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Abstract
Wnt/β-catenin signaling plays an important role in liver development and regeneration. Its
aberrant activation, however, is observed in a subset of primary hepatocellular cancers (HCCs). In
the present study we compare and contrast the tumor characteristics of HCC in the presence or
absence of mutations in the β-catenin gene (CTNNB1). Frozen HCC (n=32) including five
fibrolamellar (FL) variants, and control livers (n=3) from Health Sciences Tissue Bank and
Department of Surgery at the University of Pittsburgh Medical Center, were examined for
mutations in CTNNB1, protein levels of β-catenin, tyrosine-654-phosphorylated-β-catenin (Y654-
β-catenin) and glutamine synthetase (GS). Missense mutations in the exon-3 of CTNNB1 were
identified in 9/32 HCCs. Total β-catenin levels were higher than controls in most tumors, however
GS was exclusively increased in HCC with mutations. Phenotypically, greater percentages of
mutated HCCs showed macro- and micro-vascular invasion. Also the tumor size was greater than
double in mutated HCCs. High levels of total β-catenin protein were observed in multinodular
tumors independent of β-catenin mutations. In addition, significant cases with mutations showed
absence of cirrhosis. Finally, highest levels of Y654-β-catenin were exclusively observed in FL-
HCC cases.

Conclusion—Thus, HCCs that harbor missense mutations in exon-3 of CTNNB1 exhibit
histologically, a more aggressive phenotype. Also, CTNNB1 mutations might lead to HCC, in
absence of cirrhosis. Finally, FL-HCC cases display a unique upregulation of tyrosine-
phosphorylated-β-catenin suggesting robust receptor tyrosine kinase signaling in this tumor type.

INTRODUCTION
Hepatocellular cancer (HCC) is the most common primary tumor of the liver accounting for
85% of all primary malignant tumors. It is the fifth most common malignancy worldwide
and third most frequent cause of death related to cancers (1, 2). Common risk factors of
HCC include hepatitis, chronic alcohol abuse, toxins such as aflatoxins and non-alcoholic
fatty liver disease (NAFLD). While it used to be a common malignancy in underdeveloped
or developing countries, it is now on the rise in developed countries (3, 4). This shifting
trend is attributable to the increasing incidence of hepatitis C and B as well as NAFLD.
Also, while there is an overall increase in incidence of HCC with age, especially in western
world, these trends are also shifting. In fact peak incidence of HCC in a recent study was
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between the ages of 45−60 years (1). Thus, it is imperative to identify the molecular basis of
this malignancy.

Wnt/β-catenin signaling plays a multitude of functions in liver biology (reviewed in (5)). Its
role has been identified in normal liver development in regulating hepatoblast proliferation
as well as differentiation (6). It has also been shown to play a role in liver stem cell or oval
cell activation (7-9). β-Catenin is also important in normal liver regeneration (10, 11). In
addition, this pathway plays a critical role in normal liver zonation and is also thought to
regulate key metabolic processes in the liver (11-13). These varying functions of this
pathway might be due to specific target genes that are under the co-transcriptional control of
β-catenin and T-cell factor family. Other than being the chief downstream effector of the
canonical Wnt pathway where it is regulated by phosphorylation at specific serine/threonine
residues, β-catenin has also been shown to be activated via tyrosine phosphorylation,
especially at its C-terminal by growth factors such as EGF and HGF, enabling nuclear
translocation and activation (14-16). Several target genes of β-catenin are known to play a
role in proliferation (cyclin-D1), differentiation (c-myc), survival (survivin), protein
metabolism (glutamine synthetase or GS), xenobiotic metabolism (P450s such as cyp2e1,
cyp1a2) and regulating oxidative stress (glutathione s-transferases) in liver or in other
tissues (6, 11, 13, 17-22).

