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INTRODUCTION

Wound-healing response to chronic liver injury results in
excessive accumulation of extracellular matrix (ECM)
and fibrosis. This ultimately disrupts proper functioning of
the liver and establishes cirrhosis,!"l and may eventually
progress to HCC.[2l Myofibroblasts are the major cells
responsible for the deposition of collagen and other ECM
proteins in tissue repair processes and liver fibrosis.!
Hepatic stellate cells, bone marrow-derived fibroblasts,
portal fibroblasts, hepatocytes, and bile duct cells can
undergo epithelial-mesenchymal transition (EMT), giving
rise to myofibroblasts and contributing to liver fibrosis.*5!
EMT is a process by which epithelial cells lose their
apical-basal polarity and cell-cell adhesion and acquire
myofibroblastic features, including enhanced motility.!
These cells may transform into tumor cells that can later
acquire malignant phenotypes.[”]

Wingless-type (WNT) signaling regulates a wide range
of biological events, such as cell fate determination, cell
polarity, cell migration, and organ development.®!l The
WNT signaling is mainly divided into the canonical f-
catenin-dependent pathway and the noncanonical Ca?*
or planar cell polarity (PCP) pathways.® The canonical
WNT/p-catenin pathway activates target gene transcrip-
tion, which in turn regulates cell proliferation, behavior,
and survival.l'%l The noncanonical WNT/Ca?* or WNT/
PCP pathways mostly function in controlling cell polarity
and migration.['% Dysregulation of WNT signaling has
been involved in EMT induction and pathophysiology of
liver fibrosis.['!12 Although the functional roles of many
components of the WNT pathways have been charac-
terized, the precise mechanism that regulates the WNT
signaling in the initiation and progression of liver fibro-
genesis remains unknown. Further studies on how
normal cells undergo EMT and ECM synthesis and
participate in fibrosis and HCC development may
delineate the regulatory mechanisms of WNT signaling
pathways in liver fibrogenesis. This may also provide
important clues to how chronic liver disease progresses
to HCC, leading to the identification of new therapeutic
targets in liver fibrosis.

FAT atypical cadherin 4 (FAT4) is a member of the
cadherin superfamily that regulates PCP and cell
adhesion.['¥l Mutation screening studies show that

extracellular matrix glycoprotein, laminin subunit alpha 4. Laminin subunit
alpha 4 upregulation in HCC correlated with poor patient survival.

Conclusions: Our data show that FAT4 loss is sufficient to drive HCC devel-
opment through the switching of canonical to noncanonical Wingless-type sig-
naling pathways. The findings may provide a mechanistic basis for an in-depth
study of the two pathways in the early and late stages of HCC for precise treatment.

FAT4 is recurrently mutated in several types of human
cancers, including HCC.!"4-16l Expression analysis also
suggests that FAT4 plays a tumor suppressor role in
HCC and other cancers.l'*'"] Silencing of FAT4 has
been found to induce EMT and promote cell growth and
invasion through the activation of Wnt/p-catenin signal-
ing in gastric, colorectal, and ovarian cancers.['8-20]
These observations imply a possible role of FAT4 in
the WNT signaling pathways leading to HCC. However,
whether loss of FAT4 in adherens junctions disrupts
polarized hepatocyte layers and promotes cell trans-
differentiation, which contributes to liver fibrosis and
tumorigenesis, remains unknown.

In this study, we aimed to determine the functional
role of FAT4 in hepatocarcinogenesis and identify its
possible correlation with the WNT signaling pathways.
Determining their roles in hepatocytes transdifferentia-
tion, tumor initiation and progression may provide
important clues to how chronic liver disease initiates
the development and progression of HCC.

METHODS
Clinical specimens and cell lines

Thirty paired tumor and adjacent nontumor liver
tissues were obtained from patients who had HCC
and had undergone surgical resection at the Queen
Mary Hospital, Hong Kong. Sample collection proce-
dures and clinicopathological parameters were
described in our previous study.2!! Liver biopsies
obtained from 9 patients without HCC were included
as controls. The study was approved by the Institu-
tional Review Board of the University of Hong Kong
(UW 19-747). Five human liver cancer cell lines
(HepG2, HepG2.2.15, SNU-387, Huh7, and Hep3B)
were obtained from the American Type Culture
Collection (Manassas, VA, USA). The nontransformed
hepatic cell line, LO2 was obtained from the Shanghai
Institutes for Biological Sciences and the Chinese
Academy of Sciences. Cells were maintained in RPMI-
1640 medium with 10% fetal bovine serum (Thermo
Fisher Scientific, MA, USA) in a humidified incubator
with 5% CO, at 37°C.
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Quantitative methylation-specific PCR

