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Hepatocellular carcinoma (HCC) is the most prevalent form of primary liver cancers and a leading cause of
cancer-related deaths worldwide. In the past two decades, HCC mortality rate has been on a rise both globally
and in the U.S., and despite the heightened efforts to target the disease, we have yet seen a major breakthrough
since the development of sorafenib. A key reason for this setback resides in our approach in studying HCC.
HCC is a highly heterogeneous disease with the mean numbers of somatic mutations in coding sequence
ranging from 40 to 80 per tumor, but we have limited understanding of the molecular complexity of HCC and
its consequences. The inherent intra- and inter-heterogeneity of HCC and its resulting cancer
transcriptome—which is unlike any other major cancers—makes it challenging for us to determine the
mechanisms of action of the principal drivers of HCC. In addition, HCC expresses a high number of unique
prognostic hallmark genes but shares very few with other cancer. This further highlights the fact that the
molecular mechanism of HCC pathogenesis is different from that of other cancers and that a prominent driver
of other cancers may play a different role in HCC.
β-catenin is a dual-function protein that is a critical component of the adherens junction (AJ) complex and
canonical Wnt/β-catenin signaling pathway. β-catenin is often considered to be a major oncogenic driver of
HCC due to the fact that Wnt/β-catenin signaling pathway is the second most frequently altered pathway in
HCC. However, activated β-catenin alone is insufficient to initiate HCC and therefore its oncogenic potential
and the nature of its contribution to HCC progression require thorough investigation. In our study, we reveal
a strikingly elaborate role for β-catenin by taking advantage of a clinically relevant and tractable mouse model
of HCC and cell lines derived from this model for mechanistic studies. Our data show that β-catenin is
predominantly located in the AJ complex in HCC, only transitioning to the Wnt pathway during the latest
stages of the disease. More importantly, we show that the AJ complex is a critical promoter of HCC
development by supporting the signaling activity of growth factor receptors such as EGFR, a pathway that is
currently under investigation for its potential clinical benefit for HCC patients. Therefore, our work reveals the
evolving nature of β-catenin in HCC to establish it as a compound tumor promoter during the progression of
the disease.
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ABSTRACT
A NOVEL PERSPECTIVE ON THE ROLE OF β-CATENIN IN HEPATOCELLULAR
CARCINOMA
Eunsun Kim
Patrick Viatour

Hepatocellular carcinoma (HCC) is the most prevalent form of primary liver cancers and a
leading cause of cancer-related deaths worldwide. In the past two decades, HCC mortality rate
has been on a rise both globally and in the U.S., and despite the heightened efforts to target the
disease, we have yet seen a major breakthrough since the development of sorafenib. A key
reason for this setback resides in our approach in studying HCC. HCC is a highly heterogeneous
disease with the mean numbers of somatic mutations in coding sequence ranging from 40 to 80
per tumor, but we have limited understanding of the molecular complexity of HCC and its
consequences. The inherent intra- and inter-heterogeneity of HCC and its resulting cancer
transcriptome—which is unlike any other major cancers—makes it challenging for us to determine
the mechanisms of action of the principal drivers of HCC. In addition, HCC expresses a high
number of unique prognostic hallmark genes but shares very few with other cancer. This further
highlights the fact that the molecular mechanism of HCC pathogenesis is different from that of
other cancers and that a prominent driver of other cancers may play a different role in HCC.
β-catenin is a dual-function protein that is a critical component of the adherens junction
(AJ) complex and canonical Wnt/β-catenin signaling pathway. β-catenin is often considered to be
a major oncogenic driver of HCC due to the fact that Wnt/β-catenin signaling pathway is the
second most frequently altered pathway in HCC. However, activated β-catenin alone is
insufficient to initiate HCC and therefore its oncogenic potential and the nature of its contribution
to HCC progression require thorough investigation. In our study, we reveal a strikingly elaborate
role for β-catenin by taking advantage of a clinically relevant and tractable mouse model of HCC
and cell lines derived from this model for mechanistic studies. Our data show that β-catenin is
predominantly located in the AJ complex in HCC, only transitioning to the Wnt pathway during the
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latest stages of the disease. More importantly, we show that the AJ complex is a critical promoter
of HCC development by supporting the signaling activity of growth factor receptors such as
EGFR, a pathway that is currently under investigation for its potential clinical benefit for HCC
patients. Therefore, our work reveals the evolving nature of β-catenin in HCC to establish it as a
compound tumor promoter during the progression of the disease.
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CHAPTER 1: Overview and Introduction

1.1 Overview
Hepatocellular carcinoma (HCC) is the most prevalent form of primary liver cancers and
the second leading cause of cancer-related deaths worldwide with approximately 800,000 deaths
estimated in 20181,2. Lack of specific symptoms and accurate diagnosis tools prevents early
detection of HCC for most patients, and patients diagnosed at the advanced stage of the disease
are ineligible for curative surgery. Therapeutic options for advanced HCC patients are currently
limited in their availability and efficacy, with multi kinase inhibitor sorafenib showing survival
benefit of only 3 months3.
Although the last ten years have witnessed the identification of many putative drivers of
HCC4, their mechanisms of action remain elusive and their translational values need to be further
validated. A major challenge in identifying key drivers of HCC is that the transcriptome of HCC is
unlike that of any other major cancers. Uhlen et al (2017) analyzed global gene expressions in
various cancers using open source cancer databases such as The Cancer Genome Atlas (TCGA)
and Human Protein Atlas (HPA). Their analyses reveal that, in the context of the protein-coding
genes identified in 33 cancer types (n=19,571), HCC is the most divergent tumor type, and it
clusters completely separate from 17 major cancers including those originating from
gastrointestinal tract (e.g. pancreatic cancer, colorectal cancer, etc)]5. In addition, HCC expresses
significantly higher number of prognostic genes compared to other cancers; yet, there is a very
small overlap. This suggests that the molecular mechanism of HCC pathogenesis is different from
that of other cancers, and that the alterations in the driver and passenger genes of other cancers
may have completely different functional consequences in HCC.
This dissertation exploits this very idea that HCC has a unique cancer
transcriptome and that a prominent driver identified in other cancers may play a different
role in HCC. Here, we focus on β-catenin, a dual-function protein that serves fundamental roles
in liver physiology as a key component of the adherens junction (AJ) complex and canonical
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Wnt/β-catenin signaling pathway. High frequency of β-catenin activating mutations found in both
colorectal cancer (CRC) and HCC patients4,6 has led to the conclusion that these mutations act
as dominant events to trigger β-catenin oncogenic activity and aberrant Wnt signaling in both
cancers, and that β-catenin drives HCC oncogenesis as it does in CRC. However, transgenic
expression of activated mutant form of β-catenin in the liver does not give rise to spontaneous
HCC7, and therefore whether β-catenin alone is sufficient to initiate HCC or requires additional
oncogenic events is unclear. Using β-catenin as our primary target of study, we explore the
complexity behind the molecular mechanism of HCC progression and investigate how we can
better target the disease.

1.2 Hepatocellular Carcinoma (HCC)
Hepatocellular carcinoma (HCC), which represents 90% of all primary liver cancers, is
the second leading cause of cancer-related deaths world-wide (~ 800,000 deaths per year)8,9,
and the incidences are progressively rising on a global scale (75% increase in newly diagnosed
cases of HCC between 1990 and 2015)10. To understand the molecular mechanism of HCC
development and progression, we first need to consider the epidemiology of HCC as its
occurrence pattern varies depending on the geological location of the incidence. Etiology of HCC
is another important factor to consider; in 90% of cases, HCC develops with the underlying
conditions of cirrhosis that arise from well identified risk factors. However, early detection of HCC
has proven to be a challenge as we will discuss later in this chapter. Lastly and most importantly,
we will take an extensive look at the genomic landscape and the molecular profiles of HCC, and
highlight currently ongoing efforts in targeting the disease.
1.2.1 Epidemiology of HCC
Based on 2012 Report from the International Agency for Research on Cancer, most
cases of HCC (>80%) occurred in sub-Saharan Africa and Eastern/South-Eastern Asia11,12. In
males, the regions of high incidence are Eastern Asia, with 31.9 age-standardized incidence rates
(ASIR, per 100,000) and South-Eastern Asia (22.2). The regions of intermediate incidence rates
are Mediterranean countries (e.g. Italy, Spain, and Greece) (9.5) and Northern America (9.3) and
2

those of low incidence rates are Northern Europe (4.6) and South-Central Asia (3.7). In females,
the regions of high incidence rates are Eastern Asia (10.2) and Western Africa (8.1), and those of
low incidence rates are Northern Europe (1.9) and Micronesia (1.6). The overall male-to-female
ratio for age-standardized liver cancer mortality was 2.8. This significant gender disparity in HCC
appears to be linked to the sex hormones, as it has been shown that estrogen prevents and
androgen promotes HCC13. Estrogen-mediated inhibition of IL-6 has long been suggested as a
mechanism by which estrogen exerts its protective effect against HCC14. However, a more recent
work showed that in order for estrogen to prevent and androgen to promote HCC, they both
require forkhead box A (Foxa) gene family of transcription factors (more specifically, Foxa1 and
Foxa2) to mediate the recruitment of estrogen receptor alpha (ERα) and androgen receptor (AR)
to their relevant targets in the liver15.
Although it is generally reported that the regions of high age standardized incidence rates
(ASIR) are “less developed countries”, the most recent Global Burden of Disease (GBD) Liver
Cancer Study based on 2015 statistics shows that 88% of liver cancer incidences and 86% of
liver cancer deaths occurred in middle socio-demographic index (SDI), high-middle SDI, and
high-SDI countries compared to the low or low-middle-SDI countries16. In fact, ASIR was highest
in High-Income Pacific Asia (Brunei, Japan, South Korea, and Singapore) (26.4). Lastly, Chinese
populations in Hong Kong, Shanghai, and Singapore have seen decrease in HCC incidence rate
in the recent few year whereas high SDI countries such as USA, Canada, Australia and Northern
European countries have seen increase in ASIR, mostly due to the change in population age
structure10,17.
In the United States, the age-adjusted rates of new liver cancer cases increased from 6.3
per 100,000 in 2006 to 8.3 in 201518, making HCC the fastest rising cancer in the U.S. There is a
clear disparity in liver cancer death rates by race and ethnicity (5.5 per 100,000 in non-Hispanic
whites to 11.9 per 100,000 in American Indians/Alaska Natives) due to differences in risk factor
prevalence and inequality in access to quality health care19. As of now, based on the 2015
statistics provided by Centers for Disease Control and Prevention, liver cancer is the second
leading cause of death in the U.S.
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1.2.2 Etiology of HCC
In 90% of cases, HCC develops with the underlying conditions of chronic liver
inflammation and/or cirrhosis. Major risk factors of HCC are chronic hepatitis B/C (HBV/HCV)
infection, high alcohol consumption, aflatoxin B1 ingestion, and nonalcoholic fatty liver disease
(NAFLD) caused by obesity and insulin resistance4,9. Although the contribution of different
etiologies to total count for liver cancer deaths varies between regions, at global level, HBV is the
leading underlying cause of HCC. Chronic HBV infection affects approximately 5% of the world
population (350-400 million people) and is responsible for 50% of total HCC cases and all
childhood HCC. HBV is the dominant risk factor in most of the Asia and sub-Saharan Africa, with
the exception of Japan where HCV-HCC is more prevalent17. Chronic HCV infection affects
approximately 2% of world population (180 million people) and HCV infection rates among HCC
patients are highest in Western Europe and Japan (44-66% in Italy; 27-58% in France, 60-75% in
Spain, and 80%-90% of HCC patients in Japan)20. High alcohol consumption is a risk factor HCC
that increases the odds of developing HCC in patients with cirrhosis. It has been shown that daily
alcohol consumption of >50g is one of the independent factors associated with an increased rate
of fibrosis progression and a combination of HCV and alcohol leads to a significantly higher risk of
HCC than by alcohol alone21. Dietary exposure to aflatoxin B1, a mycotoxin produced by the
Aspergillus fungus, is most common in Asia and tropical regions of Africa. There is a strong
correlation between aflatoxin B1 exposure, TP53 mutations (codon 249) and incidence of HCC, in
particular, HBV-HCC22. Lastly, there is a strong association between obesity-associated NAFLD
and higher risk of HCC. In a prospective cohort study with 1,184,617 American adults, men with
body-mass index of at least 35.0 were found to be at 4.5% higher chances of death from liver
cancer when compared with men of normal weight23. Recently there has been a steady increase
in the number of HCC patients with NAFLD associated with metabolic syndrome, diabetes and
obesity. This phenomenon is particularly prominent in industrialized countries including the United
States, affecting up to 30% of the general adult population24.
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1.2.3 Clinical Stratification of HCC and Treatment Strategy
Classification: According to Barcelona Clinic Liver Cancer (BCLC) systems, HCC can
be stratified into five prognostic subclasses (0, A, B, C and D) defined by the variables related to
the liver function and tumor status such as its size, number, and vascular invasion. BCLC stage
0-A is defined as early HCC, B as intermediate HCC, and C-D as advanced-late stage HCC.
Early HCC lacks typical features of HCC, and it is extremely difficult to distinguish early HCC from
premalignant dysplastic nodules25,26. Stage 0 HCC is represented by a single nodule of ≤2cm,
and Stage A HCC is represented by 1-3 nodules of ≤3cm. In both cases, early HCC patients
display preserved liver functions. Intermediate HCC (Stage B) is represented by multinodular
asymptomatic tumors without vascular invasion. Intermediate HCC patients display a wide range
of liver functions, which makes it particularly challenging to allocate appropriate treatments.
Advanced HCC is represented by “nodule-in-nodule” stage where small, moderately differentiated
nodules appear within well-differentiated HCC tumors, a sign of dedifferentiation of welldifferentiated HCC27. Advanced HCC patients display cancer-related symptoms, macrovascular
invasion (segmental or portal invasion) and/or extrahepatic spread (lymph node involvement or
metastases)10,28.
Diagnosis: Alpha fetoprotein (AFP) and CD34 are currently the most widely used
biomarkers for HCC surveillance and diagnosis. They are used in combination with multiphasic
computed tomography (CT) and magnetic resonance imaging (MRI)29. However, AFP
assessment has a poor sensitivity for detecting HCC (e.g. in case of HCV-HCC: 47~64%)30 and is
ineffective in accurately detecting early HCC. Additional markers of early HCC have been
identified over the last two decades to address this issue but none of these have been clinically
approved so far: heat shock protein 70 (HSP70), cyclase-associated protein 2 (CAP2), glypican-3
(GPC3), glutamine synthetase (GS), and golgi protein 73 (GP73) to name a few27,31–33.
Treatment: The following treatments are offered to extend patient life expectancy:
surgical resection, liver transplantation, radiofrequency ablation, chemoembolization, and the
multikinase inhibitor sorafenib (and more recently, nivolumab in Sept 2017)34. Among these
treatments, best option for early stage HCC patients is resection (without cirrhosis) or liver
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transplantation (with cirrhosis) with 5 year survival rate of 60-70%)35,36. However, early HCC is
clinically asymptomatic and small nodules of <2cm are difficult to characterize by radiologic or
pathologic examination. Delay in cancer detection contributes to the alarmingly high death rate of
HCC, which is exemplified by the ratio of estimated death (~30,000) vs. newly diagnosed cases
of HCC (~40,000) in 201837.
Intermediate and advanced HCC patients with intact liver functions are eligible for
chemoembolization (median survival of 26 months), and for those who do not, their only option is
sorafenib treatment with survival benefit of 3 months28. As of 2018, all phase III trials evaluating
new chemoagents have failed to show a survival benefit, whether as a stand-alone drug or in
combination with sorafenib. Second-line drugs to sorafenib that have shown some level of impact
on survival in trials are regorafenib (an oral multikinase inhibitor similar to sorafenib), lenvatinib
(an inhibitor of VEGFR 1–3, FGFR 1–4, PDGFR A, RET, and KIT), and cabozantinib (a MET,
VEGFR2 and RET inhibitor)10.
Overall survival rate of post-surgical treatment greatly varies depending on the time of
detection and the size of tumor nodules (survival rate ranging from 93-0%, very early to advanced
HCC, respectively) and ~70% of the cases at 5 years show recurrence of HCC, whether true
occurrence or de novo36,38. Median survival of advanced HCC patients is 6-8 months (or 25% at
one year), depending on the functional status of the liver, treatment availabilities, etc. This is a
drastic decrease in median survival, when compared to early HCC patients (50-70% at five
years), and shows us how critical it is to detect and target HCC early on.
1.2.4 Genomic Landscape of HCC
HCC is a multistep process that displays sequential evolution from liver cirrhosis to early
dysplastic nodules (low grade: LGDN and high grade: HGDN), which then progresses to early
HCC and eventually, advanced (progressed) HCC (Figure 1.1). Here, “early HCC” refers to welldifferentiated HCC with vaguely nodular appearance and “advanced HCC” refers to moderately
(or poorly) differentiated HCC with defined nodules and microvascular invasions39.
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Figure 1.1. Progression of liver disease from cirrhosis to advanced HCC
HCC progression occurs in a step-wise manner as dysplastic cells acquire additional mutations
that drive the disease to malignancy. TERT mutations are the earliest events with a rapid
increase in the mutational frequency between HGDN and early stage HCC (6% of LGDNs, 19%
of HGDNs, and 61% of early HCCs). Advanced HCC is characterized by alterations in the
following 6 pathways: telomere maintenance, Wnt/β-catenin pathway, TP53/cell cycle, oxidative
stress, epigenetic regulation & chromatic remodeling, and PI3K-AKT-mTOR & Ras/Raf/MAPK
pathways
A transcriptome sequencing of pre-neoplastic lesions, early, and advanced HCC reveals
that dysplastic nodules and early HCC have a relatively uniform genetic landscape marked by
very little variation, compared to advanced HCC, which displays high level of genetic
heterogeneity in its molecular profile. Molecular events in HGDN mainly occur in pathways related
to oxidative stress, glutathione metabolism and apoptosis; those in early HCC are associated with
oxidative stress, cell cycle, immune response, stellate cell activation, Wnt/β-catenin pathway
activation, and deregulation of protein-folding machinery9,40. More recently, activating mutations in
TERT (encoding telomerase reverse transcriptase) have been identified as the most frequent and
earliest recurrent genetic alterations41–44. TERT mutations are highly associated with step-wise
transformation of dysplastic nodules to HCC, with dramatic increase in mutational frequency
between HGDN and early stage HCC (6% of LGDNs, 19% of HGDNs, 61% of early HCCs, and
42% of small and progressed HCC)45–47. These findings suggest that TERT activating mutations
are the “gatekeeper” mutations that, in concert with other early events implicated in cell cycle and
cell metabolism, can drive uncontrolled cell proliferation and oncogenic transformation to HCC.
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Although the number of mutations per tumor varies depending on the type of molecular
analysis, patient samples (age, gender, etiology, etc), as well as the quality of tissue sample
diagnosis (Fujimoto et al: 4900-24,000 somatic point mutations per tumor48; Schulze et al: median
21 silent and 64 non-silent mutations per tumor46), there is a clear consensus that the progression
of HCC to advanced stage involves a significant increase in the number of genes associated with
malignancy and metastasis (123 genes expressed during dysplastic-to-early HCC vs. 1486 genes
specific for advanced HCC)40. Among these genes, 6 pathways found recurrently altered in HCC
(>5%) are associated with: telomere maintenance, Wnt/β-catenin pathway, TP53/cell cycle,
oxidative stress, epigenetic regulation & chromatic remodeling, and PI3K-AKT-mTOR &
Ras/Raf/MAPK pathways46,47.
Telomere Maintenance: As briefly introduced in the previous section, TERT activating
mutations are the most frequent and earliest alterations found in HCC (60%). It has been shown
that telomerase is reactivated in 65-69% of HCC (HBV, HCV, or non-HBV/HCV cases) due to
somatic TERT promoter mutations (43-64%), TERT amplification (5-8%), or HBV integration (22%
in the case of HCV HCC). The two mutational hotspots are located at nucleotide positions 124
and 146 bp upstream of the ATG, and these mutations create additional transcription factor
binding sites on TERT9. TERT mutations significantly co-occur with Wnt/β-catenin pathway
mutations, which suggests that the two pathways may cooperate with each other to promote
tumorigenesis49.
Wnt/β-catenin Pathway: Wnt/β-catenin pathway a key developmental pathway that
regulates liver homeostasis and zonation50,51. It is also the second most frequently activated
pathway in HCC (54%). The pathway is activated by somatic mutations in ctnnb1 (encoding βcatenin; 33-37%) or inactivating mutations in the negative regulators of β-catenin: axin1
(encoding Axin1; 11-15%) or apc (encoding APC, adenomatous polyposis coli; 1-2%)4,46. ctnnb1,
axin1, and apc mutations are mutually exclusive; in particular, HCC with ctnnb1 mutations is a
specific subtype of HCC with a transcriptomic profile of glul and lgr5 overexpression52.
TP53/Cell cycle: p53 pathway is altered by either TP53-inactivating mutations (21-24%)
and homozygous deletions or mutations in CDKN2A (8-9%). Currently, the only identified TP53
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mutational hotspot is R249S mutation found in HCC specific for exposure to aflatoxin B1 (toxin
produced by certain fungi found in agricultural crops such as corns or grains) and HBV53. TP53
mutations are found in HCC patients with high chromosomal instability, and are mutually
exclusive to ctnnb1 mutations (but can co-occur with axin1 or apc mutations)4,54.
Oxidative Stress Pathway: Oxidative stress pathway is activated in 5-14% of HCCs,
primarily by activating mutations in nfe2l2 (encoding Nrf2; 3-6%) or inactivating mutations in
keap1 (encoding KEAP1; 2-8%)46,47. The main role of Nrf2 is to regulate the expression of
cytoprotective genes in response to xenobiotic and oxidative stress55. Keap1 is an adaptor protein
for an E3 ubiquitin ligase complex, and it negatively regulates Nfr2 expression. Defective
proteosomal degradation of Nrf2 protects cancer cells from oxidative stress found in tumor
microenvironment, thereby promoting HCC tumor growth.
Epigenetic Regulation & Chromatic Remodeling: Epigenetic modifiers are recurrently
altered in HCC, with key inactivating mutations found in the SWI/SNF chromatin remodeling
complex (20-40%)56. The SWI/SNF complex regulates DNA-histone interactions in ATPdependent manner, and among its many components, ARID1A (13-17%) and ARID2 (6-7%) are
highly mutated in HCC. ARID1A mutations were found to be significantly more frequent in HCC
related to alcohol intake than in tumors of other etiology. There was also a significant association
between ARID1A and CTNNB1 mutations. ARID2 mutations are less frequent with no significant
association with any of the identified HCC risk factors, and exclusive from ARID1A mutations4.
PI3K-AKT-mTOR & Ras/Raf/Mitogen-Activated Protein Kinase Pathways: The
PI3K/AKT/MTOR pathway is activated in HCC by activating mutations of PIK3CA (1.6-2%) and
inactivating mutations of TSC1 or TSC2 (3-8%). In the Ras pathway, recurrent inactivating
mutations in RPS6KA3 have been identified (9.6%), especially in non-cirrhotic HCC. RPS6KA3
encodes ribosomal S6 protein kinase2 (RSK2), a kinase member of the Ras/MAPK signaling
pathway that is directly activated by extracellular-regulated kinases 1 and 2 (ERK1/2). RSK2 is
negative regulator of Ras signaling and inactivation of RSK2 by RPS6KA3 mutations leads to
constitutive activation of the Ras pathway. Other components of the PI3K and Ras pathways are
rarely mutated (<2%)4,46.
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1.2.5 Molecular Classification of HCC
HCC can be divided into two major molecular classes that are highly associated with
patient prognosis and survival: “Proliferation Class” and “Non-proliferation Class”47. The following
three key features were used for the classification: 1) clusters/subgroups based on transcriptome
and gene signatures (“A and B”
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, “G1-6”

