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KEY WORDS Abstract N6-Methyladenosine (m6A) modification is a crucial post-transcriptional regulatory mecha-
nism and the most abundant and highly conserved RNA epigenetic modification in eukaryotes. Previous

lléiMA studies have indicated the involvement of m6A modification in various tissue regeneration processes,
ALPPS: including liver regeneration. Vir-like m6A methyltransferase associated protein (VIRMA) is an m6A
Liver regeneration; methyltransferase with robust methylation capability. However, its role in liver regeneration remains
SHQI:; poorly understood. In this study, we generated liver-specific Virma knockout mice using the Cre-loxP sys-
HNRNPA2B1; tem and investigated the biological functions of VIRMA in liver regeneration using both the Associating
MeRIP-seq; Liver Partition and Portal vein Ligation for Staged Hepatectomy (ALPPS) mouse model and the carbon
PI3K/AKT; tetrachloride (CCl;) mouse model. The expression level of VIRMA was rapidly up-regulated after ALPPS
mRNA stability surgery and gradually down-regulated during liver repair. Virma deficiency significantly impaired liver

regeneration capacity and disrupted cell cycle progression. Methylated RNA immunoprecipitation
sequencing (MeRIP-seq) analysis revealed that Shq! is an effective downstream target of VIRMA-
mediated m6A modification. The upregulation of Shq/ enhanced the proliferation ability of cells, which
was attenuated by the specific AKT inhibitor ipatasertib. Supplementation of Shql in vivo alleviated the
liver cell proliferation inhibition caused by Virma deficiency. Furthermore, the m6A-binding protein
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heterogeneous nuclear ribonucleoprotein a2bl (HNRNPA2B1) enhanced the mRNA stability of Shql.
Mechanistically, Virma deficiency resulted in decreased m6A modification on Shg/ mRNA, leading to
reduced binding ability of m6A-binding protein HNRNPA2B1 with Shq!, thereby decreasing the mRNA
stability of Shql and reducing its protein expression level. Downregulation of Shq/ inhibited the PI3K/
AKT pathway, thereby suppressing cell proliferation and cell cycle progression, ultimately impeding liver
regeneration. In summary, our results demonstrate that VIRMA plays a critical role in promoting liver
regeneration by regulating m6A modification, providing valuable insights into the epigenetic regulation

during liver regeneration.

© 2025 The Authors. Published by Elsevier B.V. on behalf of Chinese Pharmaceutical Association and
Institute of Materia Medica, Chinese Academy of Medical Sciences. This is an open access article under
the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

The liver is one of the body’s most vital metabolic organs, pos-
sessing remarkable regenerative capabilities in response to stimuli
to meet the demands of normal metabolism'? Studies have
indicated that following partial hepatectomy (PH), hepatocytes are
the primary cell type within liver tissue to re-enter the cell cycle
and initiate cell division, ultimately leading to complete recon-
struction of liver structure™*. Decreased liver regeneration ca-
pacity results in inadequate future liver remnant (FLR) volume,
leading to post-hepatectomy liver failure, also known as “small-
for-size syndrome™’, which is a major cause of mortality in pa-
tients undergoing PH. Associating Liver Partition and Portal vein
ligation for Staged hepatectomy (ALPPS), as an emerging surgical
strategy that rapidly promotes liver regeneration, offers the po-
tential for curative surgery in patients previously deemed inop-
erable®. However, the molecular mechanisms underlying liver
regeneration remain poorly understood. Therefore, elucidating the
processes of liver regeneration, particularly the molecular mech-
anisms and signaling pathways involved following ALPPS sur-
gery, holds paramount significance for the development of
innovative therapeutic strategies to enhance liver regeneration.
N6-Methyladenosine (m6A) modification is a crucial post-
transcriptional regulatory mechanism and the most abundant and
highly conserved epigenetic modification on RNA in eukaryotes’ .
The m6A modification is achieved by adding a methyl group to the
N6 position of adenosine residues in mRNA molecules, a process
dynamically regulated by three homologous factors known as
“writers”, “readers”, and “erasers” of m6A'®. m6A modification
plays critical roles in regulating RNA stability, splicing, translation,
and RNA metabolism, thereby influencing various biological pro-
cesses at the macroscopic level, including tissue development, dif-
ferentiation, aging, regeneration, apoptosis, and immune
regulation'!. Recent studies have demonstrated that methyl-
transferase 3 (Mettl3), a component of the m6A methyltransferase
complex, can enhance the stability and expression of MIS/2 mRNA
by increasing its m6A modification level, promoting the binding of
IGF2BP2 to MIS12 mRNA, and thereby stimulating self-renewal
and tissue regeneration of human mesenchymal stem cells'>. This
indicates the involvement of m6A methylation modification in tissue
regeneration processes. Furthermore, the role of m6A modification
in liver regeneration is increasingly being recognized. Mutations in
Mettl14 suppress liver regeneration by inhibiting hepatocyte growth
factor and tumor necrosis factor-alpha in non-parenchymal cells
(liver sinusoidal endothelial cells, stellate cells, and Kupffer cells)”’.
Another study found that loss of Mettl14 leads to decreased m6A
modification levels in mRNA molecules involved in multiple

peptide processing pathways, triggering endoplasmic reticulum
stress and inhibiting liver cell proliferation'?.

The m6A methyltransferase-associated protein (Vir-like m6A
methyltransferase associated protein, VIRMA), also known as
KIAA1429, is an essential component of the m6A methyl-
transferase complex and has been reported to exert a higher impact
on m6A modification efficiency compared with Mettl3 and
Mettl14'>. VIRMA appears to be a pro-proliferative gene, as its
involvement in various tumors, including breast cancer, nasopha-
ryngeal carcinoma, and intrahepatic cholangiocarcinoma, has been
linked to cell phenotype modulation through m6A modification'®”
1. However, the precise role of VIRMA-mediated m6A modifi-
cation in liver regeneration and its potential regulatory mecha-
nisms remain largely unexplored.

In this study, we observed an increase in VIRMA expression
during liver regeneration after ALPPS surgery, accompanied by a
significant elevation in global m6A levels. Liver-specific Virma
knockout mice exhibited significantly impaired regeneration and
repair capacity following ALPPS surgery or acute liver injury
induced by CCL4. Mechanistically, hepatic Virma knockout sup-
pressed the m6A modification level of its downstream target,
Shql. The reduction in m6A modification on Shg/ mRNA
decreased its binding capacity with the “reader” protein
HNRNPA2B1, thereby reducing Shgq! mRNA stability and
consequently decreasing Shql expression levels. SHQI is a crit-
ical assembly factor for H/ACA ribonucleoproteins, crucial for
ribosome biogenesis and pre-mRNA splicing®. Previous studies
have shown that loss of SHQ1 significantly inhibits cell growth?".
Additionally, we found that the downregulation of SHQI
expression partially hinders liver regeneration by inhibiting the
PI3K/AKT signaling pathway. These findings unveil novel bio-
logical functions of VIRMA and provide new insights for poten-
tial intervention strategies in liver regeneration.

