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METTL14 is required for exercise-induced
cardiac hypertrophy and protects against
myocardial ischemia-reperfusion injury

Lijun Wang1,2, Jiaqi Wang1,2, Pujiao Yu3, Jingyi Feng1,2, Gui-e Xu1,2, Xuan Zhao1,2,
Tianhui Wang1,2, H. Immo Lehmann4, Guoping Li4, Joost P. G. Sluijter5,6 &
Junjie Xiao 1,2

RNA m6A modification is the most widely distributed RNA methylation and is
closely related to various pathophysiological processes. Although the benefit
of regular exercise on the heart has been well recognized, the role of RNAm6A
in exercise training and exercise-induced physiological cardiac hypertrophy
remains largely unknown. Here, we show that endurance exercise training
leads to reduced cardiac mRNA m6A levels. METTL14 is downregulated by
exercise, both at the level of RNA m6A and at the protein level. In vivo, wild-
type METTL14 overexpression, but not MTase inactive mutant METTL14,
blocks exercise-induced physiological cardiac hypertrophy. Cardiac-specific
METTL14 knockdown attenuates acute ischemia-reperfusion injury as well as
cardiac dysfunction in ischemia-reperfusion remodeling. Mechanistically,
silencing METTL14 suppresses Phlpp2mRNA m6A modifications and activates
Akt-S473, in turn regulating cardiomyocyte growth and apoptosis. Our data
indicates that METTL14 plays an important role in maintaining cardiac
homeostasis. METTL14 downregulation represents a promising therapeutic
strategy to attenuate cardiac remodeling.

Heart failure is a common cardiovascular disease that is marked by
high morbidity and mortality1. Positively influencing cardiac remo-
deling to prevent occurrence of end-stage heart failure has been a
mainstay of current therapeutic strategies. Regular exercise training
benefits cardiac performance and induces physiological cardiac
hypertrophy2,3. Previous studies have indicated, that key mediators of
exercise-induced physiological cardiac hypertrophy may promote
cardiomyocyte growth and reinforce resistance of cardiomyocytes
against apoptosis, thereby protecting the heart from pathological
remodeling4–7. N6-methyladenosine modification of RNA (RNA m6A) is

a highly conserved and widely distributed modification in mammalian
cells, playing an important role in post-transcriptional gene
regulation8. RNA m6A has been found to be pertinent for cardiac
homeostasis and as a response to pathological cardiac processes9–14.
However, whether alteration of RNA m6A methylation is involved in
exercise-induced physiological cardiac hypertrophy, and the role of
RNA m6A methylation in exercise training remains largely unknown.

Modification of m6A is dynamically regulated by m6A methyl-
transferases (METTL3, METTL14, WTAP) and m6A demethylases (FTO,
ALKBH5)15. METTL14, which forms a heterodimer of m6A
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methyltransferase with METTL3 to compose the core m6A methyl-
transferase complex, is required for the m6A modification substrate
recognition and formation16,17. METTL14 has been found to play an
important role in many diseases18–22, but the cardiac function of
METTL14 remains unclear. Here, we found that endurance exercise led
to reduced mRNA m6A methylation levels in murine hearts. METTL14
was downregulated by exercise training, both at the level of RNA m6A
methylation, and at the protein level. We further explored the function
and underlyingmechanism ofMETTL14-mediatedm6Amodification in
cardiomyocytes which suggested that the level of cardiac m6A
methylation was increased by METTL14 overexpression. MTase inac-
tivemutantMETTL14 blunted the anti-hypertrophy effects ofMETTL14
overexpression on exercise-induced cardiac hypertrophy. Down-
regulation of METTL14 contributes to alleviation of acute myocardial
ischemia-reperfusion (I/R) injury and cardiac dysfunction during I/R
remodeling. Our data provides a fundamental understanding of
METTL14 in cardiac remodeling and exhibits evidence that inhibition
of METTL14 could be a therapeutic strategy.

Results
Endurance exercise training leads to reduced mRNA m6A
methylation levels
The level of m6A modification in physiological cardiac hypertrophy
was evaluated using an enzyme-linked immunosorbent assay (ELISA)-
based m6A quantification assay. We quantified the global cardiac
mRNAm6A level in a swimming exercise-induced physiological cardiac
hypertrophymodel and found that the global cardiacmRNAm6A level
was significantly decreased upon exercise training (Fig. 1a). Subse-
quently, we performed m6A methylated RNA immunoprecipitation
sequencing (meRIP-seq) in control and swimming exercise-induced
physiological cardiac hypertrophy hearts (Supplementary Fig. 1a). Like
previous meRIP-seq, our results revealed enrichment of m6A peaks on
3’- untranslated regions (3’-UTR) and stop codons (Fig. 1b, Supple-
mentary Fig. 1b). The m6A peaks analyzed by HOMER23 demonstrated
that DRACH (D=A, G, and U; R =G or A; H, non-guanine base) motif
were enriched in control and swimming exercise-trainedmouse hearts
(Fig. 1c). RNA sequencing was used to determine a change in gene
expression upon exercise training (Supplementary Fig. 1c). Both, the
whole gene transcriptome and the m6A methylome were able to dis-
tinguish exercise status from sedentary control (Supplementary
Fig. 1d). Differential m6Amethylation peaks and statistical significance
analyses were calculated by MeTDiff software24. MeRIP-seq demon-
strated the presence of a total of 165 hypermethylated m6A peaks and
310 hypomethylated m6A peaks between control and exercised hearts
(p –value < 0.05, fold change > 1.5) (Fig. 1d). Subsequently, RNA m6A
peak data was plotted against the RNA-seq data, and RNA m6A mod-
ification levelswere correlatedwithRNAexpression levels. As shown in
Fig. 1e, 10 hypo-methylated m6A peaks were identified of which the
mRNA transcripts were significantly (p < 0.05; fold change > 1.5)
downregulated (7; Hypo-down) or upregulated (3; Hypo-up). Thirty-
five hyper-methylated m6A peaks were identified of which the mRNA
transcripts were significantly (p <0.05; fold change > 1.5) down-
regulated (6; Hyper-down) or upregulated (29; Hyper-up) in swimming
exercise-trained hearts relative to the control group. Differential ana-
lysis of m6A sequencing data revealed 475 differentially methylated
peaks in 436 genes (Supplementary Fig. 1e), indicating that RNA m6A
which is involved in regulating of exercise-induced cardiac hyper-
trophy, has its effects at the level of post-transcriptional modification,
rarely affecting mRNA abundance. In order to study RNA m6A altera-
tion in response to exercise training, studies initially focusedonknown
effectors of m6A modification and screening was performed based on
three criteria: (1) Transcript not affected on the transcriptional level in
response to exercise training, as demonstrated by no change in RNA-
seq (swim vs. control); (2) Effectors that changed on the level of

protein expression during exercise training (swim vs. control); (3)
Transcript that differentially changed in response to exercise training,
exhibited as differentially methylated m6A peaks in meRIP-seq (swim
vs. control). Among these, METTL14 showed a significant decrease in
response to swim training in meRIP-seq and at the protein level, while
mRNA abundance of Mettl14 demonstrated no change after exercise
training (Fig. 1f–g and Supplementary Fig. 2). ThemRNA abundance of
Mettl14 was further verified by qPCR and demonstrated no change
after exercise training (Fig. 1h). Reduction of m6A methylation was
further confirmed by MazF-qPCR (Fig. 1i), which is an antibody-
independent method for mapping and measurement of m6A levels
within mRNAs25. These data indicate that METTL14 is an exercise-
induced cardiac m6A alteration response factor, which hence pro-
motes us to pursue further investigation.

Role of METTL14 on NRCMs growth and apoptosis
To explore the role of METTL14 in cardiomyocytes, we performed
gain- and loss- of function assays in primary neonatal rat cardio-
myocytes (NRCMs). Overexpression and inhibition effects of
METTL14 in NRCM was verified by western blot analyses (Supple-
mentary Fig. 3). As shown in Fig. 2a, knockdown of METTL14
(shMETTL14) in NRCM resulted in an increase in basal cardiomyocyte
size, while METTL14 overexpression (METTL14 OE) did not lead to a
further decrease in size. Knockdown of METTL14 resulted in an
increase in EdU incorporation (Fig. 2b), number of Ki67 positive
NRCMs (Fig. 2c), as well as phosphor-histoneH3 (pHH3) positive cells
(Fig. 2d). Consistently, METTL14 OE led to a reduction of DNA
synthesis (Fig. 2b), number of Ki67 positive cells (Fig. 2c), and num-
ber of positive pHH3 cells (Fig. 2d). Knockdown of METTL14
demonstrated a decrease in expression of heart failure markers Anp,
Bnp, and β-Mhc mRNA (Fig. 2e). These data show that inhibition of
METTL14 effectively promotes NRCM physiological hypertrophy,
DNA synthesis, and a proportion of cardiomyocytes to enter into
mitosis.

Next, we evaluated the effects of METTL14 on NRCM apoptosis in
oxygen-glucose deprivation/reperfusion (OGD/R) treated NRCMs. As
evidenced by TUNEL staining and western blotting (Bax/Bcl2),
METTL14 knockdown demonstrated significant protective effects
during OGD/R-induced NRCM apoptosis, while METTL14 over-
expression led to aggravation of NRCM apoptosis (Fig. 2f–i). There-
fore, these data reveal that METTL14 participates in the regulation of
cardiomyocyte growth and apoptosis.

