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Abstract. Recent evidence has suggested that downregulation
of the Wnt/B-catenin signaling pathway may contribute to the
development and growth of HCC. Consequently, elements of
this pathway have begun to emerge as potential targets for
improving outcomes of anti-HCC. Thus, the present study
sought to examine the effects of Wnt-1 blockade using the
classical diethylnitrosamine (DEN)-induced chemical carci-
nogenesis mouse model of HCC. The depletion of Wnt-1 using
neutralizing antisera was done for ten consecutive days at the
age of 9 months and mice were examined for the following
20 days. At that time, DEN-treated mice had multiple vari-
ably-sized hepatic cell adenomas. Anti-Wnt-1 was particularly
potent in suppressing the expression of critical elements of
the Wnt/B-catenin signaling pathway, such as (3-catenin and
Frizzled-1 receptor, however, not Dickkopf-related protein 1.
This effect co-existed with the suppression of Cyclin DI,
FOXMI1, NF-kB and c-Jun commensurate with proliferation
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and apoptosis blockade in hepatocellular adenomas, and
reduced Bcl-2 and c-Met in the serum of mice. Nonetheless,
tumor size and multiplicity were found to be unaffected,
suggesting that apoptosis may be equally important to
proliferation in the context of counteracting DEN induced
hepatocellular adenomas of mice.

Introduction

Hepatocellular carcinoma (HCC) is the most common type of
liver cancer and among leading causes of cancer-related death
of humans (1-3). Rodent models of HCC have been proven
useful in revealing aspects of its multistep pathogenesis and
preclinical testing of anti-HCC treatments (1,2). Mice have
been shown to be particularly useful in that regard and a wide
variety of genetically engineered, xenograft and chemically
induced models are available for HCC research (1,2.,4,5).
Among them, the chemically induced model that utilizes
diethylnitrosamine (DEN) for HCC initiation is widely used
and well-characterized. This model recapitulates aspects of
liver injury and fibrosis and hepatitis, which both are the basis
of human HCC (1,2,4,6). For that, and because it is comparable
to its human counterpart in terms of cancer-associated gene
expression patterns and carcinogenetic pathways, it is consid-
ered among the best-fit experimental models of HCC (5).
Common molecular pathways of HCC pathogenesis include
phosphatidylinositol 3-kinase (PI3K)/AKT/mammalian
target of rapamycin (mTOR), c-MET, AMP-activated protein
kinase (AMPK), insulin growth factor 1 (IGF-1), H-Ras and
vascular endothelial growth factor (VEGF)-mediated angio-
genesis (4,7). Recently, the Wnt/f3-catenin signaling pathway,
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mostly known for its contributions in mucosal epithelia
cancers, has been added to the list of HCC pathways of carci-
nogenesis (8-13). In humans, the percentage of HCCs showing
activation of this pathway have been reported to range from
20 to 90% (8-13).

Whnt proteins encode a large family of secreted glycopro-
teins that act as extracellular cell signaling molecules. Their
binding to the transmembrane Frizzled (FZD) receptors
activates the Wnt/f3-catenin pathway that eventually results
in the cytoplasmic accumulation and nuclear translocation of
the B-catenin protein (11-13). Intranuclear f-catenin binding to
T-cell factor 4 (Tcf4) consequently upregulates the expression
of many different cancer-related genes, including c-myc and
Cyclin-DI (3,14).

Activating mutations of the (3-catenin gene (CTNNBI),
loss-of-function mutations in APC and Axin, as well as
deregulation of other Wnt/f-catenin pathway elements
[ligands, such as Wnt-1; receptors and co-receptors, such as
Frizzled-1 (FZL-1), and inhibitors, such as DKK1] have all
been implicated in HCC (3,8-13). Wnt/B-catenin as well as
other molecular pathways of HCC interrelate with important
inflammation, proliferation and apoptosis molecules, such
as Forkhead box M1 (FOXM1), NF-«B, c-Jun and B-cell
lymphoma 2 (Bcl-2) with important roles in HCC evolution
and growth (15-19).

Although blocking of the Wnt/B-catenin pathway has
emerged as potential anti-HCC treatment, blocking of the Wnt
secreted ligands and especially Wnt-1 has not been adequately
tested (9,10). A small number of studies, however, tested the
depletion of Wnt-1 on HCC cell cultures and tumor transplant
mouse models grafted with HCC cells. These studies show
preliminary evidence of tumor suppressive effects (20-23).

In the light of this evidence, the present study aimed to
test the effects and the outcome of Wnt-1 blockade in the
DEN mouse model of chemically-induced spontaneous
hepatocellular carcinogenesis.