The current study was aimed at identifying the frequency of activating β-catenin gene
mutations in HCC samples from the University of Pittsburgh Medical Center, and to
compare and contrast the tumor characteristics attributable to presence or absence of such
mutations. Herein we report an aggressive HCC phenotype based on coincident increase in
tumor size and presence of vascular invasion, in the presence of CTNNB1 mutations. Also,
increased total β-catenin (irrespective of mutations) was associated with a multinodular
HCC. Finally, we report an increased tyrosine-phosphorylated-form of β-catenin in FL-HCC
cases, which in our dataset, did not exhibit any mutations in the CTNNB1 or increase in GS
levels, but did show elevated levels of cyclin-D1. These findings support an alternate
pathogenesis of FL-HCC, suggestive of pronounced receptor tyrosine kinase activation.

MATERIALS AND METHODS
Generation and testing of the custom Y654-phospho-β-catenin antibody

A hen antibody against a KLH-conjugated phosphorylated peptide sequence CZ SRN EGV
AT (pY) AAA VLF RMS EDK, corresponding to mouse, human and rat β-catenin amino
acids 646−666, was generated at the Aves Labs, Inc. (Tigard, OR). The antibody was
affinity purified against the phosphorylated sequence. The eluted fraction was further
affinity purified against the non-phosphorylated peptide sequence. The final double affinity
purified antibody recognized only the phosphorylated form of β-catenin at tyrosine-654
residue as tested in primary hepatocyte culture, which is shown in results. Primary rat
hepatocytes were isolated by two-step collagenase perfusion as described elsewhere (23).
Following attachment on wet collagen, the hepatocytes were cultured in the chemically
defined HGM medium with additional HGF (25 ng/ml), EGF (10ng/ml) or in the presence or
absence of 10% serum for 30 minutes (15, 24). Total cell lysates from these cells was used
for western blot analysis. The pre-immune egg fraction collected prior to the first injection
was used to verify the specificity of the Y654-phospho-β-catenin antibody. Whole liver
lysates from β-catenin-conditional-null livers described by our laboratory, were also utilized
to verify the presence of Y654-β-catenin only in the wild type littermates (11).
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Patient Tissues
All tissues and materials used in this study were obtained under an approved Institutional
Review Board (exempt) protocol. Frozen tissue samples from 32 HCC cases and 3 control-
tumor-free livers were obtained from the Department of Pathology Tissue Bank and the
Department of Surgery at the University of Pittsburgh, School of Medicine. The
corresponding anonymized pathology reports were obtained and pertinent patient
information of all cases in this study is detailed in Table 1.

Genomic DNA Isolation and Mutational Analysis
Genomic DNA (gDNA) was extracted using 5M potassium acetate and 100% ethanol.
Precipitated DNA was spooled and dissolved in 50μL of TE buffer. Exon 3 of the CTNNB1
was amplified by the polymerase chain reaction (PCR) and the product was resolved on
agarose gel followed by gel purification as described previously (25). Purified PCR products
were sent for sequencing using the primer hCat-E3-S1 (5'-GCT GAT TTG ATG GAG TTG
GAC-3’), to the University of Pittsburgh, DNA sequencing facility. All mutations were
verified by sequencing the sense and antisense strands.

Protein Extraction and Western Blot Analysis
Frozen tumors and control livers were utilized for whole cell lysates in RIPA buffer (26).
Isolated protein was assayed by bicinchoninic acid assay and 25μg or 100μg of protein was
resolved by SDS-PAGE analysis and transferred to Immobilon-PVDF membrane (Millipore,
Bedford, MA) or to nitrocellulose membrane (Bio-Rad Labs, Hercules, CA) for the Hen
antibody only. Western blots for the following primary antibodies: β-Catenin (BD
Biosciences, San Jose, CA), cyclin-D1, glutamine synthetase (Santa Cruz Biotechnology,
Santa Cruz, CA) and actin (Millipore, Bedford, MA), were performed using standard
protocol (26). GS antibody detected at least 2 major species at around 45 and 49kDa. Based
on literature, the 45kDa size was labeled as the true GS band as it was also clearly the
predominant species in β-catenin-mutated HCCs as published previously (17, 27-29). A
modified protocol was used for the Y654-phospho-β-catenin chick antibody. The
nitrocellulose membranes were blocked for 30 minutes at room temperature with 10% Block
Hen (Aves Labs, Inc, Tigard, OR) and then for 30 minutes with 5% milk in blotto. Primary
antibody was prepared in 5% milk and probed overnight at 4°C with standard protocol
followed from hereon. The signal was detected using the SuperSignal West Pico
Chemiluminiscent substrate (Perkin Elmer, Boston, MA) for 5 minutes. The blots were
visualized by autoradiography. The membranes were stripped using IgG Elution Buffer
(Pierce) and stained with Ponceau S Solution for verifying equal loading (Sigma-Aldrich, St.
Louis, MO).