METTL14 downregulation is necessary for exercise-induced
cardiac hypertrophy
After our in vitro observations, we wondered whether METTL14 was
required for exercise-induced cardiac growth. Mice were tail-vein
injected with adeno-associated virus serotype 9 carrying a cardiac-
specific troponin Tpromoter to driveMETTL14 overexpression (AAV9-
cTnT-METTL14), or with empty AAV9 control virus (AAV9-cTnT-ctrl) as
controls. One week after tail-vein injection, mice were subjected to
swim-training for 4 weeks, and hearts were collected for further ana-
lysis (Fig. 3a). Successful overexpression ofMETTL14was confirmedby
western blot (Fig. 3b), as well as the confirmed lowering of METTL14
levels upon exercise. As shown in Fig. 3c, trainedmice that received an
overexpression ofMETTL14AAV9demonstrated a significant decrease
in heart weight (HW) and heart weight/tibia length (HW/TL) compared
with trained mice that received the control injections (AAV9-cTnT-
ctrl). Consistently, wheat germ agglutinin (WGA)-staining suggested
that cell size decreased after METTL14 overexpression in swim-trained
mice compared to control virus treated (Fig. 3d). In addition, the
number of EdU-positive and Ki67-positive cardiomyocytes decreased
after METTL14 overexpression in cardiac tissue of swim-trained mice
(Fig. 3e, f). The global cardiac mRNAm6A level significantly decreased
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after normal exercise training (Fig. 1a). However, cardiac mRNA m6A
modification levels in METTL14 overexpression animals were sig-
nificantly increased compared to the control virus group upon swim
training (Fig. 3g). Collectively, these data indicate that METTL14
overexpression partially abolishes exercise-induced cardiac
hypertrophy.

MTase inactive mutant METTL14 blunts anti-hypertrophy
effects of METTL14 overexpression on exercise-induced cardiac
hypertrophy
RNA m6A is added to mRNA by a multi-subunit “writer complex”
composed of a METTL3-METTL14 heterodimer and adaptor
proteins16,26. Previous reports suggest that METTL14 functions as a
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structural partner for m6A substrate recognition and activation of
METTL3 via allosteric binding to function synergistically17,27. To
examine whether the cardiac RNA m6A level change is associated with
METTL14 function, we performed the experiments as follows. First,
mRNA m6A levels were determined. The cardiac mRNA m6A level was
associatedwithMETTL14 alteration in neonatal cardiomyocytes and in
mouse hearts (Fig. 4a and Supplementary Fig. 4). Second, a mutant of
METTL14 was generated (MutMETTL14, METTL14 R254/R255A-R298P-
D312A mutant); this has been reported to disrupt the positively
charged groove that is formed by METTL3-METTL14 and dramatically
abolishes MTase activity (Fig. 4b)17,28,29. Next, mice were tail-vein
injected with a cTnT-driven AAV9 to drive WTMETTL14 or MutMETTL14

overexpression. Seven days after injection, mice were subjected to
4-weeks of swim training (Supplementary Fig. 5a). Disruption of car-
diac m6A level elevation in MutMETTL14 but not in WTMETTL14 hearts was
confirmed (Fig. 4c). Successful overexpression of WTMETTL14 and
MutMETTL14 was also confirmed by western blot (Fig. 4d). To distin-
guish WTMETTL14 and MutMETTL14, primers for both WT and MutMETTL14,
or specific for MutMETTL14 were designed and applied to RT-qPCR
(Supplementary Fig. 5b). Swim-trained mice that received WTMETTL14

AAV9 demonstrated a significant decrease in gross cardiac size,
heart weight, and heart weight/tibia length, compared to trained
mice that received MutMETTL14 and control AAV9 (Fig. 4e). WGA, EdU,
and Ki67 staining verified that, unlike WTMETTL14, MutMETTL14 AAV9
treatment did not lead to cell size alteration as well as a change in
proportion of EdU-positive and Ki67-positive cardiomyocytes
compared to AAV9-cTnT-ctrl group (Fig. 4f–h). Cardiac mRNA m6A
level in WTMETTL14, but not MutMETTL14 also increased compared with
the control AAV9 treated group after swim training (Supplementary
Fig. 5c). These data indicate, that abolishing the m6A methylation
elevation effect via MutMETTL14 overexpression, leads to blunting of
the antihypertrophic effects of METTL14 overexpression in mouse
hearts that underwent swim training. Moreover, we performed
functional assays in NRCM via MutMETTL14 (R234/235A-R278P-
D292AMETTL14) (Supplementary Fig. 6a). Abolished MTase activity by
METTL14 mutants, was also verified by quantification of mRNA m6A
levels in cardiomyocytes (Supplementary Fig. 6b). As demonstrated
in Supplementary Fig. 6c, d, the pro-apoptotic and antiproliferative
effects of WTMETTL14 overexpression on NRCM were disrupted
by MutMETTL14 overexpression. Thus, cardiac m6A methylation levels,
which are increased by METTL14 overexpression, are required for
the effects of METTL14 to blunt exercise-induced cardiac
hypertrophy.

Cardiac-specific knockdown of METTL14 alleviates acute I/R
injury in mouse hearts
To further investigate the potential protective role of silencing
METTL14 in the heart, we explored whether METTL14 knockdown
protected against I/R injury in vivo. A miR-30d-based shRNA cassette
was used in a cTnT promoter-driven METTL14 shRNA construct,
thereby restricting shMETTL14 expression to cardiomyocytes30. Adult

male mice received a tail vein injection of AAV9-cTnT-shMETTL14 or
AAV9-cTnT-shScr that was subsequently followed by acute I/R injury
(30min/24 h) or sham surgery 1-week post AAV9 injection (Fig. 5a).
Cardiac METTL14 downregulation was verified by western blotting
upon AAV9-cTnT-shMETTL14 (Fig. 5b). Homogeneity of acute I/R
injury was evaluated by calculation of the area at risk/left ventricular
weight (AAR/LV) ratio in combination with TTC (2,3,5-triphenylte-
trazolium chloride) staining. Upon shMETTL14 treatment, infarct size
upon I/R injury was notably decreased (Fig. 5c). Furthermore, TUNEL
(terminal deoxynucleotidyl transferase dUTP nick end labeling)
staining and western blot analyses for apoptosis markers showed that
silencing METTL14 protected the heart against acute I/R injury-
induced cell apoptosis in vivo (Fig. 5d, e). Hence, downregulation of
METTL14 alleviates acute I/R injury in mouse hearts.

METTL14 inhibition alleviates cardiac dysfunction in I/R
remodeling
In addition to I/R responses, we also observed that the level of mRNA
m6A modification and protein levels of METTL14 remained increased
during myocardial I/R remodeling (Fig. 6a, b). This prompted us to
investigate whether the protective effect of METTL14 downregulation
exists to protect the heart frommyocardial I/R remodeling. Therefore,
we silenced METTL14 in mouse hearts through tail vein injection of an
AAV9-cTnT-shMETTL14,whichwas followedbymyocardial I/Ror sham
surgery 1 week post AAV9 injection (Fig. 6c). In addition, we validated
knockdown of METTL14 and decrease of mRNA m6A modification
levels in AAV9-cTnT-shMETTL14 treated mice (Fig. 6d, e), followed by
functional follow-up via echocardiography 3weeks after I/R induction.
As shown in Fig. 6f, upon AAV9-cTnT-shMETTL14 treatment, cardiac
function was preserved, as reflected by a maintained left ventricular
ejection fraction (EF) and fractional shortening (FS) after I/R remo-
deling. Hematoxylin & eosin (H&E) and WGA staining revealed that
development of enlarged ventricular myocardial cells during I/R
remodeling was prevented in METTL14 knockdown mice (Fig. 6g, h).
Furthermore, downregulation of METTL14 alleviated cardiac fibrosis
during I/R remodeling, as evidenced by Masson trichrome staining
(Fig. 6i) and prevented increased expression of heart failure markers
Anp, Bnp, β-Mhc, and α-Sma on mRNA levels (Fig. 6j). Overall, these
results suggested that silencing of METTL14 protects the heart from
myocardial I/R remodeling.

METTL14 knockdown inhibits Phlpp2mRNA m6A modification
and activates Akt-S473
Upon exercise stimulation, we observed 1461 differentially expressed
genes (DEGs) and 436 differentially m6A methylated genes (DMGs).
Interestingly, most of the differentially methylated genes (397/436)
did not overlap with the differentially expressed genes (1422/1461),
suggesting that altered post-transcriptional RNA m6A methylation in
response to exercise is different from altered transcript levels (Fig. 7a).
By comparing results of a KEGG analysis of significant enriched m6A
methylated peaks (p <0.05; fold-change > 2.0) between the control

Fig. 1 | Endurance exercise training leads to a reducedmRNAm6Amethylation
level. a The global mRNA m6A level in swimming exercise-trained murine hearts
(n = 6 /group). b Metagene profile demonstrating the distribution of m6A peaks
across mRNA transcripts in the mouse hearts of the swim and control group. UTR,
untranslatedRegion. CDS, coding sequence. c Sequencemotif identified consensus
motif within m6A peaks by MeRIP-seq in control and swim group, respectively.
Binomial distribution test (two-sided). d Volcano plot of the m6A enrichment in
mRNAs of swim and control murine hearts. m6A mRNAs with significantly hyper-
methylatedpeak (red) andhypomethylatedpeak (green) enrichment is highlighted
(p-value < 0.05, fold change > 1.5). Negative binomial test (two-sided). eCorrelation
between the level of gene expression and changes inm6Amodification levels in the
swim and control hearts. f Integrative genomics viewer (IGV) tracks revealing the
results of meRIP-seq (Red) and RNA-seq (Blue) reads distributions inMettl14mRNA

of the swim (n = 3 independent biological samples) and controlmouse hearts (n = 4
independent biological samples). Plots are the medians of the n replicates pre-
sented. g Western blot analyses of METTL14 in whole lysates isolated from the
hearts of swim and control murine (n = 6 mice/group). h qPCR analysis of Mettl14
mRNA expression levels in the hearts with or without swim training (n = 6 mice/
group). i The methylation levels of Mettl14 mRNA in the swim and control hearts
wasmeasured byMazF-qPCR (n = 6mice/group). The levels of a targeted amplicon
(labeled “T”) is measured against a control (labeled “C”) amplicon in a MazF-
digested sample and normalized against a non-digested sample. Seq, sequencing.
IP, immunoprecipitation. All data are expressed as means ± SD.
a,g,h, i Independent-sample t-test, two-sided. Sourcedata are provided as a Source
Data file.
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group and the swim group, we found that the PI3K-Akt signaling
pathway was significantly enriched in the swim group (p-value < 0.05),
whileno significant differencewasdemonstrated for the control group
(p-value > 0.05) (Fig. 7b). In addition, the PI3K-Akt pathway was the
only signaling pathway that was significantly influenced by swim
training. Of note, the PI3K-Akt is the major and classic signaling

pathway involved in exercise-induced cardiac hypertrophy2. Upon
these observations, we hypothesized that exercise-induced changes in
Akt signaling aremediated viadownregulation ofMETTL14. Therefore,
we detected the phosphorylation level of Akt upon knockdown of
METTL14. As shown in Fig. 7c, the phosphorylation level of Akt-T308 is
not changed, while the phosphorylation level of Akt-S473 is increased,
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suggesting that the activation of Akt-S473 is regulated by METTL14.
Activation of Akt-S473 was also present in OGD/R treated-NRCM upon
METTL14 knockdown (Supplementary Fig. 7).