2. Materials and methods
2.1. Animals

The animal experiments were approved by the Animal Ethics
Committee of West China Hospital, Sichuan University (approval
code: 20080226080; July 1, 2008). Both wild-type (WT) mice and
liver-specific Virma knockout (Virma-KO) mice were C57BL/6J
background. The Virma'®*"** mice carrying loxP-flanked Virma
alleles and Albumin-Cre mice were obtained from Cyagen Bio-
sciences (Jiangsu, China). Virma-KO mice were generated by mating
Virma' """ mice with Albumin-Cre mice. Genotypes were
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confirmed by PCR amplification of tail DNA. All mice were housed
under specific pathogen-free conditions in the Experimental Animal
Center. Experiments were performed on age- and sex-matched mice
aged 8—10 weeks. For the ALPPS procedure, the protocol described
by Schlegel A was followed?. Briefly, The ALPPS procedure con-
sists of two steps: Step 1: Using 9-0 sutures, the portal vein branches
supplying the left lateral lobe, right lobe, caudate lobe, and right
middle lobe were sequentially ligated, while ensuring the hepatic
arterial system remained intact to achieve 90% portal vein ligation.
After ligating the portal vein system to the right middle lobe, a clear
ischemic line appeared immediately. Bipolar electrocautery was
used to cauterize along the ischemic line, followed by transection of
80% of the liver with surgical scissors. A routine cholecystectomy
was then performed. Step 2: Forty-eight hours after the first surgery,
a second laparotomy was performed to resect the ischemic liver
lobes, including the caudate lobe, right lobe, and right middle lobe.
For the acute liver injury model, mice were challenged with intra-
peritoneal injection of 10 mL/kg body weight of CCl, (10% CCly in
corn oil), as previously described in our study*. To overexpress
Shql in the mouse liver, AAV8-Shql (5 x 10'' genome copies/
mouse) was delivered to the liver via tail vein injection 4 weeks
before surgery. One hour before euthanasia, mice were injected
intraperitoneally with 1 mg/kg BrdU (B5002, Sigma).

2.2.  Small interfering RNA transfection, plasmid transfection,
and lentiviral infection

Small interfering RNA (siRNA) targeting Virma, Shql, and
Hnrnpa2bl were synthesized by Tsingke Biotechnology Co., Ltd.
(Beijing, China) and transfected into cells using Genmute™ re-
agent (SignaGen Laboratories, MD, USA). Plasmids for Virma,
Shql, and Shql-MUT were synthesized by WZ Biosciences Co.,
Ltd. (Shandong, China), and GenJet™ plus Reagent (SignaGen
Laboratories, MD, USA) was used for plasmid transfection.
Virma and Shql were cloned into lentiviral packaging vectors
synthesized by WZ Biosciences Co., Ltd. (Shandong, China).
Standard procedures were performed according to the multiplicity
of infection of cells to achieve stable infection, and quantitative
real-time polymerase chain reaction (QRT-PCR) and Western blot
were used to verify transfection efficiency.

2.3.  MeRIP-seq

After homogenizing liver tissues into cell suspensions, total RNA
was isolated and purified using TRIzol reagent (Invitrogen,
Carlsbad, USA). Quantification of RNA quantity and purity for
each sample was conducted using NanoDrop ND-1000
(NanoDrop, Wilmington, USA), while RNA integrity was
assessed using Bioanalyzer 2100 (Agilent, USA). RNA was
fragmented into 100-nucleotide-long fragments using the Mag-
nesium RNA Fragmentation Module (NEB, Ipswich, USA).
Immunoprecipitation of fragmented mRNA was performed using
anti-m6A antibody (Synaptic Systems, Goettingen, Germany),
with 1/10 of the fragmented mRNA retained as input. RNA-seq
libraries were then prepared using the KAPA Stranded mRNA-seq
Kit (Illumina, San Diego, USA). Subsequently, libraries under-
went paired-end sequencing on the Illumina Hiseq 4000 platform.

2.4.  Western blot

Liver tissues and cells were lysed in RIPA Lysis Buffer (Beyotime
Biotechnology, Shanghai, China) containing the protease inhibitor

cocktail (Thermo Fisher Scientific, Waltham, USA). Protein
concentrations were determined with the BCA protein assay kit
(P0O011, Beyotime, Shanghai, China). Proteins were separated by
7.5%—15% sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis. Samples of protein were resolved on sodium dodecyl
sulfate-polyacrylamide gel electrophoresis and transferred onto
PVDF membranes (ISEQ00010, Millipore, Burlington, USA). The
membranes were incubated with the following primary antibodies
overnight at 4 °C: anti-VIRMA (68235-1-Ig, 1:1000, Proteintech,
Wauhan, China), anti-CyclinD1 (#55506T, 1:1000, Cell Signaling
Technology, Danvers, USA), anti-CyclinA2 (ab181591, 1:1000,
Abcam, Cambridge, UK), anti-CDK2 (#2546, 1:1000, Cell
Signaling Technology, Danvers, USA), anti-CyclinB1 (#4138,
1:1000,Cell Signaling Technology, Danvers, USA), anti-CDK1
(ab32094, 1:1000, Abcam, Cambridge, UK), anti-SHQI1 (bs-
17473R-Bio, 1:500, bioss, Beijing, China), anti-p-AKT(Ser473)
(#4060, 1:1000, Cell Signaling Technology, Danvers, USA), anti-
t-AKT (#4691s, 1:1000, Cell Signaling Technology, Danvers,
USA), anti-HNRNPA2B1 (14813-1-AP, 1:1000, Proteintech,
Wuhan, China), anti-G-Tubulin (AF7011, 1:1000, Affinity,
Jiangsu, China), anti-RICTOR (ab70374, 1:1000, abcam, Cam-
bridge, UK), anti-GAPDH (200306, 1:5000, Zen BioScience,
Chengdu, China), Secondary antibodies were pre-labelled at room
temperature for 1 h. Western blots were quantified using ImageJ
software (Version 1.53m).

2.5. gRT-PCR

Total RNA was extracted by using Trizol reagent (Invitrogen, CA,
USA). Subsequently, it was converted to complementary DNA
using HiScript® III All-in-one RT SuperMix (Vazyme Biotech,
Nanjing, China) following the manufacturer’s instruction. Real-
time quantitative PCR was performed with a ChamQ™ SYBR
gPCR Master Mix (Vazyme Biotech, Nanjing, China). Samples
were run in triplicates, expression values were normalized against
Gapdh and fold changes were calculated to the control group
using the 272" method®*. The primers are listed in Supporting
Informaiton Table S1.

2.6. Cell proliferation assay, colony formation assays, EdU (5-
ethynyl-2'-deoxyuridine) labeling assay and apoptosis analysis

For the cell proliferation assay, cells were seeded in 96-well plates
at 3 x 10> cells per well and incubated at 37 °C for 24, 48, 72 or
96 h 10 pL of cell counting kit-8 (CCK-8) reagent (Beyotime
Biotechnology, Shanghai, China) was added to each well and
incubated at 37 °C for 1 h. Then, the absorbance was measured at
450 nm by the EonTM Microplate Reader (BioTek, VT, USA).
For the colony formation assay, 500 cells per well were plated in
6-well plates and incubated for 14 days. Cells were fixed by 4%
paraformaldehyde, followed by staining with 0.1% crystal violet.
The visible colonies were analyzed using Image] software
(Version 1.53m). For the EdU labeling assay, cells were seeded in
48-well plates at 1.5 x 10* cells per well in triplicate. Cell-
Light™ Apollo 567 Stain Kit (RiboBio Biotechnology, Guangz-
hou, China) was used to assess cell proliferation according to the
manufacturer’s instructions. EdU-labelled cells were photo-
graphed using OBSERVER DI1/AX10 cam HRC microscope
(Zeiss, Oberkochen, Germany). For apoptosis analysis, the
Annexin V detection kit (Annexin V-Alexa Fluor 647/PI Kit) was
used following the manufacturer’s instructions. Annexin V reagent
was added to cells for 5 min in the dark. Subsequently, propidium
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iodide buffer was added to the cells, and they were examined
using a CytoFLEX Research Flow Cytometer (Beckman Coulter,
CA, USA). Data analysis was conducted using InCyte software to
distinguish between healthy and apoptotic cells (early and late
apoptosis).

