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Liver regeneration is a well-known systemic homeostatic pheno-
menon. The N6-methyladenosine (m6A) modification pathway 
has been associated with liver regeneration and hepatocellular 
carcinoma. m6A methyltransferases, such as methyltransferase 3 
(METTL3) and methyltransferase 14 (METTL14), are involved 
in the hepatocyte-specific-regenerative pathway. To illustrate 
the role of METTL14, secreted from non-parenchymal liver cells, 
in the initiation phase of liver regeneration, we performed 70% 
partial hepatectomy (PH) in Mettl14 heterozygous (HET) and 
wild-type (WT) mice. Next, we analyzed the ratio of liver weight 
to body weight and the expression of mitogenic stimulators 
derived from non-parenchymal liver cells. Furthermore, we 
evaluated the expression of cell cycle-related genes and the 
hepatocyte proliferation rate via MKI67-immunostaining. During 
regeneration after PH, the weight ratio was lower in Mettl14 
HET mice compared to WT mice. The expressions of hepato-
cyte growth factor (HGF) and tumor necrosis factor (TNF)-α, 
mitogens derived from non-parenchymal liver cells that stimu-
late the cell cycle, as well as the expressions of cyclin B1 and 
D1, which regulate the cell cycle, and the number of MKI67- 
positive cells, which indicate proliferative hepatocyte in the late 
G1-M phase, were significantly reduced in Mettl14 HET mice 
72 h after PH. Our findings demonstrate that global Mettl14 
mutation may interrupt the homeostasis of liver regeneration 
after an acute injury like PH by restraining certain mitogens, 
such as HGF and TNF-α, derived from sinusoidal endothelial 
cells, stellate cells, and Kupffer cells. These results provide 
new insights into the role of METTL14 in the clinical treatment 
strategies of liver disease. [BMB Reports 2022; 55(12): 633-638]

INTRODUCTION

The liver is a solid organ with the regenerative ability to main-
tain a liver weight to body weight ratio of 100% to meet meta-
bolic demands and regulate homeostasis in the body (1, 2). 
Therefore, this regenerative ability of the liver renders it a use-
ful model for biochemical, genetic, and bioengineering studies 
aiming to identify molecular mechanisms underlying liver dis-
eases and improve medical care (2). Extracellular and intracel-
lular factors are involved in the molecular mechanisms under-
lying liver regeneration (3). Several upstream signaling path-
ways as well as the detailed transcriptional regulators of liver 
regeneration have been extensively studied (2). 

The m6A modification pathway has been associated with 
hepatocellular carcinoma and liver regeneration (4-8). Moreover, 
it has been revealed to be associated with pathological phe-
nomena such as stem cell differentiation, immunoregulation, 
and carcinogenesis, and physiological phenomena such as 
spermatogenesis and adipogenesis (9-13). m6A is the most 
common intrinsic RNA modification of eukaryotic cells, and is 
the most prevalent, abundant, and conserved internal transcrip-
tional modification in eukaryotic cells (7, 14, 15). m6A is mo-
dified by m6A methyltransferases (writers), such as METTL3 and 
METTL14, and removed by demethylases (erasers), including 
FTO and ALKBH5. m6A is recognized by YTHDF and YTHDC, 
which are m6A-binding proteins, also known as “readers” (7). 
It has been proven to affect liver regeneration in mice lacking 
hepatocyte-specific m6A methyltransferase, but its precise role 
in the initiation phase of liver regeneration that is influenced 
by endothelial cells, stellate cells, and Kupffer cells, which act 
as regenerative stimulators, remains to be elucidated (5, 6, 16). 

To study this pathway, we performed 70% partial hepatec-
tomy (PH) in mice. This method is the most obvious and well- 
known experimental technique to induce compensatory regen-
eration (1). It also helps to observe time-dependent changes in 
histological and biochemical events in a relatively short period 
(3, 17). During postoperative liver regeneration, mitogenic sti-
mulators including growth factors, such as hepatocyte growth 
factor (HGF) and epidermal growth factor (EGF), cytokines, such 
as TNF-α, IL6, and hormones, such as insulin and norepine-
phrine, all participate in the proliferative processes (16-21).
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Fig. 1. m6A modification pathway influences on liver regeneration through 70% partial hepatectomy (PH) in C57BL/6 mice. (A) Liver to 
body weight ratios at the indicated time points after PH in mice (n = 4, each). (B) Representative western blot of HGF, METTL3, YTHDF2 
protein levels in the liver at the indicated time points after PH. (C, D) Representative western blot and relative protein level of METTL14 in 
the liver at the indicated time points after PH. (E) m6A relative quantification ratio in total RNA in the liver after PH. *P ＜ 0.05; **P ＜
0.01; ***P ＜ 0.001; Error bar represents mean ± SD. 

