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Abstract

Background and Aims—Hepatocellular cancer (HCC) remains a disease of poor prognosis
highlighting the relevance of elucidating key molecular aberrations that may be targeted for novel
therapies. Wnt signaling activation chiefly due to mutations in CTNNBL1 have been identified in a
major subset of HCC patients. While several in vitro proof-of-concept studies show the relevance
of suppressing Wnt/B-catenin signaling in HCC cells or tumor xenograft models, no study has
addressed the impact of -catenin inhibition in a relevant murine HCC model driven by CTNNB1
mutations.

Methods—We studied the in vivo impact of -catenin suppression by locked nucleic acid (LNA)
antisense treatment after establishing CTNNB1 mutations-driven HCC by Diethylnitrosamine and
Phenobarbital (DEN/PB) administration.
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Results—The efficacy of LNA-directed against -catenin versus scrambled sequence on Wnt
signaling was demonstrated in vitro in HCC cells and in vivo in normal mice. DEN/PB model led
to HCC with CTNNB1 mutations. A complete therapeutic response in the form of abrogation of
HCC was observed after ten treatments of tumor-bearing mice with B-catenin LNA every 48 hours
as compared to the scrambled control. A decrease in -catenin activity, cell proliferation and
increased cell death was evident after f-catenin suppression. No effect of -catenin suppression
was evident in non-CTNNB1 mutated HCC observed after DEN only administration.

Conclusions—Thus, we provide in vivo proof-of-concept that -catenin suppression in HCC
will be of significant therapeutic benefit provided the tumors display Wnt activation via
mechanisms like CTNNB1 mutations.
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INTRODUCTION

Hepatocellular cancer (HCC) usually occurs in cirrhotic livers associated with chronic liver
diseases like hepatitis of viral, alcoholic or metabolic etiology [12]. HCC is a major health
burden as reflected by 748,000 new cases diagnosed in 2008 worldwide with corresponding
696,000 deaths [13, 41]. HCC is now the seventh most common cancer in the world, as well
as number three in cancer-related deaths. Current effective methods of treating primary HCC
are surgical including partial hepatectomy or orthotopic liver transplantation when possible
and do improve 5-year disease free survival. Loco-regional therapies are mostly palliative
and gradually evolving. The only FDA-approved agent for HCC treatment consists of a
multi-tyrosine kinase inhibitor Sorafenib, which has shown some benefit, but does
demonstrate effectiveness of targeted therapies in a heterogeneous disease like HCC [20].

Whnt/B-catenin signaling is an evolutionary conserved pathway with many important
functions in hepatic development and homeostasis [25]. In the absence of Wnt, cytoplasmic
[3-catenin is phosphorylated at specific serine and threonine residues in exon-3 by a
degradation complex composed of glycogen synthase kinase-3p (GSK-3f), adenomatous
polyposis coli (APC), and Axin targeting it for ubiquitin-proteasome degradation. f-Catenin
activation occurs upon binding of Wnt to receptor Frizzled (Fzd) and co-receptor low-
density lipoprotein receptor related protein (LRP) 5 or 6 via inactivation of degradation
complex leading to its nuclear translocation. Here, it can interact with T-cell factor/
lymphoid enhancing factor (TCF/LEF) family of transcription factors, to induce target genes
such as those encoding for cyclin-D1, c-myc, glutamine synthetase (GS), and others in a
tissue- or stage-specific manner.

In around 10-50% of primary HCCs, B-catenin gene (CTNNB1) mutations affecting serine,
threonine or adjacent sites in exon-3 and mutations in its degradation components such as
AXIN1, are associated with Wnt autonomous nuclear localization and activation of 8-
catenin, which can have multitude of effects on HCC biology as various downstream targets
are induced [7, 19, 23]. This makes p-catenin an attractive therapeutic target in a subset of
HCCs. In the current study, we used modified Diethylnitrosamine (DEN) and Phenobarbital
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(PB) model in which 90% of HCC display activating p-catenin gene mutations [1, 22]. We
administer locked nucleic acid antisense (LNA) against p-catenin to show a dramatic
therapeutic benefit of B-catenin suppression in this model but not in DEN only treatment
where tumors occurred without -catenin gene mutations. Thus we show an in vivo efficacy
of therapeutic inhibition of B-catenin in HCC paving the way for personalized medicine in
HCC.

