
RESEARCH ARTICLE
25-Hydroxycholesterol 3-sulfate is an endogenous ligand
of DNA methyltransferases in hepatocytes
Yaping Wang1,2, Weiqi Lin3, James E. Brown3, Lanming Chen2, Williams M. Pandak1, Phillip B. Hylemon1,
and Shunlin Ren1,*
1Department of Internal Medicine, Virginia Commonwealth University/McGuire VA Medical Centre, Richmond, VA, USA;
2College of Food Science and Technology, Shanghai Ocean University, Shanghai, China; and 3DURECT Corporation,
Cupertino, CA, USA
Abstract The oxysterol sulfate, 25-hydroxy
cholesterol 3-sulfate (25HC3S), has been shown to
play an important role in lipid metabolism, inflam-
matory response, and cell survival. However, the
mechanism(s) of its function in global regulation is
unknown. The current study investigates the molecu-
lar mechanism by which 25HC3S functions as an
endogenous epigenetic regulator. To study the effects
of oxysterols/sterol sulfates on epigenetic modulators,
12 recombinant epigenetic enzymes were used to
determine whether 25HC3S acts as their endogenous
ligand. The enzyme kinetic study demonstrated that
25HC3S specifically inhibited DNA methyl-
transferases (DNMTs), DNMT1, DNMT3a, and
DNMT3b with IC50 of 4.04, 3.03, and 9.05 £ 10¡6 M,
respectively. In human hepatocytes, high glucose in-
duces lipid accumulation by increasing promoter CpG
methylation of key genes involved in development of
nonalcoholic fatty liver diseases. Using this model,
whole genome bisulfate sequencing analysis demon-
strated that 25HC3S converts the 5mCpG to CpG in the
promoter regions of 1,074 genes. In addition, we
observed increased expression of the demethylated
genes, which are involved in the master signaling
pathways, including MAPK-ERK, calcium-AMP-acti-
vated protein kinase, and type II diabetes mellitus
pathways. mRNA array analysis showed that the
upregulated genes encoded for key elements of cell
survival; conversely, downregulated genes encoded
for key enzymes that decrease lipid biosynthesis.
Taken together, our results indicate that the expres-
sion of these key elements and enzymes are regulated
by the demethylated signaling pathways. We sum-
marized that 25HC3S DNA demethylation of 5mCpG in
promoter regions is a potent regulatory mechanism.
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Epigenetic modification plays a major role in the
regulation and coordination of gene expression.
Methylation at position 5 of cytosine [5-methylcytosine
(5mC)] in DNA is an important epigenetic modification
that regulates gene expression among other functions
of the genome (1). Cytosine methylation of CpG in the
promoter region is inversely correlated with transcrip-
tional activity of associated genes as it causes chromatin
condensation and thus gene silencing (2). Recently
published literature has demonstrated that dysregula-
tion of CpG methylation and gene expression is
important in metabolism and can affect tissue function
and therefore the metabolic state (3). It has been shown
that cytosine methylation is catalyzed by DNA methyl-
transferases [DNMTs (DNMT1, DNMT3a, and
DNMT3b)], which have been reported to play an
important role in the regulation of DNA methylation
(4, 5). However, the specific molecular-molecular in-
teractions, the regulators of these enzyme activities, and
their authentic endogenous ligands, agonist(s), and an-
tagonist(s) are unknown.

The potent regulatory oxysterol sulfate, 25-hydroxy
cholesterol 3-sulfate (25HC3S; 5-cholesten-3β,25-diol 3-
sulfate), has been reported to play important roles in
lipid metabolism, inflammatory responses, and cell
survival since its discovery in hepatocyte nuclei (6–18).
Although some other sterol sulfates have been discov-
ered and shown to be important cell regulatory me-
tabolites [cholesterol sulfate, 27-hydroxycholesterol
3-sulfate (27HC3S), 27HCDS, and 25HCDS] (19–22),
25HC3S appears to be the most potent regulator and
has been used as a biomedicine for therapy of acute
and chronic diseases, which are at phase II clinical trials
(DUR928 represents 25HC3S; www.durect.com).
25HC3S decreases SREBP-1c/SREBP-2 activities and
nuclear liver oxysterol receptor levels, subsequently
decreasing cholesterol (Xol) and triglyceride
accumulation in vitro in hepatocytes and in vivo in
liver tissues in nonalcoholic fatty liver disease
(NAFLD) mouse models (11, 13). Furthermore, 25HC3S
has been shown to increase nuclear PPARγ and
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peroxisome proliferator-activated receptor gamma
coactivator 1-alpha (PGC-1α) mRNA levels and down-
regulate NF-κB, which consequently decreases proin-
flammatory cytokine expression and secretion,
suppresses inflammatory responses, inhibits apoptosis,
and promotes cell survival in human macrophages and
in vivo lipopolysaccharide-induced acute multiple organ
injury in mouse models (7). Although the detailed mo-
lecular and biochemical mechanism is not fully un-
derstood, its role in global regulation indicates that
25HC3S most likely acts as an endogenous epigenetic
regulator. The aim of the current study was to elucidate
the molecular mechanism of 25HC3S as an epigenetic
ligand by enzyme kinetic analysis and whole genomic
analysis. The results showed that the expression of key
genes via DNA 5mCpG demethylation in promoter re-
gions is involved in master signaling pathways, which
regulate cell stress responses.
MATERIALS AND METHODS

