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Simultaneous mutations in CTNNBI1 and activation of c-MET occur in 9%—-12.5% of patients with hepatocellu-
lar carcinoma (HCC). Coexpression of c-MET-V5 and mutant B-catenin-Myc in mouse liver by sleeping beauty
transposon/transposase and hydrodynamic tail vein injection (SB-HTVI) led to the development of HCC with
70% molecular identity to the clinical subset. Using this model, we investigated the effect of EMD1214063,
a highly selective c-MET inhibitor. Five weeks after SB-HTVI when tumors were established, EMD1214063
(10 mg/kg) was administered by gastric gavage as a single agent on 5-day-on/3-day-off schedule, compared to
vehicle only control. Mice were harvested at 8 or 11 weeks posttreatment. Decreased p-MET, p-AKT, p-STAT3,
and p-ERK proved in vivo efficacy of EMD1214063. We observed lower Ki-67, PCNA, V5-tag, and cyclin
D1 after EMD1214063 treatment only at 8 weeks. Overall, no significant differences were observed in tumor
burden between the groups, although EMD1214063 marginally but significantly improved overall survival by
1.5-2 weeks. Tumors remained o-fetoprotein®, did not show any differences in inflammation, and lacked fibrosis
in either group. In conclusion, c-MET inhibition alone had a minor effect on Met-B-catenin HCC at the early
stages of HCC development. Thus, a single therapy with the c-MET inhibitor will be insufficient for sustained
response in Met-B-catenin HCC requiring assessment of additional combinations.
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INTRODUCTION

Hepatocellular carcinoma (HCC) is a primary malig-
nancy of the liver and is the third most lethal cancer
worldwide, with over 500,000 new cases of HCC diag-
nosed each year'?. Both the incidence rates and death
rates due to HCC are increasing in the US and other
parts of the world. Analysis of the National Cancer
Institute Surveillance, Epidemiology and End Results
(SEER) Database of the National Cancer Institute in
the US revealed alarming trends in HCC incidence®”.
Unfortunately, HCC is typically diagnosed late in its
course, with a median survival following diagnosis of

approximately 6 to 20 months. In the US, 2-year survival
is less than 50%, and 5-year survival is less than 20%*.
Liver transplantation and surgical resection are consid-
ered the most effective treatments of HCC. However,
surgical treatments are only appropriate for a minority of
patients. Other therapeutic options are limited, with only
two systemic therapies: first-line sorafenib and second-
line regorafenib’. Unfortunately, these two drugs extend
the median overall survival of patients with advanced
HCC by <3 months. Recent accelerated approval of the
immunotherapeutic nivolumab underscores the impor-
tance of further molecular characterization of HCC for
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improved therapies’. Overall, there is an urgent need to
actively seek new therapeutic modalities in the systemic
treatment of advanced HCC’.

The oncoproteins ¢-MET and B-catenin play critical
roles in hepatocarcinogenesis. Overexpression of c-MET
occurs in about 50% of HCC specimensx, and about 40%
of HCC tissues contain aberrant activation of B-catenin
mainly due to missense mutations in the B-catenin gene’.
In a previous study, we showed that coactivation or
overexpression of c-MET and B-catenin gene mutations
occurs in 9%-12.5% of all HCC patients'’. When c-MET
and mutant -catenin were coexpressed in the liver using
sleeping beauty transposon/transposase (SB) and hydro-
dynamic tail vein injection (HTVI), it led to occurrence of
HCC with high penetrance'’. The tumors occurring in the
Met-B-catenin model displayed around 70% similarity in
gene expression to clinical HCC that displayed concomi-
tant CTNNB1 mutations and c¢-MET overexpression'.
Thus, this model recapitulates around 11% of a clinical
subset of HCC with high concordance and can be used to
interrogate therapies for their effectiveness.

c-MET has emerged as a promising target in the devel-
opment of anticancer therapeutics because of its low level
of expression in normal tissues and its aberrant activa-
tion in many human cancers'. Several strategies have
been used to inhibit c-MET activity, including c-MET-
or hepatocyte growth factor (HGF)-specific antibodies
or small-molecule inhibitors. In the generation of small-
molecule inhibitors targeting the adenosine triphosphate
(ATP)-binding pockets of the c¢-MET protein kinase,
a major obstacle has been the high degree of sequence
identity within the ATP-binding clefts of other canonical
protein kinases'". Indeed, all currently approved small-
molecule protein kinase inhibitors exhibit promiscuous
binding, targeting multiple enzymes. EMD1214063, also
known as tepotinib and MSC2156119, is a highly selec-
tive inhibitor of c-MET tyrosine kinase with potential

Table 1. Information on all Mice Used in the Current Study
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antineoplastic activity'>'"*. In the current study, we inves-
tigate the antitumor efficacy of EMD1214063 in the clin-
ically relevant Met-f-catenin mouse model to evaluate
the possibility of monotherapy in HCC patients in this
HCC subtype.

