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Abstract

Histone deacetylase 6 (HDAC6), a deacetylase of p53, has emerged as a privileged
inhibitory target for cancer therapy because of its deacetylating activity for p53 at
K120 and K373/382. However, intricate roles of HDAC6 in hepatocellular carcino-
genesis have been suggested by recent evidence, namely that HDACé ablation sup-
presses innate immunity, which plays critical roles in tumor immunosurveillance and
antitumor immune responses. Therefore, it is valuable to determine whether HDACé6
ablation inhibits hepatocellular carcinogenesis using in vivo animal models. Here, we
firstly showed that HDAC6 ablation increased K320 acetylation of p53, known as pro-
survival acetylation, in all tested animal models but did not always increase K120 and
K373/382 acetylation of p53, known as pro-apoptotic acetylation. HDACé ablation
induced cellular senescence in primary MEFs and inhibited cell proliferation in HepG2
cells and liver regeneration after two-thirds partial hepatectomy. However, the ge-
netic ablation of HDAC6 did not inhibit hepatocarcinogenesis, but instead slightly en-
hanced it in two independent mouse models (DEN + HFD and DEN + TAA). Notably,
HDAC6 ablation significantly promoted hepatocarcinogenesis in a multiple DEN
treatment hepatocellular carcinoma (HCC) mouse model, mimicking chronic DNA
damage in the liver, which correlated with hyperacetylation at K320 of p53 and a de-
crease in inflammatory cytokines and chemokines. Our data from three independent
in vivo animal HCC models emphasize the importance of the complex roles of HDAC6

ablation in hepatocellular carcinogenesis, highlighting its immunosuppressive effects.
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1 | INTRODUCTION

The liver performs many essential roles, from early fetal hemato-
poiesis through metabolic regulation of dietary nutrients to adult
homeostasis.* Among liver diseases, hepatocellular carcinoma (HCC)
is the fifth most common malignancy and the second most common
cause of cancer-associated mortality worldwide.? Hepatocellular
carcinoma typically develops in patients with chronic liver diseases,
such as viral hepatitis, nonalcoholic fatty liver disease, and alcoholic
liver disease.® Chronic liver injury triggers permanent hepatocellu-
lar damage, hepatocyte (HC) regeneration, and inflammation, and
has been widely accepted as the unifying principle that promotes
hepatocellular carcinogenesis.* Based on this principle, several
mouse models of HCC have been developed that utilize diethylni-
trosamine (DEN), a carcinogen that induces DNA damage and tumor
formation.>¢

Upon various stresses in liver, the tumor suppressor p53 plays a
central role in multiple biological processes, including DNA damage
repair, cell cycle arrest, apoptosis, and senescence.” As the “guard-
ian of the genome,” it has been widely accepted that the activation
of p53 is critical to suppress cancer development.8 More than 300
different post-translational modifications of p53 have been re-
ported and have been shown to be crucial for regulating its tumor-
suppressive functions.” Among them, p53 acetylation has recently
been highlighted and shown to control its transcriptional activity,
selection of growth-inhibitory versus apoptotic gene targets, and
biological consequences in response to various cellular stresses.”
However, the importance of p53 acetylation in HCC has not been
sufficiently investigated using in vivo evidence from mouse models.

Histone deacetylase 6 (HDAC6) is a specific deacetylase of
p53.71° Genetic ablation of HDAC6 increases K120 acetylation of
p53, resulting in mitochondrial dysfunction and apoptosis in mouse
mesenchymal stem cells.? In addition, the pharmaceutical selective
inhibition of HDAC6 increases p53 acetylation at lysine 381/382
(K381/382), which stabilizes and activates p53, resulting in an anti-
cancer effect.!? Interestingly, Ding et al reported that HDAC6 pro-
motes cell growth by inhibiting p53 transcriptional activity in the
HepG2 cell line.X® Notably, the mRNA and protein levels of HDAC6
are upregulated in HCC tissues.’® In addition, HDAC6 can participate
in tumorigenesis and development through various pathways, such
as oncogenic transformation, migration, invasion, and anticancer
immunity.'? Although accumulating in vitro evidence indicates that
HDAC6 could be a potential therapeutic target against cancer, the
physiological roles of HDAC6 in HCC remain to be elucidated with
support from in vivo evidence from mouse models.

