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METTL14 reverses liver fibrosis by inhibiting NOVA2
through an m6A-YTHDF2–dependent mechanism
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Abstract

Background: N6-methyladenosine (m6A), the most prevalent internal RNA

modification in eukaryotic cells, is dynamically regulated in response to a

wide range of physiological and pathological states. Nonetheless, the

involvement of METTL14-induced m6A in liver fibrosis (LF) has yet to be

established.

Methods: In vitro, HSC cell lines with knock-down and overexpression of

METTL14 were constructed, and the effects of METTL14 gene on the

phenotypic function of activated HSCs were observed. The proliferation rate

was measured by CCK8 and EDU, the cell proliferation cycle was measured

by flow detector, the migration rate was measured by Transwell, and the

contractility of F-actin was observed after phalloidin staining. The down-

stream target gene NOVA2 of METTL14 was screened by combined

sequencing of MeRIP-seq and RNA-seq, combined with signal analysis.

Adeno-associated virus (AAV) was injected into the tail vein in vivo to knock

down the expression of METTL14, so as to further observe the role of

METTL14 in the progress of LF.

Results: our research showed that the methylase METTL14 content was

decreased in hepatic tissue from patients with LF, leading to a lowered

degree of m6A modification. Functionally, we discovered that knocking down

m6A methyltransferase METTL14 led to increased HSC activation and a

substantial worsening of LF. Mechanically, as shown in a multiomics study of

Abbreviations: AAV, adeno-associated virus; ALT, alanine aminotransferase; AST, aspartate aminotransferase; DEGs, differentially expressed genes; ECM,
extracellular matrix; GEO, Gene Expression Omnibus; KEGG, Kyoto Encyclopedia of Genes and Genomes; LF, liver fibrosis; m6A, N6-methyladenosine; ns, not
significant; RIP, RNA immunoprecipitation; siRNA, small interfering RNA; METTL3, methyltransferase-like 3; METTL14, methyltransferase-like 14; NOVA2, neuro-
oncological ventral antigen 2.
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HSCs, depleting METTL14 levels decreased m6A deposition onNOVA2

mRNA transcripts, which prompted the activation of YTHDF2 to detect and

degrade the decrease of NOVA2 mRNA

Conclusions: METTL14 functioned as a profibrotic gene by suppressing

NOVA2 activity in a mechanism dependent on m6A-YTHDF2. Moreover,

knocking down METTL14 exacerbated LF, while NOVA2 prevented its

development and partly reversed the damage.

INTRODUCTION

Nearly 2 million people every year lose their lives due to
chronic liver disease, representing 3.5% of all fatalities
annually, and roughly 1 million of them are caused by liver
cirrhosis and its complications. Cirrhosis of the liver is the
11th major contributor to global mortalities, and there is
currently no effective treatment.[1,2] Early detection and
treatment of liver fibrosis (LF) can prevent the progression
of liver cirrhosis. Therefore, understanding the patho-
genesis of LF is critical for future molecular diagnoses and
targeted therapies. LF is a reversible liver injury and repair
reaction stimulated by viruses, drugs, inflammation, fat
deposition, and other factors. Many inflammatory cyto-
kines, such as IL-6, TNFα, and IL-1β, as well as profibrosis
factors, particularly TGFβ1, are secreted after liver injury to
promote HSC activation and proliferation. Activated HSCs
proliferate and differentiate into fibroblasts. In addition,
activated HSCs produce many collagen fibers that induce
extracellular matrix (ECM) deposition. At the same time,
lactone drops and vitamin E levels in HSCs decrease,
while rough endoplasmic reticulum and microwires
increase. These eventually result in LF and further
aggravation.[3–6]

Chemical modification of RNA is an integral part of its
apparent regulation. N6-methyladenosine (m6A) mod-
ification is the most prevalent type of RNA alteration in
eukaryotes even though ~150 modifications have been
documented.[7,8] The m6A modification in mammalian
cells is a process that can be reversed and is modulated
by “writers,” “readers,” and “erasers” in the m6A gene.
“Writers” have established m6A modifications, including
WTAP, METTL3, and METTL14. ALKBH5 and FTO, on
the other hand, acted as “erasers,” removing the m6A
modification. In addition, functional modification of m6A
requires the recognition of m6A modifications by m6A
readers, including YTHDF1, YTHDF2, YTHDF3, and
YTHDC1. m6A “readers” regulate the translation and
stability of modified RNA.[9–12]

This investigation on m6A modification and LF sought
to clarify its function in this disease. Then, we examined
the fibrosis-inhibiting effect of the methylases METTL14
and their link to LF. Studies focusing on mechanisms
demonstrated that METTL14 is responsible for regulating

the advancement of LF, which is reliant on the m6A
modification of NOVA2. As per the findings of subsequent
analysis, the activity of METTL14 is caused by the
regulation of the Wnt/β-catenin signaling pathway. The
results of the present investigation offer a fresh under-
standing of the possible role that m6Amodification plays in
the advancement of LF.