In this study, we generated global Mettl14 knockout mice to 
evaluate METTL14-related m6A modification to the non-paren-
chymal mitogenic pathway in liver regeneration.

RESULTS

m6A modification pathway influences liver regeneration in 
C57BL/6 mice following 70% PH
To study the m6A modification pathway on liver after surgery, 
we performed 70% PH according to a published protocol in 
C57BL/6 mice (22-24). We assessed liver regeneration by mea-
suring the ratio of liver weight to body weight for 7 days after 
PH. We found a significantly increased ratio which reached 
86% of the pre-surgical liver mass within 7 days after PH (Fig. 
1A). Next, we assessed the expression of the m6A modifica-
tion-related proteins METTL3, YTHDF2, and METTL14, and 
also assessed HGF which is known to regulate liver regene-
ration (21). Expression of HGF, METTL3 and YTHDF2 increased 
from 24 h after PH and then gradually decreased from 72 h 
after PH (Fig. 1B). Expression of METTL14 was gradually in-
creased from 48 h to 7 days after PH (Fig. 1C, D). 

To determine the role of the m6A methyltransferases, Mettl3 
and Mettl14, we analyzed m6A relative quantification in total 
RNA at 48 h and 72 h after PH. m6A was significantly increased 
(Fig. 1E). The global m6A levels measured by m6A colorimetric 
analysis were gradually increased during liver regeneration (4). 
These findings are consistent with previous reports and suggest 
that the m6A modification pathway with METTL3 and METTL14 
may influence liver regeneration after PH (5, 6).

Mettl14 depletion attenuates the initiative pathway of liver 
regeneration after PH in mice
Our results suggested that Mettl14 is more significantly ex-

pressed during liver regeneration after PH; therefore, to vali-
date the effect of METTL14 in the initial pathway of liver re-
generation after PH, we produced Mettl14 knockout mice. To 
confirm the effect of METTL14 in liver regeneration, we per-
formed 70% PH in Mettl14 HET mice instead of homozygous 
mice, which have an embryo-lethal effect, and WT mice (Fig. 
2E, F). First, we evaluated the regenerative ability of the liver 
by calculating the ratio of liver weight to body weight for 72 h 
after PH. Although hepatic parenchymal proliferation after PH 
persists for 7 days, we focused on the initiative pathway and 
cell cycle-related factors (25). The weight ratio was dramatical-
ly increased in WT mice than in HET mice from 24 h to 72 h 
after PH (Fig. 2A). The level of alanine aminotransferase (ALT), 
a biomarker of liver function, was increased 48 h after PH and 
recovered close to the pre-surgical level at 72 h after PH in 
both mice (Fig. 2B). Next, we analyzed the liver regeneration 
initiative factors, such as HGF, which is a complete growth 
factor, and TNF-α, which is a cytokine. The mRNA expressions 
of both HGF and TNF-α were higher in WT mice than in HET 
mice before surgery and at 72 h after PH (Fig. 2C, D). Fur-
thermore, protein expressions of HGF and TNF-α were reduced 
at indicated timepoints after PH in HET mice compared to the 
WT mice (Fig. 2F). Meanwhile, protein expression of EGFR, 
which is mainly involved in liver regeneration, was increased 
in HET mice compared to WT mice at 24 h after PH (Fig. 2F) 
(21). 

Mettl14 depletion downregulates cell cycle progression and 
reduces hepatocyte proliferation 
To evaluate the effect of Mettl14 on the cell cycle progression 
during liver regeneration after PH, we studied the cell cycle- 
related cyclins B1 and D1, and CDK4 (26). Cyclin D1 plays an 
important factor in growth and proliferation and is the most 
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Fig. 2. METTL14 depletion attenuates the initiative pathway of liver regeneration after PH. (A) Liver to body weight ratios at the indicated 
time points after PH in WT and HET mice (n = 4, each). (B) Serum ALT at the indicated time points after PH in WT and HET mice (n = 
4, each). (C, D) HGF and TNF-α mRNA expression levels in the liver at the indicated time points after PH in WT and HET mice (n = 
4, each). (E) Relative protein level of METTL14 in the liver at the indicated time points after PH in WT and HET mice (n = 3, each). (F) 
Representative western blot of METTL14, HGF, TGF-α and EGFR in the liver at the indicated time points after PH in WT and HET mice (n 
= 3, each). *P ＜ 0.05, **P ＜ 0.01 and ***P＜0.001 when compared among time points in same group; #P ＜ 0.05, ##P ＜ 0.01 and ###P ＜
0.001 when compared between WT and HET mice; Error bar represents mean ± SD.