Autoradiograph film and Ponceau S stained membranes were scanned and quantitatively
analyzed using Image J (NIH, Bethesda, MD). The three non-HCC control liver samples
were loaded with each gel for meaningful interpretation and excluding technical variations
such as exposure times. The average densitometry values of the controls were used to
normalize the densitometry for each HCC case. Student's T Test was used to calculate the p
values, which are listed on each graph along with the standard error bars. Statistically
insignificant values were depicted as NS. Microsoft Excel was used to perform the statistical
calculations and generate the graphs. Also, separately, to reaffirm quantitative analysis, all
western blots were arbitrarily scored for band intensity relative to controls and absolute
values presented in table 3. The total β-catenin was scored + to +++++, Y654-β-catenin was
scored + to +++++ and GS was scored + to ++++++. Control livers for the three proteins
were usually +.
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RESULTS
Specificity of the custom beta-catenin-Y654-phospho-β-catenin (Y654-β-catenin) antibody

Two separate experiments were done to verify the specificity of the Y654-β-catenin
antibody. First, extracted protein from the livers of wild type (WT) and β-catenin-
conditional-null (KO) livers were used to verify specificity of the antibody (11). WT livers
showed moderate levels of Y654-β-catenin whereas the KO showed no Y654-β-catenin
(Figure 1A). Next, western blot analysis was done using the protein isolated from primary
rat hepatocytes that were serum starved and treated with either 10% FBS, HGF, EGF, or no
serum as described in the methods. As shown in Figure 1B, while all four groups contained
equal levels of β-catenin, the groups treated with FBS, EGF and HGF display a clear
increase in Y654-β-catenin. Thus, the Y654-phospho-β-catenin antibody specifically
identified the tyrosine-phosphorylated form of β-catenin in cells and tissues.

Significant subset of HCCs display missense mutations in exon-3 of CTNNB1
Thirty-two HCC samples were analyzed for mutations in exon-3 of the β-catenin gene as
described in the methods and previously (25). As shown in table 2, we identified mutations
in nine HCC cases. These mutations were all point mutations affecting the GSK3β or casein
kinase-phosphorylation sites in the exon-3 of β-catenin rendering it stable and active (30).
None of the five fibrolamellar HCCs showed any mutation in CTNNB1. Thus, in our data
set around 28% of all HCCs displayed missense mutations in the exon-3 of β-catenin gene.

Protein levels in non-fibrolamellar HCC with and without β-catenin gene mutations
Next, we examined all non-fibrolamellar HCCs and the three control human livers for total
protein levels of total β-catenin, Y654-β-catenin, and GS (liver-specific downstream target
of β-catenin) as shown in two representative mutated and non-mutated HCCs along with the
controls (Figure 2). Missense mutations in exon-3 of CTNNB1 render the β-catenin protein
non-degradable and thus available to translocate to the nucleus to transactivate target genes.
Comparison of the average densitometry values between the two HCC groups revealed no
changes in total β-catenin levels, although both were significantly higher than controls
(p<0.05) (Figure 2B). No significant differences were observed in the levels of Y654-β-
catenin between both HCC groups and control livers (Table 3). The samples shown in
Figure 2C for Y654-β-catenin were in the minority displaying higher levels of Y654-β-
catenin. GS levels were overall around 3-fold and significantly greater in HCCs displaying
CTNNB1 mutations, signifying β-catenin activation (Figure 2D). A case-by-case analysis of
absolute protein levels of β-catenin, Y654-β-catenin and GS are detailed in Table 3.

