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Ssu72-HNF4a signaling axis classify the transition from
steatohepatitis to hepatocellular carcinoma
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Growing evidence suggests a mechanistic link between steatohepatitis and hepatocellular carcinoma (HCC). However, the lack of
representative animal models hampers efforts to understand pathophysiological mechanisms underlying steatohepatitis-related
HCC. We found that liver-specific deletion of Ssu72 phosphatase in mice, leads to a high incidence of nonalcoholic fatty liver
disease and nonalcoholic steatohepatitis, but not HCC. However, loss of Ssu72 drastically increased the probability of HCC
developing, as well as the population of hepatic progenitors, in various chemical and metabolic syndrome-induced HCC models.
Importantly, hepatic Ssu72 loss resulted in the induction of mature hepatocyte-to-progenitor cell conversion, by dedifferentiation
orchestrated by Ssu72-mediated hypo-phosphorylation of hepatocyte nuclear factor 4a (HNF4a), a master regulator of hepatocyte
function. Our findings suggest that Ssu72-mediated HNF4a transcription contributes to the progression of steatohepatitis-
associated HCC by regulating the dedifferentiation potential of hepatocytes. Thus, targeting the Ssu72-mediated HNF4a signaling
that underlies the pathogenesis of steatohepatitis-associated HCC development could be a novel therapeutic intervention for

steatohepatitis-associated HCC.
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INTRODUCTION

Numerous studies have provided evidence that nonalcoholic fatty
liver disease (NAFLD) and nonalcohol steatohepatitis (NASH) are
complex and heterogenous diseases regulated by liver parench-
ymal and non-parenchymal cells [1]. NAFLD ranges from simple
steatosis without inflammation, to NASH. It can lead to fibrosis,
cirrhosis, and hepatocellular carcinoma (HCC) [1]. Hepatocarcino-
genesis is a multistep process in which a number of genetic and
epigenetic mutations accumulate in hepatocytes [2, 3]. It includes
transition of normal cells through so called tumor initiated cell
(TIC), stage to preneoplastic lesions that develop into HCC [4].
However, functional mechanisms that convert terminally differ-
entiated hepatocytes into TICs are poorly understood. During
chronic liver damage, hepatocyte regeneration can be observed in
the form of progenitor cells [also called facultative stem cells
(FSCs) and oval cells in rodents] located around the periportal
region (the canals of Hering). These cells have bimodal potential
(bipotential). They are capable of proliferation and differentiation
into both hepatocytes and cholangiocytes. They typically form a
hepatoblast which is comprised of ductules and strings of
cholangiocytes in a process termed ductular reaction [5].
Activation of these progenitor cell compartments is associated
with an increased risk of HCC development [6]. In contrast, in the
early stage of HCC development, hepatocytes are converted into
progenitor cells in the pericentral region. Their origin represents a

transcriptomic signature similar to the bipotential FSCs that reside
within periportal regions [7, 8]. More recently, tumors observed in
NASH-associated HCC mouse models have been thought to
originate from converted progenitor cells of differentiated
pericentral hepatocytes rather than FSCs in the periportal region
[9]. Given these circumstances, it is plausible that some bipotential
progenitor cells can acquire additional mutations with an
associated gain in replicative capacity, thereby facilitating HCC
development. NASH with advanced fibrosis is hypocellular and is
irreversible [1]. Thus, identifying molecular mechanisms that
regulate the progression from hypocellular NASH to NASH-
associated HCC could be a substantial breakthrough in under-
standing NASH-to-HCC conversion.

During liver regeneration after partial liver resection and/or
acute liver injury, the proliferative response (also called compen-
satory proliferation) is necessary for maintenance of liver mass and
damage repair. However, hepatocytes do not undergo more than
a few rounds of cell division [9, 10]. On the other hand, chronic
chemical or high-fat-diet (HFD) interventions can stimulate
dedifferentiation of hepatocytes (known to have proliferative
potential), which then undergo multiple divisions to give rise to
malignant HCC [8]. In the context of HCC development, several
groups have shown that terminally differentiated hepatocytes can
be transformed into hepatoblasts or biliary cell-like tumors,
previously thought to originate exclusively from cholangiocytes
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[7, 11, 12]. Therefore, identifying molecular signals that regulate
oncogenic dedifferentiation of hepatocytes, and non-parenchymal
niches related to oncogenic and metastatic dedifferentiation, may
represent a promising strategy to understand functional HCC
development. However, the molecular mechanisms involved in
the reprogramming of fully differentiated hepatocytes into a
dedifferentiated state, have not been clearly demonstrated yet.
Ssu72 is a newly identified phosphatase with dual specificity and
is associated with cell cycle control [13, 14] and liver homeostasis.
Its depletion causes various liver diseases with high incidence [15].
However, the importance of Ssu72 phosphatase has been
completely overlooked so far, although gene disruption studies
have clearly demonstrated that there is no redundancy between
Ssu72 and other phosphatases in liver diseases [15]. The present
study provides important insights into steatohepatitis-associated
HCC initiation and development, by hepatocyte dedifferentiation.

MATERIALS AND METHODS

Animals and treatments

Ssu72f1¥/fox (55,72WT) mice were bred with C57BL/6J-cogenic albumin-
Cre transgenic mice to generate liver-specific Ssu72 knockout mice
(Ssu722MeP). Ssu72T and Ssu722"°P chimeric mice were established by
cross-mating ROSA mTmG mice, generating Ssu72""; Rosa mTmG
(hereafter Ssu72f°*AWT) and Ssu722M®P; ROSA mTmG (hereafter
Ssu72ROSABNeR) \Wa also generated transgenic mice with a gene encoding
HA-tagged Ssu72 in the ROSA26 locus. We then crossed these transgenic
mice with Ssu722"®P mice to generate Ssu72°M"P; HA-Ssu72 mice. Two-
week-old mice were injected with 25 mg/kg diethylnitrosamine (DEN).
Tumor progression was then examined at 4, 7, and 10 months after
injection with DEN. To induce NASH phenotypes, 5-week-old mice were
fed a methionine-choline deficient (MCD) diet for 8 weeks or western plus
fructose diet (high fat, high carbohydrates and high cholesterol) for
3 months. To induce hepatocyte dedifferentiation and oval cell
proliferation, 5-week-old mice were fed a diet containing 0.1% 3,5-
Diethoxycarbonyl-1,4-Dihydrocollidine (DDC).

Human cohort and treatment

A total of 604 resected paraffin-embedded tissues from patients with the
following diagnoses: no diagnostic abnormalities (normal, n = 10), steato-
hepatitis (n =12), mild fibrosis (n = 70), fibrotic or cirrhotic liver (n =105),
non-NASH-associated HCC (n=179), or NASH-associated HCC (n=31);
were subjected to Ssu72 immunohistochemical staining using a Ventana
Benchmark XT automated staining system. Ssu72 expression was scored by
multiplying the staining intensity (0-3) and extent (%) in the cytoplasm of
hepatocytes using Image J.

Histology, immunohistochemistry, and sirius red staining
Tissue samples were fixed in 10% formalin for 24 h at 4 °C, embedded in
paraffin, sectioned (6 um), and then stained with hematoxylin and eosin
(H&E). For immunohistochemistry, deparaffinization of paraffin sections
was conducted with xylene and ethanol. Heat-induced retrieval was
performed by boiling sections in 10 mM citric acid buffer (pH 6.0) for
15 mins. Sections were then stained with antibodies at 4 °C followed by
incubation with biotinylated secondary antibody (Vector) and visualization
with 3,3’-diaminobenzidine. For Sirius Red staining, sections of formalin-
fixed liver tissues were stained with 0.1% Sirius Red (Sigma-Aldrich)
dissolved in saturated picric acid and then stained with H&E.

