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Abstract
Activation of β-Catenin, the central effector of canonical Wnt pathway and a recognized
oncogene, is implicated in hepatocellular carcinoma (HCC). Here, we examine N-
nitrosodiethylamine (DEN)-induced tumorigenesis in hepatic β-catenin conditional knockout mice
(β-cat KO). Only, male β-cat KO and age- and sex-matched littermate controls were given a single
intraperitoneal DEN injection and followed for 6–12 months for hepatic tumors. Hepatic tumors
were characterized for histology, proliferation, apoptosis, oxidative stress, and specific proteins by
western blots, immunohistochemistry and coprecipitation studies. For in vivo tumor intervention
studies, specific inhibitors were administered intraperitoneally or through drinking water.
Intriguingly, β-cat KO mice show a paradoxical increase in the susceptibility to DEN-induced
tumorigenesis. The accelerated tumorigenesis is due to increased injury and inflammation,
unrestricted oxidative stress, fibrosis and compensatory increase in hepatocyte proliferation
secondary to PDGFRα/phosphoinositide 3-kinase (PIK3CA)/Akt activation and c-Myc
overexpression. In vitro suppression of β-catenin expression in hepatoma cells led to enhanced
PDGFRα expression, which was abrogated in the presence of NF-κB inhibitor. Daily treatment of
6 months old DEN-exposed β-cat KO with PDGFRα inhibitor dramatically reduced tumor
numbers and size. Inclusion of N-acetyl-L-cysteine (NAC), a known antioxidant and NF-κB-
inhibitor, in the drinking water led to complete abolition of tumorigenesis in DEN-exposed β-cat
KO. In conclusion, loss of β-catenin impairs the ability of liver to counteract DEN-induced
oxidative stress and enhances tumorigenesis through PDGFRα/PIK3CA/Akt signaling. Blockade
of PDGFRα or oxidative stress dramatically impacts β-catenin-deficient tumorigenesis. Also,
hepatoma cells utilize PDGFRα/PIK3CA signaling as an escape mechanism following β-catenin
suppression and their sequential suppression profoundly impedes tumor proliferation.
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β-Catenin, the key mediator of canonical Wnt pathway, was originally identified as a
binding partner of E-cadherin and actin cytoskeleton, thereby mediating intercellular
adhesion (1, 2). β-Catenin has a core domain of twelve armadillo-repeats responsible for
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pertinent nuclear interactions and target gene expression (3). In a normal steady state, in the
absence of Wnt, β-catenin is phosphorylated at amino-terminal serine and threonine residues
and targeted for ubiquitination (4). The binding of Wnt proteins to its cell surface receptor
Frizzled and co-receptor low-density lipoprotein-related protein-5/6 leads eventually to
glycogen synthase kinase 3β (GSK3β) inactivation. β-Catenin dissociates from the
degradation complex composed of adenomatous polyposis coli gene product (APC), axin,
GSK3β and casein kinase α to translocate to nucleus to bind to lymphoid enhancer-binding
factor/T-cell factor and transactivate target genes.

Presently, the significance of Wnt/β-catenin pathway is well-documented in cellular
development, growth, survival, regeneration and self-renewal (5–7). β-Catenin is implicated
in a variety of cancers, including hepatocellular carcinoma (HCC). Activating mutations in
β-catenin gene (CTNNB1) were found in 70% of hepatoblastomas and 20–40% of HCC (8,
9). Preclinical models such as conditional APC deletion in mouse liver also exhibit hepatic
tumors through β-catenin activation (10). Therefore, β-catenin is a recognized oncogene.
With this background, we hypothesized that lack of β-catenin in hepatocytes might protect
against chemical-induced carcinogenesis in liver.

While, global genetic knockout of β-catenin results in embryonic lethality caused by
gastrulation defect (11), the field has had a major boost with the generation of the floxed β-
catenin mice, which enables tissue specific deletion (12). To address the role of β-catenin in
hepatocarcinogenesis, we used the hepatocyte-specific knockout mice (13), generated by
interbreeding mice homozygous for floxed-β-catenin allele (Ex2-6) and mice expressing Cre
recombinase under albumin promoter and enhancer (Alb-Cre mice) (14). Tumor
development was studied in the Ctnnb1 loxp/loxp; Alb-Cre+/− or β-cat KO mice in response to
N-nitrosodiethylamine (DEN), a well-known hepatocarcinogen (15). Intriguingly, we
observed a paradoxical increase in susceptibility to DEN-induced tumors role in β-cat KO
mice. The tumor promoting effect was associated with increased injury, inflammation and
associated oxidative stress, along with compensatory regeneration that occurred through
platelet-derived growth factor receptor-α (PDGFRα)-induced activation of Phosphoinositide
3-kinase (PIK3CA)/Akt pathway. Inhibition of PDGFRα or abrogation of oxidative stress
led to dramatically reduced tumorigenesis. We also identify PDGFRα/PIK3CA as the
‘escape’ pathway following β-catenin inhibition and successive suppression of these
pathways diminished hepatoma cell growth. These observations thus suggest an important
role of β-catenin in maintaining redox homeostasis in the liver.

