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m6A demethylase ALKBH5 drives denervation-induced
muscle atrophy by targeting HDAC4 to activate FoxO3
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Abstract

Background Skeletal muscle atrophy is a common clinical manifestation of various neurotrauma and neurological dis-
eases. In addition to the treatment of primary neuropathies, it is a clinical condition that should be investigated. FoxO3
activation is an indispensable mechanism in denervation-induced muscle atrophy; however, upstream factors that
control FoxO3 expression and activity have not been fully elucidated. N®-methyladenosine (m®A) methylation is a novel
mode of epitranscriptional gene regulation that affects several cellular processes. However, the biological significance
of m®A modification in FoxO3-dependent atrophy is unknown.

Methods We performed gain-of-function and loss-of-function experiments and used denervation-induced muscle
atrophy mouse model to evaluate the effects of m®A modification on muscle mass control and FoxO3 activation.
m®A-sequencing and mass spectrometry analyses were used to establish whether histone deacetylase 4 (HDAC4) is a
mediator of m°A demethylase ALKBHS5 regulation of FoxO3. A series of cellular and molecular biological experiments
(western blot, immunoprecipitation, half-life assay, m®A-MeRIP-qPCR, and luciferase reporter assays among others)
were performed to investigate regulatory relationships among ALKBH5, HDAC4, and FoxO3.

Results In skeletal muscles, denervation was associated with a 20.7-31.9% decrease in m°A levels (P < 0.01) and a
35.6-115.2% increase in demethylase ALKBH5 protein levels (P < 0.05). Overexpressed ALKBH5 reduced m°®A levels,
activated FoxO3 signalling, and induced excess loss in muscle wet weight (—10.3% for innervation and —11.4% for de-
nervation, P < 0.05) as well as a decrease in myofibre cross-sectional areas (—35.8% for innervation and —33.3% for
denervation, P < 0.05) during innervation and denervation. Specific deletion of Alkbh5 in the skeletal muscles
prevented FoxO3 activation and protected mice from denervation-induced muscle atrophy, as evidenced by increased
muscle mass (+16.0%, P < 0.05), size (+50.0%, P < 0.05) and MyHC expression (+32.6%, P < 0.05). Mechanistically,
HDAC4 was established to be a crucial central mediator for ALKBHS5 in enhancing FoxO3 signalling in denervated mus-
cles. ALKBH5 demethylates and stabilizes Hdac4 mRNA. HDAC4 interacts with and deacetylates FoxO3, resulting in a
significant increase in FoxO3 expression (+61.3-82.5%, P < 0.01) and activity (+51.6-122.0%, P < 0.001).
Conclusions Our findings elucidate on the roles and mechanisms of ALKBH5-mediated m®A demethylation in the con-
trol of muscle mass during denervation and activation of FoxO3 signalling by targeting HDAC4. These results suggest
that ALKBHS is a potential therapeutic target for neurogenic muscle atrophy.
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Introduction

The skeletal muscle is the final executive organ of the human
body for voluntary movement and postural support. Mainte-
nance of its morphological structure and functional state de-
pends on normal motor nerve innervation. However, under
various pathological conditions, such as peripheral nerve in-
jury, motor neuron and neuromuscular junction diseases, nor-
mal nerve signal transduction and neuronutritional supply of
skeletal muscles are disturbed. Therefore, patients suffer
from severe progressive muscle mass loss and weakness,
known as denervation-induced muscle atrophy.® Notably,
nerve repair takes a long time. Primary neuropathy treatment
does not significantly alleviate the problem as the muscle
structure is seriously damaged due to long denervation pe-
riods. Therefore, the original shape and function of muscle fi-
bres are not restored after they regain motor nerve signals.
This implies that prevention of muscle atrophy is challenging
in addition to treatment of primary neuropathy. Currently,
due to the lack of a deep understanding of the regulatory
mechanisms of skeletal muscle mass, there are no effective
measures for preventing neurogenic muscle atrophy.

Overactivation of the ubiquitin-proteasome proteolytic
system is a major cellular process that results in
denervation-induced muscle atrophy,>® and its activation is
significantly correlated with upregulation of atrophy-related
genes (atrogenes), including Atrogini, MuRF1, MUSAI,
SMART.*® Moreover, the transcription factor Fox03, a mem-
ber of Forkhead box (Fox) family, plays an important role in
regulation of atrogene expression. FoxO3 binds promoter re-
gions and activates atrogene transcription, resulting in the
occurrence and progression of skeletal muscle atrophy in-
duced by various pathological states.”™® However, as a human
longevity gene, inhibition of FoxO3 activity increases the risk
of age-associated diseases.® Notably, development of inhibi-
tors with the ability to target transcription factors is complex
and challenging.’® Therefore, studies should investigate up-
stream factors that regulate activation of FoxO3 signalling in
denervation-induced muscle atrophy to develop alternative
therapies.