Oil Red O and immunofluorescence analyses

Liver cryosections were fixed with 4% paraformaldehyde and then stained
with Oil Red O (Sigma-Aldrich) working solution for 1 h. These sections
were washed twice with distilled water prior to visualization. For
immunofluorescence analyses, tissues were fixed in 4% paraformaldehyde
and incubated with indicated primary and secondary antibodies.

Isolation of hepatocytes and non-parenchymal cells and FACS
analyses

Liver perfusion to isolate primary hepatocytes was conducted on 6-week-old
male Ssu72"™ mice using perfusion | buffer [142 mM Nadl, 6.7 mM KCl, 10 mM
HEPES, and 16 mM EDTA (pH 7.4)] for 30s and then perfusion Il buffer [66.7
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mM Nacl, 67mM KCl, 10mM HEPES, 48 mM CaCl,, 0.0075% w/v 775U
collagenase IV (Sigma-Aldrich), and 0.25% w/v FFA-free Albumin (GenDEPOT)
(pH 7.6)] for 8 min. Hepatocytes were pelleted and purified using a Percoll
gradient (40%). The non-parenchymal fraction was obtained as a supernatant
from hepatocyte isolation. Freshly isolated non-parenchymal cells were stained
with indicated antibodies. Stained cells were analyzed with a BD FACS Aria lll
analyzer (BD Biosciences) and Flowjo software.

Primary hepatocyte culture and treatment

Hepatocytes were cultured in William's E medium [2 mM L-glutamine, 25
mM HEPES, 100 nM dexamethasone, 100 nM insulin, 50 nM glucagon, 1%
antibiotics (Welgene)] at 37°C with 5% CO,. Primary hepatocytes were
treated with 500 pM palmitic acid and incubated for 6 h to mimic liver
steatosis. 100 nM Okadaic acid (Abcam) was added to inhibit the
phosphatase activity of primary hepatocytes for 1 h.

RNA isolation and quantitative real-time PCR

Total RNAs were isolated from liver tissues using an RNeasy Plus kit
(Qiagen). cDNAs were then synthesized with an EasyScript cDNA synthesis
kit (Abm) using random primers. Quantitative real-time PCR analyses
were performed with SYBR Green on a Rotor Gene Q (Qiagen). Reactions
were performed in triplicate. Relative gene expression was normalized
to 55 rRNA gene and calculated using the comparative Ct (2724
method. Primer sequences used for qRT-PCR are shown in Supplementary
Table 1.

RNA-seq and data analysis

RNA-Seq libraries were prepared from mRNA of isolated hepatocytes.
Transcriptomic sequencing was performed on a NextSeq500 platform
using standard protocol. A total of 50-160 million 76 base pair (bp) reads
were generated per sample. An initial sequence-level quality assessment
was performed using FastQC (Simon Andrews). RNA-Seq reads were then
mapped to mouse mm10 reference genome using Tophat (v2.0.13),
allowing a maximum of two mismatches per 75 bp sequencing. Differential
gene expression analysis was performed using packages DESeq and
edgeR. Data were obtained from two independent experiments and
processed using DAVID Bioinformatics Resources 6.7 software for Gene
ontology and KEGG pathway analysis.

Gene set enrichment analysis (GSEA)

Gene set enrichment analysis (GSEA) was carried out using the Broad
Institute JAVA Desktop software (ver. 4.1.0) (www.broadinstitute.org/gsea)
[16]. GSEA computationally calculates whether the members of the gene
set show significant differences compared to controls using nonparametric
Kolmogorov-Smirnov statistics. The annotated gene sets were acquired for
the enrichment as either upregulation or downregulation from “hepato-
cytes” [17], “mammary stem cells” [18], and “changed gene in HNF4a
depleted liver” [19] in microarray and RNA-Seq data. The normalized
enrichment score (NES) was determined by investigating permutations
10,000 times. A P<0.10 was considered to signify the statistical
significance of an enriched gene set.

Chromatin immunoprecipitation (ChIP) analysis

For ChIP analysis, isolated hepatocytes were cross-linked with 1%
formaldehyde for 20 min at room temperature. The reaction was then
halted with 125 mM glycine. Hepatocytes were lysed with a lysis buffer (25
mM HEPES pH 8.0, 10 mM KCl, 0.1% NP-40, 1.5 mM MgCl,, 1 mM DTT, and a
protease inhibitor cocktail). Nuclei were isolated by re-suspending cells in
lysis buffer for 30 min at 4 °C. Isolated nuclei were resuspended in a nuclei
lysis buffer (50 mM HEPES pH 8.0, 140 mM NaCl, 1 mM EDTA, 1% Triton X-
100, 0.1% sodium deoxycholate, 0.1% SDS, and a protease inhibitor
cocktail) and sonicated with a Bioruptor Sonicator. Samples were then
immunoprecipitated with appropriate antibodies in combination with
Protein-G and -A Sepharose beads. Precipitates were extracted with elution
buffer (10 mM Tris-HCl, pH 8.1, 1% SDS, 1 mM EDTA). Eluted samples were
pooled and heated at 65 °C overnight to reverse formaldehyde cross-
linking. gPCR reactions were performed with SYBR Green.

Immunoblotting and immunoprecipitation analyses

Tissues were prepared in RIPA buffer (150 mM NaCl, 1% Triton X-100, 0.1%
SDS, 50mMpH 7.5 Tris-HCI, 1% NP-40, TmM PMSF, 1TmM DTT and
protease inhibitors). Equal amounts of protein lysates were separated by
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SDS-PAGE and then transferred to nitrocellulose membranes. Mem-
branes were blocked with 5% skim milk at room temperature for 1 h and
then incubated with 5% skim milk overnight at 4 °C with antibodies. For
immunoprecipitation analyses, liver extracts were lysed in buffer A [100
mM Tris-HCl (pH 7.5), 20 mM EDTA, 1% NP-40, T mM PMSF, 1 mM DTT,
and protease inhibitor cocktail]. Supernatants (soluble cytoplasmic
fractions) were obtained. Cell pellets were lysed in buffer B [100 mM
Tris-HCI (pH 7.5), 20 mM EDTA, 300 mM NaCl, 1% NP-40, 1 mM PMSF, 1
mM DTT, and protease inhibitors] and briefly sonicated. Supernatants
(soluble pellet fractions) were then obtained. Mixed extracts (soluble
cytoplasmic and pellet supernatants) were diluted with a salt-free buffer
to reduce salt concentration to 150 mM. Samples were then immuno-
precipitated using appropriate antibodies in combination with Protein-A
and -G agarose beads. Antibodies used are shown in Supplementary
Table 2.

