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Abstract

Background: NAFLD caused by abnormalities in hepatic lipid metabolism is

associated with an increased risk of developing HCC. The molecular

mechanisms underlying the progression of NAFLD-related HCC are not fully

understood. We investigated the molecular mechanism and role of KDM6B

downregulation in NAFLD-related HCC after the KDM6B gene was identified

using microarray analysis as commonly downregulated in mouse NAFLD-

related HCC and human nonhepatitis B and nonhepatitis C viral-HCC.

Methods: The 5-hydroxymethylcytosine levels of KDM6B in HCC cells were

determined using glycosylated hydroxymethyl-sensitive PCR. Microarray

and chromatin immunoprecipitation analyses using KDM6B-knockout (KO)

cells were used to identify KDM6B target genes. Lipotoxicity was assessed

using a palmitate-treated cell proliferation assay. Immunohistochemistry was

used to evaluate KDM6B expression in human HCC tissues.

Results: KDM6B expression levels in HCC cells correlated with the

5-hydroxymethylcytosine levels in the KDM6B gene body region. Gene set

enrichment analysis revealed that the lipid metabolism pathway was

suppressed in KDM6B-KO cells. KDM6B-KO cells acquired resistance to lip-

otoxicity (p < 0.01) and downregulated the expression of G0S2, an adipose

triglyceride lipase/patatin like phospholipase domain containing 2 (ATGL/

PNPLA2) inhibitor, through increased histone H3 lysine-27 trimethylation levels.

G0S2 knockdown in KDM6B-expressed HCC cells conferred lipotoxicity

resistance, whereas ATGL/PNPLA2 inhibition in the KDM6B-KO cells reduced

these effects. Immunohistochemistry revealed that KDM6B expression was

decreased in human NAFLD-related HCC tissues (p < 0.001), which was

Abbreviations: ATGL, adipose triglyceride lipase; ChIP, chromatin immunoprecipitation; G0S2, G0/G1 switch 2; H3K27 me3, histone H3 lysine-27 trimethylation;
5hmC, 5-hydroxymethylcytosine; KO, knockout; MC4R, melanocortin type 4 receptor; NBNC, nonhepatitis B and nonhepatitis C viral; PNPLA2, patatin like
phospholipase domain containing 2; siRNA, small interfering RNA; TCGA, The Cancer Genome Atlas; WT, wild-type.
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significantly associated with decreased G0S2 expression (p = 0.032).

Conclusions: KDM6B-disrupted HCC acquires resistance to lipotoxicity via

ATGL/PNPLA2 activation caused by epigenetic downregulation of G0S2

expression. Reduced KDM6B and G0S2 expression levels are common in

NAFLD-related HCC. Targeting the KDM6B-G0S2-ATGL/PNPLA2 pathway

may be a useful therapeutic strategy for NAFLD-related HCC.

INTRODUCTION

NAFLD, which is caused by hepatic lipid metabolism
abnormalities, is associated with metabolic risk factors,
such as obesity, dyslipidemia, hypertension, and
diabetes[1]. The prevalence of NAFLD is increasing with
the rise in the obese population worldwide[2]. Although
NAFLD has a better prognosis than alcohol-associated
fatty liver disease, some cases have been found to
progress to NASH with fibrosis, which can lead to the
development of HCC[3,4]. HCC is the world’s fourth most
common cancer[2]. In recent years, the increase in the
number of HBV surface antigen‑negative and HCV anti-
body-negative HCC (NBNC-HCC) cases has exceeded
30%[1]. The rise in NBNC-HCC is thought to be due to an
increase in the number of patients with NAFLD[5]. Nagaoki
et al[6] reported that 14.9% of HCC cases are associated
with NASH/NAFLD in patients with NBNC-HCC.

Studies on NASH-related HCC have been conducted
using high-fat diet-fed and genetically modified mice[7]. Our
group previously reported a mouse model with a knockout
(KO) of the melanocortin type 4 receptor (MC4R−/−), which
develops NASH-like lesions and multiple liver tumors
when fed a high-fat diet, similar to patients with obesity[8]. In
addition, the HCC gene expression pattern from MC4R−/−

mice closely resembles that of human HCC with metabolic
risk factors[9], suggesting that the MC4R−/− mice are a
useful model for HCC with metabolic syndrome.

In hepatic cells, epigenetic mechanisms, including DNA
methylation and histone modification, are crucial for
regulating lipid metabolism, insulin resistance, oxidative
stress response, and inflammation[10,11]. NAFLD has
recently been linked to dynamic changes in 5-hydroxyme-
thylcytosine (5hmC) patterns throughout the genome[12].
Evidence suggests that histone modification changes
cause transcriptional dysregulation of lipogenic-related
and glycolytic-related genes involved in the development
of NAFLD and NASH[12–14]. However, the molecular
mechanism of NAFLD-related HCC progression via epi-
genetic dysregulation is not fully understood.

To investigate the role of epigenetic factors in
NAFLD-related HCC in this study, we first reanalyzed
microarray data from mouse MC4R−/−-HCC and human
NBNC-HCC[9]. KDM6B (lysine K-specific demethylase
6B, also known as JMJD3) was found to be a commonly

downregulated gene in both HCC types. KDM6B is an
epigenetic regulator, which acts as a histone H3 lysine-
27 (H3K27) demethylase that induces transcriptional
gene activation[15]. Downregulation of Kdm6b expres-
sion in the liver causes intrinsic defects in β-oxidation
and, thereby, induces hepatosteatosis and glucose-
insulin intolerance, suggesting that Kdm6b regulates
energy homeostasis in the liver[16]. Here, we demon-
strate the molecular mechanism by which KDM6B loss
epigenetically downregulates the expression of G0S2, a
selective inhibitor of adipose triglyceride lipase/patatin
like phospholipase domain containing 2 (ATGL/
PNPLA2), in HCC cells, leading to increased resistance
to lipotoxicity. We also show that the loss of KDM6B-
G0S2 is common in human NAFLD-related HCC.

METHODS

Human tissue samples

A total of 87 patients who underwent curative hepatic
resection for HCC between 2006 and 2012 at Tokyo
Medical and Dental University Hospital with approval of
the ethics committees (permission number; G2017-018) of
the Faculty of Medicine in Tokyo Medical and Dental
University were collected, and written informed consent
was obtained from all patients. The patients were
anonymously coded in accordance with ethical guidelines,
as instructed by the Declaration of Helsinki and Istanbul.

