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SUMMARY

The N®-methyladenosine (m®A) methyltransferase Mettl14

promotes polypeptide-processing protein expression in an
mPA-dependent manner, and loss of Mettl14 in vivo leads to
excessive ER stress, resulting in impaired liver regeneration.

BACKGROUND & AIMS: N°®-methyladenosine (m°A), the most
prevalent and dynamic posttranscriptional methylation modi-
fication of mammalian mRNA4, is involved in various biological
processes, but its role in liver regeneration has not been
characterized.

METHODS: We first conducted transcriptome-wide m°A mRNA
sequencing and characterized the expression pattern of m°A in
regenerating mouse liver. Next, we generated hepatocyte-
specific Mettl3- or Mettl14-deficient mice and investigated
their role in liver regeneration. A series of biochemical exper-
iments in vitro and in vivo was further performed to investigate
potential mechanisms.

RESULTS: We identified an overwhelming proportion of
mP®A-modified genes with initially up-regulated and sub-
sequently down-regulated m®A levels as liver regeneration
progressed. Loss of Mettl14 but not of Mettl3 resulted in
markedly disrupted liver regeneration, and Mettl14-
ablated hepatocytes were arrested in the G1 phase of
the cell cycle. Most strikingly, the Mettl14-ablated regen-
erating liver exhibited extensive parenchymal necrosis.
mRNA transcripts, such as Hsp90b1, Erp29, Stt3a, P4hb,
and Lmanl, encoding proteins involved in polypeptide
processing and the endoplasmic reticulum (ER) stress
response, were m°®A-hypomethylated, and their mRNA and
protein levels were subsequently decreased, resulting in
unresolved ER stress, hepatocyte death, and inhibited
proliferation.

CONCLUSIONS: We demonstrate the essential role of Mettl14
in facilitating liver regeneration by modulating polypeptide-
processing proteins in the ER in an m®A-dependent manner.
(Cell Mol Gastroenterol Hepatol 2021;12:633-651; https://
doi.org/10.1016/j.jcmgh.2021.04.001)
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he liver is one of the few solid organs with a high

regeneration capacity. After partial hepatectomy
(PHx) or chemical challenge in the mammalian liver, almost
all remnant hepatocytes rapidly initiate mitosis to generate
new cells, and the liver can be reconstituted within 1
week.""* Many genes and signaling pathways are involved in
this process. For example, immediately after PHx, approxi-
mately 100 immediate-early genes are activated to promote
quiescent hepatocyte re-entry into the cell cycle.>* Subse-
quently, active gene transcription and protein synthesis
occur in proliferating cells until complete reconstitution of
the liver mass and remodeling of the lobular structure. The
whole liver regeneration process is precisely controlled by
comprehensive genetic and epigenetic gene modulation, and
any disturbances in these modulations can lead to abnormal
liver regeneration and various liver diseases, such as liver
failure, cirrhosis, and hepatocellular carcinoma (HCC).*”
Understanding the mechanism of liver regeneration has
the potential to provide clues for better prevention and
treatment of liver diseases.

N®-methyladenosine (m°A), the most prevalent methyl-
ation modification of mammalian mRNA,® participates in
almost every stage of RNA metabolism, including RNA
splicing, folding, transport, translation, and decay, and sub-
sequently modulates the expression of many genes.” '
Methyltransferase-like 3 (Mettl3), Mettl14, and Wilms’ tu-
mor 1-associated protein (WTAP) are methyltransferases of
mPA, also called m®A writers, and they assemble into a
methyltransferase complex to install m®A on mRNA.*'#'% In
contrast, fat mass and obesity-associated protein (FTO) and
ALKB family member 5 protein (Alkbh5) act as erasers that
remove m®A modifications.'*'® The m®A writers and erasers
coordinatively make the m®A modification dynamic and
reversible. Dysregulation of either writers or erasers affects
the m®A level, which then disrupts various biological behav-
jors. m®A is dynamically regulated during spermatogonia
stem cell development, and either single or combined loss of
Mettl3 and Mettl14 disturbs spermiogenesis'® Mutation of
Mettl14 or down-regulation of Mettl3 disrupts the translation
of the AKT negative regulator PHLPP2 and increases the
expression of the positive AKT regulator mTORC2, therefore
activating the AKT pathway and leading to endometrial can-
cer cell proliferation.”” Interestingly, m°A can either promote
or suppress tatget gene expression. Mettl14-mediated m°A
destabilizes the mRNA stability of histone acetyltransferases
to suppress histone modification in vivo and enhances the
self-renewal of mouse embryonic neural stem cells.'® In
contrast, Mettl14-mediated m®A has a possible role in
improving mRNA stability, because Mettl14 inhibition in
acute myeloid leukemia decreases the mRNA stability and
translation of MYC and MYB, resulting in a disruption of
proliferation and increased apoptosis in cultured tumor
cells.”” m°A also plays a role in HCC. Mettl3 overexpression
promotes liver cancer cell growth by reducing SOCS2 mRNA
stability in an mC°A-dependent manner.’’ In contrast,
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Mettl14-mediated m°®A acts as a tumor suppressor in HCC by
interacting with DGCR8 to promote the maturation of tumor-
suppressive microRNAs.”! Mettl3 and Mettl14 may play
different roles by targeting different genes, but further
confirmation is required. Moreover, most of the knowledge is
acquired from in vitro experiments and remains controver-
sial. Furthermore, the role of m®A modification in liver
regeneration, which involves rapid and dynamic regulation of
a great number of genes, has not yet been reported.