52

, “S1-3”

58

), 2) key mutations, 3) activated pathways

(Table 1.1).
Table 1.1. Molecular classification of HCC
Clusters based
on gene
signatures

Key mutations

Activated
Pathways

Clinical
Features

Proliferative Class
Cluster A
- survival time (30.3-8.02 mo)
- higher expression of cell
cycle/proliferation genes (45%)
- higher expression of anti-apoptotic
genes
- chromosomal instability
S1
S2
- aberrant
- proliferation;
activation of Wnt
activation of Myc
signaling pathway
and AKT
G1 - low copy number of HBV;
overexpression of fetal liver (hepatoblastlike) genes
G2 - high copy number of HBV;
mutations in PIK3CA and p53
G3 - p53 mutation and overexpression of
cell cycle genes
- chromosome 11q13 amplification
(FGF19, CyclinD1)
- axin1 mutation
- TGFβ
- Notch
- Liver Wnt
- IGF2
- Ras/MAPK
- Ras/MAPK
- MET
- MET
- AKT/mTOR
- AKT/mTOR
- high AFP
- poor differentiation
- vascular invasion (+++)
- poor prognosis and recurrence

Non-Proliferative Class
Cluster B
- survival time (83.7-8.02 mo)
- lower expression of cell
cycle/proliferation genes (19%)

S3
- hepatocyte-like differentiation

G5 - β-catenin mutations
G6 - β-catenin mutations; E-cadherin
underexpression; ; overexpression of Wnt
target genes; satellite nodules

- ctnnb1 mutation
- DNA amplification (Chromosome 7)
- Classical Wnt

- low AFP
- well/moderate differentiation
- vascular invasion (+)
- better prognosis

The first class (“Proliferation Class”) is characterized by heterogeneous gene signatures
associated with cell cycle and proliferation, stem cell features, and invasiveness. Its key features
are chromosomal instability and activation of various oncogenic pathways including Notch, TGFβ,
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Ras/MAPK, AKT, etc. The patients in this class have moderately/poorly differentiated tumors with
high AFP expression, and are more likely to show recurrence after resection.
The second class (“Non-proliferation Class”) is characterized by either activation of Wnt
signaling (defined by enrichment of Wnt target genes: glul or lgr5) or immune response. Its key
features are β-catenin mutations and retention of normal hepatic transcriptome. The patients in
this class have less aggressive, well differentiated tumors with better prognosis.

1.3 β-catenin
β-catenin (ctnnb1) is a 92kDa protein that serves key roles in cell adhesion and Wnt
signaling. β-catenin protein (781 aa residues in human) contains a central domain (residues 11664) of 12 Armadillo repeats (R1-12) that are flanked by N- and C-terminal domains (NTD and
CTD)59. Compared to the terminal domains, which are structurally flexible, the central domain of
Armadillo repeats is relatively rigid and therefore serves as a scaffold for β-catenin binding
partners. Many of the β-catenin binding partners share overlapping binding sites, and therefore
compete with one another. This mutually exclusive dynamics allows β-catenin to have two distinct
roles within the cell depending on its binding partners and subcellular location: one, as a key
component of the adherens junction (AJ) complex, and two, as a downstream effector of the
Wnt/β-catenin signaling pathway. In this section, we will explore the differential roles of β-catenin
and discuss its binding partners and the nature of their interactions.

Figure 1.2. Functional domains and motifs of β-catenin
β-catenin contains 12 Armadillo repeats (1-12) that are flanked by structurally flexible N-terminal
domain (NTD) and C-terminal domain (CTD) on each side. Orange colored bars represent AJ
complex components; green colored bars represent destruction complex components; blue
colored bar represents transcription factors that interact with β-catenin. Yellow stars indicate key
phosphorylation sites.

11

1.3.1 β-catenin in the Adherens Junction (AJ) complex
β-catenin is most abundant at the cytoplasmic membrane, as a main component of the
AJ complex60. Within the AJ complex, β-catenin acts as a bridge between α-catenin and
cadherins to maintain proper cytoskeleton structure, cell-cell interaction, and cell signaling61–63. αcatenin (ctnna1), is a member of the catenin family (which includes β-catenin, γcatenin/plakoglobin and p120 catenin), and it directly binds to the actin filaments and β-catenin64.
It is both a structural protein as well as a molecular switch that regulates actin filament
assembly65.

Figure 1.3. The Adherens Junction (AJ) Complex
β-catenin binds α-catenin and the cytoplasmic tail of cadherins to form the adherens junction
complex. p120, another member of the catenin, also binds E-cadherin at its own recognition
motif.

E-cadherin (cdh1) is a prototypic member of the cadherin superfamily, which consists of
transmembrane or membrane-associated glycoproteins that participate in Ca2+ dependent cellcell adhesion66. N-cadherin (cdh2), K-cadherin (cdh6), and protocadherin (pcdh) are also part of
the same family. Although it mainly prefers homophilic interaction, E-cadherin can also interact
with other cadherins on neighboring cells via its extracellular domain while its cytosolic domain
binds to β-catenin (or γ-catenin and p120)67.
Newly synthesized E-cadherin is unstructured and therefore susceptible to premature
degradation unless β-catenin binds its tail in the endoplasmic reticulum (ER)68. Through direct
binding, β-catenin covers a PEST sequence motif on E-cadherin that is recognized by ubiquitin
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ligase for proteosomal degradation69,70. This interaction is particularly important for E-cadherin
stability and transport from the ER to the membrane. For most cases, β-catenin-cadherin
interaction is resistant to single mutations along the binding region; however, the binding affinity
between the two can be modulated by tyrosine phospho-regulation. Phosphorylation of Tyr654
residue on β-catenin, which electrostatically repels Asp665 residue of E-cadherin, results in a 6fold reduction in the affinity of β-catenin for E-cadherin69.

Figure 1.4. Functional domains and motifs of E-cadherin
E-cadherin contains 5 extracellular domains (EC1-4: extracellular cadherin repeats & MPED:
membrane proximal extracellular domain), a single transmembrane domain (TM), and a
cytoplasmic domain (CD) that has two subdomains (CH2 and CH3). EC1 domain is important for
hemophilic interaction with E-cadherin on a neighboring cell. CH2 contains p120 binding motif.
CH3 contains β-catenin binding motif as well as the highly conserved PEST motif (Leu-Ser-SerLeu; highlighted in yellow) that is recognized by the ubiquitin ligase for degradation is unmasked.

The disruption of the AJ complex and subsequent degradation of E-cadherin are
considered hallmarks of epithelial-mesenchymal transition (EMT)71, and deregulated E-cadherin
expression and function due to loss of heterozygosity (LOH), inactivating mutations, or
overexpression are found to promote cancer72. However, its role in cancer is not simply limited to
cell adhesion and EMT, as E-cadherin in the AJ complex also participates in cell signaling
through direct interaction with receptor tyrosine kinases (RTKs)66. Depending on cell density,
calcium flux, RTK type as well as cell type, the cross-talk between E-cadherin and RTKs can be
inhibitory and/or activating, and the mechanism by which they interact is rather unclear. For
example, Qian et al (2004) showed that E-cadherin can regulate RTKs by restricting the mobility
of the tyrosine kinase receptors73. Perrais et al (2007) provided evidence that the homophilic Ecadherin ligation can inhibit epidermal growth factor receptor (EGFR) signaling in a β-catenindependent manner74. On the other hand, Pece et al (2000) showed that E-cadherin mediates
activation of various protein kinase pathways including the mitogen activated protein kinase
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(MAPK) pathway through ligand-independent activation of EGFR75,76. Further supporting this,
Witta et al (2006) reported that restoring E-cadherin expression in lung cancer cells can increase
sensitivity to EGFR inhibitors by increasing endogenous EGFR expression level77. In addition, the
nature of E-cadherin/EGFR interaction is further complicated by the evidence that EGFR
activation could in turn modulate cadherin function by inducing immediate tyrosine
phosphorylation of β-catenin78. As such, the interaction between E-cadherin and RTKs (in
particular, EGFR) is heavily context-dependent and the study outcome greatly varies depending
on the experimental conditions.
Lastly, different cadherin subtypes interact with RTKs with various outcomes, and some
studies have documented cross-talks between N-cadherin and RTKs such as EGFR, HER2, or
fibroblast growth factor receptor (FGFR)79,80. Their findings suggest that E-cadherin is not the
only cadherin family member that can interact with RTKs, and that there may be compensatory or
augmenting mechanisms adopted by cancer cells to utilize the cadherin family for promoting
various signaling pathways. And given that these cadherin family members (e.g. N- or Kcadherins) are known to directly interact with β-catenin81,82, we can truly appreciate the vast
extent to which AJ complex-associated β-catenin can affect RTK signaling via cadherin family.
1.3.2 β-catenin in the Wnt/β-catenin signaling pathway
β-catenin is a critical effector of the Wnt/β-catenin signaling pathway, which is also known
as the canonical Wnt pathway83. In the absence of a Wnt ligand, free β-catenin (i.e. newly
synthesized or unbound to E-cadherin) in the cytosolic space is rapidly phosphorylated by the
destruction complex (see below for more details). This primes β-catenin for subsequent
proteasomal degradation and the Wnt pathway is kept repressed84. The pathway is activated
upon binding of Wnt ligand to Frizzled-Low-density lipoprotein Receptor-related Protein (FzdLRP5/6) receptors. This interaction activates and recruits phosphoprotein Dishevelled (Dvl) and
destruction complex scaffolding protein Axin to the membrane, and ultimately destabilizes the
destruction complex. β-catenin can now escape degradation and reach the nucleus where it
binds to TCF/LEF transcription factors for Wnt target gene activation85.

14

The destruction complex is mainly composed of Ser/Thr kinases glycogen synthase
kinase 3 (GSK3) and casein kinase 1 (CK1), Axin, adenomatous polyposis coli (APC), and E3ubiquitin ligase β-TrCP84.

Figure 1.5. The Wnt/β-catenin pathway
L: In the absence of Wnt, β-catenin in the cytosolic space is rapidly marked for degradation by
the destruction complex (APC, Axin1 and GSK3β, CK1), ubiquitylated by Skp1/Cul1/F-box/βTrCP (SCFb-TrCP) E3 ubiquitin ligase complex, and degraded.
R: In the prescence of Wnt, the destruction complex is destabilized, allowing β-catenin to build up
in the cytosolic space. β-catenin enters the nucleus as a DNA-binding partner for TCF/LEF
transcription factor to activate Wnt target genes.
GSK3 and CK1: GSK3 is the main phosphorylating kinase in the destruction complex,
and is expressed in two isoforms (α and β) with redundant functions in mammals. Four
serine/tyrosine residues (S33, S37, T41, S45) of β-catenin are consensus phosphorylation sites
for GSK386,87, but CK1 must first phosphorylate Ser45 of β-catenin88,89. Ser45 phosphorylation
primes GSK3-mediated phosphorylation of T41, which then leads to phosphorylation of the
remaining residues (S33 and S37) for successful recognition by β-TrCP.
Axin: Axin is an unstructured scaffold protein with multiple binding sites for the
components of the destruction complex. The central domain of Axin, which contains binding
motifs for β-catenin, GSK3, and CK1, brings the components together for efficient enzymatic
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reaction. DIX domain at the C-terminus of Axin interacts with Dvl90. Lastly, Axin binds APC via its
RGS domain at the N-terminus, and this promote APC phosphorylation by GSK3β and CK1 and
enhances the ability of APC to bind β-catenin 91,92.
APC: If Axin is a scaffold protein that attracts key players of the degradation process,
APC can be best described as an “amplifier” because APC carries contains multiple binding sites
for β-catenin (four 15-mer and seven 20-mer repeats) and three SAMP repeats for Axin84,93. APC
also interacts with a number of cytoskeletal regulators, and is implicated in cell migration,
orientation and division through regulation of spindles and microtubules formation94. (We will
revisit this aspect of APC biology in Chapter 1.7 as we discuss the differences in the APC vs. βcatenin mutant mouse models of HCC.)
β-TrCP: β-TrCP is a F-box containing E3-ligase that can attach ubiquitin to its binding
partners. β-TrCP recruits S33 and S37 phosphorylated β-catenin to the Skp1/Cul1/F-box/β-TrCP
(SCFb-TrCP) E3 ubiquitin ligase complex, where β-catenin is ubiquitylated and subsequently
degraded by the 26S proteasome59,95.
1.3.3 Transition of β-catenin from the AJ Complex to the Wnt Pathway
It has been shown using biochemical methods that the β-catenin in the AJ complex is a
dimer that is structurally distinct from the “folded-back” β-catenin monomer participating in the
Wnt signaling activity96. However, other works have suggested that the AJ complex-associated βcatenin is a “reserve pool” that can potentially feed into Wnt signaling activity, and that E-cadherin
can modulate Wnt signaling in two ways: first, by physically sequestering β-catenin at the
membrane and second, by catalytically promoting phosphorylation of β-catenin97–100. As of now,
the exact mechanism of initial repartition and subsequent transition of β-catenin between the AJ
complex and Wnt signaling pool still remains to be elucidated.