Fig. 3. METTL14 depletion downregulates cell cycle progression in liver regeneration after PH. (A, B) Cyclin B1 and cyclin D1 mRNA 
expression levels in the liver at the indicated time points after PH in WT and HET mice (n = 4, each). (C, D) Relative protein level of 
cyclin D1 and CDK4 in the liver at the indicated time points after PH in WT and HET mice (n = 3, each). (E) Representative western 
blot of cyclin B1, cyclin D1 and CDK4 in the liver at the indicated time points after PH in WT and HET mice. *P ＜ 0.05, **P ＜ 0.01 
and ***P ＜ 0.001 when compared among time points in same group; #P ＜ 0.05, ##P ＜ 0.01 and ###P ＜ 0.001 when compared 
between WT and HET mice; Error bar represents mean ± SD.

Fig. 4. METTL14 depletion reduces hepatocyte proliferation in liver regeneration after PH. (A) Representative immunohistochemical images 
showing MKI67 staining at the indicated time points after PH. (B) Quantification of MKI67 staining in hepatocyte nuclei at the indicated 
time points after PH (n = 4, each). ***P ＜ 0.001 when compared among time points in same group; ##P ＜ 0.01 when compared 
between WT and HET group; Error bar represents mean ± SD.; Scale bar = 50 μm.
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reliable marker for G1 phase progression in liver regeneration 
(27). CDK4 is a cyclin-dependent kinase and the main regu-
lator of the cell cycle; it can combine with cyclin D1 (28). 
Cyclin B1 is related to the M phase (27). The mRNA and 
protein expression of cyclin B1 and cyclin D1 at 24-72 h after 
PH were higher in WT mice than in HET mice (Fig. 3A-C, E). 
However, CDK4 protein expression was not consistent with 
that of cyclin D1 (Fig. 3D, E). As shown in Fig. 3, although the 
time-dependent results in mRNA and protein expression levels 
during liver regeneration did not follow the same pattern, there 
were similarities in the trends that increased and gradually 
decreased.

Lastly, we analyzed the hepatocyte proliferation rate using 
immunostaining of MKI67, which is more abundant in DNA 
synthesis and mitosis than in the early or even the very late G1 
phase, as an indicator of cell cycle progression (29). The 
proliferation rate was calculated by the number of stained 
nuclei (Fig. 4A). The rate of MKI67-positive hepatocytes was 
significantly increased in WT mice than in HET mice at 48 h 
and 72 h after PH (Fig. 4B).

DISCUSSION 

It is well known that the liver has a distinctive and dynamic 
ability to recover its original size to maintain body homeosta-
sis (1). METTL14 has an important role in endogenous RNA 
modification as an m6A methyltransferase (7). A recent study 
has shown that METTL14 is involved in liver regeneration 
following acute injuries, such as PH (6). 

The regeneration process after PH is influenced by extensive 
interaction of parenchymal as well as non-parenchymal cells. 
The influence of the METTL14-related m6A modification path-
way on non-parenchymal cells, such as sinusoidal endothelial 
cells, stellate cells, and Kupffer cells, is not yet understood. In 
this study, we performed surgical experiments using HET mice, 
to evaluate the influence of METTL14 on liver regeneration 
mediated by non-parenchymal liver cells. We found that the 
liver mass was similar in both the HET and WT mice over 8 
weeks of age, as measured by the ratio of their liver weight to 
body weight (Fig. 2A). Our findings supported previous 
findings by Cao et al. (6) showing liver development in mice 
with liver-specific Mettl14 knockout was similar to that in wild 
type mice. However, to confirm whether the liver develop-
ment in the Mettl14-knockout heterozygous mice we used is 
normal, more research is required. Meanwhile, the ratio of 
liver weight to body weight between 24 h and 72 h after PH 
was significantly decreased in HET mice compared to WT 
mice. Furthermore, mRNA expression of HGF, which is a 
complete mitogen secreted by stellate cells, was down-regu-
lated in HET mice compared to WT mice. Furthermore, mRNA 
expression of TNF-α, which is a mitogen released by endo-
thelial cells and Kupffer cells, was significantly decreased in 
HET mice than in WT mice at 72 h after PH. This experiment 
focused on the findings at 72 h after PH, as most of the active 