In this study, we investigated the role of HDAC6 in HCC related
to the acetylation status of p53 at lysine 120, 320, and 373/382
residues. In contrast to the general assumption that HDAC6 inhibi-
tion leads to p53 hyperacetylation, resulting in tumor suppression,
our data from in vivo mice models emphasize the importance of the
multiple roles of HDAC6 in HCC, highlighting its immunosuppressive
effects.

2 | MATERIALS AND METHODS

The materials and methods used in this study are described in the
“Supplementary Methods” in Appendix S1.

Data are shown as the mean + standard error (SEM). Significance
was calculated with Student's t test using GraphPad Prism ver-
sion 9.2.0 (GraphPad Software). Statistical significance was set at
*p < 0.05, **p < 0.01, and ***p < 0.005.

3 | RESULTS

3.1 | Histone deacetylase 6 deacetylates p53
at K120 and K320 residues related to cellular
senescence

Histone deacetylase 6 has been reported as a p53 deacetylase at
acetyl-K120™ and at acetyl-K373/382 induced by the HDAC inhibi-
tor trichostatin A™: however, the role of HDAC6 in p53 deacetyla-
tion at acetyl-K320 is not clear. Using primary MEFs from wild-type
(HDAC6*"Y) and HDAC6 knockout (HDAC6™Y) mice, we tested
whether HDAC6 depletion induces spontaneous senescence during
serial passaging. Hence, we performed a SA-B-Gal staining assay to
detect senescent MEFs at passage 11 after primary cell preparation.
As shown in Figure 1A,B, HDAC6™Y MEFs included 42% SA-p-gal-
positive senescent cells, but HDAC6*"Y MEFs included only 22% of
the same, indicating that HDAC6 expression inhibits cellular senes-
cence. p21 is a well-known downstream regulator of p53-dependent
cellular senescence. As shown in Figure 1C,D, both mRNA and pro-
tein levels of p21 were significantly increased in HDAC6™"Y MEFs,
which correlated with the acetylation at K120 and K320 of p53.

3.2 | Histone deacetylase 6 deacetylates ablation-
induced p53-dependent p21 expression, inhibiting
cell growth in HepG2 cells

To address the importance of HDACé6-dependent p53 deacety-
lation, we investigated the role of HDAC6 in the proliferation of
HCC cells (HepG2). HepG2 cells were transfected with control and
three independent HDAC6-specific siRNAs and subjected to MTT
assay at the indicated times (24, 48, and 72 hours after transfec-
tion). As shown in Figure 2A, all three independent HDAC6-specific
siRNA transfections significantly inhibited HepG2 cell proliferation.
Western blot analysis showed that HepG2 cells have an intrinsi-
cally high level of acetyl-K120 p53 that was not further induced
by HDAC6 knockdown (Figure 2B). In contrast, the level of acetyl-
K320 p53 was greatly increased by all three independent HDAC6-
specific siRNAs (Figure 2B). Importantly, the protein level of p21
was strongly correlated with the level of acetyl-K320 p53. To fur-
ther confirm p53-dependent p21 induction in HDAC6-knockdown
HepG2 cells, we knocked down HDAC6 and p53 in HepG2 cells. As
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FIGURE 1 Loss of histone deacetylase 6 (HDAC6), induces p53 acetylation and senescence in primary MEFs. (A), Primary HDAC6*"Y
and HDAC6™"Y MEFs were subjected to SA-B-gal and DAPI staining, at passage 11. (B), A percentage of SA-B-gal-positive cells to total cell
numbers (n = 3). (C), The sample from (A) was subject to Western blot for HDAC6, p53, acetylated p53 (K320, K120, and K373/382), p21,
and GAPDH (asterisk, nonspecific band). (D), gRT-PCR analysis of p21 mRNA expression (n = 3) from MEFs as described in (A)
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FIGURE 2 Histone deacetylase 6 (HDAC6) knockdown in HepG2 induces p53 acetylation and inhibits cell growth. A-B, HepG2 cells were
transfected with three independent HDAC6 siRNAs. (A), MTT assay analysis to quantify cell viability (n = 4 per group). (B), Western blot
analysis of HDAC6, p53, acetylated p53 (K320, K120, and K373/382), p21, and GAPDH at 48 h after transfection. (C), HepG2 cells were
cotransfected with HDAC6 and p53 siRNA, and subjected to Western blot for p21, p53, HDAC6, and GAPDH

shown in Figure 2C, HDAC6 knockdown increased p21 expression,

which was completely reversed by HDAC6/p53 double knockdown.

