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KEYWORDS Abstract This study investigated the role of N6-methyladenosine RNA methylation in liver
Liver regeneration; regeneration following partial hepatectomy in mice. We created a liver-specific knockout
METTL3; mouse model by the deletion of Mettl3, a key component of the N6-methyladenosine methyl-
N6-methyladenosine; transferase complex, using the albumin-Cre system. Mettl3 liver-specific knockout mice and
Socs6; their wild-type littermates were subjected to 2/3 partial hepatectomy. Transcriptomic
STAT3 changes in liver tissue at 48 h after partial hepatectomy were detected by RNA-seq. Immuno-

histochemistry and immunofluorescence were used to determine protein expression levels of
Ki67, hepatocyte nuclear factor 4 alpha, and cytokeratin 19. Terminal deoxynucleotidyl
transferase-mediated deoxyuridine triphosphate nick-end labeling was also performed. Liver
weight/body weight ratios after partial hepatectomy were significantly lower in Mettl3 liver-
specific knockout mice than in wild-type mice at 48 h after 2/3 partial hepatectomy
(3.1% + 0.11% vs. 2.7% + 0.03%). Compared with wild-type littermates, Mettl3 liver-specific
knockout mice showed reduced bromodeoxyuridine staining and reduced Ki-67 expression at
48 h after 2/3 partial hepatectomy. RNA-seq analysis showed that Mettl3 liver-specific
knockout delayed the cell cycle progression in murine liver by downregulating the expression
levels of genes encoding cyclins D1, A2, B1, and B2. Loss of Mettl3-mediated N6-
methyladenosine function led to attenuated liver regeneration by altering the mRNA decay
of suppressor of cytokine signaling 6, thereby inhibiting the phosphorylation of signal trans-
ducer and activator of transcription 3 during early liver regeneration. These results demon-
strated the importance of N6-methyladenosine mRNA modification in liver regeneration and
suggest that Mettl3 targeting might facilitate liver regeneration.
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Introduction

N6-methyladenosine (m6A) is a common and abundant RNA
modification found in eukaryotes. There has been
increasing attention to post-transcriptional RNA modifica-
tion mechanisms in m6A research.” méA-specific antibodies
were first reported in the 1970s by Munns et al,? while the
first demethylase fat mass and obesity-associated protein
was identified in 2011 by He et al.® Those findings demon-
strated that m6A mRNA modifications are detectable,
reversible, and dynamic. méA is deposited by the m6A
methyltransferase complex (i.e., the METTL3/METTL14/
WTAP complex and other cofactor proteins, including
RBM15 and RBM15B) and erased by m6A demethylases (e.g.,
fat mass and obesity-associated protein and ALKBH5). m6A
is recognized by m6A reader proteins (i.e., YTHDF1/2,
YTHDC1/2, YTHDF3, and IGF2BP1/2/3) that may mediate
the divergent roles of méA in RNA metabolism, including
the stability, translation, and splicing of méA-containing
mRNAs.*

Recent studies have substantially contributed to the
understanding of méA post-transcriptional modification in
regulating transcription, RNA processing events, splicing,
RNA stability, and translation.® Additionally, a key methyl-
transferase in RNA m6A modification, METTL3, has been
reported to play important roles in many biological pro-
cesses (e.g., spermatogenesis, T-cell homeostasis, and
stem cell differentiation).®™® A previous study showed that
highly methylated genes are enriched in regulatory path-
ways related to growth and development, metabolic pro-
cesses, and protein catabolic processes during porcine
postnatal liver development.® The liver has a unique ability
to regenerate in response to injury; improved understand-
ing of the regenerative process may aid in the treatment of
liver failure and may elucidate the mechanism of cancer
development within cirrhotic liver.'® However, the function
of METTL3-mediated mé6A mRNA methylation in liver
regeneration remains obscure.

Here, we performed liver-specific ablation of METTL3 in
mice, which were then subjected to 2/3 partial hepatec-
tomy (PHx). Our results showed that METTL3-mediated mé6A
modification is an important epigenetic mechanism
involved in regulating the cell cycle during early liver
regeneration. Notably, dysregulated m6A modification
caused reduction of suppressor of cytokine signaling (Socs6)
mRNA decay, thus inhibiting signal transducer and activator
of transcription (STAT)3 signaling during early liver
regeneration.