Vascular invasion and greater tumor size observed in non-fibrolamellar HCC with
missense CTNNB1mutations

Next, the CTNNB1 mutated and non-mutated HCCs were compared for histological
attributes such as vascular invasion and tumor size that are known to influence tumor
behavior and patient survival (Table 1). Out of the nine tumors with CTNNB1 mutations,
seven showed evidence of microvascular invasion including two cases that showed large
vessel involvement. This was notably different in the non-mutated group of sixteen HCC
samples, where only six showed microvascular invasion including one, which also displayed
macrovascular invasion (Table 1). Thus microvascular invasion was observed in 78% of
HCC cases with CTNNB1 mutations versus 37% in the non-mutated group (Figure 3A).
Similarly, incidence of macrovascular invasion was 22% in the mutated group versus 6% in
the non-mutated group (Figure 3A). Next, we analyzed tumor size as a function of β-catenin
gene mutations. The average tumor sizes in HCC cases with missense CTNNB1 mutations
were significantly greater (>2-fold) than the tumors without mutation (Figure 3B). In fact
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four of the nine tumors in mutated group showed >10 cm tumors and two additional tumors
measured 5 cm in their greatest dimensions (Table 1). Only three tumors in the non-mutated
group were ≥5 cm. These findings suggest higher incidence of vascular invasion and greater
tumor size in the β-catenin gene-mutated group of HCC cases.

Lower incidence of cirrhosis is evident in HCC with missense mutations in CTNNB1
Next, we analyzed any association of CTNNB1 mutations with ongoing cirrhosis in HCC
patients. Only 33% (3/9) of HCC cases with mutations in CTNNB1 showed any
histopathological evidence of cirrhosis. On the other hand, 75% (12/16) of HCC cases
without mutations, showed clear evidence of cirrhosis (Figure 3C). Thus, it appears that β-
catenin gene mutations are an important risk factor for HCC, independent of cirrhosis.

Increased total β-catenin protein in HCC with multiple nodules compared to solitary
tumors

A separate analysis was then conducted to observe any differences in protein levels between
cases with multiple HCC nodules and solitary HCC. All cases were included initially and the
analysis was first done irrespective of CTNNB1 mutations. Average densitometry relative to
control was compared between the two groups and on average a 2-fold increase in total β-
catenin levels was observed in the HCC with multiple nodules (Figure 4A). No differences
in Y654-β-catenin or GS were observed (Figure 4A). The results were the same when
CTNNB1 mutated cases were excluded. (Figure 4B.) The apparent trend towards higher GS
levels in solitary HCC was due to only 2 cases, which inexplicably had very high GS levels.
Table 3 shows results for individual cases.

Missense mutations in exon-3 of CTNNB1 lead to aggressive histological phenotype in
HCC

