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DNA 5mC and RNA m6A modification successively facilitates
the initiation and perpetuation stages of HSC activation in liver
fibrosis progression
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Hepatic stellate cells (HSC) are key effector cells in liver fibrosis. Upon stimulation, the quiescent HSC undergoes complex
morphological and functional changes to transdifferentiate into activated collagen-producing myofibroblasts. DNA/RNA
methylations (5mC/m6A) are both implicated to participate in hepatic fibrosis, yet their respective roles and specific targets in HSC
activation remain elusive. Here, we demonstrate that 5mC is indispensable for the initiation stage of HSC activation (myofibroblast
transdifferentiation), whereas m6A is essential for the perpetuation stage of HSC activation (excessive ECM production).
Mechanistically, DNA 5mC hypermethylation on the promoter of SOCS3 and PPARγ genes leads to STAT3-mediated metabolic
reprogramming and lipid loss in the initiation stage. RNA m6A hypermethylation on the transcripts of major collagen genes
enhances the mRNA stability in a YTHDF1-dependent manner, which contributes to massive ECM production. Vitamin A-coupled
YTHDF1 siRNA alleviates CCl4-induced liver fibrosis in mice through HSC-specific inhibition of collagen production. HIF-1α, which is
transactivated by STAT3, serves as a bridge linking the initiation and the perpetuation stages through transactivating YTHDF1.
These findings indicate successive roles of DNA 5mC and RNA m6A modification in the progression of HSC activation, which
provides new drug targets for epigenetic therapy of liver fibrosis.
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INTRODUCTION
Non-alcoholic fatty liver disease (NAFLD) is the most common
chronic liver disease, with an estimated prevalence of 25%
worldwide [1]. The NAFLD spectrum consists of the following
entities: isolated fatty liver (non-alcoholic fatty liver, NAFL), non-
alcoholic steatohepatitis (NASH), liver fibrosis, and cirrhosis that
may lead to liver failure or hepatocellular carcinoma (HCC) [2].
Epigenetic modifications, notably DNA 5-methylcytosine (5mC)
and mRNA N6-methyladenosine (m6A), are implicated in the
pathogenesis of NAFL [3, 4], NASH [4, 5], cirrhosis [6, 7], and HCC
[8–10]. However, the changes of these epigenetic modifications
and their roles in NAFLD progression have been contradictory, due
to complex molecular and cellular heterogeneity in different
disease models at different stages.
Liver fibrosis is a critical step in developing cirrhosis [11, 12].

Hepatic stellate cells (HSC) activation plays a crucial role in liver
fibrosis and thus serves as a potential drug target for hepatic
fibrosis therapy. Transforming growth factor‑β1 (TGF-β1), the most
potent fibrogenic cytokine [13], is commonly used to activate HSC
in vitro. HSC activation comprises two consecutive yet distinct
stages; the initiation stage refers to the transdifferentiation of
quiescent HSC to myofibroblast-like cells (MFB) with loss of lipid
droplets, whereas the perpetuation stage is characterized by
excessive extracellular matrix (ECM) production [14, 15].

Increasing evidence has shown that DNA 5mC modifications are
involved in cirrhosis and hepatic stellate cells (HSC) activation. De
novo DNA methylation appears to be indispensable for cirrhosis
and HSC activation, as DNA 5mC methyltransferase 3A (DNMT3A)
and DNMT3B proteins are significantly increased in cirrhotic liver,
and DNMT3A knockdown significantly inhibits HSC activation
in vitro [6]. Similarly, DNA methyltransferase inhibitor 5-Aza-2’-
deoxycytidine (5-aza) prevents the lipid loss via reversing the
epigenetic repression of lipogenic PPARγ gene and thereby
inhibits HSC-MFB transdifferentiation [16]. Nevertheless, whether
DNA 5mC modification also participates in the perpetuation stage
of HSC activation remains unclear.
RNA m6A methylation is the most abundant and highly

dynamic modification throughout the transcriptome, which
impacts numerous biological processes in health and disease,
via regulating almost all aspects of mRNA metabolism including
splicing, translation, and stability [17]. RNA methylation has
recently been reported to play a regulatory role in liver fibrosis
and HSC activation. However, both decrease and increase of
m6A modifications are reported in the CCl4-induced mouse
model of liver fibrosis [7, 18]. Recently, efforts have been taken
to identify the potential mRNA targets of m6A and related
pathways using in vitro model of HSC activation [18–20].
However, no consensus can be reached probably due to the

Received: 25 July 2022 Revised: 2 February 2023 Accepted: 9 February 2023
Published online: 25 February 2023