Materials and methods

Generation of Mettl3 LKO mice and modeling of
liver regeneration

Mettl3 conditional knockout mice were generated by
inserting a loxP site into both the first and last introns of the
Mettl(3 gene using the CRISPR—Cas9-based genome-editing
system. These mice were gifts from Pr. Huabing Li,
Shanghai Jiao Tong University School of Medicine. Mett(3™
FAlbumin-Cre (liver-specific knockout [LKO]) mice and their

wild-type (WT) littermates were sacrificed at several time
points after 2/3 PHx; 2/3 PHx was performed as previously
described.”” Remnant liver tissue was then harvested,
flash-frozen, and processed for RNA and immunoblotting
analyses. Liver/body weight ratios were calculated to
determine the recovery of liver mass. Mice were main-
tained in a standard 12-h light/dark system. All procedures
involving animals were performed in accordance with
approval from the Animal Care and Use Committee of
Shanghai Jiaotong University.

Immunoblotting and immunohistochemistry

Protein expression levels were investigated using standard
sodium dodecyl sulfate polyacrylamide gel electrophoresis
and immunoblotting methodology. Primary polyclonal anti-
bodies used in this study were as follows: anti-METTL3
(Abcam, Cambridge, MA, USA; cat. no. ab195352), anti-B-
actin (Proteintech, Rosemont, IL, USA; cat. no. 60008-1-Ig),
anti-m6A (Cell Signaling Technology, Danvers, MA, USA; cat.
no. 56593), anti-STAT3 (Cell Signaling Technology; cat. no.
30835), anti-phospho-STAT3 (Tyr727) (Cell Signaling Tech-
nology; cat. no. 49081S) and anti-SOCSé6 (Abcam; cat. no.
ab197335). The terminal deoxynucleotidyl transferase-
mediated deoxyuridine triphosphate nick-end labeling and
immunohistochemistry protocols were performed in accor-
dance with the reagent manufacturers’ instructions. Slides
were probed with anti-bromodeoxyuridine (Cell Signaling
Technology; cat. no. 5292S) and anti-Ki67 (Cell Signaling
Technology; cat. no. 9449) antibodies, then stained with
Alexa488-conjugated anti-rabbit secondary antibody. Nuclei
were counterstained with 4',6-diamidino-2-phenylindole.
RNA N6-methyladenosine (m6A) dot blotting was performed
as previously described,'? primary polyclonal antibody méA
antibody (Abcam; cat. no. ab151230) was used in this assay.

Quantitative polymerase chain reaction (qQPCR) and
RNA sequencing

Total RNA was extracted using TRIzol reagent. The relative
mRNA abundances of target genes were measured using
SYBR Green PCR Master Mix (Life Technologies, Carlsbad,
CA, USA; cat. no. 4367659). For RNA-seq data analysis,
genes were considered significantly differentially expressed
when log, [fold change] > 1 or < —1 and adjusted P
value < 0.05. Gene set analysis was performed and
enriched reactome pathways were obtained through online
bioinformatics tools. Primers used for gqPCR are shown in
Table S1.

Methylated RNA immunoprecipitation (MeRIP)-
qPCR assay

Five micrograms of méA antibody (Abcam; cat. no.
ab151230) and normal rabbit IgG (Cell Signaling Technol-
ogy; cat. no. 3900) were respectively mixed with 50 pl of
protein A/G-conjugated magnetic beads (Bio-Rad, Hercu-
les, CA, USA; cat. no. 161-4023), overnight at 4 °C.
Approximately 200 pg of fragmented total RNA were incu-
bated with each antibody in immunoprecipitation buffer
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(50 mM Tris—HCl, 750 mM NaCl, and 0.5% nonidet-P40)
supplemented with 40 IU RNase inhibitor, overnight at 4 °C.
RNA was eluted from the beads by incubation with 300 pl of
elution buffer (5 mM Tris—HCl, 1 mM ethylenediamine
tetraacetic acid, and 0.05% sodium dodecyl sulfate) and
8 ng of proteinase K for 1.5 h at 50 °C. Following phenol
extraction and ethanol precipitation, both input and mé6A-
enriched RNA were reverse transcribed. The extent of
enrichment was determined by qPCR. The primers used for
gene expression are shown in Table S1.

