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Although inappropriate activation of the Wnt��-catenin pathway
has been implicated in the development of hepatocellular carci-
noma (HCC), the role of this signaling in liver carcinogenesis
remains unclear. To investigate this issue, we constructed a mutant
mouse strain, Apclox/lox, in which exon 14 of the tumor-suppressor
gene adenomatous polyposis coli (Apc) is flanked by loxP se-
quences. i.v. injection of adenovirus encoding Cre recombinase
(AdCre) at high multiplicity [109 plaque-forming units (pfu) per
mouse] inactivated the Apc gene in the liver and resulted in marked
hepatomegaly, hepatocyte hyperplasia, and rapid mortality.
�-Catenin signaling activation was demonstrated by nuclear and
cytoplasmic accumulation of �-catenin in the hepatocytes and by
the induction of �-catenin target genes (glutamine synthetase,
glutamate transporter 1, ornithine aminotransferase, and leuko-
cyte cell-derived chemotaxin 2) in the liver. To test a long-term
oncogenic effect, we inoculated mice with lower doses of AdCre
(0.5 � 109 pfu per mouse), compatible with both survival and
persistence of �-catenin-activated cells. In these conditions, 67% of
mice developed HCC. �-Catenin signaling was strongly activated in
these Apc-inactivated HCCs. The HCCs were well, moderately, or
poorly differentiated. Indeed, their histological and molecular
features mimicked human HCC. Thus, deletion of Apc in the liver
provides a valuable model of human HCC, and, in this model,
activation of the Wnt��-catenin pathway by invalidation of Apc is
required for liver tumorigenesis.

adenomatous polyposis coli � hepatocarcinogenesis � mouse model

Hepatocellular carcinoma (HCC) is the most frequent pri-
mary malignancy of the liver and accounts for �5% of all

cancers worldwide. The worldwide incidence is estimated to be
between 250,000 and 1.2 million new cases each year, and the
disease causes 500,000 to 1 million deaths annually (1). It occurs
in a previously diseased liver, and the causes of the underlying
liver disease differ according to the geographical zone (aflatoxin
B1 and hepatitis B virus in Africa and southern Asia and
hepatitis C virus infection and alcohol in Japan, Egypt, North
America, and Europe).

Although the genetic events responsible for either HCC
initiation or HCC progression are not clear, they involve at least
three carcinogenesis pathways: the p53, RB, and Wnt��-catenin
signaling pathways (2). In this last pathway, �-catenin plays a
pivotal role. In nonproliferative epithelial cells, �-catenin is
continuously phosphorylated by GSK3� in a complex with
adenomatous polyposis coli (Apc)-axin�conductin and is quickly
degraded through the ubiquitin�proteasome pathway. Aberrant
activation of �-catenin signaling is observed in 30–40% of
human HCC, mimicking Wnt stimulation, because of an abnor-
mal stabilization of �-catenin. Consequently, �-catenin translo-
cates into the nucleus to transcribe target genes in cooperation
with lymphoid enhancer factor/T cell factor transcription factors
(3). This phenomenon is related to mutations in �-catenin genes

in 12–26% of human HCC and to mutations in AXIN1 or AXIN2
in 8–13% of human HCC (3, 4). Interestingly, no somatic
mutation of the APC gene and no loss of heterozygosity of the
5q21 APC locus have been described in HCC, even though this
event is implicated in �80% of colorectal cancers (5, 6).
However, there are data implicating a loss of function of APC in
liver carcinogenesis: infrequent hepatoblastomas have been de-
scribed (7, 8) and two cases of HCC have been reported (9, 10)
in familial adenomatous polyposis patients carrying a germ-line
heterozygous mutation of the APC gene.

Improving our understanding of �-catenin-activated hepato-
carcinogenesis is important. Indeed, �-catenin signaling defines
a particular pathway of hepatocarcinogenesis that develops in a
chromosomally stable environment, whereas tumors without
�-catenin mutations develop in a context of multiple chromo-
somal alterations (11, 12). We previously created a transgenic
model expressing a stabilized form of �-catenin (13, 14). Marked
hepatomegaly was apparent shortly after the hepatic expression
of the mutant. However, the premature death of the mice
prevented analysis of hepatocarcinogenesis. Harada et al. (15),
using an adenovirus-mediated delivery of a stabilized mutant of
�-catenin, found that a controlled induction of this mutant in the
liver, allowing survival of the animals, did not lead to liver
tumorigenesis.