2.7.  Immunohistochemistry

Paraformaldehyde solution was used to fix liver specimens for
24 h. Antigen retrieval was performed by heating slides in the
microwave for 20 min in 0.01 mol/L citrate buffer, and 3%
hydrogen peroxide was added for 10 min to quench peroxidase
activity. Sections were treated with normal goat serum, followed
by incubation overnight with anti-Ki67 antibody (ab16667, 1:200,
Abcam), anti-BrdU antibody (#5292, 1:200, CST) or anti-p-
H3S10 antibody (06—570, 1:200, Merck Millipore) at 4 °C.
Incubated with secondary antibody for 1 h, stained with dia-
minobenzidine. The stained sections were quantified using ImageJ
software (Version 1.53m).

2.8.  Immunofluorescence

For immunofluorescence analysis, cultured cells were fixed with
4% formaldehyde for 20 min and then blocked with 5% bovine
serum albumin containing 0.2% Triton X-100 for 1 h at room
temperature. Anti-albumin antibody (ab207327, Abcam) was used
as the primary antibody and incubated overnight at 4 °C, followed
by immunostaining with Alexa Fluor 488 secondary antibody
(Invitrogen, CA, USA). Nuclei were counterstained with DAPIL.
Visualization of immunofluorescence was observed using a
confocal laser scanning microscope.

Figure 1

2.9.  Statistical analysis

All data analyses in this study were performed using the statistical
software SPSS version 23.0 and the graphing software GraphPad
Prism version 9.0. To compare differences between two groups,
we employed #-tests. For comparisons involving multiple groups,
we utilized one-way analysis of variance to assess statistical sig-
nificance. A two-tailed P value less than 0.05 was considered
statistically significant (*P < 0.05; **P < 0.01; ***P < 0.001).

3. Results

3.1.  VIRMA is elevated during liver regeneration after ALPPS
surgery

To investigate the biological function of VIRMA in liver regen-
eration after ALPPS surgery, we constructed a mouse ALPPS
model following the methods described by Schlegel et al.?
(Fig. 1A and B). Western blot analysis showed that the expression
of VIRMA exhibited a rapid increase after ALPPS surgery,
reaching a peak at 48 h post-surgery, followed by a gradual
decrease to levels close to baseline (Fig. 1C), suggesting a po-
tential role of VIRMA in the early stages of liver regeneration.
Given that VIRMA is a known m6A methyltransferase, we further
examined the m6A modification levels in total RNA from mouse
liver tissues after ALPPS surgery using spectrophotometric anal-
ysis. The results showed that, similar to the trend observed for
VIRMA, the global m6A levels in liver tissues increased rapidly
after ALPPS surgery, peaked at 48 h post-surgery, and then
gradually declined to near-baseline levels (Fig. 1D), consistent
with previous studies'*?>. These findings suggest that VIRMA

VIRMA and global m6A level is elevated during liver regeneration after ALPPS surgery. (A) Schematic diagram of Associating Liver

Partition and Portal vein Ligation for Staged Hepatectomy (ALPPS) surgery in mice. (B) Schematic representation of the timeline for collecting
liver tissue and serum samples after ALPPS surgery in mice. (C) Western blot for VIRMA expression in liver samples at specified time points after
ALPPS surgery. (D) Spectrophotometric analysis of m6A modification levels in total RNA from liver tissues at designated time points post-
ALPPS surgery. Data are presented as mean += SEM (n = 5), *P < 0.05; **P < 0.01; ***P < 0.001; ns, P > 0.05.
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may be involved in liver regeneration after ALPPS surgery, and
this process may be associated with m6A modification.

3.2.  Virma knockout suppressed liver regeneration in both
ALPPS and CCl,; animal models

To elucidate the role of Virma in liver regeneration, we generated
liver-specific Virma-KO mice using the Alb-Cre/loxP system
(Fig. 2A and B, Supporting Information Fig. SIA—SI1C). The
Virma-KO mice were born and grew normally, showing no ab-
normalities in liver size or structure based on macroscopic ex-
amination, FLR/body weight (BW), and H&E staining
(Fig. SID—SI1F). Additionally, serum analyses for alanine
aminotransferase (ALT), aspartate aminotransferase (AST), and
total bilirubin (TBIL) levels indicated no significant changes in
hepatic enzyme activity upon Virma deletion (Fig. SIG—S1I). We
then performed ALPPS surgery on both groups of mice and
assessed the degree of liver regeneration using theFLR/BW ratio.
The growth rate of liver regeneration was calculated using Eq. (1):
Growth rate=(FLR/BW at postoperative time—FLR/BW at
baseline)/(FLR/BW at baseline) @))]
As anticipated, compared with the control group, Virma-KO
mice exhibited significantly decreased FLR/BW ratio and liver
regeneration rate (Fig. 2C and D), particularly evident during the
48—72 h post-ALPPS surgery, highlighting a pronounced inhibi-
tion of liver regeneration due to Virma deficiency. Accordingly,
Virma-KO mice had significantly higher serum levels of ALT,
AST, and TBIL compared with the control group, suggesting that
Virma deficiency exacerbated liver damage post-ALPPS surgery
(Fig. 2E—G). Ki67 expression is indicative of cellular prolifera-
tion across all active phases of the cell cycle?®, while bromo-
deoxyuridine (BrdU) and phosphorylated histone H3S10 (p-
H3S10) are markers of the S and G2/M phasesﬂ‘ Thus, we uti-
lized the three markers to further evaluate hepatocellular prolif-
eration following ALPPS surgery. The results showed the much
lower Ki67-positive rates in Virma-KO mice compared with WT
mice from 24 to 120 h post ALPPS surgery (Fig. 2H), suggesting
that Virma deficiency may decelerate hepatocellular proliferation
by inhibiting the transition from G1 to S phase. Additionally, the
positive rates of BrdU and p-H3S10 were significantly lower in
Virma-KO mouse liver tissues compared with the control group,
further confirming the inhibitory effect of Virma deficiency on the
hepatocellular cycle process. Interestingly, there is no significant
differences were found in Ki67, BrdU, and p-H3S10 expression
between Virma-KO and WT mouse liver tissues at 168 h post-
ALPPS surgery, indicating a recovery of hepatocellular prolifer-
ation at the late stage of regeneration (Fig. 2I and J). Similar to
these staining results, H&E staining revealed a significant reduc-
tion in mitosis (indicated by arrows) in Virma-KO mice compared
with the control group (Supporting Information Fig. S2A). While,
global m6A modification levels were found significantly lower in
Virma-KO mice at 48 h post-ALPPS surgery compared with the
WT group (Fig. 2K). Western blot analysis of cell cycle proteins
revealed a significant inhibition of the key G1 phase regulator
CyclinD1 expression in Virma-KO mouse livers during the first
72 h post-ALPPS surgery, suggesting a G1 phase arrest due to
Virma deficiency (Fig. 2L). Moreover, the expression of S-phase-
related cell cycle proteins CyclinA2 and CDK2 was significantly
reduced in Virma-KO mice, while the expression of G2/M phase
key regulators CyclinBl and CDKI1 was also significantly
decreased in Virma-KO mouse livers (Fig. 2L), indicating the
critical role of Virma in regulating the liver cell cycle process.