Materials
Cell culture reagents and supplies were purchased from

GIBCO BRL (Grand Island, NY); Huh-7 cells were obtained
from American Type Culture Collection (Rockville, MD). The
reagents for real-time RT-PCR were from AB Applied Bio-
systems (Warrington, UK). The chemicals used in this research
were obtained from Sigma Chemical Co (St. Louis, MO) or
Bio-Rad Laboratories (Hercules, CA). All solvents were ob-
tained from Fisher (Fair Lawn, NJ) otherwise indicated.
Cell culture
Huh-7 and HepG-2 cells were cultured in DMEM supple-

mented with 10% heat-inactivated FBS, high glucose (HG;
4.5 g/l) at 37◦C in a humidified atmosphere of 5% CO2.
Extraction and determination of DNA and mRNA
levels

After culturing Huh-7 cells in DMEM with HG for 72 h
followed by treating with 25 μM 25HC3S for 4 h, genomic
DNA from 5,000 cells were extracted using QIAamp DNA
Mini Kit (QIAGEN, Hilden, Germany). Each sample, 2 μg,
was sent to EpigenDx, Inc (Hopkinton, MA) for analysis of
global methylation bisulfite sequencing. The same samples,
6 μg, were sent to Novogene Co, Ltd (Tianjin, China) for
analysis of whole genome bisulfite sequencing (WGBS).
Total RNA was isolated using the Promega SV total RNA
isolation system (Madison, WI) with DNase treatment. Each
sample, 2 μg, was used for the first-stranded cDNA synthesis
as recommended by the manufacturer (Invitrogen, Carls-
bad, CA). Real-time RT-PCR was performed using SYBR
Green as the indicator on ABI 7500 Fast Real-Time PCR
System (Applied Biosystems, Foster City, CA). Amplifica-
tions of β-actin or GAPDH were used as internal controls.
Relative mRNA expression was quantified with the
comparative cycle threshold (Ct) method using the primer
set shown in supplemental Table S1 and was expressed as
2−ΔΔCt as described previously (23).
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Chemical synthesis and characterization of sterol
sulfates, 25HC3S, cholesterol 3-sulfate, and 27HC3S

5-Cholesten-3β,25-diol 3-sulfate (25HC3S); 5-cholesten-3β-ol,
3-sulfate [cholesterol 3-sulfate (Xol3S)]; and 5-cholesten-3β,27-
diol 3-sulfate (27HC3S) were synthesized as previously
described with mild modification (6). Briefly, a mixture of 25-
hydroxycholesterol, Xol, or 27-hydroxycholesterol (6.5 mg,
0.016 mmol) and triethylamine-sulfur trioxide (3.5 mg,
0.019 mmol) was dissolved in dry pyridine (300 μl) and was
stirred at room temperature for 2 h. The solvents were
evaporated at 40◦C under nitrogen gas stream, and the syrup
was added into 2 ml of 50% acetonitrile (loading buffer). The
products were applied to a 6 cc Oasis cartridge (Waters), which
had been primed by methanol (15 ml) and water (15 ml). The
cartridge was successively washed with the loading buffer
(15 ml), water (15 ml), methanol (15 ml), 50% methanol (15 ml),
5% ammonia hydroxide in 10% methanol (15 ml), and 5%
ammonia hydroxide in 50% methanol (15 ml). The retained
sulphated sterol was eluted with 5% ammonia hydroxide in
80% methanol (10 ml), respectively. After dilution with 10
times volume of acetonitrile, the solvents were evaporated to
dryness under nitrogen gas stream, and the sterol sulphates
were obtained in white powder form.
Enzyme kinetic study of 5-cholesten-3β,27-diol
3-sulfate

For the DNMT1 activity assay, the substrate solution,
0.001 mg/ml poly(dI-dC):poly(dI-dC) in 50 mM Tris-HCl, pH
7.5, 50 mM NaCl, 5 mM EDTA, 5 mM DTT, 1 mM PMSF, 5%
glycerol, 0.01% Brij35, and 1% DMSO were used. For the
DNMT3a/DNMT3b activity assay, 0.0075 mg/ml lambda
DNA in 50 mM Tris-HCl, pH 7.5, 50 mM NaCl, 5 mM EDTA,
5 mM DTT, 1 mM PMSF, 5% glycerol, and 1% DMSO were
used. The indicated DNMT1, DNMT3a, and DNMT3b were
added to the appropriate substrate solution and gently mixed.
Amounts of Xol, 25-hydroxycholesterol (25HC), 27-
hydroxycholesterol (27HC), Xol3S, 25HC3S, or 27HC3S
ranging from 5.08E-09 to 0.0001 M in DMSO were added to
the reaction mixture by using Acoustic Technology (Echo 550;
LabCyte Inc, Sunnyvale, CA). The mixtures were first incu-
bated for 15 min, then adenosyl-L-methionine, S-[methyl-3H]
was added to the reaction mixture to initiate the reaction, and
the mixture was incubated for 60 min at 30◦C. Following in-
cubation, the reaction mixture was finally transferred to filter
paper for detection of radioactivity counts.
Analysis of global methylation, long interspersed
nucleotide element 1 assay

