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ABSTRACT Hepatocellular carcinoma (HCC) is the ma-
jor primary malignant tumor in the human liver, but the
molecular changes leading to liver cell transformation remain
largely unknown. The Wnt-b-catenin pathway is activated in
colon cancers and some melanoma cell lines, but has not yet
been investigated in HCC. We have examined the status of the
b-catenin gene in different transgenic mouse lines of HCC
obtained with the oncogenes c-myc or H-ras. Fifty percent of
the hepatic tumors in these transgenic mice had activating
somatic mutations within the b-catenin gene similar to those
found in colon cancers and melanomas. These alterations in
the b-catenin gene (point mutations or deletions) lead to a
disregulation of the signaling function of b-catenin and thus
to carcinogenesis. We then analyzed human HCCs and found
similar mutations in eight of 31 (26%) human liver tumors
tested and in HepG2 and HuH6 hepatoma cells. The mutations
led to the accumulation of b-catenin in the nucleus. Thus
alterations in the b-catenin gene frequently are selected for
during liver tumorigenesis and suggest that disregulation of
the Wnt-b-catenin pathway is a major event in the develop-
ment of HCC in humans and mice.

Hepatocellular carcinoma (HCC) is the major primary malig-
nant tumor of the liver. Epidemiological studies indicate that
hepatitis B virus is a major causal agent of liver cancer, but
other etiological factors also have been found (see ref. 1 for
review). However, the molecular mechanisms that contribute
to tumor progression in hepatocarcinogenesis remain un-
known. To identify genetic alterations that could be involved
in tumor progression during hepatocarcinogenesis, we ana-
lyzed the status of the b-catenin gene. The protein b-catenin
is involved in two major functions: cell adhesion and the
transmission of the proliferating signal of the WinglessyWnt
pathway. Disregulation of this pathway has been implicated in
carcinogenesis (see refs. 2 and 3 for reviews). b-catenin usually
is found in the lateral cell membrane, as part of the E-cad-
herinycatenin adherens complex, and in the cytoplasm and
nucleus where it acts as a mediator of WinglessyWnt-
dependent signal transduction (2, 4). Signal transduction via
b-catenin involves its posttranslational stabilization and pas-
sage into the nucleus where it interacts with transcription
factors of the T cell factorylymphoid enhancer factor family to
activate target genes involved in cell growth control and
apoptosis (3, 5, 6). The amount of free cytoplasmic b-catenin
seems to be regulated by the opposing actions of the adeno-
matous polyposis coli (APC) suppressor gene and the Wnt-1

protooncogene (7, 8). Activation of the Wnt-1 pathway results
in inhibition of glycogen synthase kinase-3b (GSK-3b), and a
lack of phosphorylation of b-catenin, which then will not be
degraded by the ubiquitinyproteasome system, and thus accu-
mulate in the cell (2, 9). The APC protein appears to be a
negative regulator of cytoplasmic b-catenin, acting by an as yet
unknown mechanism. The APC gene is the gene most com-
monly mutated in colorectal cancer, and it is inactivated early
in the initiation of colon cancer. These mutations are associ-
ated with a rise in the free intracellular b-catenin, which results
in loss of control of normal b-catenin signaling. This event has
been demonstrated in 85% of colorectal cancers (10). The
major initiating event in the remaining 15% of colorectal
cancers with an intact APC gene involves mutations in the
b-catenin gene, which then lead to accumulation of the protein
in the cytosolic-nuclear compartment (11, 12). Similar activat-
ing mutations of the b-catenin gene recently were found in
melanoma cell lines (13), implying that b-catenin acts as an
oncogene in cancers without any clear association with APC
mutations. We therefore have looked for such mutations in the
b-catenin gene in different types of HCCs, first in transgenic
mice and then in humans.

MATERIALS AND METHODS

Tumor Samples. Transgenic mice were maintained in ac-
cordance with the Ministère de l’Agriculture et de la forêt
guidelines for the care and use of laboratory animals.