Cell lines and reagents

Human HCC cell lines (HuH7, JHH5, HLE, and HLF) were
purchased from the American Type Culture Collection
(Manassas, VA) and the Human Science Research
Resources Bank (Osaka, Japan). Cells were cultured in
an appropriate culture medium (Supporting Information,
http://links.lww.com/HC9/A541) under 5% CO2 at 37°C.
These cell lines were authenticated by DNA fingerprinting
of short tandem repeats (BEX Co. Ltd, Tokyo, Japan).
Cells were tested with a mycoplasma contamination
detection assay before the experiment. Palmitate (Merck
KGaA, Darmstadt, Germany) stock solution was prepared
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by coupling palmitate to bovine serum albumin (BSA;
Merck KGaA, Darmstadt, Germany) as previously
described[17]. ATGL/PNPLA2 inhibitor, Atglistatin (Selleck
Biotech, Houston, TX), was dissolved in DMSO and used
at a concentration of 0, 10, or 50 µM[18].

5hmC detection

5hmC was analyzed using the EpiMark 5hmC and 5-mC
analysis kit (E333175; New England Biolabs, New
England Biolabs, Ipswich, MA) according to the manu-
facturer’s instructions. Briefly, genomic DNA was incu-
bated with the T4β-glucosyltransferase that protects
against Msp1 digestion (CCGG) by adding a glucose
moiety specifically to 5hmC[19]. The 5hmC was detected
by glycosylated hydroxymethyl-sensitive PCR using
primers designed around the analyzed Msp1 digestion
sites. The primer sequences are shown in Supplemental
Table S1 (http://links.lww.com/HC9/A539).

RNA interference

HuH7 and JHH5 cells were transfected with small
interfering RNAs (siRNAs) for KDM6B (SASI_
Hs02_00314716, SASI_Hs02_00314717; Merck KGaA),
G0S2 (SASI_Hs01_00133110, SASI_Hs02_00348390),
ACSL1 (SASI_Hs01_00202187, SASI_Hs01_00202188),
ATGL/PNPLA2 (SASI_Hs01_00225605, SASI_Hs01_
00225606), or with negative control (MISSION siRNA
Universal Negative Control; Merck KGaA) using Lipofect-
amine RNAiMAX Transfection Reagent (Thermo Fisher
Scientific, Waltham, MA) at a final concentration of 50 nM.

Establishment of KDM6B-KO cell lines

The CRISPR-targeting sequences (5′-CACAGCGCCC
TTCGATACGGAGG-3′) were designed based on the
Optimized CRISPR Design web system (http://crispr.mit.
edu/). Oligos were cloned into the gRNA Cloning Vector
(plasmid #41824; Addgene Addgene, Watertown, MA)
following CRISPR gRNA Synthesis Protocol[20] and trans-
fected with the hCas9 (Addgene; plasmid #41815). After
transfection of the vectors into HuH7 and JHH5 cells and
selection by G418, Geneticin (Thermo Fisher Scientific),
several KDM6B-KO clones were obtained by limiting
dilution.

Quantitative reverse transcription PCR

Total RNA from the cultured cells was extracted using
the RNeasy Protect Mini Kit (Qiagen). First-strand
cDNA was synthesized from total RNA using the
SuperScriptIII cDNA Synthesis kit (Thermo Fisher

Scientific). Quantitative reverse transcription PCR
was performed using the TB Green Premix Ex Taq
kit (Takara Bio, Shiga, Japan) and gene-specific
primers in the StepOne real-time PCR System
(Thermo Fisher Scientific). Sequences of primers are
presented in Supplemental Table S1 (http://links.lww.
com/HC9/A539). Relative expression of mRNA was
calculated using the comparative Ct method after
normalization to glyceraldehyde 3-phosphate
dehydrogenase expression. All experiments were
conducted in triplicate and repeated at least twice.

Microarray analysis

The integrity of the obtained RNA was confirmed by
using a 2100 Bioanalyzer (Agilent Technologies, Santa
Clara, CA). Complementary RNA was prepared from
100 ng of total RNA from each sample with a 3′ IVT
Express Kit (Affymetrix Santa Clara, CA). Hybridization
and signal detection of the Gene Chip Human Genome
U133 Plus 2.0 Array (Affymetrix) were performed in
accordance with the manufacturer’s instructions. The
microarray datasets of pairs of the KDM6B wild-type
(WT) and KDM6B-KO cells were normalized using the
robust multiarray average method in the R statistical
software and Affy Bioconductor package.

Western blotting

Cells were washed with PBS for total cell lysis and
dissolved in an RIPA buffer (Thermo Fisher Scientific)
with a protease inhibitor cocktail (Merck KGaA). After
SDS-PAGE, the proteins were transferred onto poly-
vinylidene difluoride membranes (Immobilon-P; Merck
KGaA). The membranes were probed overnight with
first primary antibodies for KDM6B (Cell Signaling
Technology), G0S2 (Abcam, Cambridge, UK), ACSL1
(Cell Signaling Technology), ATGL/PNPLA2 (Cell Sig-
naling Technology), α-tubulin (Santa Cruz Bio-
technology, Dallas, TX), or glyceraldehyde 3-phosphate
dehydrogenase (Cell Signaling Technology). Goat
antirabbit or antimouse IgG (H/L) with horseradish
peroxidase–labeled secondary antibodies were used
for visualization using the Western ECL substrate kit
(BioRad Laboratories, Hercules, CA). The antibodies
used for western blotting are listed in Supplemental
Table S2 (http://links.lww.com/HC9/A539).

Lipidome analysis

Lipidome analysis was performed according to the
Lipidome Lab Nontargeted Lipidome Scan package
(Lipidome Lab, Akita, Japan) using liquid chromatograph
orbitrap mass spectrometry, as shown in Supporting
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Information (http://links.lww.com/HC9/A541). The raw
data files were postprocessed using the Lipid Search
4.2 software (Mitsui Knowledge Industries Co. Ltd,
Tokyo, Japan), which identified individual intact lipid
molecules. The relative values were calculated using the
ratio of the chromatographic peak area of each analyte to
that of the total analyte. The annotation method
corresponds to an equivalent of the “Fatty Acyl/Alkyl
Level or Hydroxyl Group Level” that is defined by the
Lipidomics Standard Initiative[21].