MATERIALS AND METHODS

Animals

All animal experiments were performed under the guidelines of the National Institutes of
Health and the Institutional Animal Use and Care Committee at the University of Pittsburgh,
School of Medicine.

For examining in vivo efficacy of p-catenin inhibition by LNA around, 3 month-old male
C3H/He mice (Jackson Labs) were injected 5 times, every 48 hours (48h), with 15mg/kg of
either EZN-3046 (scrambled control) (n=2) and 3 mice with EZN-3892 (directed against -
catenin) obtained under Materials Transfer Agreement from Enzon Pharmaceuticals, New
Jersey, USA.

For validation of previously published chemical carcinogenesis model that utilizes CTNNB1
mutations to develop HCC [1, 22], 6-week old C3H/He (Jackson Labs) male mice (n=3)
were injected intraperitoneally with 90pug/g DEN (Sigma-Aldrich) followed 3 weeks later by
initiation of a diet containing 0.05% PB (LabDiet) (DEN/PB group) for the duration of the
experiment (~30 weeks). Additional male mice (n=3) were given DEN at the same dose and
time but kept on regular mouse chow without PB (DEN only group) for similar duration.
Yet another group of mice (n=3) were started on 0.05% PB (PB only group) at 11 weeks of
age for the duration of the experiment (around 30 weeks). Three additional male C3H/He
mice without any intervention (control group) and on regular diet were killed when they
were around 10 months old. Livers from all these mice were collected for analysis of HCC
as described in the forthcoming sections.

For testing therapeutic efficacy of f-catenin suppression on HCC in DEN/PB model, around
7 months after initiation of PB diet, the mice were stratified into two groups. Group 1
received EZN-3046 (n=11) and group 2 received EZN-3892 (n=6). LNA were injected every
48h intraperitoneally at 15mg/kg for a total of 10 times. Livers and serum from mice after
treatment were collected for further processing.

For testing any impact of -catenin knockdown on HCC in chemical carcinogenesis model
that is not driven by CTNNB1 mutations, DEN only treated mice at around 7 months
received either EZN-3046 (n=6) or EZN-3892 (n=6). LNA were injected every 48h
intraperitoneally at 15mg/kg for a total of 6 times. Livers from mice after treatment were
collected for further processing.
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Cell Culture and Treatment

Hep3B HCC cells stably transfected with serine-33 to tyrosine mutated (S33Y) B-catenin
described recently, were grown to approximately 70% confluency and serum-starved for 24h
[8, 9, 19, 26]. Cells were then transfected with 800ng of TopFlash plasmid (Millipore),
200ng of Renilla, and 3 pl of lipofectamine 2000 in 100l Optimem media. After 4-6h, 5uM
of EZN-3046 or EZN-3892 was added in media containing 4% FBS. Cells were harvested
48h or 72h later and luciferase activity measured using Dual-Luciferase Reporter Assay
System (Promega) and normalized to Renilla levels. Statistical significance was calculated
using one-tailed Student t test and p<0.05 was considered significant.

Whole Cell Lysate Preparation

At time of harvest, mice were anesthetized by isoflurane inhalation and subsequently killed
by cervical dislocation. Livers were harvested, washed in PBS, and tissue was flash frozen
in liquid nitrogen and stored at —80°C until use. Part of fresh or frozen tissue was
homogenized in Radio immunoprecipitation assay (RIPA) buffer with protease/phosphatase
inhibitor. Protein concentration was assessed by BCA protein assay (Pierce).