Genomic DNA (1 ug) was subjected to bisulfite
conversion by using the Ez DNA Methylation Gold Kit
(Zymo Research, CA, USA) as per the manufacturer’s
instructions. The methylation status of the 13 CpG sites
on the FAT4 promoter was investigated with primers
specific to the methylated sequence [M-methylation-
specific PCR (MSP)] and primers for both methylated
and unmethylated sequences (U-MSP) (Supplemental
Figure 1A-B, http://links.lww.com/HC9/A691). The ref-
erence methylated DNA was prepared by methylation of
the fully unmethylated DNA with Sssl methylase (New
England Biolabs, Cambridge, UK). Quantitative MSP
was conducted with SYBR Green | (Roche) in the CFX
Connect™ real-time PCR system (Bio-Rad Laborato-
ries, CA, USA). Temperatures that allow specific
annealing were determined with fully methylated and
unmethylated DNA. The percentage of methylated
reference values was calculated as the fraction of the
methylated reference.?2

Demethylation and bisulfite sequencing

Promoter methylation of the liver cell lines was analyzed
by g-MSP and quantified by bisulfite sequencing. To
confirm whether epigenetic alteration silences FAT4
expression, Hep3B and Huh7 cells were incubated in
media containing demethylating agent 5-azadeoxycyti-
dine (5-aza-dC; Sigma-Aldrich) for 3 days. 100 nM of
histone deacetylating agent, trichostatin A (TSA; Sigma-
Aldrich) was added to the medium alone or with 5’-aza-
dC on day 3. Expression of FAT4 mRNA was analyzed
by quantitative polymerase chain reaction (QPCR) as
described. Primer sequences used for gene amplifica-
tion are listed in Supplemental Table 1, http://links.lww.
com/HC9/A691.

CRISPR/Cas9-mediated gene knockout

CRISPR/Cas9 system-mediated gene knockout was
performed as described?® using the FAT4 human gene
KO kit (Origene). Briefly, L0O2 cells (3 x 10% were
seeded in a 6-well plate and transfected with the guide
and donor vectors using the Lipofectamine® 3000
reagent (Thermo Fisher Scientific) according to the
manufacturer’s instructions. The guide vector contains a
single-guide RNA sequence and the donor contains
sequences for puromycin resistance and green fluores-
cent protein. Two single-guide RNA sequences were
used in this study and the sequences are listed in
Supplemental Table S1, http:/links.lww.com/HC9/
A691. High green fluorescent protein expression cells
were sorted into a 96-well plate using the automated
cell sorter (BD Biosciences FACS Aria Il, USA). The

single clone was expanded and confirmed for FAT4-KO
before being used for later experiments.

Stable shRNA-mediated PAK6 transfection

For stable clone generation, L02 cells with FAT4-KO
were transfected with 2 pg of p21 (RAC1)-activated
kinase 6 (PAKG6)—specific shRNA or negative control
shRNA (Origene) using Lipofectamine™ 3000. Stable
clones were selected in 2 ug/ml puromycin for 4 weeks,
and a single clone was isolated using a limited dilution
technique.

Xenograft tumor formation in mice

BALB/c-nude mice (4-week-old) were subcutaneously
inoculated with 5x 108 of the indicated cells. Tumor
growth was monitored every 3 days, and the tumor
volume was calculated using the formula: V. = 1/2
(length x width?). All animal experiments were approved
by the Committee on the Use of Live Animals in
Teaching and Research (CULATR) of our institute.

Cell fractionation

Cells were suspended in 300 ul of extraction buffer
containing 250 mM sucrose, 10 mM HEPES, pH 7.4,
0.5 mM DTT, 5 mM MgCl,, 0.5% Nonidet P-40, and a
mixture of protease inhibitors (Roche Diagnostics).
Cells were disrupted with a glass Dounce homogenizer
before being centrifuged at 12,000 rpm for 5 minutes.
The supernatant was designated and cytoplasmic
fraction was collected. Cell pellets were resuspended
in 150 pl of prechilled nuclear lysis buffer containing
20 mM HEPES, pH 7.9, 1.5 mM MgCl,, 0.5 M NaCl,
0.2 mM EDTA, and 20% glycerol. After centrifugation at
12, 000 rpm for 10 minutes, the nuclear fraction
supernatant was collected.

Statistical analysis

Continuous variables were expressed as mean + SEM
and analyzed using the Student’s f-test. All statistical
analyses were performed using GraphPad Prism 5.0
(GraphPad Software, San Diego, CA). A p-value of less
than 0.05 was considered statistically significant.

Additional methods

Detail methods for nucleic acid extraction, real-time PCR,
immunofluorescence, siRNA transfection, cell prolifera-
tion, western blotting, RNA-sequencing (RNAseq) and
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bioinformatics analyses, and cell migration and invasion
assays are available in Supplemental Materials and
Methods, http:/links.lww.com/HC9/A692.

RESULTS

FAT4 is downregulated in HCC by
epigenetic alterations

We first examined the methylation status in 13 CpG
sites at the FAT4 promoter region in liver tissues. As
shown in Figure 1A, the percentage of methylated
reference score in HCC tissues (9.8 + 3.1) was
significantly higher than their peritumor counterparts
(3.6 + 0.5) and noncancerous liver biopsies (0.3 + 0.1)
(both p < 0.0001). Peritumor tissues also showed a
significantly higher percentage of methylated reference
score than noncancerous liver biopsies (p < 0.0001).
We next determined FAT4 expression in the same set
of tissues. As shown in Figure 1B, FAT4 expression
was significantly downregulated in HCC tissues when
compared with their peritumor counterparts and
noncancerous liver biopsies (both p < 0.0001).
Specifically, downregulation of FAT4 was observed in
70% (21 out of 30) of HCC tissues compared with their
peritumor counterparts (Figure 1C). Expression of FAT4
in peritumor tissues was also significantly lower than
noncancerous biopsies (p < 0.0001) (Figure 1B). An
inverse correlation between FAT4 promoter methylation
and gene expression in HCC tissues was observed
(r = -0.622, p < 0.0001) (Figure 1D).