For global DNA methylation analysis, 500 ng of extracted
genomic DNA was treated with bisulfite using the EZ DNA
Methylation kit (Zymo Research, Inc, CA). PCR and product
purification were performed as per the manufacturer's pro-
tocol (GE Healthcare Life Sciences). The PCR products, 10 μl,
were sequenced by pyrosequencing on the PSQ96 HS System
following the manufacturer's instructions (Pyrosequencing,
Qiagen). The methylation status of each CpG site was deter-
mined individually as an artificial C/T SNP using QCpG
software (Pyrosequencing, Qiagen). The methylation level at
each CpG site was calculated as the percentage of the meth-
ylated alleles divided by the sum of all methylated and
unmethylated alleles. The mean methylation level was calcu-
lated using methylation levels of all measured CpG sites
within the targeted region of each gene. Each experiment



included non-CpG cytosines as internal controls to detect
incomplete bisulfite conversion of the input DNA. In addi-
tion, a series of unmethylated and methylated DNA were
included as controls in each PCR assay. Furthermore, PCR
bias testing was performed by mixing unmethylated control
DNA with in vitro methylated DNA at different ratios (0, 5, 10,
25, 50, 75, and 100%), followed by bisulfite modification, PCR,
and pyrosequencing analysis.
Analysis of human WGBS
Each sample, 5.2 μg of genomic DNA spiked with 26 ng

lambda DNA, was fragmented by sonication to 200–300 bp
with Covaris S220, followed by end repair and adenylation.
Cytosine-methylated barcodes were ligated to sonicated DNA
per the manufacturer's instructions. These DNA fragments
were treated twice with bisulfite using EZ DNA Methylation-
Gold TM Kit (Zymo Research) before the resulting single-
stranded DNA fragments were PCR amplified using KAPA
HiFi Hot Start Uracil and Ready Mix (2X). Library concen-
tration was quantified by Qubit® 2.0 Flurometer (Life Tech-
nologies, CA) and quantitative PCR, and the insert size was
assayed on an Agilent Bioanalyzer 2100 system (Agilent
Technologies).

The library preparations were sequenced on an Illumina
Hiseq 2500/4000 or NovaSeq platform, and 125/150 bp
paired-end reads were generated. Image analysis and base
calling were performed with Illumina CASAVA pipeline.
Trimmomatic (Trimmomatic-0.36, Bjorn Usadel Lab) software
was used for quality control. Bismark software (version 0.16.3;
Krueger F., 2011) was used to perform alignments of bisulfite-
treated reads to a reference genome (-X 700 –dovetail). DSS
software (Bioconductor) (24) was used to identify differen-
tially methylated regions (DMRs). KOBAS software (Center
for Bioinformatics, Peking University) (25) was used to test the
statistical enrichment of DMR-related genes in the Kyoto
Encyclopedia of Genes and Genomes (KEGG) pathways.
Transcriptional profiling and data analysis
Total RNA was extracted and purified from HepG-2 cells

using SV Total RNA Isolation System (Promega, Madison,
WI). cDNAs were prepared and analyzed using GeneChip®
Human Genome U133 Plus 2.0 Array, Affymetrix (Santa
Clara, CA) as previously described with technical support
from Shanghai Biotechnology Corporation. Direct target
genes in the present study were selected based on more than
2-fold of reduction together with array detect signal more
than 5-fold in both samples. Genes showing fold changes
greater than 2 and array-detected signals greater than 7 in at
least one sample were selected as differently expressed genes.
DAVID software (https://david.ncifcrf.gov/conversion.jsp)
was used to analyze gene ontological enrichment of differ-
ently expressed genes.
RESULTS

25HC3S specifically inactivates DNMT activities
In order to study the effects of sterol sulfates on the

epigenetic regulating targets, 25HS3S, Xol3S, and
27HC3S (Fig. 1A) were synthesized and purified to
more than 95% purity using triethylamine sulphate
complex methods as shown in Fig. 1B. The major
epigenetic regulation includes DNA and histone
methylation, demethylation, acetylation, and deacety-
lation (26). The enzymes involved in the process are
DNA and histone methyltransferases/demethylases,
and acetyltransferases/deacetylases, although their
detailed mechanisms of regulation are not completely
understood (27). To study the effects of nuclear oxy-
sterols/sterol sulfates on epigenetic modulators, 12 re-
combinant enzymes, DNMT1, DNMT3a, DNMT3b, giant
congenital nevi 3, p300 (histone acetyltransferase),
PCAF (KAT2B lysine acetyltransferase 2B), histone
deacetylase 1 (HDAC1), HDAC2, HDAC3, HDAC6,
HDAC10, and KDM6B-JMJD3 (lysine demethylase 6B),
were used to determine whether 25HC and 25HC3S,
27HC and 27HC3S, or Xol and Xol3S act as their
endogenous ligand(s). Results show that 25HC3S
significantly inhibits only DNMT-1, DNMT-3a, and
DNMT-3b activities with IC50 = 4.04, 3.03, and 9.05 ×
10−6 M, respectively (Fig. 1C, left), while its precursor
25HC activates DNMT-1 activity by 8-fold with EC50 =
3.5 × 10−6 M (Fig. 1D, left). As controls, Xol as well as
Xol3S did not significantly affect enzymatic activities
although Xol3S slightly inhibits DNMT3a with IC50 =
8.2 × 10−5 M, which is most likely not physiologically
significant (Fig. 1C, middle). Compared with 25HC3S,
27HC3S did inhibit DNMTs with similar IC50 = 3.58 ×
10−6 M for DNMT1, 8.88 × 10−6 M for DNMT3a, and
2.68 × 10−6 M for DNMT3b as shown in Fig. 1C (right).
In contrast, its precursor 27HC was much less potent in
activation of DNMT-1 with EC50 = 3.3 ×10−5 M and had
no effect on other enzymes (Fig. 1D, right). In contrast
to the three DNMTs, the nine other epigenetic enzymes
are not affected by these oxysterols or sterol sulfates
(data not shown). As a positive control, S-adenosyl ho-
mocysteine inhibited DNMT1 activity by 95% at 1 μM
(data not shown), as previously reported (28). The re-
sults demonstrated that both 25HC3S and 27HC3S are
potent inhibitors of DNMTs. However, only 25HC3S
has been discovered in vivo in human hepatocyte
nuclei: first found in concentration of 20 μg/g (∼40 μM)
following overexpression of mitochondrial Xol de-
livery protein, StarD1 (17). The kinetic study shows that
the IC50s are between 1 and 10 μM. Recently, 25HC3S
(DUR928) has been used in clinical trial and shown to
have physiological and pharmaceutical significance at
an oral dose (30–300 mg/person). In addition, 27HC3S
has been detected in sera of patients with sterol sulfa-
tase deficiency (29). Its concentration within cells has
never been determined. Furthermore, its true physio-
logical function is unknown.

