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ABSTRACT

Nonalcoholic fatty liver disease (NAFLD) is becoming a major etiological risk factor for hepatocellular carcinoma (HCC) in
the United States and other Western countries. In this study, we investigated the role of gene-specific promoter cytosine
DNA methylation and gene expression alterations in the development of NAFLD-associated HCC in mice using (1) a diet-
induced animal model of NAFLD, (2) a Stelic Animal Model of nonalcoholic steatohepatitis-derived HCC, and (3) a choline-
and folate-deficient (CFD) diet (CFD model). We found that the development of NAFLD and its progression to HCC was
characterized by down-regulation of glycine N-methyltransferase (Gnmt) and this was mediated by progressive Gnmt
promoter cytosine DNA hypermethylation. Using a panel of genetically diverse inbred mice, we observed that Gnmt down-
regulation was an early event in the pathogenesis of NAFLD and correlated with the extent of the NAFLD-like liver injury.
Reduced GNMT expression was also found in human HCC tissue and liver cancer cell lines. In in vitro experiments, we
demonstrated that one of the consequences of GNMT inhibition was an increase in genome methylation facilitated by an
elevated level of S-adenosyl-L-methionine. Overall, our findings suggest that reduced Gnmt expression caused by promoter
hypermethylation is one of the key molecular events in the development of NAFLD-derived HCC and that assessing Gnmt
methylation level may be useful for disease stratification.

Key words: epigenetics; Gnmt; HCC; NASH; NAFLD.

VC The Author(s) 2019. Published by Oxford University Press on behalf of the Society of Toxicology.
All rights reserved. For permissions, please e-mail: journals.permissions@oup.com

273

TOXICOLOGICAL SCIENCES, 170(2), 2019, 273–282

doi: 10.1093/toxsci/kfz110
Advance Access Publication Date: May 14, 2019
Research Article

https://academic.oup.com/


Hepatocellular carcinoma (HCC), the major histological type of
primary liver cancer, is the second most lethal cancer world-
wide (Bertuccio et al., 2017; Llovet et al., 2016). In the United
States, the incidence of HCC has greatly increased over the past
2 decades (Altekruse et al., 2009; Simard et al., 2012). The etiolog-
ical factors associated with HCC are well-known and include
chronic hepatitis B (HBV) and C (HCV) viral infections, chemical
exposure, excessive alcohol consumption (Bertuccio et al., 2017),
and, recently, nonalcoholic fatty liver disease (NAFLD). The inci-
dence of HCC varies geographically, due to differences in etiol-
ogy, and is dynamic, due to changes in the contribution of
disease-specific etiological risk factors (Choo et al., 2016; Kim
et al., 2018). For instance, as a result of advances in immuniza-
tion and a new generation of antiviral drugs against HBV and
HCV, there is a great possibility that these etiological risk factors
for HCC will be eliminated in the United States and Western
countries (Ioannou et al., 2018; Yoo et al., 2018). On the other
hand, it is widely believed that NAFLD will become a predomi-
nant liver disease and that nonalcoholic steatohepatitis (NASH),
an advanced form of NAFLD, will become a major cause of HCC
worldwide (Younes and Bugianesi, 2018). Indeed, Kim et al.
(2018) recently reported a 68% increase in HCC associated with
NASH in adult patients from 1998–2009 to 2010–2015.

The molecular pathogenesis of HCC is a complex multistage
process characterized by the accumulation of genetic and epige-
netic alterations in several major cancer-hallmark pathways
(Pogribny and Rusyn, 2014; Shibata et al., 2018; The Cancer
Genome Atlas Research Network, 2017; Zucman-Rossi et al.,
2015). Extensive genomic studies over the past decade have
identified the main genetic drivers that facilitate liver cancer
initiation and progression (Shibata et al., 2018; Zucman-Rossi
et al., 2015). In contrast, the role of epigenetic and transcrip-
tomic drivers of HCC has yet to be uncovered because most
functional genomics studies provide only a static snapshot of
these abnormalities in full-fledged HCC rather than their dy-
namic changes during the progression of hepatocarcinogenesis.