We investigated whether (i) Apc is functional in the liver and
(ii) activating �-catenin signaling is an oncogenic event in the
liver. Therefore, we established a mouse strain containing a
double-mutant Apc allele, the exon 14 of which was flanked with
loxP sequences (the Apclox/lox mouse). When Cre recombinase is
expressed, the �-catenin degradation sites and the axin-binding
sites of Apc protein are deleted. This strategy was used success-
fully to obtain the germinal heterozygous invalidation of Apc and
efficiently inactivate Apc: These Apc�/�ex14 mice developed
numerous Apc�/� intestinal polyps in a �-catenin-signaling-
mediated manner (16). Using an adenovirus-mediated system to
deliver Cre recombinase to the liver of Apclox/lox mice, we report
here the oncogenic effect of a liver-restricted biallelic invalida-
tion of Apc.

Materials and Methods
Obtaining Apc�/lox Mice. Embryonic stem cells and mice carrying
one Apc trilox allele harboring both the floxed Apc exon 14 and
the floxed hypoxanthine phosphoribosyltransferase (hprt) selec-
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tion cassette are described in ref. 16. These mice were crossed
with Cre-deletor mice to generate Apc�/lox mice that were
deleted of the selection cassette and carried one Apc� allele and
one Apclox allele (Fig. 1 A and B) (17). Apc�/lox males were
backcrossed six times with C57BL�6N females. Tail or liver DNA
was used for genotyping by PCR with primers ApcInt13s and
ApcInt14a (Fig. 1 A).

Care of Mice and i.v. Injection of Adenovirus Encoding Cre Recombi-
nase (AdCre). All animal procedures reported were carried out in
accordance with French government regulations. Mice were
housed in conventional conditions. The Ad5-CMV-Cre was
prepared by Genethon and supplied at 1011 plaque-forming units
(pfu)�ml. Diluted aliquots (150 �l) were injected into the
retroorbital vein of 8-week-old mice after isoflurane anesthesia
was administered.

Liver Samples. Mice were killed by cervical dislocation: Liver
tumor and adjacent nontumoral liver samples were either snap-
frozen in liquid nitrogen and stored at �70°C until molecular
analyses or fixed in 4% formol for 12 h and then embedded in
paraffin. First, tumors were identified macroscopically on 5-mm-
thick liver slices and were analyzed by a pathologist (B. Terris,
Hôpital Cochin, Paris) on hematoxylin/eosin (H&E)-stained and
reticulin-stained liver sections. Then, microscopic tumor foci
were identified and counted on H&E-stained and glutamine
synthetase (GS)-stained liver sections. For each liver, four
transections, at least 200 �m apart, were analyzed. Micronodular

hepatocellular foci were scored ‘‘�’’ for 1 or 2 lesions detected
in these conditions or ‘‘��’’ for 3–10 lesions (Table 1).

Immunohistochemistry and Quantification. Paraffin-embedded liver
sections were treated as described in ref. 18. Antibody references
are listed in the Supporting Text, which is published as supporting
information on the PNAS web site. For double-labeling, �-cate-
nin was immunostained with NovaRed (Vector Laboratories) as
the visualization substrate, and the targets [GS, glutamate
transporter 1 (GLT1), ornithine aminotransferase (OAT), and
leukocyte cell-derived chemotaxin 2 (LECT2)] were stained
with Vector SG (Vector Laboratories). The percentages of
hepatocytes stained for Ki67 or GS were quantified by using
METAMORPH software, with 5,000–35,000 hepatocytes counted
at 100-fold magnification. For GS, perivascular stained cells
were excluded (physiological staining).