The human hepatocellular samples were obtained from
patients of various geographical origin who underwent sur-
gery.

Western Blot. Tissues were homogenized with a Polytron in
13 Laemli sample buffer (1:10 wtyvol) (Sigma). Samples of
extract containing approximately 50 mg of total protein were
resolved on 7.5% (wtyvol) SDSyPAGE and transferred to
nitrocellulose filters. The membranes were blocked with 5%
(wtyvol) milk powder in Tris-buffered saline containing 0.05%
(volyvol) Tween 20 (Sigma). b-catenin protein was detected by
using a rabbit polyclonal anti-b-catenin (M. Mareels, Univer-
sity Hospital, Gent, Belgium; dilution 1:10,000). Blots were
standardized by staining with ponceau red staining. Immuno-
staining was performed with peroxidase-coupled anti-rabbit
IgG (Amersham) (dilution 1:10,000) and ECL (Amersham).
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Reverse Transcription–PCR (RT-PCR) Amplification of
b-Catenin mRNA. Total RNAs were isolated from frozen
samples of mouse and human HCCs. The corresponding
normal RNAs were obtained from histologically normal tissue
surrounding the tumor. Total RNAs were reverse-transcribed
to obtain the cDNA that was amplified by RT-PCR. The
sequences of the primers were chosen to amplify both the
human and the mouse b-catenin cDNAs (21, 22). Five pairs of
primers (F1-R1, F2-R2, F3-R3, F4-R4, and F5-R5) were
designed to amplify overlapping PCR products, which covered
the whole b-catenin ORF. The sequences of primers used to
amplify b-catenin were: F1, 59-GCGTGGACAATGGCTAC-
TCAAG-39; R1, 59-TATTAACTACCACCTGGTCCTC-39;
F2, 59-ACGCGGAACTTGCCACACGTGC-39; R2, 59-TTC-
AGCACTCTGCTTGTGGTC-39; F3, 59-ATCAAGAGAGC-
AAGCTCATCAT-39; R3, 59-TGAAGGCGAACGGCATT-
CTGGG-39; F4, 59-GCTCTTCGTCATCTGACCAGCC-39;
R4, 59-GAGCAAGTTCACAGAGGACCCC-39; F5, 59-GG-
ACTCAATACCATTCCATTGT-39; and R5, 59-TTACAGG-
TCAGTATCAAACCAG-39.

The PCR fragments were separated by electrophoresis on
1.5% (wtyvol) nusieve agarose gels, transferred to a nylon
membrane, and hybridized with internal oligonucleotide
probes. All deleted PCR products then were sequenced.

Mutation Analysis. Denaturing gradient gel electrophoresis
(DGGE) analysis was carried out on PCR products corre-
sponding to exon 2 of the the mouse b-catenin gene and exon
3 of the human gene (40). These exons contain the GSK-3b
phosphorylation site. DGGE analysis was done by using
Lerman’s algorithm (41) and psoralen clamps (22). The struc-
ture and sequence of the mouse b-catenin gene was kindly
provided by R. Kemler (Max-Planck Institut, Freiburg, Ger-
many). The sequences of the mouse b-catenin gene primers
flanking the intron-exon junctions of the second exon used for
DGGE analysis were: PM1, 59Pso-TACAGGTAGCATTTT-
CAGTTCAC-39 and PM2, 59TAGCTTCCAAACACAAAT-
GC-39. The sequences of the human b-catenin exonic primers
located in exon 3 were: PH1, 59Pso-TACAGCTACTTGTT-
CTTGAGTG-39 and PH2, 59CTGATTTGATGGAGTTGG-
AC-39. The PCR products were checked on standard agarose
gels before analysis by DGGE. When the pattern of migration
was abnormal, the corresponding PCR product was purified
and directly sequenced on both strands by using the Dye
Terminator Cycle Sequencing kit protocol. When the mutated
products were underrepresented, bands were purified and
amplified again by PCR before sequencing. Mutations were
checked by restriction enzyme analysis whenever possible.