Investigating the molecular basis and pathways of the liver
carcinogenic process in humans, in general, and NAFLD-
associated hepatocarcinogenesis, in particular, is complex and
expensive in terms of recruitment and characterization of study
cohorts. Additionally, the development of NAFLD-related HCC
in humans is difficult to study because it includes a wide range
of conditions that are problematical to differentiate noninva-
sively. Therefore, it is challenging to establish the causality and
molecular underpinnings of the disease in studies with
humans. In contrast, animal models that mirror human NAFLD
pathology overcome many of the shortcomings of the human-
only approach and are exceedingly useful for studying the dis-
ease pathogenesis, including elucidation of the role of specific
genes in the pathogenesis of NAFLD and its progression to HCC
(Santhekadur et al., 2018). Among the animal models used to
study NAFLD, dietary-based mouse models, using either high-
calorie or methyl-donor group deficient diets, are the most
widely employed (Jahn et al., 2019; Santhekadur et al., 2018).

Based on these considerations, in this study, we investigated
the role of gene-specific promoter cytosine DNA methylation
and gene expression alterations in the development of NAFLD-
associated HCC in mice using a diet-induced animal model of
NAFLD (DIAMOND), which recapitulates the key physiological,
metabolic, histologic, transcriptomic, and cell-signaling
changes seen in humans with progressive NASH (Asgharpour
et al., 2016), and a Stelic Animal Model (STAM) of NASH-derived
HCC, which is the first mouse model to depict the sequential
evolution of clinical and pathomorphological features of the

development of HCC in diabetes-associated NASH patients
(Fujii et al., 2013). Additionally, to investigate the effect of
genetic background-associated differences in NAFLD pathogen-
esis, we fed a panel of genetically diverse inbred mice a choline-
and folate-deficient (CFD) diet (CFD model), which is an ideal
model for the studying the subgroup of NASH patients with his-
tologically advanced NASH (Machado et al., 2015).

MATERIALS AND METHODS

Animals, experimental design, and mouse models of NASH hepatocar-
cinogenesis. This study used liver tissue samples from male mice
subjected to DIAMOND, STAM, and CFD dietary models of
NAFLD. In the DIAMOND-associated liver carcinogenesis model,
stable male isogenic mice obtained by crossing C57BL/6J and
129S1/SvImJ mice, were fed, ad libitum, a high-fat diet, high car-
bohydrate diet (42% kcal from fat, 0.1% cholesterol, and a high
fructose-glucose solution; TD.88137; Envigo, Madison,
Wisconsin) for 24, 36, 44, or 52 weeks. Control mice were fed a
standard chow diet (Harlan TD.7012) with normal water. The
livers were excised and snap-frozen in liquid nitrogen. The
results of clinical chemistry, histological, and transcriptomic
analyses are described in detail in Asgharpour et al. (2016) and
Cazanave et al. (2017).

In the STAM liver carcinogenesis model, 2-day-old male
C57BL/6J mice were injected with streptozotocin (200 lg/
mouse). Starting from 4 weeks of age, the mice were
continuously fed a high-fat diet (HFD-32; Clea, Tokyo, Japan)
throughout the study. Liver samples from male STAM mice at
steatotic (6 weeks), NASH-fibrotic (12 weeks), and full-fledged
HCC (20 weeks) stages of liver carcinogenesis and from age-
matched control C57BL/6J mice were purchased from the Stelic
Institute & Co. (Tokyo, Japan).

In the CFD model, male A/J, C57BL/6J, 129S1/SvImJ, CAST/EiJ,
PWK/PhJ, and WSB/EiJ mice were used. These strains were se-
lected because they provide an excellent representation of the
broad genetic diversity and their genomes have been fully se-
quenced (Yang et al., 2011). Mice (6 weeks of age) were fed a diet
low in methionine (0.17% w/w) and devoid of choline and folic
acid (Diet no. 519541, CFD, iron-supplemented, and L-amino
acid-defined diet; Dyets, Bethlehem, Pennsylvania) for 12
weeks. Mice in the control group received the same diet supple-
mented with 0.4% methionine, 0.3% choline bitartrate, and 2
mg/kg folic acid. Diets were stored at 4�C before use and given
ad libitum with replacement twice a week. Mice from each
strain were euthanized by exsanguination following deep iso-
flurane anesthesia 12 weeks after diet initiation. The livers were
excised, and a slice of the median lobe was fixed in neutral buff-
ered formalin for 48 h for histopathological examination. The
remaining liver was snap-frozen immediately in liquid nitrogen
and stored at �80�C for subsequent analyses. The results of his-
tological and transcriptomic analyses are described in Tryndyak
et al. (2012).

All experiments involving animals were approved by the
Animal Care and Use Committee of Virginia Commonwealth
University, the Stelic Institute & Co, or the Animal Care and Use
Committee of the National Center for Toxicological Research.