METHODS

Tissue specimen collection

The control group comprised patients with a hepatic
hemangioma or other nonhepatic fibers, and the
diseased group comprised patients with hepatitis B–
related fibrosis. The Institutional Review Board of the
First Affiliated Hospital of Nanjing Medical University
granted its approval to the protocol for the research
project (approval number: 2022-MD-026). Written con-
sent was obtained from all subjects. Patients’ basic
information is presented in Supplemental Tables S1,
http://links.lww.com/HC9/A349 and S2, http://links.lww.
com/HC9/A349.

Cell culture and transfection

Professor Wenting Li donated the LX2 cell line. In an
incubator set to 37 °C, cells were grown in a high-sugar
DMEM medium containing 10% fetal bovine serum.
Primary HSCs were isolated from mouse liver. The cells
were naturally activated after being inoculated in a
culture dish. The newly separated primary HSCs were
subjected to immunofluorescence staining for detecting
the specific marker Desmin (Supplemental Figure S2A,
http://links.lww.com/HC9/A445).

Lentivirus sequence silencing of METTL14 was
obtained from Crius (Nanjing, China). Duplex RNAi oligos
and overexpression plasmids were also synthesized by
Crius (Nanjing, China). Supplemental Tables S3, http://
links.lww.com/HC9/A349 and S4, http://links.lww.com/
HC9/A349, and S5, http://links.lww.com/HC9/A349
include the sequencing data that were used for this
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investigation. Lipofectamine RNAiMax (Thermo Fisher
Scientific) was used to transfect cells for 24 hours with
50 nM small interfering RNAs (siRNAs).

Animals and experimental procedures

The Animal Care and Use Committee of Nanjing
Medical University approved all animal experiments.
All our operations are in line with ARRIVEstatement.
The CCl4-induced LF model was created using male
C57BL/6J (20–25 g) mice aged 6–8 weeks. Briefly, the
mice were intraperitoneally injected with CCl4 twice a
week for 12 weeks. The control mice received an
equivalent amount of oil. shRNA adeno-associated
virus (AAV) production and injection: shRNAs were
produced for MELLT14 and NOVA2 silencing by Jima
Co. Ltd. (Supplemental Tables S6, http://links.lww.com/
HC9/A349 and S7, http://links.lww.com/HC9/A349 dis-
play the sequences). Mice received an AAV8 injection
of either METTL14 shRNA or NOVA2 shRNA into their
tail vein.

qRT-PCR

RT-qPCR with the TB Green FastQC PCR mix was
used to detect mRNA expression. The 2–ΔΔCt method
was utilized to obtain the relative expression, and the
primer sequence is depicted in Supplemental Tables
S8, http://links.lww.com/HC9/A349 and S9, http://links.
lww.com/HC9/A349.

Western blotting

After lysis of the tissues in precooled radioimmunopre-
cipitation assay buffer, 40 µg of protein were electro-
phoresed and transferred to a membrane. Next, the
antibody was incubated at 4°C overnight. Finally, a
chemiluminescent substrate was used for imaging, and
the gray scale of the protein band was photographed for
quantitative analysis to determine the relative protein
expression levels. Cell Signaling Technology (Danvers,
MA) supplied the primary antibodies used in this
study, including YTHDF2, Wnt, β-Catenin, GSK3β, and
all the secondary antibodies. Proteintech (Wuhan,
China) provided primary antibodies against α-SMA,
collagenI, METTL3, METTL14 ALKBH5, FTO, WTAP,
and NOVA2.

Enzyme-linked immunosorbent assay

We used an ELISA kit (LinkTech Biotechnology,
Hangzhou, China) and followed the directions provided
by the manufacturer to assess the inflammatory factors

in the serum. A full wavelength microplate reader
measured the absorbance at 450 nm.

Biochemical analysis

Following the guidelines of the manufacturer of the
liver function analysis kit (Nanjing Chengjian Institute
of Bioengineering, China), we measured the levels of
alanine aminotransferase and aspartate aminotrans-
ferase. (The reference value of the normal range of
mouse serum in this kit: alanine aminotransferase:
8.248 ± 5.509; aspartate aminotransferase: 20.155 ±
9.242.) A full wavelength microplate reader measured
the absorbance 450 and 630 nm.