Next, the histopathological surrogates identified above, including vascular invasion, tumor
size and tumor multinodularity were assessed on a case-by-case basis to address the overall
tumor behavior in the presence or absence of CTNNB1 mutations as well as to exclude any
random associations (Table 1). Greater tumor size along with the evidence of vascular
invasion (micro and macro) is associated with an advanced tumor stage and poor prognosis
(31), Six of the nine tumors with mutations in CTNNB1 that measured ≥5 cm in their
maximum dimension including four that were greater than 10 cm, showed evidence of
concomitant microvascular invasion (Figure 5, Table 1). In fact two patients in this group
(M-6 and M-7) also showed macrovascular invasion (Figure 5). In another relevant
subanalysis it was noted that the only additional patient in the mutated group with evidence
of microvascular invasion (M-1) but tumor size of 2.5 cm, also showed a multifocal disease
with four nodules (Figure 5). Based on the same study (31), the presence of microvascular
invasion and multiple nodules stratifies tumor to a higher stage, irrespective of tumor size
(Figure 5, Table 1). In the group of CTNNB1-non-mutated HCCs, none of the three tumors
with size ≥5 cm, showed any evidence of micro- or macro-vascular invasion (Figure 5,
Table 1). In fact, all HCC cases in this group with evidence of microvascular invasion, had
tumor size of less than 5 cm (Figure 5, Table 1). One patient in this group (NM-13) did
show portal vein invasion (Table 1). Finally, in a subanalysis in this non-mutated group,
only two of the six tumors that showed microvascular invasion, also displayed multiple
nodules, implying an advanced tumor stage (Figure 5, Table 1). Thus, taken together, these
data clearly reflect evidence an aggressive histological phenotype in HCC with missense
mutations in the β-catenin gene as compared to the non-mutated HCC.
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Fibrolamellar HCC displays significantly higher levels of Y654-β-catenin
Next, we examined FL-HCC cases (n=5) as a group with the remainder of HCC samples
(n=27) and controls (n=3) for Wnt/β-catenin signaling (Figure 6). As mentioned previously,
none of the FL-HCC displayed any mutations in the exon 3 of CTNNB1. Total β-catenin
protein in FL-HCC was higher than controls, but insignificantly different from other HCCs
(Figure 7A). However, Y654-β-catenin levels were consistently and significantly higher in
FL-HCCs than both the controls and conventional HCCs by around 4-fold and 3-fold,
respectively (Figure 7B). Interestingly, GS levels were comparable to the control livers,
lower than HCC with β-catenin gene mutation (Figure 5) and non-FL-HCC cases (Figure
7C). However, cyclin-D1, another established target of β-catenin, displayed higher levels in
FL-HCC as compared to the controls (Figure 6).

Since all FL-HCCs in our data set were classified as T3 or T4 (Table 1), we wanted to
exclude selection bias as a basis of observed differences in Y654-β-catenin levels. As shown
in figure 6D, non-FL-HCCs that were classified as T3 and T4 tumors showed significantly
lower levels of Y654-β-catenin than the FL-HCC, clearly demonstrating elevated tyrosine-
phosphorylated β-catenin as a unique characteristic of the FL-HCCs.

DISCUSSION
Several reports have implicated aberrant activation of the Wnt/β-catenin signaling in a
significant subset of HCCs (32). This has been shown to be secondary to different
mechanisms including mutations in the CTNNB1 in around 10−40% cases, AXIN-1 and
AXIN-2 in around 5% of cases; changes in absolute expression levels of several components
of the Wnt pathway such as Wnts, Frizzled receptors; and finally epigenetic inactivation in
the expression of certain negative regulators of the pathway such as sFRPs (33-38).
However, irrespective of the mechanism, the canonical signaling converges at β-catenin,
which is the chief downstream effector and transcriptional coactivator regulating expression
of many genes playing key roles in tumor cell survival, proliferation and plays other roles in
tumorigenesis, such as in cancer stem cell biology (5, 39). Indeed others and we have
demonstrated a critical role of Wnt/β-catenin signaling in oval cell activation, which is a
candidate cancer stem cell in the liver and also subset of HCCs have been identified with
stem cell signatures that have shown to have aggressive disease (7-9, 40-42). It is important
to also point out that the mode of activation of β-catenin might ultimately dictate extent of
activation or specificity of target gene expression, which might impact the overall hepatic
tumor biology and behavior (29, 43). Finally targeting β-catenin in HCC has been shown to
have important therapeutic implications in several preclinical studies, where β-catenin
inhibition has been associated with decreased tumor cell proliferation and growth, increased
apoptosis and decreased cell migration and invasion (28, 44, 45).

We were interested in identifying the dysregulation of the canonical Wnt signaling in HCC
patients at the University of Pittsburgh Medical Center. We identified missense mutations
affecting the exon-3 in around 28% of HCC patients, which is in agreement with the
previous reports. This correlated with the overexpression of GS in these tissues as reported
previously (27, 29, 46). Interestingly one of the eight HCC cases (for one HCC no tissue was
available for protein studies, Table 3), showed low GS levels despite β-catenin gene
mutation. Au contraire, 2/18 non-β-catenin mutated HCCs showed very high levels of GS.
Thus GS is an overall reliable marker of β-catenin activation secondary to CTNNB1
mutations. However, there are some exceptions to this rule and might be due to β-catenin-
independent regulation of GS expression also reported elsewhere, recently (47).