3.3 | Genetic ablation of HDAC6 inhibits HC
proliferation after PHx

To investigate the physiological role of HDACS6 in liver regeneration,
we performed two-thirds PHx in both HDAC6*Y and HDAC6™
mice (Figure 3A) and subsequently collected sera and liver tissues at
the indicated time points. The liver to body weight ratio was largely

decreased at 24 hours after PHx and gradually recovered but did not
show significant differences between HDAC6™Y and HDAC6™Y mice
(Figure 3B). Serum albumin levels were reduced at 24 hours post
PHXx, but no significant difference was observed between HDAC6™Y
and HDAC6™ mice (Figure S1A). We did not observe significant
changes in serum alkaline phosphatase (ALP) levels in any of the
samples (Figure S1B). Serum aspartate aminotransferase (AST) and
alanine aminotransferase (ALT) levels were significantly increased
at 24 hours post PHXx, but no significant differences were observed
between HDAC6*"Y and HDAC6™Y mice (Figure S1C,D). The liver
tissues of HDAC6*"Y and HDAC6™Y mice exhibited neither necrosis
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FIGURE 3 Loss of histone deacetylase 6 (HDAC6) inhibits hepatocyte proliferation after two-thirds hepatectomy (PHx). (A), Photographs
of the resected surface of livers during PHx. (B), Liver to body weight ratio after PHx. (C), H&E staining of control and regenerative livers
after PHx. (D), The number of hepatocyte nuclei per high-power field. (E), BrdU incorporation assay after PHx. (F), Percentage of BrdU-
positive hepatocytes after PHx (n = 4 per group). (G), Western blot analysis of HDAC6, p53, Ac-p53K320, p21, and p-actin in liver (asterisk,

nonspecific band)

nor inflammation after PHx, as analyzed by hematoxylin and eosin
(H&E) staining (Figure 3C). Notably, the number of HC nuclei per
high-power field was significantly reduced in all HDAC6™" mouse
liver samples, except at 48 hours after PHx (Figure 3D), suggest-
ing that HC cell size is increased by genetic ablation of HDAC&6. In
response to PHx, HC proliferation increased in HDAC6™"Y mice at
48 hours after PHx, as assessed by the incorporation of bromod-
eoxyuridine (BrdU). This proliferative response of HCs was signifi-
cantly reduced by ~52% in HDAC6™" mice at 48 hours after PHx
(Figure 3E,F). Notably, a significant amount (about 80%) of HCs are
polyploid (>4n) in normal mouse liver.*> Thus, it is plausible if poly-
ploidy of HCs is increased in HDAC6™ liver, which would explain
nonreplicative liver regeneration in HDACG liver after PHx. To ad-
dress it, we isolated HCs and checked DNA contents by FACS analy-
sis. Interestingly, polyploidy (4C, >8C) was increased in isolated HCs
from HDAC6™ liver (Figure S2).

To address the role of HDAC6 in p53 deacetylation and sub-
sequent p21 induction upon liver regeneration, we measured the
protein levels of HDAC6, p21, acetyl-K120, -K320, and total p53.
Protein levels of p21 and p53 in both HDAC6"Y and HDAC6™
mice increased after PHx treatment. Although protein levels of p21

in HDAC6™Y mice were slightly increased before PHx, these levels
did not differ significantly between HDAC6""Y and HDAC6™¥ mice
at 24 and 48 hours after PHx (Figure 3G). Consistently, protein lev-
els of acetyl-K320 p53 were increased in all HDAC6™ mice com-
pared with those in HDAC6*" mice. Notably, the protein levels of
acetyl-K120 p53 in both HDAC6*Y and HDAC6™Y mice increased
after PHXx, as did the total protein level of p53. An increase in ace-
tyl-K120 p53 in HDAC6™" mice was detected before PHx, and the
difference in its level between HDAC6""Y and HDAC6™Y mice was

reduced after PHx.

