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Hepatocellular carcinoma (HCC) and hepatoblastoma are the major types of primary liver cancer in
adulthood and childhood, respectively. Wnt/B-catenin signaling deregulation is one of the most
frequent genetic events in hepatocarcinogenesis. APC regulator of WNT signaling pathway (APC) en-
codes an inhibitor of the Wnt cascade and acts as a tumor suppressor. Germline defects of the APC gene
lead to familial adenomatous polyposis, and its somatic mutations occur in multiple tumor types.
However, the contribution of APC in hepatocarcinogenesis remains unclear. Therefore, APC mutations
and expression patterns were examined in human HCC and hepatoblastoma samples. Whether loss of Apc
alone or in cooperation with other oncogenes triggers liver tumor development in vivo was also
investigated. sgApc alone could not drive liver tumor formation, but synergized with activated onco-
genes (YapS127A, TazS89A, and c-Met) to induce hepatocarcinogenesis. Mechanistically, Apc deletion
induced the activation of B-catenin and its downstream targets in mouse liver tumors. Furthermore,
Ctnnb1 ablation or TCF4-mediated transcription blockade completely prevented liver tumor formation,
indicating the requirement of a functional B-catenin pathway for loss of Apc-driven hepatocarcino-
genesis. This study shows that a subset of HCC patients with loss-of-function APC mutations
might benefit from therapeutic strategies targeting the Wnt/B-catenin pathway. (Am J Pathol 2021,
191: 930—946; https://doi.org/10.1016/].ajpath.2021.01.010)

Primary liver cancer is the sixth most common cancer
worldwide, with approximately 800,000 new cases each
year.' Hepatocellular carcinoma (HCC) and hepatoblastoma
(HB) are the two prevalent primary liver malignancies
derived from mature hepatocytes or hepatic progenitor
cells.” HCC is the most common primary hepatic malig-
nancy in adults and accounts for more than 80% of liver
cancer cases.” Due to its late diagnosis, high mortality rate,
and rising incidence, HCC is a major health concern glob-
ally.” HB is the most common pediatric liver malignancy. It
is thought to arise from hepatic progenitor cells undergoing
malignant transformation during embryogenesis.” The
common histologic HB subtypes are epithelial,

mesenchymal, fetal, and embryonal. Tumors in patients with
HB rarely consist of only one cell type, usually exhibiting
the combinations of epithelial, mesenchymal, and other
histologic components.” Despite the growing incidence of
primary liver cancer, treatment options are extremely
limited for the affected patients, especially for HCC." On the
other hand, most patients with HB can be effectively treated,
but the aggressive therapies severely and negatively affect
their quality of life.” Thus, there is an urgent need to unravel
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The Role of Apc in Hepatocarcinogenesis

Table 1  Primary Antibodies for IHC

Antibody Species Dilution Company Catalog no.
Ki-67 Rabbit 1:150 Cell Signaling Technology (Danvers, MA) 12202
APC Rabbit 1:100 Abcam (Cambridge, MA) Ab40778
B-Catenin Mouse 1:200 BD Biosciences (San Jose, CA) 610153
YAP Rabbit 1:100 Cell Signaling Technology 14074
TAZ Mouse 1:200 BD Biosciences 560235
c-Met Rabbit 1:100 Abcam Ab51067
HNF4o. Rabbit 1:500 Abcam Ab181604
CEBPa Rabbit 1:500 Cell Signaling Technology 8178
SO0X9 Rabbit 1:400 Cell Signaling Technology 82630
CK7 Rabbit 1:500 Abcam Ab181598
GLUL Mouse 1:500 BD Biosciences 610518
(K19 Rabbit 1:200 Abcam Ab133496
FASN Mouse 1:500 BD Biosciences 610962
SCD1 Rabbit 1:200 Cell Signaling Technology 2794
p-mTOR-Ser2448 Rabbit 1:100 Cell Signaling Technology 2976

THC, immunohistochemistry

the molecular mechanisms of HCC and HB tumorigenesis
for the development of effective targeted therapies against
these aggressive diseases.

The Wnt/B-catenin signaling is an evolutionarily
conserved cascade, representing one of the key pathways
controlling cell proliferation, differentiation, and survival.®’
In the liver, the Wnt/B-catenin cascade regulates a plethora
of events, including hepatocyte development, and liver
metabolism, regeneration, and homeostasis.® Thus, it is not
surprising that alterations in this pathway lead to numerous
liver diseases, including cancer. In both HCC and HB, the
Wnt/B-catenin pathway is commonly hyperactivated. More-
over, frequent mutations in some key components of the Wnt
pathway have been detected in the two tumor entities, with
catenin beta-1 (CTNNBI) being the most frequently mutated
gene. CTNNBI encodes B-catenin, the essential molecular
effector of the Wnt cascade. Most of the CTNNBI mutations
are deletions or missenses substitutions at the glycogen syn-
thase kinase-33 phosphorylation motif of 3-catenin, resulting
in constitutive activation of PB-catenin. Gain-of-function
(GOF) mutations in CTNNBI1 occur in approximately 15%
to 30% of human HCCs® and in almost 80% of HB samples.”
In addition to CTNNBI-activating mutations, loss-of-
function (LOF) mutations in some components of the B-cat-
enin destruction complex, such as AXINI and APC, have been
found in HCC and HB.*'"

APC is a well-known tumor suppressor. It binds to and
enhances GSK-3f activity to facilitate B-catenin phos-
phorylation and subsequent degradation.'' Germline mu-
tations of APC lead to familial adenomatous polyposis,'”
an autosomal dominant inherited condition associated
with a high risk of developing colorectal adenomas and
hepatic tumors, including HB and HCC."*'* In particular,
compared with the general population, patients with fa-
milial adenomatous polyposis parental history or diag-
nosed with familial adenomatous polyposis have
approximately 400 to 800 times higher risk of developing
HB.'>'® Somatic LOF mutations in APC are frequently
detected in colorectal, gastric, and pancreatic tumors.'
In primary liver cancer, LOF APC mutations are detected
in approximately 3% of HCCs and 20% of HBs (COSMIC,
https://cancer.sanger.ac.uk/cosmic, last accessed
December 25, 2020). In HCCs, LOF mutations in APC
trigger the activation of the WNT/B-catenin signaling
cascade.”” APC somatic mutant HCCs are related to eti-
ologies such as hepatitis B virus infection.”' In patients
with APC germline mutations (called APC-HB), HB le-
sions exhibit the activation of the Wnt signaling
pathway.”” In the clinical setting, APC-inactivating muta-
tions in HB promote cisplatin-induced tertiary lymphoid
structures, which initiate the immune response and
contribute to a more favorable prognosis.””