Detection of LX2 cell proliferation using
EdU and CCK-8 experiments

Transfected LX2 cells were inoculated into 24-well
plates (2 × 104 cells/well) and subjected to culturing for
24 hours. Next, EdU solution (100 µL) was introduced
into the 24-well plate, followed by 2 hours of
incubation. The stained cells were photographed and
examined using a microscope. Thereafter, the inocu-
lation of cells was performed in 96-well plates (1000
cells/well). Following the addition of 10 µL of CCK-8 to
each well, the optical density at 450 nm was
determined.

Cell cycle assay

The cells were stained using a cell cycle staining kit (70-
CCS012, MultiSciences, China). Flow cytometry was
used to quantify cell counts, and Cell Quest Modfit was
used to interpret the data.

Quantification of RNA m6A

The EpiQuik m6A RNA methylation quantitative kit was
utilized to measure m6A abundance in mRNA in
compliance with the guidelines of the manufacturer
(Epigentek, Farmingdale, NY). The enhanced signal
was determined by reading the absorbance at 450 nm.

MeRIP-seq and MeRIP-qPCR

The MeRIP tests were performed following the protocol
stipulated by the supplier. We fragmented a total of 100 µg
of shMETTL14 and shNC RNA into fragments ranging
from 100 to 150 bp. After that, about one-tenth of the RNA
fragment was used as input. Lianchuan (Hangzhou,
China) performed the sequencing on the samples. To
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perform MeRIP-qPCR, the methylated RNA that was
purified in the previous stages underwent reverse tran-
scription before being subjected to qPCR analysis.

RNA immunoprecipitation assays

LX2 cells were lysed with lysis buffer from the Magna
RNA immunoprecipitation (RIP) RNA–binding protein
immunoprecipitation kit (Millipore, Bedford, MA). At 4°C,
antibodies against magnetic bead proteins A/G,
METTL14, IgG, and YTHDF2 were introduced and
subjected to incubation for a full night. The next day,
RNA was obtained after repeated rinsing and other
procedures. The data were processed according to the
qPCR treatment described above.

RNA and protein stability assays

The media for the culture was supplemented with
actinomycin D at a concentration of 5 µg/mL. At 0, 3, 6,
and 9 hours, RNA was extracted from the cells and then
examined by qPCR. The growth medium was added with
cyclase (100 µg/mL). Proteins were isolated from cells at
0, 3, 6, and 9 hours and analyzed by western blotting.

Immunohistochemistry

After the embedded liver tissue sections were incubated
with primary antibodies against METTL14, NOVA2, and
α-SMA, random images were captured with a micro-
scope (Nikon, Japan). Positively stained cells were
counted according to the standard method to evaluate
the expression of detected genes.

Immunofluorescence staining

After antigen repair of liver sections, 0.5% polyethylene
glycol octylphenyl ether (Triton X-100) was allowed to
permeate for 10 minutes, and the sections were washed
with phosphate-buffered saline buffer 3 times. Five
percent BSA covered the tiled liver sections, sealed at
room temperature for 30 minutes, and washed the
sections with phosphate-buffered saline buffer solution
3 times; the primary antibody (METTL14 Sigma-Aldrich,
USA) was combined with the mouse liver tissue section
at 4°C overnight, and the secondary antibody was
incubated at 37°C for 2 hours. The section was covered
with DAPI staining solution for 5 minutes to stain the
nucleus again, and the section was washed with
phosphate-buffered saline buffer solution 3 times.
Finally, the antifluorescence quencher was sealed and
covered with cover glass. Observe and take photo-
graphs with a fluorescent microscope.

Transwell cell invasion assay

Herein, 300 μL cell suspension was charged into
chambers, 700 μL of the chamber containing 20% fetal
bovine serum was charged, and the bottom cells were
stained with crystal violet after 24 hours. We selected 5
areas at random and counted the number of cells
observed underneath the microscope.

Luciferase reporter system construction

The m6A point mutation plasmid was designed accord-
ing to the motif sequence (Supplemental Table S10,
http://links.lww.com/HC9/A349, for the plasmid
sequence). After the plasmid was transfected, a multi-
functional microplate reader was used for detection as
directed by the manufacturer.

Cytoskeleton staining

A 12-well plate was used to inoculate the cells that were
either knocked down or overexpressed. Then, phalloi-
din was applied to stain the cytoskeleton in compliance
with the guidelines stipulated by the manufacturer.
Finally, DAPI staining solution was used to redye the
nuclei, and the film was sealed and fixed. A confocal
microscope was used to capture the images.