3.4 | Histone deacetylase 6 ablation did not inhibit
HCC in the DEN + HFD model

To test whether whole-body HDAC6 ablation inhibits HCC develop-
ment in mice, we injected HDAC6*Y and HDAC6 ™Y mice at 2 weeks
of age with 25 mg/kg of the hepatic carcinogen DEN and fed them
with a high-fat diet (HFD) as a tumor promoter, following a previously
described protocol that recreates HCC under obesity conditions
(Figure 4A).% Surprisingly, whole-body HDAC6 knockout did not
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FIGURE 4 Effect of histone deacetylase 6 (HDAC6) deficiency in the diethylnitrosamine (DEN) + high-fat diet (HFD)-induced
hepatocellular carcinoma (HCC) model. (A), Schematic representation of DEN + HFD-induced HCC protocol. (B), Representative images of
livers from HDAC6™Y and HDAC6™" mice treated as in (A). (C), The number of tumors (>3 mm?) in HDAC6*Y and HDAC6™ livers. (n = 8 per
group). D, H&E staining of HDAC6™Y and HDAC6™ livers treated as in (A) (T, tumor; black dotted line, separate tumor and normal tissues;
red dotted line, region of the field magnified). E, Sirius Red staining of HDAC6™Y and HDAC6™ livers treated as in (A) (red dotted line, region
of the field magnified). F, Quantification of the Sirius Red-positive area from (E) (n = 8 per group). G, Western blot for HDAC6, p21, p53,
acetylated p53 (K320, K120, and K373/382), and GAPDH (n = 2 per genotype)
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hepatocellular carcinoma (HCC) model. (A), Schematic representation of the DEN + TAA-induced HCC protocol. (B), Representative images
of livers from HDAC6*Y and HDAC6 ™Y mice treated as in (A). (C), The total number of tumors in HDAC6*" and HDAC6™ livers (n = 10-11
per group). (D), H&E staining of HDAC6*Y and HDAC6™ livers after DEN + TAA treatment (T, tumor; black dotted line, separate tumor and
normal tissues; red dotted line, region of the field magnified). (E), Sirius Red staining of HDAC6*" and HDAC6™ livers after DEN + TAA (red
dotted line, region of the field magnified). (F), Quantification of the Sirius Red-positive area from (E) (n = 8 per group). (G), Western blot to
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FIGURE 6 Effect of histone deacetylase 6 (HDAC6) deficiency in the multiple diethylnitrosamine (DEN) treatment hepatocellular
carcinoma (HCC) model. (A), Schematic representation of the multiple DEN treatment-induced HCC protocol. (B), Representative images

of livers from HDAC6*Y and HDAC6™Y mice treated as in (A). (C), Total number of tumors, (D) liver to body ratio, and (E) body weight

in HDAC6'Y and HDAC6™Y mouse. C-E, n = 4-25 per group (the circle dots in graphs represent mouse numbers). (F), H&E staining of
HDAC6""Y and HDAC6™ livers (T, tumor; black dotted line, separate tumor and normal tissues). (G), Sirius Red staining of HDAC6™ and
HDAC6™ livers. (H), Quantification of the Sirius Red-positive area from (G) n = 21-25 images per group. (I), Western blot for HDAC6, p21,
p53, acetylated p53 (K320, K120, and K373/382), and GAPDH. (J), Hep3B cells were transfected with indicated protein expression plasmids.
After 24 h of transfection, cells were treated with 30 uM etoposide for 24 h. Cell viability was measured by MTT assay (n = 4 per group).
Ectopic expression of p53 was confirmed by Western blotting of anti-MYC and anti-GAPDH antibodies in the right panel

inhibit HCC and instead moderately enhanced its development, al-
though this was not statistically significant (Figure 4B,C). Histological
analysis of both genotypes revealed characteristics similar to those
of human steatohepatitis HCC (Figure 4D), ballooning cancer cells,
and liver fibrosis, which are typical of nonalcoholic steatohepatitis—
related HCC.Y Fibrosis was quantified using Sirius Red area analysis
(Figure 4E). The severity of fibrosis was not changed by the genetic
ablation of HDAC6 (Figure 4E,F). Protein levels of acetyl-K120 and
-K320 p53 were higher in HDAC6™Y mice than in HDAC6*"Y mice in
the DEN + HFD HCC model (Figure 4G). Notably, the level of acetyl-
K373/382 p53 was also increased in HDAC6™ mice compared with

that in HDAC6""Y mice in the DEN-HFD HCC model (Figure 4G).
However, the protein levels of p21 were not changed by HDAC6 ex-
pression (Figure 4G).