25HC3S decreases 5mCpG levels in global promoter
regions

Previous studies have shown that global DNA
methylation and the methylation of specific genes are
involved in adipogenesis (30), lipid metabolism (31, 32),
and inflammation in visceral adipose tissues (33), which,
in turn, are related to the specific etiology of metabolic
syndrome. To study the effects of 25HC3S on
25HC3S is an endogenous epigenetic regulator 3
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Fig. 1. Synthesis and enzyme kinetic studies of Xol3S, 25HC3S, and 27HC3S. A: The biosynthesis of Xol3S, 25HC3S, and 27HC3S in
the cells. B: HPLC profile of purified 25HC3S, Xol3S, and 27HC3S. C: Effects of 25HC3S, 27HC3S, Xol3S, and their precursors, 25HC,
27HC, and cholesterol, on DNMT1/DNMT3a/DNMT3b activities. The concentration dependent, 0–0.001 M (10 points), effects of
25HC3S, Xol3S, and 27HC3S on the enzyme activities. D: Comparison of 25HC with 25HC3S, cholesterol with Xol3S, and 27HC with
27HC3S are shown. The results in (B) represent one of the five experiments; (C) and (D), one of three experiments. 25HC, EC50 = 2.33
± 1.38 × 10−6 M (DNMT1; mean ± SD; n = 3); 25HC3S, IC50 = 3.35 ± 2.68 × 10−6 M (DNMT1; mean ± SD; n = 3).
methylation status of 5mCpG in global promoter re-
gions, long interspersed nucleotide element 1 (LINE-1)
analysis was first performed to estimate global deme-
thylation. Methylation usually occurs in repetitive
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elements, such as LINE elements. There are ∼500,000
LINE elements and 750 million copies in total human
genome. Human LINE-1 is a retrotransposable region
(promoter region) and has only 700,000 copies, which



correlates to ∼17% of the human genome (34). The
specific sequence includes four CpG dinucleotides (Pos
1, 2, 3, and 4), which serve as methylation/demethyla-
tion targets in LINE-1. As shown in Fig. 2A, culturing
Huh-7 cells in HG media, Pos 3 and Pos 4 had higher
methylation, whereas all four Pos increased methyl-
ation after culturing cells in ethanol control. Reduction
of methylation (demethylation) at Pos1 (−5%), Pos3
(−10%), and Pos 4 (−5.6%) occurred after incubating
cells with 25HC3S for 4 h. The results indicate that
25HC3S significantly reduce 5mCpG methylation in
promoter regions induced by HG or ethanol.

Profiles of whole genome-wide DNA methylation in
25HC3S-treated human hepatocytes

To understand the possible cellular functions of
5mCpG demethylation in 25HC3S-treated Huh-7 cells,
the cells were harvested for the construction of
bisulfite-treated genomic DNA libraries. In these two
libraries, more than 80% of cytosine residues were
covered by at least 10 reads in “human reference
genome (hg38)”. The depth and density of the
sequencing were enough for a high-quality genome-
wide methylation analysis. Meanwhile, the efficiencies
of bisulfite conversion, represented by the lambda
DNA to the libraries, were over 99%, providing reliable
and accurate results for the WGBS (supplemental
Table S2).

CpG methylation and demethylation are well docu-
mented to relate with gene expression (35). A total of
about 7,136 DMRs under CG context were identified as
hypomethylated regions located in 1,106 genes (differ-
ential methylated genes). In 97% (1,074) of the differ-
ential methylated genes, the hypomethylated regions
were identified in their promoters (Fig. 2B). The
hypomethylated genes were highly enriched in 75
KEGG pathways (P < 0.05) (supplemental Table S3). The
top 20 pathways (from the most significant, P < 10−9)
were shown in Fig. 2C. Among these pathways, MAPK-
ERK and calcium-cAMP signaling are believed as the
master pathways regulating cell survival, antioxidants,
antiapoptosis (36, 37), energy metabolism, and lipid
homeostasis (38, 39). Previous report has showed that
HG incubation, an in vitro model for study of NAFLD,
induces lipid accumulation via increasing DNA pro-
moter methylation signaling (28). It was noted that the
hypermethylated 5mCpG in the promoter regions
induced by HG were demethylated by 25HC3S. 25HC3S
demethylated 5mCpG in promoter regions of 23 genes
in MAPK signaling pathway (Table 1), 19 genes in cal-
cium pathway (Table 2), and 28 genes in cAMP pathway
(Table 3). Interestingly, none of the hypermethylated
DMRs was significantly enriched in any KEGG
signaling pathway. The chromosome and sequence
location of the hypermethylated 5mCpG by HG and the
hypomethylated CpG by 25HC3S in promoter regions
are compared in the tables. It is observed that these
genes are also involved in many other KEGG pathways
including insulin, type II diabetes mellitus, and cyclic
guanosine monophosphate-protein kinase G signaling
pathways. The results indicate that the global regula-
tory mechanisms of 25HC3S are through demethyla-
tion of 5mCpG in promoter regions of the key genes,
such as the dual-specificity phosphatase (DUSP) and
calcium channel families, involved in MAPK-ERK and
calcium-cAMP master signaling pathways.