Cell lines and cell culture. Immortalized HepG2 and SK-Hep-1 hu-
man liver cancer cell lines were obtained from the American
Type Culture Collection (ATCC, Manassas, Virginia). The cells
were maintained in culture according to the manufacturer’s
recommendations.
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DNA methylation analyses. Genomic DNA was isolated with
DNeasy Blood and Tissue kits (Qiagen, Valencia, California).
Methylated DNA immunoprecipitation (MeDIP) was performed
with MethylMiner Methylated DNA Enrichment kits (Invitrogen,
Carlsbad, California). The methylation status of CpG islands lo-
cated within the promoters of the selected genes was deter-
mined by MeDIP-quantitative polymerase chain reaction (PCR)
(MeDIP-qPCR). Reduced representation bisulfite sequencing
(RRBS) analysis was used to determine the whole-genome DNA
methylation profile by identifying differentially methylated
regions (DMRs) in the livers of PWK/PhJ mice fed the CFD diet
and in HepG2 and SK-Hep-1 human cells as detailed in
Tryndyak et al. (2017).

Quantitative reverse-transcription PCR. Total RNA was extracted
from liver tissue samples, and HepG2 and SK-Hep-1 cells using
miRNeasy Mini kits (Qiagen). Total RNA (2 lg) was reverse tran-
scribed using random primers and High Capacity cDNA Reverse
Transcription kits (Life Technologies, Grand Island, New York).
Gene expression was determined by quantitative reverse-
transcription PCR (qRT-PCR) using the TaqMan gene expression
assays (Life Technologies). The relative amount of each mRNA
transcript was determined using the 2�DDCt method (Schmittgen
and Livak, 2008).

Western blot analysis. Whole liver tissue lysates or cell lysates
containing equal quantities of proteins were separated by 7%–
15% SDS-PAGE and transferred to PVDF membranes. The levels
of glycine N-methyltransferase (GNMT), DNA methyltransfer-
ase 1 (DNMT1), DNA methyltransferase 3A (DNMT3A), DNA
methyltransferase 3B (DNMT3B), and ubiquitin-like, contain-
ing PHD and RING finger domains 1 (UHRF1) proteins were de-
termined by Western blot analysis as described previously
(Tryndyak et al., 2012). AntiDNMT1 (catalog number 5032),
anti- DNMT3A (catalog number 3598), antiDNMT3B (catalog
number 2161), and antiUHRF1 (catalog number 12387) anti-
bodies were obtained from Cell Signaling Technology
(Danvers, Massachusetts), and antiGNMT (catalog number
PA5-50333) antibody was obtained from ThermoFisher
Scientific (Waltham, Massachusetts). IRDye 800CW-labeled
antirabbit or IRDye 680RD-labeled antimouse antibody (LI-
COR Biosciences, Lincoln, Nebraska) was used for visualiza-
tion. Fluorescence was measured using the Odyssey CLx
Infrared Imager (LI-COR Biosciences). The images were quan-
tified using ImageStudio 4.0 Software (LI-COR Biosciences). To
control for equal loading, the relative amount of the protein of
interest was normalized by staining of the membranes with
REVERT Total Protein Stain (LI-COR Biosciences;
Supplementary Figure 3).

Transfection of HepG2 cells with siRNA. HepG2 cells, seeded in the
antibiotic-free medium in 100 mm dishes and grown for 24
h, were transfected in 3 independent biological replicates
using 40 nM ON-TARGETplus human GNMT siRNA
(Dharmacon, Lafayette, Colorado) and Lipofectamine 3000
(Life Technologies). Seventy-two hours after transfection,
adherent cells were harvested by mild trypsinization and
their viability was monitored using a Trypan Blue exclusion
assay (Sigma-Aldrich; St Louis, Missouri). The cells were
reseeded, and the transfection was repeated. Seventy-two
hours after the second transfection, adherent cells were
harvested by mild trypsinization, washed in phosphate-
buffered saline, and immediately frozen at �80�C for subse-
quent analyses.

Determination of methionine, S-adenosyl-L-methionine, S-adenosyl-L-
homocysteine, free homocysteine, and cysteine. The levels of methio-
nine, S-adenosyl-L-methionine (SAM), S-adenosyl-L-homocys-
teine (SAH), free homocysteine, and free cysteine were
measured in the HepG2 cells by high-performance liquid chro-
matography coupled with coulometric electrochemical detec-
tion as previously described (Melnyk et al., 1999, 2000).