3.5 Histone deacetylase 6 ablation did not inhibit
HCC in the DEN + TAA model

To further investigate the physiological roles of HDAC6 in HCC
development, we adopted another mouse HCC model using
DEN + TAA. Thioacetamide is a potent inducer of liver injury and
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fibrosis that facilitates premalignant transformation in HCs. We in- (dissolved in 0.9% NaCl) thrice weekly for 12 weeks at increasing
jected 2-week-old male HDAC6™Y and HDAC6™Y mice with 25 mg/ concentrations (first dose: 50 mg/kg; second dose: 100 mg/kg;
kg of DEN; at 8 weeks of age, these mice were injected with TAA third to sixth doses: 200 mg/kg; all subsequent doses: 300 mg/kg)
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the AAC; method (n = 3-9 per group). F, Immunofluorescence analysis of liver tissue sections from 24-week-old mice with multiple DEN
treatments using anti-F4/80 antibody for macrophages (green) and DAPI (blue) (NT, nontumor; T, tumor; white dotted line, separate tumor
and normal tissues). G, Quantification of F4/80-positive cells from (F). (n = 3 per group)

(Figure 5A). Consistent with the DEN + HFD model, whole-body
HDAC6 knockout did not inhibit HCC and instead moderately en-
hanced its development, although this was not statistically signifi-
cant (Figure 5B,C). Histological analysis of both genotypes revealed
characteristics similar to those of human adenoma HCC (Figure 5D).
Fibrosis was quantified using Sirius Red area analysis (Figure 5E).
The severity of fibrosis was not changed by the genetic ablation of
HDACG6 (Figure 5E,F). Protein levels of acetyl-K120 and -K320 p53
were increased in HDAC6 ™Y mice compared with those in HDAC6*"Y
mice in the DEN + HFD HCC model (Figure 4G). However, p21
protein levels were not affected by the genetic ablation of HDAC6
(Figure 5G). Of note, acetyl-K373/382 p53 was not detected in ei-
ther HDAC6™Y or HDAC6™Y mice in the DEN + TAA HCC model
(Figure 5G).

3.6 | Global HDAC6 loss promotes HCC in multiple
DEN treatment model of HCC

To investigate the roles of HDAC6 in HCC development, we adopted
a simple one-stage HCC model using only DEN treatment. In total,

eight doses of DEN were administered to HDAC6*"Y and HDAC6 ™"
mice: the first dose of DEN was 20 mg/kg, the second dose was
30 mg/kg, and the next six doses were 50 mg/kg (Figure 6A), as pre-
viously reportedls; mice were sacrificed at 12, 16, 20, and 24 weeks
old with multiple DEN treatments. In contrast to the DEN + HFD and
DEN + TAA HCC models, in this model, whole-body HDAC6 knock-
out significantly enhanced HCC development (Figure 6B-D).
Compared with HDAC6*"Y mice, HDAC6™Y mice that were admin-
istered multiple DEN treatments had significantly more tumors per
liver (Figure 6C) and a larger liver to body weight ratio (Figure 6D).
Animal weights did not differ throughout the study (Figure 6E).
Histological analysis of both genotypes revealed characteristics
similar to those of human adenoma HCC (Figure 6F). Fibrosis was
quantified using Sirius Red staining analysis (Figure 6G,H). Histone
deacetylase 6ablation led to increased fibrosis and steatosis, which
were mainly outside the tumor area (Figure 6F-H).

