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Hepatocellular carcinoma (HCC) is one of the most aggressive human cancers. HCC
is characterized by an acquisition of multiple abnormal phenotypes driven by genetic
and epigenetic alterations, especially abnormal DNA methylation. Most of the existing
clinical and experimental reports provide only a snapshot of abnormal DNA methylation
patterns in HCC rather than their dynamic changes. This makes it difficult to elucidate
the significance of these changes in the development of HCC. In the present study, we
investigated hepatic gene expression and gene-specific DNA methylation alterations in
mice using the Stelic Animal Model (STAM) of non-alcoholic steatohepatitis (NASH)-
derived liver carcinogenesis. Analysis of the DNA methylation status in aberrantly
expressed epigenetically regulated genes showed the accumulation of DNA methylation
abnormalities during the development of HCC, with the greatest number of aberrantly
methylated genes being found in full-fledged HCC. Among these genes, only one
gene, tubulin, beta 2B class IIB (Tubb2b), was increasingly hypomethylated and
over-expressed during the progression of the carcinogenic process. Furthermore, the
TUBB2B gene was also over-expressed and hypomethylated in poorly differentiated
human HepG2 cells as compared to well-differentiated HepaRG cells. The results of
this study indicate that unique gene-expression alterations mediated by aberrant DNA
methylation of selective genes may contribute to the development of HCC and may have
diagnostic value as the disease-specific indicator.

Keywords: non-alcoholic steatohepatitis, hepatocellular carcinoma, gene specific methylation, H3K4me3,
Tubb2b

Abbreviations: CGIs, CpG islands; ChIP, chromatin immunoprecipitation; FDR, false discovery rate; GEO, Gene Expression
Omnibus; H3K4me3, histone H3 lysine 4 trimethylation; HBV, hepatitis B virus; HCC, hepatocellular carcinoma; HCV,
hepatitis C virus; MeDIP, methylated DNA immunoprecipitation; NAFLD, non-alcoholic fatty liver disease; NASH, non-
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INTRODUCTION

Hepatocellular carcinoma (HCC), which accounts for almost 90%
of all primary liver malignancies, is one of the most aggressive
and enigmatic human cancers with steadily increasing incidence
in the United States and worldwide (Llovet et al., 2016; Bertuccio
et al., 2017). The development of HCC is associated with well-
identified etiological risk factors, including chronic hepatitis B
(HBV) and C (HCV) viral infections, chemical exposure, and
excessive alcohol consumption (Llovet et al., 2016); however, the
contribution of specific risk factors to HCC development varies
greatly by geographic location. Currently, chronic HBV infection
and exposure to the fungal metabolite aflatoxin B1 are the
predominant risk factors for HCC in Southeast Asia and Africa,
whereas chronic HCV infection is the main HCC risk factor in
the United States and Western countries (Choo et al., 2016). The
contribution of specific etiological factors to the development of
HCC is dynamic and expected to change due to recent progress
in the primary prevention of HCC induced by HBV and HCV
infection, the arrival of a new generation of direct HCV antiviral
drugs, and the fast-rising incidence of NAFLD. Recent evidence
indicates that non-alcoholic steatohepatitis (NASH) is becoming
a prevalent risk factor of HCC, replacing viral hepatitis and
alcohol-related liver diseases as the major etiological cause of
HCC (Younossi et al., 2015; Marengo et al., 2016; Younes and
Bugianesi, 2018; Kim et al., 2019).

In addition to lifestyle and environmental risk factors, HCC
is a disease characterized by the presence of multiple heritable
abnormal cellular phenotypes driven by genetic (Zucman-Rossi
et al., 2015; The Cancer Genome Atlas Research Network,
2017) and epigenetic alterations (Pogribny and Rusyn, 2014;
The Cancer Genome Atlas Research Network, 2017). While
the role of genetic abnormalities and sequential progression
of pathomorphological lesions in liver carcinogenesis are well-
characterized, the underlying epigenetic mechanisms, in general,
and cancer-related cytosine DNA methylation aberrations,
in particular, in the development of HCC are still poorly
understood and require special attention. The primary function
of cytosine DNA methylation is to defend the genome by
controlling the accurate expression of genetic information (Jones,
2012; Ehrlich and Lacey, 2013; Edwards et al., 2017). Cytosine
DNA methylation, mainly but not exclusively, functions as
a transcriptional “ON-OFF” switch at regulatory regions: the
occurrence of DNA methylation at unmethylated CpG sites
inhibits transcription, whereas demethylation of methylated CpG
sequences activates transcription (Bestor et al., 2015).