RNA degradation assay

For signaling-dependent degradation analysis, primary
Mettl3 LKO and WT hepatocytes were treated with
actinomycin-D at a concentration of 5 ug/ml for 0, 2 h, or
4 h; they were then lysed with TRIzol. The amount of a
particular mRNA transcript remaining after various dura-
tions of treatment was used to calculate the mRNA decay
rate for each transcript.

Statistical analysis

All data are presented as the mean + standard deviation of
at least three independent experiments. Statistical ana-
lyses were performed using GraphPad Prism 6 (GraphPad
Inc., La Jolla, CA, USA). Statistical significance was deter-
mined using a two-tailed Student’s t-test or analysis of
variance. Values were considered statistically significant
when *P < 0.05, **P < 0.01, and * * *P < 0.001.
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Results

Total RNA mé6A level and Mettl3 expression were
both upregulated during liver regeneration

To explore changes in m6A mRNA methylation during liver
regeneration, we examined dynamic changes in total m6A
RNA level and in eight méA-related genes (i.e., Mettl(3,
Mettl14, Wtap, Fto, Alkbh5, Ythdf1, Ythdf2, and Ythdc1)
during early liver regeneration. Surgeries (2/3 PHx and
sham) were performed in WT C57BL6/J mice at different
time points. As shown in Figure 1A, the total RNA m6A level
(determined by méA-specific antibody dot blot analysis)
was significantly increased at 12 and 24 h after 2/3 PHx
(P < 0.001). Among the seven méA-related genes, the
mRNA expression level of Mett(3 was upregulated after 2/3
PHx, compared with the sham operation group, beginning
at 12 h postoperatively (Fig. 1B, P < 0.05). Subsequent
immunoblotting analysis confirmed the upregulation of
METTL3 expression in the 2/3 PHx group, beginning at 12 h
postoperatively (Fig. 1C, P < 0.05). These data demon-
strated the dynamic enhancement of RNA méA modification
and Mettl3 expression during liver regeneration.

Mettl3 LKO mice were successfully constructed and
used for evaluation of mid-to-late fetal liver
development

To further investigate the roles of méA modification and
Mettl3 expression in murine hepatocyte proliferation, as
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Mettl3 and total RNA m6A levels were upregulated during liver regeneration. (A) m6A antibody dot blot staining (left

panel) and its quantification (right panel) of total RNA (100 ng) from liver lysate after PHx. Total RNA (100 ng) was stained with
methylene blue as a control. (B) gPCR analysis of m6A-related genes in WT mice at different times after PHx. (C) Results of
immunoblotting (left panel) and analysis of relative METTL3 protein level (right panel) in WT mice at different times after PHx.

*P < 0.05, ***P < 0.001. Abbreviations: WT, wild-type; N.S.,

not significant.
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well as liver regeneration, we obtained Mettl3 LKO mice
and age-matched WT littermates. Successful Mettl3
knockout in murine hepatocytes was confirmed by qPCR and
immunoblotting (Fig. 2A, B). Because METTL3 and METTL14
form a complex for m6A deposition, we examined the
expression level of METTL14 in Mettl3 LKO mice. We found
that METTL14 was downregulated in Mettl3 LKO hepato-
cytes (Fig. S1A). méA dot blot analysis indicated that the
global MRNA méA level in Mettl3 LKO hepatocytes was also
reduced (Fig. 2C).

To explore the influence of Mettl3 LKO on murine liver
development and function, we compared body and liver
weights between Mettl3 LKO mice and their WT litter-
mates; we found no differences between groups in these
parameters at 3 weeks of age. Moreover, we found no
differences in gross liver morphology or hematoxylin and
eosin staining results between the two groups at 3 weeks
of age (data not shown). Furthermore, as shown in Figure
S1B, the expression patterns of hepatocyte nuclear factor
4 alpha (a marker for liver differentiation) and cytokeratin
19 (a marker for cells of epithelial origin) were compa-
rable between 3-week-old Mettl3 LKO mice and their WT
littermates. In 8-week-old Mettl3 LKO livers, the absence
of Mettl3 did not lead to enhanced apoptosis, as revealed
by terminal deoxynucleotidyl transferase—mediated

deoxyuridine triphosphate nick-end labeling staining
(Fig. S1C). These data indicated that METTL3 and its
regulation of méA RNA methylation were not essential
during mid-to-late fetal liver development.