Materials and methods

Animals. C56BL/6 male mice weighing 25-27 gr were
purchased by the Hellenic Pasteur Institute. Mice were kept in
stainless cages at constant 22 to 24°C temperature and allowed
free access to food and water during the 24-h day/night cycle.
All experimental procedures were performed according to
the guide for care and use of laboratory animals (24), and
ethical approval and licensing (License reference no. 4956)
were provided by the competent National Veterinary
Administration Authorities according to Greek legislative
(Decree no. 2015/92, 160/91) and European Communities
Council directive (no. 86/609/EEC).

Experimental design. A total of 28 male mice were used.
At the age of 14 days, mice were injected with a single i.p.
injection of the carcinogen N-nitrosodiethylamine (DEN;
5 mg/kg of BW) for the induction of hepatocellular carcinoma
(n=22). Ten carcinogen-injected mice were further treated
at the age of 9 months with daily i.p. anti-WNT-1 antibody
(Abcam, Cambridge, UK; 50 mg/kg of bw) injections for
ten consecutive days. Mice were killed with an overdose of
ketamine and xylazine during anaesthesia at ten months of age
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(n=24) with the exception of four mice from the DEN-treated
experimental group that were killed at the age of 12 months
(n=4) Blood was collected for ELISA and liver tissues were
fixed in neutral-buffered formalin 10% for histopathology and
immunohistochemistry (IHC).

Histopathology, IHC and morphometry. Formalin-fixed livers
were embedded in paraffin, cut at 5 ym, and stained with
hematoxylin and eosin or IHC. Primary antibodies for IHC
included rabbit antibodies against Ki-67, Cyclin D1, Wnt-1,
DKKI1 (Abcam), cleaved caspase-3, NF-kB p65, c-Jun (Cell
Signaling Technology, Inc., Beverly, MA, USA), -catenin
(Thermo Fisher Scientific/LLab Vision, Fremont, CA, USA),
Frizzled 1/Wnt receptor and FOXM1/HFH 11 (Bioss Inc.,
Woburn, MA, USA). Heat-induced antigen retrieval was
performed with citrate buffer, pH 6, for c-Jun, Cyclin DI,
cleaved caspase-3, NF-kB p65 and (-catenin or with EDTA
buffer, pH 8, for Ki-67, DKK1, FOXM1, Wnt-1 and Frizzled
1/Wnt receptor. Rabbit primary antibody binding was detected
with goat anti-rabbit polymer HRP (ZytoChem Plus, Berlin,
Germany). Color was developed with Diaminobenzidine
substrate-chromogen (Thermo Fisher Scientific/Lab Vision)
and tissues were counterstained with hematoxylin.

For quantitative histomorphometry, liver tumors in
HE-stained sections were subscribed and their area was auto-
matically measured in image pixels. The size of each tumor
was recorded. The total tumor area per total liver area ratio
was also calculated for each mouse liver section. IHC-positive
cells or pixels were counted in hepatocellular adenoma images
of x20 representative high power fields and results were
recorded as number of cells or pixels per image as previously
described (25). The ImageJ image processing and analysis
program (National Institutes of Health, Bethesda, MD, USA)
was used for all histomorphometrical assessments.

Blood serum ELISA. Hepatocyte growth factor receptor
(C-MET/HGFR) and Bcl-2 antagonist of cell death (BAD)
serum levels were determined using a quantitative sandwich
enzyme immunoassay technique of Cusabio Biotech Co., Ltd.
(Wuhan, China). Standards and serum samples diluted 1:2 in
Sample Diluent and assayed in duplicate in a 96-well micro-
plate, pre-coated with an antibody specific for C-MET/HGFR
and BAD, respectively. A 2-h incubation in 37°C was followed
by the addition of the appropriate antibody, 1-h incubation in
37°C, washing, the addition of avidin conjugated horseradish
peroxidase (HRP), incubation of 1 h in 37°C, washing and the
addition of the appropriate substrate. Finally, the reaction was
stopped and within 5 min the optical density was determined,
using a microplate reader set to 450 nm. A standard curve was
created and the concentration of the samples was calculated,
taking into account the initial dilution of the samples. The
inter-assay and intra-assay precision for both assays were <10%
and <8%, respectively. The detection range for C-MET/HGFR
was 0.078-5 ng/ml and for BAD was 31.2-2,000 pg/ml.

Statistical analyses. Histomorphometry and serum protein
measurements data were compared between groups using
Mann-Whitney U analysis. Statistical significance was set at
P<0.05. All analyses were performed with the Graphpad Prism
version 5.0 for windows (GraphPad Software, San Diego, CA,
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USA). Data representation was done with bar graphs depicting
the mean and standard error of the parameter assessed for each
experimental group.