EXPERIMENTAL PROCEDURES
Animals

β-Cat KO (Ctnnb1loxp/loxp; Alb-Cre+/−) mice were described previously (13). Cre-Ctrl
(Ctnnb1loxp/loxp; Alb-Cre−/−, Ctnnb1loxp/Wt; Alb-Cre+/−, and Ctnnb1loxp/Wt; Alb-Cre−/−)
mice are referred to as controls (Cre-Ctrl). All experiments were performed under strict
guidelines of the NIH and the Institutional Animal Use and Care Committee at the
University of Pittsburgh.

Tumor induction and treatments
β-Cat KO (n=24) and Cre-Ctrl (n=24) male mice were injected i.p. with N-
Nitrosodiethylamine (DEN; Sigma-Aldrich, Inc) at a dose of 5 μg/g body weight at postnatal
day 14 (P14). Specifically, Cre-Ctrl mice used were of the following genotypes:
Ctnnb1loxp/loxp; Alb-Cre−/− (n=6); Ctnnb1loxp/Wt; Alb-Cre+/− (n=7); and Ctnnb1loxp/Wt;
Alb-Cre−/− (n=11). Mice were sacrificed when they showed signs of morbidity, which
occurred inβ-cat KO mice only. At this time, DEN-exposed littermate Cre-Ctrl mice were
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also sacrificed for direct comparison of disease between the two genotypes. Liver tissues
were collected for histology and protein analysis. In the N-acetyl-L-cysteine (NAC)
treatment group, after DEN injection at P14, both β-cat KO and Cre-Ctrl male mice were
given NAC (Sigma) water at a dose of 2 mg/g body weight from day 25 to 7–8 months, and
sacrificed. In the Gleevec (STI-571, Imatinib; Cayman Chemicals) treatment group, 6-
month-old DEN-injected β-cat KO male mice were given Gleevec (dissolved in dH2O) at
daily dose of 50 mg/kg by i.p. injection for 15 days, and sacrificed for liver analysis.

Oxidative stress analysis
Oxidized (GSSG) and total (GSH) glutathione content were measured using an assay kit
(Cayman chemicals) and ratio presented. Lipid peroxidation was determined by measuring
malondialdehyde (MDA) level using an assay kit (OxisResearch). 8-hydroxy-2’-
deoxyguanosine (8-OHdG) levels in genomic DNA isolated from liver tissues were analyzed
as described previously (16). The ratio of 8-OHdG/2-dG was presented.

Statistical analysis
Data are presented as the mean ± SE. Cultures were done in triplicates and repeated twice.
Data were analyzed by the student t test or ANOVA, and p<0.05 were considered
statistically significant.

Additional methods are included as an online supplement.