Retrieval of data from the online database. GNMT gene expression
(level 3) data in human HCC were obtained from The Cancer
Genome Atlas (TCGA) database (http://cancergenome.nih.gov).

Statistics. Results are presented as mean 6 SD. Statistical analy-
ses were performed using SigmaPlot 13.0 software (Systat
Software, Inc, San Jose, Californina). Benjamini-Hochberg ad-
justed p values (Benjamini and Hochberg, 1995) were calculated
and an adjusted p value cutoff � .05 and a fold change threshold
> 2.0 were used to generate a list of differentially expressed
genes in the livers of mice submitted to DIAMOND model. The
differences in gene-specific promoter methylation in the livers
between age-matched mice in experimental and control groups
were analyzed by an unpaired 2-tailed Student’s t test. The dif-
ferences between GNMT protein levels in the livers of
DIAMOND mice during NAFLD-associated liver carcinogenesis,
and Gnmt expression and Gnmt gene-specific methylation in the
livers of A/J, C57BL/6J, 129S1/SvImJ, CAST/EiJ, PWK/PhJ, and
WSB/EiJ were analyzed by 2-way analysis of variance (ANOVA),
with pairwise comparisons being made by the Student-
Newman-Keuls method. The GNMT expression data in human
HCC were natural log transformed before conducting the
analyses to maintain a more equal variance or normal data dis-
tribution and were analyzed by the nonparametric Wilcoxon
signed-rank test. A difference in data values with a p � .05 was
considered significant. Pearson product-moment correlation co-
efficient was used to determine correlations. A Chi-Square test
was applied to evaluate the difference in proportion of DMRs.

RESULTS

Gene-Specific Methylation of Epigenetically Regulated Down-
Regulated Genes in HCC in DIAMOND and STAM Mice
Previously, Cazanave et al. (2017) and de Conti et al. (2017) dem-
onstrated that the development of NAFLD-derived HCC in
DIAMOND and STAM mice is characterized by substantial and
unique stage-dependent transcriptomic alterations, with a
greater number of down-regulated genes being found in HCC. In
light of these observations and on the basis of previous reports
on the role of a promoter CpG island methylator phenotype in
the development of HCC (Shen et al., 2002; Wang et al., 2018), we
investigated the status of cytosine DNA methylation in genes
that contain promoter CpG islands and are down-regulated in
HCC. First, we analyzed differentially expressed genes in
NAFLD-derived HCC in DIAMOND mice (52 weeks) (Asgharpour
et al., 2016; GSE67679) and found that 50 of down-regulated
genes contained CpG islands in their promoter regions. Then,
by using MeDIP-qPCR, we analyzed the promoter methylation
status of these genes and found 17 hypermethylated genes
(Figure 1A). Next, by using a combined analysis of MeDIP-qPCR
and gene expression data (de Conti et al., 2017; GSE83596), we
identified 21 hypermethylated genes in NAFLD-derived HCC in
STAM mice (20 weeks) (Figure 1B). It should be noted that the
Gnmt gene was the only gene down-regulated and concurrently
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hypermethylated in HCC in both STAM and DIAMOND mice
(Figure 1).

Promoter Gene-Specific Methylation of the Genes During NAFLD-
Associated Hepatocarcinogenesis
To investigate further the role of the genes found to be
hypermethylated in full-fledged HCC, we analyzed their pro-
moter methylation status at different stages of the NAFLD-
associated hepatocarcinogenic process in DIAMOND mice:
NASH with early fibrosis (24 weeks), NASH with progressive
fibrosis (36 and 44 weeks), and NASH with advanced fibrosis
(52 weeks). Figure 2A shows that 3 (epidermal growth factor
receptor, estrogen receptor 1, and Gnmt) of the 17 genes that
were inhibited and concurrently methylated in HCC were
also hypermethylated in NASH with advanced fibrosis. This
finding supports the hypothesis of simultaneous accumula-
tion of CpG island methylator phenotype alterations in the
disease process leading to HCC (Shen et al., 2002; Wang et al.,
2018).

Further analysis of gene promoter methylation under the
condition of NASH with early fibrosis and NASH with progres-
sive fibrosis showed that only Gnmt exhibited progressive
changes towards hypermethylation starting at 36 weeks
(Figure 2A). The levels of the Gnmt gene promoter methylation
at 36, 44, and 52 weeks were 1.6-, 1.8-, and 2.2-times greater, re-
spectively, than age-matched control mice. In contrast to
changes in Gnmt promoter-specific methylation, only sporadic
changes in promoter methylation were found in the other genes
in these early stages of hepatocarcinogenesis (Figure 2A). A sim-
ilar stage-dependent Gnmt promoter hypermethylation was also
observed during NAFLD-associated liver carcinogenesis in
STAM mice (Supplementary Figure 1).