Results

Hepatic cell tumors in DEN-challenged mice. The carcinogen
challenged male mice examined at 10 months after DEN admin-
istration (n=8) had multiple variably-sized hepatic cell tumors.
Histologically, the tumors appeared as sharply demarcated,
hypercellular, basophilic hepatic cell nodules. The lesions
often compressed the adjacent liver tissue areas in a variable
degree of severity. Consistently, the nodules showed loss of
normal lobular architecture. The larger ones had peripheral
liver plates that formed oblique angles with the corresponding
plates of normal adjacent parenchyma. Neoplastic cells showed
mild to moderate pleomorphism and atypia, and rare mitotic
figures. In their majority tumors contained large amounts of
spherical variably-sized eosinophilic hyaline inclusion bodies
(Fig. 1A). According to recently published histopathological
classification criteria (26), the tumors were diagnosed as hepa-
tocellular adenomas rather than carcinomas, based on absent
frank malignancy features, such as necrosis and hemorrhage,
indistinct demarcation and trabeculae formation. Upon histo-
logical examination, the untreated mice used as controls (n=6)
had normal livers.

To confirm the malignant potential of the DEN-induced
liver lesions in our experiments, four additional mice (n=4)
were examined at the more advanced time-point of 12 months
post carcinogen administration. As expected, the liver of
all 4 mice had notable well-sized typical HCC lesions. The
tumors were highly infiltrative, had indistinct expanding
borders and often contained areas of hemorrhage and necrosis.
The neoplastic cells were highly pleomorphic and atypical.
The degree of differentiation varied from tumor to tumor
ranging from well to poorly differentiated. Several different
histological types were recognized, including trabecular, solid,
acinar and clear cell HHC (Fig. 1A).

DEN-induced liver tumor formation does not require intact
Wnt/f-catenin signaling. Accumulating data suggest that the
Wnt/p-catenin pathway is involved in liver carcinogenesis (9).
To test whether an exogenous disruption of the canonical
Wnt/f-catenin signaling pathway might affect DEN-induced
carcinogenesis, we treated DEN-challenged mice with
neutralizing antibodies against Wnt-1 and examined their
livers histologically at 10 months after DEN administration
(n=10). By comparison with time-point-matched controls
(n=8) the Wnt-1-depleted mice did not show a statistically
significant difference in liver tumor multiplicity (Fig. 1B).
Likewise, the size of liver tumors induced in the two
experimental groups of mice did not differ at significant
levels (Fig. 1A and B). To further confirm these findings,
we also analyzed the total tumor area found in each liver
histological section. As with previous comparisons no
significant differences were found (Fig. 1B). The liver tumors
of Wnt-1-depleted mice were comparable to control mouse
tumors not only quantitatively but qualitatively as well.
Indeed, the liver tumors of treated mice had the same typical
histomorphological features of hepatocellular adenomas as
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those found in otherwise untreated mice at 10 months after
DEN administration (Fig. 1A). These results suggest that
lack of Wnt-1 does not affect hepatocellular tumor formation
in the DEN mouse model of liver cancer.

Effects of Wnt-1 depletion on proliferation and apoptosis of
liver tumor cells. Proliferation and apoptosis are key events
in tumor evolution and progression. The Wnt/f-catenin
pathway is involved together with other important signaling
pathways in both proliferation and apoptosis of HCC cells (9).
For that, we next sought to address whether the depletion of
Wat-1 affected proliferation or apoptosis in the hepatocellular
adenomas found in the mice of our study.

For assessing proliferation, we applied IHC to detect the
proliferation marker ki-67 in liver sections. Unlike other
mouse cancers stained simultaneously as stain controls, we
find that hepatocellular adenomas of DEN-challenged mice
contained very few (either none or up to six at the most per
tumor) Ki-67-positive neoplastic cells (Fig. 2). Interestingly,
we were able to detect none ki-67-positive neoplastic liver cell
in the tumors of anti-Wnt-1-treated mice (Fig. 2), whereas other
types of cells in the same liver sections showed Ki-67-positive
immunostaining (internal stain control).

Apoptosis in liver tumors was examined by means of
Caspase-3-specific IHC. Similarly to proliferation, apop-
tosis was also in low levels, with occasional tumors cells
showing Caspase-3 positive cytoplasmic signal. However,
in Wnt-1-treated animal tumors the presence of apoptotic
cells was particularly rare by comparison with liver tumors
of untreated mice. To quantify this result we next assessed
morphometrically Caspase-3 positive tumor cells. Indeed, we
found that although in low numbers, the apoptotic tumor cell
counts of Wnt-1-treated mice were lower than non-treated in
statistically significant levels (Fig. 2).