To further confirm the role of Virma in liver regeneration
following liver injury, we utilized CCl, as a chemical inducer to
establish an acute liver injury model, mimicking the regenerative
environment post-liver damage. H&E staining results revealed that
within 72 h post CCly injection, both Virma-KO and WT mice
exhibited evident hepatocellular damage, with the severity being
more pronounced in Virma-KO mice (Fig. 3A). While WT mice
had completed liver repair by 120 h post CCly, injection, Virma-
KO mice still showed evidence of partial hepatic tissue necrosis at
the same time point (Fig. 3A). Immunofluorescence staining for
IBA1, a general macrophage marker, showed that in the WT
group, the number of IBA1" cells was higher at 72 h post CCl,
treatment compared with 48 h. A similar pattern was observed in
the Virma-KO group. However, Virma knockout significantly
reduced the number of IBA1™ cells at both time points (Fig. S2B).
Furthermore, serum biochemical analysis showed significantly
higher levels of ALT, AST, and TBIL in Virma-KO mice
compared with the control group at the same time points, sug-
gesting a slower repair process in Virma-KO mice following acute
liver injury (Fig. 3B—D). Western blot analysis revealed that
within the first 72 h of CCl, treatment, the expression levels of the
key regulatory protein CyclinD1 in the G1 phase was significantly
inhibited in Virma-KO mouse liver tissues, while the expression of
the S-phase markers CyclinA2 and CDK2, as well as the G2/M-
phase markers CyclinBl and CDKI1, was also significantly
reduced (Fig. 3E). Then, we further examined expressions of cell
proliferation markers by immunohistochemical analysis, within
the first 120 h after CCly treatment, the positive rates of Ki67,
BrdU, and p-H3S10 were significantly lower in liver tissues of
Virma-KO mice compared with WT mice (Fig. 3F—H). To further
investigate the role of Virma in liver regeneration, we performed
PH in mice. As shown in Supporting Information Fig. S3A and
S3B, the FLR/BW ratio was significantly reduced in the Virma-
KO group compared with the control group at both 48 and 72 h
post-PH (Fig. S3A). Additionally, immunohistochemical staining
revealed a substantial decrease in Ki67-positive hepatocytes in the
Virma-KO group, further confirming the impaired liver regenera-
tion capacity following PH (Fig. S3B). These findings are
consistent with those observed in the ALPPS and CCl; models,
underscoring the critical role of Virma in hepatocyte proliferation
and liver regeneration.

3.3.  Virma affected the proliferative capacity of AMLI2

We effectively knocked down the expression levels of Virma in
AMLI12 cells using siRNA (Fig. 4A, Fig. S1J). Subsequently, we
assessed the proliferative capacity of AMLI12 cells after Virma
knockdown through a series of biological experiments, including
CCK-8 proliferation assays, colony formation assays, and EdU
labeling experiments. The results consistently showed that Virma
knockdown significantly inhibited the proliferative activity of
AMLI12 cells (Fig. 4B—F). Furthermore, we stably overexpressed
Virma in AMLI12 cells using lentivirus-mediated methods and
further evaluated its proliferative capacity (Fig. 4G). Similarly,
CCK-8 proliferation assays, colony formation assays, and EdU
labeling experiments consistently demonstrated that Virma over-
expression significantly enhanced the proliferative capacity of
AMLI12 cells (Fig. 4H—L). In addition to its effect on cell pro-
liferation, Virma also exerted a significant impact on the apoptotic
process of AMLI12 cells. Flow cytometric analysis revealed that
Virma knockdown increased the apoptosis rate of AML12 cells
(Fig. S1K), while Virma overexpression effectively reduced the
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Figure 2  Virma knockout suppresses liver regeneration post-ALPPS surgery. (A) An overview of the strategy for the generation of liver-specific
Virma knockout mice. (B) Western blot analysis for VIRMA expression in liver tissues of the two groups. (C) Future liver remnant (FLR)/body
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apoptosis rate (Fig. S1L). These results indicate that Virma not
only plays a crucial role in promoting the proliferation of
AML12 cells but also exerts a protective effect on maintaining cell
survival.

3.4. SHQI was identified as a downstream target of VIRMA-
mediated m6A modification

Given that VIRMA is an essential component of the m6A meth-
yltransferase complex, to further explore downstream targets of
VIRMA in promoting liver regeneration, we conducted MeRIP-
seq on liver tissues from WT, Virma-KO, WT-48 h post-ALPPS,
and Virma-KO-48 h post-ALPPS mice. Consistent with previous
reports, the canonical GGAC motif was highly enriched within
mo6A sites in all groups (Fig. SA—C), and these m6A modifica-
tions were predominantly distributed in the coding sequence
(CDS) and the 3'-untranslated regions?®. Gene Ontology analysis
indicated that Virma depletion mainly affected processes such as
DNA recombination, cell cycle, and cell population proliferation
during liver regeneration (Fig. 5D). Kyoto Encyclopedia of Genes
and Genomes pathway analysis revealed significant enrichment of
the PI3K—AKT and MAPK signaling pathways among these
differentially expressed genes (Fig. SE), both of which are known
to be important pathways in liver regeneration®->°. Given that the
global level of m6A modification increases during liver regener-
ation and the role of Virma as an m6A writer, we reasoned that the
abundance of m6A would increase in the regenerating livers of
WT mice but decrease in Virma-KO mice. Based on this, we
identified 19 potential downstream target genes of Virma (Fig. SF).
Subsequently, we further evaluated the expression levels of these
genes through qRT-PCR experiments (Supporting Information
Fig. S4A—S4Q) and found that Shg! and Adck2 were upregu-
lated after ALPPS surgery and decreased after Virma knockout
(Fig. 5G and H). Next, MeRIP-qPCR validated the increased m6A
methylation levels of these two genes after ALPPS surgery and
their decreased levels after Virma knockout (Fig. 5I and J).