Cell transfection and GST pull-down analyses

HNF4a (NM_008261.3) DNA fragment was inserted in-frame into
pcDNA3-GST plasmid DNA vector. To generate pcDNA3-GST-HNF4a
mutants (phospho-mimic DBD, phospho-mimic hinge, and phospho-
mimic LBD), site-directed mutagenesis was conducted using Muta-
Direct™ site-directed mutagenesis kit (Lilif). HNF4a phospho-mimic
mutant DBD has mutations in phosphorylation sites of the DNA binding
domain (S87D, S95D, and S99D). HNF4a phospho-mimic mutant Hinge
has mutations in phosphorylation sites of the hinge region (5142D,
S143D, and S167D). HNF4a phospho-mimic LBD has mutations in
phosphorylation sites of ligand binding domains (S190D, $262D, S265D,
Y286D, S303D, S313D, and S318D) (Supplementary Fig. S13A, B).
Phosphorylation sites of each domain were selected based on analysis
using GPS 5.0 (www.gps.biocuckoo.org) kinase-specific phosphorylation
site prediction and phosphositeplus (www.phosphosite.org) [20-24].
Ssu72 (NM_014188.3) DNA fragment was inserted in-frame into pcDNA3-
HA plasmid DNA vector. The plasmid DNA vector was delivered into
primary hepatocytes by calcium phosphatase solution. The transfected
primary hepatocytes were cultured for 24 h to express GST-HNF4a and
HA-Ssu72. Primary hepatocytes were lysed in buffer C [20 mM Tris-HCI
(pH 8.0), 100 mM NaCl, 1 mM EDTA (pH 8.0), T mM EGTA, 1% Triton X-100,
25mM sodium pyrophosphate, 1mM B-glycerophosphate, 1 mM
NasVO,4; 1mM PMSF and a protease inhibitor cocktail (GenDEPOT)],
and briefly sonicated. Supernatants were then obtained and incubated
with glutathione Sepharose 4B agarose beads (GE Healthcare) at 4 °C
for 12 h.

Recombinant protein purification, in vitro kinase assay, and
dephosphorylation analyses

PCR fragments of HNF4a (NM_000457.5) or Ssu72 (NM_014188.3) were
inserted in-frame into pGEX-KG and pVFT1S plasmid DNA vector to express
GST-fused HNF4a or His-fused Ssu72 protein in Rosetta Escherichia coli
bacterial cells. To purify the GST-HNF4q, transformed Rosetta cells were
incubated at 25 °C for 24 h with 0.01 mM IPTG. The cells were resuspended
with STE buffer [10 mM Tris-HCl, 100 mM NacCl, 1 mM EDTA (pH 8.0), 0.1%
Triton X-100 PMSF 1 mM, DTT 1 mM PMSF, and a protease inhibitor cocktail
(pH 8.0)] and sonicated briefly. Supernatants were incubated with
glutathione Sepharose 4B agarose beads at 4°C for 4 h. His-Ssu72 was
purified by incubating His-Ssu72 containing protein lysates with Ni-NTA
agarose beads. For the in vitro kinase assay, bead-bound GST-HNF4a
proteins were washed with kinase buffer [100 mM MOPS/NaOH (pH 7.2),
2 mM EDTA, 20 mM MgCl,, T mM DTT and 1 mM PMSF] and incubated with
1 ug of recombinant AMPK proteins (Sigma-Aldrich) containing 1 mM ATP
at 37°C for 1 h. For the HNF4a dephosphorylation assay, phosphorylated
GST-HNF4a proteins were washed twice with phosphatase buffer [100 mM
MOPS/NaOH (pH 7.2), T0mM MgCl,, 0.1 mM ZnCl, 2mM EGTA] and
incubated with purified His-Ssu72 WT or His-Ssu72 C12S (phospho-dead
Ssu72 mutant) proteins at 30 °C for 6 h.

Statistical analysis

Results were analyzed using Student’s t test or analysis of variance
(ANOVA) as appropriate using GraphPad Prism software. A Bonferroni
post hoc test was used to test for significant differences as determined
by ANOVA. Data are presented as mean * standard error of the mean
(SEM). Significance was accepted at p < 0.05. Levels of significance are
indicated by asterisks (*p <0.05; **p<0.01; ***p<0.001; ****p<
0.0001).
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RESULTS

Relationship between loss of Ssu72 phosphatase and NASH-
associated HCC development

Our previous study revealed that hepatic Ssu72 depletion can lead
to a high incidence of NAFLD and NASH development in mice,
even without metabolic syndrome-inducing conditions, but was
not associated with spontaneous HCC development [15]. Thus, we
wanted to know why there were no HCC lesions in Ssu72-depleted
(Ssu722MP) mice despite various NAFLD and NASH lesions that
persisted for a long period (Fig. 1A, B and Supplementary Fig. S1A).
Next, dominant histopathological features of liver commonly
described in NASH, including steatosis, lobular inflammation,
hepatocyte ballooning, and even mild fibrosis, were scored
according to NASH activity score (NAS) system (Fig. 1B and
Supplementary Fig. S1B, C). In Ssu72" livers, total NAS score (sum
of steatosis, lobular inflammation and hepatocyte ballooning) was
below 2. However, it was significantly increased after Ssu72
depletion. We further observed a striking increase of total NAS
score exceeding 7 in Ssu72°"P mice (Supplementary Fig. S1C).
Fibrosis scores were also remarkably increased after Ssu72
depletion (Supplementary Fig. S1B, C). However, the development
of dysplastic nodules or HCC foIIowing advanced NASH pheno-
type were not observed in Ssu72°"P mice (Supplementary
Fig. STA). To further investigate the correlation between Ssu72
expression and NASH phenotype, MCD diet was administrated to
Ssu72"T and Ssu72°"*P mice to boost their NASH symptoms.
Severity scores of NASH phenotypes including ballooning, lipid
droplet accumulation, fibrosis, and immune cell infiltration were
drastically increased by MCD diet in Ssu72-depleted mice (Fig.1C
and Supplementary Fig. S1D, E). In addition, metabolic syndrome-
induced Ssu722"®P mice fed with western + fructose diet rapidly
developed NASH with severe fibrosis (Supplementary Fig. S1F). To
further evaluate the crosstalk between human Ssu72 and NASH
symptoms, Ssu72 expression levels were compared between
normal human liver samples and patient specimens. Most normal
liver samples exhibited high levels of Ssu72 expression. Ssu72
expression was particularly high in periportal hepatocytes, more
so than in pericentral hepatocytes (Fig. 1D). However, Ssu72
expression was significantly downregulated in steatohepatitis,
viral hepatitis, alcoholic hepatitis, fibrosis, cirrhotic liver, and even
in HCC specimens (Fig. 1D-F and Supplementary Fig. S2A and
Supplementary Table 3). Significantly, we found that Ssu72
expression was markedly decreased in NASH-associated HCC
specimens compared to non-NASH-associated HCC (Fig. 1G). In
cholangiocytes, there were no significant differences in Ssu72
expression in normal, inflammatory, and tumor regions (Supple-
mentary Fig. S2B). These results indicate that downregulation of
Ssu72 is closely associated with not only the development of
NASH but also with alcoholic steatohepatitis (ASH) and viral
hepatitis.