To examine the protein levels of acetyl-p53 (K120, K320, and
K373/382), p53, p21, HDAC6, and actin, we performed a Western
blot analysis of liver lysates at 16 and 24 weeks old with multiple
DEN treatments. Consistent with previous findings, protein levels of
acetyl-K320 p53 were higher in HDAC6™ mice than in HDAC6""Y
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mice (Figure 6l), and p21 protein levels were not affected by the
genetic ablation of HDAC6 in the multiple DEN treatment model
of HCC (Figure 6l). Notably, the level of acetyl-K120 p53 was re-
duced in HDAC6™ livers, and there were no differences in ace-
tyl-K373/382 p53 levels between HDAC6™Y and HDAC6"Y mice
(Figure 6l). To investigate the role of p53 acetylation on K120 and
K320, we transfected wild-type and acetylation mimic mutants
(K120Q and K320Q) of p53 into Hep3B cells lacking endogenous
p53 expression. As shown in Figure 6J, wild-type and K120Q mutant
p53 significantly reduced cell viability, but K320Q mutant p53 did
not, under normal growth conditions and after 30 uM etoposide (a
DNA-damaging reagent) treatment.

3.7 | Genetic ablation of HDAC6 inhibits the
proliferation of HCC cells in multiple DEN treatment
model of HCC

To search relevant genes and pathways with HCC, we performed
QuantSeq 3’ mRNA sequencing with liver samples from 12-week-old
wild-type (WT, n = 3) and HDAC6 knockout (KO, n = 3) mice with
multiple DEN treatment and analyzed transcriptome. We selected
341 genes based on fold change greater than 1.5 and a P value less
than 0.05 (Table S1) and performed unsupervised clustering. Two
major clusters emerged as expected: WT and KO group (Figure 7A).
Accordingly, principal component analysis (PCA) showed successful
transcriptomic reprogramming in the KO group away from the WT
group (Figure S3A). For further analysis, transcriptome data were
submitted to DAVID-based Gene Ontology (GO) analysis, and the
top 10 enriched GO terms are listed in Figure 7B. Among them, we
selected five GO terms (red arrow indicated in Figure 7B) and drew
the network with gene names with red (upregulated in KO) and blue
(downregulated in KO) color (Figure 7C). Gene network analysis
using STRING database showed that p53 is a critical regulator of cell
division (including kinetochore organization), cell cycle, and animal
organ regeneration (Figure 7D,E and Figure S3B), and almost all re-
lated genes were significantly downregulated in HDAC6 ™Y liver sam-
ples (Figure 7C), suggesting HCC proliferation defect in HDAC6 KO
mice.

To investigate the role of HDAC6 in HCC cell proliferation and
apoptosis in vivo, we performed proliferating cell nuclear antigen
(PCNA) and TUNEL staining with wild-type and HDAC6™ liver at
24 weeks with multiple DEN treatments. The conclusion of cell
cycle inhibition from transcriptome analysis was further supported
by a decreased number of PCNA-positive cells in HDAC6™ liver
at 24 weeks with multiple DEN treatments (Figure 7F). In contrast,
we could not find a significant change in apoptosis-related genes
in transcriptome analysis (Figure 7B) and the number of apoptotic
cells in the TUNEL assay (Figure 7G). Despite a reduced number of
proliferating cells in HDAC6 ™Y liver after DEN treatment (Figure 7F),
the size and number of tumor nodules are significantly increased in
HDAC6™ liver after multiple DEN treatments (Figure 6B-E), which
implies other regulatory mechanisms.

3.8 | Global HDACH loss suppresses immune
activation in the multiple DEN treatment
model of HCC