Immunofluorescence Staining of Hepatoma Cell Lines.
HepG2, Hep3B, Huh6, and PLCyPrf hepatoma cell lines were
grown in DMEM (GIBCOyBRL) supplemented with 10%
(volyvol) fetal calf serum (GIBCOyBRL), 100 unitsyml of
penicillin, and 100 mgyml of streptomycin. The cells were
washed in PBS-0.1 M glycine, then fixed and permeabilized in
methanol at 220°C. Cells were incubated for 1 h in blocking
solution [PBS, 3% BSA (wtyvol)], and then with a rabbit
polyclonal anti-b-catenin antibody (dilution 1:200) at room
temperature in a moist chamber. The cells were washed several
times in PBS-0.1% (volyvol) Tween 20, and incubated for 45
min with anti-rabbit f luorescein isothiocyanate (Dako) (dilu-
tion 1:200). The cells were given a final wash in PBS-0.1%
(volyvol) Tween 20, examined under a Zeiss microscope
equipped with fluorescence optics, and photographed.

RESULTS

Synthesis of Truncated b-Catenin in HCCs. The regulation
of b-catenin turnover requires the NH2-terminal region of the
protein containing the potential GSK-3b phosphorylation site,
as phosphorylated b-catenin is targeted for degradation (9,
14). Deletion of the potential GSK-3b phosphorylation site or

a missense mutation of the serine or threonine residues therein
results in the accumulation of truncated or normal-sized
b-catenin and then in activation of b-catenin-mediated signal
(11, 13, 15–17). We used immunoblotting to evaluate the status
of b-catenin in hepatic tumors developed in several transgenic
mouse models. The L-type pyruvate kinase (L-PK)yc-myc and
the L-PKyH-ras transgenic mice express the oncogene c-myc
and H-ras in the liver under the control of the rat L-PK
regulatory regions, resulting in the development of multifocal
HCCs (18, 19). Similarly, WHVyc-myc mice express a trans-
gene carrying the c-myc oncogene under the control of the
woodchuck hepatitis virus (WHV) regulatory sequences and
also develop liver tumors (20). Isolated hepatic tumor nodules
and samples of adjacent nontumoral tissues were collected
from transgenic mice and analyzed by Western blotting using
an anti-b-catenin antibody (21). In addition to the 92-kDa
full-length b-catenin, several truncated b-catenins were
present in 12 of 20 tumor samples taken from L-PKyc-myc
transgenic mice (Fig. 1A). b-catenin was detected at increased
levels in three other tumor samples (Fig. 1 A, lanes 9–12).
Different tumor nodules taken from a single mouse synthesize
different forms of b-catenin (Fig. 1 A, lanes 9–10), indicating
that these multiple nodules had a distinct clonal origin.

We identified the molecular abnormalities involved in the
production of truncated b-catenin by analyzing the entire
coding region of the b-catenin mRNA by using a RT-PCR
strategy (Fig. 1B). The mouse tumor samples showed addi-
tional smaller bands when analyzed with the primers F1yR1 or
F1yR2, which amplify the 59 part of the b-catenin mRNA (Fig.
1 B and C). All of the PCR-amplified products obtained with
the other primer sets were of normal size (not shown). The
deletions all were mapped in the 59terminal part of the
b-catenin mRNA. The deleted PCR products then were
sequenced. We analyzed tumor samples from each of the
transgenic mouse models (Table 1). The most frequent dele-
tion was that of exon 2 containing the potential GSK-3b
phosphorylation site. Whether deletion of exon 2 was caused
by a point mutation in the splice site or a genomic deletion is
presently unclear. The other deletions were in-frame deletions
that removed at least the residues of the protein containing the
potential GSK-3b phosphorylation site, except for one dele-
tion (amino acids 12–37) that removed only the first phos-
phorylatable serine residue (S33) (Table 1).