Numerous studies have documented profound gene-specific
DNA methylation aberrations in key cancer-related pathways in
full-fledged HCC (Villanueva et al., 2015; Yamada et al., 2016;
Zhang et al., 2016) as well as in preneoplastic lesions (Murphy
et al., 2013); however, the majority of the existing reports
provide only a snapshot of DNA methylation abnormalities
in HCC rather than their dynamic changes. This makes it
difficult to clarify the role and functional significance of
DNA methylation alterations in the development of HCC.
Additionally, while DNA methylation as a mechanism of
controlling gene transcription has been studied extensively,

the longstanding question of the causality or consequentiality
of the concordant gene expression/methylation alterations in
carcinogenesis, in general (Baylin and Bestor, 2002; Long et al.,
2017), and liver carcinogenesis remains unresolved. Based on
these considerations, in this study we investigated the role of
gene-specific epigenetic and gene expression alterations in the
development of HCC associated with NAFLD using STAM non-
alcoholic (NASH)-derived liver carcinogenesis, a model that
resembles the development of NASH-associated HCC in humans
(Fujii et al., 2013; Takakura et al., 2014).

MATERIALS AND METHODS

Animals, Experimental Design,
and Treatments
In the present study, we used liver tissue samples from male
mice subjected to NASH-associated hepatocarcinogenesis. This
is the first mouse model that mimics the development of
HCC in diabetes-associated NASH patients (Fujii et al., 2013;
Takakura et al., 2014). The complete experimental design and
pathomorphological description of the STAM NASH-related
hepatocarcinogenesis model have been described previously
by Fujii et al. (2013). Briefly, 2-day-old male C57BL/6J mice
were injected with streptozotocin (200 µg/mouse) and were
continuously fed a high-fat diet (CLEA Japan, Tokyo, Japan)
starting from 4 weeks of age throughout the duration of the
study. Control male mice were not injected with streptozotocin
and were maintained on standard animal chow for the duration
of the study. Liver tissue samples of STAM mice at non-
alcoholic fatty liver (NAFL; 6 weeks), NASH-fibrotic (12 weeks),
and full-fledged HCC (20 weeks) stages of hepatocarcinogenesis
and liver samples from age-matched control mice were
purchased from the SMC Laboratories., Inc. (Tokyo, Japan).
All experimental procedures were performed according to the
Japanese Pharmacological Society Guidelines and experimental
protocols were approved by the SMC Laboratories, Inc. Research
Animal Care and Use Committee.

Cells and Cell Culture
The human progenitor hepatic HepaRG cell line was
obtained from the Biopredic International (Overland Park,
KS, United States) and human HCC HepG2 cell line was
obtained from the American Type Culture Collection (ATCC,
Manassas, VA, United States). The cells were maintained per the
manufacturer’s recommendations.

In vitro Oleic Acid-Induced Model
of NAFL
On the 28th day after the initial seeding, the fully differentiated
HepaRG cells were continuously treated with 250 µM oleic
acid (Sigma-Aldrich, St. Louis, MO, United States) in the
differentiation media for an additional 14 days to induce
accumulation of fatty acids (Rogue et al., 2014). The cells were
then harvested by mild trypsinization, washed in PBS, and frozen
immediately at−80◦C for subsequent analyses.
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Determination of Triglycerides
Accumulation in HepaRG Cells
Triglyceride accumulation in HepaRG cells after oleic acid
treatment was quantified using AdipoRedTM Assay Reagent
(Lonza, Walkersville, MD, United States). Briefly, the cells were
washed in PBS and AdipoRedTM Assay Reagent was added.
After a 10-min incubation at room temperature, the fluorescence
intensity was quantified using a SynergyTM H4 hybrid multi-
mode microplate reader (BioTek, Winooski, VT, United States).