These results suggest that DEN-induced liver tumor cells
have low proliferative and apoptotic activity. Also, that the
depletion of Wnt-1 suppresses further not only proliferation but
apoptosis as well in DEN-induced hepatocellular adenomas.

Effects of Wnt-1 depletion on selected tumor markers. Having
found that the intervention with neutralizing anti-Wnt-1 anti-
bodies affects the proliferation and apoptosis of tumor cells,
we next examined whether it modulated the expression of
selected relevant tumor markers.

Cyclin DI is a key regulator of cell cycle. Its upregulation
is an early carcinogenesis event in many different tumor types
including hepatocellular neoplasms (11). Wnt-1 blockade has
been shown to suppress cyclin D1 expression in hepatocellular
carcinoma cells in vitro (22). By applying Cyclin DI1-specific
ITHC in mouse liver sections we found that hepatocel-
lular adenomas in DEN-treated mice contained several
Cyclin D1-positive tumor cells. Their anti-Wnt-1-treated coun-
terpart tumors, however, contained significantly less as further
confirmed by morphometric assessment (Fig. 2).

The expression of the proto-oncogene key cell cycle regu-
lator Forkhead box M1 (FOXM1) (27) was in accordance to
ki-67 and Cyclin DI results. Indeed, by IHC the hepatocel-
lular adenomas in DEN-treated mice showed ample FOXM1
expression. In contrast, adenomas of Wnt-1-depleted mice had
FOXMI in practically non-detectable levels (Fig. 2).
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Figure 1. Anti-Wnt-1 treatment does not suppress DEN-induced liver tumors in mice. (A) Histopathology of liver tumors. By the age of 10 months DEN-treated
mice had hepatocellular adenomas (arrows) appearing as well-circumscribed, hypercellular, slightly basophilic nodules in low-power magnification (upper
row). In high-power magnification (bottom row) the liver tumors had typical histomorphology of hepatocellular adenomas including loss of lobular architec-
ture, increased cellular pleomorphism and atypia and eosinophilic inclusion bodies. At the age of 12 months mice had large, highly infiltrative hepatocellular
carcinoma masses. The area shown in low-power magnification (upper panel) contains areas with trabecular, solid or acinar growth patterns. Features of
malignancy such as increased atypia, neoplastic hepatocellular cell necrosis and hemorrhage can be appreciated in high power magnification (bottom panel).
(B-D) Analysis of histomorphometrical features of hepatocellular tumors in 10-month-old mice. The depletion of Wnt-1 applied from the age of 9 months
onwards does not affect tumor multiplicity, tumor size and total tumor area at statistically significant levels. (A) Hematoxylin and Eosin. Scale bars: 250 ym
(upper row) and 25 ym (bottom row). (B) Numbers on the y-axis of bar graphs correspond to the mean + SEM of the parameter assessed; NS P>0.05. DEN,

diethylnitrosamine.

The activation of NF-xB and c-Jun signaling pathways
in tumor cells correlate with increased tumor malignancy in
hepatocellular tumors of both humans and mouse models (17).
Using THC and morphometric counts of positively stained
image pixels (NF-xB p65), we found that hepatocellular
adenomas of anti-Wnt-1-treated mice had significantly less
NF-kB p65expression compared to their matched controls and
c-Jun (Fig. 2). Also, that they had absent c-Jun-positive cells,
whereas the detection of such cells in the tumors of control
mice was consistent (Fig. 2).

B-cell lymphoma 2 (Bcl-2) is a major anti-apoptotic
signaling protein affecting the development of many different
neoplasms, including hepatocellular cancer (28). For that, we
next assessed Bcl-2 levels in the serum of mice using ELISA.
We found that mice bearing liver tumors had significantly
lower serum levels of Bcl-2 compared to cancer-free controls.
However, treatment with Wnt-1 neutralizing antibodies had a
statistically significant effect in increasing circulating levels
of Bcl-2 (Fig. 3A). This result suggests that Wnt-1 blockade
increases Bcl-2-associated anti-apoptotic signals in mice with
DEN-induced liver tumors.

By using ELISA, we also measured c-Met serum protein
levels in the mice of our study. c-Met, also called hepatocyte

growth factor receptor (HGFR), is a tyrosine-protein kinase
activator that is abnormally upregulated in liver cancer and
has been shown to correlate with poor prognosis (7). We found
that serum c-met is upregulated in mice with DEN-induced
liver tumors by comparison with cancer-free controls, with the
difference reaching statistical significance, however, only for
the anti-Wnt-1-treated experimental group. This group showed
a considerable statistical significance trend for higher c-met
levels when compared to DEN-exposed mice that received no
further treatment (Fig. 3A). The circulating c-met level assess-
ment results match our histopathological findings showing that
Whnt-1 blockade did not suppress DEN-induced liver tumor
formation in mice.