Because the deletions were very frequent in the various
mouse tumors, we looked for similar events in human HCCs.
We found deletions in the b-catenin mRNA in one of the 26
HCC tumor samples examined and in the HepG2 hepatoma
cell line (Table 1).

Point Mutations in the Potential GSK-3b Phosphorylation
Site of b-Catenin in HCCs. We then looked for activating point
mutations in the potential GSK-3b phosphorylation site in all
of the human and mouse tumor samples that had no deletions
in the b-catenin gene. This search first was done by DGGE of
PCR products obtained by using primers amplifying the po-
tential GSK-3b phosphorylation site (22). Abnormal shifts in
mobility were detected only in tumor samples and not in
nontumoral tissues (data not shown). We then sequenced the
PCR products that had an abnormal migration pattern on
DGGE. The mutations were confirmed by appropriate restric-
tion enzyme digestion whenever possible (Fig. 2 and data not
shown). The point mutations (Table 1) all were somatic and
appeared to affect only one allele of the b-catenin gene. The
mutations were missense mutations that fell within the poten-
tial GSK-3b phosphorylation site (14). All serine or threonine
residues implicated in the down-regulation of b-catenin by the
GSK-3b kinase (14) were mutated: S33 (to C or F), S37 (to P
or F), T41 (to A or I), and S45 (to P). These mutations also
have been found in colon cancers and melanomas (11, 13).
There also were mutations that modified a residue contiguous
to the phosphorylatable amino acid S33: D32 (to N or V, or Y)
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and G34 [to V in four tumors or to E in two tumors. The same
types of mutations have been described very recently in rat
colon tumors (23 and 24).]. It has been suggested that these two
residues (D32 and G34) are important for b-catenin ubiquiti-
nation and therefore proteasome-dependent degradation (9).

In summary, we have detected activating mutations in the
human b-catenin gene in 26% (8y31) of the human liver tumor

samples examined and in all of the mouse tumor models. Fifty-
five percent (17y30) of the liver tumors developed in the L-PKy
c-myc transgenic mice had mutational activation of the b-catenin
gene, and similar mutations were found in 50% (10y20) of the
liver tumors developed in the WHWyc-myc and 41% (4y11) of
those in L-PKyH-ras transgenic mice (Table 1). Thus, the acti-
vation of b-catenin is a frequent feature of liver tumorigenesis.

Table 1. Summary of the b-catenin gene mutations in mouse and human hepatocarcinomas

Deletions

Mouse Human

PKyc-myc WHVyc-myc PKyH-ras Samples Cell lines§

m exon 2 (aa 12-37)* 1y30
m exon 2 (aa 19-74)* 1y30
m exon 2 (aa 5-80)*† 9y30 2y20 3y11
m exons 2-4 (aa 22-172)* 1y30
m exons 2-5 (aa 32-249)* 1y11
h exons 3-4 (aa 25-140)* HepG2
h exons 3-4 (aa 20-151)* 1y26

Point mutations

D32N D32V, D32Y
S33C, S33Y S33F

G34V G34V (2)‡, G34E G34E G34V(HuH6)
S37P S37F S37Y
T41A T41I (2)‡

S45P
Total mutations 17y30 10y20 4y11 6y26 2y5

The exon encoding the GSK-3b phosphorylation site is exon 2 for the mouse (m) and exon 3 for human (h).
*Amino acid deleted according to mRNA analysis.
†m exon 2 encodes aa 5-80 in the mouse b-catenin gene.
‡Mutations detected on two independent tumors.
§The different cell lines tested were the HepG2, HuH6, PLCyPRFy5, Hep3B, and Huh7.