Table 2  Primary Antibodies Used for Western Blot Analysis

Antibody Species Dilution Company Catalog no.
YAP/TAZ Rabbit 1:1000 Cell Signaling Technology 8418

APC Rabbit 1:500 Thermo Fisher Scientific PA530580
B-Catenin Mouse 1:1000 BD Biosciences 610153

GS Mouse 1:5000 BD Biosciences 610518
NOTCH2 Rabbit 1:10,000 Cell Signaling Technology 5732
JAG-1 Rabbit 1:1000 Abcam Ab109536
S0X9 Rabbit 1:5000 Abcam Ab185230
GAPDH Mouse 1:10,000 EMD Millipore (Burlington, MA) AB2302
The American Journal of Pathology m ajp.amjpathol.org 931
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Table 3  Primer Sequences Used for Quantitative Real-Time RT-PCR Analysis

Gene Forward Reverse

18s rRNA 5'-CGGCTACCACATCCAAGGAA-3’ 5'-GCTGGAATTACCGCGGCT-3’

Myc 5'-TGTACCTCGTCCGATTCC-3’ 5'-CATCTTCTTGCTCTTCTTCAG-3’
Cend1 5'-CGTGGCCTCTAAGATGAAGGA-3’ 5'-CCTCGGGCCGGATAGAGTAG-3’
Axin2 5'-GCTCCAGAAGATCACAAAGAGC-3’ 5'-AGCTTTGAGCCTTCAGCATC-3’
Lgr5 5'-ACCGAGCCTTACAGAGCCT-3' 5'-GCCGTCGTCTTTATTCCATTGG-3’
Lect? 5'-CCCACAACAATCCTCATTTCAGC-3’ 5'-ACACCTGGGTGATGCCTTTG-3’

Glul 5'-CAGGCTGCCATACCAACTTCA-3’ 5'-TCCTCAATGCACTTCAGACCAT-3’
Tbx3 5'-CAGGCAGCCTTCAACTGCT-3’ 5'-GGACACAGATCTTTGAGGTTGGA-3’
Sp5 5'- AGGACAGGAAACTGGGTCGT-3’ 5'-GATGGCTCGGACTTTGGA-3'

Ccn2 5'-GGGCCTCTTCTGCGATTTC-3’ 5'-ATCCAGGCAAGTGCATTGGTA-3'
Ceni 5'-CTGCGCTAAACAACTCAACGA-3’ 5/'-GCAGATCCCTTTCAGAGCGG-3’
Notch2 5'-ATGTGGACGAGTGTCTGTTGC-3’ 5'-GGAAGCATAGGCACAGTCATC-3'
Jag1 5'-CCTCGGGTCAGTTTGAGCTG-3’ 5'-CCTTGAGGCACACTTTGAAGTA-3'
Hes1 5'-AAAGCCTATCATGGAGAAGAGGCG3’ 5'-GGAATGCCGGGAGCTATCTTTCTT-3’
Hey1 5'-GCGCGGACGAGAATGGAAA-3' 5'-TCAGGTGATCCACAGTCATCTG-3’
Afp 5'-TCTGCTGGCACGCAAGAAG-3' 5'-TCGGCAGGTTCTGGAAACTG-3'
Gpc3 5'-CAGCCCGGACTCAAATGGG-3’ 5'-CAGCCGTGCTGTTAGTTGGTA-3'
Epcam 5'-GCGGCTCAGAGAGACTGTG-3' 5'-CCAAGCATTTAGACGCCAGTTT-3’

In the liver, the Hippo signaling pathway has an essential
role in controlling liver size and regeneration, as well as in
tumorigenesis.”’ Yes-associated protein (YAP) and its
paralog transcriptional coactivator with a PDZ-binding
motif (TAZ) are the major transcriptional coactivators
downstream of Hippo kinases.”* When the Hippo pathway
is turned on, YAP/TAZ are phosphorylated by the Hippo
kinases, resulting in their cytoplasmic sequestration and
proteasomal degradation.”* When the Hippo pathway is
turned off, dephosphorylated YAP/TAZ translocate into the
nucleus and interact with DNA-binding transcription fac-
tors, mainly TEADs, to activate target gene expression.”
Dysregulation of the Hippo pathway and YAP/TAZ
activation are commonly observed in HCC and HB.?* >

Activation of c-Met is another important signaling event
in HCC.””" The c-Met tyrosine kinase receptor is
expressed on the plasma membrane of the hepatocytes.”’
The dimerization and activation of c-Met through binding
with one known ligand, hepatocyte growth factor, leads to
the stimulation of multiple signaling pathways.”> Among
them, the phosphatidylinositol 3-kinase/AKT and the rat
sarcoma virus/extracellular signal-regulated kinase cascades
execute the cellular effects of c-Met activation to regulate
hepatocyte proliferation and survival.”*** Aberrant c-Met
activation occurs in approximately 50% of HCCs, where it
is associated with poor prognosis in patients.”**>*

In the present study, the mutation frequency and
expression levels of APC in human HCC and HB samples
were systematically analyzed. Whether loss of Apc, either
alone or in combination with overexpression of additional
proto-oncogenes, including Yap, Taz, or c-Met, is able to
promote liver tumor development in mice, was investigated.
The data obtained show that LOF APC mutations are pre-
sent in a small subset of human HCC samples, in which
targeting B-catenin may offer an effective treatment.
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Materials and Methods

Constructs and Reagents

The plasmids used in this study for mouse injection,
including pT3-EFla-YapS127A, pT3-EF1a-TazS89A,
pT3-EFla-c-Met, pX330-sgApc, pT3-EF1a-AN90-B-cat-
enin, pCMV, pCMV-Cre, pCMV-Sleeping Beauty trans-
posase (pCMV/SB), pT3-EFla, and pT3-EFl1a-dnTCF4,
were previously described.”’ ' The pX330-sgApc plasmid
was kindly provided by Dr. Wen Xue (University of Mas-
sachusetts Medical School, Worcester, MA). All plasmids
were extracted using the Endotoxin-Free Maxiprep kit
(Sigma-Aldrich, St. Louis, MO).

Mice and Hydrodynamic Tail Vein Injection

FVB/N mice and Ctnnb1™ (on a C57B16 background) mice
were used for this study. All mice were purchased from the
Jackson Laboratory (Sacramento, CA). Five- to 7-week—old
mice (body weight of 20 g) were subjected to plasmid
injection. Mice were injected with saline solution plus the
plasmid mixture, equivalent to 10% of body weight, via hy-
drodynamic tail vein injection in combination with Sleeping
Beauty—mediated somatic integration as described in our
previous study.”” FVB/N mice were injected with plasmids at
the following doses: Yap (20 pg)/sgApc (20 ng), Yap (20 pg)/
Beatenin (20 pg), sgApc (20 ng), Yap (20 ng)/sgApc (20 pg)/
pT3 (60 pg), and Yap (20 pg)/sgApc (20 pg)/dnTCF4 (60
ng). Cmnbl™ mice were injected with plasmids at the
following doses: Yap (20 pg)/sgApc (20 pug)/pCMV (60 pg)
and Yap (20 pg)/sgApc (20 pg)/Cre (60 pg). All the plasmids
were mixed with pCMV/Sleeping Beauty transposase
(pCMV/SB) in a 25:1 ratio and then delivered into the mice.
Mice were kept and monitored according to the protocols

ajp.amjpathol.org m The American Journal of Pathology
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Dataset | HCC cases,n | Mutated cases, n | % Mutated [l Nonsense substitution (10.5%)
[ Missense substitution (49.1%)
TCGA 372 12 3.2% [ Truncating Mutation (19.3%)
MSK 127 7 5.5% [ Deep Deletion (3.5%)
Il Frameshiftinsertion (1.8%)
INSERM | 243 3 1.2% [ Other (15.8%)
AMC 231 4 1.7%
COSMIC | 1091 31 2.84%
Total 2064 7 2.76Y
otal 06. 5 6% Total = 57

Figure 1  APC mutations in human hepatocellular carcinoma (HCC) samples. A: Analysis of APC mutations in human HCC samples based on the TCGA LIHC,
MSK, INSERM, AMC, and COSMIC databases. B: Overview of the types of APC mutations observed in human HCC samples.

approved by the Committee for Animal Research at the protocol. For IHC, sections were deparaffinized in xylene and
University of California, San Francisco. hydrated in a series of graded alcohols, and then boiled in 10
mmol/L sodium citrate buffer (pH 6.0) for 10 minutes for
antigen retrieval. After cooling down at room temperature,
sections were blocked in 10% goat serum and Avidin/Biotin
Mouse liver tissues were fixed in 10% Neutral Buffered Blocking Kit (Vector Laboratories, Burlingame, CA). Sec-
Formalin (Thermo Fisher Scientific, Waltham, MA) at 4°C tions were subsequently incubated with the primary anti-

overnight and then processed for paraffin embedding. Mouse bodies at 4°C overnight. Next, sections were subjected to 3%
liver tissue sections were cut at 5-pum thickness by tissue slicer H>0, at room temperature for 10 minutes, followed by in-

Histology and Immunohistochemistry

(Leica RM 2155; Leica Microsystems, Wetzlar, Germany) cubation with the secondary antibody at room temperature for
and used for hematoxylin and eosin (H&E; Thermo Fisher 30 minu.tes. The immun.e reaction was perf(?rmed with the
Scientific) staining and immunohistochemistry (IHC). For Vectastain Elite ABC Kit (Vector Laboratories) and devel-

H&E staining, sections were stained according to the standard oped using DAB (Vector Laboratories) as substrate.