1MOE Joint International Research Laboratory of Animal Health and Food Safety, Nanjing Agricultural University, Nanjing, Jiangsu, PR China. 2Key Laboratory of Animal Physiology
& Biochemistry, College of Veterinary Medicine, Nanjing Agricultural University, Nanjing, Jiangsu, PR China. 3Center for Translational Biomedical Research, UNCG, Kannapolis, NC,
USA. 4College of Animal Science and Technology, Yangzhou University, Yangzhou, Jiangsu, PR China. ✉email: zhaoruqian@njau.edu.cn

www.nature.com/cdd

Official journal of CDDpress

1
2
3
4
5
6
7
8
9
0
()
;,:

http://crossmark.crossref.org/dialog/?doi=10.1038/s41418-023-01130-3&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41418-023-01130-3&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41418-023-01130-3&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41418-023-01130-3&domain=pdf
http://orcid.org/0000-0002-7337-8173
http://orcid.org/0000-0002-7337-8173
http://orcid.org/0000-0002-7337-8173
http://orcid.org/0000-0002-7337-8173
http://orcid.org/0000-0002-7337-8173
https://doi.org/10.1038/s41418-023-01130-3
mailto:zhaoruqian@njau.edu.cn
www.nature.com/cdd


complexity of HSC activation involving stage-specific regulatory
mechanisms.
In this study, we performed a time-course mapping throughout

the process of TGF-β1-induced HSC activation to differentiate the
initiation and perpetuation stages, and elucidated the dynamic
changes and stage-specific functions of 5mC/m6A methylation
during HSC activation. DNA 5mC hypermethylation on the
promoter of SOCS3 and PPARγ genes leads to metabolic
reprogramming and lipid loss during the initiation stage, and
m6A hypermethylation on transcripts of collagen family exacer-
bates collagen production in a YTHDF1-dependent manner
during the perpetuation stage. HSC-specific knockdown of
YTHDF1 significantly alleviates CCl4-induced liver fibrosis in mice.
STAT3-activated HIF-1α pathway serves as a bridge linking the
initiation stage and the perpetuation stage in HSC activation.
These findings elaborate the stage-specific roles of DNA 5mC and
RNA m6A modifications in the progression of HSC activation, and
provide novel insights for developing targeted therapy for liver
fibrosis.

RESULTS
The time-course analysis characterizes the initiation and
perpetuation stages of HSC activation
To differentiate the initiation and perpetuation stages of HSC
activation, cells were harvested every 2 h from TGF-β1 stimulation
throughout the entire process of 24 h for morphological
characterization and gene expression analyses. Quiescent HSC
transdifferentiate into MFB showing typical spindle or stellate
shape within 4 h after TGF-β1 treatment, and maintained MFB
morphology thereafter (Fig. 1A). Moreover, loss of lipid droplets
(Fig. 1B) and decreased triglyceride (TG) content (Fig. 1C) were

observed during this stage, together with increased mRNA
expression of α-SMA, a classic marker for MFB (Fig. 1D). Based
on these observations, the first 4 h after TGF-β1 treatment was
classified as the initiation stage (Stage 1). COL1A1, a key ECM
component, was increased at both mRNA and protein levels from
6 to 24 h (Fig. 1B, E), which marks the perpetuation stage of HSC
activation (Stage 2).

5mC and m6A modification increases at different stages
during HSC activation
To explore the link between epigenetic regulation and HSC
activation, total DNA 5mC and RNA m6A levels were dynamically
determined throughout the entire process, together with the
expression of genes related to DNA and RNA methylation. Global
5mC marks started to increase at 4 h in Stage 1 and maintained
high in Stage 2 (Figs. 2A and S1A). Accordantly, an upregulation of
DNMT3A was detected initially from 2 to 4 h in Stage 1 at both
mRNA (Fig. 2B) and protein (Figs. 2C and S1B) levels. In contrast,
global m6A marks started to increase from 6 h onwards in Stage 2
(Figs. 2D and S1C). The same pattern was observed for the
expression of METTL3 (Figs. 2E, F and S1D) and METTL14 (Fig.
S1E–G). Thus, DNA 5mC and RNA m6A hypermethylation are
associated, respectively, with the initiation and perpetuation stage
of HSC activation.

5mC and m6A hypermethylation regulates different stages of
HSC activation
To verify the effect of 5mC on HSC activation, cells were treated
with specific 5mC inhibitor 5-aza in different stages of activation
(Fig. S1H). 5-aza administered 12 h prior to TGF-β1 stimulation
completely prevented the decrease of TG content (Fig. 2G) and
the loss of lipid droplets (Fig. 2H) in Stage 1. Consequently,

Fig. 1 The time-course analysis characterizes the initiation and perpetuation stages of HSC activation. A Cell morphological changes
(n= 3). B Nile red and COL1A1 immunofluorescence staining (n= 3). C Intracellular TG content (n= 3). D α-SMA mRNA expression (n= 3).
E COL1A1 mRNA expression. Stage 1, initiation stage (0–4 h); Stage 2, perpetuation stage (6–24 h). Values are means ± SD, *p < 0.05.
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COL1A1 production and α-SMA expression in Stage 2 was
prohibited (Fig. S1I, J). However, 5-aza administered after HSC-
MFB transdifferentiation at 6 h failed to alleviate the increase of
COL1A1 expression in Stage 2 (Figs. 2I and S1K). These findings
indicate that 5mC specifically regulates the initiation stage of HSC
activation.
To elucidate the function of m6A on HSC activation, cells were

treated with METTL3 siRNA (siM3, Fig. S1L) or specific m6A
inhibitor cycloleucine (cyc), in different stages of activation. siM3

or cyc administered 12 h prior to TGF-β1 stimulation was not able
to block the HSC-MFB transdifferentiation in Stage 1 (Figs. 2J and
S1M) but significantly inhibited COL1A1 production in Stage 2
(Fig. S1N). Furthermore, siM3 administered after HSC-MFB
transdifferentiation at 6 h significantly alleviated the increase of
COL1A1 expression in Stage 2 (Figs. 2K and S1O). The same
phenomena were observed using m6A inhibitor cyc (Fig. 2L).
These findings indicate that m6A specifically regulates the
perpetuation stage of HSC activation.