To identify potential direct downstream genes of Virma, we
conducted RIP experiments and observed a significant enrichment
of Shql mRNA in the products pulled down by the VIRMA
antibody (Fig. 5K). However, there was no significant enrich-
ment of Adck2 mRNA (Fig. S4R), indicating that VIRMA in-
teracts with Shgl rather than Adck2. Because Shgl has been
shown to play a key role in cellular processes related to RNA
processing and ribosome biogenesis®'. VIRMA-mediated m6A
modification is known to be involved in various cellular processes,
including maintaining RNA stability and regulating RNA trans-
lation®®. we hypothesized that there was a potential synergistic
interaction between VIRMA and Shql. To test the hypothesis, we
first examined the expression levels of SHQI using Western
blotting, which revealed a significant decrease in SHQI protein
expression levels in Virma-KO mice (Fig. S5L), then, as expected,

in vitro experiments showed that knocking down VIRMA reduced
SHQI1 protein expression levels in AMLI12 cells, while over-
expressing VIRMA increased SHQ1 levels (Fig. SM). To further
determine the mRNA stability of Shqg!, we conducted actinomycin
D experiments. Actinomycin D inhibits the synthesis of nascent
mRNA and is used for mRNA stability assays®>. We isolated
primary hepatocytes from WT and Virma-KO mice and confirmed
it with ALB immunofluorescence staining (Figs. S4S and S4T).
The actinomycin D assay revealed that Virma knockout resulted in
decreased stability of Shg/ mRNA (Fig. 5N), while Virma over-
expression enhanced the stability of Shqg/ mRNA (Fig. 50). These
data indicate that VIRMA acts as an upstream regulatory factor of
SHQ1, whereby it regulates the expression of SHQ! by stabilizing
its mRNA. Subsequently, we used the SRAMP database to predict
m6A methylation sites on Shgl (Fig. 5P) and synthesized pmir-
GLO-ShqI-WT luciferase reporter genes containing the WT Shq!
CDS region. For the control group, we followed previous research
findings** and constructed a mutant Shgl encoding region in
pmirGLO-Shql-MUT luciferase reporter gene by replacing the
adenine (A) at the m6A site with cytosine (C). Results from the
dual luciferase reporter system showed that pmirGLO-Shql-WT
luciferase activity significantly decreased after knocking down
Virma, while there was no statistical change in pmirGLO-ShqI-
MUT luciferase activity after knocking down Virma (Fig. 5Q),
indicating that the regulation of Shql expression by Virma de-
pends on m6A modification.

3.5.  SHQI promotes cell proliferation through an AKT
activation-dependent mechanism, while the loss of VIRMA inhibits
cell proliferation by suppressing SHQI expression

To elucidate the biological function of SHQI, we successfully
reduced the expression level of SHQI1 in the AMLI2 cell line
using siRNA (Fig. 6A and B). Through assessments of prolifera-
tion capacity using CCK-8 assays, colony formation experiments,
and EdU labeling assays, we found that the downregulation of
SHQ1 significantly attenuated the proliferation ability of
AMLI12 cells (Fig. 6C—G). Consistent with these findings, in vivo
experiments revealed that Shq! knockdown markedly reduced the
number of Ki67% proliferating cells (Supporting Information
Fig. S5A) and led to a significant increase in serum ALT
(Fig. S5B) and AST levels (Fig. S5C), indicative of impaired liver
regeneration and sustained liver injury. Consistently, Shql over-
expression significantly increased the FLR/BW ratio at 48 and
72 h post-ALPPS (Fig. S5D). Moreover, the number of Ki67"
proliferating cells in the liver was markedly elevated in Shql-
overexpressing mice compared with controls (Fig. S5E). These
results suggest that Shql plays a critical role in hepatocyte pro-
liferation and liver regeneration. To determine whether the regu-
latory effect of VIRMA is mediated by SHQI, we conducted
rescue experiments and found that the overexpression of VIRMA

weight (BW) ratios of the two groups mice at specified time points post-Associating Liver Partition and Portal vein Ligation for Staged Hep-
atectomy (ALPPS) surgery. (D) Liver regeneration rates of the two groups mice at specified time points post-ALPPS surgery, calculated by the
formula: (FLR/BW at postoperative time—FLR/BW at baseline)/(FLR/BW at baseline). (E—G) Levels of ALT, AST, and TBIL in serum samples
of mice at specified time points post-ALPPS surgery. (H—J) Immunohistochemical staining results for Ki67, BrdU, and p-H3S10 in liver tissues of
the two groups mice at specified time points post-ALPPS surgery, along with statistical analysis of the percentage of positive cells (scale
bar = 100 um). (K) Spectrophotometric analysis of m6A modification levels in total RNA extracted from liver tissues of the two groups mice at
48 h post-ALPPS surgery. (L) Western blot analysis for CyclinD1, CyclinA2, CDK2, CyclinB1, and CDKI1 in liver tissues of the two groups mice
at 24, 48, and 72 h post-ALPPS surgery. G1 phase protein: CyclinD1; S phase proteins: CyclinA2 and CDK2; G2 phase proteins: CyclinB1 and
CDKI1. Data are presented as mean + SEM (n = 5), *P < 0.05; **P < 0.01; ***P < 0.001; ns, P > 0.05.
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Figure 3  Virma deficiency impairs liver repair after CCl, challenge. (A) H&E staining depicting the extent of hepatic necrotic areas at specified
time points following carbon tetrachloride (CCl,) treatment in two groups. (B—D) Serum levels of ALT, AST, and TBIL in mice at specified time
points post CCly treatment. (E) Western blot analysis for CyclinD1, CyclinA2, CDK?2, CyclinB1, and CDKI1 in liver tissues of two groups at 24,
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Figure 4

VIRMA promotes the proliferation of AMLI2 cells. (A—F) The effects of Virma silencing in AML12 cells (A) on proliferation

capacity using CCK8 assays (B), Colony formation assays (C, D), EdU labeling assays and their (E, F) quantitative statistical analysis,
respectively (scale bar = 50 pm). (G—L) The effects of VIRMA overexpression in AML12 cells (G) on proliferation capacity using CCKS8 assays
(H), Colony formation assays (I, J), EQU labeling assays and their (K, L) quantitative statistical analysis, respectively (scale bar = 100 pm). Data
are presented as mean = SEM (n = 5), *P < 0.05; **P < 0.01; ***P < 0.001; ns, P > 0.05.

in vitro promoted the expression of SHQI (Fig. 6H). Subse-
quently, we evaluated whether the biological effects of VIRMA
depend on SHQ1. CCK-8 assays, colony formation experiments,
and EdU labeling assays suggested that the knockdown of Shq!
reversed the enhanced proliferation capacity of AML12 cells
induced by Virma overexpression (Fig. 61—M). Importantly, the
increase in p-AKTS™7*/t-AKT expression levels induced by

Virma overexpression was also inhibited by the downregulation of
SHQ1 (Fig. 6H). This observation suggests that VIRMA affects
the proliferation capacity of AMLI12 by regulating SHQI1
expression, and this regulatory effect may be associated with the
activation of the AKT signaling pathway.