Western Blots (WB)

Around 50ug of whole cell lysate was run on precast 7.5% or 4-14% gradient
polyacrylamide gel (Bio-Rad). Gels were transferred onto a polyvinylidene fluoride (PVDF)
membrane (Millipore). Membranes were blocked in 5% milk (Labscientific) in Blotto
[0.15M NaCl, 0.02M Tris pH 7.5, 0.1% Tween in dH,0] for 1h at room temperature.
Primary antibodies were diluted in 5% milk/Blotto and incubated on membranes overnight
at 4°C. Primary antibodies used were mouse monoclonal anti-B-catenin (BD Biosociences,
610154; 1:1000), rabbit polyclonal GS (Santa Cruz, SC-9067; 1:200) and rabbit
Glyceraldehyde-3-phosphate dehydrogenase or GAPDH antibody (Santa Cruz, SC-25778;
1:800). Membranes were washed in Blotto for 1h at room temperature prior to incubation of
membranes with rabbit (1:10,000), mouse (1:25,000), or goat (1:10,000) secondary
antibodies (Millipore) for 1h. Membranes were again washed in Blotto for 1h at room
temperature prior to expose to either SuperSignal West Pico or Femto Chemiluminescent
Substrate (ThermoScientific) for 1-2 minutes at room temperature. The bands reflective of
target proteins were viewed by autoradiography.

Histology and Immunohistochemistry (IHC)

Tissue samples were embedded in paraffin and cut into 4um sections. Tissue sections were
de-paraffinized in xylene and hydrated through graded alcohol rinses from 100% to 95% to
dH20, and eventually washed in 1x Phosphate buffered saline (PBS). Slides were next
incubated in Eosin stain for 30 seconds followed by 2 washes in 95% ethanol and 2 washes
of 100% ethanol. Slides were counterstained in Shandon’s Hematoxylin solution for 1
minute and gradually dehydrated in alcohol and xylene before mounting cover slips with
DPX.

For IHC, de-paraffinized sections were microwaved in citrate buffer for antigen retrieval.
Endogenous peroxidases were quenched with 3% hydrogen peroxide. Slides were blocked
with Super Block (UltraTek) for 10 minutes and additional antigen retrieval was conducted
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using antigen-unmasking solution (Vector Labs). Primary antibodies used were rabbit anti-
[3-catenin (Santa Cruz, SC-7199; 1:150) or goat anti-p-catenin (Santa Cruz, SC-1496; 1:150),
rabbit anti-GS (Santa Cruz, SC-9067; 1:100) and rabbit anti-cyclin-D1 (Neomarkers,
RB-9041; 1:100), diluted in PBS and sections were incubated for 1h at room temperature.
Sections were washed in PBS 3x followed by horseradish-peroxidase-conjugated secondary
anti-Goat (1:200) or anti-Rabbit (1:200) antibodies (Millipore) added to the slides for 30
minutes at room temperature. The secondary antibody signal was detected with DAB
(Vector Labs) and the signal was quenched with dH,O before counterstaining with Shandon
solution (Sigma Aldrich). After dehydration in alcohol and xylene, slides were cover-slipped
with DPX (Fluka Labs). Negative controls were done without primary antibody. Images
were taken on Axioskop 40 (Zeiss) inverted brightfield microscope.

For terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) IHC, slides
were stained using the ApopTag peroxidase kit (Intergen Co., Purchase, NY) as per the
manufacture’s protocol.

Enzyme-linked immunosorbent assay (ELISA)-based serum Lect2 estimation

RESULTS

We recently reported serum LECT?2 as a biomarker of 3-catenin gene mutations in murine
HCC [26]. Here, we used mouse LECT2 ELISA kit (Medical & Biological Laboratories
(MBL) Co, Ltd, Niigata, Japan) to measure serum levels, according to the manufacturer’s
protocol.

LNA directed against B-catenin efficaciously inhibits p-catenin activity in vitro and in vivo

To determine in vitro efficacy, Hep3B cells stably expressing S33Y-f3-catenin or Snu-398
HCC cells which carry point mutation in CTNNBL, were transfected with TopFlash reporter
and treated with 5uM of scrambled (EZN-3046) or B-catenin LNA (EZN-3892) as described
in methods. A significant decrease in [3-catenin-TCF reporter activity was evident at 48h and
72h after B-catenin-directed LNA treatment when compared to respective scrambled control
LNA treatments as shown for S33Y-p-catenin-Hep3B cells (Fig. 1A). Cell lysates from both
cell lines were assayed for total 3-catenin levels and show a notable knockdown only after
48h EZN-3892 treatment (Fig. 1B).