Fig. 2 5mC/m6A modification exhibits stage-specific increase during HSC activation. A Total DNA 5mC modification. B, C mRNA and
protein levels of DNMT3A (n= 3). D Total RNA m6A modification. E, F mRNA and protein levels of METTL3. G Effects of 5mC inhibitor 5-aza
treatment on TG content (n= 3). H Effects of 5-aza treatment on cell morphology and lipid droplet content in the initiation stage. I Effects of
5-aza treatment on COL1A1 protein content in the perpetuation stage (n= 3). J Effects of METTL3 siRNA on TG content (n= 3).
K, L METTL3 siRNA and m6A inhibitor cycloleucine on COL1A1 expression in the perpetuation stage (n= 3). Stage 1, initiation stage (0–4 h);
Stage 2, perpetuation stage (6–24 h). Values are means ± SD, *p < 0.05.
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STAT3 is activated in the initiation stage via 5mC-mediated
SOCS3 suppression
JAK-STAT3 pathway is indispensable for metabolic reprogramming
of cancer cells via directly or indirectly transactivates the glycolytic
enzymes hexokinase 2 (HK2) and pyruvate kinase M2 isoform
(PKM2) [29, 30]. Here, the role of STAT3 in metabolic reprogram-
ming during HSC activation was validated by using stattic, a STAT3
inhibitor. Stattic treatment protected HSC from metabolic
reprogramming induced by TGF-β1, which is indicated by
significantly alleviated activation of glycolytic genes (Fig. S2A)
and prohibited an increase of intracellular LDH content (Fig. S2B).
The direct action of STAT3 on glycolytic gene transactivation was
validated by ChIP-PCR, in which TGF-β1 significantly increased
STAT3 binding to predicted binding site on HK2 gene promoter
(Fig. S2C–E).
SOCS3 serves as a “brake” in the auto-regulatory feedback loop

to prohibit nuclear translocation of STAT3 [31]. Here, a significant
downregulation of SOCS3 was detected 2–4 h post TGF-β1
stimulation, at both mRNA (Fig. 3A) and protein (Figs. 3B and
S2F) levels, which was associated with metabolic reprogramming
in the initiation stage (Fig. S3A–I). The role of SOCS3 in metabolic
reprogramming during HSC activation was validated by using
SOCS3 overexpression plasmid (pcDNA3.1-SOCS3) transfection
(Fig. S2G). SOCS3 overexpression protected HSC from metabolic
reprogramming induced by TGF-β1, which is indicated by
significantly prohibited an increase of α-SMA expression (Fig.
S2G, H) and alleviated activation of glycolytic genes (Fig. S2I).
PPARγ is a key transcriptional factor for lipogenesis in HSC [32].
PPARγ downregulation contributes to loss of lipid droplets in

Stage 1 of HSC activation. In this study, PPARγ started to decrease
2 h post TGF-β1 treatment and remained low thereafter during
HSC activation (Fig. S4A).
5-aza administration 12 h prior to TGF-β1 stimulation partly yet

significantly alleviated SOCS3 downregulation at both mRNA
(Fig. 3D) and protein (Fig. 3F, H) levels in Stage 1, which was
associated with prohibited STAT3 nuclear translocation (Fig. 3E, F, I).
Consequently, the activation of rate-limiting glycolytic enzymes
(Fig. 3J) was protected by 5-aza, with unaltered intracellular LDH
content (Fig. 3C). Similarly, the downregulation of PPARγ in Stage 1
was also prohibited by 5-aza treatment (Fig. S4B). Locus-specific
5mC mapping revealed significant hypermethylation on predicted
CpG islands of both SOCS3 and PPARγ gene promoters in activated
HSC in Stage 1 (Figs. 3K, L and S4C). Such 5mC-mediated regulation
appears to be gene-specific, as TGF-β1 treatment did not affect the
5mC enrichment on glycolytic PFKB and HK2 gene promoters (Fig.
S5A–C).

YTHDF1-mediated m6A mechanism contributes to excessive
collagen production
Data mining for m6A-modified targets was performed using
published m6A-seq databases, focusing on ECM-related tran-
scripts [7, 27]. Many members of the collagen family are
reported to have m6A peaks, and mRNA of COL1A1, COL1A2,
COL3A1, COL5A2, and COL6A2 was significantly hypermethy-
lated during the perpetuation stage of HSC activation (Figs. 4A
and S6A–F). METTL3 siRNA reversed or reduced m6A hyper-
methylation on collagen mRNAs associated with Stage 2 of HSC
activation (Figs. 4A and S6A–F).