To corroborate that the downregulation of FAT4
expression was caused by epigenetic alterations in HCC,
we analyzed the promoter methylation of FAT4 in 5 HCC
cell lines (Hep3B, Huh7, HepG2, HepG2.2.15, and SNU-
387) and the nontransformed liver cell line LO2. Methylation
at the FAT4 promoter region was not detected in LO2 cells
(Figure 1E and Supplemental Figure 1C, http:/links.lww.
com/HC9/A691), but was found in all five cancer cell lines
(Figure 1E). Treatment of the 2 densely methylated HCC
cell lines Huh7 and Hep3B with 500 nM or 1 uM
demethylating agent (5-aza-dC) reversed methylation
and restored FAT4 expression (Figure 1F and
Supplemental Figure 1C, http:/links.lww.com/HC9/A691).
We also determined whether histone modification was
involved in the silencing of FAT4 expression; Huh7 and
Hep3B cells were treated with 100 nM histone deacetylase
inhibitor (TSA). As shown in Figure 1F, TSA treatment
increased FAT4 mRNA expression in both cell lines,
though a significant increase in gene expression was only
observed in Huh 7 cells (p < 0.05). Combined treatment of
cells with 100 nM TSA and 1 pM 5’-aza-dC further
enhanced FAT4 expression (Figure 1F). These findings
confirmed that both DNA methylation and histone
modification were involved in the downregulation of FAT4
expression in HCC.

Knockout of FAT4 drives morphologic
changes and epithelial-to-mesenchymal
transition

We used the CRISPR/Cas9 system to generate FAT4
knockout (FAT4-KO) in L02 cells to elucidate the
mechanisms underlying the functional role of FAT4 in
HCC (Supplemental Figure 2, http://links.lww.com/HC9/
A691). Junction PCR amplification was performed to
confirm integration at the FAT4 genomic target site
(Supplemental Figure 2A-B, http://links.lww.com/HC9/
A691). The absence of FAT4 expression in FAT4-KO
cells was confirmed at mRNA and protein levels,
respectively (Supplemental Figure 2C-D, http://links.
Iww.com/HC9/A691). Notably, changes in cell morphol-
ogy were observed after FAT4-KO. The uniform and
compact L02 FAT4 wild-type (WT) cells were trans-
formed into elongated, spindle-like motile cells and lost
cell-cell adhesion (Supplemental Figure 2E, http://links.
Iww.com/HC9/A691). The FAT4-WT cells appeared to
undergo EMT to have the characteristics of motile
cancer cells after FAT4-KO. To determine whether
molecular alterations associated with EMT also
occurred upon the loss of FAT4, we assessed the
protein expression of EMT markers in FAT4-WT and
FAT4-KO cells by immunofluorescence (Figure 2).
Compared with FAT4-WT cells, the mean fluorescence
intensity of epithelial cell markers E-cadherin (E-cad)
and zonula occludens-1 (ZO-1) was significantly
reduced (1.88-fold and 2.1-fold decreases; both p <
0.0001) (Figure 2A, B), while the mean fluorescence
intensity of mesenchymal cell markers vimentin and
N-cadherin was significantly increased (2.88-fold and
6.29-fold increases; both p < 0.0001) (Figure 2D, E) in
FAT4-KO cells. The altered expression of EMT markers
was further confirmed by western blot. Similarly, the
epithelial proteins E-cad and ZO-1 were downregulated,
while the mesenchymal proteins vimentin and
N-cadherin were upregulated in FAT4-KO cells
compared with the control FAT4-WT cells (Figure 2C,
F). These observations suggested that FAT4 is a
member of the cadherin gene superfamily, and it may
also protect hepatocytes from the loss of cell-cell
adhesion and undergoing transdifferentiation.

Loss of FAT4 induces extracellular matrix
synthesis, cell migration, and invasion

Alterations in ECM composition are involved in EMT and
cancer progression. Thus, we determined the expression
of the major ECM components fibronectin (FN1) and
integrin f1 (ITGB1) by immunofluorescence. As shown in
Figure 3A, significant increases in FN1 and ITGB1 protein
expressions were found in FAT4-KO cells compared with
control FAT4-WT cells (5.09-fold and 5.14-fold increases
in fluorescence intensity, respectively; both p<0.0001).
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noncancerous liver biopsies and HCC and their adjacent nontumor tissues. (C) Waterfall plot demonstrating the downregulation of FAT4
expression in HCC tissues compared with their adjacent nontumor tissues. (D) Correlation of FAT4 promoter methylation and gene expression. (E)
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aza-dC (1 uM) and TSA (100 nM) treatment. Data are shown as the mean + SEM. Statistically significant differences are denoted by asterisks,
***n < 0.0001, **p < 0.001, *p < 0.01. Abbreviations: 5-aza-dC, 5-azadeoxycytidine; PMR, percentage of methylated reference; g-MSP, quan-
titative methylation-specific polymerase chain reaction; TSA, trichostatin A.