Mettl3 LKO suppressed hepatocyte proliferation
during early liver regeneration

To investigate the role of Mettl3 and its regulation of m6A
RNA methylation in liver proliferation and regeneration, we
performed 2/3 PHx in 8-week-old Mettl3 LKO mice and their
WT littermates. As shown in Figure 2D, the liver weight to
body weight ratio was significantly lower in Mettl3 LKO mice
than in WT mice at both 48 and 72 h after 2/3 PHx. Addi-
tionally, there was no significant difference in liver weight
to body weight ratio between Mettl3 LKO mice and their WT
littermates at 96 h after 2/3 PHx (data not shown). Intra-
peritoneal injection of bromodeoxyuridine (a marker for
analysis of DNA synthesis and cell proliferation) revealed
reduced staining at 48 and 72 h after 2/3 PHx in Mettl3 LKO
mice, compared with WT mice (Fig. 2E). These results
indicated that dysregulated méA modification led to
impaired hepatocyte regeneration following liver injury.
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Figure 2 Mettl3 LKO delayed hepatocyte proliferation during liver regeneration. (A, B) gPCR and immunoblotting analyses of
Mettl3 expression in purified hepatocytes from Mettl3 LKO mice and their WT littermates. (C) mé6A antibody dot blot staining
(left panel) and its quantification (right panel) of total RNA in hepatocytes from Mettl3 LKO mice and their WT littermates. Total
RNA was stained with methylene blue as a control. (D) Ratios of liver weight to body weight (LW/BW) in Mettl3 LKO mice and
their WT littermates at different times after PHx (n = 7 per genotype). (E) Representative immunofluorescence images showing
bromodeoxyuridine (BrdU) staining (red) and 4’,6-diamidino-2-phenylindole (DAPI) staining (blue) in liver sections from 6—8-
week-old Mettl3 LKO mice and their WT littermates at 48 and 72 h after PHx (scale bar, 25 pm). *P < 0.05, **P < 0.01,
**p < 0.001. Abbreviations: WT, wild-type METTL3"'F mice; LKO, METTL3"/FAlb-Cre™’~ mice.
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Furthermore, METTL3-mediated méA modification presum-
ably affected early liver regeneration.

METTL3 knockout led to delayed hepatocyte cell
cycle progression through the SOCS6/STAT3
pathway in mice subjected to 2/3 PHx

To further elucidate the molecular mechanisms underlying
the functions of Mettl3 during liver proliferation and
regeneration, we performed genome-wide transcriptome
profiling analysis using RNA-seq in liver tissue harvested at
48 h after 2/3 PHx in 8-week-old Mettl3 LKO mice and their
WT littermates (n = 3 per group). Compared with WT
mice, 650 upregulated genes and 580 downregulated genes
were found in Mettl3 LKO mice after 2/3 PHx (Fig. 3A, log,
[fold change] > 1, adjusted P value < 0.05). Analysis of
functional annotation enrichment revealed that most
downregulated genes were involved in G1/S transition and
mitotic phase regulation (mitotic prometaphase, mitotic
anaphase and mitotic spindle checkpoint) (Fig. 3B). Gene
Set Analysis Enrichment revealed that Mettl3 LKO mice
significantly downregulated GO0/G1 and mitotic prom-
etaphase pathway genes after 2/3 PHx (Fig. 3C). The
86 cell cycle-related genes that were investigated in Mettl3
LKO mice after 2/3 PHx are shown in Figure 3D; approxi-
mately 88% (76 of 86 genes) were significantly reduced in

>
o]

Mettl3 LKO mice. gPCR analysis confirmed that genes
encoding cyclins D1, A2, B1, and B2 were significantly
downregulated in the livers of Mettl3 LKO mice after 2/3
PHx (Fig. 3E). Overall, the findings indicate that Mettl3 LKO
delayed cell cycle progression in hepatocytes of mice
subjected to 2/3 PHx.