Compared with the overexpression of wild-type Shq! (Shql-
WT), the mRNA (Fig. S5F) and protein levels of SHQ1(Fig. 7A)

48, and 72 h post CCly treatment. G1 phase protein: CyclinD1; S phase proteins: CyclinA2 and CDK2; G2 phase proteins: CyclinB1 and CDK1.
(F—H) Immunohistochemical staining for Ki67, BrdU, and p-H3S10 in liver tissues of two groups at indicated time points after CCl, induction,
along with statistical analysis of the percentage of positively stained cells (scale bar = 100 pm). Data are presented as mean + SEM (n = 5),

*P < 0.05; **P < 0.01; ***P < 0.001; ns, P > 0.05.
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Figure 5 SHQI was identified as a downstream target of VIRMA-mediated m6A modification. (A—C) Specific motif sequences (A) and
distribution of m6A peaks (B, C) of mice liver tissues from the four groups. (D, E) Gene Ontology analysis (D) and Kyoto Encyclopedia of Genes
and Genomes pathway analysis (E) of the primary m6A-altered genes during liver regeneration in WT and Virma-KO mice after 48 h of ALPPS
surgery. (F) The schematic strategy for identifying the candidate downstream targets of VIRMA during regeneration. A total of 19 genes met the
requirements that their expression was up-regulated 48 h after ALPPS and subsequently decreased following Virma knockout. Using qRT-PCR
and methylated RNA immunoprecipitation (meRIP)-PCR, we confirmed that 2 out of the 19 genes exhibited this expression pattern. Further
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Figure 6 Knockdown of Shq! inhibits the proliferation capacity of AMLI12 cells. (A) Western blotting for SHQI1, p-AKT(Ser473), and t-AKT
after silencing Shql in AML12. (B—G) The effects of Shgl silencing in AML12 (B) on proliferation capacity using CCK8 assays (C), colony
formation assays (D, E), EdU labeling assays and their (F, G) quantitative statistical analysis, respectively (Scale bar = 100 um). (H) Western
blotting for VIRMA, SHQ1, p-AKT(Ser473), and t-AKT after silencing Shq! in VIRMA-overexpressing AML12. (I—M) The effects of silencing
Shql in VIRMA-overexpressing AML12 on proliferation capacity using CCK8 assays (I), Colony formation assays (J, K), EdU labeling assays
and their (L, M) quantitative statistical analysis, respectively, (Scale bar = 100 pm). Data are presented as mean + SEM (n = 5), *P < 0.05;
##P < 0.01; ***P < 0.001; ns, P > 0.05.

analysis using anti-VIRMA RNA immunoprecipitation (RIP)-PCR revealed that only Shq/ among these 2 genes possessed the ability to directly
bind with VIRMA. (G, H) qRT-PCR of liver tissues for Shql and Adck2. (I, J) MeRIP-qPCR analysis of Shql and Adck2 mRNA in liver tissues.
(K) RIP-gPCR analysis of the enrichment of Shg/ mRNA on VIRMA relative to IgG in AML12 cells. (L) Western blotting for VIRMA and SHQI
in liver tissues. (M) Western blotting for VIRMA and SHQ1 after silencing or overexpressing Virma in AML12 cells. (N, O) qRT-PCR analysis for
the expression of Shql mRNA in AMLI12 cells-overexpressing or knocking down Virma treated with Actinomycin D at indicated time points. (P)
Prediction of m6A methylation sites of Shq! using the SRAMP database. (Q) Relative luciferase activity in NIH/3T3 cells co-transfected with
luciferase reporter pmirGLO-Shgl-WT or pmirGLO-Shq/-MUT and VIRMA siRNAs or the control. Data are shown as the relative ratio of firefly
luciferase activity to Renilla luciferase activity. Data are presented as mean == SEM (n = 5), *P < 0.05; **P < 0.01; ***P < 0.001; ns, P > 0.05.



VIRMA-m6A enhances liver regeneration via HNRNPA2B1 5223

Figure 7  Overexpression of SHQI promotes AMLI2 cell proliferation. (A) Western blotting for p-AKT(Ser473) and t-AKT after over-
expressing Shql-WT or Shql-MUT in Virma-silenced AMLI12 cells. (B—F) After overexpressing Shq!-WT or Shql-MUT in Virma-silenced
AML12 cells, cell proliferation capacity was determined using CCKS8 assays (B), Colony formation assays (C, D), EdU labeling assays and their
(E, F) quantitative statistical analysis, respectively (scale bar = 100 pm). (G) Western blotting for SHQ1, p-AKT(Ser473), and t-AKT after
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were significantly reduced in the Shq/-MUT (m°A site mutant)
overexpression group. Additionally, knocking down Virma
inhibited the expression of p-AKTS*™*"3/t-AKT, while over-
expression of WT Shql reversed the inhibitory effect of Virma
knockdown on p-AKTS*™"3/t-AKT expression (Fig. 7A). Notably,
the ability of Shql-MUT to counteract the Virma knockdown-
induced decrease in p-AKT/t-AKT expression was significantly
lower than that of WT Shq! overexpression (Fig. 7A). Further-
more, reintroducing WT Shgl markedly rescued the inhibitory
effect of Virma knockdown on cell proliferation, whereas over-
expression of Shql/-MUT failed to exert a comparable effect, as
demonstrated by CCK-8 assays, colony formation experiments,
and EdU labeling assays (Fig. 7B—F). These results indicate that
m6A modification sites of Shql are crucial for its function in
VIRMA-mediated hepatocyte proliferation, and p-AKTS®™7/t-
AKT is involved in this process. As mentioned earlier, pathway
analysis revealed that the loss of VIRMA enriched the PI3K/AKT
signaling pathway, also, previous studies have reported that loss of
the FOXP1—SHQI1 complex can lead to decreased phosphoryla-
tion levels of AKT at the Serd73 site in solid tumors®’. Here we
treated AML12 cells overexpressing SHQ1 with the AKT-specific
inhibitor ipatasertib®®>®,  which significantly reduced p-
AKTS*™3/t_AKT levels without affecting SHQI expression
(Fig. 7G). Cellular functional experiments demonstrated that sta-
ble overexpression of SHQI1 significantly enhanced the prolifer-
ation capacity of AMLI12 cells, as evidenced by CCK-8
proliferation assays, colony formation assays, and EdU labeling
assays results (Fig. 7H—L). Convincingly, treatment with ipata-
sertib significantly reversed the promoting effect of SHQ1 on the
proliferation capacity of AMLI12 cells (Fig. 7TH—L), suggesting
that the enhancement of proliferation capacity by SHQI in
AML12 cells depends, to some extent, on the activation status of
AKT. To elucidate the regulatory mechanism by which SHQI1
influences hepatocyte proliferation, we performed immunopre-
cipitation combined with mass spectrometry analysis, successfully
enriching a series of potential interacting proteins (Supporting
Information Table S2). Interestingly, mass spectrometry results
revealed that RICTOR, a key signaling molecule in the PI3K/AKT
pathway, may interact with SHQI1 (Supporting Information
Fig. S6A). As a crucial component of mTORC2, RICTOR pri-
marily regulates the phosphorylation of AKT at Ser473, thereby
enhancing AKT activity®. We further validated the interaction
between SHQ1 and RICTOR through co-IP assays (Fig. S6B).
Next, we investigated the role of RICTOR in the regulation of
AKTS*™73 phosphorylation. Western blot analysis demonstrated
that Rictor knockdown significantly reduced the expression of p-
AKTS®™*73/t-AKT, whereas Rictor overexpression had the opposite
effect (Fig. S6C). As expected, siRNA-mediated depletion of
Rictor attenuated the promoting effect of Shql overexpression on
AKTS*™73  phosphorylation. Conversely, reintroducing Rictor
restored the reduction in AKTS™7® phosphorylation caused by
Shql knockdown (Fig. S6D and S6E). Functionally, colony for-
mation and CCK-8 proliferation assays revealed that Shql over-
expression significantly enhanced hepatocyte proliferation. In
contrast, Rictor depletion impaired this effect. Furthermore,
reintroducing Rictor effectively rescued the decline in hepatocyte
proliferation induced by Shq! knockdown (Fig. SOF—S6I).