Here we constructed a mouse model of liver regenera-
tion and demonstrated that both Mettl3 and Mettl14 were
rapidly increased and accompanied by significant elevation
in global m°A modifications of mRNA after PHx. Liver-
specific loss of Mettl14 but not that of Mettl3 significantly
impaired liver regeneration and led to marked hepatocyte
death. Mechanistically, the regenerating Mettl14-deficient
hepatocytes exhibited excessive endoplasmic reticulum
(ER) stress, which was at least partly due to the reduced
expression of polypeptide-processing proteins in the ER in
an m°A-dependent manner.

Results
Dynamic m°A Modification During Liver
Regeneration

To elucidate the m®A expression pattern during liver
regeneration, liver tissues were collected at the indicated times
after 70% PHx in mice. Quantitative polymerase chain reaction
(qPCR) and immunoblotting revealed that the levels of both
m®A methyltransferases Mettl3 and Mettl14 markedly
increased and rapidly reached their maximum levels at 3 and 6
hours after PHx, respectively. Then their levels began to
decrease and returned to basal levels either quickly or slowly
(Figure 14 and B). Correspondingly, colorimetric analysis
showed that the global m°A levels in the liver gradually
increased with the progress of regeneration (Figure 1C). These
findings suggest that by regulating m®A modification, Mettl3
and Mettl14 may positively contribute to liver regeneration.

Abbreviations used in this paper: Act D, actinomycin; Alkbh5, ALKB
family member 5 protein; ALT, alanine aminotransferase; AMPK,
adenosine 5-monophosphate-activated protein kinase; AST, aspar-
tate aminotransferase; ATF6, activating transcription factor 6; BrdU, 5-
bromo-2-deoxyuridine; CDS, coding sequence; Chop, C/EBP-homol-
ogous protein; elF2«, eukaryotic translation initiator factor 2«; EIF3A,
eukaryotic translation initiation factor 3 subunit A; ER, endoplasmic
reticulum; ERK, extracellular signal-regulated kinase; FC, fold change;
FoxM1, forkhead box M1; FTO, fat mass and obesity-associated pro-
tein; HCC, hepatocellular carcinoma; IRE1«, inositol requiring enzyme
1 alpha; JAK, janus kinase; MAPK, mitogen-activated protein kinase;
Metti3, methyltransferase-like 3; m°A, N°®-methyladenosine; m®A-seq,
m°A sequencing; PAS, periodic acid-Schiff; PERK, protein kinase R-
like endoplasmic reticulum kinase; PHx, partial hepatectomy; PI3K,
phosphatidylinositol 3-kinase; gPCR, quantitative polymerase chain
reaction; STAT, signal transducers and activators of transcription; TM,
tunicamycin; TUDCA, tauroursodeoxycholate; UPR, unfolded protein
response; UTR, untranslated region; WT, wild-type; WTAP, Wilms’ tu-
mor 1-associated protein; XBP1, X-box-binding protein 1.
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Figure 1. Overview of m°A in the mouse liver after hepatectomy. (A and B) gPCR and Western blotting show increased
Mettl3 and Mettl14 levels at 6 hours after PHx. n = 3-5. (C) Total m®A level during liver regeneration detected by colorimetric.
n = 3-5. (D) Venn diagram shows overlap of m®A peaks and m®A genes in 3 phases of liver regeneration. (E) Consensus motifs

were identified by HOMER analysis with m®A geaks found in 3 phases of liver regeneration. (F) Metagene distribution of m°A

peaks in transcripts. (Gg Proportion of total m
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We next performed transcriptome-wide m°A mRNA
sequencing (m°®A-seq) to further characterize the m°A
expression pattern during liver regeneration. In liver tissues
collected from 3 representative phases of liver regeneration,
basal state (quiescent liver or 0 hours after PHx), early
phase (6 hours after PHx), and active phase of hepatocyte

A peak distribution in the indicated regions. (H) Proportion of genes harboring
A peaks. Bar graphs: mean + standard deviation. *P < .05, **P < .01, *™P < .001. SH, sham.

mitosis (36 hours after PHx), we identified 8989, 10152,
and 9130 m®A peaks, corresponding to 5522, 6012, and
5692 coding genes, respectively (Figure 1D). Among these
genes, 2769 genes were found to be constantly methylated
in all 3 phases, and 1126, 1487, and 1246 genes were
uniquely methylated at 0, 6, and 36 hours after PHx,
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respectively (Figure 1D). Consistent with a previous
report,”” the GGACU motif was highly enriched within m°®A
peaks (Figure 1E), and the m®A peaks were mostly enriched
in the coding sequence (CDS) and around stop codons
(Figure 1F and G). Among the potent m°A-modified genes,
more than 70% of the genes had only 1 m°®A site, and genes
with 2 or more m®A sites accounted for 26.3% and 25.8% of
the total m®A-modified genes at 6 and 36 hours after PHx,
respectively, which were slightly higher than those in the
quiescent liver (23.7%) (Figure 1H).