RNA Extraction and Analyses. Extraction of total RNA and North-
ern blot analysis were performed as described in ref. 18. Real-
time quantitative RT-PCR analysis used reverse transcription by
standard protocols (Invitrogen) and was performed in duplicate
on a LightCycler apparatus (Roche Diagnostics) and expressed
relative to 18S rRNA (18). The sequences of the PCR primers
are available upon request.

Results
Liver-Targeted Apc Ablation Activates �-Catenin Signaling and
Quickly Induces Major Phenotypic Changes. C57BL�6N Apc�/lox

mice were intercrossed to generate Apclox/lox progeny, born at a

Fig. 1. Activation of �-catenin signaling, hepatomegaly, and altered survival in Apc-inactivated mice infected with AdCre at high multiplicity. (A) Various alleles
of Apc in floxed mice. Restriction sites: E, EcoRI; B, BamHI; X, XbaI; EV, EcoRV. Exons 11–15 are represented by black bars; primers and the lengths of the PCR
fragments generated are indicated by arrows. (B) Cre delivery strategy. (C) Survival curve for Apclox/lox and Apc�/lox mice after injection of various doses of AdCre.
(D) Liver as a percentage of body weight and proliferation quantified by Ki67 scores in Apclox/lox compared with Apc�/lox Cre-infected livers. *, P � 0.001; **, P �
0.0028. (E) PCR of DNA extracted from livers of Apc floxed mice showing the accumulation of the Apc�ex14 band in AdCre-treated livers compared with noninjected
(NI) mouse livers. (F) �-Catenin immunostaining of membranes in Apc�/lox injected mice (Apc�/�). (G) Cytosolic and nuclear accumulation of �-catenin staining
in injected, Apclox/lox mice (Apc�/�). (Scale bars in F and G: 20 �m.)
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Mendelian ratio and surviving to an age of up to 2 years without
any physiological or histological abnormality. To selectively
inactivate Apc in hepatocytes, Apclox/lox mice and Apc�/lox mice
(as controls) were injected i.v. with a single dose of 109 pfu of
AdCre. We checked that such injections infected mainly and
massively the liver (data not shown), in accordance with previous
studies (15, 19). As expected, PCR analysis revealed an almost
complete conversion of the Apclox allele to the knockout Apc�ex14

allele in the infected livers of both Apc�/lox and Apclox/lox mice,
leading to Apc�/�ex14 and Apc�ex14/�ex14 genotypes, respectively
(Fig. 1 B and E). Loss of Apc in the liver led to a substantial
mortality: 50% of the Apclox/lox mice died within 2 weeks of the
injection, and 95% died within 2 months (Fig. 1C). No mortality
was observed in the controls.

On day 7 (D7) after administration of 109 pfu of AdCre,
Apclox/lox mice presented a significant hepatomegaly, the livers
being 60% bigger than those of the controls (Fig. 1D). This
hepatomegaly was associated with a significant increase in
hepatocyte proliferation, as shown by the Ki67 staining score
(Fig. 1D). Apc contributes to tumorigenesis by controlling
cellular levels of �-catenin, so we studied �-catenin immunore-
activity in the livers of Apc-inactivated mice. Control mice
exhibited a normal staining of �-catenin restricted to the mem-
brane. In contrast, up to 95% of hepatocytes from the AdCre-
injected Apclox/lox mice showed more extensive and mislocalized
�-catenin staining in the cytoplasm and nucleus, characteristic of
activated �-catenin signaling (Fig. 1 F and G). Accordingly, the
loss of function of Apc in the liver led to a phenotype similar to
that obtained after the overexpression of a stabilized mutant of
�-catenin (13, 14). We named the AdCre-infected Apclox/lox and
Apc�/lox animals Apc�/� and Apc�/�, respectively.