Lipid quantification

Intracellular lipids were extracted using the Lipid Extrac-
tion Kit (Cell Biolabs Inc., San Diego, CA) and then
solubilized in a 100 μL methanol/chloroform mixture.
Triglycerides were quantified using the Lipid Quantifica-
tion Kit (Fluorometric) (Cell Biolabs Inc.), according to the
manufacturer’s protocol.

Lipid staining

For neutral lipid and cholesteryl ester staining, cells
were fixed with 4% paraformaldehyde and stained with
Oil red O (Merck KGaA) as described previously[22].
Lipids were quantified using the ImageJ software
(National Institutes of Health).

Cell proliferation assay

Cell viability was evaluated by a WST-8 assay using the
Cell Counting Kit-8 (Dojindo, Kumamoto, Japan).
Briefly, cells were plated at a density of 5.0×103 cells
per well in 96-well plates and cultured for 48 hours.
Cells were incubated in a fresh culture medium
containing 10% Cell Counting Kit-8 reagent for 2 hours
under 5% CO2 at 37°C. Absorbance was evaluated at
450 nm using a spectrophotometer (iMark; BioRad
Laboratories). To assess the lipotoxic effects, the cell
reduction rate was determined as the ratio of viable
cells of the palmitate-treated and palmitate-untreated
(control) groups after 48 hours of incubation.

Chromatin immunoprecipitation (ChIP)

ChIP assay was performed by using the ChIP-IT Express
Kit (Active Motif, Carlsbad, CA) according to the manu-
facturer’s protocol. The antibodies used in this study were
anti-H3K27me3 (Active Motif) and anti-KDM6B (Cell
Signaling Technology). Anti-PanH3 (Merck KGaA) and
input DNA samples were used as internal controls. The
primer sequences of ChIP-PCR are listed in Supplemental
Table S1 (http://links.lww.com/HC9/A539).

ATGL activity measurement

ATGL activity was assessed using the EnzChek lipase
substrate (Thermo Fisher Scientific). ATGL cell extracts
from 7.0×106 cells were prepared in 300 μL of enzyme
reaction buffer (50 mM HEPES, pH 7.2, 100 mM NaCl,
5 mM CaCl2, 0.5 mM DTT, 2% DMSO, and 0.1% Triton
X-100). The ATGL activity assay was conducted in a
96-well plate containing 100 μg of ATGL cell extracts.
The EnzChek lipase substrate was added to each well
to a final concentration of 1 µM to initiate the reaction at
37°C. Fluorescence (excitation: 485 nm and emission:
510 nm) was recorded every 30 seconds for 90 minutes
using Varioskan LUX (Thermo Fisher Scientific).

Bioinformatics analysis

The human and mouse microarray datasets, previously
deposited in Gene Expression Omnibus (GSE102083),
were used for this study. For analyzing human micro-
array data, 32 pairs of HCC and adjacent liver tissues
surgically resected from NBNC patients were extracted.
The microarray data were normalized using the robust
multiarray average method in R statistical software and
the Affy Bioconductor package. Public transcriptome
data of HCC tissues and adjacent liver tissues were
obtained from The Cancer Genome Atlas (TCGA)
Research Network and downloaded from the cBioPortal
site. Gene set enrichment analysis was performed
using MSigDB gene sets[23].

Immunohistochemistry

As described previously, formalin-fixed and paraffin-
embedded tissues of human and MC4R−/− mouse HCC
samples were used for immunohistochemistry[9]. The
tissue sections were incubated with primary antibodies
against KDM6B (Abcam) and G0S2 (Abcam) overnight
at 4°C (Supplemental Table S2, http://links.lww.com/
HC9/A539). After reaction with the Histofine Simple Stain
MAX PO system (Nichirei Biosciences, Tokyo, Japan) for
1 hour at 20°C, immunoreactivity was visualized with
3-3′-diaminobenzidine (Wako, Osaka, Japan), followed
by counterstaining with Mayer hematoxylin (Wako). The
KDM6B expression in HCC tissues was determined as
high and low according to the percentage of positive cells
and intensity of the nuclear staining[14,24]. The percentage
of positive cells was scored as follows; 0, no positive
cells; 1, 1%–25%; 2, 26%–50%; 3, 51%–75%; and 4,
76%–100%. Positive staining intensity was graded
according to the mean density; 0, negative; 1, weak; 2,
moderate; and 3, strong. KDM6B expression was divided
into low (score 0–4) and high (score 5–12) based on the
staining score calculated as themultiplication of 2 scores.
According to a previous report, cytoplasmic G0S2
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expression in HCC was also defined as high and low[25].
Since KDM6B and G0S2 were expressed in normal liver
tissues, we also determined low expression when their
expression levels in HCC tissues were lower than those
in adjacent nontumor liver tissues.

Statistical analysis

Statistical analysis was performed using R statistical
software and Microsoft Excel for Mac 2019. Welch t test
was used to analyze the differences between the
continuous values of the 2 independent groups. The χ2
test was used for the analysis of categorical variables. For
all analyses, p values <0.05 were considered statistically
significant.

RESULTS

KDM6B expression is downregulated in
NBNC and MC4R−/− mouse HCCs

Using our previous dataset, we reanalyzed the expression
levels of epigenetic regulator genes between human
and MC4R−/− mouse HCC (Figure 1A, upper panels,
https://www.ncbi.nlm.nih.gov/geo; accession number
GSE102083). Microarray analysis detected 12 down-
regulated epigenetic regulator genes in human NBNC-
HCC samples and 16 downregulated epigenetic regulator
genes inMC4R−/−mouse HCC (Figure 1A, B). In contrast,
66 upregulated epigenetic regulator genes were found in
humanNBNC-HCC, and 16 upregulated epigenetic genes
were found in MC4R−/− mouse HCC (Figure 1A, B).
KDM6B was downregulated in human HCC tissues
among the common genes detected using the
microarray in this study (Figure 1A, lower panels). We
used public data to confirm the findings of our microarray
data. Public transcriptome data provided by TCGA
Research Network showed a lower expression level of
KDM6B in nonviral HCC than in adjacent liver tissues
(Figure 1C, left panel, p = 7.00×10−15), which was
consistent with our human nonviral (Figure 1C, middle
panel, p = 4.46×10−5) and mouse MC4R−/−-HCC data
(Figure 1C, right panel, p = 0.018). Immunohistochemical
analysis confirmed the loss of KDM6B protein expression
in human NAFLD-related HCC of the nonviral type and
mouse HCC tissues (Figure 1D), both of which had low
KDM6B expression in our microarray analysis.