MATERIALS AND METHODS
Drugs
EMD1214063 [3-(1-(3-(5-(1-methylpiperidin-4-ylmet
hoxy)-pyrimidin-2-yl)-benzyl)-1,6-dihydro-6-oxo-pyri
dazin-3-yl)-benzonitrile] was obtained from Medchem
Express (Cat. No. HY-14721), diluted in 5% dimethyl

sulfoxide (DMSO)+corn oil and stored in aliquots at
-20°C.

Animal Experiment

Wild-type FVB/N mice were obtained from the
Jackson Laboratory (Bar Harbor, ME, USA). SB plasmids
and HTVI have been described previously'*". Briefly,
5 ug of pT3-EF5-cMET-VS5 and 5 pg of pT3-EF5-S45Y-
B-catenin-Myc combination along with the transposase
in a ratio of 25:1 were diluted in 2 ml of normal saline
(0.9% NaCl; endotoxin free; TEKnova), filtered through
a 0.22-um filter (Millipore), and injected into the lateral
tail vein of 12 FVB mice that were around 6—8 weeks old
in 5-7 s. These mice are referred henceforth as Met-[3-
catenin mice. Five weeks after injection, Met-B-catenin
mice were randomized into two groups: a 5-day-on/
2-day-off treatment schedule with vehicle (n=6, 5%
DMSO plus corn oil, once a day) and EMD1214063 (n=
6, 10 mg/kg, gavage with feeding needle, dissolved with
5% DMSO +corn oil, 0.05 mg/ml, once a day). Animals
on EMD1214063 treatment were sacrificed at 8 or 11
weeks. Similarly, animals on vehicle control treatment
were sacrificed at either 8 or 11 weeks.

A list of all mice used in the study is provided in Table 1.
Mice were housed, fed, and monitored in accordance

Treatment Time =~ Body Weight ~ Liver Weight ~ LW/BWx100

No. Sex Strain Treatment Point (Weeks) (BW) (2) (LW) (g) (%)

1 Male FVB Control - 29.96 1.71 5.70
2 Male FVB Control - 31.37 5.75 18.33
3 Male FVB Control - 30.42 3.45 11.34
4 Male FVB Control - 29.87 3.11 10.41
5 Male FVB Control - 35.05 3.31 9.44
6 Male FVB Control - 32.87 6.37 19.38
7 Male FVB EMD1214063 8 30.84 1.37 4.44
8 Male FVB EMD1214063 8 30.23 2.04 6.75
9 Male FVB EMD1214063 8 30.47 2.17 7.12
10 Male FVB EMD1214063 11 29.07 2.97 10.22
11 Male FVB EMD1214063 11 32.14 6.13 19.07
12 Male FVB EMD1214063 11 30.32 3.93 12.96
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with the protocols approved by the Institutional Animal
Care and Use Committee at the University of Pittsburgh,
School of Medicine. Body weights (BWs) and liver
weights (LWs) were recorded and are included in Table 1.

Immunohistochemistry

Liver specimens were fixed in 10% buffered formalin
and embedded in paraffin. Hematoxylin and eosin (H&E)
staining on 4-um liver sections was performed to note
the appearance and characteristics of preneoplastic and
neoplastic foci at different times after tail vein injection.
Immunohistochemistry (IHC) was performed on these
sections as well. Briefly, deparaffinized sections were
incubated in 3% H,0, dissolved in 1x phosphate-buffered
saline (PBS) for 30 min to quench the endogenous per-
oxidase. For antigen retrieval, slides were microwaved in
10 mM citrate buffer (pH 6.0) for 12 min. Subsequently,
slides were incubated with primary antibodies overnight
at 4°C. All the primary antibodies used in the present
study are listed in Table 2. After washes, the sections
were incubated in the appropriate biotin-conjugated sec-
ondary antibody (Chemicon, Temecula, CA, USA) for
30 min at room temperature. Signal was detected using
the Vectastain ABC Elite Kit (Vector Laboratories, Inc.,
Burlingame, CA USA) and developed using diaminoben-
zidine (DAB; Vector Laboratories). Sections were coun-
terstained with Shandon hematoxylin solution (Thermo
Fisher Scientific, Pittsburgh, PA, USA) and passed through
the dehydration process and coverslipped. For negative
control, the sections were incubated with secondary anti-
bodies only or with control immunoglobulin G (IgG).