To understand the changes in m°A levels in genes, we
compared the abundance (normalized to input) of m°A
peaks between different phases. In total, compared with
0 hour, there were 2397 m°®A peaks, corresponding to 1295
genes, which showed a significant increase in abundance in
6 hours after PHx, indicating that the proportion of m°A-
modified mRNA transcripts was increased, and these mPA
peaks were termed hyperpeaks; correspondingly, 988 m°A
peaks (from 419 genes) showed a decrease and were
termed hypopeaks (Figure 24). Comparing the 6-hour and
36-hour time points, 788 m°A hyperpeaks (from 587 genes)
and 2916 hypopeaks (from 620 genes) were identified
(Figure 2B), indicating that many m®A-modified transcripts
were demethylated with the progress of liver recovery. GO
enrichment analysis showed that genes with hyperpeaks
were clustered in the categories closely related to protein
processing (such as protein modification and protein
folding) and proliferation (such as the mitogen-activated
protein kinase [MAPK] cascade, cell proliferation, extracel-
lular signal-regulated kinase [ERK] cascade, cell cycle, and
phosphatidylinositol 3-kinase [PI3K] signaling) (Figure 2C).

We then examined the dynamic mPA levels at 0, 6, and
36 hours after PHx. According to the different changes in the
abundance of m°®A peaks with time, these genes were arti-
ficially distributed into 4 quadrants (Figure 2D). An over-
whelming proportion of m®A-modified genes (646/675)
were increased in the early phase (6 hours vs 0 hours) and
then decreased with the progression of regeneration (36
hours vs 6 hours), which corresponded to changes in the
Mettl3 and Mettl14 levels in the same periods and sug-
gested that m®A modification plays a critical role in regu-
lating liver regeneration, particularly in the early phase. One
gene from each quadrant was chosen for visualization
analysis (Figure 2E). For example, visualization analysis of
the Rab20 gene illustrated that very few mC°A peaks in
Rab20 transcripts were identified in the quiescent liver;
however, the m°A peaks were notably increased at 6 hours
and then decreased at 36 hours after PHx. GO enrichment
analysis revealed that genes in the same quadrant as Rab20
(lower-right quadrant) were primarily clustered in the cat-
egories of protein metabolism, protein modification, protein
transport, cell proliferation, and stress response (Figure 2F).

Liver-Specific Mettl3 or Mettl14 Deficiency Does
not Impair Liver Homeostasis

To further elucidate the role of m°A in liver regeneration,
we generated Mettl3 or Mettl14 liver-specific knockout mice
(Mettl3-KO and Mettl14-KO mice, respectively) using the
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albumin-Cre/loxp system as described previously
(Figure 34 and B).*® Mettl3-KO or Mettl14-KO did not affect
the expression of m°A erasers, whereas WTAP was slightly
increased (Figure 3C). Either Mettl3 or Mettl14 deficiency
significantly decreased the global m°A levels in the liver
(Figure 3D); however, all Mettl3-KO and Mettl14-KO mice
were born and grew normally without any defect in the liver
structure or glycolipid metabolism, and no spontaneous
tumor was observed throughout their lifetimes
(Figure 3E-G). It was likely that aberrant m®A modification
caused by the loss of Mettl3 or Mettl14 did not disturb liver
homeostasis under normal physiological conditions.

Mettl14 but not Mettl3 Depletion Impairs Liver
Regeneration After PHx

We next performed 70% PHx on KO and wild-type (WT)
mice. In Mettl3-KO livers, the histologic structure and pro-
liferation indexes were consistent with those of the WT
livers (Figure 4), suggesting that loss of Mettl3 did not have
a noticeable effect on liver regeneration. In contrast, Mettl14
ablation greatly delayed liver recovery, demonstrated as a
much lower liver weight/body weight ratio and 5-bromo-2-
deoxyuridine (BrdU) and Ki67 indexes at each time point
(Figure 54 and B). Because Ki67 is initially expressed at the
mid-G1 phase of the cell cycle,”® the decreased Ki67 index
together with the suppressed levels of G1l-phase markers
such as CyclinD1 and CDK4 suggest that Mettl14 deficiency
impaired liver regeneration and blocked hepatocytes in the
G1 phase (Figure 5C). In addition, the expression of the S
phase markers CyclinE1, CyclinA2, and CDK2 were signifi-
cantly reduced in Mettl14-KO mice; the expression of
CyclinB1, CDK1, and p-H3S10, which are the G2/M phase
markers, were also decreased in Mettl14-KO liver
(Figure 50).

In addition to the slower recovery of the liver mass,
serum assays indicated that the levels of alanine amino-
transferase (ALT) and aspartate aminotransferase (AST) in
Mettl14-KO mice were sustained at much higher levels after
surgery than those in WT mice (Figure 5D and E). Histo-
logically, the Mettl14-KO livers exhibited apparent necrosis
as early as 6 hours after PHx, and the necrotic areas were
further enlarged and could not be repaired even 72 hours
after PHx (Figure 5F and G). The necrotic hepatocytes were
characterized by a retained shape, lightly stained cytoplasm,
and loss of nuclei. Hemorrhage and inflammatory infiltra-
tion were frequently observed (Figure 5F). In addition,
cleaved caspase-3 immunohistochemistry staining showed
notably increased apoptosis in the regenerating Mettl14-KO
liver (Figure 5H and I). Together, Mettl14 ablation in he-
patocytes not only disrupted proliferation but also caused
cell death, which was relatively rare. The results also high-
lighted the critical role of Mettl14 in facilitating liver
regeneration.