Statistical analysis

Data were analyzed using Prism 9.0 and SPSS 25.0,
and expressed as mean ± SEM or mean ± SD. An
unpaired 2-tailed Student t test between 2 groups and a
1-way ANOVA accompanied by a Bonferroni post-test
were utilized to examine all of the experimental data. All
experiments were repeated at least thrice. Statistical
significance was set at p<0.05.

RESULTS

Abnormalities in m6A modification
and METTL14 downregulation in LF

The differential expression of m6A modification
enzymes was identified between LF samples and
normal hepatic tissue samples using a publicly available
clinical database, which shed light on the potential
function of the m6A modification in LF. After analyzing
three different Gene Expression Omnibus (GEO) data
sets (GSE36411, GSE77627, and GSE49541), we
discovered that the METTL14 expression level was
considerably lower in LF than in normal tissues
(Figure 1A–C). Subsequently, qRT-PCR and western
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F IGURE 1 m6A modification and METTL14 downregulation in LF. (A–C) Expression of METTL14 in LF and its matched normal liver tissues
from the GEO database. (D) Relative expression levels of methylase and demethylase of liver tissues from LF and normal liver tissues as
determined by qRT-PCR. (E) The expression levels of methylase and demethylase of liver tissues from LF and normal liver tissues as determined
by western blotting. (F) METTL14 expression determined by immunohistochemistry in human LF patients (n = 5) and health control (n = 5). Scale
bars: 50 μm. (G) Immunostaining in human liver tissues of patients with LF and control (red: METTL14, green: α-SMA, and blue: DAPI). Scale bar:
50 μm. (H) Global m6A levels in liver mRNA were detected by dot blot; data are presented as the mean ± SD. *p < 0.05; **p < 0.01; and ***p <
0.001 (student t test). Abbreviations: GEO, Gene Expression Omnibus; LF, liver fibrosis; m6A, N6-methyladenosine; ns, not significant.
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blotting were conducted to assess the levels of m6A
modification enzymes in liver tissue samples from LF
patients. As per the findings, METTL14 expression was
shown to be downregulated in the liver’s fibrous tissue
(Figure 1D, E). Moreover, we performed
immunohistochemistry staining on liver tissue from LF
(n=5) and normal liver tissue (n=5). The staining
results showed low expression of METTL14 in liver
tissue samples from patients with LF (Figure 1F). The
results of immunofluorescence staining also proved this
point again (Figure1G). In addition, the overall level of
m6A was shown to be decreased in fibrous liver tissue
in contrast with the level found in control liver tissues
(Figure 1H). We created a mouse model of LF by i.p.
injection of CCL4(Supplemental Figure S1A–E, http://
links.lww.com/HC9/A444) and found that the liver tissue
of fibrotic mice showed low expression of METTL14
(Supplemental Figure S1F, http://links.lww.com/HC9/
A444). In addition, we found a decrease in m6A content
during HSCs activation, which was associated with a
low level of METTL14 expression (Supplemental Figure
S2B–E, http://links.lww.com/HC9/A445). Based on
these results, METTL14 is remarkably downregulated
in fibrous liver tissue, which implies that it could have a
role in the modulation of LF advancement through m6A
modification.

METTL14 promotes the activation of HSCs
and the progression of LF

We created the stable METTL14 knockdown based
on LX2 cell lines and primary HSCs to examine
the function that METTL14 performs in LF (Figure 2A).
As expected, METTL14 knockdown significantly
decreased m6A levels in activated LX2 cells and
primary HSCs (Figure 2B). Furthermore, we observed
an increase in ECM deposition in LX2 cells and primary
HSCs after METTL14 knockdown (Figure 2C). We
discovered that depleting METTL14 substantially
increased the proliferative rate of LX2 cells and
primary HSCs (Figure 2D, E, Supplemental Figure
S4A, B, http://links.lww.com/HC9/A447). Cell cycle
experiments were conducted to provide more evidence
that METTL14 plays a role in the proliferation of cells. In
METTL14 knockdown cell lines, the findings revealed
that the proportion of cells in the G2 phase was
reduced, whereas that in the G0/G1 phase was
elevated (Figure 2D). In addition, in a transwell
migration experiment, the capacity of LX2 cells and
primary HSCs to migrate was considerably enhanced
when the METTL14 gene was knocked down
(Supplemental Figure S5A, http://links.lww.com/HC9/
A448). The cytoskeleton stained by phalloidin also
revealed that the contractility of LX2 cells and primary
HSCs F-actin increased after knocking down METTL14
(Supplemental Figure S6A, http://links.lww.com/HC9/
A449). In addition, we found that overexpression of

METTL14 weakens the activation of HSCs (Supple-
mental Figure S3A–H, http://links.lww.com/HC9/A446).
CCL4-induced LF is a well-established model to
investigate LF in vivo. To further explore the effect of
METTL14 on the progress of LF, we knocked down
METTL14 in vivo by injecting AAV8-sh-METTL14
through the tail vein (Figure 2F). We discovered that,
in contrast with the nontarget control mice, the liver
damage of mice knocked down with METTL14
(Figure 2G, H) was more serious (Figure 2I), the liver
collagen deposition increased (Figure 2J, K), the level
of transaminase increased (Figure 2L), and the level of
serum inflammatory factors also increased (Figure 2M).
Altogether, our findings indicate that METTL14 is critical
for the development of LF.