To further determine themechanism thatmediates increased Akt
activation upon reducedMETTL14 expression, we examined pleckstrin
homology (PH) domain leucine-rich repeat protein phosphatase 2
(PHLPP2), a phosphatase regulating Akt-S473 phosphorylation31. The
RNA m6A modification level and protein level of PHLPP2 are both
downregulated in the hearts of swim-trainedmice (Fig. 7d, e), which is
consistent with activated Akt signaling after exercise training. In vitro,
increase of the PHLPP2 protein levels upon METTL14 overexpression
and a decrease in response to METTL14 knockdown were observed in
NRCM (Fig. 7f, and Supplementary Fig. 8a). Also, the binding of
METTL14 to Phlpp2 mRNA was confirmed by METTL14-RIP assay
(Supplementary Fig. 8b). ThemRNAexpression level ofPhlpp2wasnot
changed in swimming mouse hearts and in METTL14 alteration (Sup-
plementary Fig. 8c). Consistently, themRNAexpression level of Phlpp2
was not changed in the swimming mouse hearts (Supplementary
Fig. 8d). YTHDF1 is the reader protein that has been reported to be
involved in promotion translation efficiency of mRNA32. YTHDF1 RIP
assay suggested that the binding of Phlpp2 mRNA to YTHDF1 drama-
tically decreased after METTL14 knockdown, which is consistent with
the decreased PHLPP2 protein level after METTL14 knockdown (Sup-
plementary Fig. 8e). These data suggest that YTHDF1 was involved in
recognition of METTL14 to PHLPP2.

To determine whether the effect of METTL14 on PHLPP2 expres-
sion is via affecting the Phlpp2 mRNA m6A level, the presence of m6A
modifications in Phlpp2 and decreased m6A levels of Phlpp2 mRNA
after METTL14 knockdown were further verified by meRIP-PCR in
cardiomyocytes (Fig. 7g). Accordingly, the m6A deposition in Phlpp2
was increased in mouse hearts with METTL14 overexpression as con-
firmed by MazF-qPCR (Supplementary Fig. 8f). We then generated
luciferase reporter gene that integrated the m6A peak region with WT
or mutated m6A nucleotides (scheme of WT-PHLPP2 or Mut-PHLPP2
luciferase reporter gene shown in Supplementary Fig. 8g). In the
PHLPP2 mutant pGL3 (PHLPP2-mut-pGL3) construct, the adenine,
which located in the m6A peak region and within the m6A consensus
sequences presented by RMBase v2.033, were mutated to thymine.
Luciferase assay suggested that the luciferase activity in PHLPP2-WT-
pGL3 was significantly promoted by METTL14 overexpression, while
the luciferase activity in PHLPP2-mut-pGL3 was not changed by
METTL14overexpression (Fig. 7h andSupplementaryFig. 8h).Next, we
performed luciferase assay via transfecting WTMETTL14, or R234/235A-
R278P-D293AMETTL14 mutant together with PHLPP2-WT-pGL3. R234/
235A-R278P-D293AMETTL14 mutant was generated based on previously
reported point mutants on METTL14 that could abrogate the MTase
activity28,29. Luciferase assay showed that, in contrast to WTMETTL14,
overexpression of the R234/235A-R278P-D293AMETTL14 mutant did not

promote the luciferase activity in PHLPP2-WT-pGL3(Fig. 7i). In addi-
tion, theprotein level of PHLPP2 andphosphorylation level of Akt-S473
were not affected by the METTL14 mutant in cardiomyocytes (Fig. 7j).
Moreover, we selected 4 regions that have been reported to have
potential m6A modification sites in Rattus Phlpp2 mRNA through
searching the RNA Modification database33, and conducted the MazF-
qPCR to verify which regions of Phlpp2 mRNA were altered by
METTL14. As shown in Fig. 7k and Supplementary Fig. 8i, the mRNA
region of Phppp2 ranging nucleotides 3613–3711 were influenced by
METTL14, indicating that m6A modification of this conserved region
was affected by METTL14. In summary, METTL14 inhibition regulates
the Phlpp2 mRNA m6A methylation level to suppress PHLPP2 expres-
sion, and activate Akt-S473.

METTL14 regulates NRCMs growth and apoptosis via PHLPP2
Finally, we investigated if PHLPP2 mediated the biological function of
METTL14 on cardiomyocyte growth and apoptosis, and performed a
functional rescue assay in NRCMs. Analysis of western blots confirmed
downregulation of PHLPP2 upon shPHLPP2 treatment and upregula-
tion of PHLPP2 by OE PHLPP2 treatment (Supplementary Fig. 9).
Positive regulation of PHLPP2 by METTL14 was also verified in OGD/R-
treated NRCM and I/R -3w murine hearts (Supplementary Fig. 10). We
subsequently tested whether forced overexpression of PHLPP2 could
rescue the phenotype caused by METTL14 knockdown. As shown in
Fig. 8a, b, PHLPP2 overexpression could rescue the pro-hypertrophy
effects of METTL14 knockdown. In addition, the anti-apoptotic effects
of silencing METTL14 were blocked by PHLPP2 overexpression as
evaluated by TUNEL staining and western blot detection of apoptosis-
associated genes (Bax/Bcl2, and cleaved-caspase 3/ caspase 3) (Fig. 8c,
d). Furthermore, we demonstrated that PHLPP2 knockdown rescued
reduced Ki67 positive nuclei in METTL14 overexpression treated
NRCMs (Fig. 8e). Besides, TUNEL staining and western blot revealed
that inhibition of PHLPP2 blunted the pro-apoptosis METTL14 over-
expression in OGD/R-induced NRCMs (Fig. 8f, g). Meanwhile, the
phosphorylation level of Akt-S473 regulated by METTL14 in OGD/R
induced NRCM was blunted by PHLPP2 alteration (Fig. 8h). In sum-
mary, these results suggest that PHLPP2 acts as the downstream factor
of METTL14 to regulate NRCMs growth and apoptosis.

Discussion
Beneficial effects of regular exercise training on the whole-body are
well recognized and exercise intervention has been proven to have
significant effects on many diseases, such as obesity, diabetes, and
cardiovascular diseases2,34,35. Many studies have reported inconsistent
expression between mRNA levels and their corresponding protein
levels, indicating the essential role of post-transcriptional
regulation10,12,36,37. This indicates that focus on expression of the
mRNA level alone and associated changes is not sufficient to explain

Fig. 2 | Role of METTL14 on NRCMs growth and apoptosis. a Representative
images of immunofluorescence staining and quantification of the relative cardio-
myocyte size treated with or without METTL14 overexpression or inhibition (n = 6
wells/group). Scale bar: 100 μm. b Representative images of immunofluorescence
staining and quantification of the 5-ethynyl-2’-deoxyuridine (EdU) positive cardio-
myocytes treated with or without METTL14 overexpression or inhibition (n = 4
wells/group). Scale bar: 100 μm. c Representative images of immunofluorescence
staining and quantification of the Ki67 positive cardiomyocytes treated with or
without METTL14 overexpression or inhibition (n = 4 wells/group). Scale bar: 100
μm.dRepresentative images of immunofluorescence staining andquantificationof
pHH3positive cardiomyocytes treatedwith or withoutMETTL14 overexpression or
inhibition (n = 4wells/group). Scale bar: 100μm.eqPCR analysis ofAnp,Bnp, β-Mhc
mRNA expression levels in NRCMs treated with shMETTL14 or shScr (n = 6 wells
/group). f Representative images of immunofluorescence staining and quantifica-
tion of the TUNEL positive cardiomyocytes treated with shMETTL14 or shScr in
OGD/R induced apoptosis model (n = 4 wells/group). Scale bar: 100 μm.

gRepresentativewestern blot and statistical data ofNRCMs apoptosis by detection
of Bax, and Bcl2 in OGD/R induced apoptosis model treated with shMETTL14 or
shScr (n = 6wells/group).hRepresentative images of immunofluorescence staining
and quantification of the TUNEL positive cardiomyocytes treated with METTL14 or
Fugw in OGD/R induced apoptosis model (n = 4 wells/group). Scale bar: 100 μm.
i Representative western blot and statistical data of NRCMs apoptosis by detection
of Bax, and Bcl2 inOGD/R induced apoptosismodel treatedwithMETTL14 or Fugw
(n = 6 wells/group). NRCM, neonatal rat cardiomyocyte. pHH3, phospho-Histone
H3; shScr, Scramble short hairpin RNA; shMETTL14, METTL14 short hairpin RNA to
knockdown METTL14; Fugw, control without METTL14 overexpression; METTL14
OE, METTL14 overexpression; TUNEL, terminal deoxynucleotidyl transferase dUTP
nick end labeling; OGD/R, oxygen-glucose deprivation/reperfusion. All data are
expressed asmeans ± SD. ns, nonstatistically significant. a–e Independent-sample t-
test, two-sided; f–i two-way ANOVA followed by Tukey’s post hoc test. Source data
are provided as a Source Data file.
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the underlyingmechanism for a givendisease phenotype. RNAm6A is a
highly conserved methylation modification that occurs across mam-
malian cells, involved in regulating RNA metabolism and various
pathophysiological processes. In the heart, dysregulation of RNA m6A
can lead to abnormal function of cardiomyocytes and imbalance of
cardiac homeostasis9,10,38. The role of RNAm6A modification in regular

exercise, as well as exercise-induced physiological cardiac hyper-
trophy, however, remains unknown. In this study, we demonstrated
that endurance exercise decreased the cardiacmRNAm6Amethylation
level. One of the core components of the methyltransferase complex,
METTL14,was found tobedownregulated uponexercise training, both
at the RNA m6A modification level and at the protein level, indicating
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that the change of METTL14 is post-transcriptionally regulated
through RNA m6A in response to exercise training. Downregulation of
METTL14 promoted cardiomyocyte growth and resisted OGD/R-
induced cardiomyocyte apoptosis in vitro. In vivo, wild-typeMETTL14,
but not METTL14 mutant overexpression, inhibited physiological car-
diac hypertrophy induced by exercise training. Cardiac-specific
knockdown of METTL14 subsequently reduced the global m6A mod-
ification levels, and attenuated acute I/R injury as well as cardiac dys-
function in I/R remodeling. Mechanistically, silencing METTL14
regulated PHLPP2 mRNA m6A modification and activated Akt-S473,
thereby, regulating NRCM’s growth and apoptosis (Fig. 9). Our data
indicate that METTL14 plays an important functional role in main-
taining cardiac homeostasis. Downregulation of METTL14 may repre-
sent a promising therapeutic strategy for I/R injury and pathological
cardiac remodeling.