Identifying Potential Targets of Mettl14

To further identify the role of Mettl14-mediated m°®A
modification in liver regeneration, we conducted m®A-seq in
livers at 6 hours after PHx. The GGACU motif and m°A peak
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Figure 2. The m°A level is dynamically changed during liver regeneration. (4) Comparison of abundance of m®A peaks in 6
hours after PHx and quiescent livers. (B) Comparison of abundance of m®A peaks at 6 and 36 hours after PHx. (C) GO
enrichment analysis indicates the biological process category of genes with significantly changed m°®A level after hepatec-
tomy. (D) Distribution of genes with dynamically changed m®A abundance during liver regeneration. (E) The m®A abundances
on representative mRNA transcripts by m®A-seq. (F) GO enrichment analysis indicating the biological process categories of
the 646 genes that increased at 6 hours after PHx and then decreased at 36 hours after PHx. JNK, c-Jun NH2 terminal kinase.

distributions in the KO mice were consistent with those in
the WT mice (Figure 64). In total, 5251 m°A peaks, corre-
sponding to 3856 genes, were identified in the Mettl14-KO
livers, both of which were greatly reduced compared with
those in the WT livers (Figure 6B). In the Mettl14-KO liver,
8223 peaks disappeared, and 3320 new peaks appeared;
3383 genes lost m°A methylation, and 1227 genes were

m®A-methylated; 1931 peaks and 2629 genes were found
commonly in WT and Mettl14-KO livers. In addition, the
proportion of genes with only 1 m°A peak was slightly
higher in Mettl14-KO livers than in the WT control, whereas
fewer genes contained 2 or more m°A peaks (Figure 6C). We
identified 3059 hypopeaks and 852 hyperpeaks that cor-
responded to 1736 and 351 genes in Mettl14-KO livers,
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respectively, compared with those in WT controls
(Figure 6D). Considering that Mettl14 is an m®A writer, only
the genes with reduced m®A abundance (m°A hypopeaks) in
Mettl14-KO mice were considered potential Mettl14 targets,

and these genes were thereafter termed m°A hypogenes. GO
enrichment categories indicated that m®A hypogenes were
mainly clustered in protein modification and processing
(Figure 6E). Remarkably, KEGG pathway analysis indicated
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that these genes were significantly enriched in the tran-
scripts encoding proteins responsible for polypeptide chain
folding, modification, and transport in the ER (Figure 6F).

Mettl14 Deletion Induces Excessive ER Stress in
the Regenerating Liver

In the early stage of liver regeneration, a large number of
polypeptide chains are necessary for generating new cell
influx into the ER. Normally, hepatocytes activate the

unfolded protein response (UPR) and then enhance the
expression of polypeptide-processing proteins, which are
essential in ER homeostatic maintenance and are always
activated during ER stress.”*?” Because unresolved ER
stress can lead to regeneration defects and even hepatocyte
death,”®*” together with hypogenes being mainly involved
in protein modification and processing in the ER, we spec-
ulated that loss of Mettl14 might cause unresolved ER stress
in regenerating hepatocytes. Transmission electron micro-
scopy showed typical morphology of excessive ER stress in
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the Mettl14-KO liver, including extremely dilated or even
fragmented ER, damaged mitochondria with fragmented
cristae, and concentrated nuclei (Figure 74). Moreover, ex-
amination of the UPR signaling cascades in Mettl14-KO
livers revealed activation of ER stress sensors, such as p-
inositol requiring enzyme 1 alpha (IRE1la), p-protein kinase
R-like endoplasmic reticulum kinase (PERK), and activating
transcription factor 6 (ATF6), as well as increased protein
and/or mRNA levels of their downstream target genes such
as X-box-binding protein 1 (XBP1), p-eukaryotic translation
initiator factor 2« (elF2«), Bip, and the proapoptotic tran-
scription factor C/EBP-homologous protein (Chop)
(Figure 7B and C). Unresolved ER stress usually leads to cell
death by up-regulating proapoptotic genes such as Chop and
Bax and down-regulating the antiapoptotic gene Bcl2.”*
Increased Chop in ER stress further inactivates Akt/
CyclinD1 and inhibits proliferation.”> We observed
decreased p-Akt, CyclinD1, and Bcl2 and increased Bax in
regenerating Mettl14-KO livers (Figure 7B, Figure 5C).

To further confirm these findings, we transfected AML12
mouse liver cells with small interfering RNA targeting
Mettl14 in vitro. Mettl14 knockdown (Mettl14-KD) also
resulted in increased Chop and Bax but decreased p-Akt,
CyclinD1, and Bcl2 (Figure 84). The Cell Counting Kit-8
assay and flow cytometry analysis showed suppressed cell
growth and increased apoptosis in Mettl14-KD cells
(Figure 8B and D-G).

AML12 cells were further treated with tunicamycin (TM)
to stimulate ER stress as described previously.”® TM treat-
ment enhanced p-PERK, Chop, Bip, and Bax expression and
decreased p-Akt, CyclinD1, and Bcl2 expression in AML12
cells (Figure 84), resulting in more apoptosis and impaired
cell growth (Figure 8C-G). Mettl14-KD in cells significantly
aggravated the effect of TM on AML12 cells (Figure 8).
Together, consistent with the in vivo findings, the absence of
Mettl14 sensitized hepatocytes to excessive ER stress,
resulting in cell cycle arrest and increased apoptosis and cell
death.