Post-transcriptional modification of messenger RNA
(mRNA) is a key mechanism in the control of gene expression
levels. Among the more than 100 modifications in mRNA,
N®-methyladenosine (m®A) methylation is the most character-
ized and abundant post-transcriptional modification in
eukaryotic mRNA. In mammals, mPA is catalysed by RNA
methyltransferase-like 3 (METTL3) and methyltransferase-like
14 (METTL14) (writers), is removed by demethylases fat mass
and obesity-associated protein (FTO) and alkB homologue 5
(ALKBH5) (erasers), and interacts with m®A-binding proteins
with YTH domain, such as YTHDF1/2/3, YTHDC1/2 (readers).*!
These three effectors regulate various cellular processes by

dynamically modulating RNA splicing, translocation, stability,
and translation efficiency.*

In recent years, various studies have evaluated the biolog-
ical functions of m®A methylation in mRNA. m°®A is implicated
in various physiological and pathological processes, including
stem cell fate determination,*® neural developmen‘c,14 cardiac
hypertrophy,’®> tumorigenesis, and metastasis.’® Dynamic
m®A modification, mediated by METTL3 and FTO, plays an
important role in promoting myogenic differentiation and
muscle development.'’*® Additionally, ALKBH5-mediated
m®A demethylation enhances FOXM1 expression in cancer
cells,**%° suggesting that the Fox protein family is the likely
potential target that is regulated by m®A. However, it has
not been determined whether m®A is involved in the
control of adult muscle mass, and whether it affects
FoxO3-dependent neurogenic muscle atrophy.

In this study, we found that ALKBH5-meditaed m®A de-
methylation aggravates muscle mass loss during denervation
and that HDAC4/FoxO3 signalling axis is an important
pathways downstream of ALKBHS5. Our findings provide a
more promising enzyme treatment target for neurogenic
muscle atrophy.

Materials and methods

An extended materials and methods section can be found on-
line in the Supporting information.

Generation of muscle-specific Alkbh5 knockout
mice

Mice bearing the Alkbh5-floxed allele (Alkbh5"" Cyagen)
were crossed with transgenic mice expressing Cre
recombinase under the control of the MylZ promoter
(Myl1-Cre; Stock No: 024713, The Jackson Laboratory) to gen-
erate muscle-specific Alkbh5 knockout mice (Myl1-Cre;
Alkbh5ﬂ/ﬂ). Littermate Alkbh5”7 mice were used as controls.
Genotyping by tail DNA and PCR were performed at 4 weeks
of age. The primers were shown in Table S1. Mice were
housed under specific pathogen-free conditions at 24 + 2 °C
with a 12:12 h light—dark cycle and ad libitum access to food
and water. All experimental animal procedures strictly
adhered to the National Institutes of Health Guide for the
Care and Use of Laboratory Animals and approved by Jinan
University Laboratory Animal Ethics Committee (IACUC Issue
No. 20200318-36).
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mPA sequencing (m°A-seq) and data analysis

m®A-seq and data analysis were performed by Shanghai
Jiayin Biotechnology Ltd. Briefly, total RNA from 2 week-
denervated gastrocnemius (GAS) muscle was extracted using
the TRIzol reagent (Invitrogen), and fragmented into ~200-
nucleotide-long fragments. Approximately 5% of the
fragmented RNA was used as the input RNA. Other RNA frag-
ments were analysed by immunoprecipitation using anti-m°®A
polyclonal antibodies. Sequencing was performed using an
lllumina NovaSeq 6000 platform. m°A-seq data were
analysed as previously described.?* m®A peaks with false dis-
covery rate (FDR) < 0.05 were detected using transcriptome
based peak caller MetPeak, and the top 5000 peaks were
chosen for de novo motif analysis with MEME, which takes
200-nt-long peak summit-centred sense sequences as input.
Peak files of different groups were merged using the merge
in bedtools toolset. Signals in two different groups on every
merged mPA peaks was calculated using UCSC tools. m°A
peaks were identified as differential peaks if they had m®A
enrichment score fold change (FC) > 2 and average m°A score
greater than 6. Annotation of m®A peaks on the whole ge-
nome was obtained using ChlPseeker.

Liquid chromatography—tandem mass
spectrometry for determination of méA/A ratio

Approximately 500 ng of purified mRNA was digested with
Nuclease P1 (1 U; Sigma) in 25 plL of reaction buffer
(10 mM NaCl, 2.0 mM ZnCl,) containing 10 mM NH,0Ac
(pH 5.3) at 42°C for 2 h, followed by addition of NH,HCO3
(3 puL, 3 M) and alkaline phosphatase (1 pL, 1 U/pL; Sigma)
and incubation at 37°C for 2 h. After neutralization using
1 pL HCI (3 M), samples were diluted to 50 pL and filtered
(0.22 um, Millipore). Then 5 pL of the solution was used as
the injection volume for liquid chromatography—-tandem
mass spectrometry (LC-MS/MS). Nucleosides were separated
by reverse-phase ultra-performance liquid chromatography
on a C18 column (Phenomenex), followed by online mass
spectrometry detection using a Thermo Fisher Q Exactive
Focus Orbitrap UPLC mass spectrometer via the positive
electrospray ionization mode. All nucleosides were quantified
based on retention time and nucleoside-to-base ion mass
transitions of 282 to 150 (m®A) and 268 to 136 (A). A stan-
dard curve was generated using pure nucleoside standards
running in the same batch of samples. The ratio of m°A to
A was calculated based on calibrated concentrations.