Fig. 3 STAT3 is activated in the initiation stage via 5mC-mediated SOCS3 suppression. A, B SOCS3 mRNA and protein levels (n= 3).
C Effects of 5-aza on LDH concentration in the initiation stage (n= 3). D Effects of 5-aza on SOCS3 mRNA expression at the initiation stage
(n= 3). E Effects of 5-aza on the nuclear translocation of STAT3 at the initiation stage. F–I Effects of 5-aza on the protein expression of
DNMT3A, SOCS3 and STAT3 at the initiation stage (n= 3). J Effects of 5-aza on the key glycolytic enzymes in the initiation stage (n= 3).
K Schematic diagram of CpG islands on the promoter of SOCS3 gene. L 5mC enrichment in SOCS3 gene promoter region at the initiation
stage (n= 3). Stage 1, initiation stage (0–4 h); Stage 2, perpetuation stage (6–24 h). Values are means ± SD, *p < 0.05.
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The specific m6A sites in collagen mRNAs were predicted using
the SRAMP website (http://www.cuilab.cn/sramp), and the very
high confidence m6A modification sites (X site) were verified with
the single-base elongation- and ligation-based qPCR amplification
method (SELECT) in comparison with the negative control site (N
site). m6A on mRNA of all the 5 collagen genes detected was
significantly increased in the perpetuation stage of HSC activation
(S7A-S7O).
To explore the mechanism by which m6A regulates collagens

expression, the expression of m6A reader proteins YTHDF1, 2, and
3 were detected during the perpetuation stage of HSC activation.
Among 3 reader proteins, only YTHDF1 was significantly increased
(Fig. 4B–D). YTHDF1 knockdown completely prohibited excessive
COL1A1 production (Fig. 4E, F). YTHDF1 is reported to act through
the m6A-mediated increase in mRNA stability in Hela cells [33].
Here, the mRNA decay analysis using transcription inhibitor
actinomycin D indicates an increased half-life of collagen mRNAs
in activated HSC. YTHDF1 knockdown significantly decreased the
stability of collagen mRNAs (Figs. 4G and S8A–D).
To verify the role of YTHDF1 in hepatic fibrosis in vivo, vitamin

A-coupled YTHDF1 siRNA (siY1) was injected into CCl4-induced

liver fibrosis mice (Fig. S9A). Vitamin A-coupled YTHDF1 siRNA
treatment significantly attenuated CCl4-induced weight loss (Fig.
S9D) and hepatic collagens overproduction in mice (Figs. 4H and
S9B, C). Dual-immunofluorescence staining and western blot show
a more pronounced reduction in COL1A1 compared to α-SMA in
HSC isolated from siY1-injected mice (Fig. 4I, J), indicating stage-
specificity of YTHDF1-mediated hepatic fibrosis alleviation. Hepa-
tocytes, Kupffer cells, and HSC (Fig. S9E–G) isolated from liver
samples were used to validate HSC-specific YTHDF1 knockdown
(Fig. S9H, I).

HIF-1α links the initiation and the perpetuation stages
through transactivating YTHDF1
Time course mapping throughout the entire process of HSC
activation revealed a similar pattern of HIF-1α and YTHDF1
expression, which keeps increasing during the perpetuation stage
(Figs. 5A–C and S7P, Q). Reciprocal effects between YTHDF1 and
HIF-1α using siRNAs indicate that HIF-1α acts as an upstream
regulator for YTHDF1, as YTHDF1 knockdown did not affect HIF-1α
activation (Fig. 5D, E), whereas HIF-1α knockdown significantly
suppressed the transcriptional activation of YTHDF1 (Fig. 5F, G).

Fig. 4 YTHDF1-mediated m6A mechanism contributes to excessive collagen production. A m6A modification of COL1A1 mRNA in the
perpetuation stage and the effect of METTL3 siRNA (n= 3). B–D YTHDF1, 2 and 3 protein and mRNA expression in the perpetuation stage
(n= 3). E, F Effect of YTHDF1 siRNA on COL1A1 protein content (n= 3). G Locus-specific m6A modification on COL1A1 mRNAs in the
perpetuation stage and the effect of YTHDF1 siRNA (n= 3). H, I Effect of vitamin A-coupled YTHDF1 siRNA on CCl4-induced hepatic
overproduction of collagens and α-SMA in mice as examined with Sirius red, Masson, and dual-immunofluorescence staining (n= 4).
J COL1A1 and α-SMA protein content in isolated HSC from the liver of vitamin A-coupled siRNA-injected mice (n= 4). Values are means ± SD,
*p < 0.05.
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A HIF-1α binding site was predicted in the promoter region of
YTHDF1 gene and the binding of HIF-1α to YTHDF1 gene
promoter was significantly increased in activated HSC in Stage 2
(Fig. 5J, K). Moreover, STAT3 binding to its predicted sites on HIF-
1α gene promoter was also significantly increased during HSC
activation in Stage 1 (Fig. 5H, I). These results suggest a cascade of
gene transactivation during HSC activation. Activated STAT3 in the
initiation stage transactivates HIF-1α. HIF-1α then transactivates
YTHDF1 and thereby increasing collagen mRNA stability and
collagen overproduction in m6A-dependent manner.

DISCUSSION
Epigenetic dysregulation of gene expression is the core to the
pathophysiology of metabolic-associated diseases. All means of
epigenetic mechanisms, including RNA and DNA methylation,
histone modifications, and non-coding RNAs, are reported to
participate in NAFLD progression [34]. Nevertheless, it has been a
great challenge to delineate the complex interplay among
different means of epigenetic regulation in multifactorial diseases
[35]. Here, we show that DNA 5mC and RNA m6A modification
successively facilitates the initiation and perpetuation stages of
HSC activation in hepatic fibrosis progression. Our findings clarify
the previous controversy over the alterations and the roles of
these epigenetic marks in hepatic fibrosis progression. DNA 5mC
and RNA m6A marks are highly dynamic in different cell types.