Downregulation of E-cad during EMT will disrupt the
binding of E-cad to p-catenin in the cytoplasm. As shown
in Figure 3B, immunofluorescence staining showed
nuclear translocation of p-catenin in FAT4-KO cells
compared with cytoplasmic p-catenin expression in
control cells. Interestingly, western blot analysis showed
that FAT4-KO also increased f-catenin expression
(Figure 3C) as well as its target genes FN1 and ITGB1.
These findings suggest that FAT4-KO activates p-catenin
nucleus translocation and induces ECM synthesis.

To further validate our hypothesis that FAT4-KO
induces cell transdifferentiation via EMT leading to the

generation of ECM-producing myofibroblasts, we
detected the expression of myofibroblast markers o-
smooth muscle actin (a-SMA) and collagen type 1
(COL1A1). As shown in Figure 3D,
immunofluorescence staining indicated cell
transdifferentiation marked by the detection of a-SMA
and COL1A1 proteins in FAT4-KO cells. Similarly,
expressions of o-SMA and COL1A1 proteins were
detected by western blot in FAT4-KO cells but not in
control FAT4-WT cells (Figure 3E).

We next determined whether the observed f-catenin
translocation in FAT4-KO cells induced cell growth and
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invasion. As shown in Figure 3F, FAT4-KO significantly
enhanced cell proliferation at the 3 time points
measured when compared with control FAT4-WT cells
(p < 0.01 at 24 hours, and p < 0.0001 at both 48 and
72 hours). The effects of FAT4-KO on cell motility were
assessed using the scratch assay. Wound closure was
significantly faster in FAT4-KO cells, with 95% of the
area healed in FAT4-KO cells than 37% in control cells
at 48 hours (p < 0.0001) (Figure 3G). We further
explored the role of FAT4 in cell migration and invasion.
FAT4-KO significantly promoted cell migration, as
denoted by the increase in cell colonies when
compared with control cells (146.3+12.8 vs.
57.0+5.1, p <0.0001) (Figure 3H). Of note, using the
matrigel-coated invasion chamber, only FAT4-KO cells
invaded through the matrix, but not the control FAT4-WT
cells (Figure 3H). These results suggest that loss of
FAT4 activated WNT/p-catenin signaling, which
promotes tumor growth and invasion.

RNA-sequencing analysis identifies gene
expression changes following FAT4
knockout

RNAseq was performed to profile differential gene
expressions (DEGs) in FAT4-KO cells. As shown in
Figures 4A and B, out of 21732 variables, 298 DEGs
(logs fold change > 2, false discovery rate <0.05) were

identified, with 187 upregulated and 111 downregulated
in the FAT4-KO cells compared with the FAT4-WT
controls (Supplemental File 1, http://links.lww.com/HC9/
AB93). Kyoto Encyclopedia of Genes and Genomes
pathway enrichment analysis revealed that the most
enriched pathways were PI3K-Akt signaling pathway,
ECM-receptor interaction, focal adhesion, and MAPK
signaling (Figure 4C and Supplemental File 2, http:/
links.lww.com/HC9/A694). These pathways are crucial
for cell binding and adhesion, and are involved in tumor
invasion and metastasis.?l The function of the DEGs
was further classified using the Gene Ontology (GO)
classification system, which defined genes according to
molecular function, cellular component, and biological
process. Figure 4D shows the top 10 most enriched GO
terms in each category. Most of the genes function in
binding, extracellular matrix, and regulation of signaling
and development.

Multiple analyses indicated that most DEGs were
enriched in adhesion, PI3K-Akt signaling, ECM-receptor
interaction, and MAPK signaling pathways. Candidate
DEGs from these identified pathways are displayed on
the heat map (Figure 4E and Supplemental File 2, http://
links.lww.com/HC9/A694). As shown in Figure 4F,
candidate genes that function as collagen, integrin,
and growth factors from these pathways were selected
for further gPCR validation. The results of gPCR
confirmed that the expression trends of these DEGs
coincided with the RNA-seq results (Figure 4E), which
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provides valuable information for the downstream
analysis. Of note, we found that PAK6, which
functions in the focal adhesion pathway, was
significantly upregulated in FAT4-KO cells (Figures 4A,
4E, and 4F).