Transcripts of Polypeptide-Processing Proteins
Are Regulated by Mettl14 in the Regenerating
Liver

To further identify the Mettl14-target genes involved in
ER homeostasis, we reviewed the mC®A-seq results and
performed the m®A-RIP-qPCR assay. The m°®A abundance on
transcripts encoding polypeptide-processing proteins in the
ER was significantly decreased in the Mettl14-ablated livers
(Figure 9A). Hsp90b1 and Erp29 are responsible for poly-
peptide chain folding.***" Stt3a is an N-oligosaccharyl-
transferase and glycosylate polypeptide as it enters the
lumen of the ER,>? P4hb serves as the protein disulfide
isomerase and ensures the correct arrangement of disulfide
bonds in the ER>® and Lmanl is a cargo receptor that
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circulates between the ER and Golgi compartment to
transport proteins.>* The m®A-RIP-qPCR assay showed a
reduction in the m®A abundance on these mRNA transcripts
in the Mettl14-KO livers (Figure 9B), and these transcripts
were further determined to be directly bound by Mettl14
(Figure 9C). Thus, the mRNA and protein levels of the genes
above were dramatically decreased in the Mettl14-KO liver
at 6 hours after PHx (Figure 9D and E). Similarly, in TM-
treated AML12 cells, all these proteins were markedly
reduced in response to Mettl14-KD (Figure 8H).

To test whether the reduction in these polypeptide-
processing proteins was due to impaired mRNA stability
or translation, we isolated primary hepatocytes from WT
and Mettl14-KO mice and treated the cells with actinomycin
(Act D) for the mRNA stability assay as described previ-
ously."”*> All the included mRNA transcripts exhibited
decreased stability in Mettl14-KO hepatocytes (Figure 9F).
Moreover, RIP-qPCR revealed less binding of eukaryotic
translation initiation factor 3 subunit A (EIF3A) to these
transcripts in Mettl14-KO livers (Figure 9G), indicating a
translation defect in these genes.

Among these included polypeptide-processing proteins,
Hsp90b1 ablation was reported to evoke polypeptide
accumulation, attenuate proliferation, and enhance
apoptosis.*®3*®  Similar to Mettl14-KD, Hsp90b1-KD in

AML12 cells elevated the expression of Bip, Chop, and Bax
but decreased that of Bcl2, p-Akt, and CyclinD1
(Figure 104), resulting in increased cell apoptosis, retarded
cell growth, and arrested cell cycle (Figure 10B-F). These
data suggest that the role of Mettl14 in liver regeneration is
partly dependent on regulating the m®A modification of
Hsp90b1.

Inhibition of ER Stress Reduces Necrosis in
Mettl14-Deficient Livers

To further verify that unresolved ER stress in Mettl14-
KO mice was responsible for impaired liver regeneration,
we treated mice with tauroursodeoxycholate (TUDCA), a
chemical chaperone that reduces ER stress, 1 hour before
PHXx, as reported previously.’” Although TUDCA treatment
did not completely restore the impaired liver regeneration
in Mettl14-KO mice, the necrotic area and inflammatory
infiltration were significantly decreased (Figure 114 and B).
The BrdU and Ki67 indexes in Mettl14-KO mice treated with
TUDCA were partially restored (Figure 114, C, and D). In
addition, the expression of p-IRElq, Chop, and Bax was
reduced and the expression of p-Akt, CyclinD1, and Bcl2 was
slightly increased in Mettl14-KO mice with TUDCA treat-
ment after PHx (Figure 11E). Taken together, our results
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siMettl, small interfering methyltransferase-like.

further demonstrate that ER stress, regulated by Mettl14,
plays a crucial role in facilitating liver regeneration, and
TUDCA treatment partially prevents ER stress and amelio-
rates hepatocyte necrosis in Mettl14-KO mice.

Discussion
Epigenetic modifications are required for liver regener-
ation.?>2%"*% However, the role of m®A modification in liver

regeneration remains obscure. In this study, we revealed
dynamic changes in m®A modifications during liver regen-
eration and demonstrated that Mettl14-mediated m®A plays
a critical role in liver regeneration by regulating the
expression of polypeptide-processing proteins and main-
taining ER homeostasis.

Similar to most epigenetic modifications, m°®A is dynamic
and reversible.® The methyltransferase complex, containing
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Figure 9. Mettl14 regulates stability and translation of polypeptide chain-processing protein transcripts. (A) The m®A
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Figure 10. Hsp90b1 is a critical target of Mettl14 that inhibits proliferation and promotes apoptosis. (A) AML12 cells were

transduced with siHsp90b1. Western blotting shows changes

in levels of proteins involved in ER stress, apoptosis, and

proliferation. (B) CCK-8 assays show suppressed cell growth after Hsp90b1-KD. (C and D) Flow cytometry analysis shows
increased apoptosis rate in Hsp90b1-KD cells. (E and F) Flow cytometry assays show that the cell cycle is arrested in the GO/
G1 phase after Hsp90b1-KD. Bar graphs: mean + standard deviation; n = 3-5. **P < .01, **P < .001.

Mettl3, Mettl14 and WTAP, is responsible for installing mPA
on mRNA.® Systemic ablation of any member of the m°A
methyltransferase complex leads to embryonic death,*"*?
highlighting the critical role of m°®A in diverse physiolog-
ical processes. Similar to the dynamic changes in Mettl3 and
Mettl14 expression after PHx, most of the mP®A-modified
genes underwent initial up-regulation and subsequent
down-regulation of m®A modulation after PHx. This trend
was coincident with the dramatic activation and modifica-
tion of numerous genes involved in the same stage. Our data
strongly support that m®A modification is a key molecular
event in regulating liver regeneration.