RESULTS
β-Catenin loss in hepatocytes promotes DEN-induced hepatocarcinogenesis

A single injection of DEN was administered at postnatal day 14 (P14) to β-cat KO and Cre-
Ctrl male mice at a dose of 5 mg/kg. Comparable levels of CYP2E1, an enzyme essential for
bioactivation of DEN, are observed in both genotypes at this stage (data not shown), while
its levels are downregulated in 4–6-week old β-cat KO mice as reported previously and
based on the DNA excision kinetics of albumin-cre transgene (13, 14). In response to DEN
and absence of β-catenin in hepatocytes, mice showed early signs of morbidity with tumors
appearing and progressing more rapidly (Fig.1). The β-cat KO mice often showed hunched
posture and limited physical activity. Upon autopsy, the β-cat KO mice show hepatic tumors
and signs of upper gastrointestinal obstruction observed as gross distention of stomach
possibly due to lymph node involvement at porta hepatis. Several mice also showed
development of pulmonary metastasis. Higher percentage of β-cat KO mice showed
macroscopic tumors as compared to Cre-Ctrl mice (Fig. 1A). Cumulative incidence rate for
β-cat KO and Cre-Ctrl was calculated as percentage of the total numbers of mice displaying
tumors at or before a specific time point over the total number of mice in each experimental
group. Cumulative incidence rate of tumors in β-cat KO was significantly greater than Cre-
Ctrl at six months and all later time points (33% versus 8%, 42% versus 8%, 50% versus
17%, 71% versus 38%, 83% versus 46%, and 92% versus 46%, all p<0.05). By 13 months,
most β-cat KO mice developed tumors (22/24, >90%) as compared to around <50% (11/24)
showed disease in the controls (Fig.1B). There were no differences in appearance of tumors
among various control genotypes, which exhibited lower cumulative incidence rates than β-
cat KO at all times (Fig. 1C). The tumors were significantly larger in β-cat KO livers than
Cre-Ctrl livers at 6–8 and 12 month, respectively (p<0.05 and p<0.01, Fig.1D). β-Cat KO
livers also showed 3- and 2-fold higher numbers of tumor nodules at 6–8 and 12 month
respectively, than time-matched Cre-Ctrl (p<0.05, Fig.1E). Notably, by
immunohistochemistry (IHC) we found most tumors to be α-fetoprotein (AFP) positive in β-
cat KO livers, and negative in Cre-Ctrl livers (Fig. 1F). This suggests an earlier progression
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of substantial numbers of tumors in β-cat KO livers to HCC, than the age-matched Cre-Ctrls
that showed AFP-negative hepatic adenomas or dysplastic foci (Fig.1D).

β-Catenin knockout livers after DEN display higher genotoxic injury, inflammation and
oxidative stress leading to greater apoptosis, fibrosis and compensatory hepatocyte
proliferation

DEN is known to induce DNA damage, injury and inflammation, which lead to excessive
oxidative damage and HCC (17). We tested oxidative stress through multiple modalities in
the β-cat KO and Cre-Ctrl livers at 6–8 months after DEN-exposure. The ratio of total to
oxidized glutathione (GSH/GSSG) was significantly decreased in β-cat KO livers compared
to Cre-Ctrl after DEN treatment (Fig. 2A). Lipid peroxidation, as assessed by MDA content,
was also significantly higher in β-cat KO livers after DEN (Fig. 2A). 8-OHdG, an oxidized
derivative of deoxyguanosine, is a major product of DNA oxidation (18) was also
augmented in β-cat KO livers after DEN exposure (Fig 2A). It is important to note that no
appreciable differences in oxidative stress in non-DEN exposed age-matched β-cat KO and
Cre-ctrl livers were observed as indicated by insignificant baseline differences in 8-OHdG
(Fig. 2A).

To address the mechanism of sustained oxidative stress, we examined β-cat KO livers for
any evidence of ongoing inflammation. As seen at 6 months, notable leukocyte infiltration
and Kupffer cell activation is observed by IHC for CD45- and CD14 in DEN-exposed β-cat
KO as compared to controls (Fig. 2B). Also evident were higher numbers of apoptotic nuclei
as seen by IHC for TUNEL in β-cat KO at 6 and 8 months only (Fig. 2C), which were
significant (Fig. 2D). The ongoing injury was also reflected by aberrant wound healing
response in the form of fibrosis, which was observed by Masson’s trichrome staining (Fig
2E).

Based on the potential of liver to regenerate, we speculated compensatory increase in
hepatocyte proliferation as a consequence of enhanced genotoxic injury in β-cat KO in
response to DEN-exposure. Previously, others and we reported liver regeneration in β-cat
KO mice albeit after a delay of 24 hours (13, 19). Indeed, 6-month-old β-cat KO mice after
DEN show considerable numbers of PCNA-positive hepatocytes (Fig. 2F).

Thus, β-catenin-deficient livers in response to DEN show inability to resolve the genotoxic
injury and oxidative stress as a result of ongoing inflammation, apoptosis and fibrosis, which
is followed by compensatory regeneration and tumorigenesis.

DEN induces hepatocarcinogenesis in absence of β-catenin through PIK3CA/Akt pathway
We next explored the molecular basis for increased tumor cell proliferation in β-cat KO
mice in response to DEN. We verified that the tumors in β-cat KO livers were β-catenin-
negative and negative for its target glutamine synthetase (GS) by both IHC and western blot
(WB). This was in contrast to tumors in Cre-Ctrl, which mostly expressed membranous β-
catenin and centrizonal GS (Fig. 3B) and only rarely showed cytoplasmic and nuclear β-
catenin and a more widespread GS localization (data not shown). While cyclin-D1 levels
were modestly lower in β-cat KO, DEN-exposure led to increases in proto-oncogene c-Myc
and cyclooxygenase-2 (cox-2) (Fig. 3B), suggesting a β-catenin-independent mechanism of
c-Myc and cox-2 regulation.