Collectively, these findings suggest that SHQI plays a crucial
role in VIRMA-mediated hepatocyte proliferation through its
m6A modification sites. This process is driven by SHQ1’s inter-
action with RICTOR, which promotes AKTS™7® phosphorylation
and activates the PI3K/AKT signaling pathway.

3.6.  mb6A-binding protein HNRNPA2BI enhances the stability of
Shql mRNA

The process of m6A methylation is primarily regulated by
“writers” and “erasers” that control the methylation levels of RNA,
while “readers” recognize methylated RNA molecules and partic-
ipate in regulating various biological processes such as transcrip-
tion, splicing, stability, and transportation of RNA. To understand
which potential readers may be involved in this process, we
assessed the mRNA expression levels of “readers” (Ythdcl, Ythdc2,
Ythdfl, Ythdf2, Ythdf3, Hnrnpa2bl, Igf2bp1, I1gf2bp2, and 1gf2bp3)
in ALPPS and CCl, models (Fig. 8A and B). The results revealed
that Ythdc2, Ythdf2, Ythdf3, Hnrnpa2bl, and Igf2bp2 exhibited an
upward trend in both the CCl, and ALPPS models, with
Hnrnpa2bl showing the greatest increase. Based on this finding,
we further evaluated the potential role of HNRNPA2B1 in SHQI,
and found a significant decrease in the protein expression level of
SHQI after silencing Hnrnpa2bl in AMLI12 cells (Fig. 8C). Then,
we demonstrated the interaction between HNRNPA2B1 and Shq!
(Fig. 8D), and revealed that silencing of Hnrnpa2bl could resulted
in decreased stability of Shgl mRNA (Fig. 8E). On the other hand,
results from dual-luciferase assays using constructed pmirGLO-
Shql-WT and pmirGLO-Shq1-MUT plasmids also showed that the
luciferase activity of pmirGLO-Shql-WT significantly decreased
after silencing Hnrnpa2bl, while the activity of pmirGLO-Shq!-
MUT did not change significantly after silencing Hnrnpa2bl
(Fig. 8F), indicating that the regulation of Shql expression by
Hnrnpa2bl depends on m6A modification. To investigate the effect
of m6A site modification on the mRNA stability of Shql, we
transfected AML12 cells with Shq/-CDS and ShqI-MUT plasmids
and evaluated the Shq/ mRNA stability under actinomycin D
treatment. Compared with the Shql-CDS transfection group, the
Shql-MUT transfection group exhibited a decreased stability of
Shql mRNA, indicating the important role of m6A sites in main-
taining Shql mRNA stability (Fig. 8G).

3.7.  VIRMA promotes liver regeneration by enhancing SHQ1
expression

To confirm whether SHQI is the primary contributor to liver
regeneration promoted by VIRMA in vivo, we assessed whether
the introduction of SHQI could rescue the detrimental effects of
Virma knockout on liver regeneration. We achieved liver-specific
overexpression of Shql in the Virma-KO mouse using adeno-
associated virus 8 (AAV8) vectors (Fig. 9A). Over designated
time points post-ALPPS surgery, we observed a significant
reversal of reduced liver regeneration rate caused by Virma
knockout in mice overexpressing Shql, as measured by FLR/BW
and liver regeneration rate (Fig. 9B and C). Additionally, serum
markers of liver function, including ALT, AST, and TBIL, showed
a significant reversal of the elevation induced by Virma knockout
in mice overexpressing SHQ1 (Fig. 9D—F). Immunohistochemical
analysis of liver regeneration markers Ki67, BrdU, and p-H3S10
at the 48-h post-ALPPS surgery revealed that the overexpression
of SHQI effectively reversed the decrease of these markers caused
by Virma knockout (Fig. 9G—I). Consistently, H&E staining
further demonstrated that SHQI overexpression effectively
restored mitotic activity (indicated by arrows), which was signif-
icantly reduced in Virma-KO mice (Fig. S5G). Overall, our study
elucidates that during liver regeneration, VIRMA upregulates
SHQ1 expression by promoting its m6A modification. In this
mechanism, HNRNPA2B1, as a “reader” capable of recognizing
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Figure 8 Knockdown of Hnrnpa2bl reduces Shql mRNA stability. (A, B) gqRT-PCR analysis of candidate m6A reader proteins in liver tissues
from the Associating Liver Partition and Portal vein Ligation for Staged Hepatectomy (ALPPS) model (A) and carbon tetrachloride (CCl,) model
(B). (C) Western blotting for SHQ1 and HNRNPA2BI1 after silencing Hnrnpa2bl in AML12. (D) RNA immunoprecipitation (RIP)-qPCR analysis
of the enrichment of Shg/ mRNA on HNRNPA2B1 relative to IgG in AMLI12 cells. (E) qRT-PCR analysis for the expression of Shg/ mRNA in
Hnrnpa2bl-silenced AMLI12 cells treated with Actinomycin D at indicated time points. (F) Relative luciferase activity in NIH/3T3 cells co-
transfected with luciferase reporter pmirGLO-Shql-WT or pmirGLO-Shql/-MUT and Hnrnpa2bl siRNAs or the control. Data are shown as
the relative ratio of firefly luciferase activity to renilla luciferase activity. (G) qRT-PCR analysis for the expression of Shg/ mRNA in AML12 cells
overexpressing Shql-WT or Shql-MUT treated with Actinomycin D at indicated time points. Data are presented as mean + SEM (n = 5),
*P < 0.05; **P < 0.01; ***P < 0.001; ns, P > 0.05.

treating with ipatasertib for 24 h in Shql-WT or Shql-MUT overexpressing AMLI12 cells. (H—L) After treating with ipatasertib for 24 h in Shql-
WT overexpressing AML12 cells, cell proliferation capacity was determined using CCKS assays (H), Colony formation assays (I, J), EdU labeling
assays (K, L) and their quantitative statistical analysis, respectively (scale bar = 100 pm). Data are presented as mean + SEM (n = 5),
*P < 0.05; **P < 0.01; ***P < 0.001; ns, P > 0.05.
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Figure 9 VIRMA promotes liver regeneration by enhancing SHQ1 expression. (A) Effects of SHQ1 overexpression in mice via tail vein
injection. (B) FLR/BW of mice at designated time points after ALPPS surgery. (C) Liver regeneration rate of mice at designated time points after
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and binding to m6A-modified Shqg! mRNA, further enhances the
stability of Shql/ mRNA, leading to increased SHQI protein
expression levels. Overall, our findings indicate that the upregu-
lation of SHQI expression activates the PI3K/AKT signaling
pathway, which is crucial for promoting liver regeneration
(Fig. 9).

4. Discussion

Liver regeneration is a complex process, and the proliferation of
residual hepatocytes following liver injury is a crucial step in liver
regeneration. After stimulation, various pro-regenerative mole-
cules and signaling pathways are activated in this process40'43. In
this study, both in vitro and in vivo experiments demonstrated the
significant role of VIRMA in regulating mouse hepatocyte pro-
liferation and liver regeneration. We found that VIRMA is upre-
gulated in the early stages after ALPPS surgery in mice, and the
global m6A modification level in the liver is significantly
increased during this stage. Liver-specific knockout of Virma
impairs liver regeneration capacity. Mechanistically, the loss of
VIRMA leads to a reduction in m6A modification of its down-
stream direct target, SHQI1. The decreased binding capacity of
SHQ1 with the “reader” HNRNPA2BI1 results in decreased
expression of SHQI, thereby impairing hepatocyte proliferation
and liver regeneration.