Total RNA Isolation and qRT-PCR
Total RNA was extracted from liver tissue samples of male
STAM mice (n = 4/group/treatment) using miRNeasy Mini kits
(Qiagen, Valencia, CA, United States). Total RNA (2 µg) was
reverse transcribed using random primers and High Capacity
cDNA Reverse Transcription kits (Life Technologies, Grand
Island, NY, United States), and gene expression was determined
by quantitative reverse-transcription PCR (qRT-PCR) using
TaqMan gene expression assays and the primers listed in the
Supplementary Table 1. TATA box binding protein (Tbp) was
used as an endogenous control. The relative amount of each
mRNA transcript was determined using the 2−11Ct method
(Schmittgen and Livak, 2008).

Methylated DNA Immunoprecipitation
(MeDIP)-Quantitative PCR Analysis
Genomic DNA was isolated from mouse liver tissues of control
and STAM mice using DNeasy Blood and Tissue kits (Qiagen).
MeDIP was performed with MethylMiner Methylated DNA
Enrichment kits (Invitrogen, Carlsbad, CA, United States).
Briefly, 1 µg of genomic DNA was isolated from the NAFL
(6 weeks), NASH-fibrotic (12 weeks), and full-fledged HCC
(20 weeks) tissue samples and from liver tissue samples of
corresponding age-matched control mice. The DNA samples
were randomly sheared by sonication to an average range of
0.2–1.0 kb. Ninety percent of the sheared DNA was incubated
overnight at 4◦C with MBD-Biotin protein coupled to M280
Streptavidin Dynabeads. The remaining 10% of the sheared DNA
(“input DNA”) was used to quantify the amount of DNA used for
the MeDIP analysis. The captured methylated DNA was eluted
as a single fraction using a high-salt elution buffer and purified
by ethanol precipitation. The methylation status of the CGIs
located within the 5′-UTR/first exon region of selected genes
was determined by qPCR of DNA from immunoprecipitated
and unbound DNA using primer sets listed in Supplementary
Table 1. The results were normalized to the amount of input
DNA. The levels of Gapdh gene promoter methylation and
IAP repetitive element methylation were assessed for the assay
performance control (Supplementary Figure 1A).

MeDIP-Microarray Analysis
Methylated DNA immunoprecipitation was performed with
MagMeDIP kits (Diagenode, Denville, NJ, United States) using
1 µg of genomic DNA isolated from full-fledged HCC (20 weeks)
tissue samples and from liver tissue samples of corresponding
age-matched control mice. The immunoprecipitated DNA and

input DNA pellets were labeled with cyanine 5-dUTP and cyanine
3-dUTP, respectively, using Agilent SureTag DNA Labeling kits
(Agilent Technologies, Santa Clara, CA, United States). The
data acquisition and analysis was performed as described in
Tryndyak et al. (2016). A list of differentially methylated CGIs
was generated by calculation of Benjamini–Hochberg adjusted
p-values (Benjamini and Hochberg, 1995) to control the FDR in
multiple testing data, with an adjusted p-value cut-off 0.05, and a
Z-score fold-change threshold of 1.5.

Reduced Representation Bisulfite
Sequencing (RRBS) Analysis of
Genome-Wide DNA Methylation
Genomic DNA from HepaRG and HepG2 cells was isolated
with DNeasy Blood and Tissue Kit (Qiagen) and RRBS
libraries were prepared with NEBNext

R©

UltraTM DNA Library
Prep Kit for Illumina

R©

(New England Biolabs, Ipswich, MA,
United States) per the manufacturer’s protocol. The RRBS
library preparation, next-generation sequencing, data analysis,
and digital methylation quantitation were performed as described
in Tryndyak et al. (2017).

Chromatin Immunoprecipitation Assay
Formaldehyde cross-linking and the ChIP assay, with primary
antibody against trimethylated histone H3 lysine 4 (Abcam,
Cambridge, MA, United States), were performed using Magna
ChIPTM A – Chromatin Immunoprecipitation kits (Millipore
Corporation, Burlington, MA, United States). Purified DNA from
immunoprecipitated and input DNA was analyzed by qPCR with
the same primers used in the MeDIP assay (Supplementary
Table 1). The results were normalized to the amount of
input DNA and presented as fold change calculated from
the difference between the DNA from livers of mice from
the experimental groups relative to that in control mice. The
levels of H3K4me3 enrichment in the gene desert region of
chromosome 6 (Mouse Negative Control Primer Set 1; Active
Motif, Carlsbad, CA, United States) and in the promoter region
of Gapdh gene were assessed for the assay performance control
(Supplementary Figure 1B).