A (n=3711) (n =69, 18.60%) (n =191, 51.48%) (n =111, 29.92%) B
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Figure 2  APC expression status in human HCC samples. A: In comparison with the APC expression in surrounding tumor normal liver samples
(mean + SD = 8.989 + 0.4675), HCC was classified into three subgroups (HCC-High, HCC-Medium, and HCC-Low) according to the APC expression.
B: Immunohistochemistry images of APC in human HCC and normal liver tissues downloaded from the Human Protein Atlas website (https://www.proteinatlas.
org, last accessed December 25, 2020). C: Extraction data from the UALCAN database (UALCAN, http://ualcan.path.uab.edu, last accessed December 25, 2020)
to analyze APC expression patterns across human cancers. Dashed boxes indicate the expression of APC in liver hepatocellular carcinoma. D: Analysis of APC
promoter methylation level in human HCC samples compared to normal liver samples based on the TCGA LIHC dataset. B—D: Images were downloaded from the
Human Protein Atlas website and UALCAN website. Data were analyzed by U-test. n = 50 normal liver samples (A). ****P < 0.0001. Scale bar = 200 pm. ST,
surrounding nontumorous liver tissue; HCC, hepatocellular carcinoma; NT, nontumorous liver; TCGA, The Cancer Genome Atlas; LIHC, liver hepatocellular
carcinoma; NL, normal liver.
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Subsequently, sections were counterstained with hematoxy-
lin and covered-slipped with ClearMount mounting medium
(StatLab, Lodi, CA). Detailed information on the antibodies
for IHC is provided in Table 1.

Protein Extraction and Western Blotting

Mouse liver tissues were homogenized for about 20 to 30
seconds and then lysed in M-PER Mammalian Protein
Extraction Reagent (Thermo Fisher Scientific) containing
the Halt Protease and Phosphatase Inhibitor Cocktail
(Thermo Fisher Scientific). Extracted protein concentrations
were quantified using the Pierce BCA Protein Assay Kit
(Thermo Fisher Scientific) and then denatured in sample
buffer (Laemmli Sample buffer: -ME = 19:1) at 95°C for
5 minutes. For Western blotting, protein samples were
separated by SDS-PAGE gel and transferred onto nitrocel-
lulose membranes (Bio-Rad Laboratories, Hercules, CA).
The membranes were blocked with 5% nonfat dry milk in
Tris-buffered saline containing 0.1% Tween 20 at room
temperature for 1 hour and then incubated with primary
antibodies at 4°C overnight. Next, the membranes were
incubated with horseradish peroxidase—conjugated sec-
ondary antibody (Jackson ImmunoResearch Laboratories,
West Grove, PA) diluted 1:5000 at room temperature for 1
hour. After washing, membranes were developed using the
SuperSignal West Pico PLUS Chemiluminescent Substrate
(Thermo Fisher Scientific), and the blotting images were
obtained by using the G-Box Gel Imaging System (Syngene
USA, Frederick, MD). Detailed information on the
antibodies for Western blot analysis is provided in Table 2.

Quantitative Real-Time RT-PCR

Total RNA was extracted from mouse liver tissues using the
Quick RNA Miniprep Kit (Zymo Research, Irvine, CA) and

then converted to cDNA using the iScript Reverse Tran-
scription Supermix (Bio-Rad Laboratories) following the
manufacturer’s protocol. Quantitative real-time RT-PCR
(qQRT-PCR) reactions were performed with 2.5 pL of cDNA
(100 ng), 0.5 pL of forward primer, 0.5 pL of reverse
primer, 5 pL of TagMan Universal PCR Master Mix
(Thermo Fisher Scientific), and 2.1 pL of distilled and
deionized water. All qRT-PCR primers were purchased
from Integrated DNA Technologies (Coralville, IA). qRT-
PCR amplification cycles were performed on the Quant-
Studio6 Flex system (Applied Biosystems, Waltham, MA).
Cycling conditions were as follows: polymerase activation
at 95°C for 10 minutes, 40 cycles: denaturation at 95°C for
15 seconds, and extension at 60°C for 1 minute. Primer
sequences are listed in Table 3.

Statistical Analysis

All data are presented as means = SD and analyzed with
Prism version 6.0 software (GraphPad Software, San Diego,
CA). Statistical analysis was performed using the U-test for
nonparametric data or unpaired -test for parametric data. The
log-rank (Mantel-Cox) test was applied to analyze mice sur-
vival curves. P < 0.05 was considered statistically significant.

Results

APC Mutations and Expression Status in Human HCC
and HB Samples

Although the Wnt signaling pathway plays a well-
established pivotal role in liver tumorigenesis, little is
known about the specific contribution of APC, a key
regulator of the Wnt pathway, on liver oncogenesis. To
characterize the molecular functions of APC in liver tumors,

B

O Missense substitution (77.8%)
Il Frameshift insertion (11.1%)

Dataset HB cases, n Mutated cases, n % Mutated
COSMIC 39 9 23.08%
Total 39 9 23.08%

B Other (11.1%)

c

2 6.259

?

g 6.00+

% 5.751

)

<zt 5.50+

% 5.254

E 5.00+

< 4.75+

.“2’ 4.50+ .

E 425 —4—— 71—

&, ) «0\?\
&

934

Total =9

Figure 3  APC mutation and expression status in human HB
samples. A: Analysis of APC mutations in human HB samples based
on the COSMIC database. B: Overview of types of APC mutations
observed in human HB samples. C: Comparison of APC expression in
HB and surrounding nontumorous liver tissues. Data were analyzed
by U-test. Statistical significance: not significant. HB, hepato-
blastoma; ST, surrounding nontumorous liver tissue.
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the APC genomic alterations were first analyzed in human
HCCs. cBioPortal for Cancer Genomics platform (cBio-
Portal, https://www.cbioportal.org, last accessed December
25, 2020) and the COSMIC database (COSMIC, hittps://
cancer.sanger.ac.uk/cosmic, last accessed December 25,
2020), indicate that APC mutations occur in
approximately 1.2% to 55% of HCC samples
(Figure 1A). Among the mutations, 84.2% were LOF
mutations, including nonsense substitutions, missense
substitutions, truncating mutations, deep deletions, and
frameshift insertions. These mutations accounted for 10.
5%, 49.5%, 19.3%, 3.5% and 1.8%, of all APC mutations,
respectively (Figure 1B). APC-inactivating mutations
identified in HCCs are consistent with the hypothesis that
APC functions as a tumor suppressor in HCC.