NOVA2 was shown to be a direct target of
METTL14 via RNA-seq and MeRIP-seq
analyses

We found that METTL14 suppressed LF advancement
in the present research. We used shNC-LX2 and
shMETTL14 LX2 cells to perform multigroup sequenc-
ing, examine the involvement of METTL14 in the
pathogenesis of LF, and identify its downstream targets.
The most common m6A motif in the peak was AACC
(Figure 3A). MeRIP-seq analysis revealed that the m6A
signal was primarily concentrated in the 3′-UTR
(Figure 3B, C). The findings revealed that the m6A
peak of 15 genes was downregulated compared with
the control group, while the mRNA expression was
upregulated. Five m6A peaks were upregulated, mRNA
expression was upregulated, 4 m6A peaks were
downregulated, and 13 m6A peaks were upregulated,
but mRNA expression was downregulated (Figure 3D,
E). We discovered that the differential genes were
associated with cell cycle, cell proliferation, and EMT
pathway after Gene Ontology and Kyoto Encyclopedia
of Genes and Genomes enrichment analyses
(Figure 3F, G). The differential gene Neuro-
Oncological Ventral Ag 2 (NOVA2) is an alternative
splice regulator associated with angiogenesis. NOVA2
can affect the structure and function of blood vessels by
affecting the polarity of endothelial cells and lumen
formation.[13–15] After METTL14 knockdown, the mRNA
expression of NOVA2 increased compared with that in
the control group, while the m6A peak decreased. Also,
the expression of METTL14 was shown to be inversely
associated with that of NOVA2 in developing LF, as
determined by bioinformatics analysis (Figure 3H).
In addition, NOVA2 expression increased during LF
progression (Supplemental Figure S7A–D, http://links.
lww.com/HC9/A450). Therefore, based on preliminary
data, we decided to focus our attention on
NOVA2 as a candidate targeting gene modified by
METTL14 m6A.
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F IGURE 2 METTL14 deficiency promotes HSCs activation and LF. (A) The METTL14 knockdown effect was confirmed at both the mRNA and
protein levels. (B) METTL14 knockdown significantly reduced the mRNA m6A level in LX2 cells and primary HSCs. (C) Increased ECM accu-
mulation. (D) Cell cycle assays and the calculated LX2 cell and primary HSCs percentages in each phase. (E) LX2 cell and primary HSCs
proliferation detected by EDU; METTL14 knockdown significantly promoted the proliferation rate of HSCs. (F) Protocol for CCL4-induced LF in a
mouse model after tail vein injection of AAV8-sh-METTL14. (G) Fluorescence sections of the liver infected with the adeno-associated virus. (H)
METTL14 immunohistochemistry was used to verify the transfection efficiency (n = 12). Scale bars: 50 μm. (I) pathological sections of the liver. (J,
K) METTL14 knockdown increased ECM in mouse liver (n = 12). (L) After METTL14 knockdown, increased ALT and AST levels in mice (n = 12).
(M) After METTL14 knockdown, increased levels of inflammatory factors in mice (n = 12). Data are presented as the mean ± SD. *p < 0.05; **p <
0.01; and ***p < 0.001 (Student t test). Abbreviations: AAV, adeno-associated virus; ALT, alanine aminotransferase; AST, aspartate amino-
transferase; ECM, extracellular matrix; LF, liver fibrosis; m6A, N6-methyladenosine..
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F IGURE 3 Identification of METTL14 targets using RNA-seq and MeRIP-seq. (A) The consensus motif of LX2 cells identified by MeRIP-seq
(shNC, p = 1e-63; sh-METTL14, p = 1e-47). (B, C) The m6A signals were largely enriched in 3′-UTR. (D) Four-quadrant diagram of DEGs
identified by RNA-seq and MeRIP-seq in shNC and shMETTL14 LX2 cells. Gray, unchanged genes [|log2 (fold change)| < 2 or p > 0.05] when
comparing the shNC and shMETTL14 groups. Hyper-up, upregulated m6A peak and mRNA expression; Hyper-down, m6A peak upregulated,
mRNA expression downregulated; Hypo-up, m6A peak downregulated, mRNA expression upregulated; and Hypo-down, downregulated m6A
peak, and mRNA expression. (E) Venn diagram of DEGs identified by RNA-seq and MeRIP-seq in shNC and shMETTL14 LX2 cells. (F) GO
analysis. (G) KEGG analysis. (H) Correlation between METTL14 and NOVA2 expression in LF patients. Data are presented as the mean ± SD.
*p < 0.05; **p < 0.01; and ***p < 0.001 (Student t test). Abbreviations: DEGs, differentially expressed genes; KEGG, Kyoto Encyclopedia of Genes
and Genomes; m6A, N6-methyladenosine.
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F IGURE 4 NOVA2 mRNA is regulated by METTL14-mediated m6A modification through the m6A reader YTHDF2. (A, B) The relative m6A
enrichment of NOVA2 determined by MeRIP-qPCR. (C) The mRNA level of NOVA2 when knocking down or overexpressing METTL14 in LX2
cells and primary HSCs. (D) The protein level of NOVA2 when knocking down or overexpressing METTL14 in LX2 cells and primary HSCs. (E)
Schematic representation of mutation in m6A sites. (F) Double luciferase gene report. (G) YTHDF2 knockdown in LX2 cells and primary HSCs. (H)
YTHDF2 knockdown significantly increased NOVA2 expression. (I) RIP assays of LX2 cells showing the direct binding of YTHDF2 and NOVA2.
(J) The stability of NOVA2 protein expression was determined at 0, 3, and 6 hours after knockdown LX2 cells were treated with cycloheximide
(5 μg/mL) in METTL14. (K) The decay rate of NOVA2 mRNA when inhibiting YTHDF2 with targeted siRNAs at 0, 3, and 6 hours after actinomycin
D (5 μg/mL). Data are presented as the mean ± SD. *p < 0.05; **p < 0.01; and ***p < 0.001 (Student t test). Abbreviations: m6A, N6-
methyladenosine; NOVA2, neuro-oncological ventral antigen 2; RIP, RNA immunoprecipitation; siRNA, small interfering RNA.
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F IGURE 5 METTL14 and NOVA2 regulate the activation of HSCs. (A, B) ECM deposition after transfection with sh-METTL14 or cotransfected
sh-METTL14 and si-NOVA2 in LX2 cells and primary HSCs. (C, D) Proliferation ability after transfection with sh-METTL14 or cotransfected sh-
METTL14 and si-NOVA2 in LX2 cells and primary HSCs. (E) Apoptosis status after transfection with sh-METTL14 or cotransfected sh-METTL14
and si-NOVA2 in LX2 cells and primary HSCs. (F) METTL14 and NOVA2 regulate LF progression by modulating the Wnt/β-catenin signaling
pathway. Data are presented as the mean ± SD. *p < 0.05; **p < 0.01; and ***p < 0.001 (Student t test). Abbreviations: ECM, extracellular matrix;
NOVA2, neuro-oncological ventral antigen 2.