In order to assess in vivo efficacy, wild type C3H/He mice were injected 5 times with
15mg/kg of EZN-3046 (n=2) or EZN-3892 treated mice (n=3), every other day (Fig. 1C). At
the conclusion of this study, liver weight to body weight ratio showed no significant
difference between the two groups (Fig. 1D). However, total f-catenin protein levels by WB
were notably less after EZN-3892 treatment (Fig. 1E). Similarly, WB showed a dramatic
decrease in GS (Fig. 1E). Furthermore, IHC detected a decrease in B-catenin and pericentral
GS expression of EZN-3892-treated group (Fig. 1F). Thus, EZN-3892 effectively suppresses
[3-catenin expression and activity both in vitro and in vivo.
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Validation of chemical carcinogenesis diet selecting for HCC harboring p-catenin gene

mutations

To demonstrate the therapeutic efficacy of f-catenin inhibition as a potential treatment
strategy for HCC, we next established a previously published model that selects for 3-
catenin gene mutations, as also described in methods [21]. Upon sacrifice, tumors were
visible in DEN only group and DEN/PB group. Microscopic analysis of 4 representative
lobes from each animal exhibited notably higher tumor burden in DEN/PB group (Figure
2A). More importantly, while liver tumors in DEN only group never showed nuclear -
catenin, most tumor cells within nodules in DEN/PB group showed nuclear 3-catenin (Fig.
2B). These tumors were also strongly positive for GS (Fig. 2C). Quantification of GS-
positive nodules as an indicator of CTNNB1 mutations and Wnt activation showed that
indeed around 90% of HCC in this model are -catenin-active as also published elsewhere
(Fig. 2D) [22]. The predominant mutations in CTNNB1 observed in this model were S33Y
as recently reported [26]. Thus DEN/PB model of HCC is relevant to directly test any
therapeutic benefit of B-catenin inhibition.

Use of B-catenin LNA in DEN/PB model of HCC leads to notable suppression of B-catenin

signaling

To demonstrate efficacy of LNA to suppress p-catenin and its downstream signaling,
DEN/PB exposed male C3H/He mice, were stratified into 3 groups at around 7 months after
initiation of PB diet. Group one received 15mg/kg of EZN-3046 (n=11), group two received
15mg/kg of EZN-3892 (n=6) and group 3 received no treatment (n=5) as described in
methods (Figure 3A).

Following treatment, the livers from mice from all three groups were used to prepare whole
cell lysate to test for B-catenin and GS levels by WB analysis. A notable decrease in both f3-
catenin and GS was observed following the administration of EZN-3892 as compared to the
other groups (Fig. 3B). Thus, LNA directed against -catenin clearly suppresses p-catenin
expression and signaling in DEN/PB model of HCC.

Therapeutic efficacy of p-catenin suppression by LNA in DEN/PB model of HCC

The timing of stratification and initiation of therapy at around 7 months was chosen based
on previous imaging study that showed existence of MRI-detectable tumors even at 6
months after DEN administration [29]. To verify existence of disease in our study at the
time of treatment initiation, a representative animal was sacrificed at this time. Several GS-
positive microscopic nodules were observed in the liver (Fig. 3A). After 10 treatments livers
from the EZN-3892 group showed a striking abrogation of the disease as compared to
EZN-3046 (Fig. 3C).

We next examined serum from EZN-3046 and EZN-3892 treated mice for a recently
published biomarker of active 3-catenin signaling [26]. Serum was available from 11 mice in
EZN-3046 group and 4 mice from EZN-3892 group. As assessed by ELISA, there was a
significant decrease in serum LECT?2 levels in EZN-3892 versus EZN-3046 treated group,
which coincided with a complete response to anti--catenin therapy in the former group
(Fig. 3D).
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Histological analysis from H&E stained sections with all 4 lobes represented on a slide
showed a significant decrease in the number of microscopic tumor nodules in EZN-3892
treated group versus both untreated or EZN-3046 treated groups (Fig. 3E). This was more
apparent in tiled images of representative liver lobes from each group for H&E and GS IHC,
which show a striking absence of microscopic tumor nodules demonstrating a remarkable
therapeutic effect of B-catenin suppression in this model (Fig. 3F).