Figure 2B shows that changes in the Gnmt promoter methyl-
ation during the development of NAFLD-derived HCC were ac-
companied by a simultaneous reduction in the level of GNMT
protein (Figure 2B) that was inversely correlated (r ¼ �0.694, p ¼
1.4 � 10�5) with the extent of CpG island promoter methylation
(Figure 2C).

The Effect of a CFD Diet on the Gnmt Promoter Methylation and
Gene Expression
Previously, we demonstrated that feeding a panel of genetically
diverse inbred mice a CFD diet for 12 weeks resulted in strain-
dependent NAFLD-like liver injury with the following order of
severity: A/J � C57BL/6J < 129S1/SvImJ � CAST/EiJ < PWK/PhJ <
WSB/EiJ (Tryndyak et al., 2012). Herein, we investigated whether
or not alterations in Gnmt gene expression and promoter meth-
ylation are concordant with the severity of liver injury.
Figure 3A shows that feeding the CFD diet caused a substantial
inhibition of hepatic Gnmt expression in all strains, while the
Gnmt promoter cytosine DNA methylation was increased only
in CAST/EiJ and, especially, WSB/EiJ, and PWK/PhJ mice
(Figure 3B), 2 mouse strains characterized by the development
of advanced NASH-like liver injury (Tryndyak et al., 2012).
Changes in Gnmt expression and methylation were accompa-
nied by a marked decrease in the level of GNMT protein
(Figure 3C). Hypermethylation of the Gnmt promoter in the livers
of PWK/PhJ, the strain that exhibited the most prominent Gnmt
down-regulation, was independently confirmed by the RRBS
DNA methylation analysis (Figure 3D). It should be noted that
PWK/PhJ mice exhibited the highest level of Gnmt expression in
the normal livers (Supplementary Figure 3).

GNMT Methylation and Expression in Human HCC and Liver Cancer
Cell Lines
Using the TCGA Research Network database (http://cancerge-
nome.nih.gov; The Cancer Genome Atlas Research Network,
2017), we analyzed the status of GNMT expression and methyla-
tion in human HCC. First, we analyzed GNMT gene expression
in paired HCC tissue samples and nontumor liver tissue sam-
ples obtained from the same HCC patients and showed a lower
level of the GNMT transcripts in HCC (Figure 4A). Next, we ana-
lyzed GNMT expression and methylation in HepG2 and SK-Hep-
1 cells, cancer cell lines derived from different types of human
liver tumors. Figure 4B shows that SK-Hep-1 cancer cells exhib-
ited markedly lower GNMT expression compared with HepG2
cells, as evidenced by mRNA and protein levels. RRBS analysis
of GNMT gene methylation in these cell lines showed that the

Figure 1. Expression and promoter methylation in down-regulated genes containing promoter CpG islands in NAFLD-derived HCC in DIAMOND (52 weeks) (A) and

STAM (20 weeks) (B) mice. Lists of hypermethylated and down-regulated genes in NAFLD-derived HCC in (A) DIAMOND (n ¼ 4 controls and n ¼ 5 HCC) and (B) STAM

mice (n ¼ 4 controls and n ¼ 4 HCC) were generated based on Benjamini-Hochberg adjusted p values, with a cutoff of .05 and a fold change threshold of 2.0. The gene ex-

pression is presented as fold change relative to age-matched control mice. Promoter methylation of differentially expressed genes is presented as an average fold

change of individual genes. Only inversely differentially expressed and methylated genes are shown.
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CpG island located in the 5’ flanking region of the GNMT gene
was predominately unmethylated in HepG2 cells, but was
heavily methylated in SK-Hep-1 cells (Figure 4C).

It has been suggested that the loss of GNMT expression in
cancer cells may be associated with a DNA methylator pheno-
type (Huidobro et al., 2013). Therefore, using RRBS DNA methyla-
tion analysis, we investigated the status of genome methylation
in HepG2 and SK-Hep-1 cells. Figure 4D shows that SK-Hep-1
cells exhibited a more prominent genome methylator pheno-
type than HepG2 cells. This was evidenced by a higher number
of methylated DMRs, especially highly methylated DMRs (75%–
100% methylation range), 52% in SK-Hep-1 cells versus 37% in
HepG2 cells, and by a smaller number of low methylated DMRs
(0%–25% methylation range), 21% in SK-Hep-1 cells versus 32%
in HepG2 cells.