Relationship between 5mCpG demethylation in
promoter regions and gene expression: 25HC3S
decreases HG-induced 5mCpG levels in promoter
regions

To explore the relationship of promoter 5mCpG
demethylation and gene expression from the results of
KEGG pathway analysis, the expression of key genes
(DUSP7, DUSP8, and MAPK1) and their target genes
cAMP response element-binding protein 5 (CREB5),
peroxiredoxin 6, and BCL2-associated agonist of cell
death in the MAPK pathway, as well as the key genes
CACNA1D (calcium voltage-gated channel subunit
alpha1 D,), CACNA1A (calcium voltage-gated channel
subunit alpha1 A), and CACNA1H (calcium voltage-gated
channel subunit alpha1 H) (encoding for calcium
voltage-gated channel subunits) and their targeting
genes [PGC1A, 3-hydroxy-3-methylglutaryl-coenzyme A
reductase (HMGR), and FAS] in the calcium-AMP-
activated protein kinase (AMPK) pathway were deter-
mined by RT-PCR analysis. The DUSP-MAPK signaling
pathway is the major pathway involved in cell survival/
death and antioxidization (37, 40), and the calcium
signaling pathway controls lipid and energy meta-
bolism (38, 39). As expected, 25HC3S increased
expression of DUSP8 by 5-fold and its targeting gene,
CREB5, by up to 20-fold, which is the key element
involved in cell survival and death (Fig. 3A, B). Mean-
while, 25HC3S treatment significantly increased
expression of key genes involved in the calcium
signaling pathway, and its downstream element, PGC1A,
by 12-fold, whereas it decreased expression of HMGR
and FAS genes by ∼90%, which encode the key enzymes
controlling energy metabolism in mitochondria, Xol
biosynthesis, and fatty acid biosynthesis, as shown in
Fig. 3C, D.

Transcriptional array analysis in hepatocytes
To examine the effect of 25HC3S on whole gene

expression in human hepatocytes, GeneChip Human
Genome U133A Plus 2.0 Array analysis of 38,500 full-
length genes and expressed sequence tag clusters
showed that treatment with 25HC3S in HpG-2 cells
significantly modulated many clusters of gene expres-
sions. The major clusters affected are genes involved in
Xol and triglyceride metabolism, cell survival, and
inflammation. Genes associated with Xol and triglyc-
eride biosynthesis were significantly downregulated,
whereas genes associated with cell survival, prolifera-
tion, and antioxidization were significantly upregulated
25HC3S is an endogenous epigenetic regulator 5



Fig. 2. Effects of 25HC3S on DNAmethylation in hepatocytes by global methylation sequencing analysis. Huh-7 cells were cultured
in HGmedia for 72 h and then treated with 25 mM 25HC3S for 4 h. The levels of global methylation were estimated by LINE-1 assay.
A: Four CpG sites in promoter regions of LINE-1 element were chosen as the target positions as shown. Detailed global methylation
was measured by WGBS. B: Venn diagrams of hypomethylated DMR-associated genes (DMGs) in 25HC3S and vehicle libraries under
CG, CHG, and CHH contexts of whole genome (up) and promoter regions (low). C: KOBAS software was used to test the statistical
enrichment of DMR-related genes in the KEGG pathways. High enrichment of hypomethylated DMRs in promoter regions in
KEGG pathways. The detailed KEGG pathways are shown in supplemental Table S3.
as shown in Fig. 4. Altogether, 25HC3S modulated the
transcription of 1,276 genes (>1.6-fold) in a time-
dependent manner. Genetic analysis of different gene
ontological processes, a collection of genes associated
6 J. Lipid Res. (2021) 62 100063
with a specific biological functional process, revealed
that at 8 h, the majority of upregulated pathways are
involved in cell survival (Fig. 4A, B); in contrast, ma-
jority of downregulated genes are involved in lipid



TABLE 1. Demethylation of 5mCpG in promoter regions of MAPK signaling genes

Gene Name

DMR Location in Promoter Region DMR (Methylation %)

Chromosome Start End HG-LG 25HC3S-Vehicle

RAC3 Chr17 82031108 82031736 −26.18
MAPK8 Chr10 48306510 48306561 −29.24
DUSP8 Chr11 1572973 1573032 ¡30.51

1573583 1573855 þ41.72
MAX Chr14 65102273 65102358 −31.75
DUSP7 Chr3 52056416 52056485 ¡40.47

52056538 52056778 þ31.75
NTF3 Chr12 5432796 5432882 −33.48
CACNA1D Chr3 53494583 53494705 ¡20.46

53493469 53494019 þ49.03
CACNA1H Chr16 1194928 1195015 ¡26.48

1194670 1195215 þ41.26
CACNA1A Chr19 13226635 13226711 ¡39.91

13238959 13239237 þ9.51
MAPK1 Chr22 21867450 21867512 ¡7.66

21867333 21867621 þ20.15
HRAS Chr11 535071 535127 ¡18.85

536242 537214 þ42.8
PDGFB Chr22 39243967 39244084 ¡30.51

39242292 39242477 þ29.29
CACNA1C-AS1 Chr12 2691335 2691438 −20.97
CACNB2 Chr10 18140401 18140547 ¡21.91

18340356 18341053 þ47.13
MAP4K1 Chr19 38596260 38596495 −34.3
RAPGEF2 Chr4 1.59E+08 1.59E+08 −36.05
CTB-186G2.1 Chr19 38596260 38596495 −34.3
RELA Chr11 65661914 65662035 −35.1
GADD45B Chr19 2474806 2474873 −28.6
AL671762.1 Chr6 31828019 31828149 −27.17
CACNG8 Chr19 53961377 53961479 −31.18
MAP4K4 Chr2 1.02Eþ08 1.02Eþ08 ¡13.63