Multiple studies have demonstrated the crucial involvement
of epigenetic modifications in liver regeneration***’. As a
prevalent form of epigenetic modification, m6A methylation
modification is the most common modification in eukaryotic
RNA*®. m6A modification is dynamic and reversible, with reg-
ulatory factors typically including three types: “writers”,
“erasers”, and “readers”. Writers are responsible for methylation
modification, erasers remove methylation modifications®.
Writers typically include Mettl3/Mettl14, VIRMA, WTAP,
ZC3H13, and RBMI15/RBM15B. VIRMA primarily guides
methyltransferase components to specific RNA regions to assist
in catalyzing m6A modification’, and its modification efficiency
exceeds that of Mettl3/Mettl14'>. As research on m6A pro-
gresses, its role in liver regeneration is gradually being recog-
nized. One study indicated that mutations in Mettl14 could
suppress liver regeneration by inhibiting certain hepatocyte
growth factors'®. Another study suggested that the loss of
Mettl14, rather than Mettl3, leads to decreased m6A modifica-
tion levels in multiple mRNA transcripts, triggering endoplasmic
reticulum stress and inhibiting liver regeneration'?. m6A modi-
fication levels are upregulated in the early stages of liver
regeneration, during which a large number of genes are activated
to promote liver regeneration'*. Our data indicate that VIRMA,
as a core component of the m6A methyltransferase complex, is
also dramatically upregulated during this stage. We observed
lower levels of total m6A modification in liver-specific Virma
knockout mice after ALPPS surgery, confirming the significant
role of VIRMA in m6A modification.

We generated liver-specific Virma knockout mice, and
although Virma deletion did not show significant effects on liver
homeostasis in quiescent mice, it severely impaired liver
regeneration after ALPPS surgery and CCl, induction. Previous
studies have shown that the accumulation of monocyte-derived
macrophages is crucial for the repair of necrotic liver re-
gions". In our CCl, model, the delayed tissue repair observed in
the Virma-KO group may be associated with a reduced infiltra-
tion of monocyte-derived macrophages. To explore its potential
mechanism of action, we employed MeRIP-seq to analyze the
m6A modification changes induced by VIRMA deficiency and
the corresponding transcripts. Through validation, we identified
SHQI as an important downstream target of VIRMA during liver
regeneration. Virma knockout reduced the m6A modification
level of Shql, leading to decreased expression of Shql. We also
found that Shql and Adck2 exhibited a significant increase in
m6A modification after ALPPS. Notably, even in Virma-KO
mice, hepatic m6A levels still showed a partial increase post-
ALPPS, suggesting that Virma upregulation is not the sole
contributor to this elevation. Instead, this increase may be closely
linked to other components of the m6A methyltransferase com-
plex, such as METTL3 and METTL14. It has been reported that
m6A modification further affects mRNA stability and subsequent
translation processes by altering RNA structural domains or
influencing the specificity recognition process of readers®'.
RNA-binding protein HNRNPA2B1 has recently been identified
as a reader protein involved in m6A modification®. By recog-
nizing and binding to m6A-modified RNA, HNRNPA2B1 in-
fluences the fate of these RNAs, including their processing,
localization, and translation, thereby regulating cellular re-
sponses and physiological processes. One study found that it
promotes cell proliferation and disease progression by recog-
nizing the m6A site of ILF3 and enhancing the stability of ILF3
mRNA transcripts™. In this study, we found that VIRMA pro-
motes the expression of SHQl in an m6A-HNRNPA2BI-
dependent manner.

SHQ1 is commonly involved in the maturation of H/ACA
small nuclear RNAs, which typically participate in RNA
splicing®*. By assisting in the assembly of small nucleolar ribo-
nucleoproteins, SHQ1 indirectly promotes the biogenesis of
functional ribosomes necessary for protein synthesis to maintain
genomic stability>. Despite extensive studies on the biochemical
role and mechanism of SHQ1 in H/ACA snoRNP assembly, its
biological functions in mammalian cells, particularly hepatocytes,
remain relatively unknown. Recent studies have demonstrated that
Shql depletion significantly inhibits the growth of T-acute
lymphoblastic leukemia cell’®. Here, we provide the first evi-
dence that the lack of SHQI inhibits the proliferation of hepato-
cyte. Furthermore, we observed that overexpression of WT Shql,
but not Shql-MUT, reverses the cell proliferation inhibition
caused by VIRMA deletion.

Activation of the PI3K/AKT pathway promotes various
functions, including cell growth, proliferation, and progression

Associating Liver Partition and Portal vein Ligation for Staged Hepatectomy (ALPPS) surgery, calculated by the formula (postoperative FLR/
BW—initial FLR/BW)/(initial FLR/BW). (D—F) Serum levels of ALT, AST, and TBIL in mice at designated time points after ALPPS surgery.
(G—I) Immunohistochemical staining results for Ki67, BrdU, and p-H3S10 in liver tissue of mice at designated time points after ALPPS surgery,
along with statistical analysis of the percentage of positive stained cells (scale bar = 100 um). (J) A proposed model illustrating promoted effects
of VIRMA on liver regeneration. VIRMA enhances liver regeneration by stabilizing m6A-modified SHQ/ mRNA via HNRNPA2BI1 binding,
thereby activating the PI3K/AKT pathway and promoting hepatocyte proliferation. Data are presented as mean = SEM (n = 5), *P < 0.05;

**P < 0.01; **¥*P < 0.001; ns, P > 0.05.
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through the cell cycle. Phosphorylation of AKT is a key event in
the activation of this pathway and is essential for regulating
cellular functions®®>’. Following liver injury or hepatectomy,
AKT is activated and phosphorylated, thereby triggering down-
stream signaling pathways necessary for liver regeneration and
repair. Inhibition of this pathway significantly abolishes normal
liver regenerative responses". The increase in the pAKT/AKT
ratio is fundamental for the restoration of glucose-dependent
liver metabolic processes during liver regeneration®. Previous
studies have indicated that loss of FOXP1-SHQI1 leads to
decreased phosphorylation levels at the Ser473 site of AKT in
solid tumors>. In this study, we observed that SHQ1-mediated
activation of the PI3K/AKT pathway promotes the prolifera-
tion of hepatocyte, while treatment with the AKT-specific in-
hibitor  ipatasertib  significantly = suppresses hepatocyte
proliferation.

5. Conclusions

Our data demonstrate a close association between m6A modifi-
cation and compensatory liver regeneration following ALPPS
surgery and acute injury. During the early stages of liver regen-
eration, increased expression of VIRMA in the liver correlates
with increased hepatocyte proliferation and accelerated cell cycle
progression. Our study unveils a novel mechanism whereby loss of
VIRMA leads to decreased m6A modification of Shgl mRNA.
Reduced binding capacity of the m6A-binding protein
HNRNPA2B1 to SHQI1 results in decreased mRNA stability and
subsequent downregulation of SHQ1 expression. Furthermore,
downregulation of SHQI inhibits the PI3K/AKT pathway, thereby
suppressing hepatocyte proliferation and ultimately hindering liver
regeneration.
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