The loss of Mettll4 impaired liver regeneration to a
dramatically greater extent than Mettl3 ablation. We also
generated liver-specific WTAP-deficient mice, and surpris-
ingly, most of these mice died within 25 days of birth (data
not shown). These findings suggest the different roles of
each m®A writer in the same biological process. Mettl3 is the
catalytic unit, and Mettl14 is the allosteric adaptor, which
enhances the catalytic activity of Mettl3 and helps Mettl3
recognize the substrate RNA. Mettl3 and Mettl14 can play
similar roles because the loss of either Mettl3 or Mettl14
results in spermatogonial stem cell depletion.'® However,

previous in vitro studies showed that Mettl3 and Mettl14
have opposite roles in regulating liver cancer cell and leu-
kemia cell proliferation by targeting different genes.'” *"*?
It would be interesting to determine why the loss of
Mettl3 does not significantly disturb liver homeostasis or
regeneration. Huang et al** found that histone H3 trime-
thylation H3K36me3 binds to Mettl14 and recruits meth-
yltransferase complex to deposit m°A on newly synthesized
mRNA. With in-depth studies on methyltransferase, an
increasing number of factors have been identified as mem-
bers of the complex. Therefore, different signaling pathways
in different cells may combine with different members of
the complex to specifically regulate the genes related to a
biological process. The separate role of each subunit in the
Mettl3-Mettl14-WTAP complex is far from clear and re-
quires further characterization.

Interestingly, Mettl14 deficiency does not affect liver
homeostasis but dramatically impairs liver regeneration
after PHx. In response to regeneration stimuli, a large
number of genes, including Mettl14, are rapidly activated
in the remaining hepatocytes, suggesting that Mettl14 is
also triggered by mitotic signals. CEBPa« and CEBPS, which
were identified as necessary to promote liver
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1‘egeneration,45'46 are potential transcription factors that

bind to the Mettl14 gene.19 Therefore, the role of Mettl14-
mediated m®A seems to depend on the activation of mitotic
signals and provides a reasonable explanation for why
Mettl14 ablation does not obviously disturb homeostasis in
quiescent livers.

One of the most interesting findings in our study is that
the hepatic loss of Mettl14 resulted in necrosis in regener-
ating livers, an event that is very rarely observed in the
surgical model of liver regeneration. This finding led to our
speculation that impaired liver regeneration is not solely
attributed to cell cycle arrest. In the regenerating liver, a
large amount of newly synthesized peptides enter the ER,
where they are further processed into functional proteins to
produce new hepatocytes. In this context, the defect in UPR
can be caused by the deficiency in ER stress sensors, such as
IREla and XBP1, or the insufficient production of
polypeptide-processing proteins, such as Hsp90b1, leading
to unresolved ER stress.”*”** Unresolved ER stress further
leads to impaired cell growth and even cell death, as
observed in IREla-, XBP1-, or Hsp90b1-deficient
livers.”®*”*° The similar histologic changes in the Mettl14-
ablated regenerating liver strongly suggests the develop-
ment of unresolved ER stress in the mutant liver.
Examination of ER morphology and ER stress markers
confirmed the excessive ER stress in Mettl14-KO regener-
ating livers. Treatment with TUDCA effectively reduced ER
stress and partly rescued the impaired liver regeneration,
especially the necrosis in Mettl14-ablated livers, providing
further evidence of the association between Mettl14 inac-
tivation and ER homeostasis.

mP®A affects the stability and translation of mRNA tran-
scripts. We identified a group of m°®A hypogenes that encode
polypeptide-processing proteins in the ER, and their sta-
bility and translation were impaired, resulting in decreased
RNA and protein levels in the Mettl14-KO livers. We did not
observe that genes encoding ER stress sensors are m°A
targets, indicating that their increase in the Mettl14 KO liver
is an adaptive response to the defect in polypeptide pro-
cessing but not directly regulated by Mettl14.

Mettl14 deletion also resulted in hepatocyte cycle
arrested in G1 phase. On the one hand, ER stress in Mettl14-
KO liver led to increased Chop, thus inhibiting p-Akt-Cyclin
D1 pathway.”” On the other hand, m®A hypogenes in
Mettl14-KO mice were also enriched in PI3K-Akt pathway,
which is important in hepatocyte proliferation during liver
regeneration. Therefore, Mettl14 deletion may also block
cell cycle by inhibiting PI3K-Akt pathway, which needs
further proof. It should be noted that the polypeptide-
processing proteins constitute only one portion of the
Mettl14 target genes. Therefore, we cannot exclude the
possibility that other genes with altered m®A levels are
induced by Mettl14 deficiency and impair liver regenera-
tion. In addition, the m®A abundance was increased in some
transcripts in the Mettl14-KO regenerating liver, and the
deficiency of any methyltransferase alone or in combination
did not cause the complete disappearance of the m°A
modifications,'® suggesting that m°A is comprehensively
regulated and many other writers may be involved.

Cellular and Molecular Gastroenterology and Hepatology Vol. 12, No. 2

In summary, we have provided in vivo evidence that the
m®A methyltransferase Mettl14, but not Mettl3, plays an
essential role in promoting liver regeneration at least partly
through the deposition of m°A on the mRNA transcripts of
polypeptide-processing proteins in the ER, thereby main-
taining ER homeostasis (Figure 11F).