PAK6 promotes in vivo tumor growth and
progression in FAT4-KO cells

We next examined the effects of FAT4-KO and PAKG6
knockdown on tumor growth in vivo. When inoculated into
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FIGURE 4 RNA-seq analysis of gene expression changes in nontransformed human hepatic cell line L0O2 with or without FAT4-KO. (A)
Volcano plot illustrating differential gene expression identified by RNA-seq. Genes with Logs fold change > 2 (red) or <—2 (blue) and adjusted with
FDR < 0.05 were defined as DEGs. (B) Bar plot showing the number of upregulated and downregulated genes in the FAT4-KO cells compared
with FAT4-WT controls. (C) Bubble diagram showing the top 10 pathways involved in FAT4-KO identified from KEGG pathway enrichment analysis
of DEGs. The color of the spots indicates the p-value, and the size of the dots corresponds to the number of genes annotated. (D) The top 10 most
enriched GO terms found in the analysis of DEGs in FAT4-KO versus FAT4-WT cells. Different colors represent biological processes, molecular
functions, and cellular components. (E) Heat map showing representative DEGs in the pathways in FAT4-WT versus FAT4-KO cells. The red color
denotes the upregulation of DEGs, and the green color denotes the downregulation of DEGs. (F) Expression of representative genes from the
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genes; FAT4-KO, knockout FAT4; FDR, false discovery rate; FAT4, FAT atypical cadherin 4; KO, knockout; KEGG, Kyoto Encyclopedia of Genes
and Genomes; GO, gene ontology; gPCR, quantitative polymerase chain reaction.

nude mice, FAT4-KO cells were able to give rise to tumors
in all cases (n = 10), while the control FAT4-WT cells were
unable to form tumors (n = 10) (Figure 5A). Two out of the
10 mice inoculated with FAT4-KO cells developed hepatic
metastasis, with liver histology confirmed with hematoxylin-
eosin staining (Figure 5B). Tumor formation ability was

assessed by measuring the tumor volume and tumor
weight. The tumor formation ability of FAT4-KO cells with
PAK6 knockdown was significantly subdued when
compared with control FAT4-KO cells with or without
transfection with negative control-short hairpin  RNA
(Figure 5C-F). We also examined the expression of
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proliferation marker Ki67 in xenograft tissue sections by
immunohistochemistry. When compared with control FAT4-
KO cells and FAT4-KO cells transfected with negative
control-short hairpin RNA, xenografts generated from
FAT4-KO cells with PAK6 knockdown displayed a
reduction in Ki67 expression. These data confirmed our
in vitro findings that cells acquired tumorigenic and
metastatic potential after the loss of FAT4, and PAK6
was involved in tumor growth and progression.

PAKG6 activates WNT/B-catenin signaling to
promote tumor growth and progression

The alteration of PAK6 expression in human liver
tissues was studied using data obtained from the NCBI
GEO dataset (GSE25097). As shown in Figure 6A,
HCC tissues had a significantly higher PAK6 expression
than cirrhotic and normal liver tissues (p < 0.01 and
p < 0.001, respectively). The expression of PAKG in
cirrhotic tissues was significantly higher than in normal
liver tissues (p < 0.001). These results suggest
that PAKG overexpression maybe an early event in
hepatocarcinogenesis.

Next, we determined whether PAKG is involved in the
nuclear translocation of $-catenin. As shown in Figure 6B,
immunofluorescence staining showed p-catenin was
shuttled out of the nucleus and aggregated in the
cytoplasm in FAT4-KO cells transfected with PAKG-
siRNA, while p-catenin was retained in the nucleus in
FAT4-KO cells transfected with control siRNA. This result
was confirmed by nucleocytoplasmic cell fractionation
followed by Western blot analysis of phosphorylated f-
catenin levels. As shown in Figure 6C, phospho-p-catenin
was presented at higher levels in the cytoplasmic fraction
than nuclear fraction in FAT4-KO cells transfected with
PAKG6-siRNA, indicating that p-catenin is phosphorylated
at amino-terminal serine/threonine (Ser33/Ser37/Thr41)
by glycogen synthase kinase 3p and targeted for
ubiquitination, and subsequent proteasome degradation.
Hence, we studied ubiquitination-dependent degradation
of phosphorylated p-catenin in FAT4-KO cells with PAK6
knockdown. As shown in Figure 6D, PAK6 knockdown
increased the expression of both glycogen synthase
kinase 3p and phospho-p-catenin (Ser33/Ser37/Thr41).
The augmented ubiquitination in FAT4-KO cells
transfected with PAK6-siRNA was confirmed by both
western blot analysis (Figure 6E) and
immunofluorescence microscopy (Figure 6F), which
showed an increased expression of ubiquitinated
proteins and ubiquitin, respectively, in the PAKG6
knockdown cells. We further determined the effects of
PAK6 knockdown on the expression of two f-catenin
target genes, namely CCND1 and c-Myc. As shown in
Figure 6D, protein expression of CCND1 and c-Myc was
reduced after PAK6 knockdown. These findings confirmed
that PAK6 was involved in p-catenin activation, and PAK6

may promote tumor growth and progression in FAT4-KO
cells through WNT/p-catenin signaling.