KDM6B expression correlates with 5hmC
levels at the gene body region

In human HCC cell lines, KDM6B mRNA expression
was high in HuH7 and JHH5 cells but low in HLE and
HLF cells (Figure 2A). It has recently been reported that

a gain of 5hmC at the CpG island located within exons
17 to 18 correlates with increased Kdm6b expression in
mouse neural cells[26] (Figure 2B). Since human
genomic KDM6B contains a region with high
sequence homology to the mouse putative Kdm6b
regulatory region, we evaluated the 5hmC levels at the
conserved region by glycosylated hydroxymethyl-
sensitive PCR. HuH7 and JHH5 cells with high
KDM6B expression exhibited detectable levels of
5hmC at 2 CpG sites, while HLE and HLF cells with
low KDM6B expression did not, suggesting that the
regulation of KDM6B expression may depend on the
5hmC levels at the region (Figure 2C).

KDM6B-KO reduces gene expression in
lipid metabolism pathways and increases
resistance to lipotoxicity in HCC cells

To clarify the role of KDM6B dysfunction, we established
the KDM6B-KO subclone from HuH7 and JHH5 cells using
the CRISPR-cas9 system (Figure 2D, Supplemental Figure
S1, http://links.lww.com/HC9/A540), and then, genome-
wide expression analysis between KDM6B-WT HuH7 cells
and KDM6B-KO HuH7 cells by DNA microarrays was
conducted. Gene set enrichment analysis demonstrated
that Myc-targets, mTORC1-signaling, and metabolic path-
ways were suppressed when KDM6B was knocked out
(Supplemental Table S3, http://links.lww.com/HC9/A539).
Among them, the inhibition of gene signatures involved in
the cholesterol and fatty acid metabolism pathways was
noted in KDM6B-KO HuH7 cells (Figure 2E, Supplemental
Table S3, http://links.lww.com/HC9/A539, normalized p
values of 0.002 and 0.025, respectively). As hepatic lipid
accumulation is an important feature of NAFLD[1] and
MC4R−/− mice[8], we further studied the effects on cellular
metabolites, especially lipid metabolism, due to the addition
of fatty acids in KDM6B-KO cells by lipidome analysis.
Principal component analysis of the 1059 molecular
species revealed a clear difference in lipid profiles between
KDM6B-WT and KDM6B-KO cells under vehicle and
palmitate treatment (Figure 2F). Notably, metabolites that
specifically reduced in KDM6B-KO cells (log2fold change <
−0.5 and p < 0.05) were predominantly composed of
triglyceride species (vehicle, p = 1.15×10−4; palmitate, p =
2.07×10−40, Figure 2G). In addition, a subset of 106
molecular species (including 55 molecular species
corresponding to triglyceride) exhibited marked
accumulation in KDM6B-WT cells compared to
KDM6B-KO cells upon palmitate treatment (Figure 2H,
Supplemental Table S4, http://links.lww.com/HC9/A539),
with 6 representative molecular species of triglyceride
exemplified in Figure 2I. We subsequently performed lipid
quantification using the 2 cell lines and validated that the
intracellular triglyceride level in KDM6B-KO cells was lower
than that in KDM6B-WT cells under palmitate treatment (p
< 0.05, Figure 2J).
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F IGURE 1 Identification of differentially expressed genes andKDM6B expression levels in human andmice. (A) Volcano plot of differentially expressed
gene between NBNC-HCC and non-HCC in humans. (B) Volcano plot of differentially expressed gene between MC4R−/− HCC and MC4R(+/+) (wild-type)
normal livers inmice. Representative upregulated and downregulated genes are shown in the lower panel. Blue dots indicated 21 downregulated (|log2FC| >
1.5 and FDR < 0.001) probes in humans and 19 downregulated (|log2FC| > 1 and FDR < 0.05) probes in mice, respectively. Red dots indicated 93
upregulated (|log2FC| < 1.5 and FDR > 0.001) probes in humans and 16 upregulated (|log2FC| < 2 and FDR > 0.05) probes in mice, respectively. (C) Box
and beeswarm plots of KDM6B expression levels in humans and mice. The left, middle, and right panels show TCGA, human data, and mice data,
respectively. Boxes represent the interquartile range (range from the 25th to 75th percentile), and horizontal lines show the median values. p values were
calculated using the Mann-Whitney U test. (D) Immunohistochemical staining of KDM6B in human NAFLD-related HCC andMC4R−/− HCC tissues used in
microarray analysis (Figure 2C, middle and right). NAFLD-HCC and MC4R−/− HCC exhibited low KDM6B expression compared to human liver tissue
adjacent to NAFLD-HCC and normal mouse liver tissue, respectively. Magnification: ×200; scale bar: 50 μm. Abbreviations: FC, fold change; FDR, false
discovery rate; MC4R, melanocortin type 4 receptor; NBNC-HCC, HBV surface antigen‑negative and HCV antibody‑negative HCC; NC, adjacent liver
tissues; NL, normal liver tissues; TCGA, The Cancer Genome Atlas.
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Next, we investigated the biological changes in cells by
adding palmitate. Oil red O staining showed lipid
accumulation when KDM6B-WT HCC cells were treated
with a 300 μM (HuH7) or 150 μM (JHH5) dose of
palmitate[27,28]. Lipid accumulation in the KDM6B-KO
cells was lower than that in KDM6B-WT cells (Figure 3A,
p < 0.05). We then performed a cell proliferation assay to
evaluate the lipotoxicity in KDM6B-KO cells treated with
palmitate. Reduction rates of KDM6B-KO cells upon the
addition of palmitate were significantly lower than those of
WT cells (Figure 3B, p< 0.01), indicating that KDM6B-KO
cells may increase resistance to lipotoxicity[29]. Similarly,
decreased lipid accumulation and reduction rates were

observed in HuH7 cells when KDM6B expression was
inhibited by siRNA treatment (Supplemental Figure S2A–
C, http://links.lww.com/HC9/A540).