1.4 β-catenin in the Liver
β-catenin plays various essential roles during liver organogenesis, homeostasis and
regeneration. β-catenin the AJ complex helps form cell-cell junctions, which is important for
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maintaining apical-basolateral polarity in hepatocytes. This allows hepatocytes to sustain the
blood-biliary barrier in the liver101 and express liver-specific genes in temporal and spatial
manner102. In addition, these junctions participate in liver plate formation through actin filament
organization, thus contributing to overall liver morphology and physiology103. However, conflicting
data has been reported as well; β-catenin/E-cadherin was shown to be dispensable for apicalbasolateral cell polarity in mutant HepG2 (HCC) cell line, although they are required for apical
lumen remodeling104. β-catenin in Wnt signaling is crucial for embryonic liver development105,106,
liver metabolism and zonation107,108, and postnatal liver growth and regeneration109,110. An
extensive amount of research has been dedicated to understanding these diverse and complex
roles of β-catenin in the liver111 (far more so than the role of AJ complex-associated β-catenin).
1.4.1 Embryonic Liver Development
Temporally regulated, stage-specific expression of β-catenin during the gestation period
is critical for normal liver development across species, and complete loss of β-catenin results in
embryonic lethality112. In Xenopus, Wnt signaling regulates endoderm (from which liver and
pancreas is derived) patterning during embryonic development113. Blocking Wnt signaling in the
chicken liver by overexpressing dominant negative LEF1 (DN LEF1) or Wnt pathway inhibitor
DKK in ovo resulted in a reduction in liver size and a lack of hepatic cord formation114.
Overexpression of constitutively active β-catenin in the same model led to liver enlargement and
expansion in hepatic precursor population, although there was no sign of tumors. In mice, βcatenin level in the liver peaks at E10-12 but its expression level decreases (both in transcript and
protein) after E16115,116. The initial expression is linked to hepatoblast proliferation and
subsequent decrease in β-catenin expression in the later stage regulates liver cell lineage
specification and hepatocyte maturation. For example, Wnt/β-catenin pathway activation via
conditional APC KO in hepatoblasts led to repressed expression of hepatoblast markers and
blocked differentiation towards hepatocyte lineage117. Lastly, silencing β-catenin in an embryonic
mouse liver culture using antisense oligomers (PMOs) resulted in decreased proliferation and
increased apoptosis, which indicates that β-catenin is important for liver cell survival as well118.
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1.4.2 Liver Metabolism and Zonation
Liver metabolism is best understood in the context of its structural and functional unit:
liver lobules. Within the liver lobule, hepatocytes can be subcategorized into the following two
groups depending on their respective location: periportal hepatocytes (around the terminal
branches of the portal vein) and pericentral hepatocytes (around the terminal branches of the
hepatic vein)119,120. These groups of hepatocytes express distinct set of genes that regulate
various enzymatic functions. The difference in the level of enzymes and metabolites, as well as
the rate of the enzymatic activity expressed within the two groups of hepatocytes create what is
referred to as “metabolic zonation”121. Oxidative energy metabolism, carbohydrate metabolism,
lipid metabolism, ammonia metabolism, bile formation, and many more follow the pattern of liver
zonation.
Glutamine synthetase (GS; endcoded by glul) is a liver enzyme that coverts glutamate
and ammonia into glutamine. It is a liver-specific β-catenin target gene product that is stably
expressed at high level within 1-2 layers of pericentral hepatocytes122,123. Benhamouche et al
(2006) observed that β-catenin is highly expressed in pericentral hepatocytes whereas APC is
exclusively expressed in periportal hepatocytes. Liver specific overexpression of activated βcatenin or inactivation of APC resulted in a disrupted GS expression pattern, suggesting that
Wnt/β-catenin signaling plays a major role in regulating liver zonation107. Burke et al (2009)
further demonstrated that the deletion of β-catenin induced a loss of various pericentral gene
expression regardless of whether APC is present or not, thus emphasizing the absolute
requirement of β-catenin for the maintenance of metabolic zonation in the liver108.
1.4.3 Postnatal Liver Growth and Regeneration
Unlike in embryonic liver, where loss of β-catenin ultimately leads to lethality, normal
adult liver is less dependent on β-catenin for its overall functions. Conditional KO of β-catenin in
hepatocytes (Alb-Cre) in adult mouse liver led to reduction (~20%) in liver size and
downregulation of liver-specific genes but did not interfere with essential liver functions124,125. In
addition, the KO had little effect on overall liver cell architecture, suggesting that the role of βcatenin in cell-cell interaction may also be less important post-developmental stage.
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Complementary experiments showed similar results; there was a lack of persistent proliferation
and metabolic abnormality upon hepatocyte-specific (Alb-Cre) overexpression of activated βcatenin (serine 45 mutant β-catenin)7. These outcomes are somewhat expected given that in the
quiescent adult liver, β-catenin expression is localized to the inner plasma membrane with little or
no nuclear/cytoplasmic staining. This suggests that β-catenin is being rapidly degraded to prevent
unnecessary Wnt signaling activation unless there is a physical need, such as for liver
regeneration. During liver regeneration upon partial hepatectomy, Wnt/β-catenin pathway is
activated, and this is evident from a rapid increase in the level of nuclear β-catenin in
hepatocytes126.

However, conditional KO of β-catenin in hepatocytes (Alb-Cre) had minimal

effect on the extent or the timing of liver mass recovery after partial hepatectomy, although it did
delay hepatocyte proliferation109. This suggests that β-catenin is not absolutely required for liver
regeneration.
However, all the aforementioned results were obtained in the absence of metabolic stress,
DNA damage from chemical carcinogens, and/or oncogene activation. So then what would
happen when β-catenin is targeted in the context of these cooperating events?

1.5 β-catenin in HCC
The significance of β-catenin in HCC came into spotlight when de la Coste et al (1998)
reported the presence of β-catenin activating mutations in 50% of the mouse HCC tumor samples
and 26% of human HCC tumor samples127. They focused on the mutational profile of β-catenin in
HCC primarily because APC, a negative regulator of β-catenin, was already known to initiate
colorectal cancer128. 85% of colorectal cancers carry APC mutations and the remaining 15%
without APC mutations carry β-catenin mutations. Therefore they hypothesized that β-catenin
somatic mutations that aberrantly activate Wnt/β-catenin pathway may be responsible for HCC
tumorigenesis. Based on their findings, they concluded that β-catenin somatic mutations (in
particular, those targeting β-catenin GSK3β phosphorylation sites) are essential for the
development of HCC and that “β-catenin activation could constitute a privileged genetic
modification in the cooperation with various oncogenes.”
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Since then, a plethora of questions has been raised regarding the role of β-catenin in
HCC and contributed to the advancement of the liver cancer field. And somewhere along the line
emerged studies that identified β-catenin as an oncogenic driver that can initiate HCC. For
example, Colnot et al (2004) showed that loss of APC leads to accumulation of activated βcatenin that gave rise to spontaneous HCC oncogenesis. However, APC on its own is a DNAbinding tumor suppressor with various defined roles in not just Wnt signaling regulation but also
microtubules formation, chromosomal segregation, cell proliferation etc. In addition, loss of APC
is rare in human HCC. Therefore APC KO HCC model, although invaluable for studying the role
of APC in tumorigenesis, may not be the most suitable system to study the role of β-catenin in
HCC.
The following models of HCC directly target β-catenin in the liver: Cadoret et al (2001)
showed that overexpression of activated β-catenin (that has also lost its α-catenin binding
domain) in hepatocytes results in hepatomegaly, but is insufficient for liver tumorigenesis129.
Harada et al (2002) reached the same conclusion; the overexpression of activated β-catenin
without exon3 (which contains GSK3β phosphorylation site) results in hepatomegaly, but with no
signs of tumor130. 2 years later, the same group showed that HCC develops at 100% incidence
when H-Ras is activated in β-catenin mutant background131. These results suggest that β-catenin
activation accelerates HCC tumorigenesis in cooperation with other oncogenes. Nejak-Bowen et
al (2010) overexpressed activated β-catenin (Ser45 mutant) in hepatocytes using Alb-Cre mice
and found that the mutant mice display liver growth advantage only during early postnatal
development. S45 mutant mice showed no signs of spontaneous tumors during the 12 months of
follow-up. However, upon DEN (N-Diethylnitrosamine; hepatocarcinogen) exposure, the mutant
mice showed accelerated tumorigenesis and progression to HCC7. Zhang et al (2010)
demonstrated that mice with hepatocyte-specific (Alb-Cre) β-catenin KO are more susceptible to
DEN treatment, showing increased liver injury and signs of inflammatory response and oxidative
stress, etc132 (Table 1.2)
Altogether, these studies of β-catenin mutant mouse model agree that i) β-catenin alone
is insufficient to initiate HCC, but ii) β-catenin can promote or accelerate HCC initiated by
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metabolic and genotoxic stress caused by carcinogens and/or other oncogenes. This prompts us
to ask the following set of questions which will be extensively addressed in Chapter 3: What is the
role of β-catenin in HCC? Does β-catenin promote and/or maintain HCC (and is it necessary)? If
so, what is the mechanism by which β-catenin promotes HCC?
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Table 1.2. HCC mouse models of Wnt pathway mutations
Type of β-catenin
mutation

Study

Mouse model

Colnot et al
(2004)117

APClox/lox:
Liver-specific excision of
exon 14 (Axin binding site)

Cadoret et al
(2001)129

- EAB/9K:
EAB (the enhancer of the
aldolase B) gene cloned in
front of the CaBP9K
promoter sequence (9K).
- Transgenic expression in
intestine, kidney, and liver.

- DN131β-catenin:
Truncated NH2 terminus,
resulting in a loss of both
GSK3β phosphorylation
sites and α-catenin
binding domain.

Harada et al
(2002)130

- Catnblox(ex3):TgFabpcre:
Catnblox(ex3) crossed with
Fabp (Fatty-acid binding
protein)-cre mice.
- Strong cre recombination
in the liver and intestines.
- Tail-vein injection of
adeno-Cre virus in
Catnblox(ex3) mice
- Catnblox(ex3):Tglox(pA)H-ras:
H-ras expression upon
Cre-mediated
recombination

- β-cateninΔexon3:
Cre-mediated excision of
exon3 (codons 5-81,
which includes GSK3β
phosphorylation sites).

Nejak-Bowen
et al (2010)7

- TG: S45D β-catenin gene
under the transcriptional
control of albumin
promoter/enhancer

- Ser45 mutant βcatenin (S45A,
S45D, S45F)

Tan et al
(2006)125;
Zhang et al
(2010)132

- Ctnnb1loxp/loxp; Alb-Cre-/: conditional β-catenin KO
in hepatocytes (Alb-Cre)

- β-catenin KO (exon 2-6
deletion)

Harada et al
(2004)131
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- β-cateninΔexon3:
Cre-mediated excision of
exon3 (codons 5-81,
which includes GSK3β
phosphorylation sites).

Phenotype
- Hepatomegaly
- Rapid mortality
- Nuclear and cytoplasmic
accumulation of β-catenin
- HCC
- Hepatomegaly
- Foci of hepatocellular
hyperplasia (in 3-4-weekold mice).
- Increased hepatocyte
proliferation.
- Absence of increased
apoptosis.
- No tumor
- Hepatomegaly only in
adeno-Cre virus injected
mice
- No hyperplasia
- Mitochondrial swelling
and vacuolar degeneration
- Intestinal polyposis
- death within 3-4 weeks
(non-liver related cause)
- Dysplastic hepatocytes
found in both
Catnblox(ex3):Tglox(pA)H-ras
and Tglox(pA)H-ras.
- Only double mutant mice
develop HCC.
- Liver growth advantage
during early postnatal
development.
- acceleration of HCC upon
DEN treatment
- Smaller liver size (-25%)
- Increased apoptosis and
decreased proliferation of
hepatocytes during early
regeneration.
- Liver inflammation and
tumorigenesis upon DEN
treatment.

CHAPTER 2: Experimental Model for Studying HCC

2.1 Retinoblastoma (Rb) Pathway
Retinoblastoma (Rb) protein is a critical tumor suppressor that is best known to exert its
tumor suppressive function by regulating E2f-mediated transcription of cell cycle genes133,134. In
mammalian cells, Rb is one of the three members of the “pocket proteins” (Rb, p107, and p130).
These proteins are functionally redundant as regulators of cell cycle, but also serve distinct roles
by interacting with different E2fs (The transcriptional activity of activator E2f1-3 is predominantly
repressed by Rb whereas the repressive activity of E2f4-5 is enabled by p107 and p130)135–137.
This is evident from the fact that Rb knockout is embryonic lethal in mice whereas p107 or p130
knockout has mild phenotype136. In addition, Rb mutations are commonly found in human cancers
while p107 and p130 mutations are rare138.
Key upstream regulators of Rb family are p16 family of cyclin-dependent kinase inhibitors
(CDKIs) and cyclin//cyclin-dependent kinases (CDKs)139. In quiescent cells, hypo-phosphorylated
Rb family proteins enforce G1 checkpoint and block S phase entry by physical repression of E2f.
Upon mitogenic signal, Cyclin/CDK complex phosphorylates Rb, which then dissociates from E2f
transcription factor. This leads to transcriptional de-repression and cell cycle progression through
the checkpoints (G1-S phase transition) (Figure 2.1).

Figure 2.1. Rb pathway
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2.2 Inactivation of the Rb Pathway in HCC
Rb pathway inactivation is a hallmark of cancers. 80-92% of human HCC carry alteration
in at least one component of the Rb pathway that ultimately leads to unrestricted E2f activity140,
which makes Rb family inactivation mouse model (as we will see in Section 2.3) a highly relevant
pre-clinical model for studying HCC. p16 family inactivation by hypermethylation or homozygous
deletion141,142 is found in 40-70% of human HCC and cyclin D overexpression by ccnd1 gene
amplification or upstream oncogenes is found in 22-58%143,144. Oncoproteins (e.g. HBV and HCV
viral oncoproteins) can also inhibit the Rb pathway in HCC. However, amplification of E2f1 or
E2f3 gene locus is rare in HCC145. Major consequences of Rb pathway inactivation are
accelerated proliferation and disrupted cell differentiation due to failure to exit the cell cycle.
Overall, these findings reveal the prevalence of Rb pathway alterations in HCC and the
detrimental consequences of unrestricted E2f activity.

2.3 Rb family Inactivation (TKO) Mouse Model of HCC
To experimentally determine the mechanisms of HCC initiation upon unrestricted E2f
activity, we generated a mouse line that harbors genetically engineered alleles for the Rb gene
family (Rblox/lox p130lox/lox p107-/-; TKO mice) to enable concomitant inactivation of the entire Rb
family in an adult organ upon the adequate expression of the Cre recombinase137,146.
We specifically deleted the three Rb family genes in the liver by performing intrasplenic
injection of adenovirus expressing the Cre recombinase (Ad-Cre) in adult TKO mice. In this
protocol, the adenovirus predominantly delivers the Cre recombinase to hepatocytes as well as
non-parenchymal cells in the liver. We targeted all three Rb family member to address the issue
of functional redundancy, as our previous data has shown that re-introduction of one allele from
any Rb family gene is sufficient to abrogate E2f activity, enforce quiescence, and impair HCC
initiation147.
All Ad-Cre–infected TKO mice develop multiple, well-differentiated, spontaneous liver
lesions (TKO HCC) within 3–4 months of injection with no other visible pathology outside the
liver147 (Figure 2.2). TKO HCC tumors are enriched for E2f, c-Myc, Wnt, and Notch pathway
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gene signatures by GSEA, and cluster preferentially with human HCC G1-G3 groups52
(“Proliferation Class”; see Chapter 1.4) (Figure 2.3). HCC tumorigenesis in TKO mouse model is
associated with the specific expansion of progenitor-like cell population, suggesting that the Rb
pathway may prevent HCC development by maintaining the quiescence of adult liver progenitor
cells. In addition, Notch signaling activation was identified as a tumor suppressive feedback
mechanism in TKO HCC tumors.

Figure 2.2. TKO HCC tumors (Figures from Viatour et al. 2011 JEM)
Acute inactivation of all three Rb family members (TKO) in the mouse liver generates a
spontaneous, non-metastatic, and well-differentiated type of HCC that recapitulates multiple
aspects of human HCC.