postoperative hepatocellular proliferation occurs during this 
period (25, 30). Protein expression of these two mitogens was 
notably reduced at 72 h after PH in HET mice compared to WT 
mice. These results support the hypothesis that METTL14-me-
diated m6A modification can affect the expression of certain 
mitogens derived from non-parenchymal liver cells, leading to 
the initiation phase of liver regeneration. In contrast, the pro-
tein expression of EGFR was increased at 24 h after PH in HET 
mice compared to WT mice. EGFR is a membrane receptor 
that binds to EGF, which is one of the complete mitogens 
secreted from the Brunner’s gland of the duodenum (3, 26). 
This implies that specific growth factors which originate from 
organs besides the liver are not influenced by the m6A mo-
dification pathway. Subsequently, we analyzed the cell-cycle 
pathway, which is stimulated by HGF and TNF-α. The ex-
pression of cyclin D1, which is a major regulator of the G1 
phase, was downregulated in HET mice compared to the WT 
mice and was particularly remarkably decreased at 72 h after 
PH. In addition, the expression of cyclinB1, which is a re-
gulator of the mitosis phase, decreased faster in HET mice than 
in WT mice. These consistent cascading results suggest that 
the cell cycle is decreased in HET mice. CDK4 is a transcrip-
tion factor of the G1 phase. Our findings revealed that there 
was a tendency toward upregulation of CDK4 expression in 
HET mice, unlike that of cell cyclins. This suggests the pre-
sence of a compensatory response, which is not affected by 
METTL14-mediated m6A modification. However, further research 
is needed to validate our findings. Finally, we analyzed the 
hepatocyte proliferation rate using MKI67-positive hepatocytes, 
which was significantly decreased in HET mice compared to 
WT mice, and consistent with the results of the liver weight- 
to-body weight ratio. In this experiment, we found that novel 
biological events involving mitogenic pathways, induced by 
non-parenchymal liver cells, are disturbed by incomplete Mettl14 
expression. Nonetheless, it remains a challenge to prove that 
HGF and TNF-α are actual targets of Mettl14 by assessing their 
RNA transcripts for m6A enrichment. We believe that addi-
tional research into the relationship of non-parenchymal liver 
cells using conditional Mettl14 knockout mice will help us 
overcome the limitations of our work.

Taken together, this study suggested that the m6A modifica-
tion pathway is essential in compensatory liver regeneration 
involving non-parenchymal liver cells after acute injury. Fur-
thermore, these results provide new insights into the existing 
knowledge on the regenerative processes in the liver following 
surgical treatment. 

MATERIALS AND METHODS

Animals 
C57BL/6 mice purchased from the Korea Research Institute of 
Bioscience and Biotechnology (KRIBB) were used for all ex-
periments in this study. Mice were maintained under a 12-h 
light-dark cycle and were provided with free access to water 
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and a regular chow diet in a specific pathogen-free (SPF) facility.
The C57BL/6N-Mettl14＜em1(IMPC)Tcp＞ mice were produced 

as part of the KOMP2-Phase2project at the Center for Pheno-
genomics of International Mouse Phenotyping Consortium 
(IMPC) and were obtained from the Canadian Mouse Mutant 
Repository. According to IMPC data, Homozygous offspring of 
Mettl14 knockout mice exhibited preweaning or embryonic 
lethality.

The Mettl14 HET mice and WT mice were created by the 
deletion of Mettl14; endonuclease-mediated 1 allele, as published 
by the IMPC. Genotyping was performed using genomic DNA 
desolated from tails according to the IMPC screening protocol.

Partial hepatectomy
Male mice, aged 8 to 10 weeks, were subjected to 70% partial 
hepatectomy under isoflurane (Hana Pharm Co., Ltd.) inhala-
tion anesthesia according to a published protocol (22-24).