Our additional analysis was aimed at extrapolating tumor characteristics in the presence or
absence of mutations in β-catenin to elucidate role of β-catenin in HCC biology. A major
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correlate that was identified in the CTNNB1-mutated HCC cases was the presence of
microvascular and macrovascular invasion. 78% of HCCs with mutations displayed
invasion, whereas only 38% of non-mutated group revealed any evidence of invasion.
Interestingly, Y654-β-catenin, which has been shown to negatively regulate cell-cell
adhesion, was only modestly upregulated in subset of β-catenin mutated and non-mutated
HCCs (48). Thus it seems unlikely that Y654-β-catenin itself may be responsible for
invasive characteristics of the HCC, which appears to be more closely related to the
activation of β-catenin and downstream target gene regulation. Several known targets of β-
catenin that are known to play a role in invasion and cell-matrix regulation and include
uPAR, MMP-2, MMP-7, MMP-9, MMP-26, Nr-CAM, and others (49). However, which
targets are specifically playing a role in HCC would need to be addressed in future studies.

Tumor size was another significant attribute identified as a function of β-catenin mutation.
The tumors in β-catenin-mutated HCC group were greater than twice the size in non-
mutated group. Indeed similar observation have been associated with activating β-catenin
mutations, previously (32). β-Catenin was also upregulated significantly in HCC presenting
as multiple nodules as compared to single nodules. This was independent of mutations in
CTNNB1 and did not correspond to an increase in GS. Since multinodular disease often, but
not always, reflects a more invasive phenotype, it was again interesting to see a positive
correlation between total β-catenin levels and multinodular disease.

To derive a functional outcome of the histopathological differences observed between the
CTNNB1-mutated and non-mutated HC cases, we turned to revised AJCC staging that
follows new stratification criteria based on vascular invasion, tumor number (multiple tumor
nodules) and tumor size (31). This study emphasized tumor size alone being a good
predictor of disease prognosis. However, this study, which has been recently validated by a
follow up analysis in 2007, stratifies patients to higher stages based on the presence of
microvascular and macrovascular invasion in a tumor size greater than 5 cm (50). Based on
these recommendations, our studies identified in the predominant group of β-catenin gene-
mutated HCC cases, a consistently larger tumor size, along with evidence of predominantly
microvascular invasion and in a smaller subset-macrovascular invasion. This clearly reflects
a more aggressive phenotype in this group of HCC patients, which is attributable to aberrant
β-catenin activation due to missense mutations in CTNNB1. Thus, despite a relatively
smaller sample size, our observations are important, since the verdict on the HCCs with β-
catenin mutations has been mixed so far, with a few studies demonstrating better and others
a poor survival in such HCC cases (29, 41, 51-53). Our studies classify CTNNB1-mutated
HCCs to be histologically aggressive, and thus β-catenin activation might have a prognostic
significance, although future prospective studies with greater patient population will be
necessary to further strengthen these observations.

Another relevant observation in β-catenin mutated-HCC was the lack of cirrhosis in a
significant number of tumors. Only 30% of β-catenin-mutated HCC had ongoing cirrhosis
while more than 70% of non-β-catenin-mutated HCCs had coexisting cirrhosis. This
suggests β-catenin gene mutations to be a risk factor for HCC, independent of cirrhosis.
Indeed, it has been shown that hepatic adenomas that typically occur in absence of any
ongoing cirrhosis, progress to HCC if CTNNB1 mutations were identified in these benign
tumors (27, 46). What is the mechanism of occurrence of such random mutations remains
unknown at this stage, although recent studies have uncovered Met-β-catenin dysregulation
to work synergistically to promote tumorigenesis in the liver (54).