Figure 2.3. The molecular signature of TKO HCC overlaps with the signature of human
HCC samples characterized by p16 promoter methylation and a cell cycle signature
5 TKO HCC samples (blue star) were integrated in a non-hierarchical clustering with human HCC
from Boyault et al, previously divided into 6 subgroups (G1-6). TKO HCC (blue stars) clusters
with the proliferative group (G1-3, red box) and in particular with the G3 subgroup (identified by a
black bar).
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2.4 Advantages of TKO Mouse Model
Although the concomitant loss of expression of all Rb family genes achieved in TKO
mouse model is not observed in human HCC, the following rationales strongly support this
experimental strategy as the most appropriate approach for recapitulating the unrestricted E2f
activity observed in the human HCC.
Complete inactivation of Rb family members: The events targeting the Rb pathway in
HCC result in simultaneous functional inactivation of all three Rb family proteins. However, CDK
is known to have targets other than the Rb family and p16 inhibition does not translate well in
mice148. In addition, alternate approaches (shRNA-mediated knockdown, conditional CRISPR,
etc) are unlikely to achieve a complete Rb family inactivation, unrestricted E2f activity and cancer
initiation in the adult liver.
Recapitulation of unrestricted E2f activity: Transgenic E2f1 expression149 and
increased E2f1/E2f3 copy number150 initiate HCC, albeit with a limited penetrance and a long
latency. However, these models have important conceptual caveats. First, genetic alteration of
activator E2f1-3 is a rare event in HCC and their overexpression is therefore uncommon. Second,
transgenic expression of E2f1-3 does not abolish inhibitory function of endogenous Rb family
proteins, thereby limiting the activity of ectopically expressed activator E2f1-3. Third, functional
inactivation of Rb family triggers simultaneous unrestricted activity of all activator E2f1-3 in
human HCC. This cannot be recapitulated by a single transgene approach. Fourth, Rb family
inactivation also impairs the repressive activity of E2f4-5, which compete with activator E2f1-3 for
target gene binding. Therefore, ectopic expression of an activator E2f fails to recapitulate the
compound consequences of targeting the Rb pathway.
Recapitulation of the key features of human HCC: TKO HCC recapitulates multiple
molecular and histological features of the human disease. Non-hierarchical clustering analysis
shows a high overlap between the molecular signature of TKO HCC and the proliferative human
HCC subgroup (G1-3) as briefly mentioned above47,52. In particular, the highest degree of overlap
was observed with G3, which is characterized by p16 promoter methylation (a frequent event in
HCC that functionally inactivates all Rb family proteins). This indicates that TKO mouse model is
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a highly relevant to study the mechanisms of HCC initiated upon functional inactivation of Rb
family proteins and unrestricted E2f activity.
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CHAPTER 3: Promotion of growth factor signaling as a critical function of β-catenin during
HCC progression

3.1 Introduction
Hepatocellular Carcinoma (HCC) is the second cause of cancer-related deaths worldwide1,2. Most HCC patients are not eligible for curative surgery due to the advanced stage of the
disease at the time of diagnosis. Therapeutic options are limited in their availability and efficacy,
with multi kinase inhibitor Sorafenib showing survival benefit of only 3 months151. Therefore there
is a critical need for new HCC treatments. Large sequencing efforts have shown that most
recurring driver mutations in HCC (p53, telomerase, β-catenin, etc) are shared with other cancer
types4. However, a recent global cancer gene expression analysis also reveals that HCC
transcriptome is strikingly different from other cancers5. From this discovery emerges the concept
that common driver mutations may have unique functional consequences in the context of HCC.
However, the mechanisms of action of the principal drivers of HCC initiation and progression
remain elusive.
β-catenin is a protein that serves two distinct roles depending upon its subcellular
location. First, β-catenin in the nucleus is a critical effector of the Wnt signaling pathway83. In the
absence of a Wnt ligand, β-catenin is rapidly phosphorylated by the destruction complex
(comprising GSK3β, CKIα, Axin, and APC) on four key serine/threonine residues, which primes βcatenin for degradation84. Wnt ligand binding destabilizes the destruction complex, thus
promoting β-catenin stability and its translocation to the nucleus where it serves as a co-factor for
TCF/LEF transcription factors. Second, β-catenin at the membrane is a component of the
adherens junction (AJ) complex in association with cadherins. Within the AJ complex, β-catenin
acts as a bridge between α-catenin and cadherins to maintain proper cytoskeleton structure, cellcell interaction, and cell signaling63. Earlier works suggest that the AJ complex-associated βcatenin represents a “reserve pool” of β-catenin that can potentially feed into Wnt signaling
activity, thereby allowing E-cadherin to modulate Wnt signaling by physically sequestering β-
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catenin at the membrane97–99. However, the mechanism of initial repartition and subsequent
transition between these two pools remains poorly understood.
Mutations targeting components of the Wnt pathway are very frequent in colorectal
cancer and hepatoblastoma and aberrant Wnt signaling activation has been experimentally
established as a dominant oncogenic driver in these tumors152–154. Similar mutations targeting
Wnt pathway components are also frequent in HCC (15-33% of HCC patients carry activating
mutations in ctnnb1 (coding for β-catenin)127 while 17% have inactivating mutations in axin or
apc4,6) and have led to the conclusion that these mutations also act as dominant event to trigger
oncogenic Wnt/β-catenin signaling in HCC. However, transgenic expression of degradationresistant β-catenin in the liver is not sufficient to initiate HCC7, and it is therefore unclear whether
β-catenin activation is a driving mutation or a cooperating event that supports HCC progression
initiated by other oncogenic events155,156. In addition, loss of β-catenin in chemically induced
models of HCC increases tumor progression132,157, suggesting a paradoxical effect for β-catenin
inactivation in HCC. Finally, although the kinetics of Wnt pathway activating mutations during the
course of the disease are poorly known, aberrant Wnt signaling activity is restricted to the
advanced stages of the disease40. Collectively, these data suggest that the role of β-catenin in
HCC is more complex than currently envisioned based on the mutational status of the Wnt
pathway in HCC patients.
β-catenin accumulates at the plasma membrane of HCC cells in the absence of
significant Wnt target gene activation158 and initial studies drew a correlation between E-cadherin
loss of expression and Wnt signaling activation in HCC159. These results led to the conclusion
that E-cadherin exerts a dual tumor suppressor function in HCC: first by sequestering β-catenin
away from Wnt signaling and second by maintaining cell-cell contact to prevent epithelialmesenchymal-transition (EMT) and metastasis72. However, this view may be too simplistic as Ecadherin expression in human HCC is largely variable and is elevated in 40% of HCC
cases160,161. In addition, studies on other types of solid tumors have shown that E-cadherin can
exert pro-tumorigenic functions162,163. These findings suggest that the role of E-cadherin in HCC
is more complex than previously thought.
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To elucidate the role of β-catenin during HCC progression, we have integrated patient data
analysis with mechanistic studies using a pre-clinical model of HCC initiated upon functional
inactivation of the Rb family, an almost universal event during HCC development147,164. We show
that, despite the early occurrence of mutations targeting Wnt signaling components in human
HCC, membrane localization of β-catenin is a dominant feature of HCC until the advanced stages
of the disease when β-catenin progressively engages in Wnt signaling activation. At the plasma
membrane, β-catenin interacts with multiple cadherin family members to promote the signaling of
growth factor receptors such as epidermal growth factor receptor (EGFR) and support HCC cell
survival. Overall, our study reveals the evolutive nature of β-catenin tumor promoting functions
during HCC progression.

3.2 Results
3.2.1 β-catenin localization is restricted to the plasma membrane until the advanced stages
of HCC
Wnt pathway components are mutated in 30-40% of HCC patients4. However, when
these mutations occur during the course of the disease and whether they directly translate into
the activation of the Wnt signaling are not known. To determine the mutational status of Wnt
signaling during HCC development, we took advantage of a TCGA HCC dataset representing
patients from stage I-III. Analysis shows that mutations targeting Wnt signaling are present in
~35% of patients, independent of their tumor stage (Figure 3.1A), indicating that these mutations
represent an early event in HCC and their frequency remains stable thereafter. Next, we sought
to address the subcellular localization of β-catenin during HCC progression and performed
immunohistochemistry (IHC) for β-catenin in human HCC tissue arrays ranging from premalignant conditions to malignant stages (stage I-IV). β-catenin is predominantly localized at the
plasma membrane but its abundance at the membrane progressively declines beyond Stage I.
Importantly, it is only at the Stage IV that β-catenin is present in the nucleus (54% of the samples)
(Figure 3.1B-C), which correlates with the late stage activation of Wnt signaling reported in
human HCC165,166. Therefore, we found a significant absence of correlation between Wnt
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signaling mutational status and β-catenin nuclear localization during HCC progression until Stage
IV (Fisher test, p-value<0.05). These results indicate that nuclear localization of β-catenin is not
an immediate consequence of mutations targeting Wnt pathway components, suggesting that
additional events are required for aberrant Wnt signaling activation.

Figure 3.1. β-catenin localization is restricted to the plasma membrane until the advanced
stages of HCC
A Human HCC patient data from TCGA database were stratified by HCC Stage (I-III) and
respective % of samples with one or more mutations in apc, axin1, and ctnnb1 (or none of the
above) were graphed B β-catenin localization during HCC progression. A commercial array
encompassing the different steps of the disease was stained for β-catenin. A score was attributed
to each sample for the intensity of β-catenin expression at the membrane (y-axis), with
corresponding p-value between the groups of interest displayed on the top of the graph. Black
circles represent samples with an absence of nuclear β-catenin. Red circles represent samples
with nuclear β-catenin. The number of samples per stage is provided in the table below the
graph. The percentage of patients that display nuclear β-catenin for each stage is displayed in
red. The p-value (=0.002) at the bottom of the graph accounts for the difference in the frequency
of nuclear β-catenin positive patients in Stage IV versus earlier stages (Stage III and earlier). C
IHC of human HCC tissue array for β-catenin. One representative image is displayed per stage.
Data are represented as mean ±SEM. *p < 0.05, **p < 0.01, and ***p < 0.001.
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3.2.2 Membrane-localized β-catenin promotes HCC growth
Localization of β-catenin at the membrane has been observed in multiple mouse models
of HCC, either chemically induced by DEN or triggered by single or combined targeted genetic
alterations (E2f1, Myc, Tgfβ, Akt, etc)7,167–169. Therefore, human/mouse cross-species analyses
show that β-catenin is commonly found at the cellular membrane in HCC.
To determine the mechanisms governing β-catenin localization and its functional
consequence for HCC progression, we took advantage of a mouse model that we previously
generated164. Rb family proteins (Rb, p130 and p107) are key regulators of cell cycle activity and
their functional alteration is almost universal during HCC initiation. Conditional inactivation of Rb
gene family (Triple Knock Out; TKO) in the adult mouse liver generates a well-differentiated type
of HCC (TKO HCC) that recapitulates multiple features of the human disease147,164. Whereas βcatenin is expressed in different subcellular compartments of hepatocytes around the central vein
(CV) in control liver (CTRL), it is exclusively detected at the membrane of tumor cells in TKO
HCC (Figure 3.2A), with an increase in the overall β-catenin expression at the protein but not the
mRNA levels (Figure 3.2B-C). Serially transplanted TKO HCC tumors exhibit a poorly
differentiated morphology compared to the parental TKO HCC. IHC analysis for β-catenin
localization showed that subcutaneous tumors display heterogeneous expression of nuclear and
membranous β-catenin (Figure 3.3A-B). These results indicate that TKO HCC recapitulates the
evolution of β-catenin localization observed in human HCC.
Immunofluorescence (IF) confirmed that β-catenin is expressed at the plasma membrane
of cell lines previously derived from individual primary TKO HCC tumors (collectively designated
as TKO HCC cells)147,164 (Figure 3.2D). Stable knock down of β-catenin in TKO HCC cells by
lentiviral-mediated expression of four independent hairpins (shβcat1-4) (Figure 3.2E) identified
shβcat3 and shβcat4 as the most effective in inhibiting β-catenin expression (Figure 3.2F-G). In
vitro growth assay showed that β-catenin knockdown alters TKO HCC cell morphology
(Figure3.4) and reduces their growth (Figure 3.2H). Impaired cell growth following β-catenin
knockdown is predominantly due to increased apoptosis rather than cell cycle arrest (Figure 3.2IK). In addition, subcutaneous transplantation assay showed that β-catenin presence is required
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for the in vivo growth of TKO HCC cells (Figure 3.2L). To further support the pro-survival role of
β-catenin, we derived organoid culture from primary TKO HCC tumors170. After determining that
β-catenin is also expressed at the membrane of organoid cells, we confirmed that silencing its
expression by shβcat3 also decreased organoid forming capacity (Figure 3.2M-N). Collectively,
these results demonstrate that β-catenin is localized at the membrane of TKO HCC and plays a
critical role in the promotion of HCC cell growth.
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Figure 3.2. Membrane-localized β-catenin promotes HCC growth
A IHC of CTRL mouse liver and TKO HCC for β-catenin. B β-catenin expression in control (CTRL)
livers (n=3), primary TKO HCC (n=5), and serially transplanted TKO HCC tumors (Serial) (n=4),
as determined by immunoblot. C RT-qPCR analysis for ctnnb1 mRNA levels in CTRL (n=4) livers
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and TKO HCC (n=9). D IF of TKO HCC cells for β-catenin and DAPI. E Graphic representation of
shβcat1-4 indicating the targeted region within ctnnb1 mRNA. F-G KD efficiency of the shβcat1-4
compared to the empty vector (CTRL) or vector expressing a scrambled hairpin (scr) was
determined by (F) immunoblot and (G) RT-qPCR (n>3). H Growth curve of TKO HCC cells upon
β-catenin KD with shβcat2-4 (n>4). I Representative FACS plot for AnnexinV expression on TKO
HCC cells upon β-catenin KD with shβcat2-4 (n=3). J AnnexinV+ analysis of TKO HCC cells in
upon β-catenin KD with shβcat2-4 (n=3). K BrdU incorporation analysis of TKO HCC cells upon
β-catenin KD with shβcat3 and 4 (n=3). L Subcutaneous tumors from NOD/SCID mice injected
with TKO HCC cells expressing control (CTRL) or shβcat3. M IF of TKO HCC organoids for βcatenin and DAPI. N Fold difference in the number of TKO HCC organoids upon β-catenin KD
with shβcat3. Data are represented as mean ±SEM. *p < 0.05, **p < 0.01, and ***p < 0.001.
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Figure 3.3. Serial Transplantation of TKO HCC
A Experimental design for the serial transplantation of TKO HCC. Numbers indicate the filiation of
individual tumors. B Representative immunohistochemistry (IHC) for β-catenin in seriallytransplanted subcutaneous tumors (Serial), showing clonal evolution and advanced tumor grade
compared to primary tumors (TKO HCC).

Figure 3.4.
Representative phase contrast images of TKO
HCC cells expressing control (CTRL) or βcatenin KD by shβcat3.
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3.2.3 β-catenin does not promote HCC cell survival through Wnt signaling
Minimal amount of β-catenin in the nucleus is sufficient to activate Wnt target genes171.
Therefore we cannot rule out the contribution of Wnt signaling in HCC cell survival even though
β-catenin is undetectable in the nucleus of early stage human HCC and TKO HCC cells by IHC.
Inhibition of protein translation by cycloheximide (CHX) treatment revealed that β-catenin protein
expression is stable in TKO HCC cells (Figure 3.5A). Sequencing analysis revealed that ctnnb1
retains a wild-type status in primary TKO HCC and TKO HCC derived cell lines (Figure 3.5B and
Figure 3.6A). In addition, immunoprecipitation (IP) assay showed that the destruction complex is
intact (Figure 3.5C and Figure 3.6B). These data suggest that β-catenin, although capable of
being degraded by the destruction complex in TKO HCC, evades degradation via alternative
means. Accordingly, treatment with XAV939 (5μM), a compound that stabilizes endogenous
Axin172, as well as ectopic Axin expression failed to significantly change β-catenin expression
level (Figure 3.5D-E). However, stimulation of TKO HCC cells with Wnt3a ligand increased GS (a
clinical marker for Wnt activity in the liver32) expression (Figure 3.5F), indicating that Wnt
pathway can be activated in TKO HCC.
To determine whether Wnt signaling is active in the context of membrane β-catenin
localization, we first assessed the expression of key Wnt target genes in primary tumors.
Glutamine synthetase (GS) is expressed in the pericentral zone of normal liver but is
undetectable in TKO HCC (Figure 3.5G). In addition, qPCR analysis showed a decreased
expression of liver specific (glul, tbx3) and canonical (lgr5, axin2) Wnt target genes in TKO HCC
compared to controls (Figure 3.5H). However, silencing of β-catenin in TKO HCC cells only
repressed the expression of axin2, but not glul and tbx3 (Figure 3.5I), suggesting that Wnt
signaling is minimally active in TKO HCC.
To determine whether this minimal Wnt signaling activity drive TKO HCC cell survival, we
tested the transcriptional and functional consequences of suppressing Wnt target gene
expression by overexpressing a dominant negative form of TCF4 (dnTCF4)173,174. Ectopic
expression of dnTCF4 in TKO HCC cells repressed the expression of axin2 (similar to β-catenin
silencing) and GS/glul (albeit this could be through a β-catenin-independent mechanism175)
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(Figure 3.5J-K) but failed to repress TKO HCC cell and organoid proliferation (Figure 3.5L-M).
Collectively, these results suggest that, despite the presence of a functional Wnt pathway, Wnt
signaling activity is minimal in TKO HCC and does not promote HCC cell survival.
Finally, we systematically tested the status of the key components of the Wnt pathway to
elucidate the mechanism underlying the progressive translocation of β-catenin to the nucleus
upon TKO HCC serial transplantation. We found that ctnnb1 is wild-type and β-catenin is
phosphorylated by the destruction complex in serially transplanted TKO HCC tumors (Figure
3.6C and Figure 3.5N, top panel). In contrast, serially transplanted tumors displaying nuclear βcatenin expression had lost Axin1 expression (Figure 3.6D). Functionally, we found a correlation
between the progression of TKO HCC and the onset of metastasis markers (Figure 3.5N).
Therefore, these data recapitulate the observations made in advanced human HCC40 and
suggest that the activation of Wnt signaling in late stage HCC plays a critical role in the initiation
of metastasis.
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Figure 3.5. β-catenin does not promote HCC cell survival through Wnt signaling
A Immunoblot for β-catenin in TKO HCC cells and Wnt3A inducible mouse fibroblasts used as
controls for non-active vs active Wnt signaling (L cells; parental or constitutively producing Wnt3a)
treated with either 25μg/ml cycloheximide (CHX) or DMSO (carrier) for the time indicated (0-24hr).
B Comparison of ctnnb1 cDNA sequence in control liver (CTRL) and primary TKO HCC. Regions
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highlighted in blue correspond to the phosphorylation sites. C IP of IgG and Axin in TKO HCC
cells. The presence of Axin, GSK3α/β and phospho-β-catenin in the pull-down fraction was
determined by immunoblot. D TKO HCC cells and as L cells (parental or constitutively producing
Wnt3a) were treated with 5μM XAV939 compound for 48hr. The expression levels of Axin and βcatenin were determined by immunoblot. E Axin cDNA was overexpressed in TKO HCC cells and
L cells (parental or expressing Wnt3a). The expression levels of Axin and β-catenin were
determined by immunoblot. F Immunoblot for β-catenin and GS in TKO HCC cells treated with
Wnt3A media. G IHC for GS in control liver (CTRL) and TKO HCC. Black arrowheads indicate
central vein (CV). The tumor zone in TKO HCC is delineated by a white dotted line. H RT-qPCR
analysis for glul, tbx3, lgr5 and axin2 in control liver (CTRL; n=4) and TKO HCC (n=9). I RTqPCR analysis for glul, tbx3, lgr5 and axin2 in TKO HCC cells upon β-catenin KD with shβcat3-4
(n>3). J Immunoblot for β-catenin and GS in TKO HCC cells overexpressing dnTCF4. K RTqPCR analysis for glul, tbx3, lgr5 and axin2 in TKO HCC cells upon dnTCF4 overexpression
(n=3). L Growth curve of TKO HCC cells upon dnTCF4 overexpression (n=2). M Fold difference
in the number of TKO HCC organoids upon dnTCF4 overexpression (n=2). N Immunoblot of
phospho β-catenin (Ser33/37/Thr41) and EMT markers (Zeb1, Vimentin, and Claudin7) in control
(CTRL) livers (n=3), primary TKO HCC tumors (n=4) and serially transplanted TKO HCC (Serial)
tumors (n=4). Data are represented as mean ±SEM. *p < 0.05, **p < 0.01, and ***p < 0.001.
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Figure 3.6. Wnt/β-catenin pathway status in TKO HCC and serially transplanted tumors
A ctnnb1 cDNA was sequenced in both TKO HCC derived cell lines (2.1 and 1.1) as well as in 5
additional independent primary TKO HCC tumors to determine the presence of mutations in the
serine/threonine residues targeted by the destruction complex (highlighted in blue). Note: the
entire coding sequence was analyzed in this process without any evidence of mutations in ctnnb1
coding sequence. B IP for IgG and APC in TKO HCC cells. The presence of APC, Axin, and βcatenin in the pull-down fraction was determined by immunoblot. C ctnnb1 cDNA was sequenced
in serially transplanted tumors. D Immunoblot of Axin1 and APC in control (CTRL) livers (n=3),
primary TKO HCC tumors (n=5) and serially transplanted TKO HCC (Serial) tumors (n=6).