m°®A dot blot assay

After being denatured by heating at 72°C for 5 min, mRNA in
a volume of 1.5 pL was spotted on Hybond Nitrocellulose

Membranes (Pall) and cross-linked to the membrane by UV.
One of the membranes was blocked using 5% non-fat dry
milk in TBST for 1 h at room temperature and inducted with
rabbit anti-m®A antibody (1:3000; Synaptic Systems) over-
night at 4°C. Next day, the membrane was inducted with
HRP-conjugated goat anti-rabbit 1gG (1:5000) for 2 h at room
temperature, then visualized on GNOME XRQ NPC (Syngene)
using ECL chemiluminescence (Millipore). The other
membrane was stained with 0.02% methylene blue in 0.3 M
sodium acetate (pH 5.2) for 2 h as the loading control.

Statistical analysis

Statistical analyses were performed using the SPSS 13.0 soft-
ware. Statistically significant differences between experimen-
tal groups were determined by a two-tailed Student’s t test
or one-way analysis of variance (ANOVA) followed by
Bonferroni’s multiple comparisons test. Data are presented
as the mean + SD or mean * SEM (*P < 0.05; **P < 0.01;
and ***p < 0.001).

Results

Suppressed m°A levels in denervated muscles were
correlated with upregulation of ALKBH5

The LC-MS/MS and dot blot showed that m®A modification
levels in muscles at different days after denervation were sig-
nificantly low, compared with normal muscles (Figure 1A).
Meanwhile, suppressed m°A levels correlated with increased
demethylase ALKBH5S levels in denervated muscles, whereas
changes in METTL3, METTL14, and FTO levels after
denervation were not significant (Figure 1B-1E). Notably,
upregulation of ALKBH5 was consistent with upregulation of
FoxO3 on different days post-denervation (Figure 1D and
1E). These findings show a strong association between
ALKBH5-mediated m®A demethylation with muscle wasting
and FoxO3 expression, implying that ALKBH5 plays an impor-
tant role in FoxO3-dependent neurogenic muscle atrophy.

ALKBH5 overexpression induces muscle mass loss
and accelerates denervation-induced muscle
atrophy

To explore the potential role of ALKBH5 in muscle mass con-
trol and denervation-induced muscle atrophy, ALKBH5 was
overexpressed in tibialis anterior (TA) muscles through
AAV-ALKBHS local injection. Infection with AAV-ALKBHS5 effi-
ciently increased ALKBH5 expression at mRNA and protein
levels in innervated and denervated TA muscles (Figure
2A-2C). Dot blot analysis showed that overexpressed ALKBH5
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Figure 1 Decrease in m°®A levels in denervated muscles is accompanied by upregulation of ALKBHS. (A) mPA mRNA levels in gastrocnemius (GAS) mus-
cles on Days 7, 14, and 28 post-denervation as determined using liquid chromatography—tandem mass spectrometry (LC-MS/MS) (up) and dot-blot
(down) (n =5). (B and C) METTL3, METTL14, and FTO protein levels in innervated and denervated GAS muscles (n = 5). GAPDH was used as the internal
reference. (D and E) expression and quantification of ALKBH5 and FoxO3 protein in GAS muscles at 7, 14, and 28 days post-denervation (n = 5). Data
are expressed as mean + SEM. *P < 0.05, **P < 0.01, ***P < 0.001, n.s., no significant by two-tailed Student’s t-test.

significantly suppressed the levels of m®A modifications
(Figure 2D), thereby confirming the role of ALKBH5 as an
m®A “eraser” of mRNA. Notably, overexpressed ALKBH5 sig-
nificantly reduced muscle wet weight (AAV-Control
59.59 + 2.59 mg, AAV-ALKBH5 53.47 + 3.71 mg), myofibre
CSA (AAV-Control 4751.56 + 568.24 umz, AAV-ALKBH5
3052.40 + 252.78 umz), and MyHC expression in
innervated muscles (Figure 2B, 2C and 2E-2I). Furthermore,
overexpressed ALKBH5 was associated with excessive
loss in muscle mass (AAV-Control 39.92 + 4.20 mg,
AAV-ALKBH5 35.35 + 2.23 mg) and size (AAV-Control
3405.11 + 487.64 um?, AAV-ALKBHS 2269.78 + 289.79 um?)
in denervated muscles (Figure 2E-2H and 2J). Western blot
and gPCR showed that overexpressed ALKBH5 not only pro-
moted the levels of FoxO3 and its target genes (Atrogini
and MuRFI) in TA muscles (Figure 2B, 2C, 2K and 2L) but also
reduced the proportion of pFoxO3 (the phosphorylation
status by which FoxO3 is exported from the nucleus and
degraded in the cytoplasm??) (Figure S1). These findings
indicate that upregulation of ALKBH5 has the ability to
drive normal muscle mass loss and aggravate denervation-
induced muscle atrophy by enhancing FoxO3 expression
and activity.