Effects of Wnt-1 depletion on selected Wnt/[5-catenin signaling
molecules. Utilizing THC we first tested the efficacy of our
depletion strategy in the mouse liver sections. Non-tumoral
liver tissue and hepatocellular adenomas of DEN-treated
mice showed a mild diffuse Wnt-1-specific staining. The same
areas of the livers of mice that were further subjected to Wnt-1
blockade, however, showed absent immunohistochemical
signal. This result suggests that no particular Wnt-1 upregu-
lation is observed in DEN-induced hepatocellular adenomas
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Figure 2. Effects of Wnt-1 depletion on the in situ expression of tumor-associated factors. The qualitative or quantitative evaluation of immunohistochemi-
cally-stained liver sections shows that anti-Wnt-1 treatment suppresses both proliferation (Ki-67) and apoptosis (caspase-3) of hepatocellular adenoma cells.
The cell-cycle regulators Cyclin D1 and FOXM1 and the tumor-associated proteins NF-kB p65 and c-Jun are evidently downregulated by treatment as well.
Note that NF-kB p65 can be seen in the cytoplasm but not nucleus of neoplastic hepatocytes. Its nuclear expression restricts to non-hepatocyte stromal cells.
IHC; Diaminobenzidine chromogen, hematoxylin counterstain. Scale bars: 50 xm. Numbers on the y-axis of bar graphs correspond to the mean + SEM of the
parameters assessed. ‘P<0.05, ““P<0.001. DEN, diethylnitrosamine; NF-«xB, nuclear factor-xB.

compared to the non-tumoral liver tissue. Also, that the deple-
tion strategy we applied using anti-Wnt-1 antisera worked to
bring down the presence of this protein in immunohistochemi-
cally non-detectable levels (Fig. 3B).

This result matched similar outcomes of our staining for
B-catenin, which is a basic downstream target molecule of
Whnt-1 protein (11). The livers of DEN-treated control mice
showed normal (3-catenin staining. Hepatocellular adenomas in
these mice had a more pronounced 3-catenin staining compared
to non-tumoral liver tissue (Fig. 3C). However, the liver tumor
cells did not show aberrant nuclear or cytoplasmic accumulation
of B-catenin (Fig. 3C). By contrast, livers from Wnt-1-depleted
mice had diminished presence of B-catenin throughout,
including both non-tumoral and tumor areas. (Fig. 3C).

The Frizzled-1 (FZL-1) wnt receptor is a basic element
of the B-catenin canonical signaling pathway. Upon binding
with Wnt-1 the activation of disheveled proteins inhibits
glycogen-synthase kinase-3 leading to an aberrant cytoplasmic
and nuclear accumulation of (3-catenin (11). The anti-FLZ-1
receptor immunohistochemical stain of DEN-treated mouse
livers showed a multifocal positivity of hepatocytes, by
contrast to untreated normal mouse livers, which had absent
[HC signal. FLZ-1 receptor expressing hepatocytes located
mostly in (without completely restricting to) the centrilobular
zone of hepatic lobules. Neoplastic cells of hepatocellular
adenomas, however, showed a more often and prominent

positive immunohistochemical signal. The anti-Wnt-1 treat-
ment appeared to reduce FLZ-1 expression in both non-tumoral
and neoplastic areas of liver. To quantify FLZ-1 expression in
hepatocellular adenomas we next performed morhometrical
counts. We found that tumors from Wnt-1-depleted mice had
significant less FLZ-1 compared to tumors from untreated
controls (Fig. 3D).

Dickkopf-related protein 1 (DKKI1) inhibits the WNT
signaling pathway and reduces [(-catenin expression (3).
Immunohistochemically, DKK1 was found to be consistently
upregulated in all hepatocellular adenomas found in both
anti-Wnt-1-treated and untreated mice. The staining pattern
and density was comparable between the two groups (Fig. 3E).
Interestingly, upregulation of DKK1 was clearly evident not
only in large tumors but in small-sized neoplastic and preneo-
plastic lesions as well (Fig. 3F). This result suggests that
DKKI1 upregulation is an early event in DEN-induced mouse
liver carcinogenesis. Also, that this upregulation remains unaf-
fected in the absence of Wnt-1.