For Sirius Red staining, samples were deparaffinized
and incubated for 1 h in PicroSirius Red stain (STPSRPT;
American MasterTech), washed twice in 0.5% acetic
acid water, dehydrated to xylene, and coverslipped.
Images were taken on an Axioskop 40 (Zeiss) inverted
brightfield microscope.

All indicators were quantified by counting respective
cells and total number of cells in five fields (X200 or x50)
randomly selected in each slide, and the average propor-
tion/area of positive cells in each field was counted using
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the true color multifunction cell image analysis man-
agement system (Image-Pro Plus; Media Cybernetics,
Bethesda, MD, USA).

TUNEL Assay

The ApopTag Plus Kit (Millipore Corp.) was employed
for the TUNEL assay according to the manufacturer’s
instructions. Briefly, 5-um paraffin-embedded sections
were dewaxed and pretreated in 20 mg/ml proteinase
K for 15 min at 37°C. Subsequently, the sections were
quenched in 3% H,0O, at room temperature for 15 min
and treated with terminal deoxynucleotidyl transferase
(TdT) enzyme. The reaction was stopped by immersion
in the stop/wash buffer for 15 min followed by PBS rinse
for 10 min. The sections were subsequently incubated
in anti-digoxigenin-peroxidase at room temperature for
30 min in a humidified chamber. After sufficient wash-
ing with PBS, the sections were visualized with DAB.
Negative controls were incubated in medium lacking TdT
enzyme. Nuclear immunoreactivity was considered posi-
tive. The apoptosis index corresponded to the TUNEL-
labeled cells among at least 500 cells per region and was
expressed as a percentage.

Western Blot Analysis

Livers from age-matched control FVB mice or various
treatment groups were used to prepare whole-cell lysates
as described elsewhere'”"”. Briefly, a portion of liver
was homogenized in lysis buffer [30 mM Tris (pH 7.5),
150 mM NaCl, 1% NP-40, 0.5% Na deoxycholate, 0.1%
SDS, 10% glycerol, and 2 mM EDTA] containing the
Complete Protease Inhibitor Cocktail (Roche Molecular
Biochemicals). Protein concentrations were determined
with the Bio-Rad Protein Assay Kit (Bio-Rad, Hercules,
CA, USA) using bovine serum albumin (BSA) as a
standard. Aliquots of 20-50 g lysates were denatured
by boiling in Tris-Glycine SDS Sample Buffer (Life
Technologies, Carlsbad, CA, USA), resolved by SDS-
PAGE, and transferred to polyvinylidene fluoride (PVDF)
membranes (Life Technologies) using the Bio-Rad trans-
fer apparatus (Bio-Rad). Membranes were blocked in

Table 2. Information on Antibodies Used for Immunohistochemistry in the Current Study

Antibody Catalog No. Company Species Dilution
Ki-67 NM-sP6 Thermo Scientific Rabbit 1:100
PCNA Sc-56 Santa Cruz Biotechnology Mouse 1:200
TUNEL (Kit) S7100 EMD-Millipore NA NA
V5-tag 14-6796-82 eBioscience Mouse 1:50
Myc-tag sc-788 Santa Cruz Biotechnology Rabbit 1:200
Cyclin D1 Rb-9041-P Thermo Scientific Rabbit 1:200
Glutamine synthetase  Sc-74430 Santa Cruz Biotechnology Mouse 1:100
CD45 Sc-53665 Santa Cruz Biotechnology Mouse 1:100
a-Fetoprotein Ab46799 Abcam Rabbit 1:100
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5% nonfat dry milk or 5% BSA in Tris-buffered saline
containing 0.1% Tween 20 for 1 h and probed with vari-
ous antibodies shown in Table 3. Incubation with anti-
rabbit or anti-mouse secondary antibody horseradish
peroxidase-conjugated IgG (Santa Cruz Biotechnology,
Santa Cruz, CA, USA) was done for 30 min at room
temperature. Immunoreactive bands were detected by
SuperSignal West Pico Chemiluminescense Substrate
or SuperSignal™ West Femto Maximum Sensitivity
Substrate (Thermo Fisher Scientific, Rockford, IL, USA)
and revealed by autoradiography.