Conditional deletion of Alkbh5 in skeletal muscles
did not cause developmental defects but
abrogated denervation-induced muscle atrophy

ALKBH5 overexpression was involved in initiation of muscle
wasting; therefore, further experiments were performed to
determine whether Alkbh5 deletion can increase muscle
mass or prevent muscle atrophy. Alkbh5"* mice were bred
with Myl1-Cre transgenic mice to obtain muscle-specific
Alkbh5 knockout (Myl]—Cre;A/kbhﬁ’/ﬂ) mice, and their litter-
mate control (A/kbh5ﬂ/ﬂ) mice (Figure 3A and 3B). qPCR and
western blot revealed suppressed ALKBH5 mRNA and protein
levels in skeletal muscles of Mle—Cre;A/kbhF"/ﬂ mice (Figures
3C, 3D, and S2A), but not in other tissues (Figure S2B), which
subsequently elevated m°A levels in denervated muscles
(Figure 3E). Myl1-Cre;Alkbh5"f mice were viable and did
not show any morphological or growth abnormalities. More-
over, they had normal body weights (Figure S2C-S2E). Grip
strength was comparable in the two genotypes (Figure S2F),
and no histopathologic changes were observed in Alkbh5
knockout muscles (Figure S2G). In addition, wet weight and
myofibre cross-sectional area (CSA) of muscles in Alkbh5
knockout mice at 10 weeks of age were not significantly dif-
ferent, compared with those in littermate controls (Figure
3F-3J). This implies that deletion of Alkbh5 had no effect on
normal muscle mass and function in mice. Further, the effects
of Alkbh5 deficiency on denervation-induced muscle atrophy
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Figure 2 F ALKBH5 overexpression induces muscle mass loss and accelerates denervation-induced muscle atrophy. (A) Alkbh5 mRNA levels after
AAV-ALKBHS5 injection into tibialis anterior (TA) muscle (n = 4). (B and C) MyHC, Fox0O3, and ALKBH5-Flag protein levels in TA muscles after 6 weeks
of AAV-ALKBH5 infection and/or two weeks of denervation (n = 6). (D) mRNA dot blot analysis of mPA levels in AAV-ALKBHS5 infected TA muscle.
(E and F) Representative images and TA muscle wet weight after six weeks of AAV-ALKBHS5 infection (n = 10). (G and H) Representative immunofluo-
rescence images of TA muscles after AAV-ALKBHS5 injection labelled with laminin (red) and GFP (green), and quantification of myofibre cross-sectional
areas (CSAs) (n = 4). DAPI (blue) was used to label the nuclei. Scale bar = 100 um. (I and J) Distribution of myofibre CSA from images in (G). (K and L)
mRNA levels of AtroginZ and MuRF1 in AAV-ALKBHS infected TA muscles with innervation or denervation (n = 4). Data are expressed as mean + SEM
(A, C, K, L) or mean % SD (F, H). *P < 0.05, **P < 0.01, ***P < 0.001 by two-tailed Student’s t test (A, C, K, L) or one-way ANOVA with Bonferroni’s

post-hoc test (F, H).

were investigated. It was established that upon denervation,
Alkbh5 knockout mice exhibited larger muscle weights (con-
trol 81.39 + 8.34 mg, knockout 94.43 + 8.65 mg) (Figure 3F
and 3G) and myofibre CSA (control 1103.22 + 262.42 um?,
knockout 1654.70 + 376.75 umz) (Figure 3H-3K), and higher
MyHC expression levels (Figure 3L and 3M), compared with
controls. Specifically, analysis of fibre types showed that
Alkbh5 deficiency mainly inhibited type Il fibres atrophy, but
had no significant effect on type | fibres (Figure S3). This
may be because the main myofibre in the GAS muscle was
Type Il or fast-twitch fibres.?® Western blot and gPCR showed
that Alkbh5 knockout significantly suppressed FoxO3,
Atroginl and MuRF1 levels in denervated GAS muscles, com-
pared with the control group (Figure 3L-3N). These findings
imply that muscle-specific Alkbh5 knockout can prevent the
activation of FoxO3 signalling and progression of muscle atro-
phy induced by denervation without causing muscle
hypertrophy.