Interleukin-6 is considered a pleiotropic cytokine, which
regulates hepatocyte proliferation and liver regeneration
by activating the STAT3 signaling pathway."* In this study,
the interleukin-6 mRNA expression level did not differ be-
tween Mettl3 LKO mice and their WT littermates after 2/3
PHx (Fig. 3F). However, compared with WT mice, the livers
of Mettl3 LKO mice exhibited significantly reduced levels of
phospho-STAT3 (Tyr727) at 6 h after 2/3 PHx (Fig. 3G),
suggesting that the phosphorylation of STAT3 may be
inhibited by other molecules in Mettl3 LKO mice. In physi-
ological conditions, STAT3 signaling is carefully controlled
by a cohort of negative regulators, mainly comprising the
SOCS family.™ Thus, we measured the mRNA expression
levels of SOCS members that could inhibit STAT signaling
activation in the livers of Mettl3 LKO mice and their WT
littermates before and after 2/3 PHx. The results showed
that the mRNA and protein expression levels of SOCS6 were
upregulated in the livers of Mettl3 LKO mice before and
after 2/3 PHx (Fig. 4A—C). These data indicated that Mettl3
LKO may inhibit liver regeneration after liver injury through
the SOCS6/STAT3 signaling pathway.
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Figure 3  Mettl3 LKO deregulated cell cycle-related genes and STAT3 signaling after 2/3 PHx. (A) Differentially expressed genes
(DEGs) between liver tissue from 8-week-old Mettl3 LKO mice and their WT littermates at 48 h after PHx (log, [fold change] > 1,
adjusted P value < 0.05). (B) Bubble Diagram of Reactome pathway analysis based on downregulated genes from among the DEGs.
(C) Gene set enrichment analysis (GSEA) of differentially expressed genes between liver tissue from Mettl3 LKO mice and their WT
littermates at 48 h after PHx. (D) Heatmap of differentially expressed genes enriched in cell cycle function, derived from list of
overall DEGs. (E) gPCR verification of cell cycle-related genes among DEGs. (F) gPCR analysis of interleukin-6 expression in liver
tissue from Mettl3 LKO mice and their WT littermates at 48 h after PHx. (G) Immunoblotting analysis of STAT3 and p-STAT3 (Tyr727)
protein levels in hepatocytes from 8-week-old Mettl3 LKO mice and their WT littermates at 6 h after PHx. *P < 0.05, **P < 0.01.
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analysis in hepatocytes from Mettl3 LKO mice and their WT littermates, following culture for 24 h and subsequent treatment with
actinomycin D for 0, 2, and 4 h. (E) MeRIP qPCR confirmation that Socsé was an METTL3-dependent méA target in hepatocytes from
Mettl3 LKO mice and their WT littermates. (F) Mutation of the m6A consensus sequence increased luciferase activity in 293T cells.

*P < 0.05, *P < 0.01, ***P < 0.001.

Mettl3 knockout reduced Socs6 mRNA decay during
liver regeneration

m6A has been demonstrated to negatively regulate target
mRNA stability in many cell types. As noted above, we
confirmed that Socsé was upregulated in Mettl3 LKO Lliver
tissue, compared with WT liver tissue, during liver prolif-
eration and regeneration. Primary hepatocytes isolated
from both Mettl3 LKO mice and their WT littermates were
pre-treated with actinomycin-D for different durations to
measure their mRNA stabilities; Socs6é mMRNA was degraded
more slowly in Mettl3 LKO hepatocytes than in WT hepa-
tocytes (Fig. 4D). Importantly, Socs6 mRNA was previously
identified as a direct target of mé6A modification; in this
study, MeRIP gPCR confirmed that Socs6 mRNA was a
METTL3-dependent méA target in purified hepatocytes
from 8-week-old mice (Fig. 4E).

To further investigate the effect of m6A modification on
the expression of Socsé, we constructed a reporter system
in which the WT or mutant 3’-untranslated region of Socsé
was tethered to the 3’-untranslated region of the firefly
luciferase coding sequence. The adenosine bases in the
m6A consensus sequence were changed to cytosine bases,
thus abolishing m6A modification. Relative luciferase ac-
tivities of the WT or mutant Socsé 3’-untranslated region-
fused reporter were compared in 293T cells. Compared with
the WT Socsé sequence, mutation of m6A consensus se-
quences enhanced luciferase activity in 293T cells (Fig. 4F).
These data indicated that Socsé is a major functional target
of m6A in hepatocytes, and that méA may primarily regu-
late Socs6 mMRNA decay.