Dose-Dependent Activation of �-Catenin Signaling. AdCre infec-
tions at high doses resulted in the death of Apc�/� mice,
preventing the search for hepatocarcinogenesis. We therefore
administered lower doses of the adenovirus. After injection with
0.5 � 109 pfu of AdCre, 15% of the Apc�/� mice died within 2
months, whereas no mortality was observed with 0.25 � 109 pfu
of AdCre (Fig. 1C). Loss of Apc function was evaluated both by
the cytosolic-nuclear staining of �-catenin and by immunolabel-
ing for GS, the product of one of its target genes in the liver (20).
In control livers, after infection with 109 pfu of AdCre, GS was
detected in a small ring of hepatocytes surrounding the cen-
trolobular vein, consistent with its normal staining pattern in the
liver (Fig. 2A). In Apc�/� livers at 109 pfu of AdCre, most of the
hepatocytes showed �-catenin staining in the nucleus, the cyto-
plasm, or both, and most also presented GS immunoreactivity
(Fig. 2 A). As the dose of adenovirus decreased, both �-catenin
and GS staining became mosaic. Thus, this approach revealed a
dose dependence of the number of hepatocytes with activated
�-catenin signaling.

The genes for the glutamate transporter GLT1 and the
chemokine-like protein LECT2 are also �-catenin targets in the

liver (18, 20). To confirm that they are good markers of
�-catenin-activated hepatocytes, Apc�/� livers infected with
0.5 � 109 pfu of AdCre were coimmunostained for these proteins
and �-catenin. In normal livers, these target genes are expressed
only in the hepatocytes surrounding the centrolobular vein area.
Indeed, we observed such perivenous staining: cytosolic for GS
and LECT2 and membranous for the transporter protein GLT1
(Fig. 2B). However, elsewhere in the lobule, GS-positive (GS�)
cells were detected; they all exhibited a dark-blue cytoplasmic
staining for GS and a red-brown �-catenin staining in the
nucleus (Fig. 2C). Similarly, every nuclear �-catenin-stained cell
presented membranous GLT1 staining and cytoplasmic LECT2
staining (Fig. 2C). These observations imply that the control of
expression of GS, GLT1, and LECT2 genes by �-catenin sig-
naling is cell-autonomous.

This result allowed �-catenin-activated cells to be followed by
counting GS-stained hepatocytes in Apc�/� livers, outside the
perivenous area. In Apc�/� mice infected with 109 pfu of AdCre,
70–95% of hepatocytes were GS�, whereas only 30–75% at
0.5 � 109 pfu and 1–30% at 0.25 � 109 pfu of AdCre were positive
(Fig. 2D). All of the Apc�/� livers in which �70% of hepatocytes
were GS� displayed significant hepatomegaly (the liver being at
least 8.5% of the body weight) (Fig. 2D). No significant hepa-
tomegaly and no hepatocyte proliferation were detected in
Apc�/� mice in which �70% of hepatocytes were GS� (Fig. 2D
and data not shown).

These findings imply that the development of hepatomegaly,
linked to hepatocyte proliferation, correlates with the number of
hepatocytes with �-catenin signaling and requires the loss of
function of Apc in at least 70% of the hepatocytes.

Tumorigenesis in Apc�/� Hepatocytes. Monitoring the persistence
of the Apc�/� hepatocytes would be useful when analyzing the
oncogenic role of Apc loss in the liver. Indeed, many adenovirus-
infected cells are eliminated by the immune response (21). Two
liver-biopsy specimens were collected from Apc f loxed mice 6
days (D6) and 3 months (M3) after infection with 0.25 or 0.5 �
109 pfu of AdCre, and mice were killed 9 months later (see Fig.
6, which is published as supporting information on the PNAS
web site). PCR analysis of DNA from both Apc�/� and Apc�/�

livers confirmed a progressive loss of the Apc�ex14 band between
D6 and M3, and this loss was most substantial after adminis-
tration of 0.25 � 109 pfu of AdCre (Fig. 6). Only the livers
injected at 0.5 � 109 pfu of AdCre (for both Apc�/� and Apc�/�

animals) still contained hepatocytes with the Apc�ex14 allele at 9
months: a maximum of 6 hepatocytes per 1,000 cells (Table 1).
Thus, we used this dose of AdCre for the subsequent studies.