Methods

Mice and Treatments

The experiments were approved by the Animal Care and
Use Committee of Sichuan University. Mettl3'>*/1%F and
Mettl14'9*/1P \vere provided by Dr M. H. Tong, Shanghai
Institute of Biochemistry and Cell Biology, University of
Chinese Academy of Sciences. Albumin-Cre transgenic mice
were purchased from Shanghai Biomodel Organism Science,
and the genotypes of the Albumin-Cre, Mettl3'*/1oF and
Albumin-Cre, Mettl14'F/1" mice were determined using
PCR amplification of tail DNA. PHx was performed on 8-
week-old male mice as described previously.”* BrdU (1
mg/kg body weight; cat. B5002, Sigma-Aldrich, St Louis,
MO) was intraperitoneally injected 60 minutes before the
mice were killed. TUDCA (75 ug/g body weight; cat. T0266,
Sigma-Aldrich) was intravenously injected 1 hour
before PHx.

mPA Sequencing

CloudSeq Biotech Inc (Shanghai, China) performed m°A-
seq. Total RNA was extracted from mouse liver tissue and
then randomly fragmented. A specific anti-m°A antibody
(cat. 202003; Synaptic Systems, Goettingen, Germany) was
applied for the m®A pull-down assays. A TruSeq Stranded
mRNA Sample pre-kit (Illumina, San Diego, CA) was used to
construct a library from both input and m®A IP samples,
which were then deeply sequenced on an Illumina HiSeq
instrument in 2 Xx 100 cycles of Solexa paired-end
sequencing. The m®A-seq data were deposited in the
Genome Sequence Archive (https://bigd.big.ac.cn/gsa/)
under accession number CRA003378.

Quantification of MRNA m°A

The m°A level in total RNA was assessed using an m°A
RNA methylation quantification kit (cat. ab185912; Abcam,
Cambridge, UK) according to the manufacturer’s protocol.
Briefly, 200 ng of total RNA was added to each well, and
then the capture antibody solution and detection antibody
solution were added. The absorbance at 450 nm was
colorimetrically measured for m®A level.

mRNA Isolation and Real-Time PCR

Total mRNA was purified from 25 mg of liver tissue
using an RNA Isolation kit (cat. RE-03011; Foregene,
Chengdu, China). mRNA was reverse transcribed to cDNA
using the iScriptcDNA Synthesis kit (cat. 179-8890; Bio-Rad,
Hercules, CA). A CFX Connect Real-Time System (Bio-Rad)
was used for real-time PCR. The gene expression levels were
normalized to GAPDH gene expression.
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Figure 11. TUDCA treatment partially restores liver regeneration in Mettl14-KO mice. (A) H&E staining and BrdU and Ki67
immunohistochemistry results show partially restored liver regeneration in Mettl14-KO mice (scale bar: 50 um). Necrotic areas
are circumscribed with dotted lines. (B) Percentage of necrotic areas. (C and D) BrdU and Ki67 indexes show increased
proliferation rates of Mettl14-KO mice with TUDCA treatment. (E) Western blotting shows decreased ER stress markers and
proapoptosis proteins and increased indexes of proliferation and antiapoptosis proteins in Mettl14-KO mice treated with

TUDCA. (F) Hypothetical model of Mettl14 during liver regeneration. Bar graphs: mean + standard deviation; n = 3-5. *P < .05,
P < .01.
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Western Blotting

Liver tissues were homogenized for protein extraction.
Sodium dodecyl sulfate-polyacrylamide gel electrophoresis
and immunoblotting were performed, and an electro-
chemiluminescent reagent was used for chemiluminescence
detection. Primary antibodies were Mettl3 (cat. A8370;
Abclonal, Woburn, MA), Mettl14 (cat. HPA038002; Sigma-
Aldrich), FTO (cat. ET1705-89; HUABIO, Woburn, MA),
Alkbh5 (cat. ER65894; HuaBio), WTAP (cat. 56501; Cell
Signaling Technology, Danvers, MA), Lman1 (cat. ab125006;
Abcam), Erp29 (cat. ET7108-03; HuaBio), Stt3a (cat. 12034-
1-AP; Proteintech, Rosemont, IL), Hsp90b1 (cat. ER1511-5;
HuaBio), P4hb (cat. ER40404; HuaBio), Bip (cat. ER40402;
HuaBio), p-IREla (cat. NB100-2323; Novus Biologicals,
Littleton, CO), IRE1« (cat. 3294; Cell Signaling Technology),
XBP1 (cat. Ab37152; Abcam), p-PERK (cat. 3179 Cell
Signaling Technology), PERK (cat. 3192; Cell Signal-
ingTechnology), p-elF2«a (cat. ET1603-14; HuaBio), elF2«
(cat. RT1196; HuaBio), Chop (cat. ET1703-05; HuaBio),
ATF6 (cat. EM1701-94; HuaBio), Cyclin D1 (cat. ab134175;
Abcam), CDK4 (cat. ab199728; Abcam), Cyclin E1 (cat
ET1612-16; HuaBio), Cyclin A2 (cat. ET1612-26; HuaBio),
Cyclin B1 (cat. 4138; Cell Signaling Technology), CDK1 (cat.
ab32384; Abcam), p-STAT3 (cat. 9145; Cell Signaling
Technology), STAT3 (cat. 9139; Cell Signaling Technology),
forkhead box M1 (FoxM1) (cat. ER1706-62; HuaBio), p-Akt
(cat. ET1607-73; HuaBio), Akt (cat. ET1612-16; ET1609-
47), Bcl2 (cat. ET1702-53; ET1609-47), Bax (cat. 2772; Cell
Signaling Technology), and GAPDH (cat. KC-5G4; KangChen
Biotech, Shanghai, China).