1.02Eþ08 1.02Eþ08 þ17.93
TGFB3 Chr14 75982395 75982557 −23.74

LG, low glucose.
After culturing Huh-7 cells in DMEM with HG for 72 h followed by treating with ethanol (vehicle) and 25 μM 25HC3S for 4 h, genomic

DNA from 5,000 cells were extracted using QIAamp DNA Mini Kit (QIAGEN, Hilden, Germany). Each sample (6 μg) was used for analysis of
the WGBS. The KEGG analysis shows that the demethylated genes are involved in MAPK signaling pathway (P = 0.00087). Of the 257 total
genes in the MAPK signaling pathway, 23 were demethylated by the 25HC3S treatment. Of these 23 genes, 10 were found to be methylated by
an HG environment (shown in bold). The first column represents the gene name, the second column (DMR location in promoter region)
shows the location of differential methylation region in the chromosome, and the third column [DMR (methylation %)] shows the
methylation rates by HG and demethylation rates induced by 25HC3S.
metabolism (Fig. 4C, D). The upregulated genes related
with antiapoptosis (increased by 3- to 12-fold at 8 h) are
listed in Fig. 4E; and the downregulated genes related
with lipid metabolism (decreased by 50–95%) are listed
in Fig. 4F. The detailed individual upregulated genes
are listed in supplemental Table S4; the downregulated
genes are listed in supplemental Table S5. Many studies
have shown that epigenetic modification could globally
regulate gene expression involved in vital cellular
functions, including metabolism, inflammation, and
cell death/proliferation (41, 42). Our data demonstrate
that 25HC3S epigenetically regulates gene expressions
via DNA 5mCpG demethylation in promoter regions.

DISCUSSION

This study uncovered the mechanisms of 25HC3S, an
endogenous and novel intracellular regulatory molecule,
and demonstrated that 25HC3S epigenetically regulates
lipid metabolism, cell survival, and inflammatory
responses via DNA 5mCpG demethylation by inhibiting
DNMTs. Unlike oxysterols that are known for activating
DNMT-1, the sulfated oxysterol 25HC3S specifically
inhibited DNMT-1, DNMT-3a, and DNMT-3b, which
demethylated 5mCpG in promoter regions, increased
gene expression, and upregulated master signaling
pathways, MAPK, calcium, AMPK, and CREB signaling
pathways. The results from this study suggested an
important regulatory mechanism by which intracellular
oxysterols and oxysterol sulfates cooperatively regulate
critical cell signaling pathways at transcriptional levels in
the nuclei. The results are consistent with all our previ-
ous findings that 25HC3S plays in the global regulation
(6–17). Oxysterol sulfation appears to play equally
important physiological and pathophysiological roles as
protein phosphorylation, inositol phosphorylation, and
sphingosine phosphorylation in regulating cellular
functions. However, the signaling activities of the path-
ways that are induced at the transcript level by 25HC3S
have not been directly measured. The concept
25HC3S is an endogenous epigenetic regulator 7



TABLE 2. Demethylation of 5mCpG in promoter regions of calcium signaling genes

Gene Name

DMR Location in Promoter Region DMR (Methylation %)

Chromosome Start End HG-LG 25HC3S-Vehicle

CACNA1A Chr19 13226635 13226711 ¡39.91
13238959 13239237 þ9.51

DRD5P2 Chr1 1.43E+08 1.43E+08 −34.73
EDNRB Chr13 77919496 77919743 −34.09
ADRB1 Chr10 1.14E+08 1.14E+08 −33.1
GRIN2A Chr16 10183302 10183414 ¡19.63

10084383 10084724 þ8.62
GNA11 Chr19 3094383 3094442 ¡32.66

3092574 3092876 þ6.13
SPHK1 Chr17 76383180 76383291 −24.74
CACNA1C-AS1 Chr12 2691335 2691438 −20.97
HRH1 Chr3 11154292 11154354 −25.48
ITPKB Chr1 2.27Eþ08 2.27Eþ08 ¡25.12

2.27Eþ08 2.27Eþ08 þ23.84
PLCD1 Chr3 38029863 38030016 ¡24.31

38029901 38030042 þ26.02
GNAS Chr20 58888598 58888893 ¡25.68

58888560 58888756 þ23.2
AC005264.2 Chr19 3156392 3156457 −15.76
CACNA1D Chr3 53494583 53494705 ¡20.46

53493469 53494019 þ49.03
GNAQ Chr9 78032198 78032440 −11.92
GRIN2C Chr17 74861739 74861853 ¡37.6

74854901 74855100 þ36.66
SLC8A3 Chr14 70188747 70189089 ¡28.51

70046033 70046320 þ65.66
CACNA1H Chr16 1194928 1195015 ¡26.48

LG, low glucose.
Preparation of cells and DNA methylation are as described in Table 1. The KEGG analysis shows that the demethylated genes are

involved in calcium signaling pathway (P = 0.00066). Of the 180 total genes in the calcium signaling pathway, 19 were demethylated by the
25HC3S treatment. Of these 19 genes, 10 were found to be methylated by an HG environment (shown in bold). The first column represents
the gene name, the second column (DMR location in promoter region) shows the location of differential methylation region in the chro-
mosome, and the third column [DMR (methylation %)] shows the methylation rates by HG and demethylation rates induced by 25HC3S.
represents a new complex field, and we are far away
from fully understanding how exactly the epigenetic
modification affects gene expression.