FIG. 1. Analysis of b-catenin in hepatocarcinomas developed in transgenic mice. (A) Immunoblot analysis for b-catenin in L-PKyc-myc
transgenic mice. The expected 92-kDa band for b-catenin was detected in normal tissue (N, lanes 2, 4, 6, and 8–11) surrounding the tumor, whereas
various truncated proteins were found in tumor nodules (T, lanes 3, 5, 7, 9, and 10). T1 and T2 (lanes 9 and 10) are two independent nodules from
the same animal. L, sample from a nontransgenic mouse (lane 1). (B) RT-PCR strategy used to study the b-catenin mRNA. The diagram shows
the b-catenin functional domains. The N-terminal domain is involved in the posttranslational stabilization via the GSK-3b phosphorylation site
and in binding to a-catenin. The GSK-3b site includes the S33, S37, T41, and S45 phosphorylable residues. The 13 armadillo repeats are shown.
Pairs of primers were designed to amplify overlapping PCR products that covered the whole ORF of b-catenin (F1-R1, F2-R2, F3-R3, F4-R4, and
F5-R5, see Materials and Methods for the sequence). (C) Southern analysis of RT-PCR showing deleted b-catenin mRNA in L-PKyc-myc transgenic
mice. mRNAs obtained from tumor tissue (lanes 2, 4, and 6) together with their nontumor counterparts (lanes 1, 3, and 5) were analyzed by RT-PCR
with primers F1-R2, followed by Southern analysis.

Medical Sciences: de La Coste et al. Proc. Natl. Acad. Sci. USA 95 (1998) 8849



Activation of the Wnt-b-Catenin Pathways in Cultured
Human Hepatoma Cells. One of the current models implicat-
ing b-catenin in oncogenic signaling suggests that activating
mutations lead to redistribution of the subcellular protein so
that free b-catenin accumulates in the cytoplasm and interacts
with a transcription factor of the T cell factor (TCF)ylymphoid
enhancer factor family, and the complex translocates in the
nucleus where it activates transcription of the Wnt-responsive
genes (2, 3). We have used immunofluorescence staining to

study the effect of the mutations identified in the HepG2 and
HuH6 hepatoma cell lines. The PLCyPRFy5 cells containing
a wild-type b-catenin were uniformly stained along the mem-
brane. In contrast, HepG2 cells were intensely stained in the
nucleus, with very weak membrane staining, whereas both
membrane and nucleus were stained in the HuH6 cells (Fig.
3A). This finding confirms that the mutations in the HepG2
and HuH6 cell lines were activating mutations. Accordingly, a
TCF-dependent reporter gene has been found to be constitu-
tively activated in the HepG2 cell line (ref. 25 and H. Clevers,
personal communication). These results strongly suggest that,
as in colon cancers and melanoma cells, activating mutations
of b-catenin in hepatoma cell lines lead to transcriptional
activation of TCF-regulated genes. The mutation G34V, ob-
served in the Huh6 hepatoma cell line, led to accumulation of
b-catenin both in the cytoplasm and nucleus (Fig. 3 A and B).
This finding strongly suggests that the mutations of amino
acids surrounding Ser-33, which are very frequent in both
mouse and human HCCs (see Table 1), all are activating
mutations. The large deletion (amino acids 25–140) in HepG2
cells (Table 1 and Fig. 3B, lane 1) removes the potential
GSK-3b regulatory site and probably the binding site for
a-catenin, the b-catenin partner in the E-cadherin-mediated
cell adhesion (4). This could explain the poor membrane
staining (Fig. 3A). The point mutation in the HuH6, which
probably does not alter the a-catenin binding site, may not
impair binding to the membrane cytoskeleton (Fig. 3A).