RNA-seq analysis of amassed cells to
identify potential pathways in tumor
dissemination

We observed that FAT4-KO cells could grow and amass
more cells over a period of 12 days (Figure 6G), as
opposed to the nontransformed FAT4-WT cells, which
exhibited cell-cell contact inhibition on day 12 (Figure 6G).
It remains obscure for how transformed cells grow and
become invasive; we thus performed RNA-seq analysis on
cells isolated from the clonal population (L02 FAT4-KO-I).
As shown in Figures 7A and B, of the 22377 variables, 526
DEGs (log, fold change > 2, false discovery rate <0.05)
were identified, with 283 upregulated and 243
downregulated in the LO2 FAT4-KO-I cells compared with
the FAT4-KO controls (Supplemental File 3, http:/links.
Ilww.com/HC9/A695). The top 10 enriched pathways
obtained from the Kyoto Encyclopedia of Genes and
Genomes pathway enrichment analysis revealed that the
DEGs were enriched in genes not only involved in the
PI3K-Akt signaling pathway, ECM-receptor interaction,
focal adhesion, and MAPK signaling but also in Hippo
signaling pathway and WNT5A noncanonical signaling
pathway (Figure 7C and Supplemental File 4, http://links.
Ilww.com/HC9/A696). Similarly, these pathways are crucial
for cell binding and adhesion, and are involved in tumor
invasion and metastasis.

The function of the DEGs was classified using the GO
classification system; Figure 7D shows the top 10 most
enriched GO terms in each category. Most of the genes
function for binding, extracellular matrix, and development.
Candidate DEGs from the identified pathways are shown
on the heat map (Figure 7E and Supplemental File 4, http://
links.lww.com/HC9/A696). Genes were selected from
these pathways for further gPCR validation. The results
of gPCR confirmed that the expression trends of these
DEGs coincided with the RNA-seq results (Figure 7F). Of
note, we found that laminin subunit alpha 4 (LAMA4)
functioning in the focal adhesion pathway was significantly
upregulated in FAT4-KO-I cells (Figure 7A, E, and F).
LAMA4 is an extracellular matrix glycoprotein, the exact
function of which in HCC is still not clear.

Effects of PAK6 and WNT5A on LAMA4
expression

We then determined the clinical implication of LAMA4
expression in human liver tissues using the NCBI GEO
dataset (GSE25097). As shown in Figure 8A, HCC
tissues had a significantly higher LAMA4 expression
than cirrhotic and normal liver tissues (both p < 0.0001).
The expression of LAMA4 in cirrhotic tissues was
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Knockout of FAT4 in the nontransformed human hepatic cell line LO2 acquires tumorigenic and metastatic potential. (A) Repre-

sentative pictures showing subcutaneous tumors in nude mice inoculated with L02 FAT4-KO cells. Tumors were initiated with inoculation of 5 x 108
FAT4-KO cells in mice (10/10). No tumor was found in control mice (0/10) inoculated with 5 x 108 FAT4-WT cells. (B) Liver metastases were found in
mice (2/10) inoculated with FAT4-KO cells and liver histology was confirmed with H&E staining. (C) Tumor volume curves showing the growth of the
tumors in nude mice inoculated with FAT4-KO cells and cells transfected with NC-shRNA or PAKG-shRNA. (D) Images showing the tumor-bearing
mice in each treatment group. (E) The mean tumor weight of the resected tumors. L02 FAT4-KO cells with stable silencing of PAK6 significantly
inhibited the growth of tumors in nude mice. (F) Images of the resected tumors after sacrificed at day 35. (G) Immunohistochemistry images of Ki67
staining in xenografts resected from mice inoculated with L0O2 FAT4-KO cells and cells transfected with NC-shRNA or PAK6-shRNA. p values were
determined using Student’s t-test. *p <0.01, **p < 0.001, ***p < 0.0001. Abbreviations: FAT4, ;FAT4, FAT atypical cadherin 4; FAT4-KO, knockout
FAT4; KO, knockout; H&E, hematoxylin-eosin; PAK6, p21 (RAC1)-activated kinase 6; NC-shRNA, negative control-short hairpin RNA.

significantly higher than in normal liver samples (p <
0.001). Using the TCGA-LIHC dataset, we found that
there was a significant association between LAMA4
expression level and patient survival. Patients with
higher LAMA4 expression had a poor overall survival
than the patients with lower LAMA4 expression (Log-
rank p = 0.036) (Figure 8B).

Since RNA-seq analysis demonstrated activation of
WNT5A ligand in a noncanonical signaling pathway, we
then evaluated whether the WNT5A noncanonical
signaling pathway would regulate LAMA4 expression.
As shown in Figure 8C, stimulation of L02 FAT4-KO-I
cells with purified WNT5A at 15 or 30 ng/ml could
activate LAMA4 expression in a dose-dependent
manner. In addition, treatment of cells with purified
WNTSA at 15 or 30 ng/ml also stimulated the
noncanonical WNT5A/ROR2 signaling pathway, as

reflected by an increase in protein expression of both
genes (Figure 8C).