Statistical Analysis

All data are presented as meanzstandard deviation
(SD). All statistics were performed using Prism 6, version
6.0 (GraphPad Software Inc., La Jolla, CA, USA). The
comparison between treatment and control group was
performed by the Student’s t-test. A value of p<0.05 was
considered significant, p<0.01 was considered highly
significant, and p<0.001 was considered extremely
significant.

RESULTS

Effect of EMD1214063 on Survival and Tumor
Growth in the Met--Catenin HCC Model

As outlined in Materials and Methods, 8 or 11 weeks
after EMD1214063 or vehicle control treatment, MET-3-
catenin mice were euthanized and livers were harvested
(Fig. 1A). Representative gross liver images show mostly
comparable gross pathology in the form of nodularity in
the control and EMD1214063 groups, although at the
8-week treatment stage the experimental group showed a
decrease in gross macroscopic nodules (Fig. 1B). Although
LW/BW ratio was marginally lower in the EMD1214063
group compared to the control group after 8 weeks of
treatment (Table 1), the difference was not statistically
significant overall or at the two individual time points

ZHAN ET AL.

(p=0.4659; p=0.2685; p=0.8184) (Fig. 1C). Kaplan—
Meier survival curve showed that treatment of Met-p3-
catenin model with EMD1241063 significantly improved
the overall survival (p=0.0396), although only margin-
ally by 1.5-2 weeks compared to the group treated with
control (Fig. 1D). This was based on time to morbidity
with speculation that greater than 3 g of LW will lead
to mortality. H&E staining of representative liver sec-
tions from the control group and the EMD1214063 group
showed the presence of several HCC foci with basophilic
cytoplasm and nuclear atypia compressing the inter-
spersed normal eosinophilic hepatocytes in both groups
and at both times, although the microscopic foci in the
EMD1214063 group at 8 weeks were smaller (Fig. 1E).

To further address the overall impact of EMDI21
4063 on tumor burden, we next stained for Myc-tag and
V5-tag, which represent mutant B-catenin and MET-
transfected hepatocytes, respectively. As expected, tumors
were strongly positive for both Myc-tag as well as V5-tag
in the control group at both 8 and 11 weeks (Fig. 2A).
EMD1214063 treatment did not have any effect on the
overall positivity for Myc-tag at both time points, and the
tumor nodules continued to be present and positive for
this marker (Fig. 2A). Quantification of THC verified lack
of any significant differences in the Myc-tag (Fig. 2B).
Furthermore, we used whole-liver lysates from the control
and experimental groups to assess overall Myc-tag levels.
There was overall some decrease in Myc-tag in the
EMD1214063 group at 8 weeks compared to all other
times (Fig. 2C). Lack of decrease in staining for Myc-tag
within tumor nodules but a modest decrease in its levels
by Western blot analysis is likely due to a transiently
lower tumor burden seen as smaller microscopic foci at
8 weeks of EMD1214063 treatment.

V5-tag representing c-MET-transfected cells did show
a discernible decrease in the overall intensity of immuno-
staining albeit only at 8 weeks while tumor nodules
continued to be positive for it at the 11-week time point