Identification of m°A targets in denervation
muscles

To establish the underlying mechanism of m®A modification
in regulation of neurogenic muscle atrophy, m®A methylomes
of skeletal muscles undergoing denervation were mapped by
m®A sequencing (mPA-seq). The ‘GGAC’ sequence motif was
highly enriched within the m®A sites identified in both
innervated and denervated muscles (Figure 4A), majority of
the mPA peaks were located in 3/UTR and CDS regions, with
a small subset of peaks located in 5/UTR and distal intergenic
regions (Figure S4A and S4B). Guitar analysis revealed that
m®A peaks were predominantly abundant in the vicinity of
stop codons (Figure 4B). A total of 556 new m®A peaks and
779 disappearing peaks were identified in denervated mus-
cles through m®A-seq analysis, whereas the remaining 8209
peaks were unchanged in both innervated and denervated
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resentative image and GAS muscle wet weight in Alkbh5 wild-type and knockout mice with or without denervation (n = 7). (H and 1) Immunofluores-
cence staining and quantification of myofibre CSA of GAS muscle at 14 days post-denervation in Alkbh5 wild-type and knockout mice (n = 7). Red
denotes laminin; blue denotes nuclei labelled with DAPI. Scale bar = 100 pm. (J and K) Distribution of myofibre CSA from images in (H). (L and M)
MyHC, Fox03, and ALKBH5 protein levels in Mle—Cre;Alkbth/ﬂ GAS muscle after 14 days of denervation (n = 6). (N) gPCR showing reduction in
Atrogin1 and MuRFI mRNA levels at 14 days post-denervation in muscles of My/]—Cre;AIkbh5ﬂ/ﬂ mice (n = 4). Data are expressed as mean + SEM
(D, M, N) or mean + SD (G, 1). ¥*P < 0.05, **P < 0.01, ***P < 0.001 by two-tailed Student’s t test (D, M, N) or one-way ANOVA with Bonferroni’s
post-hoc test (G, I).

muscles (Figures 4C and S4C). For m®A-regulated genes, m®A-  FoxO3 protein levels in denervated muscles may be

seq showed 441 new modifying genes and 621 genes loss of
m®A modification in denervated muscles (Table S2), whereas
the other 3890 genes were identified in both innervated and
denervated muscles (Figure S4D). These results demonstrate
that atrophic muscles unique peaks and genes had specific
m°A targets.

Given that ALKBH5 promoted FoxO3 expression during de-
nervation just at the protein level without affecting its mRNA
(Figures 2B, 2C, and S5), we postulated that the increase in

caused by enhanced FoxO3 translation efficiency through
ALKBH5-mediated m®A demethylation. However, m®A-seq
analysis showed that FoxO3 is not one of the differential
genes of m®A modification, implying that expressions of
FoxO3 proteins in atrophic muscles are not directly regulated
by mPA. Consistent with this finding, a previous study re-
ported that FoxO3 translation is independent of m°A
methylation.>* Therefore, to determine how ALKBHS
regulates FoxO3 expression and muscle atrophy, we reviewed
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Figure 4 F Identification of m°A targets in muscles undergoing denervation. (A) Motif analysis using MEME program identified ‘GGAC’ as the m°®A con-
sensus motif in both the innervated and denervated muscles in mGA-seq. (B) Density distribution of m°A peaks across the transcriptome of gastroc-
nemius (GAS) muscle with innervation or denervation. (C) Scatter plots showing the distribution of m°A peaks in the denervation group, compared
with innervation group. (D) Coomassie staining of proteins co-immunoprecipitated with FoxO3 antibodies in denervated muscles. The marked bands
were identified by tandem mass spectrometry (MS/MS). (E) Venn diagram showing overlap between FoxO3-interacting molecules and
m6A-downregulated genes in GAS muscles with denervation. (F) Integrative genomics viewer (IGV) tracks displaying mGA»seq read distribution in
Hdac4 transcript of innervated and denervated GAS muscles. (G—1) HDAC4 unique peptides (QQALLLEQQR; EQQLQQELLALK; LDHQFSLPLEPALR) iden-

tified by MS/MS analysis.

the literature and found that the function of FoxO3 protein in
skeletal muscles is controlled by various post-translational
modifications, such as phosphorylation, acetylation, methyla-
tion and ubiquitination.>® This implies that ALKBH5 may indi-
rectly affect FoxO3 protein levels by modulating specific
post-translational modification molecule. To explore this
postulate, co-immunoprecipitation (Co-IP) and tandem mass
spectrometry analyses were performed. A total of 1284
FoxO3-interacting proteins were identified in denervated

muscles (Figure 4D and 4E; Table S3). These proteins were
crossed with differential genes of m®A modification and 19
molecules overlapping between m®A-downregulated genes
and FoxO3-interacting proteins in denervated muscles were
obtained (Figure 4E; Table S4). Among the 19 identified mol-
ecules, histone deacetylase 4 (HDAC4), a critical driver of
skeletal muscle atrophy,?®?” exhibited highly enriched and
specific m®A peaks near its stop codon and could interact
with FoxO3 (Figure 4F-4l). These findings imply that HDAC4
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may be the central mediator of ALKBH5-mediated regulation
of FoxO3 expression.