41

3.2.4 E-cadherin recruits β-catenin away from the Wnt pathway
An increased β-catenin stability in the presence of a functional destruction complex
suggests that it escapes degradation. Previous studies have demonstrated that the recruitment of
β-catenin by the AJ complex results in delayed β-catenin protein turnover99. To test this
possibility, we first confirmed co-localization of β-catenin and E-cadherin in TKO HCC cells
(Figure 3.7A) and in various human HCC cell lines (Figure 3.8A) by IF. IP assay showed that βcatenin interacts with both E-cadherin and α-catenin in TKO HCC and this interaction was not
altered upon stimulation with Wnt3A ligand (Figure 3.7B-C). In addition, we observed increased
E-cadherin protein and cdh1 mRNA expression in TKO HCC compared to the control liver, similar
to what has been reported in human HCC160 (Figure 3.7D-E). Cdh1 expression is predominantly
regulated by a family of transcription factors involved in the epithelial-mesenchymal transition
(EMT), such as Slug, Snail and Twist72 and we found decreased expression of twist1 in TKO
HCC (Figure 3.7E). To determine the relevance of β-catenin recruitment by the AJ complex, we
further exploited the HCC patient dataset from TCGA and identified a correlation between βcatenin and E-cadherin protein (but not mRNA) expression levels in HCC patients, independent
of the tumor stage (Figure 3.7F). Despite having identical residue sequences, exogenous Flag-βcatenin had a shorter half-life than endogenous β-catenin (Figure 3.8B-C), suggesting that the
recruitment of β-catenin by the AJ complex is not a post-translational mechanism. Collectively,
these data suggest that increased E-cadherin expression promotes the recruitment of β-catenin
to the plasma membrane by the AJ complex to prevent its degradation by the destruction
complex in HCC.
To determine the consequence of β-catenin recruitment by the AJ complex for Wnt
signaling in HCC, we used a set of established Wnt target genes (glul, tbx3, lgr5 and axin2) as a
read-out for Wnt signaling activity in the TCGA dataset of HCC patients and found that Ecadherin expression negatively correlates with Wnt signaling activity (Figure 3.7G). Using a
similar approach for TCGA datasets for three other gastro-intestinal tract cancers, we failed to
observe a similar correlation (Figure 3.7H). Collectively, these results suggest that the dominant
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recruitment of β-catenin within the AJ complex to the detriment of Wnt signaling is a unique
feature of HCC.
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Figure 3.7. E-cadherin recruits β-catenin away from the Wnt pathway
A IF for β-catenin, E-cadherin and DAPI in TKO HCC and L cell+Wnt3a (a positive control for
nuclear β-catenin). B IP for IgG and β-catenin in TKO HCC cells. The presence of β-catenin, Ecadherin, and α–catenin were detected in the pull-down fraction by immunoblot. C IP for IgG and
β-catenin in TKO HCC cells treated with Wnt3A media. The presence of β-catenin and E-
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cadherin were detected in both unbound and pull-down fraction by immunoblot. Double
arrowheads indicate two migrating forms of E-cadherin. D IHC for E-cadherin in control liver
(CTRL) and TKO HCC. The tumor zone in TKO HCC is delineated by a white dotted line. E RTqPCR analysis in control livers (CTRL, n=4) and TKO HCC (n=8) for cdh1, snai2, snai1, and twist.
F Correlation between E-cadherin vs β-catenin (left top; p-value=2.509e-12), cdh1 vs ctnnb1 (left
bottom; p-value=4.861e-3), cdh1 vs E-cadherin (right top; p-value=2.426e-16) and ctnnb1 vs βcatenin (right bottom; p-value=0.691) expressions in HCC patients at different stages of the
disease (CR=correlation ratio). G-H Analysis of protein and mRNA expression from TCGA patient
dataset for (G) HCC and (H) other gastro-intestinal cancers (colorectal, stomach and esophageal).
Samples were separated based on E-cadherin protein expression (Low vs High). Expression of
glul, tbx3, lgr5 and axin2 were assessed between these two groups to determine the correlation
between E-cadherin expression and Wnt target gene expressions in different cancers. Data are
represented as mean ±SEM. *p < 0.05, **p < 0.01, and ***p < 0.001.

Figure 3.8. E-cadherin recruits β-catenin to the AJ complex
A Representative immunofluorescence staining for β-catenin, E-cadherin and DAPI in human
HCC cell lines (HEPG2, HEP3B, SNU449 and HUH7). B Immunoblot for Flag epitope and βcatenin in TKO HCC cells overexpressing Flag-tagged wildtype human β-catenin, treated with
25μg/ml cycloheximide (CHX) for the time indicated (0-24hr). C Immunoblot for Flag epitope and
β-catenin in TKO HCC cells upon β-catenin KD. (KD=shβcat3; RESCUE=Flag-tagged wildtype
human β-catenin).
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3.2.5 Compound integration of β-catenin in the AJ complex by cadherin family members in
HCC
To determine the role of the AJ complex in HCC, we silenced E-cadherin expression in
TKO HCC cells using two independent hairpins (shEcad1-2). Efficient E-cadherin knockdown did
not repress the proliferative capacity of TKO HCC cells, despite an alteration in cell morphology
and cell-cell contact at low cell density (Figure 3.9A and Figure 3.10A). IF analysis showed that
β-catenin maintains membrane surface localization despite E-cadherin loss, suggesting a
compensatory mechanism for E-cadherin loss of expression (Figure 3.9B). To determine this
compensatory mechanism, we analyzed β-catenin interactome in TKO HCC by IP followed by
mass spectrometry (IP-MS) and found that most β-catenin interactions occur with either the AJ
complex or the degradation complex (Figure 3.9C and Table 3.1). This unbiased approach
showed that, in addition to E-cadherin, β-catenin also interacts with N- and K-cadherin, which
was confirmed by IP (Figure 3.9D). We failed to detect by IP the interaction between β-catenin
and K-cadherin upon N-cadherin knockdown (shNcad1), which suggests that N-cadherin may
mediate β-catenin/K-cadherin binding. Next, we performed E/N-cadherin single or double
knockdown (DKD) in TKO HCC cells and found that silencing of both cadherins leads to reduced
half-life and decreased expression of β-catenin (Figure 3.9E-F, Figure 3.10B), without any effect
on Wnt target gene (glul, tbx3, and axin2) expression (Figure 3.10C). Combined E- and Ncadherin repression led to decreased TKO HCC cell growth in vitro with altered cell morphology
and impaired cell-cell contact (Figure 3.9G and Figure 3.10D). These data indicate that
compound integration of β-catenin by several members of the cadherin family in the AJ complex
is crucial for β-catenin retention at the membrane and HCC cell survival.
To determine the long-term consequences of disrupting the AJ complex in HCC
development, TKO HCC cells with E/N-cadherin single or double knockdown were
subcutaneously transplanted into the flank of immunocompromised nod-scid mice. In contrast to
the growth inhibition observed in an in vitro short-term context, double knockdown did not impair
tumor formation in vivo (Figure 3.9H) and actually lead to increased cell cycle activity (Figure
3.10E). Histological and IHC analyses revealed that individual clones lacking detectable β-catenin
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expression progressively emerge from double E/N-cadherin deficient tumor masses (Figure 3.9I
and Figure 3.10F). While there was no difference in tumor grade among the different conditions,
cells within the E/N-cadherin double knockdown tumors displayed heterogeneous nuclear size
and ploidy (Figure 3.9J and Figure 3.10G-H). In addition, IHC analysis revealed a mosaic GS
expression in the E/N-cadherin double knockdown tumors, indicative of heterogeneous Wnt
signaling activity (Figure 3.9K). Interestingly, we could not find co-occurrence of increased
nuclear size and GS expression, suggesting that Wnt signaling activation and DNA content
alteration are mutually exclusive, in line with previous observations6,167. Collectively, these data
suggest that the long-term consequences of disrupting the AJ complex, which include increased
proliferation, heterogeneous nuclear size and ploidy as well as Wnt signaling activation, are
beneficial for tumor growth.
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Figure 3.9. Compound integration of β-catenin in the AJ complex by cadherin family
members in HCC
A Growth curve of TKO HCC cells upon E-cadherin KD with shEcad1-2 (n=4). E-cadherin protein
level upon shEcad1-2 expression is determined by immunoblot. Double arrowheads indicate two
migrating forms of E-cadherin. B IF for E-cadherin, β-catenin and DAPI in TKO HCC cells
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expressing an empty vector as a control (CTRL) or shEcad2 for E-cadherin KD. C MS analysis
identifies the interactome of β-catenin in TKO HCC cells upon repression of E-cadherin
expression (shEcad2), relative to the control (CTRL). D IP of IgG and β-catenin in TKO cells
expressing an empty vector as a control (CTRL), shEcad2 for E-cadherin KD, shNcad1 for Ncadherin KD, or a combination of both for E/N-cadherin double knockdown (DKD). Endogenous
β-catenin was pulled down and the presence of β-catenin, E- cadherin, N-catenin, and K-cadherin
were detected by immunoblot. Double arrowheads indicate two migrating forms of E-cadherin. E
β-catenin, E-cadherin and N-cadherin protein expression in TKO HCC cells expressing an empty
vector as a control (CTRL), shEcad1-2 for E-cadherin KD, shNcad1-2 for N-cadherin KD, or a
combination of both for E/N-cadherin DKD. Values in the lower panel represent the intensity of
the corresponding bands, all normalized by Actin signal intensity. F IF for β-catenin and DAPI in
TKO HCC cells expressing an empty vector as a control (CTRL) or a combination of shEcad2 and
shNcad1 for E/N-cadherin DKD. G Growth curve of TKO HCC cells expressing an empty vector
as a control (CTRL) or a combination of shEcad2 and shNcad1 for E/N-cadherin DKD. (n=3). H
Subcutaneous tumors from NOD/SCID mice injected with TKO HCC cells expressing an empty
vector as a control (CTRL), shEcad1-2 for E-cadherin KD, shNcad1-2 for N-cadherin KD, or a
combination of both for E/N-cadherin DKD. I IHC for β-catenin in subcutaneous tumors. J
Quantification of nuclei size in subcutaneous tumors from TKO HCC cells, either control (CTRL)
or upon double repression of E/N-cadherin expressions (n=3). K IHC for GS in subcutaneous
tumor from TKO HCC cells with E/N-cadherin DKD. Cells with enlarged nuclei (arrowheads) do
not express GS, indicating that Wnt activity is not required to trigger genomic instability. Data are
represented as mean ±SEM. *p < 0.05, **p < 0.01, and ***p < 0.001.
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Figure 3.10. In vitro and in vivo consequences of E/N-cadherin DKD in TKO HCC cells
A Representative phase contrast images of TKO HCC cells expressing control (CTRL) or
shEcad2 for E-cadherin KD. B Immunoblot for β-catenin in TKO HCC cells expressing an empty
vector as a control (CTRL), shEcad2 for E-cadherin KD, shNcad1 for N-cadherin KD, or a
combination of both for E/N-cadherin DKD. Cells were treated with 25μg/ml cycloheximide(CHX)
for the time indicated (0- 24hr). C RT-qPCR analysis for cdh1, cdh2, ctnnb1, and select Wnt
target gene mRNA levels (glul, tbx3, axin2) in TKO HCC cells with E/N-cadherin DKD (n=2). D
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Representative phase contrast images of TKO HCC cells expressing empty vector control (CTRL)
or shEcad2 for E-cadherin KD, shNcad1 for N-cadherin KD, or shEcad2+shNcad1 for E/Ncadherin DKD. E Representative BrdU/DAPI FACS plots of tumor cells from control
subcutaneous tumor (CTRL) and E/N-cadherin DKD subcutaneous tumor (E/N-cad DKD). F
Representative immunohistochemistry (low-magnification) for β-catenin in a subcutaneous tumor
from TKO HCC cells with E/N-cadherin DKD. Independent clones are delineated by white dotted
lines. Note the presence of β-catenin expressing cell clusters at the margin of these independent
clones. G Representative DAPI staining of tumors from control (CTRL) or upon E/N-cadherin
DKD. H Representative ploidy analysis (DAPI) of tumor cells from control subcutaneous tumor
(CTRL) and E/N-cadherin DKD subcutaneous tumor (E/N-cad DKD).
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Table 3.1. Mass spectrometry data
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3.2.6 EGFR signaling promotes HCC cell survival
To determine the mechanism by which the AJ complex supports HCC cell survival, we
systematically investigated the consequences of targeting each of its established functions
(cytoskeleton maintenance, cell-cell interaction and promotion of growth factor signaling) in TKO
HCC. We first disrupted AJ complex interaction with the intracellular cytoskeleton by repressing
the expression of α-catenin, which acts as a bridge between the AJ complex and F-actin
filaments63. Efficient knockdown of α-catenin altered the morphology (but not the cell-cell contact)
of TKO HCC cells (Figure 3.11A) but did not impact their growth nor β-catenin expression
(Figure 3.12A), indicating that the AJ complex does not promote HCC cell survival by preserving
the integrity of the cytoskeleton. We next disrupted the cell-cell adhesion activity of the AJ
complex by overexpressing a dominant negative form of E-cadherin (DNE) subcloned into MigR1GFP (co-expressing the GFP protein as a selection marker)176. DNE lacks most of the
ectodomain of E-cadherin (required for the maintenance of cell-cell adhesion) but retains the
transmembrane domain (TM, for anchoring E-cadherin to the plasma membrane) and the
cytoplasmic domain (CP) (Figure 3.11B), allowing DNE to compete with endogenous E-cadherin,
and in particular its slow migrating form, for β-catenin binding (Figure 3.12B-C). IF showed that
DNE expression increases β-catenin expression and re-directs its subcellular localization in TKO
HCC and in human HCC cells (Figure 3.12D and Figure 3.11C-D). DNE expression did not
impair β-catenin half-life or TKO HCC growth in vitro (Figure 3.12E and Figure 3.11E) and
wound healing assays showed no difference in the migratory capacity of TKO HCC cells upon
DNE expression (Figure 3.11F). DNE-expressing TKO HCC cells were sub-fractionated based
on their GFP expression, which showed a correlation between DNE expression and the disrupted
cell-cell adhesion without any consequences on their growth (Figure 3.11F-G). Collectively, these
data indicate that β-catenin within the AJ complex supports HCC cell survival by mechanisms
independent of cytoskeletal maintenance or cell-cell adhesion.
Finally, cadherins also interact with several receptor tyrosine kinases (RTK), with varying and
sometimes conflicting consequences177. Among these RTKs, E-cadherin interacts with EGFR
through its ectodomain178. EGFR is overexpressed in 40-70% of HCC and treatment of HCC cell
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lines, xenograft and mouse models with EGFR inhibitors represses cell growth179,180, indicating
that EGFR signaling is critical for HCC cell proliferation. To determine whether EGFR signaling
supports TKO HCC cell survival, we first silenced EGFR expression by shRNA. Repression of
EGFR expression represses TKO HCC cell growth in a dose dependent manner. Analysis of
other EGFR family members showed no compensation by EGFR2 while EGFR3 was
undetectable by qPCR and immunoblot analysis (Figure 3.12F). Next, we tested the capacity of
EGFR inhibitors to repress TKO HCC survival. We treated TKO HCC cells as well as organoids
derived from primary TKO HCC tumors with Erlotinib® (EGFR inhibitor181), Afatinib® (EGFR
family inhibitor182) and Sorafenib® (a multi kinase inhibitor used as a control183). In these
conditions, we found that EGFR inhibition by both Erlotinib and Afatinib trigger apoptosis of TKO
HCC cells and TKO HCC organoids (Figure 3.12G-H). Interestingly, significant effect were
already observed at 1μM Afatinib versus 10μM Erlotinib, suggesting that targeting multiple EGFR
family members may be more potent to trigger TKO HCC cell death. Collectively, these results
show that EGFR inhibition impairs TKO HCC growth.
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Figure 3.11. Cytoskeleton maintenance and cell-cell interaction do not promote HCC cell
survival
A Representative phase contrast images of TKO HCC cells expressing control (CTRL) or
shαcat1-2 for α-catenin KD. B The structure of dominant negative E-cadherin (DN E-cadherin). C
Immunoblot for E-cadherin and β-catenin in human HCC cell lines (HEP3B, HEPG2, SNU449). D
IF for E-cadherin, β-catenin and DAPI in HEP3B and SNUC449 cells expressing control (CTRL)
or DNE. E Growth curve of TKO HCC cells expressing control (CTRL) or DNE (n=3). F Wound
healing assay performed on TKO HCC cells expressing control (CTRL) or DNE (n=3). The
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distance between the two extremities of the wound was measured over the course of 50 hours. G
Immunoblot for E-cadherin and DN E-cadherin in different fractions of TKO HCC cells infected
with empty MigR1 (CTRL) or MigR1 DNE (DNE). Three cellular fractions of each population were
isolated by flow cytometry based on the GFP expression: percentile 95 to 100% (5%), percentile
75 to 95% (20%) and percentile 35 to 75% (40%). H Representative phase contrast images of
TKO HCC cells expressing control (CTRL) or DNE, fractioned based on GFP expression. I
Growth curve of TKO HCC cells from the 5%, 20%, 40% groups infected with either CTRL or
DNE.
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Figure 3.12. EGFR signaling promotes HCC cell survival
A Growth curve of TKO HCC cells upon α-catenin KD with shαcat1-2. (n=6). α-catenin and βcatenin protein levels upon expression of shαcat1-2, as detected by immunoblot. B Immunoblot
for E-cadherin and N-cadherin in TKO HCC cells infected with empty MigR1 (CTRL) or MigR1
DNE (DNE). White arrowhead indicates DN-Ecad. C IP of IgG and β-catenin in TKO HCC cells
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expressing control (CTRL) or DNE. The expressions of β-catenin, E-cadherin, and dominant
negative E-cadherin were detected by immunoblot. Double arrowheads indicate two migrating
forms of E-cadherin. D IF for E-cadherin, β-catenin and DAPI in TKO HCC cells and HEPG2 cells
expressing control (CTRL) or DNE. E Immunoblot for β-catenin in TKO HCC cells expressing
control (CTRL) or DNE. Cells were treated with 25μg/ml cycloheximide (CHX) for the time
indicated (0- 24hr). F Growth curve of TKO HCC cells upon EGFR KD with shEGFR(A-B) (n=3).
EGFR and EGFR2(HER2) protein levels upon expression of shEGFR(A-B), as detected by
immunoblot. G Representative FACS plot for AnnexinV expression on TKO HCC cells upon 050μM Afatinib, Erlotinib, and Sorafenib treatment for 24hr. Dosage conditions that have
significant effect on cells are highlighted in red. H Representative phase contrast images of TKO
HCC organoids upon 0-50μM Afatinib, Erlotinib, and Sorafenib treatment for 10 days. Dosage
conditions that have significant effect on organoids are highlighted in red. Data are represented
as mean ±SEM. *p < 0.05, **p < 0.01, and ***p < 0.001.
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3.2.7. The AJ complex prevents the degradation of EGFR protein by the ubiquitin/lysozyme
pathway
To elucidate the potential regulation of EGFR signaling by the AJ complex in TKO HCC,
we first determined whether the components of the AJ complex interact with EGFR. IP assay
showed that EGFR interacts with both E- and N-cadherin but not with β-catenin (Figure 3.13A),
suggesting an indirect interaction between EGFR and β-catenin. While β-catenin interacts with
both migrating forms of E-cadherins, we observed that EGFR only interacts with the slow
migrating form of E-cadherin, suggesting two pools of E-cadherin/β-catenin complexe in the cell.
Silencing E-cadherin repressed EGFR expression (Figure 3.13B). In addition, silencing β-catenin
expression led to a significant decrease in E-cadherin and EGFR expression and delayed EGFR
activation upon EGF stimulation (Figure 3.13C). Repression of EGFR expression upon β-catenin
silencing appears to be due to posttranslational mechanism since egfr mRNA was not altered
upon silencing β-catenin (Figure 3.13D). Interestingly, although silencing β-catenin repressed the
expression of both E-cadherin and EGFR, it did not impair EGFR/E-cadherin interaction (Figure
3.13E). Phosphorylation of β-catenin by multiple tyrosine kinases on residue Tyr654 disrupts βcatenin interaction with E-cadherin184. Treatment of TKO HCC cells with an orthovanadate salt, a
general phosphotyrosyl phosphatase inhibitor185, disrupted the interaction between β-catenin and
the slow migrating form of E-cadherin and decreased the expression of β-catenin, E-cadherin and
EGFR (as illustrated by the difference of signal intensity in the input lanes) (Figure 3.13F).
Collectively, these data suggest that the AJ complex interacts with EGFR to promote the receptor
stability and enhance EGFR signaling.
Analysis of the control liver, primary and serially transplanted TKO HCC samples
indicates that EGFR expression decreases in TKO HCC versus control livers (likely as a
consequence of decreased mRNA abundance- Figure 3.14) and its activation (phosphorylation of
the Tyr1068 residue as a read out) becomes heterogeneous. However, EGFR and activated
EGFR become undetectable in subcutaneous tumors characterized by a progressive shift in βcatenin localization, further supporting the concept that an intact AJ complex is required for EGFR
stability and signaling (Figure 3.13G). Interestingly, we also observed a similar expression
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pattern for EGFR2, further suggesting that the AJ complex may stabilize multiple growth factor
receptors in HCC.
Upon its stimulation, EGFR is internalized to be either degraded through the
ubiquitin/lysosome pathway or to be recycled back to the membrane186. To determine the fate of
EGFR upon disruption of its stabilizing interaction with the AJ complex, we treated TKO HCC
cells with CHX for increasing amount of time and found that repression of β-catenin increased the
degradation of EGFR, suggesting that EGFR is degraded and not recycled upon disruption of the
AJ complex (Figure 3.13H). Accordingly, exogenous expression of Flag-Ubiquitin followed by the
IP of the Flag peptide showed an increased presence of EGFR in the pulled-down fraction upon
β-catenin silencing (Figure 3.13I). Similarly, IP of EGFR showed an increased presence of
ubiquitin chains upon silencing of β-catenin (Figure 3.13J). Collectively, these results indicate
that disruption of the interaction between EGFR and the AJ complex promotes EGFR degradation
by the ubiquitin/lysozyme pathway.
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Figure 3.13. The AJ complex prevents the degradation of EGFR protein by the
ubiquitin/lysozyme pathway
A IP for IgG and EGFR in TKO HCC cells. The presence of EGFR, E-cadherin, N-cadherin, and
β-catenin were detected in both unbound and pull-down fractions by immunoblot. Double
arrowheads indicate two migrating forms of E-cadherin. B Immunoblot for E-cadherin and EGFR
in TKO HCC cells expressing control (CTRL) or shEcad1-2 for E-cadherin KD. C Serum-starved
TKO HCC cells expressing control (CTRL) or shβcat3 for β-catenin KD were treated with EGF
(20ng/ml) for the time indicated (0-60min). Expressions of β-catenin, E-cadherin, P-
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EGFR(Tyr1068, activated EGFR), and EGFR were detected by immunoblot. D RT-qPCR analysis
for egfr mRNA levels in TKO HCC cells expressing control (CTRL) or shβcat3 for β-cadherin KD.
E IP for IgG and EGFR in TKO HCC cells expressing control (CTRL) or shβcat3 for β-cadherin
KD. The presence of EGFR, E-cadherin, and β-catenin were detected in both unbound and pulldown fractions by immunoblot. Double arrowheads indicate two migrating forms of E-cadherin. F
IP of IgG and β-catenin in TKO HCC cells treated with 0.5mM orthovanadate. Expressions of βcatenin, EGFR, and E-cadherin were detected by immunoblot. Double arrowheads indicate two
migrating forms of E-cadherin. G Expressions of P-EGFR(Tyr1068, activated EGFR), EGFR and
EGFR2 were detected in control livers (1-6), primary TKO HCC tumors (7-15), and serially
transplanted TKO HCC (Serial) tumors (16-23) by immunoblot. β-catenin IHC is provided as a
reference for β-catenin subcellular localization. Ponceau serves as loading control. H Immunoblot
for EGFR in TKO HCC cells expressing control (CTRL) or shβcat3 for β-catenin KD. The cells
were treated with 25μg/ml cycloheximide (CHX) in the presence (upper panel) or absence (lower
panel) of 20ng/ml EGF for the time indicated (upper: 15-60min, lower: 0-24hr). Ponceau serves
as loading control. I IP of Flag epitope in TKO HCC cells expressing control (CTRL) or shβcat3
for β-cadherin KD as well as ectopic Flag-Ubiquitin. Expressions of EGFR, E-cadherin, and βcatenin were detected by immunoblot. J IP of EGFR and E-cadherin in TKO HCC cells
expressing control (CTRL) or shβcat3 for β-cadherin KD as well as ectopic Flag-Ubiquitin.
Expressions of EGFR, E-cadherin, and Flag were detected by immunoblot. Double arrowheads
indicate two migrating forms of E-cadherin.