Loss of Ssu72 leads to marked susceptibility to HCC
development in various chemical and metabolic syndrome-
induced models

We questioned whether hepatic Ssu72 might be associated with
HCC initiation and development. Accordingly, we administered
procarcinogen DEN to 2-week-old Ssu72"" and Ssu722"P mice
and observed a striking difference in HCC development between
the two models (Fig. 2A). Both macroscopic and microscopic
examination revealed dramatic increases in weight, number, and
size of tumor foci in the livers of Ssu722"P mice compared to
Ssu72™T littermates (Fig. 2A-C). Based on histopathologic
tumor features from 10-month-old DEN-challenged Ssu72"'" and
Ssu72%"P livers, DEN-challenged Ssu72°"" livers clearly exhibited
more advanced high-grade HCC and remarkable anaplasia of HCC
with intrahepatic cholangiocarcinoma (HCC-ICC) (Fig. 2D). Inter-
estingly, Ssu722" liver exhibited dysplastic nodules, adenoma,
and HCC within 4 months of DEN administration while Ssu72""
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liver did not show tumor formation until 4 months after DEN, followed by HFD feeding (STAM model, Fig. 2E) [25]. As expected,
indicating that Ssu72 depletion was closely linked to susceptibility after combined administration of STZ and HFD feeding, weight
to HCC development (Fig. 2A-D). Furthermore, Ssu72"" and (data not shown), number, and size of tumor foci were sharply
Ssu722"P mice were administered streptozotocin (STZ) known to increased in livers of Ssu72°MP compared to Ssu72™T mice
be toxic to pancreatic insulin-producing  cells at postnatal day 2, (Fig. 2F), indicating that Ssu72 depletion resulted in marked
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Fig. 1 Loss of Ssu72 leads to high incidence of NAFLD/NASH. A Schematic representation of liver phenotypes of Ssu72™" and Ssu724"eP
mice fed with a normal chow diet (scale bars = 100 pm). B Representative pictures of H&E and IHC analyses for Qil red O, Sirius red, a-SMA,
F4/80, CD3, and AFP staining of Ssu72™" and Ssu72°"P livers at 52 weeks of age (scale bars = 100 pm). C Six-week-old Ssu72"¥" and Ssu724"<P
mice were fed an MCD diet for 2, 4, and 8 weeks. Liver sections from MCD-challenged Ssu72"™ and Ssu722"*P mice were subjected to H&E and
Sirius red staining (upper) (scale bars = 100 pm). Quantification of Sirius red signals using Image J (bottom). Data are presented as mean +
SEM. Statistical analyses were conducted by t-test (**p < 0.01 and ***p < 0.001). D Ssu72 IHC of representative sections of human normal,
steatohepatitis, mild fibrosis, and fibrotic/cirrhotic liver tissues (scale bars = 100 pm). E Liver extracts of normal, steatohepatitis, mild fibrosis,
and fibrotic/cirrhotic liver tissues were immunoblotted with anti-Ssu72 and anti-actin antibodies. F Intensity and extent of Ssu72 expression
were determined microscopically using IHC scorings defined as the sum of staining intensity (score of 0-3) multiplied by the percentage of
cells (0-100) stained at a given intensity [no diagnostic abnormalities (n = 10), steatohepatitis (n = 12), mild fibrosis (n = 70), and fibrosis/
cirrhosis liver specimens (n = 105)]. Data are presented as mean + SEM. Statistical analyses were conducted by two-way ANOVA (**p < 0.01 and
**¥p < 0.001). G Ssu72 expression was scored by multiplying the staining intensity (0-3) and extent (%) using Image J [non-NASH-associated
HCC (n=179), NASH-associated HCC (n=31)]. Data are presented as mean+SEM. Statistical analyses were conducted by t-test

g**p < 0.001). See also Supplementary Figs. S1, 2.

susceptibility to HCC development in the context of metabolic
syndrome.

Histological analyses showed that both tumor and non-tumor
regions of DEN-challenged Ssu722"P livers, had NASH lesions
such as ballooning, lipid droplet accumulation, and macrophage
infiltration at 4 months following DEN challenge (Fig. 2G and
Supplementary Fig. S3A, B). These lesions were increasingly
apparent at 10 months post-DEN, whereas DEN-challenged
Ssu72"T livers showed simple steatosis and mild macrophage
infiltration in both the tumor and non-tumor areas (Fig. 2G and
Supplementary Fig. S3B). Additionally, P62 expression levels
(known to be associated with increased ER stress and tumorigen-
esis) and aberrant fibrosis were significantly increased in DEN-
challenged Ssu722" liver compared to DEN-challenged Ssu72"'"
(Fig. 2G, H and Supplementary Fig. S3A, B). Indeed, DEN-
challenged Ssu722"P livers exhibited induction of both inflamma-
tion and fibrosis-related genes compared to Ssu72"" livers
(Supplementary Fig. S3C). Furthermore, DEN-challenged Ssu722"P
mice showed increased levels of triglyceride, cholesterol, AST, and
ALT in both serum and liver (Supplementary Fig. S3D). We
confirmed that Ssu722" livers showed advanced NASH pheno-
types in the context of metabolic syndrome (STAM model) (Fig. 2I
and Supplementary Fig. S3E). Taken together, these results
suggest that Ssu72 depletion can lead to enhanced susceptibility
to transition from NASH to NASH-associated HCC and malignant
HCC progression.

Marked increment of the hepatic progenitor pool in Ssu72-
deleted liver in response to liver damage
To understand what induced malignant HCC development in
Ssu72°MeP Jivers, we compared functional alterations to Ssu72""
and Ssu72%"*P hepatocytes in response to DEN challenge. DEN is
known to be preferentially metabolized in Cyp2E1-expressing
hepatocytes around the central vein [26, 27], thereby inducing
injury and proliferation [9]. Although the presence or absence of
Ssu72 had little effect on proliferation of hepatocytes in
unchallenged livers, DEN administration resulted in a remarkable
increase in the population of proliferating oval-shaped cells with
the morphology of biliary epithelial cells in pericentral zones of
Ssu72-depleted livers (Fig. 3A). Additionally, the majority of these
cells were positive for the proliferation marker PCNA (Fig. 3A).
To identify relevant features of proliferating oval-shaped cells,
we performed immunohistochemical analyses for progenitor
markers. IHC results revealed that Sox9 and Epcam were
expressed only in bile ductal and marginal oval-shaped cells
throughout Ssu72"" livers after DEN challenge, whereas their
populations were rapidly increased in DEN-challenged Ssu728hep
livers, showing strongly expressed progenitor markers in both
pericentral and periportal zones (Fig. 3B and Supplementary
Fig. S4A). Upon damage, FSCs (also known as oval cells) showed
characteristics of expanded bile duct cells known to express
Notch1 and Yap1 signaling proteins [28]. Increased numbers of
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oval-shaped cells in DEN-challenged Ssu72°"® livers also
expressed Jagl and Yap1 (Fig. 3B and Supplementary Fig. S5A).
However, the expression of hepatocyte marker HNF4a was
undetectable in these oval-shaped cells (Supplementary Fig. S5A).
In addition, there were no differences in expression of cell death
markers RIP1, p-RIP3, and cleaved-caspase3 in DEN-challenged
Ssu72T and Ssu722"P livers, whereas the expression of oxidative
stress marker 4-HNE was remarked%increased in DEN-challenged
Ssu722M®P liver compared to Ssu72 (Supplementary Fig. S5B, C).
These results imply that Ssu72 depletion does promote oxidative
damage, which may be stimulated by the proliferation of oval-
shaped cells.