Effect of the GNMT Gene Knock-Down on Genomic DNA Methylation
To test further whether or not direct inhibition of GNMT may
promote the DNA methylator phenotype, we knocked down
the GNMT gene in HepG2 cells, in which GNMT was highly
expressed and unmethylated. Figure 5A shows that transfec-
tion of HepG2 cells with human GNMT siRNA resulted in a
77% reduction in GNMT expression as compared with that in
mock-transfected cells. In contrast, the expression of a non-
target MAT2A gene was not affected in transfected cells.
Silencing of GNMT increased the proportion of heavy

methylated (75%–100% methylation range) DMRs from 26% to
33% (Figure 5B), with hypermethylation increasing in the ex-
onic, intronic, and intergenic regions of the genome
(Figure 5C).

To investigate the mechanisms that may lead to increase of
DNA methylation associated with GNMT inhibition, we evalu-
ated the levels of DNMT1, DNMT3A, DNMT3B, and UHRF pro-
teins and 1-carbon metabolites in HepG2 cells transfected with
GNMT siRNA. Figure 5D shows that the levels of DNMT1,
DNMT3A, DNMT3B, and UHRF proteins were not affected by
GNMT siRNA. In contrast, siRNA-mediated GNMT inhibition
resulted in a significant increase of the SAM, homocysteine, and
cysteine (Figure 5E).

DISCUSSION

The pathogenesis of HCC, one of the few cancer types with a
steadily increasing incidence and mortality worldwide, is com-
plex and involves diverse alterations of molecular pathways
driven by genetic and epigenetic alterations. Recent progress in
the analysis of HCC genomes identified 3 core genetic drivers,
TP53, TERT, and WNT signaling, associated with the develop-
ment of HCC (Shibata et al., 2018; Zucman-Rossi et al., 2015). In
contrast, despite well-documented gene-specific DNA methyla-
tion aberrations in HCC, epigenetic drivers of liver carcinogene-
sis are less well defined.

Figure 2. Gnmt gene-specific methylation and expression during NAFLD-associated liver carcinogenesis in DIAMOND mice. A, Gene-specific methylation during

NAFLD-associated liver carcinogenesis in the livers of DIAMOND mice (n ¼ 4 controls and n ¼ 5 HCC). The results are presented as an average fold change in methyla-

tion of each gene in the livers of DIAMOND mice relative to that in age-matched control mice, which were assigned a value 1. Values are mean 6 SD. Asterisks (*) de-

note a statistically significant (p < .05) difference from the age-matched control mice as determined by a 2-tailed Student’s t test. B, The protein level of GNMT in the

livers of DIAMOND mice during NAFLD-associated liver carcinogenesis. The results are presented as an average fold change in GNMT protein levels in the livers of

DIAMOND mice relative to that in the age-matched control mice, which were assigned a value 1. Values are mean 6 SD (n ¼ 3). Asterisks (*) denote a statistically signifi-

cant (p < .05) difference from the age-matched control mice as determined by 2-way ANOVA, with pairwise comparisons being made by the Student-Newman-Keuls

method. C, Correlation plot of GNMT protein expression and gene promoter methylation in the livers of DIAMOND mice during NAFLD-associated liver carcinogenesis.
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Figure 3. Gnmt expression in the livers of mice fed a CFD diet for 12 weeks. (A) Gnmt expression and (B) gene-specific methylation in the livers of male A/J, C57BL/6J,

129S1/SvImJ, CAST/EiJ, PWK/PhJ, and WSB/EiJ mice fed a CFD diet. The results are presented as an average fold change in the livers of CFD diet-fed mice relative to that

in the age-matched control mice, which were assigned a value 1. Values are mean 6 SD (n ¼ 5 per strain/diet). Asterisks (*) denote a statistically significant (p < .05) dif-

ference from the age-matched control mice as determined by 2-way ANOVA, with pairwise comparisons being made by the Student-Newman-Keuls method. C, The

protein level of GNMT in the livers of A/J, C57BL/6J, 129S1/SvImJ, CAST/EiJ, PWK/PhJ, and WSB/EiJ mice. Representative images are shown. The results are presented as

an average fold change in GNMT protein levels in the livers of mice fed a CFD diet relative to that in the age-matched control mice, which were assigned a value 1.