Increased H3K27 trimethylation at the
promoter regions of G0S2 and ACSL1 in
KDM6B-KO cells

Microarray analysis detected 30 downregulated (<2−2

fold) probes in the KDM6B-KO HuH7 cells when
compared to that of KDM6B-WT cells (Supplemental
Table S5, http://links.lww.com/HC9/A539, https://www.
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ncbi.nlm.nih.gov/geo; accession number GSE211848).
Among them, 6 known lipid metabolism–related genes
(SLC22A3, CCDC22, ABAT, AHSG, ACSL1, and G0S2)
were selected, and then, mRNA expression levels were
validated by quantitative reverse transcription PCR
analysis. The HuH7 and JHH5 cells with KDM6B-KO
showed significantly decreased expression levels of 6
genes, except CCDC22 in JHH5 cells (Figure 3C, p <
0.01). Moreover, mRNA levels of the 3 target genes
(ABAT, ACSL1, and G0S2) were commonly
downregulated by KDM6B knockdown in HuH7 and
JHH5 cells (Supplemental Figure S2D, http://links.lww.
com/HC9/A540, p < 0.05).

To clarify how KDM6B regulates downstream target
gene expression, we quantified KDM6B occupancy and
H3K27me3 levels at the promoter region of 3 genes
(ABAT, ACSL1, and G0S2) between KDM6B-WT and
KO cells. A ChIP assay using anti-KDM6B antibodies
demonstrated that KDM6B was significantly recruited at
the promoter region of ACSL1 and G0S2 in KDM6B-WT
cells (Figure 3D, E, p < 0.01). The H3K27me3 levels at
the promoter regions of ACSL1 and G0S2 were higher
in KDM6B-KO cells than those in KDM6B-WT cells
(Figure 3F, p < 0.05). However, KDM6B occupancy and
H3K27me3 levels were changed at the ABAT promoter
region in JHH5 cells but not in HuH7 cells after
KDM6B-KO. These data indicate that KDM6B can
bind the promoter regions of the lipid metabolism–

related genes, ACSL1 and G0S2, and induce H3K27
demethylation, resulting in positive regulation of these
gene expressions.

KDM6B-KO reduces lipid accumulation and
gains lipotoxicity resistance by
suppressing G0S2 expression

To investigate whether KDM6B-KO-mediated reduction
of lipid accumulation is due to the decreased expression
of G0S2 and ACSL1, we silenced the expression of

G0S2 and ACSL1 by siRNA in HuH7 and JHH5 cells
(Figure 4A, B, Supplemental Figure S3A, B, http://links.
lww.com/HC9/A540). Lipid accumulation in HuH7 and
JHH5 cells was significantly lower in cells transfected
with G0S2 or ACSL1 siRNA than in cells transfected
with negative control siRNA, followed by palmitate
treatment (Figure 4C, Supplemental Figure S3C,
http://links.lww.com/HC9/A540, p < 0.01). Suppression
of G0S2 expression showed resistance to lipotoxicity
(Figure 4D, p < 0.05), whereas suppression of ACSL1
expression did not (Supplemental Figure S3D, http://
links.lww.com/HC9/A540). Rescued G0S2 expression
in KDM6B-KO cells increased lipid accumulation and
the cell reduction rate (Supporting Information, Supple-
mental Figure S4, http://links.lww.com/HC9/A540), sug-
gesting that reduced lipid accumulation and enhanced
resistance to lipotoxicity by KDM6B-KO may be due to
the decreased expression of G0S2.

Decreased lipid accumulation and acquired
resistance to lipotoxicity by loss of
KDM6B-G0S2 are mediated by ATGL/
PNPLA2

G0S2 specifically interacts with the intracellular tri-
glyceride hydrolyzing enzyme ATGL/PNPLA2 and
inhibits the lipolytic enzyme activity of ATGL[30]. ATGL/
PNPLA2 hydrolyzes intracellular triglycerides, stored in
lipid droplets, to fatty acids[31]. To determine whether the
reduction of lipid accumulation and acquisition of
lipotoxicity by KDM6B-KO are due to enhanced ATGL/
PNPLA2-dependent lipolysis caused by G0S2 down-
regulation, we examined the role of ATGL/PNPLA2 in
HCC cells. A fluorescence-based ATGL activity assay
demonstrated that ATGL activity in KDM6B-KO cells
was higher than that in WT cells (Figure 5A). Similarly,
G0S2-knockdown KDM6B-WT cells also increased
ATGL activity compared with the negative control-
transfected cells (Figure 5B).