We next performed FACS analyses for progenitor markers.
Ssu72™T and Ssu72°"*P mice were treated with DEN to induce
oval-shaped cells. Ssu72-deficient cells showed markedly higher
proportions of cells a/(_)rsitive for biliary and progenitor markers
compared to Ssu72 (Supplementary Fig. S6A). Given the
immunohistochemical characteristics of oval-shaped cells, we
hypothesized that they might be involved in the population of
non-parenchymal cells. Thus, we isolated non-parenchymal cells
from DEN-challenged Ssu72"T and Ssu722"*P mice using Percoll
(Fig. 3C). Before DEN administration, no significant change was
seen for Epcam-positive but CD11b-negative progenitor cells
(Epcam™CD11b™) between Ssu72VT and Ssu722"¢P livers (Fig. 3C).
Strikingly, in response to DEN damage, Epcam*CD11b™~ progeni-
tor cells in Ssu722"P livers were dramatically increased compared
to those in Ssu72"" livers (Fig. 3C). In accordance with this
observation, we also found significant induction of Sox9"CD11b™~
and CD13%7CD133" cells in the population of non-parenchymal
cells in DEN-challenged Ssu722"*® livers (Supplementary Fig. S6B,
Q). In additional, we confirmed the above results with a STAM
model in the context of metabolic syndrome. We found strong
induction of Sox9" and Epcam® cells in STAM-challenged
Ssu72”MeP livers (Fig. 3D and Supplementary Fig. S6D). Taken
together, these results indicate that Ssu72 depletion can result in a
marked increase in the number of proliferating oval-shaped cells
(hepatic progenitor cells) in response to chemical and metaboli-
cally induced-liver damage.

Loss of hepatic Ssu72 induces hepatocyte-to-hepatic
progenitor cell conversion

Based on previous reports our results could have two explana-
tions. First, Ssu72 depletion can lead to dedifferentiation of
hepatocytes into progenitor cells. Second, Ssu72 depletion can
induce expansion of FSCs that reside in the periportal region. To
clarify these two possibilities, we established Ssu72™' and
Ssu72°"P chimeric mice by cross-mating with ROSA mTmG mice,
generating Ssu72"T; ROSA mTmG (hereafter Ssu72R°*AWT) and
Ssu722MeP; ROSA MTmG (hereafter Ssu72R9%42eP) mice, respec-
tively (Fig. 4A). When albumin-Cre or thyroid hormone-binding
globulin (TBG)-Cre was not present, mTmG mice constitutively
expressed tdTomato in all liver cells. In contrast, when mTmG mice
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were exposed to albumin-Cre or TBG-Cre, the tdTomato expres-
sion cassette was excised and rearranged for GFP expression and
subsequent green color expression (Supplementary Fig. S7A). Both
tdTomato and GFP are membrane-targeted, allowing for delinea-
tion of single cells and cell processes by confocal microscopy. We
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decided to take advantage of this system to specifically track the
fate of Ssu72-depleted hepatocytes and FSCs after liver injury.
Following 5 days post-DEN challenge, the morphologies of
pericentral areas in Ssu72f°**"T \ere considerably restored
(Fig. 4B). Sox9-positive cells in pericentral areas were barely
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Fig. 2 Loss of Ssu72 leads to marked susceptibility to HCC development in various chemical and metabolic syndrome-induced models.
A Two-week-old Ssu72"T and Ssu72"P mice were intraperitoneally injected with DEN (25 m%/kg) and examined at 4 and 10 months after
injection [4 months: (Ssu72™™: n = 10, Ssu722"P: n = 11); 10 months: (Ssu72"": n = 12, Ssu72°"*P: n = 14)]. Gross morphology (scale bar =1
cm) and H&E staining of 4 and 10-month-old DEN-challenged Ssu72"T and Ssu722MP livers (scale bar=100pum). B Histopathologic
classification of various tumor types from 10-month-old DEN-challenged Ssu72"V" and Ssu722"P livers. Data are presented as mean + SEM.
Statistical analyses were conducted by t-test (***p < 0.001). C, D Macroscopic and microscopic tumor developments were determined
10 months after DEN administration. Tumor includes dysplastic nodules, adenoma, HCC, and ICC. Data are presented as mean + SEM.
Statistical analyses were conducted by t-test (***p < 0.001) Numbers of mice: (Ssu72"™: n = 12, Ssu72%"*P: n = 14). Number of tumor sections:
(5su72VT: n = 24, Ssu722"°P: n = 34). E, F Two-day-old Ssu72"V" and Ssu722MP mice were intraperitoneally injected with streptozotocin (STZ,
200 pg) and mice were fed a high-fat diet (HFD) for 4 months [(STAM model, n =10 (Ssu72"Ty and n =12 (Ssu72Ahe")]. E Gross morphology
(scale bar = 1cm) and H&E staining of representative sections from livers of STAM-challenged Ssu72"" and Ssu722M"P mice (scale bar =
100 um). F Macroscopic and microscopic tumor developments (tumor numbers and size) were determined at 4 months after STAM
administration. Data are presented as mean+SEM. Statistical analyses were conducted by t-test (*»<0.05 and ***p<0.001) G, H
Representative H&E and IHC staining of non-tumor areas from DEN-challenged Ssu72"T and Ssu722MP livers (scale bar =100 pm).

1 Histo‘ﬁathological NAS and fibrosis scores of STAM-challenged Ssu72™T and Ssu722"*P mice. Scatter dots are individual liver sections

[<Ssu72 T and Ssu722"°P, respectively (n = 8)]. See also Supplementary Fig. $3.

detected in Ssu72fAWT Jiver, whereas Sox9-positive progenitor-
like cells were significantly increased in the pericentral areas of
DEN-damaged Ssu72R9SA4heP Jiver (Fig. 4B). Similar results were
observed in AAV-TBG-Cre infected Ssu72RAf fivers (Fig. 4C).
These cells were highlighted in green by albumin-Cre or TBG-Cre
at baseline, implying that GFP™ progenitor-like cells observed after
DEN challenge could be derived from mature hepatocytes (Fig. 4B,
Q). To further evaluate the fate of GFP and Sox9-positive
progenitor-like cells after albumin-Cre or TBG-Cre administration,
we performed immunostaining of Ck19 as a marker for biliary
and progenitor cells at day 5 post-DEN challenge (Supplementary
Fig. S7B, C). As expected, GFP™ and Ck19" (double positive)
cells were markedly increased in Ssu72-depleted mature hepato-
cytes (Supplementary Fig. S7B, C). Taken together, these results
imply that Ssu72 expression level is closely associated with cell
fate of hepatocytes following liver damage, and that down-
regulation of Ssu72 could potentiate the induction of hepatocyte
dedifferentiation.