Figure 3.14
RT-qPCR analysis for egfr mRNA levels in control livers (n=4) and TKO HCC tumors (n=9).
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3.2.8. Correlation of E-cadherin and EGFR family member expression in human HCC
To investigate the relationship between EGFR signaling and AJ complex in human HCC, we
interrogated the TCGA dataset. Analysis of EGFR and AJ complex protein expression in human
HCC identifies a significant correlation between total EGFR and either E-cadherin or β-catenin
expression (Figure 3.15A). A positive correlation was also observed between activated EGFR
and E-cadherin but failed to reach significance. When repeated on a gender basis, we found a
significant correlation within the male but not the female group. Further analysis of the female
group identified a subgroup of outlier patients with low EGFR expression (denoted by black dots)
who display decreased expression of the EGF ligand (fold repression: 3.45

log2

, p-value <0.004),

and exclusion of these outlier patients restores a significant correlation between activated EGFR
and E-cadherin within the female group (Figure 3.15B). Although the mechanism underlying the
gender exclusive decreased EGFR/EGF expression is not known, these results establish a
correlation between EGFR expression/signaling activity and AJ complex abundance in human
HCC. In addition, detection of EGFR and E-cadherin expression in multiple epithelial cancers
reveals a significant correlation for the following types of cancers (head & neck, colorectal cancer
and NSCLC) out of seven tested (Figure 13.16A). These cancers display mutations of the egfr
gene in 4-14% of the cases, suggesting that AJ complex-mediated stabilization and genetic
alteration may not represent mutually exclusive mechanisms to promote EGF signaling in cancer
(Figure 13.16B). Finally, the increased apoptotic activity of Afatinib versus Erlotinib and the
correlation between EGFR2 expression and β-catenin presence at the membrane during TKO
HCC progression suggest that the AJ complex may expand its stability promoting functions to
other EGFR family members. Accordingly, analysis of human HCC also indicates a strong
correlation between the expression of EGFR2 and EGFR3 and E-cadherin (Figure 13.15C).
Collectively, our results identify the promotion of epidermal growth factor signaling through
cadherin maintenance as a critical tumor promoting function of membranous β-catenin in HCC.
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Figure 3.15. Correlation of E-cadherin and EGFR family member expression in human HCC
A Correlation between EGFR and E-cadherin (left) and β-catenin (right) protein expression in
HCC patients at different stages of the disease (CR=correlation ratio). B Correlation between PEGFR(Tyr1068, activated EGFR) and E-cadherin protein expression in male (left, blue dots) and
female (right, red dots) HCC patients (CR=correlation ratio). Outliers are marked by black dots.
See also Figure S8. C Correlation between EGFR2 (left) and EGFR3 (right) and E-cadherin
protein expression in HCC patients at different stages of the disease (CR=correlation ratio).
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Figure 3.16. EGFR/P-EGFR/E-cadherin expressions in various human epithelial cancers
A Correlation between EGFR/P-EGFR(Tyr1068) and E-cadherin in select epithelial cancers. The
group on the left (head & neck cancer, non-small cell lung cancer (NSCLC), and colorectal
adenocarcinoma) displays significant correlation between EGFR and E-cadherin expression. The
group on the right (glioma, lung adenocarcinoma, , ovarian cancer, and triple negative breast
cancer) displays non-significant correlation. (CR=correlation ratio). B Alteration frequency in the
following epithelial cancers: glioma, head & neck cancer, non-small cell lung cancer (NSCLC),
colorectal adenocarcinoma, hepatobiliary cancer, ovarian cancer, and breast cancer.
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Figure 3.17. Tumor promoting role of β-catenin in the AJ complex in HCC
In early HCC, β-catenin is recruited to the AJ complex where it interacts with multiple cadherin
family members. This recruitment prevents β-catenin participation in the Wnt pathway and
supports HCC cell survival through the EGFR signaling pathway. Disruption of the AJ complex
during HCC progression leads to increased proliferation and genomic instability, as well as
activation of the Wnt signaling in patients harboring activation mutations for β-catenin.
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3.3 Discussion
The consensual view on β-catenin in HCC is largely restricted to a binary function model
that describes two pools (membrane-based and nuclear) of β-catenin serving opposite functions
in their respective locations (a tumor suppressor at the membrane and an oncogene in the
nucleus)97,127. However, it is unclear whether these binary functions identify distinct HCC subsets
based on β-catenin localization or represent a dynamic evolution of β-catenin function during
HCC progression. In addition, the functional consequences of aberrant Wnt/β-catenin signaling in
HCC remain poorly understood187.
Our results demonstrate that, independent of Wnt pathway mutational status, β-catenin is
predominantly located at the membrane of HCC cells where its association with cadherin family
members supports EGFR pro-survival signaling. In accordance with recent findings40, we show
that nuclear translocation of β-catenin is restricted to the advanced stages of the disease.
Therefore, our report challenges the conventional view that represents β-catenin as a dominant
oncogenic driver to instead introduce the concept that β-catenin is a tumor promoter with evolving
functions in distinct compartments during HCC development (Figure 3.17).
Our mechanistic and clinical data show that the recruitment of β-catenin by the AJ
complex is dominant over its recruitment into the Wnt signaling and this phenomenon appears to
be specific to HCC. We have little insights into the mechanism that primes β-catenin for its
integration into the AJ complex in TKO HCC, although some reports suggest differential folding of
β-catenin protein as the key mechanism96. Our unbiased MS approach identifies Tfg, which is
involved in the regulation of protein folding and trafficking188,189, as the only interaction partner
that displays increased binding upon E-cadherin knockdown. However, whether Tfg plays a
critical role in the repartition of β-catenin between the AJ complex and Wnt signaling, especially in
the context of HCC, is unclear and will require further investigation. Multiple post-translational
modifications on β-catenin and cadherins regulate the affinity of their interaction99. Our results
suggest that distinct post-translational modifications may be involved in the regulation of AJ
complex stability during HCC evolution.
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The best understood functions of the AJ complex are the regulation of cell-cell interaction
and the maintenance of F-actin-composed cytoskeleton. However, repression of α-catenin and
overexpression of DNE, while impacting cellular morphology, failed to affect HCC cell growth.
Instead, we show that the AJ complex supports HCC cell survival by promoting EGFR signaling.
E-cadherin binds to EGFR in various solid tumors to modulate its activation but the pro- and antitumorigenic consequences appear to be context-dependent177,190. In the context of HCC, our data
indicate that cadherins stabilize EGFR, and the disruption of the AJ complex (silencing of Ecadherin or β-catenin as well as disruption of their interaction by orthovanadate salt) impairs
EGFR stability, signaling, and tumor cell survival. EGFR signaling is often hyperactive in HCC,
and its inhibition is detrimental for HCC cell survival in vivo and in vitro179,191. However, EGFR
inhibition in HCC does not overall impair tumor progression as the significant level of acute tumor
cell death associated with EGFR inhibition induces compensatory proliferation and fosters tumor
evolution192. Supportive of this concept, DEN-and DEN/Phenobarbital-induced HCC develop
faster in the context of β-catenin deficiency, suggesting a paradoxical role of β-catenin in
HCC132,157. In these experimental models, β-catenin is located at the plasma membrane and its
deficiency impairs EGFR expression. Therefore, our data elucidate the mechanism of paradoxical
tumor progression upon β-catenin deficiency/inhibition by establishing the connection between
the AJ complex and EGFR signaling in HCC. Overall, while β-catenin is widely considered as a
driver oncogene and an important therapeutic target for HCC therapy, our data raise caution for
the negative consequences of universally targeting β-catenin in patients with membranous βcatenin expression.
The fact that mutations targeting β-catenin, Axin, and APC occurs as early as Stage I and
their frequency remain constant throughout HCC development suggests that Wnt signaling may
nevertheless exert a pro-tumorigenic function at an early stage of HCC development. Our data
determine that the β-catenin -driven promotion of cell survival is independent of Wnt signaling,
but limited data suggest that Wnt signaling could support more discrete function(s) such as
escaping immune surveillance193. Despite the early occurrence of Wnt activating mutations, it is
not until Stage IV that we observe a drastic shift in β-catenin localization, indicating that β-catenin
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localization is not solely dependent on the mutational status of the Wnt pathway. The
mechanisms that ultimately trigger β-catenin cellular redistribution in advanced HCC remain
unresolved. The effect of orthovanadate salt treatment on β-catenin /E-cadherin interaction
suggest that increased tyrosine phosphorylation represents an important mechanism to disrupt
AJ complex stability. However, multiple tyrosine kinases and yet unidentified phosphatases
compete for the regulation of Tyr654 phosphorylation status99 and their activity during HCC
progression is currently unknown. Alternatively, it is possible that β-catenin recruitment to the AJ
complex is altered during HCC progression. Although addressing this question will require further
investigations, our results collectively support the concept that the disruption of AJ complex in
HCC with activating mutations for β-catenin is a dominant event required for the activation of Wnt
signaling as HCC progresses.
Our data indicate that the disruption of the AJ complex has multiple beneficial
consequences for advanced HCC progression. Although AJ complex disruption is detrimental for
tumor growth in the short-term (as illustrated by decreased cell growth in vitro), long-term
consequences are multiple and appear to be mutually exclusive such as altered DNA content and
Wnt signaling activation. In contrast to colorectal cancer and hepatoblastoma, where Wnt
signaling exerts a well-established driver role152–154, the functional consequences of aberrant Wnt
signaling for HCC remain obscure, as illustrated by its association with either good or bad
prognosis187. Our data, as well as others, indicate that aberrant Wnt signaling is a feature of
advanced HCC, characterized by the activation of multiple other oncogenic pathways (PI3k, Myc,
Tgfβ, etc)40. This molecular context raises the question of the exact contribution of Wnt signaling
for late stage HCC maintenance and progression. In particular, the mosaic expression of GS
(Figure 3.9K), a reliable marker of Wnt signaling in HCC123, supports the concept that aberrant
Wnt signaling is not a dominant oncogene in late stage HCC. Based on Figure 3.5N and previous
reports40, we propose that activation of Wnt signaling in advanced stage HCC promotes specific
features such as the initiation of metastasis.
In conclusion, our results challenge the current view on Wnt/β-catenin signaling in HCC and
reveal an unexpected role for β-catenin in HCC development, with emphasis on its complex and
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evolving tumor promoting function during the course of the disease. Future research will
specifically focus on targeting AJ complex-associated tumor promoting functions of β-catenin to
impact HCC development.
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CHAPTER 4: Discussion and Future Directions

A decade has passed since the development of sorafenib in 2007, but the progress in
HCC treatment has been slow28,194,195. Combined use of AFP and ultrasonography has been and
still is the most reliable screening method despite their suboptimal sensitivity and specificity. The
biomarkers introduced 5-10 years ago (e.g. GPC3, GS, HSP70, etc) are no more specific than
AFP and those recently discovered need further validation. As such, diagnosis of HCC remains a
challenge. Seven large, randomized phase III clinical trials for novel HCC treatment were
performed in the first-line and second-line settings over the last decade, and all have failed to
demonstrate survival benefit196. Lastly, as of 2018, there is no formal treatment option available
for reducing the risk of recurrence post hepatic resection and ablation. We have more information
about the molecular pathogenesis of HCC than ever before and yet, the clinical outcomes so far
have been disappointing at best.
In order to best utilize the vast amount of sequencing data and research on HCC, we
need to embrace the idea that HCC has a unique cancer transcriptome and that the key drivers in
other cancers may play a different role in HCC5. By taking this approach, we can discover novel
cancer promoting and/or suppressive roles of previously identified oncogenes to develop more
effective targeted therapy for HCC.
Here we have investigated the role of β-catenin, the protein product of the second most
frequently mutated gene, ctnnb1, in HCC. β-catenin is presumed to be an oncogenic driver of
HCC but overexpression of its active form in the liver is insufficient to initiate spontaneous HCC
even though it is tumorigenic for CRC. This suggests that β-catenin promotes tumor growth in a
mechanism that is unique for HCC. We found that there is lack of correlation between the timing
of Wnt pathway mutations and β-catenin nuclear localization in human HCC, and that β-catenin
translocation (from the membrane to the nucleus) and Wnt signaling activation are restricted to
advanced HCC. Using an Rb family inactivation mouse model of HCC that closely recapitulate
human HCC, we showed that β-catenin is preferentially expressed at the tumor cell membrane as
a component of the AJ complex. We provided evidence that β-catenin in the AJ complex supports
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HCC cell survival by promoting EGFR signaling during the earlier stage of HCC, and that its Wnt
signaling associated role eventually kicks in when the AJ complex is disrupted (late stage HCC).
In summary, we propose β-catenin to be a tumor promoter with evolving functions during HCC
progression.
In the remaining part of this Chapter, I will discuss possible mechanisms, implications of
our findings and future directions.