RNA m6A methylation is the most prevalent and reversible RNA
modification inmammals. In the heart,m6A demethylase FTOhas been
shown to be downregulated in heart failure patients andmouse hearts.
Thus, upregulation of FTO could improve decline of cardiac function
and fibrosis in post-ischemia mice by promoting angiogenesis10,12.
Forced expression of ALKBH5 has been shown to improve cardiac
function after myocardial infarction39. We found that expression of
demethylase FTO and ALKBH5 were negatively regulated by METTL14
alteration in the heart and in cultured neonatal cardiomyocytes (Sup-
plementary Fig. 11). Besides, mildly up-regulated expression of FTO
and ALKBH5 has also been observed in response to exercise training
(Supplementary Fig. 2c). Reduced mRNA RNA m6A levels were detec-
ted with METTL14 inhibition, which supports that higher demethylase
activity might exist simultaneously with lower methyltransferase
activity, both contributing to the total amountofmethylatedRNAm6A.
This indicates that METTL14 and demethylase FTO/ ALKBH5 might
work together as part of a synergistic mechanism. Further investiga-
tions are required to understand the exact underlying regulatory
mechanism of this pathway. Of note, another partner, m6A methylase
METTL3 controls cardiac homeostasis and hypertrophy as well. The
cardiac-specific overexpression of METTL3 in mice has a protective
effect on pathological myocardial hypertrophy, while cardiac-specific
METTL3 knockout mice have been shown to exhibit abnormal cardiac
functionwith aging and stress, indicating that a certain amount of RNA
m6A isnecessary tomaintain cardiac homeostasis9,40. Very recently, the
RNA m6A methylation activity of METTL3 was also reported to be
controlled by piRNA CHAPIR11. METTL14 has been reported to parti-
cipate in the regulation ofmany signaling pathways andprogression of
diseases18–21. Up to now, the function of METTL14 in the heart has
remained largely unknown. In the present study, exercise training
reduced the mRNA m6A modification level of METTL14. Regular exer-
cise represents a typical stimulus that would not disrupt homeostatic
regulation of physiological functions. Previous reports have suggested
that METTL14 functions as a structural partner for m6A substrate
recognition and activation of METTL3 via allostery17. In this present
study, we found that a sustained and modest increase in the METTL14
protein level would dramatically blunt the effects of exercise training
on cardiac physiological hypertrophy in vivo. Exercise-induced cardiac

hypertrophy is a complex process that involves many factors and
molecular pathways2. Here, we examined previously reported factors
and signaling pathways known to be involved in exercise-induced
cardiac hypertrophy, including IGF1/PI3K/Akt signaling, C/EBPβ, miR-
222, Cited4, and lncRNA CPhar4,5,7,41,42. We found that METTL14 over-
expression regulated the activation of Akt-S473 both in control and in
mouse hearts that underwent swim-training. Interestingly, expression
levels of above-mentioned exercise-induced cardiac hypertrophy
associated factors were all regulated in response to swim-training,
though METTL14 overexpression did not regulate them in the control
group (Supplementary Fig. 12). These observations suggest that car-
diac METTL14 overexpression led to deficiency of exercise-induced
cardiac hypertrophy and according alteration of nearly all known
associated factors. This observation might explain why a modest
in vivo manipulation of METTL14 manipulation was sufficiently blunt
effects of exercise. Though we cannot attribute the effect of exercise-
induced cardiac hypertrophy to METTL14 alone, METTL14 manipula-
tion is one of the major factors which appears essential for exercise-
induced cardiac hypertrophy. It is very likely that other factors and
signaling pathways are also involved inMETTL14 regulationof exercise
training-related cardiac hypertrophy. In this study, we found that
cardiac METTL14 knockdown alleviated acute myocardial I/R injury,
cardiac dysfunction, and I/R remodeling in mouse hearts. Further-
more, we propose that the observed downregulation of METTL14 is a
moderate adaptive mechanism to maintain cardiac homeostasis upon
exercise training. Of note, these data indicate that this could further
benefit cardiac recovery upon I/R injury. Finally, our data provides
evidence that exercise training impacts epigenetics through an RNA-
related mechanism and gives us a better understanding of regulation
of cardiac homeostasis and pathogenesis through m6A modification.

Despite importance of Akt signaling in the myocardial context,
both in physiological and pathological processes, the role of m6A
modifications in Akt signaling regulation has remained largely
unknown2,43. Akt belongs to the AGC subfamily of protein kinases,
which are composed of a PH domain, kinase domain, and regulatory
domain (the hydrophobic motif). Residue Thr 308 is located in the
active segment of the kinase domain, and additional phosphorylation
of S473 in the hydrophobic motif of Akt stabilizes the active state,
allowing most Akt to adopt an active formation44. Thus, phosphor-
ylation of Thr 308 and Ser 473 are both required to maximal Akt
activation44–46. In our present study, though we did not observe ele-
vation of the Akt T308 phosphorylation level after METTL14 inhibition
in cardiomyocytes, increased phosphorylation levels of specific Akt
substrates, including FOXO3a, and GSK3β, were observed (Supple-
mentary Fig. 13). This phenomenon might be due to increased phos-
phorylation onAkt S473, thereby increasing the negative charge of the
hydrophobic motif, leading to an enhanced ability to allosterically
stimulate Akt and activate the kinase activity. PHLPP2 regulates Akt-
S473 phosphorylation as a phosphatase. Silencing of PHLPP2 leads to
dephosphorylation of Akt-S473 and inhibition of Akt signaling31,46. As
an essential regulator for Akt signaling, the roles of the PHLPP-family
proteins have been well documented in several diseases, including
cancers and metabolic disorders47. In addition to Akt1, we also

Fig. 3 |METTL14 downregulation is required for exercise-inducedphysiological
cardiac hypertrophy. a Schedule of virus injection and swim-induced mice’s
physiological cardiac hypertrophy model establishment. b Representative western
blot and statistical data of METTL14 expression levels in mouse hearts treated as
indicated (n = 6 mice/group). c Cardiac morphology, heart weight (HW), and heart
weight/tibia length (HW/TL) in mouse hearts treated as indicated (n = 12, 12, 11 and
11 mice, respectively). d Representative images of Wheat Germ Agglutinin (WGA)
staining and quantification of the relative cell cross-sectional area in mouse hearts
treated as indicated (n = 4 mice/group). Scale bar: 20 μm. e Representative images
of immunofluorescent staining and quantification of the cardiomyocytes 5-ethynyl-
2’-deoxyuridine (EdU) positive ratio in mouse hearts treated as indicated (n = 5

mice/group). Scale bar: 20 μm. f Representative images of immunofluorescent
staining and quantification of the cardiomyocytes Ki67 positive ratio in mouse
hearts treated as indicated (n = 6 mice/group). Scale bar: 20 μm. g The relative
mRNA m6A level in swimming-exercise treated murine hearts, infected with
METTL14 overexpression or control AAV9 (n = 4/group). AAV9-cTnT-ctrl, cardiac-
specific troponin-T promoter-driven control AAV9; AAV9-cTnT-METTL14, cardiac-
specific troponin-T promoter-driven METTL14 overexpression AAV9. All data are
expressed as means ± SD. b–f Two-way ANOVA followed by Tukey’s post hoc test;
g independent-sample t-test, two-sided. Source data are provided as a Source
Data file.
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detected phosphorylation of Akt2 and found that METTL14 over-
expression or inhibition has no effect on phosphorylation of Akt2 in
cardiomyocytes (Supplementary Fig. 14). This observation is also
consistent with previously reported studies that Akt1 is the main iso-
form involved in regulating exercise-induced physiological
hypertrophy48, while Akt2 takes important roles in glucose

metabolism49. The PHLPP family contains two members, PHLPP1 and
PHLPP2. PHLPP1 has been reported to inhibit leukemia inhibitory
factor-induced Akt-S473 activation in the heart50. However, the Phlpp1
mRNA m6A level and protein level were not affected by METTL14 as
evidenced by luciferase assay, MazF-PCR, and western blot in this
study (Supplementary Fig. 15a–c). Thus, PHLPP1 is unlikely to be the
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direct downstream factor of METTL14. However, we examined the
expression of PHLPP1 in exercise training-induced healthy cardiac
hypertrophy. Consistent with previous reports51, PHLPP1 was down-
regulated in swimming-trained hearts. Interestingly, like other pre-
viously reported factors and signaling pathways that have been known
to be involved in exercise-induced cardiac hypertrophy, the PHLPP1
expression level was upregulated by METTL14 overexpression in
response to swim training, though METTL14 overexpression did not
regulate this in the control group (Supplementary Fig. 15d). Thus, it is
possible that PHLPP1 might work together with PHLPP2 to inhibit Akt-
S473 when METTL14 overexpression is present in the exercised heart.
However, the underlying mechanism about how METTL14 regulate
PHLPP1 in exercise hearts require further investigation. Down-
regulation of PHLPP2 could alleviate hypoxia-induced cardiomyocyte
injury by enforcing Nrf2/ARE signaling52. In the present study, similar
to previous reports in endometrial cancer and type 2 diabetes, we
found that differentially regulated m6A-methylated genes were enri-
ched in Akt signaling18,20. The m6A modification levels of PHLPP2 were
positively regulated by METTL14. Though the IGV of Phlpp2 was not
significantly differentially modified in meRIP-seq, we observed the
decreasedm6Amethylation level of Phlpp2mRNA usingMazF-qPCR in
the Control and Swim groups (Supplementary Fig. 16a). The observed
inconsistency among different m6A methylation detection methods
might be due to the resolution of meRIP-seq which in turn did not
achieve nucleotide profiling. The m6A peak region (chr8:109939973 -
109941393) of Phlpp2we obtained frommeRIP-seq data was as long as
1421 bp. Using the RMBase database33, we found over 20 potential m6A
sites’ positions across this Phlpp2 peak region, while only in the region
between 3664–3734 the m6A methylation level decreased. Phlpp2 was
regulated through a region which wasmuch shorter than the length of
m6A peak region we acquired in IGV (Supplementary Fig. 16b). We
further conducted SELECT-qPCR (An elongation- and ligation-based
qPCR amplification method)53,54, and confirmed that m6A methylation
level at mRNA A3675 and A3733 of Phlpp2 mRNA were decreased,
specifically A3675 revealed the most dramatic reduction (Supple-
mentary Fig. 16c). The IGV from meRIP-seq represented the m6A
methylation level of this region, while it cannot accurately reflect the
m6A methylation level at such a large peak spanning many m6A
peaks55,56. However, further investigations with application of RNA
sequencing that elucidate m6A modification of Phlpp2 mRNA at the
level of the individual nucleotide would provide significant under-
standing of this observation and might explain where exactly this
discrepancy derives from. Moreover, functional rescue assays con-
firmed that METTL14 regulated cardiomyocyte growth and apoptosis
via PHLPP2. In contrast to our observation in exercisedmouse hearts, a
previous study showed that a reduced METTL14 level inmouse islet β-
cells as well as in mouse embryonic stem cells results in decreased
phosphorylation of Akt and subsequent cell cycle arrest18,57. However,
restriction of METTL14 expression in hematopoietic stem cells and