We had demonstrated that PAKG6 was involved in
WNT/B-catenin signaling, tumor growth, and progres-
sion. We next determined whether PAK6 affected
LAMA4 expression. As shown in Figure 8D, PAKG6
knockdown significantly reduced the expression of
LAMA4 in L02 FAT4-KO-I cells compared with cells
transfected with control siRNA. As expected, the
addition of WNT5A significantly upregulated LAMA4
mRNA expression in LO2 FAT4-KO-I cells. Knockdown
of PAK6 reduced the stimulation effect of WNT5A on
the activation of LAMA4 expression (Figure 8D). These
data show that both PAK6 and WNT5A could modulate
LAMA4 expression, and knockdown of PAKG6
constrained the effect of WNT5A on the activation of
LAMA4 expression.
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Activation of noncanonical WNT5A/ROR2
signaling pathway as tumor progresses

Previous reports have shown that noncanonical WNT
ligands such as WNTS5A might inhibit canonical WNT
signaling.?5261 We assessed the expression of
B-catenin and its target genes CCND1 and c-Myc in
the canonical pathway and WNT5A and its receptor
ROR2 in the noncanonical pathway in FAT4-KO cells
and FAT4-KO-l cells by western blot. As shown in
Figure 8E, there was no difference in the protein
expression of p-catenin and its target genes CCND1
and c-Myc between FAT4-KO cells and FAT4-KO-I cells.
Instead, the expression of WNT5A and ROR2 in FAT4-
KO-I cells was higher than in FAT4-KO cells. WNT5A
does not inhibit canonical WNT/ p-catenin signaling in
HCC cells. These findings suggest that the WNT5A/
ROR2 noncanonical signaling is activated and involved
in HCC progression.

DISCUSSION

In this study, we presented in vivo and in vitro
experimental evidence to elucidate the mechanistic
basis of FAT4 in the suppression of hepatocarcino-
genesis. We first demonstrated that the downregulation
of FAT4 in HCC was due to epigenetic alterations in the
form of both promoter methylation and histone modifi-
cation. These findings ascertain the tumor suppressor
role of FAT4 in HCC and highlight that epigenetic hits
also contributed to FAT4 inactivation.

We generated FAT4-KO in the normal hepatic cell line
LO2 to identify the underlying mechanism by which FAT4
functions to suppress hepatocarcinogenesis. Upon FAT4
knockout, epithelial LO2 cells underwent EMT, lost cell-cell
contacts, and acquired a mesenchymal-like phenotype,
resulting in significantly enhanced cell proliferation, migratory
capacity, and increased production of ECM components
such as FN1 and ITGB1. Previous studies have reported
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(blue) and adjusted with FDR < 0.05 were defined as DEGs. (B) A total of 526 DEGs were identified, with 283 upregulated genes and 243
downregulated genes in the LO2 FAT4-KO-I cells compared with FAT4-KO cells. (C) Bubble diagram showing the top 10 pathways involved in
FAT4-KO-I cells identified from pathway enrichment analysis of DEGs. The color of the spots indicates the p-value, and the size of the dots
corresponds to the number of genes annotated. (D) The top 10 most enriched GO terms found in the analysis of DEGs in FAT4-KO vs. FAT4-KO-I
cells. Different colors represent biological processes, molecular functions, and cellular components. (E) Heat map showing representative DEGs in
the pathways in FAT4-KO vs. FAT4-KO-I cells. The red color denotes the upregulation of DEGs, and the green color denotes the downregulation of
DEGs. (F) Expression of representative genes from the selected functional pathways was validated by gPCR. Data represent means + SEM.
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that epithelial cells can acquire myofibroblastic phenotype
through EMT and produce excessive ECM components,
resulting in liver fibrosisB4 In the present study, the
transdifferentiation of FAT4-KO L02 cells to myofibroblasts
was demonstrated by the detection of specific myofibro-
blastic cell markers a-SMA and COL1A1, as well as the
mesenchymal cell markers vimentin and N-cadherin. Our
data are in line with previous findings that hepatocytes can
be a source of myofibroblasts and contribute to the synthesis
of ECM and liver fibrogenesis.?”) Being a member of the
cadherin superfamily, FAT4 is also involved in regulating cell
adhesion and cell transformation, as demonstrated in our
study. However, further in vivo and in vifro studies are
warranted to elucidate the relative importance of FAT4 in
hepatic fibrogenesis in order to decipher the complicated

mechanisms of hepatic fibrogenesis, which may advance
the development of antifibrotic drugs.

EMT is generally considered the primary process in
driving tumor initiation and progression.28 In this study,
we found that FAT4-KO induced EMT and activated
nuclear translocation of f-catenin. f-catenin nuclear
translocation is a vital process of WNT/p-catenin
signaling, which enhances tumor growth and invasion
in some cancers, including HCC.?! The causative role
of WNT/B-catenin signaling on EMT with cell prolifera-
tion was confirmed by RNA-seq detection of PAKG6
overexpression. Silencing of PAK6 suppressed tumor
growth and progression in the xenograft model.
Mechanistically, we found that the knockdown of
PAK6 in FAT4-KO cells caused p-catenin to shuttle
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out of the nucleus and aggregate in the cytoplasm for its
ubiquitination-dependent degradation.’% This was fur-
ther supported by the upregulation of glycogen syn-
thase kinase 3p and phosphor-p-catenin, and an
increase in ubiquitinated proteins and ubiquitin upon
PAK6 knockdown. p-catenin degradation, which
resulted in the suppression of WNT/p-catenin signaling,
was further evidenced by the observed downregulation
of its target genes CCND1 and c-Myc, both of which are
associated with tumor growth and progression.l2%l Our
findings showed that PAK6 has an essential role in the
activation of WNT/p-catenin signaling, and silencing of
PAKG6 can initiate B-catenin degradation and down-
regulation of tumor-promoting genes such as CCND1
and c-Myc. Of note, we found phosphorylated p-catenin
present in both nucleocytoplasmic cell fractions. It was
suggested that the nuclear localization is possibly due
to overexpression of the protein, which overloads the
normal degradation mechanisms and results in nuclear
translocation.3! These data reveal the potential onco-
genic role of PAK6 in cancer development; further work
is required to identify whether PAK®6 is involved in the