Apc f loxed male mice infected with 0.5 � 109 pfu of AdCre
were monitored for 8 or 9 months (Fig. 6). Ten Apc�/� mice
(controls) displayed no hepatic abnormality (data not shown).
Ten Apc�/� mice were analyzed; four did not contain any GS�

hepatocytes and developed no liver tumor. Of the six mice that
still possessed GS� hepatocytes, four (67%) developed mi-

Table 1. Hepatocarcinogenesis in Apc��� mice

Mouse ID no.*
No. of GS� cells in
nontumoral tissue†

Micronodular
preneoplastic foci

No. of tumors

HCC size, mmWD MD PD

1 6 �� 4 — — 4.2, 2, 1.5, 2
2 3 � — 3 — 20, 6, 8
3 1.8 � — — 1 0.5
4 1.3 0 — — 1 3
5, 6 0.6, 0.9 0 — — — —

0, no lesions; �, 1 or 2 lesions; ��, 3–10 lesions. —, absent.
*Mice were killed 8 months (1) or 9 months (2–6) after AdCre infection.
†GS-expressing cells in nonperivenous areas per 1,000 hepatocytes.
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cronodules and�or a total of nine tumors (Table 1). These HCCs
were histologically typed as trabecular and well differentiated
(WD) (Table 1), moderately differentiated (MD) (Fig. 3 D–F),
or poorly differentiated (PD) (Fig. 3 G–I). The Apc�ex14 allele
was amplified from the DNA of every tumor, showing Apc loss
(Fig. 3C). �-Catenin staining was nuclear and cytoplasmic (Fig.
3 E and H) and was associated with GS immunostaining (Fig. 3
F and I–K). Nuclear �-catenin immunostaining also was ob-
served in micronodular hepatocellular foci (data not shown),
which were easily detectable because of their GS-positivity (Fig.
3K and Table 1).

The �-catenin activation in isolated GS� cells, hepatocellular
foci, and HCC suggests that the tumors arose from a single
Apc�/� GS� cell. In our model, Apc loss leading to �-catenin
signaling is thus sufficient to induce the development of hepa-
tocellular foci that develop into HCC.

Molecular Analysis of Apc�/� Tumors. We tested the expression of
several �-catenin target genes to compare the transcriptional
program late in �-catenin-activated liver tumors and early after
�-catenin signaling due to Apc inactivation. Consistent with
immunocytochemical findings (Fig. 2C), the GS, GLT1, and
LECT2 genes were clearly overexpressed in Apc�/� livers on D7,
as was another liver �-catenin target, the ornithine aminotrans-
ferase (OAT) gene (20) (Fig. 4A). These genes were also
up-regulated in Apc�/� liver tumors and in WD HCCs extracted
from PK�c-Myc livers, which contain �-catenin-stabilizing mu-
tations (3, 4) (Fig. 4A). Interestingly, the level of expression of
these genes decreased as the differentiation status of the tumors
decreased: GS and GLT1 mRNA levels were lower in the MD
carcinoma, and LECT2 and OAT mRNAs were almost unde-

tectable (Fig. 4A, HCC2). This observation was confirmed by the
absence of staining for LECT2 in PD Apc�/� HCCs (data not
shown). These results mimic those of human HCC, in which GS
and GLT1 are good markers of �-catenin-activated tumors but
LECT2 and OAT are not systematically up-regulated (18, 20).

We also analyzed the two canonical �-catenin target genes,
encoding cyclin D1 and c-Myc (22, 23). Although these two genes
are frequently up-regulated in HCC, a direct link between
activation of the �-catenin pathway and the genes’ overexpres-
sion in the liver is controversial (24–27). Cyclin D1 mRNA was
induced in adult Apc�/� livers on D7 and in both Apc�/� and
PK�c-Myc liver tumors (Fig. 4). We had previously described no
increase in cyclin D1 mRNA in juvenile livers of transgenic mice
expressing a stabilized �-catenin mutant (14). We analyzed the
expression of cyclin D1 by real-time quantitative RT-PCR in
juvenile Apc�/� livers and confirmed that it is not induced in
response to a �-catenin signal in juvenile livers (Fig. 4B). No
significant induction of c-Myc was detected in hyperplastic
Apc�/� livers or in WD Apc�/� tumors (HCC1), although it was
up-regulated in MD Apc�/� tumors (HCC2) and PK�c-Myc
tumors (Fig. 4). Thus, although cyclin D1 is induced by �-catenin
signaling in adult livers, c-Myc is not. The increased expression
of c-Myc in these liver tumors may be a result of another signaling
pathway (or pathways) activated during the tumoral process.
These observations suggest that the genetic program induced by
�-catenin is heterogeneous and depends on cell- or tissue-
specific factors, the postnatal development status of the liver,
and the differentiation status of the tumor.