Next, the APC mRNA levels in human HCC samples
were evaluated. A total of 371 HCC tissues and 50 normal
liver tissues from The Cancer Genome Atlas Liver Hepa-
tocellular Carcinoma (TCGA LIHC) dataset were used for
analysis.”> APC mRNA expression varied significantly
among HCC samples (Figure 2A). Subsequently, HCCs
were subdivided into three subgroups according to the APC
expression level compared with non-tumor liver tissues. The

A

FVBI/N mice

Gross H&E (40x)

FVB sgApc 20 w.p.i

[ it

B-Catenin

Figure 4

Percent survival (%)

results suggest that approximately 20% of HCCs have
higher APC expression; approximately 50% have similar
expression; and approximately 30% show lower APC
expression when compared with corresponding non-
neoplastic surrounding liver tissue (Figure 2A). The
decreased APC mRNA expression detected in a subset of
HCCs was also consistent with APC protein expression
pattern in HCC patients. Five of seven HCC patients
revealed a lower APC protein level compared with normal
liver tissues based on the Human Protein Atlas dataset
(Human Protein Atlas, https://www.proteinatlas.org, last
accessed December 25, 2020) (Figure 2B). It is worth
noting that in comparison with other human cancers, APC is
expressed at a very low level in HCC (Figure 2C).

Since APC promoter methylation has been reported in
cancer, including in HCC,44 APC promoter methylation
status in human HCC was investigated. APC promoter
hypermethylation occurred in 78% of human HCC
patients.”” Based on the UALCAN analysis (UALCAN,
http://ualcan.path.uab.edu/index.html, last accessed
December 25, 2020), a significantly increased APC
promoter methylation was observed in HCC compared
with normal liver (Figure 2D). No correlation was found

&~ sgAPC (n=5)

"o 5 10 15 20
Time after injection (weeks)

H&E (200x) Ki67 (400x)

Deletion of Apc alone fails to induce liver tumor formation in mice. A: Study design. FVB/N male mice were injected with the sgApc plasmid.

B: Mouse survival curves. C: Representative gross images, H&E, and immunohistochemistry for proliferation cell marker Ki-67 of liver sections from the sgApc
mice. Note that the liver of sgApc mice appears completely normal and displays only a few Ki-67—positive cells (arrows). D: Immunohistochemical staining of
f-catenin. Few B-catenin—positive cells (arrows) are visible in the liver parenchyma of the sgApc mouse. n = 5 mice (A). Scale bars: 500 um (C, left H&E
panel); 100 um (C, right H&E panel); 50 um (C, Ki67 panel). Original magnification: x40 (C, left H&E panel); x200 (C, right H&E panel, and D); x400 (C,
Ki67 panel). H&E, hematoxylin and eosin; w.p.i, weeks post-injection; WT, wild type.
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Figure 5 Deletion of Apc cooperates with
YapS127A to induce liver tumor formation in mice.
A: Study design. FVB/N male mice were injected
with Yap/sgApc, Taz/sgApc or c-Met/sgApc plas-
mids, respectively. B: Mouse survival curves. C:
Representative gross images and H&E of liver
sections from Yap/sgApc, Taz/sgApc, and c-Met/
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between APC promoter methylation and APC mRNA
expression using the MEXPRESS tool’® (MEXPRESS,
https://mexpress.be/index.html, last accessed December 25,
2020), (Supplemental Figure S1). The results indicate that
promoter methylation is not a major mechanism regulating
APC mRNA expression in human HCCs.

Finally, whether APC demonstrates similar genomic al-
terations and expression patterns in human HBs was
analyzed. Based on the COSMIC database, APC was
mutated in 23.08% of HB specimens (Figure 3A). Among
them, 77.8% of the mutations were missense substitutions,
whereas the remaining 11.1% were frameshift insertions
(Figure 3B). The APC mRNA expression pattern was
retrieved from the microarray study by Sumazin et al,*’
which showed no significant difference between HB and
normal liver (Figure 3C). However, it is important to
underline that the sample size was very small, and the
results need to be further validated.

Altogether, LOF APC mutations were identified in
approximately 3% of human HCC and approximately 23%
of human HB samples. In addition, down-regulation of APC
was found in 30% of HCC samples. Overall, these data
suggest a potential tumor suppressor role of APC during
hepatocarcinogenesis.
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Weeks after injection

c-Met/sgApc 12 w.p.i

10 15 sgApc mice. Tumors developing in Yap/sgApc and

Taz/sgApc mice were virtually identical and con-
sisted of small cells with prominent nuclei forming
solid lesions that resemble human fetal hepato-
blastoma. At x200 magnification, the smaller size
of tumor cells when compared with nontumorous
surrounding hepatocytes can be better appreci-
ated. By contrast, tumor lesions developing in c-
Met/sgApc mice resembled more closely human
HCC and were composed of bigger cells with a
larger cytoplasm, frequently with a clear cell
phenotype (better appreciable at higher magnifi-
cation). In particular, c-Met/sgApc tumor cells
grew in solid and trabecular patterns, and cysts
were often observed within the tumors. The image
at higher magnification shows the similar size of
surrounding normal hepatocytes and c-Met/sgApc
tumor cells. n = 7 mice with Yap/sgApc plasmids
(A); n = 6 mice with Taz/sgApc plasmids (A); n =
4 mice with c-Met/sgApc plasmids (A). Scale bars:
500 pm (C, middle row); 100 pum (C, bottom row).
C, cysts; H&E, hematoxylin and eosin; NT, non-
tumorous liver; T, tumors; w.p.i, weeks post-in-
jection.

Deletion of Apc Activates B-Catenin, but Does Not
Promote Liver Tumor Formation in Mice

To further investigate the tumor suppressor function of APC
during liver tumor development, the effect of deletion of
Apc on induction of liver tumor formation in mice was
evaluated. The CRISPR-Cas9—based gene deletion (sgApc)
and hydrodynamic injection methods were applied to delete
Apc in a subset of mouse hepatocytes (Figure 4A). The
study design was similar to that described in our previous
paper in which Axinl was deleted in the mouse liver."®
Deletion of Apc via hydrodynamic injection of the sgApc
plasmid did not lead to liver tumor formation. Mice were
completely healthy even at 20 weeks post-injection
(Figure 4, B and C). Grossly, the liver appeared to be
normal with no visible surface nodules (Figure 4C). Histo-
logic evaluation also revealed the absence of alterations in
the sgApc liver parenchyma, with few Ki-67—positive
proliferating cells (Figure 4C). Only membranous B-catenin
staining was detected in the uninjected normal liver by IHC.
By contrast, cytoplasmic/nuclear B-catenin staining in spo-
radic hepatocytes was observed in sgApc-injected mouse
liver tissues, indicating that the loss of Apc leads to the
activation of B-catenin in these hepatocytes (Figure 4D).
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Figure 6  Stepwise development of liver tumor lesions in Yap/sgApc mice. Focal preneoplastic lesions (arrowheads) and small tumors emerging in the liver
parenchyma of Yap/sgApc as early as 5 weeks post-injection are shown in the left column in two magnifications. Tumors and focal lesions were characterized
by small cells with a prominent nucleus growing in a solid pattern (note the small size of tumor cells when compared with surrounding nontumorous cells in the
high magnification image) and were actively proliferating, as assessed by Ki-67 staining. By 7 weeks post-injection, most of the preneoplastic lesions were
replaced by small and larger tumors retaining the histomorphologic features of the earlier lesions. At 9 weeks post-injection, most of the liver surface was
occupied by rapidly growing tumors, as assessed by the presence of areas of necrosis. Importantly, at this time, lesions composed of HCC-like cells (HCC) start
to emerge in the liver parenchyma of Yap/sgApc mice. These cells, better appreciated at higher magnification, displayed a larger nucleus and cytoplasm of
those from HB-like cells (HB) and grew mainly as a trabecular pattern. By 11 weeks post-injection, almost the whole liver was occupied by HCC-like lesions that
have replaced the HB-like lesions. Scale bars: 500 um (top row); 100 um (middle and bottom rows). Original magnification: x40 (top row); <200 (middle

and bottom rows). H&E, hematoxylin and eosin; N, necrosis; NT, nontumorous liver; T, tumors; w.p.i, weeks post-injection.