As identified in untreated β-cat KO mice (13), we continued to observe an increase in
phospho-GSK3β-Ser9 after DEN-exposure (Fig. 3B). Given that Akt is a well-known
upstream modulator of GSK3β, we examined total and phospho-Akt-Thr308 levels, which
were increased in β-cat KO livers in the presence or absence of DEN as compared to Cre-
Ctrl (Fig. 3C–D), albeit the increase was more dramatic in DEN-samples. Also, phospho-
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Akt-Thr308 was evident in βcat KO tumors by IHC (Fig 3E). While total or phosphorylated
levels of PDK1 and PIK3CA (p85 and p110), known upstream effectors of Akt, did not
show any baseline differences in their protein expression between the β-cat KO and Cre-
Ctrl, following DEN-exposure, noteworthy increases in phospho-PDK1-Ser241 and phosho-
PIK3CA-p85-Tyr458/Tyr199 were evident in βcat KO livers (Fig 3C–D). Thus, β-catenin
loss in liver leads to enhanced activation of PIK3CA/Akt pathway in response to DEN.

PDGFRα is the upstream effector of PIK3CA/Akt pathway in the absence of β-catenin in
DEN-induced hepatocarcinogenesis

To address the mechanism of PIK3CA/Akt activation inβ-cat KO especially after DEN-
exposure, we interrogated several receptor tyrosine kinases (RTK) (20), especially
epidermal growth factor receptor (EGFR), hepatocyte growth factor (HGF) receptor-c-Met
and PDGFRα, for their role in HCC (21). Intriguingly, decreased levels of HGFα, HGF
precursor, EGFR and Met were evident in β-cat KO livers (Fig. 4A). However, we identified
a dramatic increase in total PDGFRα protein and not PDGFRβ in DEN-exposed β-cat KO
livers as compared to controls (Fig. 4B). Immunoprecipitation (IP) studies also revealed
enhanced tyrosine-phosphorylated-PDGFRα in DEN-exposed β-cat KO livers (Fig. 4B).
Also, IHC detected a noteworthy increase in cytoplasmic and membranous PDGFRα in
tumor nodules in β-cat KO livers and not controls (Fig 4C). Similar analysis of samples
from tumors in older βcat KO and cre-ctrl mice also showed greater PDGFRα and phospho-
Akt (Thr-308) levels in βcat KO livers only (Fig. 4D). These results suggested PDGFRα to
be the candidate upstream effector of PIK3CA/Akt pathway activation in DEN-induced
carcinogenesis in β-cat KO livers.

NF-κB signaling in the absence of β-catenin contributes to PDGFRα activation
To determine the mechanism of PDGFRα upregulation in the absence of β-catenin, we
explored the possibility of establishing an in vitro model utilizing two human hepatoma cell
lines- Hep3B and HepG2 cell. HepG2 cells, which harbor a truncated and constitutively
active β-catenin exhibited low PDGFRα levels, and Hep3B cells, which harbors full-length,
non-mutated and non-active β-catenin showed high endogenous PDGFRα expression by
western blots (Fig. 5A). Next, we determined the impact of β-catenin suppression on
PDGFRα levels. Hep3B and HepG2 cells transfected with either CTNNB1 siRNA (shown-
Hep3B) or antisense (shown-HepG2) dramatically decreased β-catenin protein and led to
concomitant increase in PDGFRα levels (Fig. 5B). These results were analogous to the in
vivo observations and thus provided us a model to interrogate the mechanism of PDGFRα
expression secondary to β-catenin loss.

Based on previously reported increase in PDGFRα gene expression in β-Cat KO livers
especially after hepatectomy (13), and presence of NF-κB binding sites in PDGFRA
promoter (22), we examined NF-κB status in β-cat KO and cre-ctrl livers with and without
DEN. Representative data from 5–8-month old animals shows a mild increase in total levels
of NF-κB subunit p65, and its target gene IκB-α and Traf1 in β-cat KO, however these
differences along with changes in levels of NF-κB subunit p50 or NF-κB target Fas were
statistically insignificant between the β-cat KO and Cre-Ctrl livers at baseline (Fig. 5C).
However, protein levels of both p65 and p50, and targets IκB-α, Fas and Traf1 were induced
in β-cat KO livers indicating NF-κB activation following DEN-exposure at the examined
time-points (Fig. 5C).