endometrial cancer cells has led to increased cell proliferation, which
is consistent with our observation, suggesting that complex and dis-
tinct METTL14-mediated regulation mechanisms are present in dif-
ferent cell types20,58. Taken together,we report thatMETTL14 regulates
Akt signaling by altering m6A modification of Phlpp2 mRNA in cardi-
omyocytes, revealing a possible molecular mechanism underlying the
role of RNA m6A modification in exercise-induced physiological car-
diac hypertrophy.

Cardiovascular diseases remain the main cause for morbidity and
mortality worldwide. Increasing evidence has shown that epigenetic
regulation takes an essential role in cardiac pathophysiology59,60. Like
other modifications, such as DNA methylation and histone modifica-
tions, the m6A modification in RNA is dynamic and reversible. Rever-
sibility of m6A modification might provide an explanation for the fast
regulatorymechanism of gene expression in response to certain stress
stimulation, thereby providing also evidence of great significance for
maintaining physiological homeostasis of the body, including home-
ostasis of the heart9–13,40. In this study, we focused on how RNA m6A
methylation levels were influenced in response to endurance exercise
on the post-transcriptional level. We reported thatMETTL14-mediated
m6A modification was important to maintain exercise-induced phy-
siologic cardiac hypertrophy. Besides, as in previous studies that
reported changes of theheart’s globalm6Amodification,we found that
it was important for cardiac homeostasis. Downregulation of cardiac
METTL14 would prevent the heart to adequately respond to acute I/R
injury and preserve cardiac function during I/R remodeling. Our find-
ings support the essential role of RNA m6A modification and uncover
the underlying mechanism of METTL14-mediated PHLPP2 post-
transcriptional regulation in the heart.

In our current study, we identified the potential role of METTL14
in the heart from the perspective of RNA m6A methylation. We then
focused on regulation of Akt signaling and specifically examined the
m6A regulation of METTL14 on PHLPP2. However, RNA m6A mod-
ification alteration is a globally regulated mechanism, therefore, the
change of METTL14 in the heart might methylate several transcripts
not only limited to Akt signaling and Phlpp2 transcript. Also, in
addition to Phlpp2, other factors might also contribute to the reg-
ulatory effect of Akt-S473 on METTL14. Besides, among the effectors
we detected, except RBM15B which did not exhibit a significant
change, demethylase FTO and ALKBH5 were both increased. On the
other hand, methyltransferases component METTL3, METTL14,
WTAP, andZC3H13were decreased on the level of protein expression
after swim-training as evidenced by western blot. Additional studies
are required to explore their specific functional roles andmechanism
of action. Currently, we disrupt the METTL3-METTL14 formed,
positively charged groove, and abolish MTase activity via a METTL14
mutant, indicating that the observed effects might be
METTL3–METTL14 complex dependent. However, as abolishing the
METTL3-METTL14 pathway also inhibits global mRNAm6A levels, we

Fig. 4 |MTase inactivemutantMETTL14 blunts the anti-hypertrophic effects of
METTL14 overexpression on exercise-induced cardiac hypertrophy. a The
relative mRNA m6A level infected with METTL14 overexpression in NRCM (n = 6/
group) or mouse hearts (n = 4 /group). b Crystal structure of METTL3–METTL14
complex (PDB ID: 5IL0) showing the positively charged groove formed byMETTL3-
METTL14. Charged residues which are contributed by METTL14 are labeled as
sticks. c The relative mRNA m6A level in hearts treated as indicated (n = 4/group).
d Representative western blot and statistical data of METTL14 expression levels in
mouse hearts treated as indicated (n = 6mice/group). eCardiac grossmorphology,
HW, and HW/TL in mouse hearts treated as indicated (n = 12 mice/group).
f Representative images of WGA staining and quantification of the relative cell
cross-sectional area in the mouse hearts treated as indicated (n = 6 mice/group).
Scale bar: 20 μm. g Representative images of immunofluorescent staining and
quantification of cardiomyocytes EdU positive ratio in the mouse hearts treated as
indicated (n = 6 mice/group). Scale bar: 20 μm. h Representative images of

immunofluorescent staining and quantification of the cardiomyocytes Ki67 posi-
tive ratio in the mouse hearts treated as indicated (n = 6mice/group). Scale bar: 20
μm. NRCM, neonatal rat cardiomyocyte; Fugw, control without METTL14 over-
expression; METTL14 OE, METTL14 overexpression; AAV9-cTnT-ctrl, cardiac-
specific troponin-T promoter-driven control AAV9; AAV9-cTnT-METTL14, cardiac-
specific troponin-T promoter-driven METTL14 overexpression AAV9; AAV9-cTnT-
WTMETTL14, cardiac-specific troponin-T promoter-driven wild-type METTL14 over-
expression AAV9; AAV9-cTnT- MutMETTL14, cardiac-specific troponin-T promoter-
driven METTL14 R254/R255A-R298P-D312A mutant overexpression AAV9; HW,
heart weight. HW/TL, heart weight/tibia length.WGA,Wheat GermAgglutinin. EdU,
5-ethynyl-2’-deoxyuridine. All data are expressed as means ± SD. a Independent-
sample t-test, two-sided; c one-way ANOVA followed by Dunnett T3 test; d–h two-
wayANOVA followedbyTukey’s post hoc test. Sourcedata are provided as a Source
Data file.
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cannot exclude the possibility that other m6A regulators besides
METTL14, even readers, might also contribute to the cardiac adap-
tion to exercise. Further investigations including meRIP-seq, speci-
fically elucidating the global m6A methylation pattern change of
specific m6A effectors or RIP-seq which can focus on a specific m6A
binding proteins’ recognition pattern in cardiomyocytes, would

provide a significant and deep understanding of the RNA m6A reg-
ulatory mechanisms in the exercised heart. The cardiac RNA m6A
machinery is complex, in addition to the specific RNA m6A effectors,
further investigations focusing on systematic study of the m6A levels
of target genes of m6A regulators, and deeper understanding their
biological significance as well as underlying regulatory network
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would offer significant opportunity to get insight into the coordi-
nation between RNA metabolism and exercise training in the heart.
Further efforts will be needed to fully understand the role of RNA
methylation in cardiac tissue.

In summary, we identify METTL14 as a key methyltransferase that
is involved in regulating exercise-induced cardiac hypertrophy.
METTL14 downregulation attenuates acute I/R injury and cardiac dys-
function during the I/R remodeling process. METTL14 downregulation
in vitro regulates cardiomyocytes growth and OGD/R-induced apop-
tosis via PHLPP2. Mechanically, METTL14 knockdown inhibits the m6A
level of Phlpp2 mRNA and activates Akt-S473. Inhibiting METTL14
might be an effective therapeutic strategy for various heart diseases.

Methods
Animal care and use
AdultMaleC57BL/6 Jmice (8–9weeks)were obtained from theCharles
River Laboratories (Beijing, China) and housed in a barrier facility on a
12 h light/dark cycle at 22–24 °C and 45–55% humidity with access to
food (Cat#1010083, XietongShengwu, Nanjing, China) and water ad
libitum. The numbers of mice in each performed experiments were
indicated in figure legend. All animal experiments were in accordance
with the guidelines on the use and care of laboratory animals for bio-
medical research published by the National Institutes of Health (No.
85–23, revised 1996), and approved by the committee on the Ethics of
Animal Experiments of Shanghai University (No. 2020-043).

For exercise swimming training, eight-week-old male C57BL/6 J
mice were used for 4 weeks swimming training or no-training
(control)4,61. Briefly, swimming training mice are starting from 10min
twice dailywith a 10-minute increase each day until reaching to 90min.
24 h after the last swimming session, mice hearts were collected for
further analysis. The heart weight, body weight, and tibia length were
measured for statistical analysis. To study the role of METTL14 in
exercise-inducedphysiological cardiachypertrophy,micewere treated
with adeno-associated virus 9 (at the dose of 1012 vg/mice) carrying the
cTnT promoter driven METTL14 overexpression, METTL14 mutant
overexpression, and its control via tail vein injection one week before
being subjected to swimming training. Each mouse was randomly
assigned to each group. The body weights of mice before and after
swim training/no training, and tibia length data, heart weights of the
mice after swim training/no training in this study related to Figs. 3 and4
have been listed in Supplementary Table 1.