4.1 Mechanism of E-cadherin upregulation upon Rb family inactivation
TKO HCC express increased level of E-cadherin protein and cdh1 mRNA compared to
the control livers, with corresponding decrease in twist1 (a transcriptional repressor of cdh1).
However, we were unable to find any evidence of direct interaction between twist1 and E2f
transcription factors. Here I present two possible mechanisms of E-cadherin upregulation:
Repression of Twist by Lipocalin2: One possible mechanism of E-cadherin
upregulation is by lipocalin2, a repressor of Twist (protein product of twist1). Lipocalin2 is
associated with EMT in multiple cancers197 that is commonly upregulated in HCC198, and we
found significantly increased expression of lcn2 mRNA in TKO HCC (Figure 4.1). However,
examination of lcn2 regulatory region failed to identify any E2f binding sites, suggesting an
indirect mechanism between E2f activity and increased lcn2 expression.

Figure 4.1. lcn2 expression in TKO HCC tumors
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E-cadherin transactivation by c-Myc/AP2: Another possible mechanism is through cMyc. Some studies have shown that c-Myc acts as a co-factor of transcription factor AP2 to
transactivate E-cadherin in epithelial cells199. We previously showed that TKO HCC tumors and
TKO HCC cells are enriched for c-Myc pathway gene signatures by GSEA147. This suggests that
E-cadherin upregulation in TKO HCC may be due to an increase in c-Myc-mediated
transactivation of cdh1 upon Rb family inactivation. This may contradict the findings from Calvisi
et al (2004), where they showed that c-Myc driven HCCs express reduced level of E-cadherin
when compared to wild-type livers. However, they also showed that the majority of preneoplastic
and neoplastic HCC lesions from E2f1 and c-myc/E2f1 transgenic mice overexpress Ecadherin200. In fact, TKO HCC tumors cluster closely with mouse liver tumors initiated by the
overexpression of E2f1 and c-Myc147,149,201. Based on these evidences, it is possible that c-Myc
alone may be insufficient to upregulate E-cadherin, and that E-cadherin upregulation is a
consequence of the combination of unrestricted E2f activity and c-Myc expression. The most
direct way to test this would be to repress AP2 or disrupt AP2 binding on cdh1 promoter.
Overexpression of dominant negative mutant of AP2 lacking the transactivation domain has been
shown to inhibit Myc-mediated activation in a dose-dependent manner199. It would be interesting
to see whether overexpression of DN-AP2 can decrease E-cadherin expression level in TKO
HCC cells.

4.2 Post-translational modification of E-cadherin and its significance
TKO HCC tumors and cells consistently express prominent E-cadherin double bands
(slow and fast migrating forms) by immunoblot. We find that:
i) β-catenin directly interacts with two migrating forms of E-cadherin by IP (Figure 3.7B)
ii) overexpression of DNE decreases the interaction between β-catenin and slow migrating Ecadherin (i.e. upper band) (Figure 3.12C)
iii) EGFR preferentially binds to the slow migrating E-cadherin (i.e. upper band) (Figure 3.13A)
We hypothesize that the two migrating forms are the products of post-translational
modification.
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N-glycosylation of E-cadherin: First hypothesis is that the slow migrating form (i.e.
upper band) is the 135kDa E-cadherin precursor and the fast migrating form (i.e. lower band) is
the 120 kDa mature E-cadherin202. E-cadherin precursor is converted into its mature form through
N-glycosylation, which is also important for E-cadherin folding, trafficking and expression203. Only
the mature form, but not the precursor, participates in the AJ complex formation, although both
forms have been shown to equally interact with β-catenin204. Normally, the precursor is rapidly
processed, but in TKO HCC, we see a stable expression of both forms, suggesting that there may
be something unique about the N-glycosylation of E-cadherin in TKO HCC.
Therefore we can propose the following: Rb family inactivation leads to abnormally high
production of E-cadherin. This leads to a build-up of E-cadherin precursor in the cells, hence the
double bands. Mature E-cadherin is shuttled to the membrane with β-catenin bound to its tail, but
then what about the E-cadherin precursor? Although there is no published data on the protein
degradation kinetics of the precursor, it is likely that unprocessed precursors would be subject to
rapid degradation to relieve the cell from ER stress unless β-catenin binds their PEST sequence
(observation (i)-(ii)). This suggests that there are two type of β-catenin/E-cadherin/EGFR
complex—one with mature E-cadherin in the AJ complex at the membrane, and the other with Ecadherin precursor in the cytosolic space (since the precursor is not found at the membrane). So
far, E-cadherin has been shown to interact with EGFR via its extracellular domain and there is no
evidence that it binds to internalized EGFR178,205. Therefore, the next immediate step would be to
determine whether β-catenin/E-cadherin/EGFR complex exists in the cytosolic space.
Phosphorylation of E-cadherin: Second hypothesis is that both migrating forms (slow
and fast; upper and lower) are mature E-cadherins, but the slow migrating form has been further
post-translationally modified (and therefore heavier) to facilitate its interaction with EGFR
(observation (iii)). In this case, we can propose the following: Post-translational modification of Ecadherin within the AJ complex facilitates E-cadherin/EGFR interaction to promote EGFR stability
and signaling.
Currently there is no published data on whether E-cadherin phosphorylation can affect
the affinity of E-cadherin for EGFR (or other tyrosine kinase receptors). However, it is well-
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established that phospho-regulation is the key mechanism by which the interaction between Ecadherin and β-catenin is modulated post-translationally99. Phosphorylation of residues S834,
S836, and S842 on E-cadherin significantly enhances the affinity for β-catenin by 300-fold
whereas E-cadherin phosphorylation at S846 by CKI results in decreased affinity for β-catenin99.
Therefore E-cadherin phosphorylated at S834, S836, and S842 would form a more stable AJ
complex with β-catenin, therefore promoting EGFR signaling.

4.3 How does β-catenin in the AJ complex promote EGFR stability and signaling?
In Chapter 3, we showed that the AJ complex supports tumor cell survival in TKO HCC
by promoting EGFR signaling. We also showed that EGFR directly interacts with cadherins but
not with β-catenin (Figure 3.13A). However, it is ultimately β-catenin KD (and not E-cadherin KD)
that results in a significant decrease in TKO HCC cell growth. This may be largely due to the fact
that there are multiple cadherins and cadherin-related family members that share redundant
functions. We have already shown that E and N-cadherin DKD in TKO HCC cells leads to more
prominent decrease in cell growth compared to E-cadherin KD alone (Figure 3.9A,G). We
suspect that an efficient knockdown of all cadherins in TKO HCC cells will result in a significant
decrease in cell growth that is comparable to the effect of β-catenin KD.
Silencing β-catenin leads to decreased EGFR expression and delayed signaling but it
does not abrogate cadherin/EGFR interaction (Figure 3.13C,E). We further showed by IP that
silencing β-catenin leads to increased ubiquitylation of EGFR, which suggests that β-catenin is
important for EGFR stability, but we did not offer a detailed mechanism (Figure 3.13I-J). Here are
some mechanisms by which β-catenin can indirectly promote EGFR expression and signaling:
(a) β-catenin prevents premature proteasomal degradation of E-cadherin by binding and
masking PEST sequence. Stable expression of E-cadherin (enforced by β-catenin) may be
critical for E-cadherin/EGFR interaction and EGFR signaling.
(b) β-catenin may facilitate efficient post-translational modification of E-cadherin by
physically allowing or blocking entry of specific kinases and phosphatases. Resulting E-cadherin
modification may promote E-cadherin/EGFR interaction and EGFR signaling (See Section 4.2).
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(c) Under low EGF ligand concentration, activated EGFR is typically subjected to clathrinmediated endocytosis (CME) for receptor recycling186. However, upon EGF ligand overload, the
cells switch over to clathrin-independent endocytosis (CIE) and activated EGFR is ubiquitylated
by E3 ubiquitin ligase Cbl for degradation206. Ubiquitylated EGFR is further processed to have its
signaling tail removed, and this marks the end of the signaling cascade. It is postulated that the
amount of phospho groups on EGFR (and therefore the level of activation) determines CME vs
CIE route207. EGFR overexpression is observed in 40-70% of HCC patients, but its elevation does
not correlate with an increase in its gene copy number191, which suggests that EGFR degradation
may be compromised in HCC. Based on these evidences, we hypothesize that β-catenin/Ecadherin complex may physically prevent EGFR ubiquitylation and subsequent degradation.

4.4 Mechanism of the AJ complex disruption
In Chapter 3, we proposed that the AJ complex disruption (in the context of β-catenin
activating mutation) is a dominant event required for the activation of Wnt signaling during
advanced HCC. However, most frequent β-catenin mutations in HCC are GSK3β phosphorylation
site mutations that promote nuclear accumulation of β-catenin and aberrant Wnt signaling
activation, and β-catenin somatic mutations that lead to the AJ complex disruption are uncommon
in HCC.
A possible explanation is that other mechanisms may be more efficient in destabilizing
the AJ complex. Various cancers including HCC exhibit abnormal expression and activity of
phosphokinases and phosphatases, both of which can weaken the interaction between β-catenin
and E-cadherin. Alternatively, it may be more efficient for the cancer cells to specifically
downregulate cadherins (rather than β-catenin) to disrupt the AJ complex, as it has been shown
that the level of cadherin protein is the rate limiting step for the AJ complex formation. Therefore
there are various mechanisms by which AJ complex can be disrupted, and here we will discuss
few of them:
Post-translational modification: In Section 4.2, we discussed how phosphorylation of
E-cadherin can modulate the binding affinity between E-cadherin and β-catenin. Phosphorylation
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of specific residues on β-catenin can also affect the interaction between the two groups. For
example, β-catenin phosphorylation at Y654 can reduce cadherin binding and its adhesive
functions184. In Chapter 3, we treated TKO HCC cells with phosphotyrosyl phosphatase inhibitor
orthovanadate to maintain β-catenin phosphorylation at Y654 and ultimately disrupt the AJ
complex. Orthovanadate treatment of TKO HCC cells resulted in decreased interaction between
β-catenin and the slow migrating form of E-cadherin (by IP) and overall decrease in β-catenin, Ecadherin, and EGFR expression level (Figure 3.13F). These results suggest that the AJ complex
can be destabilized by increased phosphokinase expression/activity and/or repressed
phosphatase expression/activity.
However, given that β-catenin has tyrosine residues other than Y654 that can be also
targeted by orthovanadate, it is difficult to attribute the IP outcome to Y654 phosphorylation alone.
In addition, our preliminary data show that there is no notable difference in Y654 phosphorylation
frequency between CTRL liver and TKO HCC, and that serially transplanted tumors express near
absence of Y654 phosphorylated β-catenin (Figure 4.2). These results highly suggest that the
mechanism of the AJ complex disruption in HCC is not limited to increased β-catenin
phosphorylation at Y654. Therefore we need to consider alternative mechanisms of the AJ
complex disruption.
Cdh1 silencing: Here, we focus on epigenetic modification of cdh1 gene because the
level of cadherin (and not β-catenin) is known to be the rate limiting step for the AJ complex
formation and establishment of cell adhesion in many cell types208. In human HCC, loss of Ecadherin expression was found to be closely associated with loss of heterozygosity (LOH) at the
cdh1 locus or de novo hypermethylation of the promoter region160. LOH and cdh1 promoter
methylation in HCC are mutually exclusive, with cdh1 promoter methylation observed in 16% of
human HCC52. We’ve previously shown that some serially transplanted tumors retain high Ecadherin expression (and high membranous β-catenin expression) whereas others show loss of
E-cadherin (and increased nuclear β-catenin expression) (Figure 3.3B and Figure 4.2). A
comparison of the cdh1 promoter methylation status of the two groups will help us determine
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whether de novo hypermethylation of cdh1 promoter is the mechanism by which the AJ complex
is disrupted in advanced HCC

Figure 4.2. Association between the AJ complex and EGFR expressions in the control livers,
TKO HCC tumors, and serially transplanted tumors

Honorable mention—p120: p120-catenin is a subfamily of armadillo repeat containing
proteins that is structurally similar to β-catenin. p120-catenin can bind cadherin cytoplasmic tail
and regulate cadherin clustering and endocytosis209. It has been shown to both inhibit and
promote cadherin-mediated cell adhesion and the exact mechanism of these modulations is
unclear. Although it would be interesting to see if p120 knockdown leads to decreased expression
of E-cadherin in TKO HCC cells, β-catenin knockdown alone is sufficient to reduce E-cadherin
level. Therefore it is most likely that p120 plays a minor role in the regulation of the AJ complex
stability in TKO HCC.

4.5 Consequences of the AJ complex disruption on EGFR signaling
When we compare E-cadherin and EGFR expression in control liver, TKO HCC tumors
and serially transplanted tumors, we find that (Figure 4.2):
i) TKO HCC tumors show heterogeneous EGFR expression and activation compared to the
control livers.
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ii) the expression pattern of EGFR resembles that of E-cadherin in corresponding TKO HCC
tumors, suggesting a positive association between the two proteins.
iii) EGFR expression is almost undetectable in serially transplanted TKO HCC tumors, even in
those expressing high level of E-cadherin (#16-19).
Based on these findings, we hypothesize that in advanced HCC (which is modeled by
serially transplanted TKO HCC tumors):
(a) AJ complex structure is intact but has lost its function in promoting stable expression
of EGFR (observation (iii) #16-19)
or (b) the AJ complex is completed disrupted and therefore cannot promote stable
expression of EGFR (observation (iii) #20-23).
The mechanism for (a) may be related to what we discussed in Section 4.3 (physical obstruction
of EGFR ubiquitylation motif by AJ complex) and the mechanism for (b) is covered in Section 4.4.
It would be greatly informative to find out whether (a) and (b) are sequential events or nonsequential but mutually exclusive.
Loss of EGFR expression does not mean the pathway is turned off; in fact, it is more
likely that the activation of downstream EGFR signaling pathway (e.g. Ras-Raf-MEK-ERK MAPK
and AKT-PI3K-mTOR pathways) in advanced HCC is simply no longer dependent on the AJ
complex. This phenomenon of “bypassing EGFR” to activate downstream signaling components
is well-documented in lung cancer patients who develop resistance to anti-EGFR treatment210.

4.6 Consequences of the AJ complex disruption on HCC progression
Loss of E- and N-cadherins in vivo does not suppress tumor growth; rather, it gives rise
to tumors displaying loss of β-catenin, increased proliferative capacity, chromosomal instability,
and heterogeneous Wnt signaling activation. This shows that the disruption of the AJ complex is
advantageous for malignant transformation of HCC. What is the mechanism by which the AJ
complex, which is pro-tumorigenic in earlier stages of HCC through its role in promoting EGFR
signaling, becomes anti-tumorigenic as HCC progresses into advanced stage?
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One way to think about this is to equate the AJ complex to training wheels on a bicycle.
Cadherins in the AJ complex interact with various partners including cytoskeletal proteins,
modulators of cell-cell adhesion, and signaling molecules (e.g. tyrosine kinases and
phosphatase). In order to survive, tumor cells during earlier stage of HCC may rely on these
existing architecture and signaling cascade provided by the AJ complex. However, as the tumor
cells acquire additional mutations, it may no longer be dependent on the “training wheels”, and
the AJ complex may even work against the proliferative (and metastatic) potential of the tumor
cells (for example, by suppressing EMT). Therefore, it would be ultimately beneficial for the tumor
cells to terminate its dependency on the AJ complex.
Some of the expected consequences of the AJ complex disruption in HCC would be
acquisition of secondary mutations, accelerated genomic instability, activation of Wnt signaling
pathway, alterations of the downstream pathways (e.g. Ras-Raf-MEK-ERK MAPK and AKT-PI3KmTOR pathways), activation of alternative signaling pathways, and EMT. As a side note, it would
be interesting to find out whether the aforementioned consequences are truly “the consequences
of the AJ complex disruption” or they are actually “contributing factors to the AJ complex
disruption”. Regarding this classic “chicken or the egg” question, we think that both are very likely
to happen in a stochastic, non-exclusive manner.
Another important question to ask is whether HCC cells without β-catenin somatic
mutations and Wnt pathway mutations will still survive when the AJ complex is disrupted. In other
words, will the AJ complex disruption select for HCC cells that carry Wnt pathway activating
mutations? Our results from Chapter 3 (Figure 3.9-3.10) suggest that although the AJ complex
disruption will select for more aggressive tumor cells, Wnt signaling activation is not the only
mechanism by which the tumor cells can gain proliferative advantage. To support this, we see
heterogeneous expression of GS in cadherin DKD tumors, which suggests that not all tumor cells
have activated Wnt signaling. Therefore β-catenin mutations and Wnt signaling activation may
be one of the many mechanisms by which HCC gains additional proliferative advantage.
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4.7 A novel approach to studying the molecular mechanism of HCC progression
Earlier in Section 1.2.5, we introduced the molecular classification of HCC that is
currently used in the liver field. Proliferative Class HCC is represented by progenitor-like traits,
and chromosomal instability, with its patients showing poor prognosis. Non-proliferative Class
HCC is represented by hepatocyte differentiation and ctnnb1 mutations that are implicated in Wnt
signaling activation, with its patients showing better prognosis than those in Proliferative Class.
While this approach of categorizing HCC into classes and clusters based on the mutational profile
of tumors gives us an insight into HCC as a disease, it is limited by our assumption that all
pathway mutations can be directly translated to signaling activation.
Take the Wnt/β-catenin signaling pathway as an example. In Chapter 3, we provided
evidence that there is a discrepancy between the timing of Wnt pathway mutations and β-catenin
nuclear localization (which signifies Wnt target gene activation). We showed that β-catenin
nuclear localization predominantly occurs in the advanced stage (Stage IV) of human HCC even
though the mutations targeting the pathway arise as early as Stage I (Figure 3.1). Therefore, if
we were to place a group of HCC as a “Wnt signaling activated cluster” solely based on its
mutational profile, then we are greatly limiting ourselves. In addition, this classification approach
(Approach 1) does not take into account the relationship between the molecular classes of HCC
and the clinical stages of HCC during the progression of the disease.
Therefore our current approach to HCC (Approach 1) needs to be complemented by a
second approach (Approach 2) that takes into account the onset of Wnt pathway mutations and
the actual timing of the Wnt signaling activation (here, defined as Wnt target gene activation)
relative to the timeline of HCC progression. With this multi-dimensional approach, we can use
Wnt/β-catenin signaling activation (represented by Wnt/β-catenin target gene activation) as a
strong indicator of progression to advanced stage HCC, and then utilize the molecular
classification and clustering data to determine the alterations that are bridging the gap between
Wnt pathway mutations and their functional consequences (in other words, driving HCC
progression to advanced stage).
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Ultimately, this multi-dimensional approach gives us a broader perspective on the
mechanism of HCC progression by putting together various pathways that are identified through
Approach 1 to determine when and how they cooperate or antagonize one another relative to the
progression of the disease (Approach 2).