Values are mean 6 SD. Asterisks (*) denotes a statistically significant (p < .05) difference from the age-matched control mice as determined by a 2-tailed Student’s t

test. D, RRBS analysis of the Gnmt gene methylation in the livers of control and CFD-fed PWK/PhJ mice. Red dots indicate methylated CpG sites; blue dots indicate

unmethylated CpG sites. Y scale shows % methylation of DMRs in the Gnmt gene.
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In this study, we investigated the role of alterations in the
DNA methylation of gene promoters in the development of HCC
associated with NAFLD, the incidence of which has greatly in-
creased in recent years. Using DIAMOND and STAM mice,
mouse models of NAFLD-associated liver carcinogenesis that
resemble the disease development in humans (Asgharpour
et al., 2016; Fujii et al., 2013), we identified several cancer-related
genes that were epigenetically down-regulated in NAFLD-
derived full-fledged HCC. Among these genes, only the Gnmt
gene was down-regulated and hypermethylated in both NAFLD-
associated HCC models.

GNMT, a folate-binding protein that catalyzes the transfer of
a methyl group from SAM to glycine to form sarcosine and SAH,
is the most abundant SAM-dependent hepatic methyltransfer-
ase in the liver (Simile et al., 2018; Yeo and Wagner, 1994). GNMT
also possesses several important tumor-suppressing features,
including the regulation of 1-carbon, lipid, and glucose metabo-
lism, the detoxification of carcinogens, and the regulation of
cell proliferation and apoptosis, and is involved in the cellular
response against DNA damage (DebRoy et al., 2013; Hughey
et al., 2018; Liao et al., 2012; Mart�ınez-Chantar et al., 2008; Simile
et al., 2018; Wang et al., 2014; Yen et al., 2013). This suggests that
down-regulation of GNMT may substantially compromise any
or all of these functions and lead to tumor development.
Indeed, results from several studies using Gnmt-null mice have
revealed a critical role of Gnmt in the development of HCC (Liao
et al., 2012; Mart�ınez-Chantar et al., 2008). This finding was con-
firmed in clinical studies showing decreased GNMT expression
in human HCC (Avila et al., 2000; Chen et al., 1998; Huidobro
et al., 2013); however, there is a lack of conclusive information

on the mechanism of down-regulation of this gene during liver
carcinogenesis.

Several mechanisms have been suggested to be involved in
the regulation of GNMT expression. Lee et al. (2009) demon-
strated the presence of binding sites for several transcription
factors, including the nuclear factor-Y, CCAAT/enhancer-
binding protein (C/EBP) b, and xenobiotic response elements, in
the GNMT promoter. Previously, we reported a marked decrease
of C/EBP b protein in NASH livers from WSB/EiJ and PWK/PhJ
mice fed a CFD diet (Pogribny et al., 2013). Two recent reports
demonstrating that GNMT is a direct target of miR-224 and miR-
873-5p revealed an involvement of microRNAs in GNMT regula-
tion (Fern�andez-Ramos et al., 2018; Hung et al., 2018).
Furthermore, Hung et al. (2018) showed that the level of miR-224
was inversely correlated with GNMT expression in HCC tissue
and liver cancer cell lines, and Fern�andez-Ramos et al. (2018)
reported an inverse correlation between the expression of he-
patic miR-873-5p and GNMT in cirrhotic and cholestatic patients
and animal models. A potential role of epigenetic regulation,
specifically, DNA methylation, in GNMT inhibition in human
HCC was provided by Huidobro et al. (2013), who demonstrated
hypermethylation of the GNMT gene in 20% of primary HCC
samples.

In light of this, the results of our study showing (1) a concor-
dant down-regulation of the Gnmt gene and its promoter hyper-
methylation in full-fledged HCC and (2) their progressive
alterations during the NAFLD-associated hepatocarcinogenic
process are of great importance. Specifically, our study presents
several important new findings on the role of Gnmt in molecular
pathogenesis of NAFLD and its progression to HCC. First, using

Figure 4. GNMT expression and cytosine DNA methylation in human HCC and liver cancer cell lines. A, Expression of the GNMT gene in paired HCC and nontumor liver

tissue samples obtained from the same HCC patients. Asterisks (*) denotes a statistically significant (p < .05) difference between groups as determined by a Wilcoxon

signed-rank test. B, GNMT mRNA and GNMT protein levels in HepG2 (n ¼ 3) and SK-Hep-1 (n ¼ 3) cancer cell lines. N/D ¼ not detected. Representative images are

shown. Asterisks (*) denote a statistically significant (p < .05) difference as determined by a 2-tailed Student’s t test. C, RRBS analysis of the GNMT gene methylation in