Studies in vivo using liver samples are complexed by mixed cell
types and diverse stages of disease progression, while studies
in vitro using primary HSC or cell lines may come up with
ambiguous results due to the heterogeneity of activation stages.
In this study, we distinguished the initiation and perpetuation
stages of HSC activation in vitro and characterized the dynamic
changes and collaborative functions of 5mC/m6A methylation
(Fig. 6).
It is intriguing that DNA 5mC modification specifically regulates

the initiation stage of HSC activation which is associated with
metabolic reprogramming. The role of 5mC modification in
metabolic reprogramming has been reported in various cancer
cells [36, 37]. It appears that genes coding for glycolytic enzymes
are direct targets for 5mC-mediated gene activation in cancerous
cells. For instance, hypomethylation of HK2 gene promoter
directly leads to its activation in hepatocellular carcinoma and
glioblastoma [38, 39]. During the initiation stage of HSC activation,
however, no alterations are detected for DNA 5mC modification
on the promoter of HK2 or PFKB genes. Therefore, glycolytic
enzymes may not be the direct targets for DNA 5mC-mediated
gene regulation during metabolic reprogramming of HSC. SOCS3
acts as a negative regulator of JAK/STAT3 pathway via an auto-
regulatory feedback loop [31]. Reduced expression of SOCS3 leads
to unrestricted activation of the JAK2-STAT3 signaling pathway
and subsequent metabolic reprogramming in cancerous cells
[31, 40]. A similar mechanism applies in metabolic reprogramming

Fig. 5 HIF-1α links the initiation and the perpetuation stages through transactivating YTHDF1. A–C YTHDF1 and HIF-1αmRNA and protein
levels (n= 3). D, E Effect of YTHDF1 siRNA on HIF-1α protein content in the perpetuation stage (n= 3). F, G Effect of HIF-1α siRNA on YTHDF1
protein content in the perpetuation stage (n= 3). H, I Schematic diagram of STAT3 binding site on the promoter region of HIF-1α gene and
the abundance of STAT3 binding in the initiation stage (n= 3). J, K Schematic diagram of HIF-1α binding site on the promoter region of
YTHDF1 gene and the abundance of HIF-1α binding in the perpetuation stage (n= 3). Values are means ± SD, *p < 0.05.
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during the initiation stage of HSC activation. Significant DNA 5mC
hypermethylation occurs in the promoter region of SOCS3 gene,
leading to its transcriptional repression in HSC cells. This is
inconsistent with skin fibroblasts activation, in which 5mC
modification in the SOCS3 promoter region is significantly
elevated, thereby leading to its repression and overactivation of
the JAK2-STAT3 pathway [41].
Loss of lipid droplets is another mark for HSC-MFB transdiffer-

entiation during the initiation stage of HSC activation. The
lipogenic gene PPARγ is also subjected to 5mC hypermethylation
on the promoter region, which results in decreased PPARγ
expression and impaired lipogenesis in HSC. Similar 5mC-based
epigenetic regulation on PPARγ has been reported in mouse
pulmonary fibrosis and lung fibroblast activation [42]. Obviously,
SOCS3 and PPARγ are unlikely the only target genes for 5mC
modification during the initiation stage of HSC activation, as the
methyltransferase DNMT3A is significantly upregulated in the
initiation stage. A high-throughput analysis is required to
constitute the network of genes subjected to DNA 5mC-
mediated regulation, using MeDIP-seq and/or DNMT3A-anchored
ChIP-seq approaches. Smad3, which is activated by TGF-β1, is
reported to transactivate DNMT3A during skin fibroblast activation
[41]. A similar signaling pathway is speculated to be responsible
for DNMT3A upregulation and 5mC hypermethylation in TGF-β1-
activated HSC during the initiation stage.
It has been reported that DNA 5mC hypermethylation is

associated with the progression of liver fibrosis in vivo [43]. The
human fibrotic liver displays a global hyper-5mC modification and
upregulation of DNMT3A/B [6]. Moreover, DNA hypermethylation
on PPARγ gene promoter in human liver biopsy samples [44] or
cell-free DNA of human plasma [45] is suggested to serve as a
potential biomarker for the severity of liver fibrosis. These results
correlate with the overall hypermethylation in primary HSC
isolated from mice with CCl4-induced liver fibrosis [46]. Also, the
DNMTs inhibitor 5-aza blocks transdifferentiation of rat primary