25HC3S decreases lipid accumulation and suppresses
inflammatory responses in vitro in hepatocytes and
in vivo NAFLD models (6–10, 13). Incubation of hepa-
tocytes in HG has been widely used as an in vitro model
for study of NAFLD (43, 44). A recent report shows that
HG induces lipid accumulation via increasing nuclear
25HC levels and DNA CpG methylation in promoter
regions of key genes involved in insulin, type II dia-
betes, and NAFLD signaling pathways in human he-
patocytes (28). The present study shows that the
addition of 25HC3S to human hepatocytes reversed the
methylation induced by HG, increased hypomethylated
CpG in promoter regions of the key genes, and
increased their targeting gene expression. The results
indicate that the CpG demethylation by 25HC3S is the
mechanism for its function of global regulation:
decreasing lipid accumulation, anti-inflammatory re-
sponses, antioxidants, and anticell death, which benefit
recovery from NAFLD.

The DUSP family is a subset of protein tyrosine
phosphatases, many of which dephosphorylate MAPKs
and hence are referred to as MAPK phosphatases (45).
DUSP8, a unique member of DUSP family, plays an
important role in signal transduction of the
8 J. Lipid Res. (2021) 62 100063
phosphorylation-mediated MAPK pathway, which reg-
ulates responses to oxidative stress and cell death sig-
nals in various human diseases (37). The results from
this study showed that 25HC3S greatly demethylated
5mCpG in promoter regions of DUSP genes, including
DUSP8, DUSP1, and DUSP7, and their downstream genes,
CREB5, peroxiredoxin 6, BCL2-associated agonist of cell
death, and ERK, and increased their expression. The
transcribed proteins from these genes are response for
cell survival and proliferation (46, 47). Therefore, the
effects of 25HC3S on promoting cell survival/prolif-
eration and alleviating oxidative stress occur through
inhibiting DNMTs and increasing expression of the
DUSP family, especially DUSP8 and their downstream
elements, as shown in Fig. 5. The results are consistent
with our previous reports that 25HC3S promoted he-
patic regeneration, minimized multiple organ injury,
and decreased mortality in mouse disease models (8).

The calcium, AMPK, and PPAR signaling pathways
are the master ones involved in regulation of energy,
lipids, and carbohydrate metabolisms (38, 48). The
Ca2+/calmodulin-dependent protein kinase and AMPK
signaling pathway increases expression and decreases
acetylation of PGC-1α, which regulates mitochondrial
biogenesis and lipid metabolism (49). The present data
from analysis of whole genome-wide DNA methylation
(genomic level) and transcriptional analysis of



TABLE 3. Demethylation of 5mCpG in Promoter Regions of cAMP Signaling Genes

Gene Name

DMR Location in Promoter Region DMR (Methylation %)

Chromosome Start End HG-LG 25HC3S-Vehicle

RAC3 Chr17 82031108 82031736 −26.18
MAPK8 Chr10 48306510 48306561 −29.24
PTCH1 Chr9 95508446 95508561 −12.09
ADCY5 Chr3 1.23Eþ08 1.23Eþ08 ¡30.44

1.23Eþ08 1.23Eþ08 þ15.8
GLI3 Chr7 42228171 42228223 ¡19.62

42184839 42185064 þ8.27
PPP1CB Chr2 28751716 28751798 ¡10.93

28793684 28794075 þ7.5
GNAS Chr20 58888598 58888893 ¡25.68

58888560 58888756 þ23.2
CACNA1D Chr3 53494583 53494705 ¡20.46

53493469 53494019 þ49.03
GRIN2A Chr16 10183302 10183414 −19.63
MAPK1 Chr22 21867450 21867512 ¡7.66

21867333 21867621 þ20.15
GABBR2 Chr9 98708549 98708610 −21.84
CREB5 Chr7 28489448 28489601 ¡29.31

28776194 28776325 þ27.34
GRIN3B Chr19 1000331 1000405 −34.67
CACNA1C-AS1 Chr12 2691335 2691438 −20.97
VAV2 Chr9 1.34Eþ08 1.34Eþ08 ¡33.11

1.34Eþ08 1.34Eþ08 þ44.31
ABCC4 Chr13 95301634 95301736 −33.06
PDE4D Chr5 59893498 59893718 ¡27.84

59215742 59215941 þ39.66
ROCK2 Chr2 11344628 11344733 −23.14
ADCY1 Chr7 45574500 45574591 ¡14.76

45574683 45574877 þ25.79
ADCY4 Chr14 24334570 24334719 ¡18.63

24334404 24334719 þ32.6
DRD5P2 Chr1 1.43E+08 1.43E+08 −34.73
ADRB1 Chr10 1.14E+08 1.14E+08 −33.1
GIPR Chr19 45668710 45668767 ¡10.04

45669075 45669744 þ43.62
RELA Chr11 65661914 65662035 −35.1
AFDN Chr6 1.68E+08 1.68E+08 −30.68
BAD Chr11 64286088 64286179 −42.33
ATP1A3 Chr19 41999134 41999316 −15.75
GRIN2C Chr17 74861739 74861853 ¡37.64

74854901 74855100 þ36.66

LG, low glucose.
Preparation of cells and DNA methylation are as described in Table 1. The KEGG analysis shows that the demethylated genes are