We next determined the relevance of NF-κB activation in PDGFRα overexpression uponβ-
catenin suppression in vitro. We simultaneously silenced β-catenin expression and NF-κB
activity, the latter being achieved by an inhibitor that blocks translocation of NF-κB subunits
(p65 and p50) into the nucleus (23). NF-κB blockade prevented PDGFRα increase following
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β-catenin suppression (Fig. 5D). Thus, NF-κB activation may be contributing to PDGFRα
overexpression and enhanced DEN-induced hepatocarcinogenesis in β-cat KO mice.

PDGFRα inhibition affects tumor growth after β-catenin knockdown in hepatoma cells
Since PDGFRα activation is evident in vivo and in vitro following β-catenin loss or
knockdown, respectively, we next asked if there are any biological consequences associated
with such compensation. To address this we investigated the potential role of PDGFRα in
cell proliferation following CTNNB1 knockdown in vitro. A single dose of STI-571 was
used to inhibit PDGFRα signaling 24 hours after CTNNB1 siRNA (Fig. 5E) or antisense
(Fig. 5F) treatment. While β-catenin suppression, or treatment with STI-571, independently
decreased DNA synthesis, their sequential inhibition led to a greater reduction in thymidine
incorporation (Fig. 5E–F). Thus PDGFRα promotes hepatoma growth especially in the event
of β-catenin suppression,

PDGFRα inhibition affects in vivo tumor growth in DEN-exposed β-cat KO mice
To further address if PDGFRα activation accounts for enhanced susceptibility to DEN-
induced HCC, DEN-injected 6 months old β-cat KO mice (n=4; 2 showing signs of
morbidity) were administered 50 mg/kg/day of STI-571 for 15 days and sacrificed to
determine tumor burden. Compared to the historic controls (n=5 at 6 months), decrease in
tumor area by 2.5-fold, and tumor numbers by 3.5-fold, was evident in the treatment group
(Fig. 6A & B). The STI-571 treated β-cat KO group showed tumor size and numbers
comparable to DEN-exposed Cre-Ctrl mice at 6 months (n=4) (Fig. 6A & B). Liver tissue
from the treatment and non-treated group were examined for expression of phospho-tyrosine
and total PDGFRα, and c-Myc. The ratio of phospho- to total-PDGFRα, and total c-Myc
levels were significantly decreased in the treatment group as untreated controls (Fig. 6C).
Thus, PDGFRα activation plays an important role in DEN-induced tumorigenesis in β-cat
KO mice.

NAC, an antioxidant and NF-κB inhibitor, protects β-cat KO mice from DEN-induced
hepatocarcinogenesis

We next tested if sustained oxidative stress may be an important contributor towards NF-
κB–mediated PDGFRα/PIK3CA/Akt signaling and c-Myc overexpression leading to
accelerated DEN-induced HCC in β-cat KO mice. We utilized N-acetyl-L-cysteine (NAC), a
well-known ROS scavenger, which is also known to inhibit NF-κB activation (24, 25).
Long-term feeding with NAC water from 25 days (P25) after birth to 7–8 month of age had
a profound protective effect against tumorigenesis in β-cat KO mice, as seen by lack of any
gross or microscopic disease (Fig. 6D). This was in stark contrast to untreated age-matched
DEN-exposedβ-cat KO animals at 7–8 months, where 80% these animals showed tumors. A
modest protective effect of NAC was also observed in DEN-induced carcinogenesis in the
Cre-Ctrl mice group supporting global role of oxidative injury in this tumorigenesis model
(Fig. 6D).

Whole cell liver homogenates from age-matched β-cat KO mice (with and without DEN
injection) and DEN-treated-NAC-fed mice were subjected to molecular analysis. DEN
injected β-cat KO mice show PDGFRα, Akt and c-Myc upregulation in response to DEN
treatment along with evidence of NF-κB activation as evident by Fas and TRAF1
overexpression (Fig 6E). Following NAC-treatment, these mice show a noteworthy decrease
in Fas and TRAF1, along with decreased levels of PDGFRα, Akt and c-Myc (Fig. 6E).

Since, we hypothesized that β-cat KO livers were incapable of alleviating increased
oxidative stress brought about by DEN and formed the basis of NF-κB driven PDGFRα/
PIK3CA activation, we next asked if NAC protected against tumorigenesis through its anti-
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oxidant properties. Ten-fold reduction in MDA adducts in NAC-fed, DEN-exposed β-cat
KO livers demonstrates a robust decrease in oxidative stress (Fig. 6F). Taken together, these
data demonstrate the protective effect of NAC on DEN-induced hepatocarcinogenesis
especially in the absence of β-catenin, maybe through its antioxidant and NF-κB-inhibitory
effect in addition to other mechanisms leading eventually to diminished PDGFRα-PIK3CA/
Akt signaling.