Our final analysis was aimed at identifying the status of canonical Wnt signaling in FL-
HCC, a variant of HCC whose molecular basis remains obscure. While originally thought to
have better prognosis, it is now thought to be due to the absence of cirrhosis in these tumors
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(55). None of the FL-HCCs displayed any β-catenin mutations. However, total β-catenin
levels and more importantly Y654-β-catenin levels were dramatically higher in all FL-HCC.
While GS levels remained unequivocal, cyclin-D1 levels were higher in FL-HCC. Indeed
the consistency in overexpression of target genes during β-catenin/TCF activation and how
it is determined remains a dilemma. To address this issue, studies have now shown the role
of cofactors such as histone acetlyltransferases to dictate stage- and tissue-specific target
gene specificity of β-catenin (56). While the expression and activity of such cofactors
remains unknown in the context of various tumors, our observation of elevated Y654-β-
catenin and higher cyclin-D1, which is an established target in liver (11) and other tissues
(21), does raise an important question of whether such phosphorylation of β-catenin might
also have any role in regulating target gene specificity. Currently, our observations in FL-
HCC supports excessive receptor tyrosine kinase signaling in this variant of HCC as β-
catenin is known to be tyrosine-phosphorylated by many such factors as EGF, HGF and
others (14, 15, 57). Indeed, EGFR overexpression has been reported in FL-HCC recently
(58). Also, EGFR is known to impact β-catenin phosphorylation at Y654 (14). Thus, the
finding of high levels of Y654-β-catenin in FL-HCC makes this tumor specifically
susceptible to RTK targeting. Perhaps specific inhibitors of EGFR, which have been shown
to be upstream of β-catenin or non-specific RTK inhibitors such as Sorafenib, might have
strong therapeutic implications in the fibrolamellar variant of HCC (59, 60).
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Figure 1. Validation of custom phospho-Y654-β-catenin antibody
(A) Total protein from wild type and β-catenin knock out mice were analyzed by western
blot with the Y654-β-catenin antibody. (B) Total protein from primary rat hepatocytes
treated with FBS, HGF, EGF or no serum was analyzed by western blot for Y654-β-catenin
and total β-catenin. Ponceau Red staining verified equal loading of protein in both instances.
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Figure 2. Protein quantities relative to control in tumors with and without β-catenin gene
mutations
(A) Representative western blots for total β-catenin, Y654-β-catenin, and GS in HCCs with
or without mutations in exon-3 of CTNNB1 as compared to three normal livers. (B)
Quantitative analysis of western blots shows a significant increase (p<0.001) in total β-
catenin in HCC cases with CTNNB1 mutations (M, n=9), and HCC cases without mutations
(NM, n=16) over controls (C, n=3). Data for the bar graph is normalized to control. The
difference of total β-catenin between CTNNB1 mutation and no mutation HCCs was
insignificant (C) Quantitative analysis of Y654-β-catenin in the same data set shows
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insignificant differences. (D) Similar quantitative analysis displays a significant increase in
GS only in HCC cases with CTNNB1 mutations. Each graph includes standard error bars.
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Figure 3. Vascular invasion, tumor size and cirrhosis in HCC with and without CTNNB1
mutations
(A) Around 80% of HCC cases with β-catenin-gene mutations (n=9) show microvascular
and 20% display macrovascular invasion. Less than 40% of non-mutated HCCs (n=16) show
microvascular whereas around 6% displayed macrovascular involvement. (B) Average
diameter (cm) of the tumor (largest tumor in case with multiple nodules) was significantly
greater in HCC cases with β-catenin gene mutations as compared to HCCs with wild type β-
catenin gene (p=0.005). (C) Only 30% of HCC cases with missense CTNNB1 mutations
exhibited concomitant cirrhosis whereas more than 70% HCC cases without β-catenin
mutations displayed full-blown cirrhosis.
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Figure 4. Protein quantities relative to control in tumors with HCC with multiple nodules
compared to solitary HCC tumors
(A) β-Catenin, Y654-β-catenin and GS densitometry in all cases with either multiple HCC
nodules (n=9) or solitary tumors (n=15), normalized to controls. (B) β-Catenin, Y654-β-
catenin, and GS densitometry in non-β-catenin-mutated cases with either multiple HCC
nodules (n=6) or solitary HCC (n=9). All graphs include standard error bars and p values
wherever significant differences were observed. NS-not significant.
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Figure 5. Mutations in β-catenin gene lead to histologically more aggressive tumor phenotype
than non-mutated group
All six tumors in β-catenin-gene mutated group of HCCs with tumor size greater than 5 cm
(horizontal line) showed microvascular (+) and/or macrovascular (Η) invasion whereas none
of the three tumors in non-mutated group that were greater than 5 cm showed any evidence
of micro- or macro-vascular invasion. M-1 in the mutated group showed coexisting
microvascular invasion and multiple tumor nodules (λ). Two patients in non-mutated group
(NM-4 and NM-9) also showed multinodular HCC along with evidence of microvascular
invasion. Finally, only 1 patient in the non-mutated group had macrovascular involvement.
Thus overall, a greater number of HCC with CTNNB1 mutations stratified into
histologically aggressive phenotype (Θ) than the non-mutated HCC group.
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Figure 6. Protein analysis of FL-HCC cases for β-catenin signaling
Western blot analysis done utilizing 25μg protein was examined for total β-catenin and
cyclin-D1, and 100μg protein for Y654-β-catenin, and GS. Ponceau red staining was
performed to verify equal loading. C (1-3) are three normal control livers; FL (1-5) are FL-
HCC cases; and NFL (M1) is a non-fibrolamellar HCC case M-1 from Table 1, which
harbored exon-3 mutation in CTNNB1.
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Figure 7. Enhanced tyrosine-phosphorylated-β-catenin levels in FL-HCC cases
(A) Total β-catenin, (B) Y654-β-catenin, and (C) GS densitometry of fibrolamellar HCCs
(FL, n=5) and all other non-fibrolamellar HCC for which tissue was available for protein
analysis (NFL, n=24), relative to three control livers, identifies a unique and dramatic
increase in Y654-β-catenin in FL-HCC livers. (D) Densitometry of Y654-β-catenin western
blots comparing non-fibrolamellar advanced stage tumors (T3/T4) to FL-HCCs. Graphs
include standard error bars and significant p values; NS indicates not statistically significant
difference.
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TABLE 2