For the cardiac ischemia-reperfusion (I/R) model, surgeries were
performed under isoflurane anesthesia and using a ventilator to
acquire passive respiration. Cardiac I/R was induced by ligation of the
left anterior descending artery (LAD) for 30min followed by cardiac
reperfusion for 24 h (acute I/R injury) or 3 weeks (I/R remodeling)62.
The sham group was treated by the same process except that the
ligation part was not performed. For TTC staining, 24 h after reper-
fusion, the LAD was re-ligated at the same location, 1mL Evan’s Blue
(Sigma) was injected and the hearts were stained with TTC62. To assess
surgery homogeneity, area at risk/left ventricle weight (AAR/LV) was
calculated. The infarct size/area at risk (INF/AAR) was calculated to
evaluate the severity of cardiac I/R. To study the role of METTL14
knockdown in I/R, a miR-30d-based shRNA framework was used to

generate the cTnT promoter-driven METTL14 shRNA to restrict
shMETTL14 expression to cardiomyocytes30. Adult C57BL/6 J mice
were injected AAV9-cTnT-shMETTL14 or scrambled control through
tail vein injection at the dose of 1011 vg/mice, and myocardial I/R or
shamsurgerywas carried out 1week (for acute I/R injury, TTC staining,
and I/R remodeling) after AAV9 injection. All surgeries were per-
formed by investigators blinded to the treatment. Mice were deeply
anaesthetized and sacrificed for further analysis.

Echocardiography
Mice were anesthetized with 2% isoflurane, and echocardiography
using theVevo2100 image system (VisualSonics Inc, Toronto, Ontario,
Canada) was performed. A center frequency of 30MHz was used.
M-mode echocardiograms were obtained at the level of the papillary
muscle to measure left ventricular ejection fraction (EF) and left ven-
tricular fractional shortening (FS). The echocardiographerwas blinded
to the genotypes and surgical procedure. Data from mice with heart
rates lower than 400 beats/min were excluded from further analyses
for the reason that cardiac function measured by echocardiography
should maintain the heart rates at 400–650 beats/min to ensure
physiological relevance63. All the echocardiography parameters mea-
sured in this study have been listed in Supplementary Table 2.

m6A-seq and RNA-seq
To achieve a high enoughRNA concentration, 2–3mice left ventricular
(LV) tissues were pooled and homogenized as one biological replicate.
Total RNA was isolated from swim-trained and control mice LVs and
treatedwithDNase I. PolyadenylatedmRNAwas further enriched from
total RNA using Dynabeads Oligo (dT)25 (Ambion, Cat#61005) fol-
lowing the manufacturer’s protocol. mRNA was then fragmented into
~100 nucleotide fragments using fragmentation buffer (10mM ZnCl2,
10mMTris-HCl pH7.0). Fragmented RNAwas incubated for 2 h at 4 °C
with affinity purified anti-m6A rabbit polyclonal antibody (Synaptic
Systems, Cat#202003) inm6A Binding buffer (50mMTris-HCl, pH 7.4,
150mMNaCl, 1% NP-40, 2mM EDTA) supplemented with BSA (0.5μg/
μL). The mixture was then immunoprecipitated by incubation with
protein A beads and eluted with elution buffer (1 × IP buffer and
6.7mM m6A). After precipitation with 75% ethanol, eluted mRNA-
containing fragments (IP) and untreated input control fragments were
used to prepare libraries with a strand-specific library by the dUTP
method. The libraries were sequenced on an Illumina Hiseq Novaseq
6000 platform and 150bp paired-end reads were generated.

m6A-seq data analyses
m6A-seq data was analyzed according to the protocol described by Yu
et al.64. Briefly, the clean reads were mapped to the mouse genome
(GRCm38) using HISAT2 (v2.1.0)65. Then MeTDiff (v1.1.0) was used to
call m6A peaks and differential m6A peaks24 and peak annotation was
performed using chipseeker (v1.12.1)66. The m6A peak calling for the
meRIP-seq data was computed by the HEPeak based on a Hidden
Markov Model-based Exome Peak-finding algorithm67. To obtain the
differentialm6Amethylation peaks in the control and the swim-trained
group, MeTDiff software was used to determine the putative differ-
ential m6A peaks and compute the statistical significance24. Briefly, the

Fig. 5 | Cardiac-specific knockdown METTL14 alleviates acute myocardial I/R
injury in mouse hearts. a Schedule of virus injection and acute myocardial I/R
injury model establishment. b Representative western blot and statistical data of
METTL14 expression levels inmouse hearts treated as indicated (n = 6mice/group).
c Representative images of 2,3,5-triphenyltetrazolium chloride (TTC) staining and
quantification of the area at risk/left ventricular weight (AAR/LV) ratio and the
infarct size/area at risk (INF/AAR) ratio (n = 7 and 8 mice, respectively).
d Representative images of immunofluorescence staining and quantification of the
TUNEL positive cardiomyocytes in mouse hearts treated as indicated (n = 6 mice/
group). Scale bar: 20 μm. e Representative western blot and statistical data of

myocardium apoptosis by detection of Bax, Bcl2, caspase 3, and Cleaved-Caspase 3
expression levels in mouse hearts treated as indicated (n = 6 mice/group). AAV9-
cTnT-shScr, cardiac-specific troponin-T promoter-driven Scramble AAV9; AAV9-
cTnT-shMETTL14, cardiac-specific troponin-T promoter-driven METTL14 knock-
downAAV9; TUNEL, terminal deoxynucleotidyl transferase dUTPnick end labeling;
ns, nonstatistically significant; I/R, ischemia-reperfusion. All data are expressed as
means ± SD. b, d, and e, two-way ANOVA followed by Tukey’s post hoc test;
c, independent-sample t-test, two-sided. Source data are provided as a Source
Data file.
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putative differentialm6Apeaksweredetermined as the union regionof
the corresponding methylation peaks in the swim-trained or control
samples which are predicted by HEPeak peak calling software24,67.
Then, MeTDiff models were used to determine the reads variation in a
differential analysis also using a beta-binominal distribution. Finally,
the statistical significance was determined using a likelihood ratio test.

FPKM of each gene was calculated by Cufflinks (v2.2.1)68 using the
sequencing reads from input samples. DESeq (v1.28.0) (2012) R pack-
age (v3.5.1) was used to find the differentially expressed genes
(DEGs)58. KEGGpathway enrichment analysis ofm6A peaks, differential
m6A peaks, and DEGs were performed using R based approach, based
on the hypergeometric distribution, respectively.
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m6A RNA immunoprecipitation(meRIP)-qPCR
MeRIP-qPCR was performed according to a previously reported
method69. Briefly, Total RNAwas extracted fromH9C2 cardiomyocytes
by miRNeasy Mini Kit (QIAGEN, Cat# 217004) with DNase I on column
treatment (QIAGEN, Cat# 79254). mRNA was isolated from total RNA
via oligo(dT) polystyrene beads (Sigma, Cat#MRN10) and fragmented
(Ambion, AM8740) at 70 °C for 15min. 1μg of fragmented mRNA was
saved as input sample. The remaining fragmented mRNA was immu-
noprecipitated with an anti-m6A antibody (Synaptic Systems,
Cat#202003) coupled Dynabeads Protein G (Invitrogen,
Cat#10004D). PCR primers of specific genes were designed based on
the meRIP-seq data and RMBase database which integrated the public
epitranscriptome sequencing data and annotated the RNA m6A
methylation sites of genes33. m6A enrichment was determined by qPCR
with specific gene primers listed in Supplementary Table 3.

MazF-qPCR
MazF-qPCRs were performed as reported25. Specifically, total RNAs
were extracted from H9C2 cardiomyocytes or mouse hearts by miR-
Neasy Mini Kit (QIAGEN, Cat# 217004) with DNase I on column treat-
ment (QIAGEN, Cat# 79254). mRNA was isolated from total RNA via
oligo(dT) polystyrene beads (Sigma, Cat#MRN10-1KT).mRNAs or total
RNAs were treated with MazF (Takara, Cat# 2415 A) according to the
manufacturer’s protocol. PCR primers of specific genes were designed
based on the meRIP-seq data and RMBase database data33. For Fig. 7k
and Supplementary Fig. 16b,meRIP-seq data, sequence alignment, and
RMBase database were based to design the MazF-qPCR primers as
indicated in Supplementary Table 433,70. Primer sequences used in this
study are listed in Supplementary Table 3.

SELECT-qPCR detection
Total RNA was extracted from the mice hearts using RNAiso Plus
(Takara, Cat# 9109), and mixed with 40nM Up Primer, 40 nM Down
Primer, and 5μM dNTPs in 17μl 1×NEBuffer4 (NEB, #B7004S). Total
RNA (1500ng) and the primers were incubated at a temperature gra-
dient (90 °C for 1min, 80 °C for 1min, 70 °C for 1min, 60 °C for 1min,
50 °C for 1min, 40 °C for 6min)53,71. Then, 0.1U Bst 2.0WarmStartDNA
polymerase (NEB, #M0538S), 5U SplintR ligase (NEB, #M0375S), 50μΜ
dTTP (Diamond, #B110051-0250) and 1mM ATP (NEB, #P0756S) was
added in the mixture from the previous step to the final volume
100μL. The mixture was incubated at 40 °C for 20min, followed by
80 °C for 20min, and kept at 4 °C. The final elongated and ligated
products are thenquantifiedby qPCR. Sequences used in this study are
listed in Supplementary Table 5.

Primary neonatal rat cardiomyocytes (NRCM) preparation and
culture
Primary neonatal rat cardiomyocytes (NRCMs) were isolated from
euthanized 1-3-day old Sprague-Dawley (SD) rats (male and female)
and purified by Percoll (GE health, Cat# 17-0891-09) gradient

centrifugation62. Isolated NRCMs were seeded in appropriate plates
and cultured in Dulbecco’s modified Eagle’s medium (DMEM)
(CORNING, Cat#10-013-CVR), supplemented with 5% fetal bovine
serum, and 10% horse serum at 37 °C in 5% CO2.

In vitro oxygen–glucose deprivation and reperfusion (OGD/
R) model
The OGD/Rmodel was established tomimic in vivo I/R injury62. Briefly,
DMEM with no glucose was used and cultured NRCMs in an Anaero
pack (MGC, Cat# 6361ZJ-3) to achieve oxygen-glucose deprivation.
After 8 h, NRCMs were transferred to a normal incubator and cultured
in DMEM with glucose for recovery 12 h.