Discussion

Recent evidence suggests that deregulations of the
Wnt/B-catenin signaling pathway contribute to HCC develop-
ment and growth (3,11-13). Consequently, elements of this
pathway started to emerge as potential targets for improving
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Figure 3. Effects of Wnt-1 depletion on blood serum tumor markers and neoplastic cell Wnt/p-catenin signaling. (A) Mice with DEN-induced hepatocellular
adenomas have significantly reduced Bcl-2 in their blood serum by comparison with tumor-free controls. The levels of Bcl-2 increase significantly after
anti-Wnt-1 treatment. Serum c-met is upregulated in mice with liver tumors. Tis effect reaches statistical significance only after the neutralization of Wnt-1.
(B) Treatment with Wnt-1-neutralizing antibodies diminishes Wnt-1-specific immunohistochemical signal in liver tumors. (C) Left panel: Well-demarcated
hepatocellular adenomas show a more prominent $-catenin immunohistochemical signal than adjacent liver tissue. Middle panel: High-power magnification
reveals that increased expression of 3-catenin in hepatocellular adenomas does not co-exist with its aberrant cytoplasmic or nuclear stabilization. The protein
retains its normal cellular distribution in cell membranes. Anti-Wnt-1 treatment blocks (3-catenin expression (right panel of C) and (D) reduces significantly
FLZ-1 in liver tumors. (E) By contrast, it does not affect tumoral cell DKK1 expression. (F) Small-sized early neoplastic lesion in the liver of a DEN-treated
mouse shows prominent DKK1-specific immunohistochemical signal, allowing its easy microscopical detection. IHC; Diaminobenzidine chromogen,
Hematoxylin counterstain. Scale bars: (C) and (H) 250 pm; remaining images, 50 ym. Numbers on the y-axis of bar graphs correspond to the mean + SEM of

the parameters assessed. “P<0.01, ““P<0.001. DEN, diethylnitrosamine; FLZ-1, Frizzled-1; DKK1, Dickkopf-related protein.

outcomes of anti-HCC treatment (9,10). In the light of this
evidence, the present paper examined the effects of Wnt-1
blockade in the classical DEN-induced chemical carcinogen-
esis mouse model of HCC (5). We found that the depletion of
Whnt-1 using neutralizing antisera for ten consecutive days at
the age of 9 months was particularly potent in suppressing the
expression of critical elements of the Wnt/p-catenin pathway
and selected tumor markers. Nonetheless, by examining mouse
livers 20 days after the completion of treatment we found that
tumor size and multiplicity were not affected.

In our study, mice treated with the chemical carcinogen
DEN at 10 months of age had hepatocellular adenomas. The
malignant potential of these adenomas was confirmed, since
four mice that were kept for an additional period of two
months developed well-sized hepatocellular carcinomas. The

occurrence, growth and evolution of DEN-induced mouse
hepatic proliferative and neoplastic lesions depends on several
factors including the dose scheme and administration route of
DEN and also age, strain and gender of mice (1,2). Our finding
of hepatocellular adenomas in 10-months-old C56BL/6 male
mice that were treated with 5 mg/kg BW of DEN matches
the results of other published studies using mice of compa-
rable genetic backgrounds and the same gender and similar
experimental designs (6,29).

The hepatocellular adenomas found in the present study
had unusually low neoplastic cell proliferation and apoptosis
levels, which is not similar to what is typically observed in
other types of tumors seen in the liver or elsewhere. This
unexpected feature of DEN-induced hepatocellular adenomas,
however, has been reported by others before. Comparisons
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between different studies using DEN and mice is difficult
due to the usage of different strains of mice, and the applica-
tion of divergent experimental designs and morphometrical
approaches for accessing proliferation and apoptosis. One
study that is in many ways comparable to the present one,
however, reported that DEN-induced hepatocellular prolifer-
ating lesions including adenomas have only 11 PCNA-positive
proliferating hepatocytes in every 100 abnormal hepatocytes
counted (29). The relatively low proliferating index, which is a
typical feature of human hepatocellular adenoma as well (30),
probably reflects the low proliferation rate of hepatocytes that
in normal conditions rest in the G, phase of the cell cycle.
It also explains the slow growth of hepatocellular tumors
in DEN-treated rodent models, that, as in the present study,
are not further manipulated to promote tumor initiation and
growth (1,2). Similarly to proliferation, apoptosis in hepatocel-
lular adenomas of mice has also been reported to be as low
as 0.02 to 0.44% regardless of mouse strain and induction of
carcinogenesis protocol (29,31-33). The results of caspase-3
specific IHC performed in the present study further confirm
that apoptosis in mouse hepatocellular adenomas is rather rare.