Retrieval of Gene Expression Data
From Online Databases
The high-throughput whole genome microarray analyses and the
gene expression profiles in the livers of control mice and mice
subjected to the STAM model of liver carcinogenesis are detailed
in de Conti et al. (2017) (NCBI’s GEO database; accession number
GSE83596). The gene expression data in HepaRG and HepG2
cells were downloaded from the publicly available GEO dataset
(accession number GSE40117). The gene expression in human
HCC and tumor pathological data were extracted as .txt files
from The Cancer Genome Atlas database (TCGA1). The RSEM
software package was used for TCGA RNA-Seq gene expression

1http://cancergenome.nih.gov
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quantitation and normalization (Li and Dewey, 2011). RSEM-
normalized expression values were used for differential gene
expression analysis.

Statistical Analyses
Results are presented as mean ± SD. Student’s t-test was used
to evaluate significant differences between STAM mice and age-
matched control mice at the same time point. One-way analysis
of variance (ANOVA), followed by Tukey post hoc analysis,
was used to evaluate significant differences between the stages
during the progression to HCC. When necessary, the data
were natural log transformed before conducting the analyses
to maintain an equal variance or normal data distribution.
Simple linear regression was applied to calculate the trends.
Pearson product-moment correlation coefficients were used to
determine the relationship between gene expression and gene-
specific methylation or level of histone modification. Values of
P < 0.05 were considered significant.

RESULTS

Methylation Status of Common
Differentially Expressed Genes in the
Livers of STAM Mice
Previously, we demonstrated that the development of NASH-
derived HCC in male STAM mice was characterized by
substantial stage-dependent alterations in gene expression as
compared to the age-matched control mice (de Conti et al.,
2017). Among differentially expressed genes (a twofold change
in gene expression and Benjamini-Hochberg adjusted p-value
<0.05), 60 genes exhibited the same trend of the expression
changes at each stage of NASH-associated liver carcinogenesis,
at NAFL (6 weeks), NASH-fibrotic (12 weeks), and full-fledged
HCC (20 weeks) stages. Analysis of the promoter region of these
60 genes identified 35 CpG island-containing genes that could be
epigenetically regulated. This was indicated by the presence of a
strong CpG island in the gene promoter regions, based on well-
established criteria: greater than 500 bp in length, G+C greater
than 55%, and an observed CpG/expected CpG ratio of >0.65
(Takai and Jones, 2002).

Figure 1A shows that in the livers of STAM mice, 32
epigenetically regulated genes were over-expressed and 3 were
down-regulated as compared to the age-matched control mice.
Among these genes the expression of the Tubb2b, Bmp8b,
Nusap1, Plekhh1, Cd24a, Smox, Eid2, and Lect1 genes was altered
in a stage-dependent manner.

To determine the role of epigenetic mechanisms in the al-
tered expression of these genes, the status of the promoter region
cytosine DNA methylation was investigated. Figure 1B shows
that the extent of promoter methylation in these 35 genes varied
greatly in the livers of control mice ranging from 4 to 90%.
To evaluate the functional significance of the DNA methylation
changes, a threshold level of≥20% cytosine methylation was app-
lied. Based on this criterion, eight genes, Btg2, Bmp8b, Gipc2,
Mest, Lect1, Cadm4, Uap1/1, and Tubb2, were detected, and the

status of their gene-specific cytosine DNA methylation was inves-
tigated (Figure 1C). Among these genes, only one, Tubb2b, an
important microtubule cytoskeleton gene (Gadadhar et al., 2017),
was differentially methylated (P< 0.05) in NAFL, NASH-fibrotic,
and HCC tissue samples as compared to that in control
mice, exhibiting a 23, 31, and 45% decrease in the promoter
region methylation, respectively (Figure 1C and Supplementary
Table 2). A correlation analysis between gene expression and
gene-specific methylation revealed that the methylation status of
only the Tubb2b gene was inversely correlated (P < 0.05) with its
expression at each stage of liver carcinogenesis (Figure 1D).