10 | HEPATOLOGY COMMUNICATIONS



F IGURE 6 METTL14 and NOVA2 regulate the progression of LF. (A) Protocol for CCL4-induced LF in a mouse model after tail vein injection
of AAV8-sh-METTL14 and AAV8-sh-NOVA2. (B) HE, Masson, Sirius red staining of mice liver (n = 12). Scale bars: 100 μm. (C) NOVA2
immunohistochemical positive area (n = 12). Scale bars: 50 μm. (D) Infection efficiency of AAV8-sh-NOVA2 tail vein injection in mice. (E, F)
Hepatic ECM deposition was determined by RT-qPCR and western blotting following tail vein injection of AAV8-sh-METTL14 in mice or coad-
ministration of AAV8-sh-NOVA2 and AAV-sh-METTL14 (n = 12). (G) ALT and AST levels were determined by the liver function kit following tail
vein injection of AAV8-sh-METTL14 in mice or coadministration of AAV8-sh-NOVA2 and AAV-sh-METTL14 (n = 12). (H) Serum IL-6, IL-1β, and
TNF-α levels were determined by the ELISA kit following tail vein injection of AAV8-sh-METTL14 in mice or coadministration of AAV8-sh-NOVA2
and AAV-sh-METTL14 (n = 12). Data are presented as the mean ± SD. *p < 0.05; **p < 0.01; and ***p < 0.001 (Student t test). Abbreviations:
AAV, adeno-associated virus; ALT, alanine aminotransferase; AST, aspartate aminotransferase; ECM, extracellular matrix; LF, liver fibrosis;
NOVA2, neuro-oncological ventral antigen 2.
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METTL14 regulates NOVA2 mRNA stability
through a pathway reliant on an
m6A-YTHDF2