The Wnt-1 glycoprotein is a secreted ligand of the
Wnt/B-catenin pathway (34). Its binding to the transmembrane
Frizzled (FZD) receptors of cells activates the Wnt/f3-catenin
pathway leading to cytoplasmic accumulation and nuclear
translocation of the B-catenin protein (11-13). Intranuclear
[-catenin binds to T-cell factor 4 (Tcf4) and thus activates an
array of genes that regulate fundamental cellular functions
including proliferation, apoptosis, differentiation and migra-
tion (3,9-13). The Wnt/B-catenin pathway plays a significant
role in embryonic liver development and post-natal growth.
In the adult normal liver, however, it remains inactive with
[-catenin restricting to the cell membrane of hepatocytes; its
activation, evidenced by cytoplasmic and nuclear stabilization
of B-catenin, occurs only in the case of liver regeneration and
disease, including hepatocellular cancer (11-13).

Along these lines, the depletion of Wnt-1 and the immu-
nohistochemical stain of selected Wnt/B-catenin pathway
proteins in the present study are informative at many different
levels. In the context of hepatocellular cancer, Wnt-1 blockade
testing is thus far restricted to cell culture studies (20,22,23) or
studies using HCC xenograft mouse models (20,22). To the best
of our knowledge, our study is the first examining the effects
of blocking Wnt-1 in the mouse liver using a spontaneous HCC
mouse model.

Using this model and neutralizing antibodies against Wnt-1
for ten consecutive days we found diminished expression of
Whnt-1 in the liver of mice 20 days after the end of treatment.
This result confirms the efficacy of the depletion treatment
applied. It also demonstrates that in this experimental setting
the rabbit polyclonal IgG antibody used remained in recipient
mouse circulation in adequate numbers for Wnt-1 depletion for
at least 20 days. This conclusion is further evidenced by the
results of the B-catenin-specific IHC stain we have applied.
Indeed, anti-Wnt-1 treatment was potent enough to switch off
[-catenin expression in DEN-treated mouse livers, both in the
hepatocellular adenomas and in the remaining non-tumoral
liver tissue.

In the untreated controls of our study the normal liver
showed a weak hepatocyte cell membrane [3-catenin staining,
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which was clearly fainter compared to what has been previ-
ously described (11-13,35-37). Other studies in adult mice
have reported either a complete lack of specific B-catenin
THC signal (38), or a rather non-specific one along liver
sinusoids (38,39). The different primary antibodies and THC
protocols used in the various studies could contribute to
these discrepant results, but not completely explain them.
Especially, since in most of these studies the THC assays
applied yielded convincing (-catenin-specific IHC stain
outcomes in mouse liver tumors (12,13,35-40). Therefore, it
is possible that the differences observed may reflect inherent
or temporal variances of the subclinical metabolic state of the
adult mice examined in each case. Indeed, liver metabolism
is influenced by genetic background, diet or even the gut
microbiome (8,12,13,35,37,41,42).

Interestingly, by comparison with the normal liver of
untreated controls, the non-tumoral liver tissue of DEN-treated
mice showed increased expression of $-catenin and FZL-1, but
unchanged expression of Wnt-1. The Wnt signaling inhibitor
DKKI1 had absent expression in the normal liver of untreated
controls and the non-lesional liver of DEN-treated mice. In
hepatocellular adenomas, the expression of 3-catenin and
FLZ-1 were further increased, DKK1 expression emerged, but
Wnt-1 remained unaffected. The increased [-catenin in the
hepatocellular adenomas observed in our study restricted to
the cell membranes of hepatocytes, which is consistent with
what others have observed in liver adenomas of mice treated
with DEN (39) or other chemical carcinogens (43). By contrast,
hepatocellular adenomas of certain genetically engineered
mouse models of HCC contain cells with aberrant nuclear
localization of -catenin (36).

The depletion of Wnt-1 in our study effectively suppressed
[B-catenin and FLZ-1 but had no effect on DKK1 expression
and failed to reduce size and multiplicity of DEN-induced
hepatocellular adenomas. Although the role of Wnt-1, 3-catenin
and FLZ-1 in the early preneoplastic stages of DEN-induced
liver cancer cannot be definitively excluded, our results do
not confirm that Wnt-1 blockade counteracts hepatocellular
tumors, by contrast to previous studies (20,22,23). It should
be noted, however, that those studies base their conclusions
on experiments using HCC cell cultures and tumor transplant
mouse models grafted with HCC rather than hepatocellular
adenoma cells (20,22,23). 3-catenin which is an important
downstream molecule of Wnt-1-FLZ1 binding is mutated in
mice treated with DEN and phenobarbital but not in those
treated with DEN alone (4,44). According to another study,
[-catenin mutations are absent in DEN-treated mouse hepa-
tocellular adenomas, but appear at the later stage of HCC (39).