It was reported that genetic ablation or pharmaceutical inhibition of
HDAC6 suppresses immune activation at multiple levels.* 2! Thus,
it is plausible that HDACé ablation inhibits immune activation, re-
sulting in HCC outgrowth in multiple DEN-treated HCC models.
To investigate the role of HDAC6 on immune activation, we tested
the mRNA levels of proinflammatory cytokines (IL1A, IL1B, and ILé)
and chemokines (CCL2 and CXCL10) at 12, 16, 20, and 24 weeks. In
HDAC6'Y mice, proinflammatory cytokine and chemokine levels
were maximally induced (6.7-fold) at 16 weeks. Strikingly, genetic
ablation of HDAC6 completely inhibited IL1A induction at 16, 20,
and 24 weeks (Figure 8A). In both HDAC6™Y and HDAC6™ livers,
IL1B was notably induced (45.7-fold for HDAC6*"Y and 38.9-fold for
HDAC67™) at 20 weeks, but genetic ablation of HDACS6 significantly
decreased IL1B mRNA levels at 16 and 24 weeks (Figure 8B). IL6 lev-
els were also significantly reduced in HDAC6™ livers at 16 and
24 weeks (Figure 8C). CCL2 and CXCL10 mRNA levels were slightly
increased in HDAC6™Y mice compared with those in HDAC6™ mice.
CCL2 mRNA levels were increased 29.2-fold in HDAC6™ mice, but
not in HDAC6™Y mice, at 16 weeks (Figure 8D). Histone deacetylase
6ablation significantly reduced CXCL10 mRNA levels at 16, 20, and
24 weeks (Figure 8E).

To address which cell types are responsible for HDAC6-
dependent immune activation, we isolated HCs, hepatic stellate
cells (HSC), and Kupffer cells (KC) from 6-month-old HDAC6*" and
HDAC6™Y mouse liver and showed that HSC and KC are the main
sources of all tested cytokines and chemokines that were reduced
in HDAC6™" liver except for IL1A in HSC (Figure S4A-)). In addition,
protein levels of acetyl-K120 and -K320 p53 were increased in iso-
lated HC, HSC, and KC from HDAC6™ liver (Figure S4H). To inves-
tigate the role of p53 acetylation, we transfected wild-type, K120Q,
and K320Q (K120Q and K320Q) of p53 into RAW 264.7 macro-
phage cells and checked the expression of cytokines (IL1A, IL1B, IL6)
and chemokines (CCL2, CXCL10) (Figure S5). Although we observed
that IL6 and CCL2 expression is reduced by p53, none of the acetyl-
ation mimic mutants of p53 (K120Q and K320Q) made meaningful
differences compared with wild-type p53 (Figure S5C-D). IL1A, IL1B,
and CXCL10 expressions were not significantly changed by p53 over-
expression (Figure S5A,B,E).

To search for an alternative pathway rather than p53, we
performed DAVID-based functional annotation analysis using
the same transcriptome data and observed changes in innate
immunity-related gene expression in HDAC6™Y (Figure S3C).
Previously, we and others showed that HDAC6 deacetylates
Rig-1/Ddx58 to control innate immune responses.?%?! Thus, we
performed network analysis with Rig-1/Ddx58 and showed that
Bst2, Oaslg, and Ly96 were significantly reduced in HDAC6™Y
liver after multiple DEN treatments and closely related to Rig-1/
Ddx58 (Figure 3D). Finally, we showed that the number of F4/80
positive macrophages in both tumor nodules and nontumorous
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parenchyma is reduced in HDAC6™ liver at 24 weeks with multi-
ple DEN treatments (Figure 8F,G). Together, the genetic ablation
of HDAC6 suppressed innate immune activation after multiple
DEN treatments.

4 | DISCUSSION

Histone deacetylase 6, a unique member of the class IIlb HDAC fam-
ily, has emerged as a privileged target for cancer therapy because
of its various effects on cancer-associated biological phenomena
such as apoptosis, cell motility, inflammation, angiogenesis, and
autophagy.??%2225 Most studies have been based on pharma-
ceutical inhibition of HDACé rather than genetic ablation for the
development of anticancer drugs, and two HDAC6-specific in-
hibitors, ACY-1215 and ACY-241, have entered phase Il clinical tri-
als.?® Whole-body HDAC6 knockout mice are viable and develop
normally,?” which has increased hope for the development of an-
ticancer drugs without side effects. Notably, we and others have
reported that genetic ablation of HDAC6 in mice leads to immune

suppression and obesity,2°'28'30

emphasizing the intricate roles of
HDACS6 in hepatocellular carcinogenesis.