HSC, thus preventing the acquisition of proinflammatory and
profibrogenic traits [16]. Mechanistically, DNA hypermethylation in
the promoter regions of antifibrogenic PPARγ and IκBα genes
promotes liver fibrosis progression [16]. In this study, using the
murine SV40 immortalized HSC line JS1, we pinpointed that DNA
hypermethylation on the promoter regions of SOCS3 and PPARγ
genes regulates specifically the initiation stage, and does not
participate in the perpetuation stage of HSC activation.
Previous studies on the role of RNA m6A modification in NAFLD

progression have produced paradoxical results. This is also caused
by mixed cell types and diverse stages of NAFLD progression.
During a simple fatty liver and hepatocyte lipid deposition, global
m6A modification is significantly reduced, which inhibits YTHDF2-
mediated degradation of lipogenic mRNAs (SREBP1, FASN, and
SCD) and leads to excessive lipid deposition in hepatocytes [47].
During steatohepatitis and KC activation, global m6A modification
is significantly increased, together with significant hypermethyla-
tion on the 5’UTR of TGF-β1 mRNA, which promotes cap-
independent TGF-β1 translation and accelerates hepatitis to
fibrosis transformation [5]. Both decrease and increase of m6A
modifications are reported in the CCl4-induced mouse model of
liver fibrosis [7, 18]. The disparity may attribute to differences in
samples (whole liver vs. primary HSC) and stages of fibrosis
progression. Recent studies have sought to clarify the relationship
between hyper-m6A modification and liver fibrosis, and the
mechanisms underlying the role of m6A in liver fibrosis vary in
the different studies using different models. In CCl4-activated
primary HSC, METTL3 is significantly increased, which inhibits
Hedgehog pathway activation and enhances fibrosis-related gene
expression via m6A-YTHDF2-dependent silencing of GPR161
mRNA [48]. HSC-specific knockout of METTL3 reduces m6A
deposition on Lats2 mRNA, thereby increasing their stability.
Elevated Lats2 increases phosphorylation of the downstream
transcription factor YAP, thus suppressing YAP nuclear transloca-
tion, which ultimately suppresses HSC activation and significantly

Fig. 6 Proposed working model of the proposed mechanism in this study. A time-course mapping throughout the process of TGF-β1-
induced HSC activation to differentiate the initiation and perpetuation stages. DNA 5mC hypermethylation on the promoter of SOCS3 gene
leads to metabolic reprogramming in the initiation stage, and m6A hypermethylation on transcripts of collagen family exacerbates collagen
production in a YTHDF1-dependent manner during the perpetuation stage. STAT3-activated HIF-1α pathway serves as a bridge linking the
initiation stage and the perpetuation stage in HSC activation.
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alleviates CCl4-induced liver fibrosis [49]. Studies in vivo using liver
samples are complexed by mixed cell types and diverse stages of
disease progression, while studies in vitro using primary HSC or
cell lines harvested at a single time point may come up with
ambiguous results due to the heterogeneity of activation stages.
In this study, we performed a time-course analysis using HSC cell
line JS1 to distinguish the initiation and perpetuation stages of
HSC activation and characterized the dynamic changes and
collaborative functions of 5mC/m6A methylation. We found that
hyper-m6A modification is associated with HSC activation and
pinpointed the specific role of m6A modification in the perpetua-
tion stage of HSC activation, by directly targeting on major
collagen genes.
The signaling pathway that governs the “relay” of 5mC and m6A

modification in regulating HSC activation cascade is of great
interest. In this study, we demonstrate that 5mC-mediated
SOCS3 suppression leads to STAT3 activation. STAT3 transactivates
HIF-1α and HIF-1α subsequentially transactivates YTHDF1, thus
linking 5mC- mediated initiation stage and m6A-dependent
perpetuation stage of HSC activation cascade. As most of the
m6A-related genes, such as METTL3 [50], METTL14 [51], and
ALKBH5 [52], have CpG islands on their promoter regions, they can
be the direct targets for 5mC- mediated regulation. In pancreatic
cancer, cigarette smoke condensate (CSC) induces hypomethyla-
tion of METTL3 gene promoter, which leads to the upregulation of
METTL3 [50]. Moreover, CSC leads to hypomethylation of CpG
island on ALKBH5 gene promoter, thus resulting in diminished
m6A abundance in esophageal squamous cell carcinoma [52].
Nevertheless, the direct link between DNA 5mC and RNA m6A
modification is unlikely in HSC activation cascade, as 5-aza
treatment in the perpetuation stage has no effect on either
m6A-metabolic enzymes or collagen production. Our results
indicate that intervention of DNA 5mC modification blocks the
initiation stage and certainly the subsequent perpetuation stage
of HSC activation, while the intervention of RNA m6A modification
only alleviates the perpetuation stage of HSC activation.
Considering the heterogeneity and the vicious cycle of HSC
activation in hepatic fibrosis progression in vivo, the combined
intervention of 5mC/m6A may benefit the prognosis of hepatic
fibrosis.
In summary, we demonstrate, for the first time, successive and

synergistic roles of DNA 5mC and RNA m6A modification in the
cascade of HSC activation. Moreover, the specific targets of 5mC-
and m6A-mediated epigenetic regulation are identified and the
molecular links between 5mC- and m6A-mediated machineries are
clarified. These findings provide novel insights into the molecular
mechanisms underlying HSC activation and implicate new
therapeutic strategies for treating liver fibrosis and cirrhosis.

METHODS
Cell culture and treatment
JS1, a murine SV40 immortalized HSC line with a highly activated
phenotype [21], was purchased from BeNa Biology Institute (BNCC359737).
JS1 cells were cultured in DMEM (319-005, Wisent, China) containing 10%
fetal bovine serum (10099141, Gibco, USA) and 1% penicillin/streptomycin
(15070063, Gibco, USA) at 37°C under 5% CO2. Cells were cultured to 80%
confluence and then treated with 10 ng/ml TGF-β1 (HY-P7117, MedChem-
Express, USA) for 12 h.