Cyclin DI is a major cell cycle regulator and a target
molecule of the Wnt/B-catenin pathway and (3-catenin nuclear
translocation (14). Cyclin D1 is a proto-oncogene with
important roles in the growth and evolution of many types of
cancer including HCC (11,13,45). In the present study, hepa-
tocellular adenomas showed no evidence of 3-catenin nuclear
translocation. Nonetheless, they had neoplastic cells with
nuclear Cyclin D1 signal, which suggests that DEN-induced
hepatocellular tumors of mice at the stage of adenoma do not
require nuclear (3-catenin for the initial stages of Cyclin DI
upregulation. On the other hand, however, the disruption of
the Wnt/p-catenin pathway in the present study worked to
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suppress Cyclin D1 in the mouse tumors, which is similar
to what has been frequently reported in studies using mouse
models of HCC (4,13,20,22,36,46).

Another proto-oncogene key cell cycle regulator examined
in our study is FOXMI1. This molecule that has also been
described to participate in apoptosis and DNA repair processes is
overexpressed in various types of cancers, including HCC (27).
In line with these findings, we found increased FOXM1 expres-
sion in DEN-induced hepatocellular adenomas of mice. We also
observed that Wnt-1 blockade suppressed FOXM1 expression
in neoplastic hepatocytes. In other types of cancer, such as
glioma and lung, cervical and pancreatic cancers FOXM1 is
involved in the activation of Wnt pathway and the nuclear trans-
location of (-catenin (19,47-49). In our study, overexpression of
FOXM1, however, did not coincide with nuclear stabilization
of B-catenin in neoplastic cells. Furthermore, the Wnt pathway
blockade-associated downregulation of FOXM1 did not affect
hepatocellular adenomas. Our result agrees with findings in the
DEN-phenobarbital mouse model of HCC suggesting that this
molecule has unremarkable effects on tumor evolution (33). On
the other hand they contrast findings of others which use the
same mouse model to demonstrate that FOXM1 is essential for
the development of HCC (18).

NF-kB and c-Jun are important pleiotropic molecules that
regulate fundamental cell processes including proliferation
and apoptosis and their role in DEN-induced liver cancer has
been reported (17,50). Specifically, it has been shown that the
deletion of either IkB kinase B (IKKp), which is required for
NF-«B activation (17), or c-Jun (50) markedly affected the
early stages of tumor development and reduced chemical
carcinogenesis. In our study, however, the considerable reduc-
tion of both NF-kB and c-Jun in hepatocellular adenomas after
Whnt-1 depletion, had no effect in hepatocellular adenomas. It
is possible that a longer period of Wnt-1 blockade may have
been required for counteracting hepatic tumors in this case.

The hepatocyte growth factor receptor (HGFR) c-Met has
been shown to promote all major events of human HCC evolu-
tion including tumor cell growth and survival (7). Its tumor
promoting role has also been demonstrated in the DEN mouse
model of liver cancer (51). In our study, we find that c-met is
increased in the blood serum of mice bearing hepatocellular
adenomas and that its increased serum levels are not affected
by anti-Wnt-1 treatment.

In previous studies using B6C3F1 mice and DEN,
Lee et al (29) have shown that the anti-apoptotic molecule Bcl-2
is increased in hepatocellular adenomas (29,52). In the serum
of DEN-treated mice, however, we found that Bcl-2 was signifi-
cantly decreased in comparison with cancer-free controls of the
same age. Also, that anti-Wnt-1 treatment worked to increase
the circulating levels of Bcl-2, which suggests increased
anti-apoptotic signaling after disruption of the Wnt pathway.
This suggests a pro-apoptotic function of Wnt-1, which differs
from earlier findings of an in vitro study that used cell cultures
to show that Wnt-1 signaling inhibits apoptosis (53).

Overall, the results of our study show that ani-Wnt-1
blockade affects an array of important regulators of prolif-
eration and apoptosis. Indeed, immunohistochemical
assessment of Ki-67 and caspase-3 showed that anti-Wnt-1
treatment suppressed both proliferation and apoptosis. This
anti-proliferative and anti-apoptotic milieu, however, failed
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to reduce hepatocellular adenomas. This result suggests,
that, at least for counteracting DEN-induced liver tumors of
mice, reducing proliferation of neoplastic hepatocytes does
not suffice. It appears that in this mouse model of cancer,
hepatocellular apoptosis is equally important to prolifera-
tion in the critical stage of adenoma to carcinoma transition.
Furthermore, the present study adds to existing preclinical
data aiming to explore the roles of Wnt/B-catenin pathway in
hepatocellular cancer. Further testing in mice involving longer
periods of anti-Wnt-1 treatment of liver tumors compared to
the 10-days-long period applied in the present study may be
useful along these lines. A considerable amount of such data
is needed before considering therapeutic interventions based
on the most fundamental and pleiotropic biological pathways,
such as the Wnt/B-catenin one.
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