Decreased cell proliferation and enhanced cell death is observed after B-catenin
suppression in DEN/PB model

To address mechanism by which B-catenin knockdown led to regression of tumors, we
examined B-catenin and cyclin-D1 localization in EZN-3046- and EZN-3892-treated livers.
As shown in a representative IHC, several tumor cells within nodules were positive for
nuclear B-catenin and cyclin-D1 in EZN-3046 treated group (Fig 4A). As a result, tumor
nodules were positive for Ki-67, a marker of cells in S-phase (Fig. 4B). No tumor nodules
were evident in the EZN-3892 group and most hepatocytes lacked p-catenin staining other
than some at membrane and only isolated hepatocytes showed some remnant cytoplasmic f3-
catenin (Fig. 4A). In addition, most cells lacked any nuclear cyclin-D1 in this group (Fig.
4A). As a result, hepatocytes were negative for Ki-67, although some non-parenchymal
cells, especially endothelial cells were positive for this marker (Fig. 4B). Thus one
mechanism by which p-catenin suppression affects tumor growth in vivo is by affecting cell
proliferation.

TUNEL staining to address any difference in cell death was also performed. While no or
occasional TUNEL-positive cells were evident within tumor nodules in the EZN-3046
group, EZN-3892 treated livers showed increased TUNEL-positivity (Fig. 4D). Thus,
impaired cell viability may also be a mechanism of HCC regression after p-catenin
suppression.

B-Catenin suppression in non-p-catenin gene mutated HCC does not impact tumorigenesis

To address if p-catenin inhibition could impact tumor growth in HCC that do not harbor
CTNNBL1 mutation, we administered EZN-3046 or EZN-3892 TO DEN-only injected mice.
None of the tumors were positive for nuclear p-catenin- or GS (data not shown) since HCC
in this model is due to Ha-ras or B-raf mutations [35]. f-Catenin knockdown by LNA did
not affect tumor incidence in this model (Fig. 4D). This demonstrates the therapeutic
efficacy of B-catenin suppression only in tumors with active-B-catenin, which in our study
were due to CTNNBL1 mutations.

DISCUSSION

Activation of Wnt/B-catenin signaling pathway in primary HCC is evident in a significant
subset of tumors [24]. Various in vitro proof-of-concept studies have demonstrated that
suppression of Wnt signaling can impact tumor cell proliferation and survival. Using sSiRNA
or gamma guanidine-based peptide nucleic acid antisense, we have shown Whnt signaling
active HCC cells to succumb to B-catenin knockdown [8, 42]. Additionally, tumor xenograft
studies have substantiated Wnt inhibition as a viable therapeutic intervention in HCC [37].
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However, to date a study is lacking that demonstrates significance of -catenin inhibition in
a model, which similar to patients innately utilizes activating CTNNB1 mutations to drive
HCC. In the current study, we use locked nucleic acid antisense to suppress B-catenin
expression in the DEN/PB model of B-catenin-driven HCC [1]. A dramatic impact on HCC
was evident in the form of complete response in a model, which utilized activating f-catenin
gene mutations to drive tumorigenesis. Thus our study for the first time shows that anti-f3-
catenin therapies would be highly significant in a select group of tumors that exhibit notable
[-catenin activation through mutations in CTNNBL1.