Status of Gene-Specific Histone
H3K4me3 in NASH-Related
Hepatocarcinogenesis
To elucidate the role of an additional epigenetic mechanism
in gene expression alterations in NASH-related hepatocarcino-
genesis, the status of H3K4me3, a well-established transcription
activating modification (Santos-Rosa et al., 2002), was investi-
gated in the promoter region of the 35 genes shown in Figure 1B.
In contrast to gene-specific cytosine DNA methylation changes,
the most prominent histone H3K4me3 alterations, in terms of
significance, fold-change, and number of genes, were found
in the NAFL, with the extent of histone H3K4me3 gradually
diminishing during the progression of hepatocarcinogenesis
and the development of HCC (Figure 2A and Supplementary
Table 3). This was evidenced by the fact that the number of
genes, especially those that exhibited a≥2.0-fold change in gene-
specific histone H3K4me3, decreased from 27 in NAFL (6 weeks)
to nine in NASH-fibrotic (12 weeks) livers and five in full-
fledged HCC (20 weeks). Likewise, the number of genes, the
expression of which correlated with the level of gene-specific
histone H3K4me3 enrichment, decreased with the progression of
liver carcinogenesis (Figure 2B).

Alterations of the TUBB2B Gene in
Human Liver HepG2 and HepaRG Cells
and in Human HCC
To investigate the role of the Tubb2b gene over-expression
in the pathogenesis of NASH and NASH-associated liver
carcinogenesis, we performed a gene network interaction analysis
and identified several co-regulated genes involved in microtubule
dynamics and cytoskeleton organization (Figure 3A) that were
up-regulated in NASH-derived HCC in STAM mice at 20 weeks
(Supplementary Table 4).

Over-expression of the TUBB2B gene was also found in the
human HCC HepG2 cell line as compared to non-tumorigenic
HepaRG cells (Figure 3B) and in human HCC tissue samples
(Figure 3C). In addition to the over-expression of TUBB2B,
several other members of the tubulin family of genes were up-
regulated in human HCC (Supplementary Figure 2). Figure 3D
shows that over-expression of the TUBB2B gene in HepG2
hepatocarcinoma cells was accompanied by the promoter region
demethylation as compared to that in HepaRG cells.

To confirm our in vivo findings of early up-regulation
and demethylation of Tubb2b during NAFLD-associated liver
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FIGURE 1 | Gene expression and gene-specific methylation of epigenetically regulated differentially expressed genes during NASH-associated liver carcinogenesis in
STAM mice. (A) Expression of the selected epigenetically regulated genes at NAFL (6 weeks), NASH-fibrotic (12 weeks), and full-fledged HCC (20 weeks) stages
of NASH-associated liver carcinogenesis. ∗Denotes significantly expressed genes (P < 0.05) in the livers of STAM mice at 12 weeks as compared to their expression at

(Continued)
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FIGURE 1 | Continued
6 weeks. #Denotes significantly expressed genes (P < 0.05) in the livers of STAM mice at 20 weeks as compared to their expression at 6 and 12 weeks.
(B) Gene-specific methylation of selected genes in the livers of control mice. Dashed line indicates a 20% threshold methylation level. (C) Gene-specific DNA
methylation changes in the promoter region of the upregulated genes that passed 20% threshold DNA methylation level in control livers or genes that were
down-regulated during the development of HCC. ∗Denotes statistically a significant (P < 0.05) difference in the promoter region DNA methylation in the livers of
STAM mice as compared to that in the livers of age-matched control mice. (D) Pearson correlation P-value between gene expression and promoter DNA methylation
changes in the livers of mice subjected to STAM hepatocarcinogenesis at 6, 12, and 20 weeks. Dashed line indicates the threshold level, which was selected as
P = 0.05 (Log2 P = –4.13).