MeRIP-qPCR was conducted in LX2 cell lines and
primary HSCs to confirm whether METTL14-mediated
m6A modification targeted NOVA2. Knocking down
METTL14 remarkably reduced the m6A enrichment of
NOVA2 (Figure 4A, B). In addition, the mRNA and
protein levels of NOVA2 were shown to be higher in
METTL14 knockdown cells and lower in METTL14
overexpression cells (Figure 4C, D). In combination
with the prediction website SRAMP (http://www.cuilab.
cn/sramp/), we found that four motif sites existed in
this fragment. We employed the site sequence to
establish the wild-type and mutant NOVA2 reporter
gene (Figure 4E). We discovered that METTL14
affected the expression of NOVA2 through the motif
sequence at recognition site 907 (Figure 5F). To either

elevate or lower gene expression, the m6A methylation
added by m6A writers needs to be recognized by m6A
readers. Of these, YTHDF2 is an mRNA degradation–
promoting modulator that may be recruited by
METTL14 to facilitate NOVA2 mRNA decay. To test
this hypothesis, we first used targeted siRNA to
knockdown YTHDF2 (Figure 4G) and discovered that
mRNA and protein levels of NOVA2 were increased
(Figure 4H). In addition, to establish whether YTHDF2
binds to NOVA2 mRNA in a direct manner, we
performed RIP tests. The RIP tests illustrated that
the groups with antibodies against YTHDF2 bound
significantly more NOVA2 mRNA in LX2 and primary
HSCs than those with antibodies against IgG
(Figure 4I). Furthermore, the results of the RNA
stability experiments showed that the NOVA2 decay
rate displayed a considerably slower tendency
following treatment with siRNA-targeted YTHDF2
(Figure 4J, K). These results show that YTHDF2 can

F IGURE 7 The graphic illustration of this study. METTL14 exerts m6Amodification onNOVA2mRNA via directly binding to its 3'UTR region in nucleus.
Then the m6Amodified NOVA2mRNA is recognized by YTHDF2 in cytoplasm and degraded by YTHDF2. Taken together, the METTL14-YTHDF2-NOVA2
axis regulates LF progression. Abbreviation: ECM, extracellular matrix; m6A, N6-methyladenosine; NOVA2, neuro-oncological ventral antigen 2.
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identify METTL14-methylated NOVA2 mRNA and
speed up its decay.

Progress of regulation of LF by NOVA2
and METTL14

Despite the established significance of METTL14 in LF
advancement, it was not known whether or not the
impact was specifically due to NOVA2, the target gene
for m6A modification. Rescue studies were performed to
determine whether NOVA2 knockdownmight reverse the
influence of METTL14 knockdown, providing insight into
the potential significance of NOVA2 as the target gene of
METTL14 in the advancement of LF. Remarkably, the
results demonstrated that, after downregulating NOVA2
(Supplemental Figure S7E, F, http://links.lww.com/HC9/
A450), the elevated ECM level generated by
sh-METTL14 was greatly attenuated (Figure 5A, B).
Moreover, knocking down NOVA2 expression
considerably lowered the high proliferative (Figure 5C, D)
and migratory (Supplemental Figure S5B, http://links.
lww.com/HC9/A448) rates induced by sh-METTL14.
Knocking down NOVA2 significantly reduced F-actin
contractility induced by knocking down METTL14 (Sup-
plemental Figure S6B, http://links.lww.com/HC9/A449).
We also discovered that METTL14 could control theWnt/
β-catenin pathway by modulating the NOVA2 expression
(Figure 5F), which affects the development of LF. To
confirm the involvement of NOVA2 in LF progression, we
conducted in vivo experiments in mice using tail vein
injections of AAV8-sh-NOVA2 (Figure 6A). The NOVA2
knockdown mouse model had been successfully
established (Figure 6B–D). Data analysis showed that
AAV8-sh-NOVA2 significantly reduced ECM deposition
(Figure 6E, F), transaminase levels (Figure 6G), and
serum inflammatory factor levels (Figure 6H) in the liver
of a fibrotic mouse model with low expression of
METTL14. These findings further suggest that NOVA2
may alleviate the exacerbation of LF caused by AAV8-
sh-METTL14.