Mice and treatment
Sixteen C57BL/6 mice (6-week-old, male) were purchased from Model
Animal Research Center of Nanjing University (Nanjing, China). Following
1 week of adaptive feeding, the mice were randomly divided into
CCl4+ siCON and CCl4+ siYTHDF1 groups. Both groups were injected
intraperitoneally with 5ml/kg of 10% carbon tetrachloride (CCl4) twice a
week for 4 weeks, to establish liver fibrosis. The day before each CCl4
injection, mice from CCl4+ siCON group were injected through the tail
vein with vitamin A-coupled scrambled siRNA and those from CCl4+

siYTHDF1 group injected with vitamin A-coupled YTHDF1 siRNA (Fig. S9A).
At the end of experiment, mice were euthanized and the primary HC [22],
KC [22] and HSC [23] were isolated from the liver according to previous
publications.

Preparation of vitamin A-coupled siRNA
Vitamin A-coupled siRNA was prepared as described previously with slight
modification [24]. Instead of using vitamin A-coupled liposomes to carry
siRNA, we used chemically modified YTHDF1 siRNA (5’-GGAAAUGCCCAAC
CUACTT-3’) or scrambled siRNA (5’-UUCUCCGAACGUGUCACGUTT-3’) with
5’-Chol and 2’-OMe to increase the bioavailability and stability (RiboBio,
China). Each mouse was received a bolus injection of a freshly prepared
mixture (10 nmol siRNA and 200 μmol vitamin A dissolved in 200 μl saline
and rotated at 37 °C for 30min) each time.

Immunofluorescence staining
Intracellular localization of COL1A1 (BA0325, Boster Biological Technol-
ogy, China, diluted 1:100) and STAT3 (ab68153, Abcam, USA, diluted
1:500) was visualized by immunofluorescence staining with Alexa Fluor®
488 conjugated donkey anti-rabbit IgG (ab150073, Abcam, USA, diluted
1:1000). Cell nuclei were stained with 4,6-diamidino-2-phenylindole
(DAPI, Molecular probes, diluted 1:1000) and the lipid droplets were
labeled with Nile red (N1142, Invitrogen, USA, diluted 1:10,000).
Immunofluorescent images were captured with a confocal laser
scanning microscope (×40 magnification) with Z-scan analysis (Olympus
IX 81, Olympus, Japan).

RNA isolation, real-time quantitative PCR (qPCR)
Total RNA was isolated by using TRIzol Reagent (TSP401, Tsingke Biotech,
China), and 1 μg of RNA was reverse-transcribed into cDNA by using a
HiScript® II Reverse Transcriptase kit (R233-01, Vazyme, China) according to
the manufacturer’s protocol. In total, 2 μl of diluted cDNA (1:20, v-v) was
used for real-time quantitative PCR by using a QuantStudio™ 6 Flex Real-
Time PCR System, 384-well (Thermo Scientific, USA). All primers
(Supplementary Table 1) were synthesized by Tsingke Biotech (Nanjing,
China). PPIA, which was not affected by the treatment, was chosen as a
reference gene. Data were analyzed by using the method of 2−ΔΔCT.

Protein extraction and Western blot analysis
The protein concentration of the cell lysates was measured by the BCA
Protein Assay kit (DQ111-01, TransGen Biotech, China). In total, 20 μg
proteins were used for electrophoresis on a 10 or 15% SDS-PAGE gel and
transferred onto a nitrocellulose membrane. The primary antibodies used
for Western blot analysis were listed in Supplementary Table 2. Tubulin α
was selected as an internal control. Images were captured by VersaDoc
4000MP system (Bio-Rad, USA), and the band density was analyzed with
Quantity One software (Bio-Rad, USA).

DNA 5mC and RNA m6A dot blot assay
DNA samples were diluted to 250 ng/µl and heated at 95 °C for 10min to
denature DNA. Samples were immediately placed on ice for 5 min, and 1 µl
was loaded per dot on Hybond-N+ membranes (GE Healthcare). The DNA
was crosslinked in a UV Stratalinker, blocked for 1 h in 5% non-fat milk, and
probed overnight at 4 °C with an anti-5mC antibody (AB10805, Abcam,
diluted 1:1000). The membrane was washed three times for 10min with
TBST and then probed with a secondary antibody in 5% milk for 2 h at
room temperature. For m6A dot blotting, 500 ng RNA sample was
denatured at 95 °C for 5 min and transferred onto a Hybond-N+

membrane. After UV cross-linking, the membrane was washed with TBST
buffer, blocked with 5% non-fat milk, and incubated with an anti-m6A
antibody (AB151230, Abcam, diluted 1:1000) overnight at 4 °C. Then, the
membrane was incubated with a secondary antibody at room temperature
for 2 h. The signals were visualized by a chemiluminescence system (Bio-
Rad, USA), and the dot density was analyzed with Quantity One software
(Bio-Rad, USA). Before blocking, the DNA and RNA dot blots were stained
with 0.02% methylene blue (in 0.3 mol/l sodium acetate, pH= 5.2) as
loading controls.