FIGURE 2 | Gene-specific histone H3K4 trimethylation in the livers of STAM mice during hepatocarcinogenesis. (A) The changes in the level of histone H3 lysine 4
trimethylation in the promoter region of selected genes at NAFL (6 weeks), NASH-fibrotic (12 weeks), and full-fledged HCC (20 weeks) stages of NASH-associated
liver carcinogenesis. Dashed line indicates threshold level, which was selected as a twofold change comparing to control age-matched mice (Log2 fold change = +1
and −1). (B) Pearson correlation P-value between gene expression and change in the promoter region histone H3 lysine 4 trimethylation in the livers of mice
subjected to STAM hepatocarcinogenesis at 6, 12, and 20 weeks. Dashed line indicates the threshold level, which was selected as P = 0.05 (Log2 P = –4.13).

carcinogenesis, we cultured human liver HepaRG cells in the
presence of 250 µM oleic acid in the differentiation media for
14 days. We found that accumulation of triglycerides in HepaRG
cells (Figure 3E) was accompanied by increased expression of
TUBB2B (Figure 3F) and decreased methylation (by 21%) of the
TUBB2B promoter region (Figure 3G). These findings provided
independent evidence of the involvement of promoter DNA
hypomethylation-associated over-expression of TUBB2B in the
pathogenesis of NAFLD.

Gene-Specific Methylation of Uniquely
Differentially Expressed Genes in HCC
Considering the minimal association between gene expression
and epigenetic alterations in the genes expressed in common

during the hepatocarcinogenic process, the status of cytosine
DNA methylation was investigated in genes differentially
expressed only in HCC tissue samples. The results of high-
throughput whole genome microarray gene expression and
MeDIP microarray analyses demonstrated extensive gene
expression and cytosine DNA methylation changes in the HCC
samples. A total of 1563 genes was differentially expressed and
855 promoter CpG island-containing genes were differentially
methylated; however, a combined analysis of differentially
expressed and differentially methylated genes revealed a
limited overlap in the number of differentially expressed and
differentially methylated genes (Figure 4A). Specifically, only
34 genes exhibited an inverse correlation between expression
and methylation (Supplementary Figure 3), among which only
eight genes had a methylation level in HCC-tissues greater than
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FIGURE 3 | TUBB2B gene expression and methylation aberrations during hepatocarcinogenesis. (A) Molecular network of differentially expressed genes associated
with Tubb2b and microtubule dynamics in HCC of mice subjected to STAM hepatocarcinogenesis. Red color indicates up-regulated genes and green color indicates
down-regulated genes. (B) Expression of the TUBB2B gene in non-tumorigenic liver HepaRG cells and human HepG2 hepatocarcinoma cells. The TUBB2B gene
expression is presented as an average fold change in HepG2 cells relative to that in the fully differentiated HepaRG cells, which was assigned value 1. (C) Expression
of the TUBB2B gene in human HCC samples. (D) RRBS analysis of DNA methylation in the TUBB2B gene promoter region in HepaRG and HepG2 cells. Red color
indicates methylated CpG sites and blue color indicates unmethylated CpG sites. Gray boxes indicate percent of methylated CpG sites from total number of CpG
sites in the differentially methylated regions (DMR). (E) The level of triglycerides in the fully differentiated human hepatic HepaRG cells after culturing cells the
presence of 250 µM oleic acid for 14 days. (F,G) Expression and promoter DNA methylation of the TUBB2B gene in fully differentiated HepaRG cells after culturing
cells in the presence of 250 µM oleic acid for 14 days. The TUBB2B gene expression is presented as an average fold change in the HepaRG cells treated with oleic
acid relative to the gene expression in non-treated HepaRG cells, which was assigned value 1. Values are mean ± SD, n = 3. ∗Denotes statistically a significant
(P < 0.05) difference of gene expression and promoter DNA methylation.
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FIGURE 4 | Expression and promoter DNA methylation of uniquely differentially expressed CpG island-containing genes in HCC in STAM mice at 20 weeks.
(A) Algorithm for the selection of genes in HCC with differentially methylated promoters and inversely correlated with gene expression. (B) Gene expression and
promoter DNA methylation of the selected genes differentially expressed in HCC. The results of gene expression and DNA methylation are presented as an average
log2 fold change in the livers of mice with full-fledged HCC relative to respective values of age-matching control mice, which were assigned a value 1.