To explore the impact of Ssu72 deficiency on hepatocyte
dedifferentiation, we adopted an activation system for progenitor
or oval cells by feeding mice a 3,5-diethoxycarbonyl-1,4-dihydrocolli-
dine (DDQ) diet known to induce hepatocyte dedifferentiation [7].
DDC diet induced an increase in progenitor and/or oval cells and a
ductular reaction, which were significantly increased in Ssu72ROSAahep
liver compared to Ssu72R°**WT (Fig. 4D and Supplementary Fig. S7D).
Notably, the number of Ki67" oval cells was drastically increased in
DDC-challenged Ssu72RO5*4"P [ivers (Fig. 4D). This effect appeared to
be linked to increased liver weights of DDC-challenged
Ssu72fOSALNeP mice (Supplementary Fig. S7E). To characterize the
cellular identity of increased oval and ductal cells induced by DDC
administration, we performed immunostaining for Sox9 and ductal
marker A6 (Fig. 4E, F). Importantly, the m%}ori of new oval- and
ductal-like cells in DDC-challenged Ssu72f®*WT and AAV-TBG-Cre
infected Ssu72"9%%** livers were marked with tdTomato, whereas
GFP" oval and ductal-shaped cells that originated from hepatocytes
in DDC-challenged Ssu72RfO5A2heP  and” AAV-TBG-Cre infected
Ssu72ROA Jivers were strongly positive for Sox9 and A6 (Fig. 4E,
F), implying that these Ssu72-depleted oval- and ductal-like cells were
derived from dedifferentiated hepatocytes. To further examine the
relationship between chronic hepatic damage-induced tumorigenesis
and lineage-related alterations in the conversion from hepatocytes
into progenitor cells, both Ssu72RF°*WT and Ssu72%944MeP mice were
administrated with long-term DDC diet (Supplementary Fig. S8 and
Supplementary Fig. S16B). The administration of DDC for 10 weeks
moderately induced the activation of oval cells in Ssu72RF%>*"T Jivers,
whereas DDC-challenged Ssu72fO5A2heP fivers showed development
of small dysplastic nodules. These nodules developed into HCC at
20-45 weeks after DDC (Supplementary Fig. S8). We also found that
tumor areas in NASH-associated HCC caused by Ssu72 depletion
significantly induced HCC and progenitor markers, indicating that
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hepatic progenitor potential induced by Ssu72 loss may contribute to
distinct pathogenic fates resulting in either NASH or NASH-associated
HCC (Supplementary Fig. S9). Together, these data support the
conclusion that chronic hepatic damage caused by DDC diet can
induce significant hepatocyte transition to progenitor cells in
Ssu722"°P Jivers.

Hepatic Ssu72 regulates HNF4a-mediated transcription
signaling in response to liver damage

Based on our RNA-seq and GSEA (Supplementary Fig. ST0A-C and
Supplementary Table 4), we found that about 45% of down-
regulated gene subsets in Ssu722heP hepatocytes belonged to
gene targets of HNF4a which is a critical transcription factor for
maintenance of hepatocyte function (Fig. 5A). GSEA consistently
showed that gene signatures in HNF4a depleted liver were closely
correlated to those in DEN-challenged Ssu722"P hepatocytes
(Fig. 5B). These results imply that hepatic Ssu72 contributes to the
accurate modulation of HNF4a target genes under conditions of
liver damage. Furthermore, IHC analyses also revealed that SALL4,
as an oncofetal and progenitor property gene [29, 30] was
significantly increased in the pericentral zone of Ssu722"*P liver
(Supplementary Fig. S11A). In addition, about 39% of gene subsets
upregulated in Ssu722"P hepatocytes belong to gene targets of
E2F, indicating that Ssu72 loss could lead to recovery of the ability
to proliferate through damage-mediated dedifferentiation (Our
unpublished observation).

gRT-PCR analysis demonstrated that loss of Ssu72 had a tendency
to downregulate HNF4a target genes (Fig. 5C). To examine the
clinical relevance of the Ssu72 and HNF4a interaction, we evaluated
expression levels of these proteins in paired tissues obtained from
28 patients with NASH-associated HCC. HCC patients with weak
expression of Ssu72 showed parallel low expression of HNF4a in the
same tissues, and vice versa (Fig. 5D). The correlation between Ssu72
and HNF4a was further analyzed in patients with NASH and/or
cirrhosis. Again, close positive correlations between Ssu72 and
HNF4a expression levels were found for patients with steatohepa-
titis, mild fibrosis, and fibrosis/cirrhosis (Fig. 5E).

We next examined the correlation between Ssu72 and HNF4a
expression in primary hepatocytes. Isolated primary hepatocytes
were infected with adenovirus expressing GFP or Cre recombi-
nase. Hepatocytes were cultured with palmitic acid to induce
lipotoxicity. Consistently, we found that depletion of Ssu72
diminished HNF4a mRNA and protein level in primary hepatocytes
(Supplementary Fig. S12A, B). As in human patients the levels of
Ssu72 and HNF4a were reduced in palmitic acid-treated primary
hepatocytes. The phosphorylation of HNF4a was increased in
Ssu72-depleted primary hepatocytes, and in particular palmitic
acid-treated primary hepatocytes exhibited greater HNF4a phos-
phorylation than untreated hepatocytes (Supplementary
Fig. S12B). Of note, the Ser 313 phosphorylation site of HNF4a is
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Fig. 3 Marked increase of hepatocyte proliferation potential in Ssu72-deleted livers in response to liver damage. A Six-week-old Ssu72"V"
and Ssu722MP mice were intraperitoneally injected with DEN (150 mg/kg) and examined after 3 and 5 days (n> 15 mice per group). H&E
staining, IHC staining and PCNA positive area quantified from DEN-challenged Ssu72"" and Ssu722"P livers (scale bar = 100 um). Data are
presented as mean + SEM. Statistical analyses were conducted by t-test (****p <0.0001). B Sox9, Epcam, and Jag1 IHCs of DEN-challenged
Ssu72"T and Ssu722"P livers (C: pericentral vein, P: Periportal vein) (scale bar = 100 pm). € Schematic representation of non-parenchymal cells
isolated from DEN-challenged Ssu72"'" and Ssu722"P mice. FACS plots of Epcam expression in non-parenchymal cells from DEN-challenged
Ssu72"T and Ssu722"P fivers. D Two-day-old Ssu72™™ and Ssu722"*P mice were intraperitoneally injected with STZ and mice were fed a high-
fat diet (HFD) for 2 months [(STAM model, n = 7 (Ssu72"™) and n = 10 (Ssu722"*P)]. H&E staining, and Sox9 and Epcam IHC of STAM-challenged
Ssu72"" and Ssu722"°P livers (scale bar = 100 um). See also Supplementary Figs. S4-6.
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known to inhibit its transcriptional activity [21]. Collectively, these
data indicate that Ssu72 is highly downregulated in NASH and
HCC patients, potentially through its association with HNF4a
expression and this has profound effects on the regulation of
HNF4a by phosphorylation.
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HNF4a is a master transcriptional regulator of functional liver
maintenance. HNF4a is markedly downregulated in NASH, ASH,
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Fig. 4 Loss of hepatic Ssu72 results in induction of hepatocyte-to-progenitor cell conversion. A ROSA mTmG mice were crossed with
albumin-Cre (Alb-Cre) mice. Resulting mice were intercrossed with Ssu72™’* or Ssu72”f mice to generate Ssu72*/*; ROSA mTmG; Alb-Cre
(Ssu72ROSAMIMGWT \WT) and Ssu72”GROSA mTmG;Alb-Cre (Ssu72ROSAMTMGiAReR - Ahep) mice. B Six-week-old Ssu72ROSAMTMEWT 54
Ssu72ROSAMTMGIARER mica were intraperitoneally injected with 150 mg/kg DEN. After 5 days, liver sections were immunostained for Sox9
(scale bar=100pum). Data are presented as mean + SEM. Statistical analyses were conducted by t-test (****p <0.0001). C Five-week-old
Ssu72ROSAMTMGH/+ g Ssy72ROSAMTMGH hice were intravenously injected with AAV8-TBG-Cre (1 x 10" gene copies per mouse). After 7 days,
mice were intraperitoneally injected with DEN (150 mg/kg) and examined after 5 days. Liver sections
were immunostained for Sox9 (scale bar = 100 um). Data are presented as mean + SEM. Statistical analyses were conducted by t-test (****p <
0.0001). D H&E and Ki67 IHC analyses of DDC-challenged Ssu72RCSAMTMGWT 54 g5y 7pROSAMTMGANEP fiyarg (scale bar = 100 pm). The arrows
denote bile acid stasis. E Liver sections from DDC-challenged Ssu72ROSAMTMGWT 5 §5y72ROSAMTMGiAER mjica were immunostained for Sox9
(scale bar=100um). Data are presented as mean + SEM. Statistical analyses were conducted by t-test (***p <0.001). F AAV8-TBG-Cre-
challenged Ssu72ROSAMTMGH/+ and Sgy72ROSAMTMGHF mice were fed a DDC diet for two weeks. Liver sections from mice were immunostained
for for A6 (scale bar =100 pm). Data are presented as mean + SEM. Statistical analyses were conducted by t-test (***p < 0.001). See also