Overall, approximately 2% of hepatocytes in the mouse
liver exhibited loss of Apc-induced cytoplasmic/nuclear -
catenin staining.

Altogether, the data show that deletion of Apc in a subset
of mouse hepatocytes activates B-catenin, but it is unable to
promote liver tumor development in vivo.

Deletion of Apc Cooperates with YapS127A, TazS89A,
or c-Met Oncogenes to Induce Liver Tumor Formation
in Mice

Activation of YAP, TAZ, and c-MET are common onco-
genic events in human HCCs.””*"***" Using the c-MET
activation gene expression signature,”® approximately 18%
of human HCC samples were estimated to have low APC
expression and c-MET activation. In addition, in a recent
investigation, we showed that almost all human HCC
samples have nuclear/activated YAP and/or TAZ.”" There-
fore, most of the HCC samples with low APC expression
likely have either YAP and/or TAZ activation. Activated
CTNNBI1 mutations, such as AN90-B-catenin, cooperate
with activated forms of Yap (YapS127A), Taz (TazS89A),
or overexpression of c-Met to promote liver tumor devel-
opment.”’**3? Here, we hypothesized that loss of Apc may
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similarly synergize with these activated oncogenes to pro-
mote liver tumor formation. To validate this hypothesis,
mice were subjected to hydrodynamic injection of sgApc
together with either YapS127A (Yap/sgApc), TazS89A
(Taz/sgApc), or c-Met (c-Met/sgApc), and monitored for
liver tumor development (Figure 5A). Yap/sgApc, Taz/
sgApc, and c-Met/sgApc mice uniformly developed high
liver tumor burden and were moribund between 8 and 12
weeks after injection (Figure 5B). Microscopically, tumors
were characterized by small, round cells resembling human
HB in Yap/sgApc and Taz/sgApc mice. By contrast, c-Met/
sgApc mouse tumors were composed of larger HCC-like
cells, growing in a solid or trabecular pattern and
frequently forming cystic lesions (Figure 5C). The over-
expression of exogenous oncogenes, as well as the loss of
Apc expression, was confirmed using Western blotting and
IHC in Yap/sgApc, Taz/sgApc, and c-Met/sgApc models
(Supplemental Figures S2 and S3).

In the Yap/sgApc mice, liver tumors could be detected as
early as approximately 5 weeks post-injection (Figure 6). As
reported above, tumors consisted of minute cells with
prominent nuclei, similar to those previously described in
Yap/B-catenin mice’” (Supplemental Figure S4), and
resembling human fetal or crowded fetal HB. The HB-like
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lesions progressively expanded and occupied about 30% to
40% of the liver parenchyma by 7 to 9 weeks post-injection,
and by 10 to 11 weeks post-injection, the vast majority of
the liver surface was replaced by colliding tumors. Of note,
a second, distinct tumor entity was appreciable in the liver
parenchyma of Yap/sgApc mice starting by 9 weeks post-
injection. At this time, the HB-like cells coexisted with
larger HCC-like cells, organized in trabeculae, and exhibited
a bigger nucleus and a prominent, highly basophilic cyto-
plasm. The HCC-like cells (and related HCC-like lesions)
almost completely replaced the HB-like lesions in Yap/
sgApc mice by 11 weeks post-injection (Figure 6). Because
the primary role of APC is to impair B-catenin activation in
the cell, it can be envisaged that Apc loss would phenocopy
the effect of B-catenin activation in the liver. Thus, the Yap/
sgApc mouse liver lesions were compared with those
developed by Yap/B-catenin mice. Yap/sgApc and Yap/B-
catenin mice showed similar overall survival and tumor
burden (Supplemental Figure S4, A and B). Consistently,
positive Ki-67 staining in tumor tissues from Yap/sgApc
mice showed no significant difference when compared with
that from Yap/B-catenin mice (Supplemental Figure S4C).
However, the development of HCC-like lesions was
limited to Yap/sgApc mice. Importantly, the replacement of
HB-like lesions by HCC-like lesions was also detected in
Taz/sgApc mice (Supplemental Figure S5).

Similar results in terms of proliferation, overall survival,
and tumor burden were also observed in Taz/sgApc and c-
Met/sgApc mouse lesions when compared with those from
Taz/B-catenin and c-Met/B-catenin mice, respectively, from
our previous reports (Supplemental Figure S6).%7-"

H&E (100x) B-Catenin (100x)

HNF4a (100x)

2

Taz/sgApc 7 w.p.i  Yap/sgApc 7 w.p.i

c-Met/sgApc 7 w.p.i

Figure 7

Collectively, these results demonstrate that loss of Apc
cooperates with activated oncogenes, including Yap, Taz,
and c-Met to promote liver tumor formation in mice.

Molecular Characterization of Liver Lesions from Yap/
sgApc, Taz/sgApc, and c-Met/sgApc Mice

Molecular features of the lesions developed in the three newly
generated mouse models were investigated by IHC in both
early and late tumor lesions developed in Yap/sgApc, Taz/
sgApc, and c-Met/sgApc mice. In the early lesions (Figure 7),
Yap/sgApc, Taz/sgApc, and c-Met/sgApc mice displayed
heterogeneous nuclear, cytoplasmic, and membranous stain-
ing for B-catenin, with fewer nuclear-positive cells and mostly
membranous staining detected in c-Met/sgApc mice. Levels
of the p-catenin—specific target glutamine synthetase
(GLUL) were strongly induced in the early tumor lesions of
the three mouse models, with no overt differences related to
the genes injected (Supplemental Figure S7). Analysis of the
levels of canonical markers of mature hepatocytes indicated
that the nuclear staining intensity for hepatocyte nuclear
factor 4-alpha (HNF4a) and CCAAT enhancer-binding pro-
tein alpha (CEBPa) was lower in the lesions when compared
with that in the surrounding nontumorous liver in Yap/sgApc
and Taz/sgApc mice. By contrast, levels of HNF4a and
CEBPAa were equivalent in tumor lesions and surrounding
liver tissues in c-Met/sgApc mice (Figure 7). On the other
hand, immunoreactivity for the progenitor marker SRY-box
transcription factor 9 (SOX9) and the cholangiocyte
markers cytokeratin 7 (CK7) and 19 (CK19) was pronounced
in Yap/sgApc and Taz/sgApc early lesions, whereas

CEBPa (100x) SOX9 (100x) CK7 (100x)

Molecular characterization of early liver lesions developed in Yap/sgApc, Taz/sgApc, and c-Met/sgApc mice by immunohistochemistry. Staining

patterns for B-catenin as well as for hepatocellular (HNF4a, CEBPa), progenitor (SOX9), and cholangiocellular (CK7) markers are shown in each image.
Preneoplastic lesions (not shown) and HB-like tumors from Yap/sgApc and Taz/sgApc mice exhibited lower nuclear levels of HNF4o and CEBPa hepatocellular
markers when compared with the adjacent nontumorous surrounding liver, whereas corresponding lesions from c-Met/sgApc mice displayed similar levels of
the same proteins in the tumorous and nontumorous compartments. Dashed circles indicate c-Met/sgApc lesions. Levels of the SOX9 progenitor marker as well
as of the CK7 cholangiocellular marker were elevated in Yap/sgApc and Taz/sgApc lesions, and immunoreactivity for SOX9 and CK7 was limited to normal biliary
cells (arrows) in c-Met/sgApc livers. Scale bars = 100 pm. Original magnification, x100.
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immunolabeling for the same proteins was limited to normal
biliary cells in c-Met/sgApc livers (Figure 7 and
Supplemental Figure S7). Immunohistochemical pattern for
members of the de novo lipogenic pathway, a pivotal
signaling cascade in human HCC, as well as in c-Met—driven
hepatocarcinogenesis were analyzed.”””* A weaker expres-
sion of both fatty acid synthase (FASN) and stearoyl-CoA
desaturase 1 (SCD1) was found in the early liver lesions
when compared with surrounding nontumorous liver tissue of
Yap/sgApc and Taz/sgApc mice, whereas a strong immuno-
reactivity for the two proteins emerged in the tumor lesions
from c-Met/sgApc mice (Supplemental Figure S7).

