocytes isolated from transgenic mice (red histogram) compared with
WT animals (green histogram). Dashed black histogram, WT hepatocytes
stained with the appropriate isotype controls. The results are representative
of six independent experiments using individual mice. Lower two panels:
quantitative analysis of MHC-I (left) and Raet1 (right) protein expression in
WT (green box) and c-Myc/Tgfa (red box) at 4 and 12 weeks (four to six
mice per each group). The results were obtained from four to six independent
experiments. P values were determined using a non-parametric two-tailed
Mann–Whitney test.
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Cenpa and Stmn1 (25,26). In addition, we found downregulation of
Pttg1, encoding a homolog of yeast securin proteins preventing separ-
ins from promoting sister chromatid separation (20), as well as
Mad2l2, a component of the mitotic spindle assembly checkpoint that
controls a proper alignment of chromosomes at the anaphase onset
(27). An early imbalance of these important regulators may provide an
explanation for high genomic instability observed in c-Myc/Tgfa
transgenic mice (22,23). Deregulation of genes found at 3 months
persisted in the non-tumorous livers at 9 months, suggesting that
the key alterations involved in the transformation were initiated at 3
months. Supporting this notion, we have shown previously that the
transplantation of early dysplastic liver tissue into nude mice yielded
rapid HCC growth (8).

Beyond abnormalities in cell cycle regulation and critical meta-
bolic alterations promoting oxidative stress and genomic instability,
our study emphasizes the disruption of immune microenvironment

as an important early event in the carcinogenic process induced by
c-Myc and Tgfa. The liver is known to play important functions both
in innate and adaptive immunity and therefore is considered as an
immunological organ per se (28,29). It exhibits unique features,
such as a selective enrichment for immune cells, including macro-
phages, NK and NKT cells (28,29), implicated in the clearance of
pathogens and tumor immunity. Cancer immune surveillance is
a complex mechanism that notably involves CD8þ cytotoxic T lym-
phocytes, NK and NKT cells (30). Functional analysis of genes
altered in the early dysplastic livers suggested that switches in the
expression of specific ligands and receptors may allow transformed
hepatocytes to escape immune surveillance. For example, early
downregulation of MHC-I may represent a first mechanism by which
transformed hepatocytes escape elimination by cytotoxic T lympho-
cyte, which recognition and killing activity are restricted to MHC-I
molecules (30). NK cells also play an important role in tumor im-
munity through expression of activating and inhibitory receptors.
Early and sustained induction of Clec2d gene during the course of
oncogenesis in c-Myc/Tgfa transgenic mice may explain how trans-
formed hepatocytes offset the premature loss of MHC-I that repre-
sents an activating signal for NK cells. Indeed, Clec2d is a ligand for
the inhibitory receptor Cd161 expressed by NK cells as well as
subsets of T and NKT cells (31). Importantly, the engagement of
Cd161 with Clec2d expressed by target cells has been shown to
inhibit NK cell-mediated cytotoxicity and interferon c secretion
(31). In addition, Raet1 genes which encode activating ligands for
NK cells were not expressed in hepatocytes at 3 weeks thus contrib-
uting to prevent the killing activity by NK cells. Overexpression of
Raet1 proteins occurred at the later stage (3 months). Raet1 genes
are normally not expressed in adult tissues but their induction is
considered to be a hallmark of stressed, infected or transformed cells
(32), reinforcing the notion that hepatocytes acquired a transformed
phenotype within the first 3 months in c-Myc/Tgfa livers. Strikingly,
a hepatocyte-mediated increase in Raet1 expression occurred coin-
cidentally with a decrease in the number of liver NK cells. There-
fore, despite the correct expression of cell surface markers required
for NK cells activation, initiated hepatocytes could escape immune
surveillance through a mechanism limiting the number of NK cells,
either by promoting apoptosis or by secreting factors inhibiting their
recruitment. This mechanism may be particularly relevant in the
context of high proliferation characteristic for the early stage of
hepatocyte dysplasia in c-Myc/Tgfa mice (33). Besides the decrease
in the number of NK cells, the functional relevance of the increased
NKT abundance at early stages of hepatocarcinogenesis remains to
be determined. Although the role of NK cells in mediating tumor
immunity is well documented, the antitumor activity of NKT cells is
more complex (34). Indeed, evidence suggests the existence of func-
tionally distinct NKT cell subsets that exhibit either immunosup-
pressive activity promoting tumor formation or cell-mediated
immunity against tumor cells (35–37). Altogether, our results sug-
gest that transformed hepatocytes may evade immune surveillance
by a dual mechanism involving a defect in recruiting NK cells into
the liver at an early stage followed by a decrease in Cd1d1-restricted
activation of NKT cells at later stages. Further experiments will be

Fig. 6. Proposed model for a multistage hepatocarcinogenesis in c-Myc/Tgfa mice.

Fig. 5. Early disruption of NK and NKT cell abundance in the liver of
c-Myc/Tgfa mice. Mononuclear cells were isolated from the liver of WT
and c-Myc/Tgfa mice at 4 and 12 weeks. Cells (1–13 � 106) were stained
using Cd3 and Cd49b monoclonal antibodies and analyzed by flow
cytometry to evaluate the abundance of NK (Cd49bþCD3�) and NKT
(Cd49bþCd3þ) cells. (A) Representative profiles of stained mononuclear
cells isolated from livers of 12-week-old mice showing a decrease in NK
cells and an increase in NKT cells in c-Myc/Tgfa mice compared with WT.
The results are representative of four independent experiments using
individual mice. (B and C) Quantitative analysis of NK (B) and NKT (C)
cells in the liver of WT (white bars) and c-Myc/Tgfa (black bars) mice at 4
and 12 weeks (three to five individuals mice per each group). The results
were obtained from three to five independent experiments. P values were
determined using a non-parametric two-tailed Mann–Whitney test.
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needed to validate this hypothesis, as an example by monitoring
tumor progression in response to NK or specific NKT subset de-
pletion or dysfunction.

In conclusion, our study provides a comprehensive characterization
of hepatocarcinogenesis in c-Myc/Tgfa mice and emphasizes the crit-
ical role of immune microenvironment at the early stages of liver
cancer development. By reproducing the broad spectrum of patholog-
ical and genetic changes characteristic of human HCC, c-Myc/Tgfa
mouse model may offer novel opportunities to (i) functionally test and
validate new candidate cancer genes, (ii) study the cross-talk between
immune and tumor cells in vivo and (iii) design innovative immune-
based therapies against liver cancer.

Supplementary material

Supplementary Figures 1–3 and Tables I–III can be found at http://
carcin.oxfordjournals.org.
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