SSU72ROSAmeG;+/+ and SSU72ROSAmeG;f/f

iupplementary Figs. S7-9.

cirrhotic liver, and hepatoma development [31]. Notably, the
transcriptional activity of HNF4a is predominantly regulated by
phosphorylational modification [32]. To verify relationships
between HNF4a and Ssu72, we examined their phosphorylation
levels after DEN challenge (Fig. 6A). As expected, DEN markedly
induced HNF4a phosphorylation in Ssu72"" livers as evidenced by
mobility shift on a phospho-tag gel (Fig. 6A). Importantly, HNF4a
hyper-phosphorylation was Qgrtially restored within 5 days after
DEN administration in Ssu72™" livers (Fig. 6A). Surprisingly, hyper-
phosphorylated forms of HNF4a in DEN-challenged Ssu724eP
livers were consistently maintained for 5 days after DEN
administration without activation of kinases such as AMPKa,
which is known to phosphorylate Ser 304 of HNF4a during liver
damage (Fig. 6A and Supplementary Fig. S13A). IHC analyses also
revealed that HNF4a was hyper-phosphorylated in DEN-
challenged Ssu72”"P livers (Fig. 6B). This result raises the
possibility that Ssu72 may directly counteract or antagonize the
hyper-phosphorylation of HNF4q, thereby contributing to the
restoration of its phosphorylation caused by hepatic damage. We
therefore examined whether Ssu72 could physically bind to
HNF4a. Immunoprecipitation assay revealed that Ssu72 interacted
with  HNF4a during DEN-injury, implying that Ssu72 might
selectively form a complex with hyper-phosphorylated HNF4a
(Fig. 6C). To define the interaction between Ssu72 and HNF4a
more clearly, purified GST-fused HNF4a (GST-HNF4a) bound to
agarose beads was incubated with His-Ssu72 (WT) or His-Ssu72
(C12S) mutant. Purified His-fused Ssu72 WT (His-Ssu72 WT)
physically bound to purified GST-HNF4a in vitro (Fig. 6D).
However, His-Ssu72 (C12S) mutant did not bind to GST-HNF4a
(Fig. 6D). The effect of phosphatase inhibitor on Ssu72 binding to
HNF4a was next investigated. Ssu72“"T primary hepatocytes
transfected with HA-Ssu72 and GST-HNF4a were cultured with
okadaic acid. Cells were replaced with culture media containing
palmitic acid to induce hepatocyte damage. GST pull-down
analyses showed that although Ssu72 and HNF4a levels were
decreased in okadaic acid-treated hepatocytes, Ssu72 bound with
HNF4a (Supplementary Fig. S14A). Collectively, these data indicate
that Ssu72 physically binds to HNF4a.

Based on the results thus far, we hypothesized that Ssu72 may
be a phosphatase of HNF4a. To examine whether HNF4a can be
dephosphorylated by Ssu72, purified GST-HNF4a was phosphory-
lated by recombinant AMPK and incubated with purified His-
Ssu72 (WT) or (C12S) mutant. GST-HNF4a was indeed depho-
sphorylated by His-Ssu72 (WT) but not by His-Ssu72 (C12S) mutant
(Fig. 6E). Furthermore, we compared the binding affinity of Ssu72
with HNF4a WT and phosphorylation-mimicking mutants and
found that the GST-HNF4a mutants interacted with Ssu72 much
better than WT (Supplementary Fig. S15A, B). Taken together,
these results demonstrate that Ssu72 can recognize phosphory-
lated HNF4a and can modify its phosphorylation levels.

Given that Ssu72-deficiency alters the phosphorylation of
HNF4a, we examined its transcriptional activity after hepatic
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damage (Fig. 6F). As expected, HNF4a transcriptional activity in
Ssu72"" hepatocytes was moderately decreased by hepatic
damage, whereas its activity in Ssu722eP hepatocytes was
reduced by Ssu72 deficiency (Fig. 6F). Together, our results
strongly support the conclusion that Ssu72-HNF4a signaling has a
critical functionality in regulating oncogenic hepatic dedifferentia-
tion, providing novel insight into steatohepatitis-associated HCC
development.

DISCUSSION

NAFLD, the most common liver disease in the world, is closely
associated with hepatic insulin resistance and oxidative stress,
which together represent obvious hallmarks of most metabolic
diseases. NAFLD encompasses a broad spectrum of pathology
from simple steatosis to NASH. It can lead to liver fibrosis, cirrhosis,
and HCC. Although liver fibrosis and cirrhosis are still the main risk
factors for HCC formation, emerging evidence shows that HCC can
develop in earlier or later stages of NAFLD without NASH
phenotype, based on similar molecular alterations found in a
broad spectrum of liver diseases [1]. Our study indicates that
systemic reprogramming such as hepatocyte dedifferentiation has
to precede the development of NASH-associated HCC (Fig. 7). In
addition, the Ssu72-deficient mouse appears to be a reliable
preclinical model for genetic and functional analyses during
robust NASH-to-HCC progression.