Discussion

RNA m6A modification is reportedly involved in many physi-
ological processes. This study demonstrated the following
properties of méA modification in liver proliferation and
regeneration: 1) METTL3 and its regulation of mé6A RNA
methylation are not essential during mid-to-late fetal liver
development; 2) METTL3-mediated mé6A modification pro-
motes liver regeneration by activating Socs 6-STAT signaling
during early liver regeneration; and 3) deletion of METTL3 in
hepatocytes led to elevated Socsé expression and may
regulate mRNA stability in an mé6A-dependent manner.

Recent studies showed that Mettl3 is required for dif-
ferentiation of embryonic stem cells and hematopoietic
stem cells, as well as differentiation of spermatogonia and
initiation of meiosis.">'® Notably, the albumin gene begins
expression during embryogenesis shortly after the
appearance of the liver bud (9.5 days post coitum) and
weak mRNA levels increase following liver development.'’
During mid-to-late fetal liver development, hepatic pro-
genitor cells differentiate into hepatocytes and chol-
angiocytes.'® Previous studies have shown that m6A RNA
modification controls cell fate transition in mammalian
embryonic stem cells and specification in hematopoietic
progenitor cells.'® Our data showed that METTL3 LKO mice
were generally normal and did not become acutely ill,
suggesting that METTL3 was not required for early fetal
liver development and hepatic maturation during mid-to-
late fetal development.

The liver regeneration process after PHx or serious liver
damage is an important clinical consideration, especially
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because of the growing population of patients who either
require liver transplantation or have toxicity/virus-related
liver injuries.?® Liver regeneration is largely driven by he-
patocyte proliferation, which relies on robust cell cycle
function. Our study showed that Mettl3 LKO led to delayed
hepatocyte cell cycle progression during liver regeneration
(i.e., G1/S transition and S phase). Thus, hepatocyte pro-
liferation was delayed and liver regeneration was impaired;
these findings imply that METTL3-mediated m6A modifica-
tion has an important role in promoting early liver regen-
erative activity after PHx. Hepatocytes reportedly require
rapid proliferation and regeneration after small-for-size
liver transplantation.?’ In a previous study of a mouse
model of this transplantation approach, METTL3-mediated
m6A modification led to significant improvement in sur-
vival rate after hepatectomy.

A prior study showed that the SOCS protein family is
modified by m6A and is a direct downstream target of METTL3
in T cells; moreover, METTL3-mediated m6A modifications of
Socs 1, Socs 3, and Cish mRNAs promote their decay. These
inhibitors of the STAT signaling axis may be involved in T-cell
homeostasis and differentiation.® METTL3 expression was
enhanced in hepatocellular carcinoma, which promoted liver
cancer cell line tumorigenicity and metastasis by repressing
the expression of Socs genes in an mé6A-YTHDF2-dependent
manner.?” In our study, we found that Mettl3 LKO caused
upregulation of Socsé proteins and reduction of Socsé6 mRNA
decay in hepatocytes, thus inhibiting the STAT3 activation
necessary for early liver regeneration.

Previous studies showed that some inhibitors of méA
methylation-related proteins may have promising effects on
cancer development and metabolic disease.?* Fat mass and
obesity-associated protein is known to negatively regulate
méA; several fat mass and obesity-associated protein in-
hibitors (i.e., rhein, radicicol, and epigallocatechin gallate)
have been shown to treat both cancer and metabolic dis-
ease.” In our study, METTL3 and its regulation of méA
modification promoted early liver regeneration; however,
no specific inhibitors or activators of METTL3 have been
found thus far. Further studies are needed to explore in-
hibitors of m6A methylation-related enzymes.

Previous studies have shown that m6A has regulatory
roles in modification of histones, IncRNAs, microRNAs,
piRNAs, and mRNAs?*#%°; it may also participate in regula-
tion of DNA replication and the cell cycle. More research is
needed to elucidate how METTL3 and its regulation of mé6A
modification may directly affect hepatocyte proliferation
and liver regeneration.

In conclusion, we demonstrated an important role for
RNA mé6A modification in hepatocyte regeneration. Our
data illustrated that alterations of METTL3 and méA levels
led to impaired hepatocyte proliferation and early liver
regeneration. Thus, targeting mé6A modification by means
of METTL3 alterations may provide a novel therapeutic
strategy for preventing hepatic regeneration failure due to
PHx or serious liver damage.
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