Because the histopathologic features of Yap/sgApc and
Taz/sgApc lesions indicated a differentiation toward HCC
lesions at a late stage of tumorigenesis, whether the
observed histologic changes were accompanied by modifi-
cations in staining patterns of the same proteins investigated
in early lesions was investigated (Figure 8). Interestingly,
Yap/sgApc and Taz/sgApc advanced lesions exhibited
cytoplasmic and membranous immunoreactivity for B-cat-
enin protein, as determined by IHC, whereas nuclear
localization of B-catenin was retained in the corresponding
lesions developed in c-Met/sgApc mice (Figure 8). Equiv-
alent, high levels of GLUL were observed in the lesions of
the three mouse models (Supplemental Figure S8). In terms
of mature hepatocyte markers, nuclear immunoreactivity for
HNF4o and CEBPoa was similar in the lesions of the three
mouse cohorts, with staining intensity equivalent to that of
the corresponding surrounding nontumorous liver tissue.
Immunoreactivity for CK7 and CK19 proteins was retained
in HCC-like lesions from Yap/sgApc and Taz/sgApc mice
and absent in c-Met/sgApc lesions (Figure 8 and
Supplemental Figure S8). Of note, immunoreactivity

H&E (100x) B-Catenin (200x)

HNF4a (200x)

Yap/sgApc 10 w.p.i

c-Met/sgApc 10 w.p.i Taz/sgApc 10 w.p.i

Figure 8

for SOX9 was almost completely lost in Yap/sgApc and
Taz/sgApc HCC-like lesions when compared with early
lesions of the same mice. No positive staining for SOX9
was detected in corresponding lesions from c-Met/sgApc
mice. Moreover, an equally high expression of FASN and
SCD1 proteins was detected in the advanced lesions of the
three mouse models (Supplemental Figure S8).

Overall, these data indicate that tumors developing in
Apc-deleted livers display different features depending on
the injected oncogene associated with specific molecular
features. In particular, HB-like liver lesions from Yap/
sgApc and Taz/sgApc mice were characterized by low
levels of mature hepatocyte and lipogenesis markers,
which underwent up-regulation in the advanced tumors.

Loss of Apc and Activation of B-Catenin Drive the
Induction of Common and Distinct Targets in Mouse
Tumors

Molecular features of mouse tumors depleted of Apc were
compared with those harboring activated B-catenin. Given
that loss of APC stabilizes and activates B-catenin,5 5 whether
B-catenin and its downstream target GLUL, were similarly
activated in Yap/sgApc, Taz/sgApc, and c-Met/sgApc mouse
tumors and in corresponding liver lesions from Yap/B-cat-
enin, Taz/B-catenin, and c-Met/B-catenin mice was investi-
gated (Supplemental Figures S9 and S10).°"**>* Strong
nuclear B-catenin staining was detected in both Yap/sgApc-
and Yap/B-catenin—induced liver tumors (Supplemental
Figure S9, A and B). Intriguingly, consistent with our pre-
vious report,” the immunohistochemical pattern for GLUL
was highly heterogeneous in Yap/B-catenin malignant le-
sions, with some nodules positive and others negative for

SOX9 (200x) CK7 (200x)

s,

Molecular features of advanced liver lesions developed in Yap/sgApc, Taz/sgApc, and c-Met/sgApc mice by immunohistochemistry. Staining

patterns for B-catenin, as well as for hepatocellular (HNF4e, CEBPa), progenitor (SOX9), and cholangiocellular (CK7) markers, are shown in each image.
Positive immunolabeling for SOX9 (arrows, top and middle rows) and normal biliary cells. CK7 staining in biliary epithelial cells (arrows, bottom row) of c-
Met/sgApc livers. Scale bars = 100 pum. Original magnification: x100 (left column); x200 (all other columns).
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staining (Supplemental Figure S9, C and D). By contrast, all
Yap/sgApc-corresponding lesions demonstrated
uniform positive immunoreactivity for GLUL staining
(Supplemental Figure S9, C and D). Similar results were
observed in the other two mouse models. Specifically, B-
catenin and GLUL were concomitantly and diffusely acti-
vated in liver tumors from Taz/sgApc and c-Met/sgApc mice,
whereas GLUL up-regulation was not uniform in Taz/B-cat-
enin and c-Met/B-catenin mouse lesions (Supplemental
Figure S10). These results highlight the difference of
GLUL expression patterns in liver tumors induced by LOF
APC and GOF Ctnbl mutations. Glutamine directly phos-
phorylates mTOR at Ser2448 in lysosomes,’® and increased
GLUL leads to augmented p-mTOR-Ser2448 in the liver.”’
Therefore, p-mTOR-Ser2448 levels in the mouse liver
tumor samples were investigated. Liver tumors in Yap/
sgApc, Taz/sgApc, and c-Met/sgApc models were positive
for p-mTOR-Ser2448, as determined by IHC (Supplemental
Figures S11—S13). By contrast, some tumor lesions in Yap/
B-catenin, Taz/B-catenin, and c-Met/B-catenin models were
GLUL-negative, and also stained negative for p-mTOR-
Ser2448 (Supplemental Figures S11—S13). Based on the
present findings, it can be concluded that LOF APC
mutations, but not GOF Cmnbl mutations, consistently
induce GLUL and p-mTOR-Ser2448 expression during liver
tumor development.

Subsequently, additional molecular markers were
compared in mice harboring either the loss of Apc or the
activation of mutant P-catenin. For this analysis, Yap/
sgApc-induced liver tumors in the Yap/sgApc mice were
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Figure 9

(Figure 9). First, the overexpression of Yap, as well as the
loss of Apc expression, was confirmed with Western blot-
ting (Figure 9A). Next, qRT-PCR analysis was performed to
analyze the genes downstream of Wnt/B-catenin and Yap
pathways in the liver tumor samples. A subset of Wnt target
genes, including Myc, Ccndl, Axin2, Lgr5, and Lect2,
were up-regulated and expressed at similar levels in both
Yap/sgApc and Yap/B-catenin liver tumors (Figure 9B),
whereas other targets, including Glul, Thx3, and Sp5, were
up-regulated in tumor samples, but exhibited higher
expression levels in Yap/sgApc tumors than in Yap/B-cat-
enin lesions (Figure 9B). Yap target genes, including Ccn2
(Ctgf), Ccnl(Cyr61), and Jagl, were up-regulated in liver
tumor samples at similar levels (Figure 9B). Additional
members of the Notch signaling, such as Notch2, Hesl, and
Heyl, were more elevated in Yap/sgApc lesions. Further-
more, hepatic tumor markers, including Afp, Gpc3, and
Epcam, were significantly increased in Yap/sgApc and Yap/
B-catenin liver tumors compared with the normal liver tis-
sues (Figure 9B).

In summary, this analysis suggests that both LOF APC
mutations and GOF Cmnbl mutations trigger the activation
of the Wnt/B-catenin pathway. However, LOF APC muta-
tions, but not GOF Ctnnbl mutations, demonstrate uniform
activation of GLUL and p-mTOR in liver tumors.