DISCUSSION

We have provided direct evidence that somatic mutations of
the b-catenin gene are selected for during development of liver
cancer. Defining genetic alterations associated with the pro-
gression of liver tumor is a potentially useful step toward
identifying the mechanisms of hepatocarcinogenesis. The ac-
tivation of cellular oncogenes [i.e., c-myc (26, 27)], or growth
factors [i.e., insulin-like growth factor II (28, 29) and trans-
forming growth factor type a (30)] and mutations of tumor
suppressor gene [i.e., P53 (31–34), RB (35), and IGFIIR (36)]

FIG. 2. Point mutations in the b-catenin gene in tumors developed
in L-PKyc-myc mice. (A) Sequence analysis showing the D32Y and
S37Y mutations. (B) Digestion of the RT-PCR products with appro-
priate restriction enzyme. Undigested wild-type amplified cDNA
fragment (lane 1). Wild-type amplified cDNA fragments digested with
XmnI (lane 2) and RsaI (lane 4). Digested amplified cDNA fragments
from tumor sample showing a b-catenin gene mutation, the S37Y
mutation led to the absence of digestion by the XmnI enzyme (lane 3),
and the D32Y mutation led to the appearance of a RsaI restriction site
(lane 5) on the mutated allele.

FIG. 3. b-catenin in human hepatoma cell lines. (A) b-catenin immunolocalization. Cultured human hepatoma cells were immunolabeled with
rabbit polyclonal anti-b-catenin antibody. (a) PLCyPRFy5 hepatoma cells containing wild-type b-catenin and showing only membrane staining.
Hepatoma cells with activated b-catenin showed nuclear staining. (b) Huh6 cells. (c) HepG2 cells. There was no labeling when the first anti-b-catenin
antibody was omitted (not shown). (B) Western blot analysis. Truncated b-catenin in HepG2 cells (lane 1). Full-length b-catenin in PLCyPRFy5
and Hep3B cells (lanes 2 and 3). The G34V b-catenin mutation identified in the Huh6 cells led to accumulation of the protein (lane 4).
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all have been described in HCC developed in humans and
mice. However, it generally is not clear whether these alter-
ations are early, putatively causal factors, or late changes that
can be viewed as markers of tumor progression. Only P53-
specific mutations in hepatomas that develop in people in
countries with frequent dietary aflatoxin intoxication most
likely play a causal role (31, 32). We have analyzed several
models of HCC: human HCC associated with hepatitis B virus
or hepatitis C virus and mouse HCC developed in transgenic
mice expressing the oncogenes c-myc or H-ras in the liver (18).
All types of HCC contained similar activating mutations of the
b-catenin gene, which strongly suggests that mutations of the
b-catenin gene are essential for the development of HCC.
These results suggest that b-catenin activation could constitute
a privileged genetic modification in the cooperation with
various oncogenes (e.g., myc and ras) for hepatic tumor
progression and indicate that disregulation of the Wnt-b-
catenin pathway may well be one of the major molecular
mechanisms of liver cell transformation.

The mutations found in the liver tumors are all activating
mutations located in the potential GSK-3b phosphorylation
site (14). The serine or threonine residues mutated are thought
to regulate b-catenin turnover: phosphorylated b-catenin is
degraded by the ubiquitin-proteasome pathway (9). Similar
mutations also have been found in colon cancers and mela-
noma cell lines (11, 13). In addition, we found mutations in the
HCC samples studied that affect residues other than the
serine-threonine residues that are potential targets of the
GSK-3b kinase. These frequent mutations involved amino acid
residues that may play a role in the phosphorylation-dependent
ubiquitination and degradation (9).

Disregulation of the Wnt-APC-b-catenin pathway occurs in
almost all colorectal tumors (10, 3). Our data show that 26%
of human HCC and 50% of mouse HCC have b-catenin-
activating mutations. We now need to know whether other
partners of this signaling pathway can be activated in these
tumors with normal b-catenin. Indeed, we have found some
cases in which the intracellular concentration of wild-type
b-catenin is elevated (not shown). Although such an accumu-
lation of wild-type b-catenin could be explained by APC gene
mutation, as in colon cancers (7), this should not be frequent
in HCCs because no predisposition to HCC has been found in
patients with familial adenomatous polyposis carrying a germ-
line mutation of the APC gene (37), and there appears to be
no genetic alteration in the APC locus in HCCs (38, 39). We
therefore should look for other types of genetic modifications
that result in b-catenin stabilization.
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