Cell line
Rat H9C2 cardiomyocytes were kindly provided by Stem Cell Bank,
Chinese Academy of Sciences. HEK293T cells was kindly gifted by Dr.
Qiurong Ding at Chinese Academy of Sciences, Shanghai, China, ori-
ginally purchased from Stem Cell Bank, Chinese Academy of Sciences.
H9C2 cardiomyocytes and HEK293T were maintained in Dulbecco’s
modified Eagle’s medium (DMEM) supplemented with 10% Fetal
Bovine Serum (BI) and at 37 °C in a 5% CO2 cell culture incubator.

Bacterial strains
E.coli expression strain TransStbl3 Chemically Competent Cell were
purchased from TransGen Biotech were grown in LB culture at 37 °C.

Quantification of m6A in mRNA
Total RNAs were extracted from murine hearts by miRNeasy Mini Kit
(QIAGEN, Cat# 217004) with DNase I on column treatment (QIAGEN,
Cat# 79254). mRNA was isolated from total RNA via oligo(dT) poly-
styrene beads (Sigma, Cat#MRN10). To achieve sufficient enough
mRNA concentration and make sure the quantity of purified mRNA,
2–3 mice left ventricular tissues or about (2–4) × 106 NRCM were
pooled and homogenized as one biological replicate. For mRNAs m6A
relative quantification to determine the relative m6A RNA methylation
status of two or three different RNA samples, m6A RNA Methylation
Quantification Kit (Abcam, #ab185912) were used according to the
manufacturer’s protocols. Briefly, 200 ng of mRNA was added to a 96-
well plate. After RNA binding, m6A RNA capture, signal detection,
relative quantification of m6A was analyzed as recommended by the
manufacturer.

Quantitative real-time polymerase chain reactions(qRT-PCRs)
Total RNA was isolated using RNAiso Plus (Takara, Cat# 9109). RNA
concentrationwasmeasuredbyNanodrop 2000 (Thermofisher,USA),
and reverse transcription of 400 ng RNA was performed using a
reverse transcriptionPCRkit (Thermo scientific,Cat#K1622) according
to the manufacturer’s instructions. RNA levels were quantified using
TB Green Premix Ex Taq (Takara, Cat#RR001A) by Real-Time PCR
Detection System (Roche LightCycler480). 18 s RNA or GAPDH were

Fig. 6 | METTL14 knockdown could alleviate cardiac dysfunction in I/R remo-
deling. a The relative mRNA m6A level in murine hearts with or without I/R
remodeling (n = 4/group). b Representative western blot and statistical data of
METTL14 expression levels in the I/R 3wmouse hearts comparedwith shamsurgery
(n = 6mice/group). c Schedule of virus injection andmyocardial I/R injury-induced
mouse pathological cardiac remodeling model establishment. d Representative
western blot and statistical data of METTL14 expression levels in mouse hearts
treated as indicated (n = 6 mice/group). e The relative mRNA m6A level in I/R 3w
murine hearts infected with METTL14 knockdown or scrambled control AAV9
(n = 4/group). f Representative echocardiographic images and left ventricular
ejection fraction (EF), ventricular fractional shortening (FS) of mice injected with
AAV9-cTnT-shMETTL14 or scrambled control at day 21 after I/R surgery (n = 7, 8, 14,
and 10mice, respectively).gRepresentative images of H&E staining (Top, scale bar:
50 μm) and WGA staining (Bottom, scale bar: 20 μm). h Quantitative analysis of

cross-sectional area of cardiac cells stained with WGA of ventricular myocardial
cells in mouse hearts treated as indicated (n = 7, 8, 14, and 10 mice, respectively).
i Representative images of Masson’s trichrome staining and quantification of
fibrotic area (%) in mouse hearts treated as indicated (n = 7, 8, 14, and 10 mice,
respectively). Scale bar: 50 μm. j qPCR analysis of Anp, Bnp, β-Mhc, and α-Sma
mRNA levels in mouse hearts treated as indicated (n = 7, 8, 14, and 10 mice,
respectively). I/R, ischemia-reperfusion. Echo, echocardiography. AAV9-cTnT-
shScr, cardiac-specific troponin-T promoter-driven Scramble AAV9; AAV9-cTnT-
shMETTL14, cardiac-specific troponin-T promoter-driven METTL14 knockdown
AAV9; WGA, Wheat Germ Agglutinin; H&E, Hematoxylin & eosin. All data are
expressed asmeans ± SD. d, f, h, i, j Two-way ANOVA followed by Tukey’s post hoc
test; a, b, e independent-sample t-test, two-sided. Source data are provided as a
Source Data file.
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used as internal controls. Primer sequences used in this study are listed
in Supplementary Table 3.

Cell transfection and virus infection
For transfection overexpression and knockdown plasmids into
NRCMs, plasmids (1 μg/mL) were carried out with Lipofectamine

2000 Reagent (Invitrogen, Cat#11668-019) or Sino transfection
reagent (Sino Biological Inc., Cat#STF02) according to the manu-
facturer’s protocols. For lentiviral particles transfection to cardio-
myocytes, lentiviral shMETTL14 was performed at the dose of 108

transduction unit (TU) per mL medium. At the end of the experi-
ments, the efficiency of transfection was evaluated by qPCR or
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western blot. shRNA sequences used in this study are listed in Sup-
plementary Table 6 and primer sequences used for generation of
overexpression constructs used in this study are listed in Supple-
mentary Table 7.

Western blotting
The NRCMs or cardiac tissues were lysed using RIPA lysis buffer
(KenGEN, Cat#KGP-701-100). The protein sample (10μg) was loaded
onto sodium dodecylsulphate polyacrylamide gel electrophoresis.
Membranes were electro-blotted onto PVDF membrane (PALL,
Cat#BSP0161), and then incubated with the appropriate primary anti-
bodies at 4 °C overnight. Mouse or rabbit IgG antibodies coupled to
horseradish peroxidase were used as secondary antibodies. All pro-
teins were visualized by hypersensitive chemiluminescence kit using
ChemiDoc Imaging System (Tanon, 5200 S or Bio-Rad, 17001402) and
band gray statistics were analyzed using Image J with β-actin and
GAPDH as the loading control. Antibodies used in this study are listed
in Supplementary Table 8.

Luciferase reporter assays
For PHLPP2 reporter gene generation, the PHLPP2 mRNA fragment
containing the wild-type (WT) or mutant m6A motifs (A to T), were
inserted into pGL3-Basic(gccgtg/taattc) vector. The sequences of
PHLPP2 reporter genes used in this study are listed in Supplementary
Table 9. HEK293T cells were cultured in 12-well plates the day prior to
transfection. For PHLPP2mutant assays, cells were co-transfectedwith
40ng Renila, 1μg wild-type or mutant PHLPP2 reporter vector and
METTL14 OE. For METTL14 mutant assays, cells were co-transfected
with 40 ng Renila, 1μgwild-type PHLPP2 reporter vector andMETTL14
OE or METTL14 mutant (R234/235A-D292A-R278PMETTL14). Firefly and
Renila luciferase activities were detected using the Dual-luciferase
reporter assay Kit (Promega, Cat# E1910) according to the manu-
facturer’s instructions.

Immunofluorescent staining for cultured cells
Cardiomyocytes were fixed in 4% PFA for 20min at room tem-
perature, permeabilizedwith 0.2% Triton X-100 for 20min, blocked
with 10% goat serum for 1 h at room temperature and incubated
with primary antibodies at 4 °C overnight. Cardiomyocytes were
incubated with α-actinin antibody (1:200, Sigma, A7811), Ki67
antibody (1:200, Abcam, ab16667), and pHH3(1:200, Thermo Fisher
Scientific, PA5-17869). For EdU assays, NRCMs were performed
using Cell-Light EdU Apollo488 In Vitro Kit according to the man-
ufacturer’s instructions. The following secondary antibodies were
used: Cy3-mouse antibody (1: 200, Jackson, 715-165-151), 488-rabbit
antibody (1: 200, Jackson, 111-545-003). Hoechst was used for

nuclear counterstaining. Images were captured by Leica micro-
scope (DMi8, Germany). Both EdU-/ Ki67-/pHH3- positive and α-
actinin positive nuclei was counted for cardiomyocyte EdU-/ Ki67-/
pHH3- positive.

For cell size measurements, NRCMs were incubated with α-
actinin, and Hoechst was stained for counterstaining cell nuclei.
Images were captured by Leicamicroscope (DMi8, Germany). Image
J software was used tomeasure cell size. 40–60 fields were analyzed
on each group, and 400–600 cardiomyocytes measured in
each group.

For terminal deoxynucleotidyl transferase-mediated dUTP in situ
nick-end labeling (TUNEL) staining, TUNEL FITC apoptosis detection
kit (Vazyme) was stained to evaluate the cardiomyocytes apoptosis
according to according to themanufacturer’s protocol after α-Actinin-
Cy3 antibody (1: 200, Sigma, A7811). Nuclei were counterstained with
Hoechst. Imageswerecapturedby Leicamicroscope (DMi8, Germany).
TUNEL positive and α-actinin positive nuclei was counted for cardio-
myocyte TUNEL positive.

Immunochemistry and immunofluorescence staining for heart
tissue
5 μm frozen heart sections were fixed in 4% paraformaldehyde
(PFA) for 20min, permeabilized with 0.5% Triton X-100 in PBS for
20min, and then blocked with 5% BSA for 1 h at room temperature.
For EdU staining, EdU (50mg/kg) (Invitrogen, Cat#E10187) was
intraperitoneally injected twice at three days before and the day
before termination of the experiment at 50mg/kg, respectively.
Cell-Light Apollo 567 stain Kit (Ribobio, Cat#C10371-1) was used
according to manufacturer’s instructions. For Ki67 staining, an α-
actinin antibody (1:200, Sigma) and Ki67 antibody (1:200, Abcam)
were co-incubated, and following appropriate secondary anti-
bodies were used. Nuclei were counterstained with Hoechst. Ima-
ges were captured by confocal microscope (Carl Zeiss, Thuringia,
Germany).

For WGA staining, 5μm frozen heart sections were fixed in 4%
paraformaldehyde (PFA), wheat germ agglutinin Alexa Fluor™ 488
Conjugate (Invitrogen, Cat#W11261) was incubated for 20min. Images
were taken by confocal microscope (Carl Zeiss, Thuringia, Germany).
Image J software was used to quantify cell size.