Missense mutations in exon-3 of CTNNB1 in 9/32 cases of HCC.

Case No. Mutation Sequence

M-1 S33C TCT-TGT

M-2 D32V GAC-GTC

M-3 L30Q, S37F CTG-GAC, TCT-TTT

M-4 T41F ACC-GCC

M-5 S37F TCT-TTT

M-6 S45P TCT-CCT

M-7 S33C TCT-TGT

M-8 T41P ACC-CCC

M-9 D32G GAC-GGC
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TABLE 3

Arbitrary western blot scores in all HCC samples and controls

Case Total β-Catenin Y654-β-catenin GS

M-1 +++ + ++++++

M-2 +++ +++ ++++++

M-3 +++ ++ ++++++

M-4 ++ ++ ++++

M-5 ++ ++ +

M-6 +++ + ++++++

M-7 +++ +++ ++++++

M-8 +++ +++ +++

M-9 NA NA NA

NM-1 ++ +++ +

NM-2 + + +

NM-3 ++ ++ ++++++

NM-4 ++ + ++

NM-5 +++ + ++

NM-6 +++++ ++ +

NM-7 +++++ + ++

NM-8 ++++ +++ +

NM-9 +++++ +++ +

NM-10 + + +

NM-11 ++ + +

NM-12 +++ ++ +

NM-13 ++ + ++

NM-14 ++ ++ +

NM-15 + ++ ++++++

NM-16 +++++ ++ ++

NM-17 +++ ++ ++

NM-18 ++++ +++ +

FL-1 +++ +++++ ++

FL-2 +++ +++ +

FL-3 ++++ ++++ ++

FL-4 ++ +++ ++

FL-5 + +++ +

C-1 + + +

C-2 + ++ +

C-3 + + +
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