DISCUSSION

LF has emerged as a significant global health issue, owing
to its rising incidence and the absence of specific and
effective therapies, for which there currently exist no viable
options. Unless effectively treated, LF causes the
formation of fibrous nodules in the liver, disrupts normal
liver function and structure, and ultimately leads to liver
cirrhosis, which may worsen liver function or possibly
cause liver cancer.[16] Therefore, understanding the
pathogenesis of LF and finding ways to treat it are urgent
research priorities. The internal modification known as
m6A is the most prevalent, abundant, and conserved form
of internal modification in mammalian mRNA.[17–20] There

is mounting evidence that m6A modification performs a
critical role in controlling a wide range of biological
processes, such as cell fate determination, differentiation,
pluripotency, and metabolism. The function of m6A
modification in LF, however, is still debatable. Previous
studies have proved that, in the process of iron death in
HSCs, m6A modification increases, and with the increase
in METTL3 and METTL14 expressions, the FTO expres-
sion level decreases.[21,22] However, recent studies have
proved that the activation of HSCs is accompanied by the
increase of m6A level, and the attenuation in HSC
activation and LF is the outcome of METTL3
deficiency.[23] Further investigations will be required to
better address this controversy.

METTL14 is a crucial m6A writer, and we show for the
first time that it performs a fundamental function in LF
advancement. This study supports these findings in
several ways. We began by performing a bioinformatics
analysis of previously collected LF data. In multiple data
sets of the GEO database, the expression of METTL14 in
LF patients was decreased. We collected liver biopsy
specimens of LF patients and found that the expression
of METTL14 was decreased compared with the control
group by immunohistochemistry. In addition, we found
that both activated HSCs cells and mouse LF tissues
exhibited lower METTL14 expression levels. Further-
more, in vivo and in vitro analyses revealed that the
overexpression of METTL14 suppresses LF advance-
ment, whereas the knockdown of this gene enhances it.
This indicates that METTL14 may be an essential factor
in the process of LF. To further explore the molecular
mechanism of METTL14 in the progress of LF, we
conducted a multiomics sequencing, and the results
showed that NOVA2 was a downstream target gene of
METTL14. When the METTL14 is knocked down, the
degradation of NOVA2 by YTHDF2 is reduced, and the
mRNA expression of NOVA2 is increased (Figure 7).
Previous studies have found that the deletion or gene
knockout of NOVA2 can prevent the normal formation of
the vascular lumen.[24–38] The progression of LF is often
accompanied by vascular proliferation, which promotes
the activation and proliferation of HSC by furthering the
transport of oxygen and nutrients, thus promoting the
progress of LF.[29–32] The point is whether NOVA2 plays a
key role in LF. We carried out further research, and the
results showed that NOVA2 was highly expressed in the
progress of LF. After silencing the expression of NOVA2,
we could observe a stagnated growth cycle of HSCs,
slow proliferation and migration, weakened F-actin
contraction, reduced ECM deposition, and reversed
fibrosis. The above results suggested that NOVA2
could promote the development of LF.

It has been identified that NOVA2 is a novel
β-catenin RNA–binding protein. The NOVA2 hetero-
dimer positively regulates β-catenin expression by
enhancing β-catenin mRNA stability.[33] The Wnt/β-
catenin signaling pathway is closely linked to cell
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self-renewal, proliferation, differentiation, and migra-
tion. Its activation is linked to fibrosis in many organ
systems, including the lungs, kidneys, heart, skin, and
liver.[34–37] Wnt inhibitors with small molecules are
effective in mouse LF models.[38–40] Based on these
results, blocking the Wnt/β-catenin signaling pathway
could be an effective treatment strategy for LF. In this
study, we discovered that METTL14 knockdown
abnormally activated the Wnt/β-catenin signaling path-
way by modulating the expression status of NOVA2,
promoting the development of LF, and potentially
providing a new pathogenesis of LF. In animal experi-
ments, we knocked down METTL14 by injecting AAV
into the tail vein but, because the AAV targeted the
whole liver organ, knocked down METTL14 in the
whole liver including the hepatocyte. Previous studies
have proved that the deletion of METTL14 can cause
the growth cycle of hepatocytes to stagnate in the G1
phase and slow down the proliferation rate.[41] More-
over, METTTL 14 can weaken the endoplasmic
reticulum stress of hepatocytes, thus reducing the
apoptosis of hepatocytes, which has a protective effect
on liver cells.[42] In addition, we found that apoptosis of
hepatocytes increased after METTL14 knockdown
(Supplemental Figure S8A, B, http://links.lww.com/
HC9/A451). Apoptosis of hepatocytes can secrete
more inflammatory cytokines, which promotes the
activation of HSCs, thus promoting the progress of
LF. Our findings add a new epigenetic dimension to
the understanding of LF pathogenesis. METTL14 has
shown promise as a target for the treatment and
prognostic prediction among LF individuals.
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