ALKBH5-mediated méA demethylation is required
for Hdac4 mRNA stability

The mechanism underlying the regulation of HDAC4 by
ALKBHS5 in skeletal muscles was investigated. ALKBH5 is a
demethylase that selectively binds m®A-containing RNA to
regulate RNA splicing and stability?®%°; therefore, expression
levels of precursor (pre-) and mature mRNA of Hdac4 were
determined. Overexpressed ALKBHS significantly increased
the expression of mature Hdac4 (Figure 5A), whereas Alkbh5

knockout in denervated muscles significantly reduced mature

Hdac4 mRNA levels, compared with the control group (Figure
5B). There were no significant differences in pre-Hdac4 levels
between control and ALKBH5-modified muscles (Figure 5A
and 5B), implying that Hdac4 mRNA splicing was not affected
by ALKBHS5. Notably, alterations in mature Hdac4 mRNA
levels synchronously altered HDAC4 protein levels (Figure
5C and 5D). Then we determined whether ALKBH5 can affect
the stability of Hdac4 mRNA by overexpressing ALKBH5
in vitro through infection of C2C12 cells with Adv-ALKBH5,
and used actinomycin D (Act-D) to block transcription. The
half-life of mature Hdac4 mRNA, but not pre-Hdac4 mRNA
was found to be significantly shorter in control cells, com-
pared with ALKBH5-overexpressed cells (Figure 5E). These
findings indicate that upregulated HDAC4 levels in dener-
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Figure 5 ALKBH5-mediated m°A demethylation is required for Hdac4 mRNA stability. (A) Precursor and mature mRNA levels of Hdac4 in AAV-ALKBH5
infected muscle with or without denervation (n = 4). (B) Levels of pre-Hdac4 and mature Hdac4 in Alkbh5 knockout muscle with denervation (n = 4).
(C and D) Protein expression of HDAC4 in ALKBH5 overexpressed and Alkbh5 knockout muscle with or without denervation (n = 4 or 6). (E) Half-life of
pre-Hdac4 and mature Hdac4 mRNA at 0, 3, and 6 h after actinomycin D (5 pg/mL) treatment in C2C12 myotubes transduced with adenovirus express-
ing ALKBH5 (Adv-ALKBH5) (n = 4). (F) Schematic representation of positions of m°®A motifs within Hdac4 mRNA. (G) CLIP-gPCR validation of ALKBH5
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changes in Hdac4 mRNA in muscles during denervation (n = 4). (I and J) m6A—MeRIP»qPCR showed that ALKBH5 overexpression depleted m°A modi-
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of the WT-3/UTR and three Mut-3/UTR reporter in Adv-ALKBHS5 infected C2C12 cells (n = 6). Data are expressed as mean + SEM. *P < 0.05, **P < 0.01,
***p < 0.001 by two-tailed Student’s t test.
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vated muscles can be attributed to ALKBH5-induced intensifi-
cation of the stability of mature Hdac4 mRNA.

To establish the precise mechanisms through which
ALKBH5 increases Hdac4 mRNA stability, m®A sites were
searched on Hdac4 transcript based on mPA-seq data. Three
‘GGAC’ motifs were identified near the stop codon in 3/UTR
(Figure 5F), consistent with positions of peaks identified by
m®A-seq. Given that m®A-seq showed that m®A peak of
Hdac4 in 3/UTR significantly shrank with upregulation of
ALKBHS5 during denervation (Figures 1D, 1E and 4F), we
conducted CLIP-gPCR assays using anti-ALKBH5 antibody in
innervated and denervated muscles. We observed that
ALKBHS significantly enriched Hdac4 transcripts (Figure 5G),
implying that ALKBH5 regulates HDAC4 at RNA level. Then,
we performed m®A-MeRIP-qPCR using specific primers of
these potential m°®A sites to verify ALKBH5-mediated m®A de-
methylation in Hdac4 mRNA. When compared with the IgG
group, an obvious enrichment of Hdac4 mRNA was obtained
by reaction with m®A-specific antibody (Figure 5H). Notably,
either denervation or ALKBH5 overexpression remarkably re-
duced m®A enrichment in the 3/UTR of Hdac4 mRNA (Figure
5H and 5l1), whereas deletion of Alkbh5 caused an increase
in m®A levels in these sites (Figure 5J).

Thereafter, to investigate the essential roles of m®A meth-
ylation in the Hdac4 3/UTR region, a luciferase reporter was
generated with a wild-type (WT) Hdac4-3/UTR sequence or
mutant (Mut) counterpart whose putative m°A sites were
mutated (GGAC to GGCC, Figure 5K). Co-transfection of
ALKBH5 obviously increased expression levels of WT-3/UTR,
but had no significant effects on the activity of Mut-3/UTR
in C2C12 cells (Figure 5L). These findings indicate that
ALKBH5-mediated m®A demethylation on 3/UTR is involved
in m®A modification-regulated Hdac4 expression.