DISCUSSION
Around 80% of HCC in patients is frequently observed in the backdrop of chronic liver
injury due to etiologies such as viral hepatitis and alcoholic liver disease (26). Chronic insult
to the liver leads to inflammation, oxidative stress, hepatocyte death, hepatic fibrosis and
regeneration. And due to reasons still unclear some of these responses although meant to be
protective and essential for maintenance of liver functions, are also the basis of neoplastic
transformation. The dysplasia in regenerating nodules leads eventually to HCC in cirrhotic
liver as the cells accumulate chromosomal aberrations and genetic and epigenetic mutations,
eventually leading to disproportionate activation of cytoprotective and proliferative
signaling. Many pathways, broadly categorized into Ras/MAPK, PIK3CA/AKT and Wnt/β-
catenin signaling have been shown to be of relevance in HCC (27). β-Catenin, the chief
effector of the Wnt signaling is a widely accepted oncogene due to its broad implications in
variety of cancers including around 20–40% of all HCC (28). Interestingly, we report a
paradoxical rise in the susceptibility of β-catenin conditional knockout mice to DEN-
induced carcinogenesis. Incidentally, hepatocarcinogenesis in this scenario was reminiscent
of clinical HCC with evidence of inflammation, injury, fibrosis and regeneration.

DEN is a well-known carcinogen to study HCC in rodent models. It is known to induce
DNA damage, mutations, oxidative stress and hepatocyte apoptosis (Fig. 7A) (15, 17).
Presence of DEN in conjunction with β-catenin loss led to severe liver injury in the form of
inflammation, apoptosis and fibrosis, which were chiefly due to sustained oxidative stress in
the absence of β-catenin. The mechanism of unimpeded oxidative stress in the absence of β-
catenin maybe multifactorial and is currently being investigated. β-Catenin is known to
regulate expression of several glutathione S-transferases involved in counteracting oxidative
stress (29). In addition, several cytochrome P540s are misregulated in the absence of β-
catenin (13, 30, 31).β-Catenin is also known to interact with FOXO during altered redox
state of the cell to dictate expression of genes critical for counteracting oxidative stress
signaling, which might be compromised in the absence of β-catenin (32). Thus, β-catenin-
deficient hepatocytes are incapable of adequately adapting to oxidative stress initiated by
DEN-induced genotoxic injury and sustained by chronic inflammation, activation of Kupffer
and stellate cells resulting in apoptosis and fibrosis. These results were further substantiated
when NAC, a known antioxidant, completely prevented DEN-induced HCC in β-Cat KO.

To understand the molecular basis pertinent to the aforementioned cellular changes, we were
interested in signaling pathways specifically implicated in cell proliferation in the absence of
β-catenin. Previously, we reported a 10-fold upregulation of PDGFRα in β-cat KO mice
compared to Cre-Ctrl after partial hepatectomy (13). Concordant with these findings, DEN-
treated β-cat KO livers mice exhibited increased PDGFRα expression and activation (Fig.
7B). The mechanism of increased PDGFRα gene expression in β-cat KO livers is not fully
clear but appears to be at least in part be regulated by NF-κB activation. NF-κB binding sites
have been previously identified in PDGFRA promoter (22). NF-κB has also been shown to
mediate PDGFRα upregulation in response to IL-1β (33). Of relevance in our model is also a
previously reported physical interaction between β-catenin and NF-κB (p65), which might
be responsible for a low threshold of NF-κB activation in β-cat KO livers after DEN-
exposure leading to PDGFRA overexpression (34, 35). It is also relevant to point out that we
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were unable to demonstrate unequivocal NK-κB activation in β-cat KO at baseline, which
might be due existence of feedback inhibition through its targets such as IκB-α and other
regulatory mechanisms.