Table 3. Information on Antibodies Used for Western Blots in the Current Study

Antibody Catalogue No. Company Species  Dilution
GAPDH Sc-25778 Santa Cruz Mouse 1:2,000
Myc-tag Cs-2276s Cell Signaling Mouse 1:500
Cyclin D1 RB-9041-p Thermo Scientific Rabbit 1:1,000
AKT Cs-4685s Cell Signaling Rabbit 1:1,000
p-AKT(ser473) Cs-4060s Cell Signaling Rabbit 1:1,000
Glutamine synthetase Sc-74430 Santa Cruz Mouse 1:2,000
ERK Cs-4695s Cell Signaling Rabbit 1:2,000
p-ERK (Thr202/Tyr204) Cs-4370s Cell Signaling Rabbit 1:1,000
Met Cs-3127s Cell Signaling Mouse 1:500
p-Met (Tyr1234/1235) Cs-3129s Cell Signaling Rabbit 1:500
Stat3 Sc-8019 Santa Cruz Mouse 1:500
p-Stat3 (Tyr705) Cs-9131 Cell Signaling Rabbit 1:1,000
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Figure 1. A marginal improvement in overall survival but lack of any significant effect of treatment with the c-MET inhibitor
EMD1214063 for 8 or 11 weeks on tumor growth in the Met-B-catenin model. (A) Schematic illustrating the overall experimental
design of the study. (B) Gross liver images show comparable morphology between the control and EMD1241063 groups, although this
group showed a somewhat healthy appearance at 8 weeks as shown by lack of relative nodularity. (C) No significant difference in liver
weight/body weight (LW/BW) ratio as an indicator of overall tumor burden between the control and EMD1214063 treatment groups
overall or at 8 or 11 weeks individually [average + standard deviation (SD)]. (D) Kaplan—Meier survival curve showing EMD1241063
treatment causing marginal but significant improvement in the overall survival by 1.5-2 weeks compared to the control treatment in the
Met-B-catenin model (p =0.0396). This was based on time to morbidity as indicated by greater than 3 g of liver weight due to excessive
tumor burden. (E) Hematoxylin and eosin (H&E) staining of representative liver sections from the EMD 1214063 group versus controls
shows comparable microscopic foci.
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Figure 2. EMDI1214063 treatment of the Met-3-catenin model temporally decreases V5-tag (c-MET) but not Myc-tag (B-catenin).
(A) Microscopic foci show positivity for both Myc-tag and V5-tag in the control group at both 8 and 11 weeks. EMD1214063 treat-
ment did not have any effect on staining for Myc-tag. Staining for V5-tag showed smaller and fainter positive tumor foci after 8§ weeks
of EMD1214063, but no difference was observed at 11 weeks. (B) Quantification of immunohistochemistry (IHC) verified lack of
significant differences in Myc-tag but showed a significant decrease in V5-tag staining (*p=0.0465) after EMD1214063 treatment for
8 weeks only. (C) Western blot for Myc-tag showed decrease in Myc-tag levels at 8 weeks of EMD1214063 treatment only. GAPDH
shows comparable loading in all lanes. (D) IHC for a-fetoprotein shows tumors to be positive in both control- and EMD1214063-
treated group at both 8 and 11 weeks.
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(Fig. 2A). Quantification of THC verified a significant
decrease in V5-tag staining in EMD1214063 treatment
versus the controls (p=0.0465) at 8 weeks, indicating the
short-term advantage of c-MET inhibition in the Met-3-
catenin model (Fig. 2B).

We next examined HCCs in the Met-B-catenin model
for expression of o-fetoprotein, a common oncofetal
marker upregulated in the majority of these tumors.
Indeed, Met-B-catenin HCCs were positive for o-feto-
protein at both time points examined, although there was
intratumoral heterogeneity in its expression (Fig. 2C).
Treatment with 8 or 11 weeks of EMD1214063 did not
have an impact on overall o-fetoprotein expression in
HCCs compared to controls (Fig. 2C).

Thus, overall the microscopic and macroscopic tumor
burden appeared comparable in both the control and
experimental groups, especially at the longer time point.

Effect of EMD1214063 on B-Catenin Activation
in the Met--Catenin HCC Model

To address the effect of the MET inhibitor EMD
1214063 on Wnt signaling, we performed IHC for key
B-catenin target glutamine synthetase (GS). GS is a down-
stream target of B-catenin and has been shown to be a reli-
able biomarker of stabilizing mutations in CTNNB1'"%,
We did not find any difference in the staining intensity

A

8 weeks
EMD1214063

control

m%‘

EA control EZ3 EMD1214063

GS

WT
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for GS in the experimental versus control group at 8 or
11 weeks (Fig. 3A). The quantification of IHC for GS
verified lack of any difference between the EMD1214063
and controls (Fig. 3B). Interestingly, like Western blot
analysis for Myc-tag, we observed a marginal decrease
in GS levels at 8 weeks in the EMD1214063 treatment
group, while comparable levels were evident at 11
weeks (Fig. 3C). Taken together, it is likely that tran-
sient decrease in GS levels at 8 weeks is reflective of
marginally lesser tumor burden as reflected by smaller
microscopic tumor foci after the EMD1214063 treatment.