F IGURE 2 KDM6B knockout effects in HuH7 and JHH5 cells. (A) Endogenous relative expression of KDM6B in human liver cell lines. The
relative mRNA expression levels were calculated using the comparative Ct method and normalization to GAPDH. Data from repeated triplicate
experiments were averaged and expressed as mean±SD. Each measurement is shown in a scatter plot. (B) Structure of the mouse and human
KDM6B gene. Black squares indicate exons. The green bar indicates the mouse CG-rich region that is reported to show a positive correlation
between KDM6B expression and 5hmC[25]. Red bars indicate CpG islands registered in the UCSC genome browser (https://genome.ucsc.edu/).
PCR was performed at the gene body region indicated by bilateral arrows (GB-1 and GB-2). (C) Comparison of 5hmC levels in the CpG island in
the gene body of KDM6B in HCC cell lines. KDM6B expression epigenetically correlates with 5hmC levels in the gene body. (D) Western blot
analysis of KDM6B and α-tubulin in WT control cells and KDM6B-KO clones. (E) Gene expression analysis of KDM6B-KO HuH7 cells. Enrichment
plots of gene sets associated with lipid metabolism. (F) Plot of principal component analysis of lipidome assay data using liquid chromatograph
orbitrap mass spectrometry. Ellipses indicate groups of KDM6B-WT and KO cells with/without palmitate treatment and represent +3 SD. (G)
Volcano plots of differentially detected metabolites between the KDM6B-WT and KDM6B-KO cells. Boxed areas contain the metabolites with
significantly decreased levels in the KDM6B-KO cells (log2FC < −0.5, p < 0.05). Left panel: vehicle; right panel: treated with palmitate. (H)
Heatmap of metabolites detected using lipidome assay. FC were calculated from the mean values of HuH7 KDM6B-WT and KDM6B-KO cells.
p values were calculated using Welch t test. Z scores were calculated for each lipid, and principal component and clustering analyses were
performed using Python with Matplotlib and Seaborn packages. (I) Candidate metabolites. Data are expressed as mean±SD. Each measurement
is shown in a scatter plot (n = 3). (J) Quantification of intracellular triglyceride levels. Data are expressed as mean±SD. Each measurement is
shown in a scatter plot (n = 3). ** p < 0.01. Abbreviations: FC, fold change; GAPDH, glyceraldehyde 3-phosphate dehydrogenase; GB, gene
body; 5hmC, 5-hydroxymethylcytosine; hKDM6B, human KDM6B; KO, knockout; KO-P, KDM6B-knockout cells with palmitate treatment;
mKdm6B, mouse Kdm6b; NES, normalized enrichment score; NOM P-val, nominal p value; PC, principal component; TG, triglyceride; WT, wild-
type; WT-P, KDM6B wild-type cells with palmitate treatment.
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F IGURE 3 Knockout of KDM6B reduces lipid accumulation and increases lipotoxicity resistance. (A) Lipid accumulation in HuH7 and JHH5
followed by 48 hours of palmitate treatment (HuH7: 300 μM and JHH5: 150 μM). Visualization and quantification of lipids by Oil Red O staining.
Scale bar: 100 μm. Five different fields were imaged by a microscope. The percentage of Oil-red-O-stained area in cells was calculated using the
ImageJ software. (B) Cell proliferation evaluated by WST assay. The reduction rates of WT and KO cells were calculated by cell proliferation rate
with and without palmitate treatment after 48 hours of incubation (n = 4). (C) Identification of target genes of KDM6B by epigenetic regulation.
Quantitative reverse transcription PCR analysis of metabolism-related genes downregulated by KDM6B-KO in the HuH7 and JHH5 cells (n = 3).
(D) The promoter regions of the 3 genes are shown. Transcriptional start sites are indicated by arrows, exons by squares, 5′ untranslated regions
by white squares, and translated regions by black squares. ChIP-PCR was performed at the promoter regions indicated by bilateral arrows. (E)
Quantitative ChIP analysis of candidate metabolism–related genes downregulated by KDM6B-KO in HuH7 and JHH5 cells. HuH7: left panel;
JHH5: right panel. The enrichment levels of KDM6B at the promoter region were commonly decreased in AHSG, ACSL1, and G0S2 (n = 3). (F)
Quantitative ChIP analysis of candidate genes regulated by KDM6B. HuH7: left panel; JHH5: right panel. The enrichment levels of H3K27me3 at
the promoter region were commonly increased in ACSL1 and G0S2 (n = 3). Data from repeated experiments were performed in triplicate. All
values are represented as the mean±SD. Each measurement is shown in a scatter plot. * p < 0.05; ** p < 0.01. Abbreviations: ChIP, chromatin
immunoprecipitation; KO, knockout; WT, wild-type.
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We then performed ATGL/PNPLA2 knockdown in
HuH7 KDM6B-KO cells (Figure 5C, D), and the
suppression of ATGL/PNPLA2 expression increased
lipid accumulation in KDM6B-KO cells (Figure 5E, p <
0.01). Similarly, treatment with Atglistatin, a selective
inhibitor of ATGL/PNPLA2, showed significantly higher
lipid accumulation in KDM6B-KO cells compared to
that in control cells (Figure 5F, p < 0.05). In contrast,
ATGL/PNPLA2 knockdown or Atglistatin treatment
showed significant inhibition of cell proliferation of

KDM6B-KO cells compared to that in control cells
(Figure 5G, p < 0.01). However, there was no
apparent effect of the suppression of ATGL/PNPLA2
or Atglistatin on lipid accumulation or cell pro-
liferation in KDM6B-WT cells (Supplemental Figure
S5, http://links.lww.com/HC9/A540). These data sug-
gest that the loss of KDM6B and resultant G0S2
downregulation decrease lipid accumulation and
acquire resistance to lipotoxicity through the activation
of ATGL/PNPLA2.

F IGURE 4 Knockdown of G0S2 reduces lipid accumulation and increases resistance to lipotoxicity. HuH7 and JHH5 cells were treated with
control or G0S2 small interfering RNA at 50 nM concentration for 48 hours. (A) Changes in G0S2 mRNA levels (n = 3). (B) Western blot analysis
for G0S2 and GAPDH in HuH7 and JHH5 cells. (C) Under the conditions described in (A) and (B), cells were stained with Oil Red O and evaluated
for proliferation, followed by palmitate treatment for 48 hours (HuH7: 300 μM and JHH5: 150 μM). Scale bar: 100 μm. The percentage of Oil-red-O-
stained area in cells was calculated from 3 representative locations using the ImageJ software. (D) Cell proliferation evaluated by WST assay. The
reduction rate was calculated as described in Figure 3 (n = 5). All values are represented as the mean±SD. Each measurement is shown in a
scatter plot. * p < 0.05; ** p < 0.01. Abbreviations: GAPDH, glyceraldehyde 3-phosphate dehydrogenase; NC, negative control.
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F IGURE 5 In HuH7 KDM6B-KO cells, suppression of ATGL/PNPLA2 expression, or pharmacological ATGL/PNPLA2 inhibition increases lipid
accumulation and inhibits cell proliferation. (A) ATGL activity in HuH7 KDM6B-WT and KO cells. A fluorescence assay was performed to assess
ATGL enzyme activity, which was recorded every 30 seconds for 90 minutes. Enzyme activity was measured twice or more for 1 sample and
measured in 3 independent experiments. Solid lines indicate mean values; shaded areas indicate the 5%–95% interquartile range. Blue: HuH7
KDM6B WT and red: HuH7 KDM6B KO. ** p < 0.01. (B) ATGL activity in HuH7 KDM6B-WT cells with G0S2 knockdown. Gray: negative control
small interfering RNA (NC); orange: siG0S2-1; and brown: siG0S2-2. ** p < 0.01. (C) Changes in ATGL/PNPLA2 mRNA levels. Each mea-
surement is shown in a scatter plot (n = 3). (D) Western blot analysis of ATGL/PNPLA2 and GAPDH. (E) ATGL/PNPLA2 knockdown increases
lipid accumulation analyzed by Oil Red O staining. (F) Representative images of HuH7 KDM6B-KO cells supplemented with Atglistatin, ATGL/
PNPLA2 inhibitor, or DMSO, cultured for 5 days, fixed, and stained with Oil Red O are shown. Magnification: ×100; scale bar: 100 μm. The
percentage of Oil-red-O-stained area in cells was calculated in representative locations using the ImageJ software. Each measurement is shown
in a scatter plot (n = 5). * p < 0.05; ** p < 0.01. (G) Left panel: growth curve is plotted for HuH7 KDM6B-KO cells treated with or without small
interfering RNA against ATGL/PNPLA2. Right panel: growth curve for HuH7 KDM6B-KO cells in the presence or absence of Atglistatin. Cell
proliferation was inhibited in a concentration-dependent manner by Atglistatin (n = 5). All values are represented as the mean±SD. *p < 0.05;
**p < 0.01. Abbreviations: ATGL, adipose triglyceride lipase; GAPDH, glyceraldehyde 3-phosphate dehydrogenase; KO, knockout; NC, Negative
control; PNPLA2, patatin like phospholipase domain containing 2; WT, wild-type.
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Low G0S2 expression in human HCC
tissues is correlated with downregulated
KDM6B expression