DEN/PB model was identified by Dr. Schwarz group to allow for hepatocarcinogenesis
through activating CTNNB1 mutations that are commonly observed in a significant subset of
HCCs in patients [1, 22, 35]. While the exact mechanism of how this specific protocol
selects for 3-catenin gene mutations is not know, a possible mechanism can be speculated.
DEN at high doses in 6-week-old male leads to DNA damage and adducts possibly through
oxidative stress, which may lead to mutations in CTNNBL1 along with others [28]. Since
Constitutive Androstane Receptor (CAR), a nuclear orphan receptor, was recently identified
as a B-catenin target [16], it is likely that introduction of PB, which is a CAR agonist,
provides growth advantage to hepatocytes with activating -catenin gene mutations [3, 17].
Thus tumor nodules in DEN/PB model are predominantly B-catenin mutated. Our study
using LNA against -catenin conclusively demonstrates the druggability and effectiveness of
[3-catenin inhibition as a therapeutic strategy in the DEN/PB model of HCC. It is relevant to
emphasize that f-catenin directed LNA treatment was initiated at 7 months after PB diet was
started. At this time the disease is already known to exist as previously reported and was
also verified directly in our study [29]. Down-regulation of 3-catenin in these existing
tumors clearly led to a complete response demonstrating a therapeutic benefit of inhibiting
this oncoprotein albeit in only B-catenin mutated HCCs as no effect of f-catenin suppression
was observed on non-B-catenin mutated tumors occurring in DEN only treated animals [35].
At the same time, it cannot be ruled out that administration of f-catenin LNA prevented
emergence of newer tumor foci and hence may simultaneously have chemoprophylactic role
as well. Another recent study using DEN/PB in inducible conditional $-catenin knockout
mice also demonstrated that deletion of B-catenin from some tumor nodules affected
proliferation and reduced tumor burden [30].

While the precise mechanism of how [-catenin suppression led to involution of tumors is
unclear, it is likely through the downregulation of its target genes. Several $-catenin targets
play a role in tumor biology, such as cyclin-D1 and c-myc in cell proliferation, survivin in
cell viability, GS in tumor cell metabolism, VEGF-A in tumor angiogenesis and EpCAM in
cancer stem cell expansion. In current study, we show that -catenin suppression in vivo led
to a complete response. Due to limited LNA, amount of time required to establish HCC in
DEN/PB model and numbers of mice required for additional time points, we were unable to
do time course to determine temporal effects of -catenin suppression. However, at the
conclusion of the study, there was a notable decrease in cell proliferation and an increase in
cell death. This may be due to cumulative effect of B-catenin suppression on expression of
targets such as GS, cyclin-D1 and perhaps others [4, 15]. Glutamine is known to play an
important role in tumor cell viability and usually glutamine addicted tumors are
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reprogrammed to derive this amino acid through the tricarboxylic acid cycle [40]. Since B-
catenin mutated tumors overexpress GS [22], this could be the major source of glutamine for
metabolism and thus B-catenin suppression may deprive such tumors of glutamine to impair
tumor cell viability. Indeed glutamine deprivation through specific modalities has revealed
glutamine addiction of the f-catenin-mutated tumors [6, 33]. Simultaneously, a direct
regulation of cyclin-D1 in liver cells by p-catenin is also likely contributing to abrogation of
tumorigenesis upon its suppression [32]. Thus, any suitable modality to inhibit -catenin
expression or activity may have a potential to be investigated for therapeutic benefit.

Could B-catenin be a realistic target in HCC? Since HCCs commonly arise in livers with
advanced fibrosis and ongoing regeneration, a target may have antifibrotic function and be
redundant in liver regeneration. Indeed p-catenin inhibition has been shown to ameliorate
fibrosis and is also redundant in liver regeneration [5, 32]. Also, despite the fact that -
catenin is vital to the adherens junctions, its loss or suppression both in vitro and in vivo
have been shown to be compensated by upregulation of plakoglobin [38, 39].

Various groups have utilized different methods to target p-catenin signaling. Our lab has
shown R-Etodolac, an enantiomer of a nonsteroidal anti-inflammatory drug S-Etodolac, to
inhibit Wnt signaling in HCC cell lines [2]. We have also shown pegylated interferon-a2a to
induce export of nuclear B-catenin in HCC [34]. Another group developed a small molecule
ICG-001, which reduces -catenin activity in colon cancer cells [11]. Currently, a second-
generation compound of ICG-001, PRI-724, is in multiple Phase | and Phase Il trials for
pancreatic adenocarcinoma, solid tumors and for myeloid malignancies respectively
(NCT01764477) (NCT01302405) (NCT01606579). Recently, we have also utilized
structure-function analysis to identify 1CG-001 like molecule PMED-1, which suppresses 3
catenin activity in HCC cells and in zebrafish [9]. In current study we used LNA to target -
catenin expression.