EMD1214063 Inhibits the c-MET Pathway
in the Met-B-Catenin HCC Model

To specifically address the efficacy of EMD1214063
in blocking c-MET signaling and determine effects on its
downstream signaling, we used tumor-bearing livers from
8- to 11-week control or EMD1214063 treatment groups
for Western blot analysis. A modest decrease in p-c-MET
(Tyr1234/1235) levels was evident in the EMD1214063-
treated group compared to the controls, while total c-MET
levels remained unaffected (Fig. 4). The overall effect on
p-c-MET was more prominent at 11 weeks. Since c-MET
activation can lead to diverse downstream signaling, we
next assessed AKT, ERK, and STAT signaling, which rep-
resent distinct signaling arms'®. Compared to WT livers,

11 weeks
EMD1214063

control

control EMD1214063

8 weeks 11 weeks 8 weeks 11 weeks

GS-positive cells/Area (%)

0- i S
All stages 8 weeks 11 weeks

Figure 3. EMD1214063 does not impact -catenin signaling in the Met-B-catenin model. (A) Microscopic foci show positivity for
glutamine synthetase (GS) in the control- and EMD1214063-treated groups at both 8 and 11 weeks. (B) Quantification of immuno-
staining showed lack of any differences in the control and experimental group at either or both time points after EMD1214063 treat-
ment. (C) EMD1214063 treatment showed a marginal decrease in total GS levels by Western blot analysis at only 8 weeks. GAPDH

shows comparable loading in all lanes.
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Figure 4. EMD1214063 inhibits c-MET signaling in the
Met-B-catenin hepatocellular carcinoma (HCC) mouse model.
Western blot analysis using whole-liver lysates from control-
and EMD1214063-treated groups at 8 and 11 weeks shows
a notable decrease in the levels of p-Met (Tyr1234/1235),
p-ERK1/2 (Thr202/Tyr204), p-AKT (Ser473), and p-STAT3
(Tyr705) levels in the EMD1214063-treated group. GAPDH
shows comparable loading in all lanes.

Met-B-catenin livers showed increased levels of p-AKT,
p-ERK, and p-STAT3, as also reported previously'.
Compared to the control, treatment with EMD1214063 led
to notable decreases in p-AKT (Ser473), p-ERK (Thr202/
Tyr204), and p-STAT3 (Tyr705) levels at both 8 weeks
and 11 weeks (Fig. 4). These results suggest EMD1214063
effectively suppresses c-MET signaling to inhibit ERK,
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phosphoinositide 3-kinase/AKT, and JAK/STAT signaling
in the Met-B-catenin HCC mouse model even though only
marginal biological response in the form of lower tumor
burden was evident transiently at 8 weeks.

Effect of EMD1214063 on Tumor Cell Survival
and Proliferation in the Met-f3-Catenin Model

Since EMD1214063 predictably had no effect on
[B-catenin signaling but impacted c-MET signaling while
temporally and transiently lowering tumor burden at
8 weeks of treatment and improving survival marginally
but significantly, we next interrogated the basis of this
effect. The effect of EMD1214063 on cell viability and
proliferation in the Met-f-catenin model was examined
by IHC for TUNEL, and Ki-67, PCNA, and cyclin DI,
respectively. TUNEL staining showed a few apoptotic
nuclei in both groups at both time points (Fig. SA), and its
quantification revealed insignificant differences (Fig. 5B).
The numbers of Ki-67" cells were significantly lower in
the tumors from the EMD1214063 group compared to
those from the control group in combined analysis from
8 to 11 weeks (p=0.0004), at 8 weeks (p=0.0096), and at
11 weeks (p=0.042) (Fig. 5A and B). Likewise, numbers
of PCNA" cells were significantly lower in the tumors in
the EMD1214063 treatment group compared to controls
in the combined analysis from 8 to 11 weeks (p=0.0016)
and at 8 weeks (p=0.0225) (Fig. 5A and B).

Cyclin DI is a member of the cyclin protein family
that is involved in regulating cell cycle progression. The
number of cyclin D17 cells was significantly lower in the
tumors from the EMD1214063 group compared to those
from the control group (Fig. SA), at all stages combined
(»<0.0001), at 8 weeks (p=0.0330), and at 11 weeks
(»=0.0028) (Fig. 5C). Western blot analysis similarly
confirmed a modest and consistent decrease in cyclin D1
levels in the EMD1214063 group versus controls, verify-
ing that suppression of c-MET reduced the protein levels
of proproliferative cyclin D1 (Fig. 5D).

Thus, inhibition of ¢-MET signaling in the Met-[3-
catenin model affected tumor burden and overall sur-
vival marginally, likely due to its effect on tumor cell
proliferation.