Yap/sgApc Activation Triggers Liver Tumor
Development via the B-Catenin/TCF4 Pathway

Because the in vivo data indicated that loss of Apc induces
Wnt/B-catenin activation in mouse HCC, whether Wnt/(3-
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Molecular features of Yap/B-catenin and Yap/sgApc mouse tumors. A: Western blot analysis of Wnt/B-catenin and Hippo/Yap signaling pathways in

wild-type livers (WT), and Yap/B-catenin and Yap/sgApc tumor lesions. GAPDH was used as a loading control. B: Quantitative real-time RT-PCR (qRT-PCR) analysis
of Wnt/B-catenin, Hippo/Yap, and Notch pathway genes, and hepatic tumor markers expression in liver tissues from the indicated mice. rRNA mRNA expression was
used as the internal control. Data were analyzed by U-test. *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001. WT, wild type.
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catenin is required for LOF APC mutation-driven hep- Histologically, HB-like and HCC-like lesions occupied
atocarcinogenesis was investigated in the Yap/sgApc mouse most of the liver parenchyma in Yap/sgApc/pCMV mice.
model and CmnbI™ conditional knockout (KO) mice*®. In By contrast, liver tissues from Yap/sgApc/Cre mice were
brief, Yap and sgApc plasmids together with pCVM/Cre completely normal and could not be distinguished from
vector were hydrodynamically injected into Ctnnb1” mice. those of uninjected mice (Figure 10D). Altogether, these
This allowed the expression of Yap/sgApc oncogenes in data demonstrate that endogenous B-catenin is required for
Cmnbl KO hepatocytes (Figure 10A). Additional Cnnb1™ Yap/sgApc-induced liver tumor development in mice.

mice were injected with Yap and sgApc together with It is well established that Wnt/B-catenin promotes tumor
pCMYV empty vector as control (Figure 10A). Similar to that development via TCF4-mediated transcriptional activity.”®
described previously (Figure 5), Yap/sgApc/pCMV-injected To further investigate the molecular mechanisms whereby
Ctnnb 1™ mice developed liver tumors, became moribund, B-catenin controls hepatocarcinogenesis, the role of func-
and had to be euthanized by 12 weeks post-injection tional TCF4 in Yap/sgApc-induced liver tumor formation
(Figure 10B). By contrast, Cre-dependent ablation of the was investigated by using the dominant negative form of
endogenous P-catenin completely inhibited Yap/sgApc- TCF4 (dnTCF4), which effectively inhibits [-cat-
induced liver tumor development in mice. All Yap/sgApc/ enin—dependent transcription.”” Mice were hydrodynami-
Cre-injected Cmnb1™ mice appeared to be healthy with cally injected with Yap and sgApc plasmids together with

no palpable abdominal mass even at 20 weeks post-injection pT3-EF1a-dnTCF4 (Yap/sgApc/dnTCF4) or pT3-EFla
(Figure 10B). Upon dissection, the total liver weight of Yap/ empty vector (Yap/sgApc/pT3) as control (Figure 11A).

sgApc/Cre mice was similar to that of uninjected mice, Similar to that observed in conditional Ctnnbl KO mice,
whereas that of Yap/sgApc/pCMV mice was higher due to dnTCF4 completely blocked Yap/sgApc-induced HB-like
tumor burden (Figure 10C). Grossly, numerous tumor and HCC-like lesions formation in mice (Figure 11, B—D).
nodules were detected on the liver surface of Yap/sgApc/ These data demonstrate that TCF4-mediated transcriptional
pCMV-injected CtnnbI™ mice, whereas no tumors were regulation is strictly required for Yap/sgApc-driven
found in Yap/sgApc/Cre-injected mice (Figure 10D). hepatocarcinogenesis.
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Figure 10  Ablation of Ctnnb1 completely inhibits YAP/sgApc-induced hepatocarcinogenesis. A: Study design. Ctnnb1”F mice were injected with YAP/
sgApc/pCMV or YAP/sgApc/Cre plasmid. B: Kaplan-Meier curves showing survival of the mice. The log-rank (Mantel-Cox) test was applied for the analysis of
mice survival curves. C: Analysis of liver weight of the indicated Ctnnb1”" mice at late stage (9.0 to 20.0 w.p.i). D: Representative gross images and H&E of
mouse livers. Data are expressed as means =+ SD (C). n = 5 mice with YAP/sgApc/pCMV plasmids (A); n = 5 mice with YAP/sgApc/Cre plasmids (A). *P < 0.05
(unpaired t-test). Scale bars = 500 um. Original magnification, x40. H&E, hematoxylin and eosin; T, tumors; w.p.i, weeks post-injection.
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In summary, this study demonstrates that liver
tumor development driven by the loss of Apc requires an
intact B-catenin/TCF4 axis in mice.

Tumor Progression Is Sex-Dependent in Yap/sgApc and
Taz/sgApc Mice

Finally, to assess whether sex influences tumor develop-
ment and progression induced by loss of Apc, the tumor
development of Yap/sgApc, Taz/sgApc, and c-Met/sgApc
was determined in male and female mice (Figure 12 and
Supplemental Table S1). No difference in tumor incidence
was observed, as all male and female mice from the three
cohorts developed high tumor burden regardless of their
sex. In addition, no difference in tumor histopathologic
features was observed in male and female mice (not
shown). Of note, a significantly longer survival was
observed in female Yap/sgApc and Taz/sgApc mice when
compared with male mice, especially in the Yap/sgApc
model (Figures 12 and Supplemental Table S1). However,
no difference in survival length was found in c-Met/sgApc
male and female mice (Supplemental Table S1).
Altogether, these data indicate that tumor progression is
influenced by sex in Yap/sgApc and Taz/sgApc mice.
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Discussion

APC is a classical tumor suppressor gene, and LOF APC
mutations have been implicated in multiple tumor types,
especially in colorectal cancer.’’ Studies on APC in liver
cancer, including HCC and HB, are scanty. The present
investigation provides a comprehensive analysis of APC
mutation status and expression in human HCC and HB
using public datasets. LOF APC mutations occurred in
approximately 2.76% of HCCs and 23.08% of HBs,
whereas down-regulation of APC mRNA was found in
about 30% of HCCs. Overall, this body of data is consistent
with the hypothesis that APC functions as a tumor
suppressor during hepatocarcinogenesis.

In mice, ablation of Apc alone was unable to induce liver
tumor formation. A previous study demonstrated that liver
specific deletion of Apc results in HCC development around
8 to 9 months after gene ablation.”' The reasons for these
disparate findings are unkown. In the published study, Apc
was deleted in all mouse hepatocytes, and tumor developed
after a very long latency. It is possible that additional ge-
netic events in the hepatocytes over time may have lead to
HCC formation in the whole liver of Apc KO mice. By
contrast, here, Apc was deleted only in sporadic hepatocytes
using the combination of CRISPR-Cas9—based gene

—e—- Yap/sgApc/pT3 (n=4)
-~ Yap/sgApc/dnTCF4 (n=6)
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TCF4 is required for Yap/sgApc-driven hepatocarcinogenesis in mice. A: Study design. FVB/N mice were injected with YAP/sgApc/pT3 or YAP/

sgApc/dnTCF4 plasmid. B: Kaplan-Meier curves showing mouse survival. The log-rank (Mantel-Cox) test was applied to analyze mouse survival curve. C: Analysis
of liver weight of the indicated mice at late stage (9.0 to 20.0 w.p.i). Data were analyzed by unpaired t-test. D: Representative gross images and H&E of livers
from the mice. n = 4 mice with YAP/sgApc/pT3 plasmids (A); n = 6 mice with YAP/sgApc/dnTCF4 plasmids (A). *P < 0.05, **P < 0.01. Scale bars = 500
um. Original magnification, x40. H&E, hematoxylin and eosin; w.p.i, weeks post-injection.
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Figure 12  Tumor progression is sex-dependent in Yap/sgApc mice.
Kaplan-Meier survival curve of Yap/sgApc male and female mice. The log-
rank (Mantel-Cox) test was applied to analyze mice survival.
****p < 0.0001 versus Yap/sgApc female.

deletion and hydrodynamic gene delivery. Thus, these data
suggest that deletion of Apc in a small percentage of mouse
hepatocytes, which might recapitulate more faithfully the
human situation, is insufficient to trigger liver tumorigen-
esis. The results are consistent with these and other data
showing that the GOF Ctnnbl mutation is unable to pro-
mote HCC development when activated in sporadic hepa-
tocytes in the mouse liver."”"" Taken together, this body of
evidence demonstrates that activation of the Wnt/B-catenin
cascade via either GOF Cmnbl mutation or LOF APC
mutation is unable to promote HCC formation in vivo, and a
second signal cooperating with activated Wnt/B-catenin is
required to drive hepatocarcinogenesis. Consistent with this
hypothesis, the loss of Apc was observed to synergize with
additional activated oncogenes, such as Yap, Taz, and c-Met
to produce liver malignant transformation in mice.