LNA oligonucleotides were initially used as molecular probes for microarray gene analysis
because of their high binding affinity to DNA and RNA [27]. However, LNAs differ from
normal DNA or RNA nucleotides, as they have a methylene bridge that “locks” the 2P-
oxygen in the ribose backbone to the 4P-carbon and stabilizes the position of the phosphate
backbone resulting in superior hybridization [18]. Because LNA can easily hybridize with
an intended DNA or RNA target of interest, inhibition of gene expression occurs via
activation of RNase H recognition and degradation pathway [36]. In vitro efficacy of LNA
in inhibiting gene expression is well recognized with an advantage of transfection by known
lipophilic methods [10]. Chemotherapeutic implications were also realized in vivo such as
targeting a subunit of RNA polymerase that reduced tumor burden [14]. The ease of LNA
synthesis and its mass production makes it an attractive modality for specifically targeting
known oncogenes driving cancer progression for personalized medicine [31]. In the current
study we show that LNA is a relevant modality to target active Wnt/B-catenin signaling in a
subset of HCC cases.
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ABBREVIATIONS
HCC Hepatocellular cancer
LNA Locked nucleic antisense
DEN/PB Diethylnitrosamine and Phenobarbital
GSK-3B Glycogen synthase kinase-3
APC Adenomatous polyposis coli
Fzd Frizzled
LRP low-density lipoprotein receptor related protein
CREB CAMP response element-binding protein
CBP CREB binding protein
TCF T-cell factor
LEF Lymphoid enhancing factor
GS glutamine synthetase
FBS Fetal bovine serum
RIPA Radio immunoprecipitation assay
PVDF polyvinylidene fluoride
GAPDH Glyceraldehyde-3-phosphate dehydrogenase
PBS Phosphate buffered saline
TUNEL Terminal deoxynucleotidyl transferase dUTP nick end labeling
ELISA Enzyme linked immunosorbent assay
IHC Immunohistochemistry
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Figure 1. Locked nucleic acid antisense effectively inhibits B-catenin expression and activity both

invitroand in vivo

A. Treatment of S33Y-B-catenin-transfected Hep3B cells with 5uM B-catenin LNA
(EZN-3892) decreases TopFlash reporter activity significantly (p<0.05) at 48h and 72h as

compared to scrambled control LNA (EZN-3046).

B. Treatment of Snu-398 HCC cells that harbor mutation in CTNNBL, with 5pM EZN-3892
decreases total B-catenin protein at 48h as compared to EZN-3046. Decrease in 3-catenin
was also observed following 72h treatment of S33Y-B-catenin-Hep3B cells with EZN-3892.

GAPDH verifies protein loading.
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C. Schematic showing treatment of normal C3H/He adult male mice 5 times with EZN-3892
or EZN-3046.

D. WB from livers of EZN-3892 (n=3) or EZN-3046 (n=2) treated mice show a notable
decrease in both B-catenin and GS in the former group. GAPDH verifies protein loading.

E. Comparable liver weight to body weight ratio were evident after 5 injections of
EZN-3892 and EZN-3046.

F. A notable decrease in hepatic p-catenin staining as well as GS staining was evident in
representative IHC from EZN-3892-treated mice as compared to EZN-3046 group.
(Magnificantion-50X; Inset-200X).
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Figure 2. DEN/PB treatment leads to HCC, which displays B-catenin activation in tumor nodules
A. Quantification of microscopic nodules after PB, DEN or DEN/PB treatment shows a

notable increase in average nodule numbers per section per representative lobe shows a
more pronounced disease in DEN/PB model. In addition, while all microscopic nodules in
DEN alone were GS-negative, most nodules were GS-positive in DEN/PB model. No tumor
nodules were evident in age-matched untreated controls or in PB only treatment.
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B. Representative IHC for B-catenin from different conditions display mostly membranous
[3-catenin in all conditions except within tumor nodules in DEN/PB model where clear
nuclear localization of B-catenin is evident.

C. Representative IHC for GS from different conditions display mostly pericentral
hepatocytes to be GS-positive in all conditions except within tumor nodules in DEN/PB
model where entire microscopic nodule is diffusely GS-positive.