Regeneration and tumorigenesis share common molecular
pathways, and p53 is considered a crucial regulatory molecule that
prevents regeneration from shifting into carcinogenesis.31 Liver re-
generation after two-thirds PHx in rodents has been considered a
reliable animal model to test the regenerative proliferation of HCs
without severe liver damage and inflammation.®? Interestingly, we
found that HDAC6™Y mice showed a similar regenerative liver growth
as HDAC6"Y mice (Figure 3B) but, in contrast, significant reduction
of HC proliferation at 48 hours after two-thirds PHx, (Figure 3E,F)
suggesting nonproliferative regeneration in HDAC6™ mouse liver.
In transcriptome analysis using multiple DEN-treated liver samples,
we found a significant downregulation of genes related to mitosis,
cell division, and kinetochore organization, suggesting a mitotic fail-
ure (Figure 7, Figure S3). Of note, a significant amount of HCs are
polyploid (about 80%) in normal conditions.!® Therefore, if the ploidy
of HCs increases in HDAC6™ livers, this may explain nonreplica-
tive liver regeneration in HDAC6™ livers after two-thirds PHx. We
interestingly observed that polyploidy (4C, >8C) was increased in
isolated HCs from HDAC6™" liver compared with HDAC6*" (Figure
S2), suggesting a possibility that polyploid HCs undergo cell division
without DNA replication in HDAC6™ liver after PHx.

Whether HDAC6 plays an inhibitory®® or promoting®* role in
HCC has been recently debated. Owing to the lack of evidence from
HCC models using whole-body HDAC6 knockout mice, it is not clear
whether HDACS6 inhibition has beneficial effects on HCC patients. To
investigate the role of HDAC6 in HCC progression, we employed three
independent HCC mouse models with DEN + HFD, DEN + TAA, and
multiple DEN treatments. In contrast to its inhibitory effect on hepatic
cancer cell proliferation (Figure 2A and Figure 7F), genetic ablation of
HDACS6 did not inhibit HCC but rather slightly enhanced HCC in two
independent mouse models, DEN + HFD (Figure 4) and DEN + TAA

(Figure 5). Importantly, whole-body HDAC6 ablation significantly pro-
moted tumorigenesis in the multiple DEN treatment HCC model, em-
phasizing the role of HDAC6 as a tumor suppressor (Figure 6). These
results indicated that whole-body HDACé knockout did not show an
antitumoral effect and instead enhanced HCC development, especially
in the multiple DEN treatment HCC model, supporting previous find-
ings that HDAC6 plays a tumor-suppressing role in HCC.333%3¢

We and others recently reported that HDACé ablation in mice

20.21 \which

leads to the suppression of the innate immune response,
plays a crucial role in tumor immunosurveillance and generation
of antitumor immune responses.®” From this perspective, we also
showed that HDACé6 ablation leads to a general decrease in the
mRNA levels of inflammatory cytokines (IL1A, IL1B, and IL6) and
chemokines (CCL2 and CXCL10) in the HCC model treated with
multiple DEN, which was correlated with the promotion of HCC.
Importantly, we showed that the number of F4/80 positive macro-
phages in both tumor nodules and nontumorous parenchyma is re-
duced in HDAC6™" liver at 24 weeks with multiple DEN treatments
(Figure 8F,G). These suggest that whole-body HDAC6 ablation can
lead to imperfections in the innate immune response against HCC.
However, acetylation mimic mutants (K120Q and K320Q) of p53
did not make meaningful differences in the expression of cytokines
(IL1A, IL1B, IL6) and chemokines (CCL2, CXCL10) (Figure S5), sug-
gesting an alternative pathway. DAVID-based functional annotation
analysis showed changes in innate immunity-related gene expres-
sion in HDAC6™"Y (Figure S3C). Previously, we and others showed
that HDAC6 deacetylates Rig-1/Ddx58 to control innate immune re-
sponses.38'39 Network analysis with Rig-1/Ddx58 revealed that Bst2,
Oaslg, and Ly96 were significantly reduced in HDAC6™ liver after
DEN treatment and closely related to Rig-I/Ddx58 (Figure S3D).
Therefore, Rig-1 would be a possible target of HDAC6 in HCC devel-
opment, which is worth exploring further.

In summary, contrary to the general assumption that HDACé
inhibition leads to hyperacetylation of p53, resulting in tumor sup-
pression, our data from in vivo animal HCC models emphasize the
importance of multiple roles of HDAC6 in hepatocellular carcino-

genesis, highlighting its immunosuppressive effects.
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