PDGFRα is involved in tumor growth, angiogenesis and maintenance of tumor
microenvironment including in HCC (36–38). Liver-specific transgenic mice overexpressing
PDGF-CC, a ligand of PDGFRα, develops cirrhosis and HCC (39). β-Cat KO livers after
DEN-exposure exhibited higher total and tyrosine-phosphorylated PDGFRα indicating
ligand-receptor interaction. It is likely that PDGFs released from various inflammatory and
resident nonparenchymal cells in the liver may be responsible for PDGFRα activation (Fig.
7B) (40). Further analysis revealed a robust activation of PIK3CA/Akt pathway secondary in
response to PDGFRα activation (Fig. 7B). PDGFRα is a known upstream effector of
PIK3CA/Akt pathway (20). Because of a critical role of EGFR in HCC, it was interesting to
note its decreased levels inβ-cat KO livers, however this upstream effector of PIK3CA was
previously shown to be a target of Wnt/β-catenin signaling (41). Similarly, HGF receptor c-
Met is known to activate PIK3CA pathway and is highly relevant in HCC. However it was
downregulated in β-cat KO livers and has also been previously reported as a target of Wnt
signaling (42). The upregulation of the proto-oncogene c-Myc, is intriguing since it is a
known target of β-catenin with a known role in HCC (43). Likewise, cox-2 is an essential
enzyme in prostaglandins synthesis, promotes inflammation and liver cancer and is a target
of Wnt pathway (44). However, PIK3CA/Akt signaling has been shown to induce
expression of c-Myc and cox-2 and in turn to promote cell survival and proliferation (45,
46). An overall caveat in the western blot analysis is a potential for selection bias since
isolated proteins utilized were from KO mice that showed advanced disease as compared to
control livers, which did show microscopic disease but not to the same extent. However,
immunohistochemistry did display localization of certain proteins such as PDGFRα and
phosho-Akt in KO tumors only.

The role of oxidative stress and PDGFRα/PIK3CA/Akt signaling in tumorigenesis in βcat
KO mice was verified by successful chemoprevention of DEN-induced HCC by the use of
NAC, a widely recognized antioxidant and also a known NF-κB inhibitor (24, 25). NAC
ameliorated oxidative stress and inhibited NF-κB activation, which led to decreased
PDGFRα, Akt and c-Myc levels and prevented tumorigenesis. The dexterity of NAC in
counteracting oxidative stress has now been reported in several studies (17, 47–49). The role
of PDGFRα in tumorigenesis in β-cat KO livers was also explicit as validated by reduction
in tumor number and size after 15-day treatment with STI-571, which inhibits PDGFR
signaling, especially PDGFRα in the existing model, which in turn was accompanied by
decrease in Akt and c-Myc expression. It is important to point out that one cannot rule out a
potential selection bias in the STI-571 study due to the use of historical controls owing to
limited availability of the β-cat KO mice. Specifically, all five animals used as historical
controls from DEN-exposed β-cat KO group did display signs of morbidity, whereas only
two of the four mice in the experimental group showed any signs of morbidity, when
treatment was initiated. Hence the decrease tumor burden in the experimental group could
be due to selection bias, albeit in vitro studies with PDGFRα inhibitor support an important
role of PDGFRα in β-catenin-deficient carcinogenesis. However additional studies will be
necessary to strengthen this observation.