Taken together, these findings show that ALKBH5 abro-
gates m®A methylation at the 3/UTR region of Hdac4 mRNA
to inhibit m®A-dependent mRNA degradation, which further
increases the expression levels of HDACA4.

HDAC4 binds FoxO3 and enhances FoxO23 signalling
via deacetylation

Mass spectrometry analysis showed that HDAC4 combines
with FoxO3 in denervated muscles (Figure 4D, and 4G-4l).
To further verify this finding, we investigated their interac-
tions and colocalizations. Co-IP experiments revealed that
HDAC4 and FoxO3 physically interacted with each other in
denervated muscles (Figure 6A). Confocal microscopy
showed that HDAC4 was colocalized with FoxO3 in muscle
nucleus (Figure 6B). HDAC4 is a deacetylase; therefore, the
role of HDAC4 in deacetylating FoxO3 in denervation-induced
muscle atrophy was investigated. Upregulation of HDAC4 was
correlated with a significant decrease in acetylated FoxO3
proteins immunoprecipitated with an antibody against

acetylated-lysine (Ace-lys) after denervation, compared with
the control group (Figure 6C). This finding implies that HDAC4
can remove acetylation modification on FoxO3. To verify that
FoxO3 is a deacetylation substrate of HDAC4, Myc-tagged
HDAC4 and Flag-tagged FoxO3 were expressed in HEK293T.
Co-IP experiments showed that exogenous HDAC4 strongly
interacted with exogenous Fox03, thereby reducing the acet-
ylation levels of FoxO3 (Figure 6D).

Deacetylation is capable of increasing FoxO3 protein
levels by protecting it against ubiquitination-mediated
degradation.®® Therefore, we first determined whether
HDAC4-mediated deacetylation regulates FoxO3 protein
levels. Western blot showed that ectopic expression of
HDAC4 significantly increased the protein levels of exoge-
nous FoxO3 in a dose-dependent manner (Figure 6E).
Meanwhile, HDAC4 promoted endogenous FoxO3 protein
levels (Figure 6F). In contrast, promotion of FoxO3 protein
levels by HDAC4 was blocked by treatment with LMK-235,
an inhibitor of HDAC4 (Figure 6G). Second, to ascertain
the effects of HDAC4 on the stability of FoxO3 proteins,
turnover rate of FoxO3 in the presence or absence of
HDAC4 was determined using the protein synthesis inhibitor
cycloheximide (CHX). Transfection of HDAC4 expression
plasmid in NIH/3T3 cells remarkably prolonged the half-life
of both exogenous and endogenous FoxO3, compared
with the empty vector (Figure 6H and 6l), suggesting
that HDAC4 specifically stabilized FoxO3 in cells. Third, to
confirm the role of HDAC4 in preventing FoxO3 ubiquitina-
tion degradation, Myc-HDAC4, Flag-Fox03, and HA-Ubiquitin
expression vectors were transfected into HEK293T cells,
followed by treatment with LMK-235 or DMSO. FoxO3 ubig-
uitination was greatly suppressed by HDAC4 (lane 3), com-
pared with the control vector (lane 2), while inhibition of
HDAC4 by LMK-235 elevated FoxO3 ubiquitylation levels
(lane 4) (Figure 6J). Consistently, inhibitory effects of HDAC4
on FoxO3 ubiquitination degradation were observed in vivo
(Figure 6K).

Given that deacetylation is necessary for activation of
Fox03,%! we assessed the effects of HDAC4-mediated de-
acetylation on FoxO3 transcriptional activities using a FoxO
sensor that contained six FoxO DNA-binding elements (DBE
reporter) upstream of the luciferase gene.3? Overexpressed
HDAC4 elevated luciferase reporter activities, compared with
the empty vector, whereas luciferase activities were signifi-
cantly suppressed after LMK-235 addition (Figure 6L). Similar
findings were observed when the transfection of Atrogin1 or
MuRF1 promoters controlled luciferase reporter (Figure 6M
and 6N).