Finally, we evaluated the relationship between KDM6B
and G0S2 expression in 87 human HCC specimens by
immunohistochemistry. KDM6B expression was low in
25 of 87 HCC specimens (28.7%, Figure 6A, Table 1).
The clinicopathological characters of the low KDM6B
expression groups revealed the NBNC-HCC type (N =
20, 80%, p < 0.001). These findings were consistent with
the data on our microarray and TCGA transcriptome
analyses, which showed that KDM6B expression was
downregulated in nonviral HCC (Figure 1C).
Furthermore, the low KDM6B expression group was
accompanied by NAFLD (N = 20, 80%, p < 0.001) and
NASH (categorized as Matteoni type 3 and 4, N = 19,
76%, p < 0.001) that were pathologically diagnosed in
the adjacent liver tissue. Moreover, adverse metabolic
risk factors, such as obesity (N = 18, 72%, p < 0.001)
and hypertension (N = 20, 80%, p = 0.003), were
observed in the low KDM6B expression group.

G0S2 expression was reduced in 26 of 85 HCC
tissues (30.5%, Figure 6B), which is associated with a
high tumor number (p = 0.022, Supplemental Table S6,
http://links.lww.com/HC9/A539). Decreased G0S2
expression cases significantly exhibited low KDM6B
expression (N = 11, p = 0.036, χ2 test, Supplemental
Table S6, http://links.lww.com/HC9/A539). Moreover,
the KDM6B/G0S2-double low expression group (N =
11) significantly correlated with NBNC (p = 0.020),
NAFLD (p < 0.001), NASH (p < 0.001), obesity (p =
0.001), tumor size (p = 0.016), and tumor number (p =
0.009) in contrast to the KDM6B/G0S2-double high
expression group (N = 47, Table 2).

DISCUSSION

In this study, we observed that KDM6B expression
frequently decreased in NAFLD-related HCC. We used
microarray and public database analyses to demon-
strate that KDM6B transcription was downregulated in
nonviral type HCC. Moreover, in patients with nonviral
type HCC, KDM6B expression was significantly lower
than that in adjacent liver tissues, which is consistent
with the results of the TCGA database. Several factors
such as STAT3, HOXC9, and miRNA[32,33] are known to
activate KDM6B expression at the transcriptional level.
We found that KDM6B expression corresponded to
5hmC levels at the KDM6B gene body region in HCC
cells, suggesting that this region is important for the
regulation of KDM6B expression[26]. A genome-wide
analysis of liver 5hmC patterns in a mouse model of
diet-induced obesity found that hepatic steatosis is
associated with reversible 5hmC changes in numerous
metabolic-related genes[12]. Moreover, global DNA

hydroxy methylation levels in HCC are lower than those
in non-neoplastic liver tissues[34]. Aberrant DNA
demethylation may be one of the mechanisms under-
lying KDM6B downregulation in our HCC cases.

In this study, according to gene set enrichment
analysis, the metabolic pathways of cholesterol and
fatty acids were suppressed in KDM6B-KO cells.
Furthermore, a subset of the lipid metabolism–related
metabolites including triglyceride molecular species
was remarkably different in KDM6B-WT and
KDM6B-KO cells treated with palmitate by lipidome
analysis, and intracellular triglyceride levels were lower
in KDM6B-KO cells than in WT cells. Kdm6b expression
is decreased in the livers of mice exposed to a high-fat
diet[35]. Our results indicate that KDM6B is deeply
involved in lipid metabolism, and the loss of KDM6B
contributes to the development of NAFLD-related HCC.
In addition, KDM6B transcriptionally activates global
autophagy-network genes, such as Tfeb and Atg7, by
decreasing H3K27me3 levels, thereby inducing autoph-
agy-mediated lipid degradation in the livers of fasting
mice[36]. Moreover, fasting-induced KDM6B epigeneti-
cally upregulates the expression of β-oxidation–promot-
ing genes, including Fgf21, Cpt1a, and Mcad[16]. Here,
we identified 2 novel KDM6B downstream target genes,
G0S2 and ACSL1, which are directly regulated by
KDM6B-dependent H3K27me3 demethylation at their
promoter regions. G0S2, identified initially as a G0/G1
switch protein 2 in lymphocytes, plays a role in terminal
differentiation and cell cycle progression[37]. Recent
studies indicate that the G0S2 protein content in the
liver is increased in rats fed high-fat diets, promoting
lipid accumulation by coupling with ATGL/PNPLA2 in
the liver[38,39]; this suggests that G0S2 is a lipid
metabolism regulator. ACSL1 facilitates the process of
synthesizing triglycerides from fatty acids in
hepatocytes[40,41], especially in directing fatty acids
toward mitochondrial β-oxidation[42]. Both G0S2 and
ACSL1 knockdown inhibited lipid accumulation, but only
the G0S2 knockdown demonstrated resistance to
lipotoxicity. Our findings suggest that G0S2 down-
regulation in KDM6B-KO cells may explain the acqui-
sition of lipotoxicity resistance.

G0S2 is a specific inhibitor of ATGL (also known as
PNPLA2). ATGL/PNPLA2, a paralog of PNPLA3, is
activated by binding to ABHD5, causing intracellular
triglyceride hydrolysis[43,44]. PNPLA3 also binds to
ABHD5 but functionally competes with ATGL/PNPLA2
to prevent its activation and promote intracellular
triglyceride deposition[44]. A genome-wide association
study analysis identified a genetic polymorphism of
PNPLA3 as a major risk for fatty liver disease[45]. The
PNPLA3 (I148M) variant has been shown to have a
stronger functional competitive effect with ATGL/
PNPLA2 than wild-type PNPLA3, resulting in the
development of hepatic steatosis[46,47]. In our study,
KDM6B-KO cells possessed a high ATGL/PNPLA2
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activation level. Knockdown or pharmacological inhibi-
tion of ATGL/PNPLA2 increased lipid accumulation and
decreased cell proliferation in KDM6B-KO cells. ATGL/
PNPLA2 overexpression facilitates the growth of cancer
cells, including HCC cells[43,48]. In NASH-related HCC,
KDM6B loss may promote cell survival through activat-
ing ATGL (Figure 6C).