FACING PAGE

Figure 5. EMD1214063 reduces cell proliferation after 8 and 11 weeks of treatment of Met-B-catenin mice, which is associated with
a decrease in cyclin D1 levels. (A) IHC for Ki-67 and PCNA shows decrease in the EMD1214063 treatment group compared with the
control group at both 8 and 11 weeks after treatment. Cyclin D1 levels were also reduced. No change in the number of TUNEL" cells
was evident after EMD1214063 treatment at either time point. (B) Quantification of TUNEL, Ki-67, and PCNA immunohistochemis-
try shows insignificant difference in apoptosis, but significant differences in Ki-67 at combined time points (***p=0.0004), at § weeks
(**p=0.0096), and at 11 weeks (¥*p=0.042), as well as PCNA at combined time points (**p=0.0016) or at 8§ weeks (¥*p=0.0225).
(C) Quantification of cyclin D1 staining showed a significant difference in EMD1214063-treated samples compared to controls at both
times combined (***p<0.0001), at 8 weeks (*p=0.0330), and at 11 weeks (**p=0.0028). (D) Decrease in levels of cyclin D1 after
EMD1214063 was verified by Western blots as well. GAPDH shows comparable loading in all lanes.
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Effect of EMD1214063 on Inflammation and Fibrosis
in the Met-[3-Catenin Model

Last, we wanted to address if Met inhibition had any
effect on overall inflammation in the Met-B-catenin
HCC model. We assessed livers from controls and the
EMD1214063-treated group at 8 and 11 weeks for CD45"
cells. CD45" inflammatory cells were present both out-
side and within the tumor nodules at both 8 and 11 weeks
in control, which remained unchanged in the correspond-
ing EMD1214063-treated groups (Fig. 6A).

control

8 weeks

11 weeks

control

8 weeks

11 weeks

CD45

Sirius ed EMD1214063

ZHAN ET AL.

To address if there was any evidence of ongoing
fibrosis in the Met-B-catenin model, we first assessed
livers from 8- to 1l-week control-treated mice for
Sirius Red staining. As expected, staining for Sirius
Red was evident around vascular structures in the liver
section, but otherwise minimal to no positivity for this
stain for collagen was evident within or outside the
tumors in the controls (Fig. 6B). Likewise, there was no
change in staining after 8 or 11 weeks of treatment with
EMD1214063 (Fig. 6B).

EMD1214063

100x

100x

Figure 6. EMDI1214063 does not impact inflammation or fibrosis at 8 weeks or 11 weeks of treatment of Met-B-catenin mice.
(A) IHC for CD45 shows comparable inflammatory cells both within and outside the tumor foci at 8 weeks or 11 weeks in controls
or EMD1214063 treatment group. (B) Sirius Red staining shows lack of any hepatic fibrosis in control-treated Met-B-catenin mice at
either 8 or 11 weeks. No differences between controls and EMD1214063 treatment were evident at either time points.
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Thus, c-Met inhibition did not impact overall inflam-
mation or fibrosis in the Met-B-catenin HCC model.

DISCUSSION

Our previous studies found 9%—12.5% of HCC patients
have B-catenin mutations and c-MET activation'’. Using
a reductionist approach, we coexpressed c-MET and
mutant -catenin, which led to HCC that showed high
concordance to a subset of human HCC, and the tumors
displayed activation of c-MET and B-catenin. This model
allows us a unique opportunity to study the biology of
this subset of tumors and allows us to evaluate novel
therapies as a step toward precision medicine'.

Previously, we showed that downstream of c-MET,
Ras activation was important in HCC pathogenesis. In
fact, when c-MET was replaced by mutant KRAS and co-
expressed with mutant B-catenin using the SB-HTVI, it led
to HCC that was more than 90% similar to Met-B-catenin
HCC by gene expression studies”. Further, we showed
that HCC in this model was highly responsive to 3-catenin
suppression, suggesting that these tumors are dependent
on Wnt signaling for their growth and development".

Here we wanted to directly address the relevance of
c-MET suppression as a therapeutic strategy for this
HCC subset. The role of ¢c-MET in HCC is unquestion-
able'. Its role in the different stages of HCC is also well
described®. c-MET activity has also been shown to confer
resistance to sorafenib therapy in HCC®. Although inhib-
itors of c-MET/HGF signaling have demonstrated antitu-
mor potential in preclinical HCC models by decreasing
hepatocellular tumor cell proliferation, cell motility, and
invasion, and promoting apoptosis’', whether this strat-
egy will be beneficial in a clinical subset where c-MET
and B-catenin cooperate in HCC development and growth
remains elusive and was the topic of our investigation.
We used EMD1214063 to test its efficacy in the Met-j3-
catenin-driven HCC model.