Genetic Events Elicited for Apc�/� HCC Development. Apc�/� tumors
appeared after a latency period of at least 8 months and were

Fig. 2. Dose-dependent Apc inactivation and cell-autonomous induction of liver-specific �-catenin target genes. (A) �-Catenin and GS immunostaining of
Apc�/� and Apc�/� mice injected with various doses of AdCre. (B and C) Coimmunostaining of �-catenin and its liver-specific targets (GS, GLT1, and LECT2, in blue)
in perivenous (B) and nonperivenous (C) areas. �-Catenin stains red-brown at the membrane of every hepatocyte and accumulates in the cytosol and nuclei of
Apc�/� hepatocytes. CV, centrolobular vein; PS, portal space. (Scale bars: A, 100 �m; B and C, 20 �m.) (D) Percentage of hepatocytes that are GS� in nonperivenous
areas of Apc�/� mice, according to dose of AdCre. Filled ovals represent mice with a hepatomegaly (liver � 8.5% of body weight), and open ovals represent mice
without hepatomegaly.
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relatively infrequent. We thus searched for additional genetic
alterations in Apc�/� HCC. Even if in most chemically induced
HCCs, mutations of �-catenin are exclusive of those of H-Ras
(28, 29), a recent study using mouse technology proposed that
the forced activation of H-Ras could be the genetic event that
cooperates with activated �-catenin to cause hepatocarcinogen-
esis (30). Therefore, we analyzed two micronodules and the nine
HCCs identified for known hot spot mutations on codons 12–13
and codon 61 of the H-Ras gene (31). No H-Ras mutation was
observed in any of these samples (data not shown).

Moreover, p53 inactivation is a frequent event selected for
human hepatocarcinogenesis (2). We analyzed two micronod-
ules and nine Apc�/� HCCs to detect a nuclear immunostaining
of p53, which is known to reveal the inactivation of the p53
pathway in cancers (32). Only one HCC stained positively for p53
in the nuclei of transformed cells. Interestingly, it was a PD HCC
(Fig. 5). This observation suggests that inactivating the p53
pathway can be involved in hepatocarcinogenesis from an Apc�/�

hepatocyte.

Discussion
Here, we demonstrate that aberrant �-catenin signaling is a
genetic event able to elicit the development of HCC. Conse-

quently, we have constructed a relevant mouse model of
human HCC.

The histopathology and the molecular characteristics of the
HCC developing in the Apc�/� HCC model shared many simi-

Fig. 3. Hepatocarcinogenesis from Apc�/� hepatocytes. (A and B) HCC1 and
HCC2 developed 8 and 9 months, respectively, after AdCre infection. (C) PCR
analysis from tumoral DNA shows the loss of the Apclox allele and the gain of
the Apc�ex14 allele. (D–F) MD HCCs. (G–I) PD HCCs. Hematoxylin/eosin staining
shows atypical hepatocytes organized in a trabecular (D) or pseudoglandular
(G) pattern; �-catenin mislocalizes in the nucleus (E and H), and GS is overex-
pressed (F and I). Nontumoral (NT) and tumoral (T) tissues are delineated by a
dashed line. (J and K) GS immunostaining in macronodular HCCs (J) and in a
micronodular preneoplastic lesion (K), indicated by arrows. (Scale bars: A and
B, 1 cm; D–I, 50 �m; J and K, 1 mm.)