Methylated DNA immunoprecipitation (MeDIP) assay
Methylated DNA immunoprecipitation (MeDIP) analysis was performed as
previously described with some modifications [25]. Purified genomic DNA
from JS1 cells was fragmented to a mean size of 300 base pairs (bp), and
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1 μg of fragmented DNA was heat-denatured and immunoprecipitated
with a 5-mC antibody (AB10805, Abcam, USA). The precipitated immune
complexes were captured by pretreated protein G agarose beads (40 μl,
50% slurry, sc-2003, Santa Cruz Biotechnology, USA), and purified MeDIP
DNA was used to amplify the proximal promoter sequences of the target
genes by real-time PCR (Supplementary Table 3). CpG islands of the
proximal promoters were predicted with Methprimer [26].

Chromatin immunoprecipitation (ChIP) assay
Cells were crosslinked in 1% formaldehyde and quenched by addition of
125mM glycine, scraped, and collected by centrifugation, then washed
twice with cold phosphate-buffered saline. Cells from 10 cm plate were
lysed with 1 ml sodium dodecyl sulfate lysis buffer containing protease
inhibitor cocktail (11697498001; Roche, USA). Crude chromatin prepara-
tions were sonicated on ice to yield DNA fragments of 150–300 bp in
length and precleared with salmon sperm DNA-treated protein A/G
agarose beads (40 μl, 50% slurry, sc-2003, Santa Cruz Biotechnology, USA).
The precleared chromatin preparations were incubated with 2 μg primary
antibody against STAT3 (AB68153, Abcam, USA) overnight at 4 °C. A
negative control was included with normal IgG (2729S, Cell Signaling
Technology, USA). Protein A/G agarose beads were added to capture the
immunoprecipitated chromatin complexes. Finally, DNA fragments were
released from the immunoprecipitated complexes by reverse cross-linking
at 65 °C for 1 h, and quantitative real-time PCR was used to quantify the
fragments of target gene promoters with specific primers (Supplementary
Table 3).

Methylated RNA immunoprecipitation (MeRIP) assay
Total RNA was isolated and chemically fragmented at 94 °C for 5 min in a
fragmentation buffer (0.1 M ZnCl2, 0.1 M Tris-HCl, pH= 7.0) to ~150–300 bp
in size, ethanol-precipitated and purified using an EasyPure RNA
Purification Kit (ER701-01; TransGen, China). In total, 40 μg fragmented
total RNA was precleared with protein A/G agarose beads (40 μl, sc-2003,
Santa Cruz Biotechnology, USA) supplemented with 40U RNase inhibitor
overnight at 4 °C. The mixture was incubated with 2 μg m6A antibody
(ab151230, Abcam, USA) overnight at 4 °C. A negative control was included
with normal IgG (2729S, Cell Signaling Technology, USA). Protein A/G
agarose beads were added to capture the immunoprecipitated complexes.
RNA was eluted from the beads with 300 μl of elution buffer (5 mM Tris-
HCl, 1 mM EDTA and 0.05% sodium dodecyl sulfate) with 20 μg of
proteinase K for 1 h at 60 °C. Following phenol extraction and ethanol
precipitation, the input and m6A enriched RNA were reversely transcribed
with random hexamers, and the m6A enrichment on specific transcripts
was determined by qPCR. The primers used for detecting m6A-enriched
mRNAs were shown in Supplementary Table 4.

SELECT for the detection of m6A
From previously published m6A-seq databases [7, 27], sequences with m6A
peaks were retrieved for collagen mRNAs and subjected to specific m6A
site prediction with SRAMP (http://www.cuilab.cn/sramp). One very high/
high confidence m6A site was selected for each mRNA and verified using a
single-base elongation- and ligation-based qPCR amplification method
(termed “SELECT”) [28]. The SELECT products of indicated sites were
normalized to the abundance of respective RNAs (inputs). Primers used in
the SELECT assay are listed in Supplementary Table 5.

siRNA transfection and inhibitor treatment
JS1 cells at 60% confluence were transfected with siRNAs specifically
designed and verified to knockdown the expression of METTL3
(siB171201025317, RiboBio, China), YTHDF1 (siG151229103951, RiboBio,
China), and HIF-1α (siB11426115323, RiboBio, China). Cells were seeded
onto a 6-well plate for transfection using Lipofectamine 2000 (Invitrogen,
USA), following the manufacturer’s instructions.

RNA decay assay
JS1 cells were cultured in 6-well plates followed by the treatment with or
without TGF-β1 or YTHDF1 siRNA. Then actinomycin D (HY-17559, MCE,
USA) was added to each well to a final concentration of 5 μg/ml to inhibit
de novo transcription. Cells were collected at 0, 2, 4, 6, and 8 h after the
administration of actinomycin D. Total RNA was isolated and subjected to
RT-qPCR to quantify the relative abundance of collagen mRNAs (relative
to 0 h).

Statistical analysis
All data are presented as mean ± SD. All experiments were repeated at
least twice. The differences between groups were analyzed using Student’s
t test or two-way analysis of variance followed by Tukey’s test for multiple
comparisons with SPSS 20.0 (IBM, Armonk, NY). The differences were
considered statistically significant when p < 0.05.

DATA AVAILABILITY
Data supporting the present study are available from the corresponding author upon
reasonable request.
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