significantly involved in cAMP signaling pathway (P = 3.69E-07). Of the 200 total genes in the cAMP signaling pathway, 28 were demethylated
by the 25HC3S treatment. Of these 28 genes, 13 were found to be methylated by an HG environment (shown in bold). The first column
represents the gene name, the second column (DMR location in promoter region) shows the location of differential methylation region in the
chromosome, and the third column [DMR (methylation %)] shows the methylation rates by HG and demethylation rates induced by 25HC3S.
GeneChip Human Genome U133Aplus2.0 Array
(mRNA level) showed that 25HC3S treatment signifi-
cantly demethylated 5mCpG in the promoter regions of
key genes including calcium channels, as well as genes
of Ca2+/calmodulin-dependent protein kinase and
AMPK, increased their expression, and modulated
downstream elements. The results provided convincing
evidence that 25HC3S globally regulated metabolic
pathways mainly via the calcium-AMPK signaling
pathway as shown in Fig. 5. Interestingly, 25HC and
25HC3S are potent modulators in regulating DNA
methylation. 25HC methylates CpG, and 25HC3S
demethylates 5mCpG, while also downregulating and
upregulating expression of the key genes. PGC-1α is a
key regulator of mitochondrial biogenesis, oxidative
phosphorylation, and mitochondrial antioxidant
defense, and it is also responsible for maintaining
metabolic homeostasis (50). PGC-1α expression is upre-
gulated by the CREB protein and the AMPK signaling
pathway. The present finding shows that 25HC3S
upregulates expression of CREB and AMPK via
demethylating 5mCpG in their promoter regions and
subsequently increases intracellular PGC-1α levels
(Fig. 3), which provides a detailed mechanism for how
25HC3S functions as proposed in Fig. 5. 25HC3S sup-
presses DNMT activities and demethylates 5mCpG in
the key promoter regions. The demethylation upregu-
lates gene expression and increases MAPK-CREB
signaling, which blocks cell apoptosis and induces cell
proliferation. The demethylation also upregulates
calcium-AMPK signaling, resulting in inhibition of
SREBP-1 activity, which inhibits fatty acid and
25HC3S is an endogenous epigenetic regulator 9



Fig. 3. A: Expression of key genes related to signaling pathways. Huh-7 cells were cultured in HG media for 72 h and treated with
25HC3S at 6.25, 12.5, 25, and 50 μM for 1, 2, 4, 6, and 8 h. Key genes and their targeting gene expression were determined by RT-PCR
analysis. The expressions of DUSP8, DUSP7, and MAPK1 in MAPK signaling pathway are shown. B: Their target genes, CREB5, PRDX6,
BAD. C: Key genes, CACNA family, in calcium-AMPK pathway. D: Their targeting genes PGC1A (PPARG coactivator 1 alpha), HMGR,
and FAS. The graphs represent one of three experiments. Each value represents the mean of triplicate determination ± SD.
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Fig. 4. Effect of 25HC3S on transcription levels in hepatocytes. HepG-2 cells were cultured in HG media and treated with 25 μM of
25HC3S for 2, 4, and 8 h. A: The upregulated genes (>1.6-fold) are shown. B: Enrichment of upregulated genes (8 h) to gene ontological
groups are shown. C: Downregulated genes (reduction >40%). D: Enrichment of downregulated genes (8 h) to gene ontological groups.
E: Heat map of upregulated genes related to this study as shown. F: Heat map of downregulated genes related to this study are shown.
ACMP, acyl-CoAmetabolic process; AMP, alcohol metabolic process; BAMP, bile acid metabolic process; CLMP, cellular lipid metabolic
process; CMP, cholesterol metabolic process; CRCS, cellular response to chemical stimulus; FAMP, fatty acid metabolic process; NLBP,
neutral lipid biosynthetic process; NRAP, negative regulation of apoptotic process; NRCD, negative regulation of cell death; NRP,
negative regulation of phosphorylation; NRPCD, negative regulation of programmed cell death; NRPP, negative regulation of protein
phosphorylation; OABP, organic acid biosynthetic process; RES, response to stress; RS, regulation of signaling; SBP, steroid biosynthetic
process; SP, regulation of phosphorylation; ST, signal transduction; TBP, triglyceride biosynthetic process.
triglyceride biosynthesis. The AMPK signaling pathway
also inhibits HMGR expression. Through this process,
decreases in Xol biosynthesis, increases in the levels of
malonyl-CoA, and the oxidation of fatty acids are
shown in Fig. 5.
The results from 11 previous clinical trials,
including phase 1 studies in healthy subjects and
phases 1b/2a studies in patients, have demonstrated
the safety and pharmacological significance of
25HC3S (DUR928; www.durect.com). 25HC3S is
25HC3S is an endogenous epigenetic regulator 11
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Fig. 5. Sulfation of 25HC as an epigenetic regulatory pathway. 25HC is an endogenous agonist of DNMT-1 that methylates CpG in
promoter regions and subsequently silences gene expression, resulting in cell death and lipogenesis. 25HC can be sulfated to 25HC3S,
which acts as an endogenous ligand and inhibits activities of DNMTs. 25HC3S demethylates 5mCpG in promoter regions and suc-
cessively increases gene expression. The eminent pathways regulated by the sulfation of oxysterol are involved in energy and lipid
metabolisms, MAPK-ERK, and calcium-AMPK. 25HC3S significantly increases DUSPs and CREB expressions, which activate MAPK-
ERK pathway, including CREB, BAD, and ERK, and subsequently regulate cell survival and death. 25HC3S decreases lipid biosyn-
thesis and reduces lipid accumulation by demethylating 5mCpG in promoter regions, increasing expression of key genes involved in
calcium channels and AMPK, and activating corresponding signaling pathways, which result in increased oxidation of FFA, and
decreased biosynthesis of cholesterol and FFA. The global regulation by sulfation of oxysterol suggests the physiological and
pathophysiological significance of this regulatory mechanism.
currently undergoing phase 2 of clinical development
for treating patients with NAFLD. Treatment with
25HC3S significantly decreases lipid accumulation in
liver tissues and alleviate lipid-injured liver functions
in the patients with nonalcoholic steatohepatitis
(Safety and signals of 4 weeks oral DUR-928 in NASH
subjects; at The Liver Meeting Digital Experience™,
American Association for the Study of Liver Diseases,
November 13–16, 2020).
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