Fig. 4. Comparative expressions of �-catenin-dependent target genes in
Apc�/� hyperplastic livers and in �-catenin-activated HCC. (A) Northern blot
analysis of livers from adult (3–5 months old) Apc floxed mice, not injected (0)
or on D7 after injection of 109 pfu of AdCre (109). Apc�/� and PK�c-Myc
tumoral (T) or nontumoral (NT) livers are also shown. HCC1 and HCC2 are the
WD and MD HCCs shown in Fig. 3 A and B, respectively. Note for c-Myc the
presence of two bands in PK�c-Myc livers: The lower band is the c-Myc
transgene (tg) mRNA, and the upper band is the endogenous c-Myc mRNA.
OAT, ornithine aminotransferase; 28S and 18S are the rRNAs. (B) Real-time
quantitative RT-PCR analysis of cyclin D1 (CycD1) and c-Myc mRNAs extracted
from D7 infected livers, HCC1 and HCC2. For analyses at D7, three 1-month-old
and four 5-month-old animals were analyzed in each group. No significant
differences were observed, except those marked by an asterisk, where P �
0.016.

Fig. 5. p53 immunostaining of Apc�/� HCC. (A) p53 accumulation in a
hyperplastic liver of large T antigen-expressing ATIII-SV40 transgenic mice
(37), used as a positive control for nuclear staining. (B) No p53 staining was
seen in an Apc�/� MD HCC. (C) Intense p53 staining was seen in the nuclei of
tumoral cells from an Apc�/� PD HCC. (Scale bars: 50 �m; 20 �m in Insets.)
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larities to human HCC. This conditional model has at least three
advantages over conventional transgenic models used previ-
ously, allowing faithful reproduction of human HCC. (i) Like all
sporadic human tumors, the Apc�/� tumors result from a somatic
initiating event that occurs in a single cell and grow in a
genetically wild-type environment, unlike the other mouse HCC
models, in which the initiating event is targeted to all of the
hepatocytes. (ii) The genetic event results in activation of the
�-catenin pathway, one of the main carcinogenesis pathways
implicated in human HCC. (iii) Inactivation of the p53 pathway
is an event that cooperates with �-catenin signaling to elicit the
development of Apc�/� tumors. Interestingly, this event was
found in one Apc�/� HCC with poor differentiation, as is the
case in human HCC (33, 34).

Harada et al. (15, 30) had observed no tumoral development
6 months after activation of �-catenin signaling in hepatocytes.
The phenotypes of �-catenin-activated and Apc-inactivated
mouse livers are strikingly similar in short-term studies. Accord-
ing to these similarities, the long latency period and the infre-
quency of Apc�/� tumorigenesis can be the reasons for the
apparent contradiction between Harada’s studies and ours.
However, this discrepancy also could be linked to the method of
activation of �-catenin in the two studies, i.e., a gain of function
of �-catenin in Harada’s work and a loss of function of Apc in our
study. One might argue that the loss of Apc may favor hepato-
carcinogenesis more than the gain of �-catenin function does.
Particularly, potential tumor-suppressor roles for Apc protein,
other than degrading �-catenin, have been proposed and should
be tested in a liver context (35).

Because forced biallelic inactivation of Apc in the liver can
induce liver tumorigenesis in our model, it is surprising that the
loss of APC is such an infrequent event in human HCC (5, 6).

Our results show that Apc is able to degrade �-catenin in the
liver; thus, the limiting factor presumably is that APC inactiva-
tion does not occur in human liver. Loss of heterozygosity
(LOH) is the major mechanism of APC inactivation in the
intestine; thus, it is plausible that LOH of the APC locus is
tissue-dependent, as is the case for the BRCA1 tumor-suppressor
gene (36). Alternatively, it is possible that APC LOH occurs in
hepatocytes but that, for an unknown reason, this event is not
positively selected in the liver for tumor development.

In conclusion, we have developed a relevant mouse model of
HCC involving activation by �-catenin. The genetic events that
cooperate with �-catenin activation to result in tumorigenesis
should be investigated further. Such work will facilitate the
discovery of new cancer genes and pathways involved in this
multistep tumorigenesis that should be relevant to human HCC.
This mouse model may prove a valuable tool to test novel
therapeutic and chemopreventive approaches.
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