initiation of HCC tumorigenesis. Besides liver fibrosis
and HCC, WNT/p-catenin signaling is also a crucial
pathway in stem cell maintenance and tissue
homeostasis.[3233 Thus, targeting PAK6 may offer an
enormous therapeutic promise to modulate WNT/p-
catenin signaling in favor of the treatment of liver fibrosis
and HCC, as well as other diseases.

Increasing evidence indicates that EMT is not sufficient
for tumor cell dissemination.®¥ In an effort to elucidate the
additional dissemination mechanisms of tumor cells, we
performed RNA-seq on amassed FAT4-KO cells. Interest-
ingly, in contrast to the observed upregulation of cell
adhesion and ECM components such as collagens
(COL9A3 and COL6A2), integrins (ITGA4 and ITGAG),
and FN1 in FAT4-KO cells (Figure 4E-F), the expression of
these adhesion and ECM components was downregulated
in prolong culture of FAT4-KO cells (FAT4-KO-I) (Figure 7E
and F). Alterations in ECM proteins’ deposition and crosslink
are vital in promoting tumor cell migration and invasion.*%
Here, we found that FAT4-KO-l cells overexpressed
LAMA4, which is mainly present in tissues of mesenchymal
origin.®é LAMA4, belonging to the laminin family, is an
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extracellular matrix glycoprotein. We found high LAMA4
expression is associated with poor patient survival. A high
abundance of LAMA4 expression has also been reported to
associate with enhanced cell migration and metastasis in
HCC.B7 Activation of the noncanonical WNT5A/ROR2
signaling pathway in FAT4-KO-l cells had a direct effect on
LAMA4 upregulation, suggesting that LAMA4 is a target of
WNTS5A/ROR2 signaling in HCC. To our surprise, the
stimulation effect of WNT5A on LAMA4 was constrained
upon PAKS® silencing. The underlying role of PAK6 in the
connection between WNT/B-catenin  signaling and
noncanonical WNT5A signaling as tumor growth and
progression is worth further investigation. Invading tumor
cells attach to laminin, and the interaction increases the
metastatic capacity of tumor cells.®® Thus, the role of
LAMA4 in the regulation of tumor dissemination warrants
further studies, and LAMA4 overexpression might be an
important marker in patients with advanced-stage HCC.

In this study, we observed the downregulation of
canonical WNT/B-catenin signaling receptors and frizzled
proteins (FZD8 and FZD10) in FAT4-KO-I cells, while the
receptor ROR2 for noncanonical WNT5A signaling was
upregulated. Members of the noncanonical signaling, such
as WNT5A and WNT7A, have been suggested to
antagonize the WNT/p-catenin signaling in a cell/receptor
context-dependent manner.?¥! However, we found that the
noncanonical WNT5A/ROR2 signaling has no effect on the
expression of B-catenin and its target genes (CCND1 and
c-Myc). Thus, based on our findings, we propose that the
canonical WNT/p-catenin signaling is important in early-
stage tumor initiation and growth, whereas the non-
canonical WNT5A/ROR2 signaling is involved in late-stage
tumor migration and dissemination. The interchange of
these 2 signaling pathways in hepatocarcinogenesis is
dependent on the expression of its relevant signaling
receptors. Our data also show upregulation of genes, such
as IL-6, FGFR2, and PDGFP, which are important
components of the tumor microenvironment,*?! and anti-
apoptotic genes, such as MECOM and BIRC3.14142 Of
note, upregulation of proangiogenic factor thrombospondin
1 in FAT4-KO-l cells has been shown to associate with
tumor invasiveness and progression in HCC.13l

In summary, the present study shows that loss of
FAT4 in hepatocytes disrupts cell-cell adhesion and
promotes cell transformation, which maybe a key
feature of precancerous lesions and an early event in
liver fibrogenesis and hepatocarcinogenesis. The inter-
change between canonical WNT/p-catenin signaling in
the early stage of hepatocarcinogenesis and non-
canonical WNT5A/ROR2 signaling during tumor pro-
gression might be valuable for the development of novel
therapeutic strategies against HCC. Most importantly,
our results pinpointed that PAK6 and LAMA4 maybe
targets for the diagnosis and treatment of early and late
HCC, respectively. This study also highlights the
importance of understanding the mechanisms of HCC
evolution in order to facilitate precise HCC treatment.
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