These findings demonstrate that HDAC4-mediated
deacetylation serves as a switch to control the ubiquitina-
tion levels of Fox03, thereby modulating protein expres-
sions and transcriptional activities of FoxO3 in skeletal
muscles.
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Figure 6 HDAC4 binds FoxO3 and enhances FoxO3 signalling by deacetylation. (A) HDAC4 endogenously interacts with FoxO3 in denervated muscles
as shown by co-immunoprecipitation (Co-IP) with FoxO3 (left) or HDAC4 (right) antibody. (B) Confocal images showing colocalization between HDAC4
(red) and FoxO3 (green) in the nucleus (blue, DAPI-labelled) of gastrocnemius (GAS) muscles after 14 days of denervation. Scale bar = 10 um. (C) Co-IP
and immunoblot showing decrease in acetylation and ubiquitination levels of FoxO3 proteins in GAS muscles on Days 7, 14, and 28 post-denervation.
(D) Immunoblot analysis with anti-Ace-Lys, anti-Myc, and anti-Flag for proteins that co-immunoprecipitated with Flag-tagged FoxO3 from lysates of
HEK293T cells that were transfected with plasmids encoding the proteins indicated in the above blots. (E and F) Increasing amounts of Myc-HDAC4
expression plasmid were transfected into NIH/3T3 cells with or without Flag-FoxO3 plasmid (1 ug). Exogenous (E) and endogenous (F) protein levels
of FoxO3 were determined by immunoblotting with a specific antibody 24 h after transfection. (G) NIH/3T3 cells were transfected with Myc-HDAC4
plasmid (1 pg), followed by LMK-235 (2 uM) treatment for 12 h. Endogenous protein levels of FoxO3 were then determined. (H and 1) Myc-HDAC4
plasmid (1 pg) was transfected into NIH/3T3 cells together with or without Flag-FoxO3 plasmid (1 pg), and cells were treated with cycloheximide
(CHX) at 80 pg/mL for the indicated times. Half-life of exogenous (H) and endogenous (I) FoxO3 proteins were determined by western blot. (J) HEK293T
cells transfected with plasmids were treated with LMK-235 (2 uM, 12 h) and proteasome inhibitor MG132 (20 uM, 8 h). Polyubiquitination of exog-
enous FoxO3 was detected by anti-HA antibodies. (K) TA muscles were infected with AAV-HDAC4 for 6 weeks. Endogenous FoxO3 was
immunoprecipitated with anti-FoxO3, and its polyubiquitination detected by anti-Ubiquitin (Ub). (L-N) Relative luciferase activities of DBE (L),
AtroginI-pro (M) or MuRFI-pro (N) reporter in C2C12 cells that had been transfected with Myc-HDAC4, Flag-FoxO3 and RL reporter (n = 6 or 8). Data
are expressed as mean + SEM. **P < 0.01, ***P < 0.001 by one-way ANOVA with Bonferroni’s post-hoc test.

HDAC4 reversed the regulatory effects of ALKBH5  indicating that HDAC4 activities were successfully suppressed
on muscle mass (Figure 7F and 7G). In addition, improved muscle weight and

myofibre CSA were observed after LMK-235 injection in
To confirm that ALKBH5-induced muscle mass loss was medi- ALKBH5-induced muscle atrophy model (Figure 7A-7E).
ated by HDAC4, first, we inhibited HDAC4 by intraperitoneal ~ Notably, western blot showed that inhibition of HDAC4 signif-
injection of LMK-235 in AAV-ALKBH5-infected mice. LMK-235  icantly upregulated MyHC while significantly downregulating

injection significantly elevated acetyl-Histone H3 levels, FoxO3 levels (Figure 7F and 7G). Further, we transfected
AAV-HDAC4 or AAV-Control into TA muscles of Myl1-Cre;
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Figure 7 HDAC4 reversed the regulatory effects of ALKBH5 on muscle mass. (A—E) The wet weight (B), percentage of muscle wet weight relative to
body weight (C), and myofibre cross-sectional area (CSA) (E) of ALKBH5-overexpressed TA muscles after 14 days of LMK-235 injection (5 mg/kg/
day) (n = 8). Scale bar = 100 um. (F and G) Protein levels of MyHC, Fox03, ALKBH5-Flag, and acetyl-Histone H3 in ALKBH5-overexpressed TA muscle
after 14 days of LMK-235 injection (n = 5). GAPDH and Histone H3 were used as internal controls. (H-L) TA muscle wet weight (1), percentage of muscle
wet weight relative to body weight (J), and myofibre CSA (L) of Alkbh5 knockout mice after 4 weeks of AAV-HDAC4 infection, followed by 21 days of
denervation (n =5 or 6). Scale bar = 100 um. (M and N) Protein levels of MyHC, FoxO3, and HDAC4-Flag in Alkbh5 knockout TA muscles after 4 weeks of
AAV-HDAC4 infection, followed by 21 days denervation (n = 6). Data are expressed as mean = SD (B, C, E, I, J, L) or mean = SEM (G, N). *P < 0.05,

**P < 0.01, ***P < 0.001 by two-tailed Student’s t test.

Alkbh5"" mice and established denervation-induced muscle
atrophy model. Overexpression of HDAC4 reversed the
protective effects of Alkbh5 knockout on muscle wasting, as
indicated by reduction of muscle weight and CSA, downregula-
tion of MyHC, and increase in FoxO3 expression (Figure
7H-7N). These findings show that HDAC4 is a vital mediator
and its suppression can partially rescue the effect of ALKBH5
in promoting skeletal muscle atrophy.

Discussion

Previous studies report that m®A modification in eukaryotic
RNA regulates physiological homeostasis and development
of diseases.'>® In skeletal muscles, a strong and intricate re-
lationship between m®A modification and myogenesis has
been documented. Dysregulation