Figure 4.3. A novel approach to studying the molecular mechanism of HCC progression
By combining the vast amount of sequencing analysis data on HCC classification (Approach 1)
and placing the identified mutations and their functional consequences on HCC cancer
progression timeline (Approach 2), we can carry out a novel, multi-dimensional approach on the
molecular mechanism of HCC progression.
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4.8 Future directions and clinical relevance
Numerous studies have identified β-catenin as a potential target for cancer treatment;
however very few pathway inhibitors have made it to clinical trials, and none of the pre-clinical
drugs for HCC targets β-catenin or the Wnt pathway

211,212

. This is in part because Wnt/β-catenin

signaling pathway is critical for various processes (embryonic development, stem cell regulation,
regeneration after injury, immune cell differentiation etc) and universally targeting β-catenin or
complete ablation of the Wnt pathway is impractical and dangerous213.
However, the biggest challenge in treating HCC lies in the tumor heterogeneity and the
unique transcriptome of HCC. Here, I would like to offer a hypothesis on what is driving tumor
heterogeneity in HCC and how we can utilize the multi-dimensional approach to provide better
HCC treatment.
G5 HCC is characterized by β-catenin mutation but weak Wnt signaling activation. G6
HCC also carries β-catenin mutation but strong Wnt signaling activation. The difference between
the two is that E-cadherin is downregulated in G6 HCC. Based on our findings from Chapter 3,
we can hypothesize that G6 HCC may be a progressive stage of G5 HCC, exhibiting signs of the
AJ complex disruption. What if we take a step further? We have already presented evidences in
which loss of cadherins (E/N-cadherin DKD TKO HCC cells) give rise to tumors with increased
genomic instability, loss of β-catenin, and heterogeneous Wnt target gene activation (Figure 3.9).
These features align with the characteristics of Proliferative Class HCC. What if G6 HCC is not a
subtype under Non-proliferating Class with good prognosis, but rather an intermediate stage of
HCC that may switch over to Proliferating Class with poor prognosis?
Based on these evidences, I hypothesize that HCC is a molecularly fluid cancer that
can move between the molecular subclasses depending on its HCC progression timeline.
And this may be one of the contributing factors to HCC tumor heterogeneity. I think it’s entirely
possible that HCC tumors may express many of the signatures from different clusters (A/B, G1-6,
S1-3 etc) at multiple points during its progression. They may not all occur at the same time, but
some may be expressed simultaneously where as others may occur sequentially. However, what
we do know is that certain group of mutations do occur around the same time (hence the
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clusters). Therefore by identifying the molecular events that occur between the timing of
mutations and their functional consequences (i.e. multi-dimensional approach), we can predict
the course of HCC progression and provide appropriate targeted therapies to the patients.
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CHAPTER 5: Materials and Methods

Mice
Rb-family cTKO mice were bred as previously described164 and maintained on a mixed
129Sv/J;C57/BL6 background. Intrasplenic injections: Mice were anesthetized and surgically
opened on the upper left flank to inject adenovirus into the spleen. Subcutaneous serial
transplantation: Independent HCC primary tumors from the parental TKO mice were dissociated
into single cells. The tumor cells (ranging 1x103-106) were resuspended in matrigel and injected
subcutaneously into the flanks of nod/scid mice. The resulting subcutaneous tumors [Generation
1] were harvested, dissociated and subcutaneously transplanted [Generation 2]. Subcutaneous
TKO HCC cell injection: TKO cells (ranging 5x104-105) were sorted and injected subcutaneously
into nod/scid mice. Experiment endpoint was determined by the first appearance of tumors
>1cm2. Mice were housed in the CHOP barrier facility. All experiments with mice were approved
by CHOP IACUC (protocol #969).

Cell Culture
Rb-family TKO 1.1 and 2.1 cell lines were derived from independent TKO HCC and have been
previously described147. Experiments have been performed in both cell lines with similar results
and they are collectively referred to as TKO HCC cells. TKO HCC, HepG2, Hep3B, Hepa1-6, and
Huh7 cells were cultured in Dulbecco’s Modification of Eagle’s Media (DMEM) with Sodium
Pyruvate, L-Glutamine, and Phenol Red (Mediatech), supplemented with 10% fetal bovine serum
and 1% Penicillin-Streptomycin-Glutamine (Invitrogen). SNU449 cells were cultured in RPMI
medium, supplemented with 10% fetal bovine serum and 1% Penicillin-Streptomycin-Glutamine
(Invitrogen). L-Wnt3A and L parental cells (generously provided by Celeste Simon) were cultured
in DMEM with 10% fetal bovine serum (with the addition of 0.4mg/ml G-418, in case of L-Wnt3A).
Organoid culture: primary TKO HCC were harvested and digested with an enzymatic cocktail to
obtain a single cell suspension. Organoids were generated and maintained as recently
described170. Axin stabilization: TKO cells were treated with 5μM XAV939 (Selleckchem) for
48hrs172. Equivalent volume of DMSO was added to the control group. Protein stability: 24hrs
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after plating, cells were treated with 25μg/ml cycloheximide (Millipore) and harvested after the
indicated treatment time period prior to immunoblotting. Wnt3A media treatment: Recipient cells
were treated with media from L-Wnt3A cells mixed with fresh media at 1:1 ratio. EGF treatment:
serum starved cells were stimulated with 20ng/ml EGF for 15min-1hr. EGFR inhibition/multikinase inhibition: cells were plated in a 6-well plate at 5x105 cells/well in the presence of DMSO
or 0.1, 1, 10, 50μM Afatinib, Erlotinib, or Sorafenib for 24hrs and were harvested for analysis.
Orthovanadate treatment: cells were treated with 0.5mM orthovanadate for 2hrs and were
harvested for analysis. Growth curve: cells were plated in triplicate in a 6-well plate at 5x104
cells/well and counted every 24hrs for 5 days. Cells collected on day0 and day5 were processed
for RNA analysis and immunoblotting. AnnexinV staining: cells were plated in triplicate in a 6-well
plate at 1x105 cells/well and cultured for 3 days. Media from cultured cells were collected and
spun down at 1200rpm for 5min to collect dead floating cells, which were pooled with adherent
cells. The cells were washed with 2% FBS PBS and stained with AnnexinV-FITC/APC for 10min
on ice, washed with PBS and stained with DAPI for FACS analysis. BrdU labeling: BrdU(1:100)
was added to the culture media 1hr prior to harvest. After labeling, cells were harvested and fixed
in 70% ethanol PBS at -20°C overnight. Fixed cells were washed in 0.5% BSA PBS for 5min at
1500rpm, and incubated in 2M HCl in 0.5% Triton-X100 for 20min at room temperature to
denature DNA. 0.1M sodium borate pH8.5 was added to quench the reaction and the cells were
stained with anti-BrdU-FITC antibody (BD Pharmingen) for 30min at room temperature. The
stained cells were resuspended in PBS supplemented with RNaseA/PI and analyzed by FACS.

Plasmids
shRNA-mediated knockdown: Sequences targeting the β-catenin (shβcat1-3), α-catenin (shαcat1-2), E-cadherin (shEcad1-2), N-cadherin (shNcad1-2), and EGFR (shEGFR(A)-(B)) for
constitutive knockdown were either obtained from previous reports or generated using
psicoligomaker214–216. All shRNAs were cloned into the pSicoR-PGK-RFP and pSicoR-CMV-GFP
vectors. dnTCF overexpression: EdTC was a gift from Roel Nusse (Addgene plasmid #24310)174.
Human β-catenin overexpression: human Flag-β-catenin pcDNA3 was a gift from Eric Fearon
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(Addgene plasmid #16828)217. DN E-cadherin overexpression: pWZL Blast DN E-cadherin was
obtained from Addgene (plasmid #18800)176; DN E-cadherin sequence was further subcloned into
MSCV-IRES-GFP (MigR1) vector. MigR1-GFP vector was a gift from Warren Pear (Addgene
plasmid #27490)218. Ubiquitin-Flag overexpression: pBABE Ubiquitin Flag vector was a gift from
Donita Brady.

Virus Production and shRNA Gene Silencing
Retroviral infection: Retroviral infection protocol has been previously described164. Lentiviral
infection: The pSicoR-based constitutive knockdown vectors shβcat1-3, shαcat1-2, shEcad1-2,
and shNcad1-2, shEGFR(A)-(B) were used for lentivirus particle production. These constructs
were co-transfected with pCMV-VSVG and pCMV-dR8.2 into HEK-293T cells by calcium
phosphate or polyethyleneimine(PEI) transfection method. Virus-containing media were collected
24hr and 48hr after transfection and used for the infection of TKO cell lines in the presence of
8μg/ml polybrene (Sigma). Viral media was changed 6hrs following infection, once a day. TKO
cells were harvested after 48hr infection, and sorted for RNA and protein analyses,
immunofluorescence analysis, in vitro functional assays, and in vivo subcutaneous injections.

Antibodies
Mouse IgG (sc#2025), rabbit IgG (sc#2027), α-catenin (sigma#c2081), phospho-AKT (cell
signaling#13461), APC (sc#896), Axin1 (millipore#05-1579), Axin1 (cell signaling#3323), β-actin
(cell signaling#4970), β-catenin (BD#610153), phospho-β-catenin (cell signaling#9561), Claudin7
(abcam#27487),

E-cadherin

(cell

signaling#3195),

phospho-EGFR(Tyr1068)

(cell

signaling#2234), EGFR (cell signaling#4267), EGFR1 (sc#373746), EGFR2/HER2 (sc#33684),
Flag (sigma#F1804), Glutamine synthetase (BD#610517), GSK3α/β (cell signaling#5676), HA
(sc#7392), HRP-conjugated Flag (sigma#A8592), K-cadherin (sc#1503), Ki67 (BD#550609),
phospho-LRP6 (cell signaling#2568), LRP6 (cell signaling#2560), N-cadherin (BD#610921),
Vimentin (cell signaling#5741), Zeb1 (sc#H-102).
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Quantitative RT-PCR and Sequencing Analysis
qRT-PCR: Total RNA was extracted from cell lines and primary tissues lysed in Trizol/LS (Life
Technologies) and purified with the RNeasy Mini kit (Qiagen). Complimentary DNA was
generated using the Protoscript First Strand cDNA Synthesis kit (New England Biolabs).
Quantitative polymerase chain reaction was performed in duplicate with SYBR Green PCR
Master Mix (Life Technologies) on the Viia7 Real-Time qPCR system (Life Technologies). Data
were normalized using gapdh as a reference gene. Sequencing Analysis: Total RNAs were
isolated from frozen tissues and cell lines. Total RNAs were reverse-transcribed to obtained
cDNAs, which were used as template to amplify total β-catenin127. Amplified total β-catenin was
sequenced at the CHOP Nucleic Acid/Protein Research Core Facility. Primer sequences for βcatenin PCR amplification and sequencing are available in Table 5.1.

Immunoprecipitation
Cell lines were harvested in IP Lysis Buffer (20mM Tris pH 7.5 140mM NaCl, 1mM EDTA, 10%
glycerol, 1% Triton X-100 1mM DTT, 50mM NaF, and Phosphate-Protease Inhibitor Cocktail
(Thermo #1861280) at 1:100). Supernatants were collected after centrifugation at 15,000 rpm for
10min at 4°C, and were pre-cleared with Protein A/G-conjugated agarose beads for 1 hour at
4°C. Relevant antibodies (3-5ug per IP) were incubated with lysates for 1hr at 4°C. Protein A/Gconjugated agarose beads were added to the lysates and incubated for an additional 1hr at 4°C.
Beads were washed three times with IP Lysis Buffer, unconjugated with 4x LDS Sample Buffer w/
.05% β-mercaptoethanol. Antibodies: mouse IgG (sc#2025), rabbit IgG (sc#2027), mouse antiAxin1 (Millipore#05-1579), rabbit anti-APC (sc#896), mouse anti-β-catenin (BD#610153), rabbit
anti-E-cadherin (cell signaling#3195), mouse anti-HA (sc#7392).

Mass Spectrometry
Each sample was run on an SDS–polyacrylamide gel electrophoresis, cut into eight even slices,
further cut into 1mm cubes reduced, alkylated and digested with trypsin. Tryptic digests were
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analyzed by LC-MS/MS on a hybrid LTQ Orbitrap Elite mass spectrometer. All MS/MS samples
were analyzed using Sequest (Thermo Fisher Scientific), against a Uniprot Mus musculus
complete proteome database (20130819, 51891 entries) appended with common contaminants.
Scaffold (version Scaffold_4.3.4, Proteome Software Inc.) was used to validate MS/MS-based
peptide and protein identifications.

Immunoblotting
Frozen tumors and control livers were lysed in 1% SDS to produce lysates. Cells in culture were
lysed in RIPA Buffer with Phosphate-Protease Inhibitor Cocktail. Transferred samples were
blocked in 5% BSA TBST for 1hr and incubated at 4°C with primary antibody overnight. They
were probed with an HRP-conjugated secondary antibody (anti-mouse, anti-rabbit, anti-goat) at
room temperature for 1hr. Amplified signal was detected via ECL autoradiography.

Immunohistochemistry
Human HCC tissue array (HLiv-HCC060CD-01) was purchased from US Biomax. Mouse HCC
specimens were fixed in 10% buffered formalin and embedded in paraffin. Standard
deparaffinization, rehydration, and heat-induced epitope retrieval was performed. Deparaffinized
sections were blocked in 5% goat/donkey serum PBST (0.1% Triton-X) and incubated at 4°C with
primary antibodies overnight. For colorimetric IHC, immunoreactivity was visualized with the
Vectastain Elite ABC Kit (#PK-6100) and DAB kit (#SK-4100), and sections were counterstained
with hematoxylin (Vector laboratory #H-3404). For immunofluorescence, immunoreactivity was
visualized with Alexa-Fluor® secondary antibodies (1:1000) and Vectashield with DAPI (H-1200).
For negative controls, sections were immunostained without the primary antibody.

Human HCC Tissue Array
Human HCC tissue array (HLiv-HCC060CD-01) was purchased from US Biomax. HCC stages
were classified according to the AJCC Clinical Staging System (v7).
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Statistical and Bioinformatics Analysis
Figure 1A and Figure 4G-H: Genomic DNA sequences as well as the protein and mRNA
expression were obtained from The Cancer Genome Analysis (TCGA) browser (https://genomecancer.ucsc.edu/proj/site/hgHeatmap/?datasetSearch=TCGA-COAD). For protein and mRNA
expression, processed files (level3) were used for further analyses and HCC patient data were
separated into two groups based on protein expression. Non-parametric t-test was performed to
access significance between the protein and mRNA expressions of corresponding samples.
Figure 1B: ANOVA was performed, followed by Tukey's multiple comparisons test. The mean of
each group was compared to the mean of every other group, and the p-values were adjusted by
the number of comparisons. Figure 4F: Pearson's product moment correlation was performed to
assess correlation coefficient and significance. Figure 5J: Data was plotted using the R package
ggplot2 (cite: H. Wickham. ggplot2: Elegant Graphics for Data Analysis. Springer-Verlag New
York, 2009.). We used a two-sample Kolmogorov-Smirnov test to determine whether the
distribution between both samples is different. 8A-C and Figure S8A: Protein and mRNA data
was obtained from [MORPHEUS] (https://software.broadinstitute.org/morpheus/), and plotted
using the R packages ggplot. Spearman’s rho statistic was used to test for association. Figure
S8B: The histogram figure was obtained from cBioPortal Version 1.10.3-SNAPSHOT, selecting
for following TCGA cancers: glioma, head and neck cancer, non-small lung cancer, colorectal
cancer, hepatobiliary cancer, ovarian cancer and breast cancer.
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Table 5.1. β-catenin amplification and sequencing primers
Type
Amplification

Sequencing

Primer Name
β-catenin (delaCoste)

F1

β-catenin (delaCoste)

R1

β-catenin (delaCoste)

F2

β-catenin (delaCoste)

R2

β-catenin cDNA PCR

R

β-catenin cDNA seq

F1

β-catenin cDNA seq

F2

β-catenin cDNA seq

F3

β-catenin cDNA seq

F4

β-catenin cDNA seq

F5

β-catenin exon5

R

Primer Sequence
GCG TGG ACA ATG GCT ACT
CAA G
TAT TAA CTA CCA CCT GGT
CCT C
ACG CGG AAC TTG CCA CAC
GTG C
TTC AGC ACT CTG CTT GTG
GTC
GCC TAA AAC CAT TCC CAC
CCT A
GAC GCT GCT CAT CCC ACT
AA
ACT GTT CTA CGC CAT CAC
GA
TCA GAT GCA GCG ACT AAG
CA
CAG CAA ATC ATG CGC CTT
TG
CAG GAC AAG AGG CCA TTG
AA
GCT GGG ATG CCA CCA GAC
TTA A

Target Region
mouse ctnnb1
E2 (ATG)
mouse ctnnb1
E5
mouse ctnnb1
E4
mouse ctnnb1
E7
mouse ctnnb1
E15 (TAA)
mouse ctnnb1
E4-E6
mouse ctnnb1
E6-E8
mouse ctnnb1
E8-E11
mouse ctnnb1
E10-E14
mouse ctnnb1
E13-E15
mouse ctnnb1
E5
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