Immunohistochemistry

Liver specimens were fixed in 10% neutral buffered
formalin for 36-48 hours. Paraffin sections (4 um thick)
were prepared and performed a series of dewaxing, rehy-
dration, antigen retrieval, and quenching of endogenous
peroxidase activity. The sections were incubated with the
corresponding primary antibody at 4°C overnight and anti-
mouse/rabbit secondary antibody (Dako REAL EnVision
Detection System, Glostrup, Denmark) for 1 hour at room
temperature. Detection was developed using the 3,3'-dia-
minobenzidine substrate. Primary antibodies were cleaved
caspase 3 (cat. 9664; Cell Signaling Technology), pH3S10
(cat. 06-570; Merck Millipore, Burlington, MA), BrdU (cat.
MS-1058-P0; Thermo Fisher Scientific, Waltham, MA), and
Ki67 (cat. RM-9106-S1; Thermo Fisher Scientific).

Gene-Specific m°A gPCR

m®A-IP enrichment followed by real-time qPCR to
quantify the changes in m®A methylation of the target gene
was performed using the Magna MeRIP m®A Kit (cat. 17-
10499; Millipore) following the manufacturer’s instructions.
Briefly, 5 ug of fragmented mRNA was incubated with m°®A
antibody (cat. 202003; Synaptic Systems) or for 4 hours at
4°C. Methylated RNA was eluted and purified, and real-time
gPCR was performed to analyze the relevant enrichment of
m°®A of target gene in each sample.
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RIP-Real-Time-qPCR Reaction

Liver tissues were homogenized in polysome lysis buffer,
and 10% of the supernatant was collected as input. The
Mettl14 antibody, EIF3A antibody (cat. 3411; Cell Signal-
ingTechnology), or immunoglobulin G-conjugated Protein
A/G magnetic beads were added to the remaining super-
natant and incubated at 4°C overnight. After washing, the
immunoprecipitated RNAs and input were treated with
Proteinase K at 55°C for 2 hours. RNA was recovered by
phenol: chloroform extraction, followed by ethanol precip-
itation. Then real-time qPCR analyses were performed.

Primary Hepatocyte Isolation

Primary hepatocytes were isolated using the collagenase
perfusion method. The liver was perfused with prewarmed
Hank’s balanced solution and followed by digestion me-
dium. Primary hepatocytes were counted and seeded on
type I collagen-coated 6-well plates in low-glucose medium
containing 10% fetal bovine serum), 2 mmol/L L-glutamine,
and 100 U/mL of penicillin/streptomycin.

mRNA Stability

Hepatocytes were treated with Act D (cat. A9415; Sigma-
Aldrich) at a final concentration of 5 ug/mL for 4 or 8 hours.
Total RNA was purified by RNA Isolation kit and analyzed
by real-time qPCR. The half-life of indicated mRNA was
calculated as reported previously.'” GAPDH was used for
normalization.

Transmission Electron Microscopy

Livers were prepared for electron microscopy by fixing
the liver tissue with 2.5% glutaraldehyde in 0.1 mol/L
phosphate salt buffer (pH 7.4) and then post-fixed in
0.1 mol/L cacodylate buffer (pH 7.2) with 1% osmium te-
troxide. After dehydration, embedding, and sectioning, they
were examined with JEM-1400PLUS microscope.

Cell Culture and Small Interfering RNA
Transfection

The AML12 mouse liver cell line was maintained in a 1:1
mixture of Dulbecco modified Eagle medium and Ham'’s F12
medium supplemented with 10% fetal bovine serum, 5 ug/
mL insulin, 5 ug/mL transferrin, 5 ng/mL selenium, and 40
ng/mL dexamethasone. The cells were maintained at 37°C
in a 5% (v/v) CO, atmosphere and subcultured every 3
days. Transfection with small interfering RNA against the
Mettl14 gene (siMettl14: 5'-GCATTGGTGCTGTGT-
TAAAdTAT-3') or Hsp90bl gene (siHsp90b1l: 5'-GGA-
CATCTCTACAAATTACATAT-3’) was performed. Scrambled
small interfering RNA was used as a control.

Cell Growth/Proliferation and Apoptosis Assays
The cell growth was analyzed by Cell Counting Kit-8
assay following the manufacturer’s manuals (cat. CK04;
Dojindo, Kumamoto, Japan). Cells were plated in 96-well
plates. Solution was added at indicated time points and
incubated at 37°C for 1-4 hours. The absorbance at 450 nm
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was analyzed. For cell cycle assays, the Cell Cycle Detection
Kit (cat. KGA511; KeyGEN BioTECH, Nanjing, China) was
used following the instructions. Cells were fixed in cold 75%
ethanol overnight, incubated with propidium iodide and
RNase A for 30 minutes, and subjected to flow cytometry.
For apoptosis assays, the Annexin V-FITC Apoptosis Detec-
tion Kit (cat. KGA105; KeyGEN BioTECH) was used
following the instructions. Cells were washed by phosphate-
buffered saline, stained with Annexin V-FITC and propidium
iodide for 5 minutes, and subjected to flow cytometry.

Statistical Analysis

The data are expressed as means + standard deviation.
Statistical comparisons were assessed with Student t test
with Welch’s correction by GraphPad Prism Software 8.0
(San Diego, CA). A P value <.05 was considered significant.
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