D. A representative tiled image from a reconstructed lobe of DEN/PB treated animal
displays several microscopic HCC nodules that are strongly GS-positive.
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Figure 3. LNA directed against B-catenin abolishes HCC in DEN/PB model
A. Schematic showing DEN/PB protocol and stratification of C3H/He male mice for

treatment with EZN-3892, EZN-3046 or no treatment. Representative IHC of liver sections
from one mouse at around 7 months after starting PB diet shows existence of 4 GS-positive
microscopic foci (total 6 observed in this animal) verifying preexisting disease at the time of
initiation of treatment.

B. WB from representative liver samples from mice subjected to DEN/PB protocol and then
left either untreated, or treated with EZN-3892 or EZN-3046. A notable decrease in total -
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catenin and GS levels are evident in EZN-3892-treated livers as compared to all other
groups.

C. Gross pictures of representative livers depict clear loss of gross tumorigenesis after 10
doses of EZN-3892 treatment as compared to EZN-3046.

D. ELISA on serum for Lect2 from mice on DEN/PB protocol treated with EZN-3892 (n=4)
showed a significant (p=0.014) decrease as compared to EZN-3046 treated group (n=11).
(SD: Standard Deviation).

E. Quantification of microscopic nodules from mice on DEN/PB protocol subjected to
EZN-3892 (n=6) shows a significant decrease in average nodule numbers per section per
representative lobe as compared to no treatment group (n=11; p=0.003) as well as from
EZN-3046-treated group (n=5; p=0.046). No significant differences in microscopic hepatic
nodule numbers were evident between untreated and EZN-3046-treated groups (p=0.277).
(SD: Standard Deviation).

F. Representative tiled images for liver H&E (upper row) and GS IHC (lower row) depicts
presence of several nodules that are GS-positive in EZN-3046-treated animals versus
absence of nodules or GS-immunoreactivity in EZN-3892-treated animals.

J Hepatol. Author manuscript; available in PMC 2016 February 01.



1duosnuey Joyiny vd-HIN 1duosnuen Joyiny Vd-HIN

1duosnue Joyiny vd-HIN

Delgado et al. Page 19

A EZN-3046 EZN-3892

Ki-67

EZN-3892

(@
m
N
kA
w
=
S
o

TUNEL

O

il

4
2
1
0.8
0.6 1
0.4
0.2
0

85
=

g%
gL
o S
55
L&)
Eo
=7
Ll
2=
o0
ah
> o
a o

ENZ-3046 ENZ-3892
Treatment

Figure 4. LNA directed against B-catenin decreases hepatic B-catenin, cyclin-D1 and cell
proliferation and induces apoptosis in DEN/PB model only

A. Representative IHC shows microscopic tumor nodules (Tu.) in mice on DEN/PB protocol
that were treated with EZN-3046 to be strongly nuclear B-catenin-positive (upper row),
while also displaying concomitant cyclin-D1-positivity within tumor nodules (lower row).
However, following EZN-3892 treatment, no tumor nodules are visible and only occasional
hepatocytes were positive for cytoplasmic -catenin and only rare hepatocyte showed
positivity for cyclin-D1. (Magnification: 200x)
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B. Representative IHC shows tumor nodules (Tu.) in mice on DEN/PB protocol that were
treated with EZN-3046 to be positive for Ki-67, a marker of cells in S-phase. However,
following EZN-3892 treatment, only occasional hepatocytes were positive for Ki-67, while
some cells with flattened endothelial morphology were Ki-67 positive (inset).
(Magpnification: 100x; Inset-200x)

C. Representative IHC shows tumor nodules (Tu.) in mice on DEN/PB protocol that were
treated with EZN-3046 to be negative for TUNEL. However, following EZN-3892
treatment, some hepatocytes were TUNEL-positive (Magnification: 100x)

D. Quantification of microscopic nodules from mice on DEN only protocol treated with
EZN-3892 (n=6) or EZN-3046 show comparable numbers of microscopic nodules per
section per representative lobe, showing no decrease in HCC when B-catenin is inhibited in
tumors that are not pB-catenin-active. (SD: Standard Deviation).
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