KDM6B expression patterns differ between cancer
types, with downregulation in pancreatic and colon
cancers but upregulation in prostate, kidney, gastric

ovarian, and lung cancers, indicating that KDM6B
functional roles are highly cell type–specific and patho-
logic context-dependent[49]. KDM6B expression is high in
HCC with distant metastasis and has stem cell-like
properties[32]. In our study, the high KDM6B expression
group had viral infection and high alpha-fetoprotein levels
(Table 1). In contrast, low KDM6B expression was
correlated with NAFLD-related HCC and high metabolic
risk factors, such as obesity and hypertension. Thus, the
biological characteristics and mechanisms of low and high

F IGURE 6 Immunohistochemistry evaluation of KDM6B and G0S2 expression. (A) HE staining and immunohistochemical analysis of KDM6B
expression in HCC in representative KDM6B-high and KDM6B-low tissues. (B) Immunohistochemical staining of G0S2 in human HCC tissues.
Low G0S2 expression was correlated with low KDM6B expression (p = 0.036). Magnification: ×100; scale bar: 100 μm. (C) Schematic illustration
of the regulation mechanism of intracellular lipid by KDM6B-G0S2-ATGL/PNPLA2 pathway. Abbreviations: ATGL, adipose triglyceride lipase; C,
cancer; FA, fatty acid; HE, hematoxylin-eosin; 5hmC, 5-hydroxymethylcytosine; N, noncancerous tissue; PNPLA2, patatin like phospholipase
domain containing 2; TG, triglyceride.
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expressions of KDM6B in HCC carcinogenesis are
distinct. Notably, KDM6B expression levels in primary
HCC tissues were correlated with G0S2 expression
levels, particularly in NAFLD-related HCC. These data
indicate that KDM6B/G0S2-double low expression could
be used as a biomarker for NAFLD-related HCC with
resistance to lipotoxicity.

Understanding cancer metabolism, especially lipid
metabolism, is critical for elucidating the mechanism of
cancer development and progression and establishing
new therapeutic strategies[50]. Our data suggest that
KDM6B-deficient HCC cells confer resistance to
lipotoxicity via epigenetic downregulation of G0S2 expres-
sion and subsequent ATGL/PNPLA2 activation.

Therefore, targeting the KDM6B-G0S2-ATGL/PNPLA2
pathway may be a novel therapeutic strategy for
NAFLD-related HCC.
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TABLE 1 Relationship between KDM6B expression and
clinicopathological factors

KDM6B expression

Clinicopathological
factor

High
(n=62)

Low
(n=25) p

Sex 0.901

Male 43 17

Female 19 8

Age (mean±SD) (y) 69±11 69± 8 1.000

HBV 18 2 0.035a

HCV 21 3 0.038a

NBNC 23 20 <0.001a

NAFLD 9 20 <0.001a

NASH 7 19 <0.001a

Obesity 17 18 <0.001a

Hypertension 28 20 0.003a

Diabetes 21 9 0.553

Dyslipidemia 10 7 0.206

Child-Pugh A/B 58/4 25/0 0.190

Plt (<10×104) 10 2 0.320

PT (<80%) 14 9 0.199

Alb (<3.5 g/dL) 8 4 0.705

AST (>40 IU/L) 25 9 0.708

ALT (>40 IU/L) 20 9 0.738

Tbil (> 1.0 mg/dL) 8 6 0.212

ICG-15 (>15%) 24 14 0.140

AFP (>20 ng/mL) 31 4 0.003a

PIVKA-II (>40 mAU/mL) 35 12 0.474

Tumor size (>5 cm) 23 5 0.122

Tumor number (>2) 11 9 0.067

Differentiation (well,
moderate/poor)

45/10 24/1 0.089

aStatistical significance.
Abbreviations: Alb, albumin; ALT, alanine aminotransferase; AFP, alpha-
fetoprotein; AST, aspartate aminotransferase; ICG-15, indocyanine green
retention rate at 15 minutes; NBNC, nonhepatitis B and nonhepatitis C viral;
PIVKA-II, protein induced by vitamin K absence II; Plt, platelet; PT, prothrombin
time; Tbil, total bilirubin.

TABLE 2 Relationship between G0S2 and KDM6B expression
and clinicopathological factors

G0S2 and KDM6B

Clinicopathological
factor

High
(n= 47)

Low
(n= 11) p

Sex 0.880

Male 31 7

Female 16 4

Age (mean±SD) (y) 70± 10 68±8 1.000

HBV 12 1 0.239

HCV 17 1 0.080

NBNC 18 9 0.020a

NAFLD 9 9 <0.001a

NASH 6 9 <0.001a

Obesity 13 9 0.001a

Hypertension 23 8 0.154

Diabetes 17 5 0.568

Dyslipidemia 9 4 0.218

Child-Pugh A/B 34/13 8/3 0.979

Plt (<10×104) 10 1 0.353

PT (<80%) 12 5 0.191

Alb (< 3.5 g/dL) 8 2 0.920

AST (>40 IU/L) 16 4 0.880

ALT (>40 IU/L) 13 3 0.980

Tbil (>1.0 mg/dL) 8 1 0.513

ICG-15 (> 15%) 20 4 0.708

AFP (>20 ng/mL) 20 3 0.351

PIVKA-II (> 40 mAU/mL) 29 9 0.206

Tumor size (>5 cm) 23 1 0.016a

Tumor number (>2) 8 6 0.009a

Differentiation 39/8 11/0 0.140

aStatistical significance.
Abbreviations: Alb, albumin; ALT, alanine aminotransferase; AFP, alpha-feto-
protein; AST, aspartate aminotransferase; ICG-15, indocyanine green retention
rate at 15 minutes; NBNC, nonhepatitis B and nonhepatitis C viral; PIVKA-II,
protein induced by vitamin K absence II; Plt, platelet; PT, prothrombin time; Tbil,
total bilirubin.
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