The left lateral and median lobe of the liver along with the 
gall bladder were ligated and removed. The gall bladder was 
always removed during surgery to avoid damage. For postope-
rative care, all animals were administrated 5 mg/kg ketoprofen 
(Daehan Inc., Korea) intraperitoneally to control pain (24). All 
mice were sacrificed at the indicated time. The weight of the 
remnant livers was measured, which were then subsequently 
fixed in 4% paraformaldehyde and snap-frozen in liquid nitrogen 
immediately after extraction. Animal experiments were performed 
following the “Guide for Animal Experiments” edited by the 
Korean Academy of Medical Sciences and “ARRIVE Guidelines” 
by NC3Rs and approved by the Institutional Animal Care and 
Use Committee of Seoul National University, Seoul, Korea 
(IACUC approval no. SNU-190919-9, SNU-210709-4).

m6A quantification 
The m6A level in total RNA in the liver tissues was assessed 
using the EpiQuikTM m6A RNA Methylation Quantification Kit 
(cat. P-9005; Epigentek Group Inc., USA) following the manu-
facturer’s protocol. Total RNA (200 ng) was added to each 
well, followed by the addition of the capture antibody solution 
and detection antibody solution (31). The absorbance at 450 nm 
was colorimetrically measured to determine the m6A level.

Histology and Immunohistochemistry 
Liver tissues were fixed overnight in 4% paraformaldehyde, 
embedded in paraffin, and used for hematoxylin and eosin 
(H&E) staining, as well as immunostaining with antibodies 
against MKI67 (cat. ab16667; Abcam, Cambridge, UK). For im-
munostaining, the slides containing tissue sections were first 
heated in citrate buffer for antigen retrieval before being treated 
with horse serum for blocking the endogenous peroxidase 
activity. Slides were then incubated with the primary antibody 
overnight, followed by a 30 min incubation with the secondary 
antibody (horse Anti Rabbit HRP). The slides were then devel-
oped with diaminobenzidine (DAB). To quantify hepatocyte pro-
liferation, ten fields per slide were randomly chosen under the 

microscope after immunostaining to count MKI67-positive 
hepatocytes and the percentage of MKI67-positive hepatocytes 
was calculated against the total hepatocytes in the fields.

Western blotting 
Protein lysates were prepared in RIPA buffer containing 0.5 mM 
phenylmethane sulfonyl fluoride (PMSF), 4 μg/ml leupeptin, 
4 μg/ml aprotinin, and 4 μg/ml pepstatin, separated by so-
dium dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis 
(PAGE), and transferred to polyvinylidene fluoride (PVDF) mem-
branes. Membranes were incubated with the following primary 
antibodies overnight: METTL3 (cat. 96391, Cell Signaling Tech-
nology, MA, USA), METTL14 (cat. HAP038002; Sigma-Aldrich, 
MO, USA), YTHDF2 (cat. ab220163), TNF-α (cat. 11948, Cell 
Signaling Technology), HGF (cat. ab83760), EGFR (cat. 2646; 
Cell Signaling Technology), Cyclin B1 (cat. 12231; Cell Sig-
naling Technology), Cyclin D1 (cat. 2978; Cell Signaling Tech-
nology), CDK4 (cat. Sc-23896; Santa Cruz Biotechnology, Inc., 
USA), GAPDH (cat. 2118, Cell Signaling Technology) then 
incubated with the secondary antibody goat-anti-rabbit-HRP or 
goat-anti-mouse-HRP for 1 h. Antibody binding was visualized 
using the Pierce TM ECL western blotting detection system 
(Chemi-Doc XRS+System; Bio-rad, CA, USA).

mRNA isolation and real-time polymerase chain reaction 
(RT-PCR)
Total RNA was isolated from the liver using Trizol (Ambion, 
TX, USA) reagent. RT-PCR analysis of the isolated mRNA was 
performed in a two-step reaction (32). In the first step, a com-
plementary DNA strand was synthesized using the Acculower 
RT reverse transcription kit (Bioneer, Daejeon, South Korea), 
and the second step was performed on a 7500 Real-Time PCR 
System (Applied Biosystems, MA, USA) with SYBR green 
(BIO-94020; Bioline, Toronto, Canada) and specific primers 
for each of the target genes. Each assay included the 36B4 gene 
as an endogenous reference. Gene expression was calculated 
using the 2−ΔΔCT method.

Statistical analysis
Statistical analysis was performed using GraphPad Prism 4 
(GraphPad Software, http://www.graphpad.com). Data are pre-
sented as mean ± standard deviation (SD). Statistical significan-
ce among more than two groups was assessed using Student’s 
t-test. A P-value less than 0.05 was considered statistically sig-
nificant. 
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