HepG2 and SK-Hep-1 cancer cells. Red dots indicate methylated CpG sites; blue dots indicate unmethylated CpG sites. Y scale shows % methylation of DMRs in the

GNMT gene. DMR residing at the 3’-end of the GNMT gene was highly methylated in both cell lines. In contrast, most CpG sites located in CpG island upstream from the

gene transcription start site were unmethylated in HepG2 cells. D, Comparison of genome methylation in HepG2 and SK-Hep-1 cells. All DMRs were grouped into 4

quartiles based on the level of DNA methylation. The percentage of DMRs was calculated for each quartile. Asterisks (*) denote a statistically significant (p < .001) differ-

ence as determined by a Chi-Square test.
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several relevant mouse models of NAFLD we demonstrate the
dynamics of Gnmt alterations in NAFLD-related liver carcino-
genesis. We show an early appearance of Gnmt down-regulation
in NAFLD, the expression of which steadily decreased as the
disease advanced. This corresponds to the similar finding by
Tsuchida et al. (2018; GSE99010) that indicated an inhibition of
Gnmt in diet- and chemical-induced NASH in mice. Second, we
demonstrate that progression of NAFLD from simple steatosis
to the advanced stages of the disease, eg, NASH, fibrosis, and
HCC, is accompanied by progressive promoter hypermethyla-
tion of the Gnmt gene. This is an important finding suggesting
that evaluation of Gnmt methylation may be useful for monitor-
ing disease stratification. Finally, our study highlights the value
of Gnmt as a gene susceptibility biomarker to determine an

individual’s predisposition to NAFLD and severity of the dis-
ease. This suggestion is in good agreement with the report by
Tseng et al. (2003) demonstrating that individuals with genetic
variations in GNMT causing a lower GNMT expression were
overrepresented among HCC patients, and evidence that
patients with inborn GNMT deficiency develop spontaneous
liver diseases (Augoustides-Savvopoulou et al., 2003; Mudd et al.,
2001).

One of the pathological consequences of down-regulation of
GNMT is an alteration in cellular 1-carbon metabolism. In this
study, we show that inhibition of the GNMT gene results in an
increased level of SAM, which is accompanied by hypermethy-
lation of the genome. This finding suggests that inhibition of
GNMT expression during liver carcinogenesis may contribute to

Figure 5. Effect of GNMT siRNA on genome methylation, expression of DNA methylation-related proteins, and 1-carbon metabolites in HepG2 cells. A, Expression of

the GNMT and MAT2A genes in GNMT siRNA-transfected HepG2 cells. The results are presented as an average fold change in GNMT and MAT2A expression in siRNA-

transfected HepG2 cells relative to that in mock-transfected cells, which were assigned a value 1. Values are mean 6 SD (n ¼ 3). Asterisks (*) denotes a statistically sig-

nificant (p < .05) difference from the mock-transfected HepG2 cells as determined by a 2-tailed Student’s t test. B, Genome methylation and (C) genome distribution of

DMRs in GNMT siRNA- and mock-transfected HepG2 cells. Asterisks (*) denote a statistically significant (p < .001) difference as determined by a Chi-Square test. D,

Levels of DNMT1, DNMT3A, DNMT3B, and UHRF proteins in siRNA- and mock-transfected HepG2 cells. E, Levels of methionine, SAM, SAH, free homocysteine, and free

cysteine in GNAT siRNA- and mock-transfected HepG2 cells. The results are presented as mean 6 SD (n ¼ 3). Asterisks (*) denotes a statistically significant (p < .05) dif-

ference from the mock-transfected HepG2 cells as determined by a 2-tailed Student’s t test.
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the establishment of a CpG island methylator phenotype and
the inhibition of the critical cancer-related genes favoring the
development of HCC. This study, as well as other studies, used
only male mouse models of NASH-associated liver carcinogene-
sis only (Asgharpour et al., 2016; Tsuchida et al., 2018). Future
studies are needed to determine if similar alterations exist in fe-
male mice.

Overall, we demonstrate that early down-regulation of the
Gnmt gene caused by gene promoter hypermethylation is one of
the key molecular events in the pathogenesis of NAFLD-derived
HCC. The findings of this study indicate that GNMT mRNA, pro-
tein, or promoter methylation levels may be early diagnostic
biomarkers with great potential to be used as minimally inva-
sive disease-specific markers.
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