20% (Supplementary Table 5). Of these eight genes, seven were
hypermethylated and down-regulated (Figure 4B).

To investigate the role of these genes uniquely expressed in
HCC during the process of liver carcinogenesis, their expression

and gene-specific methylation were investigated in NAFL and
NASH-fibrotic tissues. No significant changes in the expression
and cytosine methylation were found at the pre-HCC stages of
liver carcinogenesis (Supplementary Table 5).
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Expression of Chromatin Modifying
Genes in NASH-Related
Hepatocarcinogenesis
To investigate the mechanism of the observed cytosine DNA
methylation and histone H3K4me3 alterations in the livers of
STAM mice, the expression of chromatin modifying genes was
investigated. The expression of the DNA methyltransferase
genes Dnmt1, Dnmt3a, and Dnmt3b and the DNA demethylase
genes Tet1 and Tet2 was significantly up-regulated in HCC
samples only, while the expression of Uhrf1 gradually increased
throughout liver carcinogenesis (Figure 5). In contrast, the
expression of histone H3K4 methylase genes, Kmt2a, and
Setd7, gradually decreased during carcinogenesis, whereas the
expression of the histone H3K4 demethylase gene Kdm1a
increased, reflecting the dynamics of histone H3K4me3
alterations (Figure 5).

DISCUSSION

Profound alterations have been shown in HCC in the
pattern of cytosine DNA methylation for multiple cancer-
related genes, a well-recognized common mechanism of
gene transcription regulation (Zhang et al., 2016; The
Cancer Genome Atlas Research Network, 2017). This
has led to the suggestion that aberrant cytosine DNA
methylation may contribute to the hepatocarcinogenic
process. Nonetheless, most human studies have provided
a static snapshot of gene expression and gene-specific
epigenetic alterations in HCC that does not necessarily
clarify the relative contribution of these aberrations in the
hepatocarcinogenic process.

In this study, using the STAM mouse model of NASH-derived
liver carcinogenesis that depicts the sequential development
of clinical and pathomorphological characteristics of NASH
in diabetic patients, we demonstrated that NASH-related liver
carcinogenesis is characterized by progressive accumulation of
gene expression and gene-specific DNA methylation changes,
with the greatest magnitude being found in full-fledged HCC;
however, it is highly unlikely that all transcriptomic and
DNA methylation aberrations found in full-fledged HCC
may have significance in the development of HCC and its
progression. To uncover alterations that may drive NASH-
related liver carcinogenesis, we focused our investigation
on 60 differentially expressed genes exhibiting the same
trend of the expression changes at each stage of NASH-
associated liver carcinogenesis. The results of our study
showed that 35 out of 60 differentially expressed genes can
be epigenetically regulated, as evidenced by the presence
of CGIs in the promoter regions. Analysis of the promoter
methylation status of these genes revealed that only the
Tubb2b gene exhibited simultaneous methylation and gene
expression changes during the carcinogenic process. This
indicates that the gene expression changes in most of the
differentially expressed genes are independent of promoter
cytosine methylation and preceded the appearance and

accumulation of gene-specific DNA methylation alterations
in this model of liver carcinogenesis. This was further
evidenced by a greater occurrence of gene promoter DNA
methylation changes in full-fledged HCC compared to NAFL
and NASH-fibrotic stages.

This finding is supported by growing evidence of the
independence of gene expression changes from the gene
promoter DNA methylation, especially at early stages of disease
development or intervention. For instance, McKay et al. (2016)
reported that feeding female C57BL/6J mice a low-folate (400 µg
folic acid/kg) diet resulted in altered expression of 989 genes
in male fetal liver, among which only 16 genes exhibited
DNA methylation changes. Furthermore, several studies have
demonstrated the existence of DNA methylation-independent
changes in the expression of epigenetically regulated genes
(Diesel et al., 2011; Espada et al., 2011; Navasa et al.,
2015). Additionally, this finding is in good agreement with
the suggestion that not all epigenetic alterations are equally
important for the carcinogenic process; some may be drivers
and trigger other molecular processes leading to neoplastic
cell transformation, whereas others may be passenger events
accompanying the transformation process and be a feature of
transformed phenotype. In this respect, our finding of concurrent
over-expression and promoter hypomethylation of the Tubb2b
gene in this model of liver carcinogenesis is of special interest.