Interestingly, APC expression was induced in Yap/f-
catenin tumors when compared with normal liver tissues,
but not induced in Taz- or c-Met—driven tumors (Figure 9A
and Supplemental Figure S2). We previously analyzed YAP
target genes in human HCC cell lines”' and found that
silencing of YAP resulted in decreased APC expression in
three of the four HCC cell lines examined here
(Supplemental Figure S14A). In addition, analysis of the
expression of APC and YAP pathway genes (YAPI, JAGI,
NOTCH?2, and AMOTL?2) in the TCGA LIHC dataset indi-
cated a positive correlation between APC mRNA expression
and YAP pathway gene expression (Supplemental
Figure S14B). Altogether, these data suggest that APC
might be a YAP target in HCC. Additional studies are
required to delineate the molecular crosstalk between APC
and YAP in liver tumor development.

APC is an essential component of the [-catenin
destruction complex, whose deletion enhances the stability
of B-catenin, resulting in B-catenin nuclear translocation and
activation.'! Thus, the activation status of -catenin in Yap/
sgApc, Taz/sgApc, and c-Met/sgApc liver tumors was
investigated, and as expected, the lesions from the three
mouse models displayed cytoplasmic and/or nuclear stain-
ing for B-catenin and its downstream target GLUL, implying
a high B-catenin activation in these tumors. Functionally,
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Ctnnbl conditional KO mice or overexpressing dnTCF4
provided convincing evidence that LOF APC mutation-
driven liver tumor development requires an intact [-cat-
enin/TCF4 signaling. These findings strongly suggest that
therapeutic approaches aimed at targeting -catenin/TCF4,
including the use of lipid nanoparticles with siRNA against
CTNNBI or soluble drugs such as tankyrase inhibitors,*”
might be effective for the treatment of liver tumors with
LOF APC mutations. Additional studies will be required to
further investigate the therapeutic efficacy of these
approaches, and the mouse liver tumor models described in
this study represent an excellent preclinical tool for these
translational studies.

An intriguing finding from the present study is that,
although mouse liver tumors induced by sgApc or GOF
Ctnnbl mutations share multiple molecular and histologic
features, they also have some differences. For instance,
whereas Yap/B-catenin liver tumor lesions emerged and
progressed with features of human fetal type HB, virtu-
ally identical lesions developing in Yap/sgApc and Taz/
sgApc differentiated into HCC-like lesions in the late
stage of carcinogenesis. We have previously shown that
Taz/B-catenin mice develop HB-like tumors characterized
by both epithelial and mesenchymal features.”’ Different
from the Taz/B-catenin model, both HB-like and HCC-
like lesions developing in Taz/sgApc mice did not
exhibit the presence of a mesenchymal component. Sex
differences have been clearly documented in many tumor
types. Males have a higher incidence and mortality than
females in many cancer types, including liver cancer.’>**
There is a growing body of evidence supporting sex
differences in cancers revealed by cancer genomic
studies.”” A pan-cancer analysis of 1983 tumors of 28
subtypes uncovered sex differences in driver gene muta-
tion frequencies. For instance, CTNNBI mutation fre-
quency in HCC presented a significant sex difference,
with more male patients harboring CTNNBI mutations
than female patients (male: 31%, female: 13%). These sex
differences in oncogenic mutational processes might
indicate differences in tumor origin and trajectories be-
tween male and female patients.”® As per a recent study,
APC mutant HB is enriched in males, with 83% of APC
mutation patients with HB and 58% of all patients with
HB are male.”” Here, preliminary data indicate that liver
tumor development driven by the combination of Apc
loss and Yap or Taz activation is influenced by the
mouse’s sex. These results suggest that LOF APC muta-
tion differentially contributes to liver tumor pathogenesis
in a sex-biased manner. The possible mechanisms leading
to this event are unknown and might include a different
path by which APC regulates metabolism, angiogenesis,
immunity, or epigenetics, in males and females.®” How-
ever, additional studies are required to investigate these
possible mechanisms.

Overexpression of oncogenes in the mouse liver
depleted of Apc resulted in tumor lesions that differred
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depending on the oncogenes injected. Indeed, although
HB-like tumors finally evolving into HCC were detected
in Yap/sgApc and Taz/sgApc mice, liver lesions devel-
oping in c-Met/sgApc mice consisted of pure HCC cells
from the beginning. At the molecular level, these histo-
pathologic differences were associated with the relocali-
zation of B-catenin to the cytoplasm and membrane of
tumor cells in the advanced (HCC) lesions, as well as by
the increased expression of markers of mature hepato-
cytes (HNF4a, CEBPa) and lipogenesis (FASN, SCD1)
and the down-regulation of the progenitor marker SOX9
in Yap/sgApc and Taz/sgApc mice. Intriguingly, tumors
developing in Yap/B-catenin and Taz/B-catenin mice do
not show a similar HB to HCC conversion even in the
advanced stages of carcinogenesis, further underlining
the existence of differences in the effects of Apc loss and
mutant B-catenin activation. The histopathologic di-
vergences were mirrored by differences at protein and
mRNA levels in tumors generated by either loss of Apc
or B-catenin activation. Specifically, a subset of B-catenin
targets was more expressed in sgApc models, whereas
the levels of some members of the Notch pathway were
significantly higher in B-catenin mutant tumors. In
particular, GLUL and its downstream effector mTOR
were more homogeneously expressed in the lesions
generated in Apc-depleted mice than in corresponding
tumors from [B-catenin mutant mice, where a scattered
and discontinuous immunoreactivity for the same pro-
teins was observed. Based on these findings, it would be
highly interesting to investigate whether sgApc and B-
catenin mutant tumors respond differently or similarly to
mTOR inhibitors, such as rapamycin and rapalogs.
Moreover, additional studies should be conducted with
more comprehensive approaches (transcriptomics, prote-
omics) to determine the whole spectrum of molecular
differences in sgApc and [B-catenin mutant models, as
well as to identify the key genes responsible for the
observed dissimilarities. Nonetheless, it must be
emphasized that tumors on a sgAPc and B-catenin mutant
background displayed a similar tumor latency and
burden, as well as an analogous overall survival, thus
implying that tumorigenesis is similar in these mouse
models.

In summary, data from the current study indicate that
APC inactivation or down-regulation occurs in a subset of
human HCC and HB patients. Loss of Apc in mice co-
operates with canonical liver oncogenes to induce hepatic
tumors that develop only in the presence of intact -catenin/
TCF4 signaling. Tumors generated in Apc-depleted mice
show similarities and differences at the histomorphologic
and molecular level when compared with those developing
in the context of a B-catenin—activating mutation. Treat-
ment with mTOR and/or Wnt/B-catenin inhibitors might be
beneficial for HCC patients displaying inactivating
mutations of APC.
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