Clearly, β-catenin activation due to mutations in CTNNB1 and other mechanisms play a
significant role in tumor growth and progression in a subset of HCC (28). However, the
current study also identifies a role of β-catenin as a potential ‘tumor suppressor’ through its
antioxidant properties, especially in patients advanced hepatic fibrosis. Thus, in future, as
therapeutic inhibition of β-catenin becomes a reality, it maybe relevant to carefully select
patients through verification of β-catenin activation in tumors, although additional studies
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will be essential to substantiate this concern. Another relevant outcome of the study was the
observation that not only was PDGFRα upregulation evident in β-cat KO livers, but it was
apparent anytime β-catenin was pharmacologically suppressed in hepatoma cells. This
implies that PDGFRα/PIK3CA signaling maybe the major ‘escape pathway’ following β-
catenin inhibition and maybe of significance if and when therapeutic inhibition of Wnt/β-
catenin pathway becomes a reality in HCC (50, 51). However, additional studies will be
essential to further validate these results in suitable in vivo models.
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Figure 1. Enhanced tumor development in the β-cat KO mice
Greater percentages of β-cat KO mice show evidence of tumorigenesis than cre-ctrl at all
time points (A). Higher cumulative incidence rate of tumors is observed in β-cat KO mice
(n=24) than Cre-Ctrl mice (n=24) after DEN (B). All cre-ctrl genotypes showed lower rate
of tumor development than β-cat KO (C). Higher average area of tumors per square
centimeter of the section (D) and higher numbers of tumors (E) in β-cat KO (n≥3/genotype/
time-point). H&E and IHC for AFP in β-cat KO and Cre-Ctrl livers (F). Results in (A–C)
are average ± S.E. *, p<0.05, **, p<0.01.
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Figure 2. Loss of β-catenin enhances oxidative stress, fibrosis, inflammation, cell apoptosis, and
compensatory proliferation after DEN exposure
A. Increased ratio of GSSG/GSH (left), increased malondialdehyde adducts (MDA)
(middle) and high 8-hydroxy-2’-deoxyguanosine/2’-deoxyguanosine ratio (right) in 6- to 8-
month-old mice after DEN injection (n≥5/group). B. Increased numbers of CD14- and
CD45-positive cells in DEN-injected mice β-cat KO livers at 6 months. C. IHC for TUNEL.
D. TUNEL positive cells were counted in 10 random fields at 50X magnification in 3 livers
from each group. E. Fibrosis and cell proliferation was assessed by Masson’s Trichrome
staining and IHC for PCNA, respectively. *p<0.05, **p<0.01
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Figure 3. Loss of β-catenin triggers activation of PIK3CA/Akt pathway after DEN exposure
IHC for β-catenin and GS in liver tumors (Tu) in DEN-treated β-cat KO and Cre-Ctrl
animals (A). Representative WB of whole-cell lysates from β-cat KO and Cre-Ctrl livers at 4
or 5, 6 and 8 months with or without DEN treatment for various proteins as indicated (B, C,
D). IHC for phospho-Akt (Thr 308) in β-cat KO and Cre-Ctrl tumors (Tu) at 6 months after
DEN treatment (E).
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Figure 4. PDGFRα is activated in DEN-treated β-cat KO mice & β-catenin deficient hepatoma
cells secondary to NF-κB activation
Representative WB of whole-cell lysates from β-cat KO and Cre-Ctrl livers with or without
DEN exposure at 4 or 5, 6 and 8 months with antibodies as indicated (A, B). IHC for
PDGFRα in β-cat KO and Cre-Ctrl tumors (Tu) at 6 month after DEN (C). Representative
WB from whole cell lysates from β-cat KO and Cre-Ctrl livers with tumors at different ages
with antibodies as indicated (D).
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Figure 5. β-Catenin suppression induced PDGFRα expression through NF-κB, and sequential
inhibition of β-catenin and PDGFRα compromises hepatoma cell proliferation
WB using lysates from untreated Hep3B and HepG2 cells (A), siRNA transfected-Hep3B
(left) & β-catenin antisense-transfected HepG2 cells (right) (B). WB for NF-κB and its
targets in β-cat KO and Cre-Ctrl livers with or without DEN treatment. (C). NF-κB inhibitor
abolishes PDGFRα upregulation after β-catenin knockdown in Hep3B cells (D). A
significant decrease in thymidine uptake by Hep3B cells after β-catenin siRNA (left) or
antisense (right) transfection (p<0.05), which is further accentuated upon inclusion of
STI-571 (p=0.01), when compared to respective controls (E).
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Figure 6. Treatment with PDGFRα inhibitor and long-term feeding with NAC dramatically
affects DEN-induced tumorigenesis in β-cat KO mice
Percentage of area occupied by tumor (A) and tumor number per square centimeter (B) in
DEN (n=5), DEN+STI-571-treated β-cat KO livers (n=4) and DEN-treated Cre-Ctrl mice
(n=4). WB and IP studies identify protein changes (C) in DEN and DEN + STI-571- treated
groups (left) and densitometric analysis shows a significant decrease in phospho-PDGFRα
in experimental group (right). Tumor incidence (D) in β-cat KO & Cre-Ctrl mice with and
without NAC at 8 month after DEN exposure. WB with lysates from livers of regular, DEN-
injected and DEN + NAC treated β-cat KO mice at 8 month (E). A significant decrease in
MDA content in DEN + NAC treated β-cat KO mice at 7–8 months as compared to
untreated controls (F). *p<0.05
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Figure 7. Cellular and molecular basis of HCC in β-catenin sufficient and insufficient state
(A) DEN induces DNA damage and HCC through various signaling mechanisms including
β-catenin. In absence of β-catenin, enhanced HCC is secondary to sustained oxidative stress,
inflammation, apoptosis and injury that in turn promote cell proliferation in the anomalous
microenvironment.
(B) In the absence of β-catenin, oxidative stress initiated by DEN-induced genotoxic injury
and sustained by hepatic inflammation, goes unchecked and escalates. The inability of β-
catenin-deficient hepatocytes to counteract oxidative stress might be through failure of
FOXO-β-catenin interactions and through misexpression of various GSTs and P450s,
traditionally regulated by β-catenin signaling in the liver. The increased injury induces
cytoprotective NF-κB signaling, which might also be complemented by lack of β-catenin-
p65 interactions that are known to sequester NF-κB to prevent its activation. This might in
turn play a role in PDGFRα overexpression. In the backdrop of injury, inflammation and
activation of nonparenchymal cells, PDGF production induces activation of PDGFRα and
downstream PIK3CA signaling, which through increased expression of targets such as c-
Myc and cox-2, leads to tumorigenesis.
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