The Tubb2 gene belongs to a gene family encoding several
microtubule cytoskeleton α- and β-tubulin protein isotypes.
Tubulins are essential for every eukaryotic cell, controlling cell
shape, division, motility, and differentiation (Gadadhar et al.,
2017). The fundamental mechanism that underlies a proper
microtubule organization is the regulation of the levels of α- and
β-tubulin isotypes. In normal cells, the composition of tubulin
isotypes is tightly controlled and maintained, while in a broad
range of cancer cells, including HCC cells, this composition
is perturbed, and the expression of several tubulin isotypes is
up-regulated. For example, Sun et al. (2007) demonstrated an
over-expression of the Tubb2, Tubb3, and Tubb6 genes and
other cytoskeletal genes in HBV-related HCC in Hbx transgenic
mice. Up-regulation of TUBA6, TUBA8, and TUBB3 has been
reported in human liver cancer (Kuramitsu et al., 2011; Zen et al.,
2014; Rein-Fischboeck et al., 2017). An increased expression of
tubulin isotypes has been found not only in full-fledged HCC,
but also in preneoplastic livers (Sun et al., 2007; Rein-Fischboeck
et al., 2017). These findings are in good correspondence with the
results of our study that showed a stage-dependent Tubb2b over-
expression during NASH-associated liver carcinogenesis and the
up-regulation of the TUBB2B gene in HepaRG cells subjected to
the oleic acid-induced model of NAFL.

It is well-established that the regulation of the tubulin isotype
composition, the “tubulin code,” is mediated by (i) expression of
different α- and β-tubulin isotypes and (ii) post-transcriptional
modifications of tubulins (Gadadhar et al., 2017). While the
mechanisms of post-translational tubulin modifications are well-
investigated, mechanism of transcriptional regulation of tubulin
gene expression is less well studied. In view of this, the
result of our study showing the involvement of epigenetic
mechanisms in the regulation of Tubb2b expression, which
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FIGURE 5 | The expression of chromatin modifying genes in the livers of control mice and STAM mice subjected to NASH-derived hepatocarcinogenesis. The results
are presented as an average fold change in the expression of each gene in the livers of STAM mice at 6, 12, and 20 weeks relative to that in control age-matching
mice. The data are presented as the mean ± SD; n = 4. ∗Denotes a significant (P < 0.05) difference from the control age-matching group; #denotes significant
(P < 0.05) trend.
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was evidenced by simultaneous and progressive Tubb2b over-
expression and gene promoter DNA hypomethylation during
hepatocarcinogenesis and in HepaRG cells subjected to the oleic
acid-induced model of NAFL, are of special interest. This finding
is in good agreement with growing evidence on the role of DNA
demethylation, including genome-wide (Yamada et al., 2005),
global enhancer (Xiong et al., 2019), microRNA (Nojima et al.,
2016), and gene-specific (Li et al., 2019) hypomethylation in the
pathogenesis of HCC.

In summary, this report shows that the development of
NASH-derived HCC is characterized by progressive accumu-
lation of DNA methylation and gene expression alterations, with
the greatest level of these abnormalities being found in full-
fledged HCC. The results of the study illustrate that not all
DNA methylation changes have an equal importance in the
carcinogenic process. This was evidenced by the fact that majority
of gene-specific DNA methylation changes occurred at the later
stages of hepatocarcinogenesis, especially in full-fledged HCC,
and were preceded by gene expression changes. In this respect,
the observed concurrent and progressive Tubb2b expression
and promoter methylation changes during the development of
NASH-associated liver carcinogenesis are of great importance
and indicate that unique Tubb2b gene-expression alterations
mediated by aberrant DNA methylation may contribute to the
development of HCC and may be used as the disease-specific
indicator. Nevertheless, this study, as well as other studies using
only male mouse models of NASH-associated liver carcinogenesis
only (Asgharpour et al., 2016; Tsuchida et al., 2018), does
not provide the answer whether similar alterations exist in
female mice. Therefore, future studies are needed to address
this question. The results of these studies may identify early

sex-independent diagnostic biomarkers of NASH that may be
useful for monitoring disease stratification.
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