The expression of hepatic Ssu72 was decreased in patients with
fatty and cirrhotic livers. However, we found that Ssu72 was also
significantly downregulated in alcoholic steatohepatitis and viral
hepatitis, raising the possibility that downregulation of Ssu72
could be an important molecular process for the development of
HCC. Our results also indicated that enhanced immune cell
infiltration and advanced NAFLD/NASH caused by Ssu72 depletion
per se were not critical for HCC development. Although elderly
Ssu72°"P mice showed immune cell infiltration, inflammation,
steatosis, and NASH phenotypes [15], they did not show dysplastic
nodule or HCC formation without additional liver damaging
stimuli. Recent studies support the notion that NASH, fibrosis, and
cirrhosis per se are not sufficient for HCC development [3, 33].
These studies also suggested that the developmental progression
between NASH and HCC in obesity was mechanistically separated.
Therefore, typical NASH symptoms are unlikely to be the main
contributors to HCC initiation. Rather, alternative mechanisms are
likely to be involved. Our study strongly raises the possibility that
hepatic dedifferentiation potential induced by Ssu72 depletion is a
critical contributor to HCC initiation and development in response
to liver injury. Several recent studies have suggested that both
hepatocytes and FSC in the biliary region are capable of
generating HCC [11, 12, 34, 35]. Nevertheless, it remains unclear
whether hepatocyte-to-biliary cell conversion is reversible in
various settings. It is also unclear how the mechanism may
contribute to liver regeneration and HCC initiation. Notably, our
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Fig.5 Hepatic Ssu72 regulates HNF4a molecular SIgnallng in response to liver damage. A Heat map of down- or upregulated HNF4« target
genes between DEN-challenged Ssu72"T and Ssu722"°P hepatocytes. Pie charts show that among all downregulated genes, 45% are HNF4a
target genes. B GSEA of RNA-seq data sets of DEN-challenged Ssu72™™ and Ssu722"*P mice with upregulated genes in HNF4a depleted liver
(top), and downregulated genes in HNF4a depleted liver (bottom) gene sets. NES normalized enrichment score, NS enrlchment score, RLM
ranked list metrics (Signal2Noise). C Relative mRNA levels of HNF4a and E2F target genes in DEN-challenged Ssu72"" and Ssu72AhEp
hepatocytes. Data are presented as mean + SEM. Statistical analyses were conducted by t-test (*p <0.05 and **p < 0.01). D Representative
immunohistochemical staining of NASH-associated HCC patient liver tissues (upper) (scale bar = 100 um). Scatter plot representations show a
significant correlation between Ssu72 and HNF4a expressions in HCC patient samples (bottom, n = 31). cor: correlation coefficient value (r). E
Comparison of relative expression levels of Ssu72 and HNF4ax mRNA in normal human specimens (no diagnostic abnormalities, n = 10) and
specimens of patients with steatohepatitis (n = 12), mild fibrosis (n = 70), or fibrosis/cirrhosis (n = 105). Data are presented as mean + SEM.
Statistical analyses were conducted by two-way ANOVA (*p <0.05, **p < 0.01, and ***p < 0.001). See also Supplementary Figs. S10-12.

data demonstrated that tumor cells originated from dedifferen-
tiated hepatocytes using genetic lineage tracing in Rosa mTmG
mice. Moreover, we found that increased hepatocyte dediffer-
entiation in DEN and DDC-challenged Ssu72”"*P mice during
NASH resulted in abnormal liver regeneration and HCC develop-
ment. Therefore, Ssu72 inactivation in NASH leads to production
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of HCC-initiated cells by inducing hepatic dedifferentiation
environments (Fig. 7). Our study also showed rare ICC develop-
ment in Ssu72-deficient mice using various hepatic damage
models. However, so far, the molecular mechanisms that
determine HCC and ICC growth in patients and mouse models
remain elusive. Recent studies have revealed that the hepatic
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microenvironment determines lineage commitments in liver
tumorigenesis [36, 37] The necroptosis-associated hepatic micro-
environment predominantly induces ICC outgrowth from trans-
formed hepatocytes, whereas HCC development is derived from
the apoptotic liver microenvironment. Nevertheless, it is clear that
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both HCC and ICC can derive from hepatocytes. In this study, we
showed that in DEN-, STAM-, or DDC-challenge Ssu72"*" mouse
models, the percentage of I|ver cancer due to HCC formation was
~80-90%, while the percentage of ICC and mixed HCC-ICC was
10-20%, implying that our models induce hepatic features
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Fig. 6 Ssu72 negatively regulates hepatocyte oncogenic proliferation/dedifferentiation by activating HNF4a mediated transcription. A
Five-week-old Ssu72"T and Ssu722"*P mice were administered with DEN (150 mg/kg) and livers from Ssu72"" and Ssu722"P mice were
harvested at 3 and 5 days. Ssu72"T and Ssu722"P liver extracts were immunoblotted for HNF4a, AMPKa, Ssu72, and actin. Phos-tag
represents a mobility shift of phosphorylated proteins using phospho-tag gel. B IHC staining and quantified area positive for phospho-HNF4a
(pS304) in DEN-challenged Ssu72™™ and Ssu722MP livers (scale bar = 100 um). Data are presented as mean + SEM. Statistical analyses were
conducted by t-test (***p <0.001). C PBS or DEN treated Ssu72"VT and Ssu722"P extracts were immunoprecipitated with Ssu72 antibodly.
Pellets were then analyzed by immunoblotting with anti-HNF4a and anit-Ssu72 antibodies. VeriBlot secondary antibody was used to detect
immunoprecipitated HNF4a without masking by IgG heavy chain. D Purified GST-HNF4a was incubated with purified His-Ssu72 WT or C12S
mutant in vitro. #: intact form of GST-HNF4«; ##: degraded form of GST-HNF4a E Purified GST-HNF4a was phosphorylated by AMPK and
incubated with purified His-Ssu72 WT or C12S mutant in vitro. F Isolated hepatocytes from Ssu72"" liver were transfected with Tfr2 WT, Tfr2
mutant (MT), control, and DHFR promoter plasmids. On the 2nd day after transfection, hepatocytes were infected with control (Ad-GFP) or Cre
(Ad-Cre) adenovirus. On the 4th day, hepatocytes were treated with 500 uM palmitic acid for 6 h to induce hepatocyte damage. Luciferase
activity of each hepatocyte lysate was then measured. Data are presented as mean + SEM. Statistical analyses were conducted by two-way
ANOVA (**p < 0.01 and ****p < 0.0001). ChIP and gPCR analyses of HNF4a and E2F1 promoters in DEN-challenged Ssu72"™ and Ssu724heP

hepatocytes. See also Supplementary Figs. S13-15.
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Fig. 7 Model showing how Ssu72-mediated transcriptomic

signatures regulate steatohepatitis-to-HCC conversion by hepa-
tocyte dedifferentiation. See the results and discussion sections for
detailed explanation.

predominantly relevant for the HCC-associated microenvironment.
Nevertheless, we believe that the administration of DEN, STAM
and MCD interventions do not exclude the partial occurrence of
ICC by hepatocyte dedifferentiation (Supplementary Fig. S16).
HNF4a is a transcription factor that plays a key role in
hepatocyte differentiation and the maintenance of hepatic
function [31]. HNF4a expression was progressively reduced during
hepatocarcinogenesis [38]. In human liver tissues, HNF4a expres-
sion was also decreased in cirrhotic tissue and further decreased in
hepatocarcinoma relative to healthy tissue [16]. Importantly,
enforced expression of HNF4a attenuated hepatocyte
epithelial-mesenchymal transition during hepatocarcinogenesis,
alleviated steatohepatitis and hepatic fibrosis, and blocked HCC
occurrence [38, 39], indicating that the regulation of HNF4a-
mediated transcriptomics could be a promising approach for liver
disease. Importantly, our data demonstrated that known or
putative HNF4a target genes were remarkably downregulated in
hepatocytes of DDC-challenged Ssu722"*P mice, with concomitant
increases in the levels of E2F target genes in DDC-challenged
Ssu72°"P hepatocytes. This transcriptome signature of DDC-
challenged Ssu722heP hepatocytes also presented phenotypically
and functionally as hepatic dedifferentiation. These results
indicate that hepatic Ssu72 plays a key role as a driver for
accurate modulation of HNF4a target genes under liver injury
conditions. Our results shed light on functional mechanisms
involved in tumors induced by dedifferentiation of hepatocytes
rather than by biliary progenitor cell expansion during chemical-
induced hepatocarcinogenesis. Our results strongly suggest that
expressional regulation of hepatic Ssu72 is likely to be associated
with dedifferentiation of hepatocytes during liver injury. This
knowledge may improve our understanding and provide mechan-
istic insights into HCC progression and therapeutic treatments.
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