EMD1214063, also known as tepotinib or MSC21
56119, is a highly selective inhibitor of c-MET tyrosine
kinase with potential antineoplastic activity and has also
shown signs of efficacy in the treatment of HCC, particularly
against c-MET" tumors in vivo'>'"* and in clinical trials™.

Our studies intriguingly showed only a modest overall
effect on HCC in the Met-B-catenin model as seen by a
transient decrease in overall tumor burden at 8 weeks after
treatment and a marginal but significant improvement in
overall survival. No effect on Wnt signaling was evident,
but c-MET signaling was affected, which was seen by a
decrease in V5-tag in EMDI1214063 versus controls at
earlier treatment stage. We did observe a notable decrease
in p-MET levels with EMD1214063 treatment, which
impacted downstream signaling, especially mitogen-
activated protein kinase kinase/ERK, phosphoinositide
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3-kinase/AKT, and STAT3'""*?!, The ultimate effect of
¢-MET suppression on tumor biology was not due to the
effect on tumor cell survival. We did not observe any
effect on inflammation within the tumor foci and outside
after EMD1214063 treatment. Tumors also continued to
be o-fetoprotein™ in both groups. EMD1214063 treatment
did suppress cell proliferation, albeit modestly and tempo-
rally, likely through affecting cyclin D1 levels.

Cyclin D1 belongs to the D-type cyclin family and
interacts with cyclin-dependent kinase (Cdk) 4/6, which
in turn phosphorylates the retinoblastoma (Rb) protein,
thereby promoting the transition from the G, to S phase
of the cell cycle™*. Cyclin D1 overexpression can play
a multitude of roles in tumors, including contributing to
cell proliferation, cell survival, chromosomal instability,
restraint of autophagy, and potentially through other non-
canonical functions®**. Decrease in cyclin D1 that was
apparent after EMD1214063 treatment was associated
with lower cell proliferation. This was intriguing because
cyclin D1 can be under B-catenin signaling control, espe-
cially in the liver in both regeneration and in cancer’ .

CTNNB1 mutations SB+HTVI
+
c-MET activation/ [lf
overexpression e /\>

(~11%)

C-MET inhibition

B-catenin inhibition

Combination (?)

Figure 7. Cartoon depicting relative response of HCC in the
Met-B-catenin mice to c-MET or B-catenin suppression. Eleven
percent of all human HCCs shows concomitant [3-catenin muta-
tions and c-MET overexpression or activation. Coexpression
of these two proto-oncogenes in mouse liver leads to HCC,
which molecularly resembles the subset of human HCC with
simultaneous B-catenin mutations and c-MET activation. When
treated with ¢c-MET inhibitors after tumors were established,
only a marginal effect on overall HCC burden was observed.
However, suppression of B-catenin led to a profound response,
and tumors were notably eliminated in a predominant subset of
mice. It is anticipated that HCC in this model may respond even
more profoundly to combined ¢-MET and B-catenin suppres-
sion, although it has not been directly investigated yet.
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We identified cyclin D1 decrease despite no change in
B-catenin signaling downstream of ¢c-MET inhibition.
However, HGF/c-MET signaling can regulate cyclin
D1 expression®*. We are unsure of the precise down-
stream effector of c-MET signaling whose suppression
by EMD1214063 treatment reduces cyclin D1.

Our study underscores the relative contribution of
B-catenin signaling in tumor growth of Met-B-catenin
HCCs once established. Inhibition of c¢-MET with
EMD1214063 only had a marginal effect, whereas sup-
pression of B-catenin in an analogous Kras-f-catenin
model showed a complete response'. Interestingly, in
another recent study from our group, we showed that
a thyromimetic small molecule that activates thyroid
receptor-B (GC-1) also coincidentally inhibited c-MET
activation and only marginally reduced tumor growth,
very similar to EMD1214063 treatment™. Taken together,
these studies suggest that inhibiting c-MET signaling
alone will not be sufficient to profoundly impact HCC in
the Met-B-catenin model, which represents around 11%
of all human HCCs (Fig. 7). We propose that a combina-
tion of ¢c-MET inhibitor and B-catenin inhibitor would be
a more effective therapy for HCC, which displays con-
comitant CTNNB1 mutations and c-MET activation.
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