For TUNEL staining, Dead End Fluorometric TUNEL System
(Promega, Cat#G3250) were used to perform TUNEL staining on
5 μm frozen heart sections according to the manufacturer’s proto-
col after α-Actinin-Cy3 antibody. Images were captured by confocal
microscope (Carl Zeiss, Thuringia, Germany). TUNEL positive and α-
actinin positive nuclei was counted for cardiomyocyte TUNEL
positive.

Fig. 7 | METTL14 knockdown inhibits Phlpp2 mRNA m6A modifications and
activates Akt-S473. a Venn diagram showing the comparison of differentially
methylated transcripts and differentially expressed transcripts identified in the
exercise-induced cardiac hypertrophy murine model. DMG, differentially m6A
methylated genes. DEG, differentially expressed genes. b KEGG analysis of sig-
nificantly enriched m6A methylated peaks (p <0.05; fold-change > 2.0) in control
group and swim group, respectively. c Representative western blot and statistical
data of phosphorylation levels of Akt-S473, Akt-T308 in NRCMs with or without
METTL14 knockdown (n = 6wells/group).dThemethylation levels ofPhlpp2mRNA
in swimand controlmouse heartsmeasured byMazF-qPCR (n = 6mice/group). The
levels of a targeted amplicon (labeled “T”) is measured against a control (labeled
“C”) amplicon in a MazF-digested sample and normalized against a nondigested
sample. eWestern blot analyses of PHLPP2 in whole lysates isolated from swim and
control murine hearts (n = 6 mice/group). f Western blot analyses of PHLPP2 and
METTL14 in NRCM with or without METTL14 inhibition (n = 6 wells/group). g m6A
enrichment levels in Phlpp2mRNA in H9C2 cardiomyocytes treated as indicated
using m6A-RIP (meRIP)-qPCR (n = 5/group). h Relative luciferase activity of Rattus

PHLPP2 wild-type (PHLPP2-WT-pGL3) or m6A mutant (PHLPP2-mut-pGL3) reporter
gene with or without Rattus METTL14 overexpression (n = 6/group). i Relative
luciferase activity of Rattus PHLPP2-WT-pGL3 reporter gene with Rattus wild-type
METTL14 (WTMETTL14) or mutant METTL14 (R234/235A-R278P-D292AMETTL14) over-
expression (n = 6/group). j Representative western blot and statistical data of
PHLPP2 and phosphorylation level of Akt-S473 in NRCMs with WTMETTL14 or R234/
235A-R278P-D292AMETTL14 overexpression (n = 6/group).kMazF-qPCR identified the
methylationmodification region of Phlpp2mRNAwhich is specifically regulated by
METTL14 (n = 6/group). The levels of a targeted amplicon (labeled “T”) ismeasured
against a control (labeled “C”) amplicon in aMazF-digested sample and normalized
against a nondigested sample. NRCM, neonatal rat cardiomyocyte; shScr, Scramble
short hairpin RNA; shMETTL14, METTL14 short hairpin RNA to knockdown
METTL14. ns, nonstatistically significant. All data are expressed as means ± SD.
c–f, k Independent-sample t-test, two-sided; g two-way ANOVA followed by Tukey’s
post hoc test; h, j one-way ANOVA followed by Bonferroni test; i one-way ANOVA
followed by Dunnett T3 test.) Source data are provided as a Source Data file.
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Heart tissues were fixed in 4% PFA and embedded in paraffin,
Paraffin sections were dewaxed and hydrated. Then, sections were
subjected toMasson’s Trichrome staining (Servicebio, Cat#G1006) and
H&E staining (KenGEN, Cat# KGA224) according to the manufacturer’s
instruction, respectively. Images were taken by Leica microscope
(DM3000 LED, Germany). Image J software was used to quantify the

fibrotic area. The percentage of fibrosis was calculated as fibrosis areas/
total myocardial areas. Image J software was used to quantify cell size.

Microscopy, confocal microscopy, and image quantification
For in vitro assays, images of cultured cells were taken by Leica
microscope (DMi8, Germany) using standard procedures. 4–6 wells of
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each group were stained and in total 40–60 fields were analyzed on
each group. For cell size measurement, 4–6 wells of each group were
stained, and 40–60 fields were analyzed on each group, and 400–600
cardiomyocytes measured in each group. n value represents the
number of wells as indicated groups.

For in vivo assays, immunofluorescence Images of heart sections
were taken using a confocal microscope (Carl Zeiss, Thuringia, Ger-
many). Masson’s Trichrome and H&E images were obtained using a
Leica microscope (DM3000 LED, Germany). Images were then
quantified using Image J software. 10–30 random images were
obtained from 1–3 slides from eachmouse. ForWGA staining, at least
10 cells were quantified on each image: 100–300 cells from each
mouse. n value represents the number of mice as indicated groups.

All analyses were performed by investigators blinded to the
treatment.

Statistical analysis
All data are presented as mean ± SD using GraphPad Prism 8.0. Ana-
lyses were performed using SPSS 20.0 software (SPSS Inc., Chicago, IL)
and GraphPad Prism 8.0. An independent-sample t test was used for
comparison between two groups. Two-way ANOVA with Tukey test or
One-way ANOVAwas performed to comparemultiple groups. For one-
way analysis, The Levene test was used to verify the homogeneity of
variance, and the Bonferroni test or Dunnett T3 test was performed
according to the results. Differences were considered statistically sig-
nificant with p <0.05.

Fig. 8 | METTL14 regulates NRCMs growth and apoptosis via PHLPP2.
a Representative images of immunofluorescence staining and quantification of the
relative cardiomyocyte size displayed the block effect of PHLPP2 overexpression
on METTL14 knockdown (n = 4 wells/group). Scale bar: 100 μm. b Representative
images of immunofluorescence staining and quantification of the Ki67 positive
cardiomyocytes displayed the block effect of PHLPP2 overexpression on METTL14
knockdown (n = 4 wells/group). Scale bar: 100 μm. c Representative images of
immunofluorescence staining and quantification of the Tunel positive cardio-
myocytes displayed the block effect of PHLPP2 overexpression on METTL14
knockdown in the OGD/R-induced apoptosis model (n = 4 wells/group). Scale bar:
100 μm. d Representative western blot and statistical data of NRCMs apoptosis by
detection of Bax, Bcl2, Caspase 3, and Cleaved-Caspase 3 in OGD/R induced
apoptosis model revealed the block effect of PHLPP2 overexpression on METTL14
knockdown (n = 3 wells/group). e Representative images of immunofluorescence
staining and quantification of the Ki67 positive cardiomyocytes revealed the rescue
effect of PHLPP2 knockdownonMETTL14 overexpression (n = 4wells/group). Scale
bar: 100 μm. f Representative images of immunofluorescence staining and

quantification of the Tunel positive cardiomyocytes demonstrated the rescue
effect of PHLPP2 knockdown on METTL14 overexpression in the OGD/R-induced
apoptosis model (n = 4 wells/group). Scale bar: 100 μm. g Representative western
blot and statistical data of NRCMs apoptosis by detection of Bax, Bcl2, caspase 3,
and Cleaved-caspase 3 in the OGD/R-induced apoptosis model demonstrated the
rescue effect of PHLPP2 knockdown on METTL14 overexpression (n = 3 wells/
group). h Representative western blot and statistical data of the phosphorylation
levels of Akt-S473 in the OGD/R-induced NRCM apoptosis model displayed the
rescue effect of PHLPP2 knockdown on METTL14 overexpression (n = 3 wells/
group). Fugw, control without METTL14 overexpression; METTL14 OE, METTL14
overexpression; shScr, Scramble short hairpin RNA; shMETTL14, METTL14 short
hairpin RNA to knockdown METTL14; EV, empty vector without PHLPP2 over-
expression; PHLPP2, PHLPP2 overexpression; shPHLPP2, PHLPP2 short hairpinRNA
to knockdown PHLPP2; OGD/R, oxygen-glucose deprivation/reperfusion; NRCM,
neonatal rat cardiomyocyte. All data are expressed as means ± SD. a–h Two-way
ANOVA followed by Tukey’s post hoc test. Source data are provided as a Source
Data file.
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Fig. 9 | Proposed working model by which downregulation of RNA m6A
methyltransferase METTL14 contributes to exercise-induced cardiac hyper-
trophy and protects against myocardial ischemia-reperfusion injury. Endur-
ance exercise leads to a reduced mRNA m6A methylation level. Cardiac-specific
knockdown METTL14 reduces global RNA m6A modification, thereby attenuating

acute I/R injury as well as cardiac dysfunction in I/R remodeling. Mechanistically,
silencing METTL14 regulates Phlpp2mRNA (ranging nucleotides 3613–3711 in Rat-
tus) m6A modification and activates Akt-S473 which regulates cardiomyocyte
growth and apoptosis.
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Reporting summary
Further information on research design is available in the Nature
Research Reporting Summary linked to this article.

Data availability
The data that support the findings of this study are available within the
article and its Supplementary Information files. The MeRIP-seq and its
input RNA-seq data that support the findings of this study have been
deposited in the BioSample database under BioProject ID
PRJNA699979. Sequencing reads were mapped to the mouse genome
reference GRCm38. A reporting summary for this article is available as
a Supplementary Information file. Source data are provided with
this paper.

References
1. Ponikowski, P. et al. 2016 ESC Guidelines for the diagnosis and

treatment of acute and chronic heart failure: The Task Force for the
diagnosis and treatment of acute and chronic heart failure of the
European Society of Cardiology (ESC)Developed with the special
contribution of the Heart Failure Association (HFA) of the ESC. Eur.
Heart J. 37, 2129–2200 (2016).

2. Bernardo, B. C. et al. Understanding Key Mechanisms of Exercise-
InducedCardiac Protection toMitigateDisease:Current Knowledge
and Emerging Concepts. Physiol. Rev. 98, 419–475 (2018).

3. Moreira, J. B. N. et al. Exercise and cardiac health: physiological and
molecular insights. Nat. Metab. 2, 829–839 (2020).

4. Liu, X. et al. miR-222 is necessary for exercise-induced cardiac
growth and protects against pathological cardiac remodeling. Cell
Metab. 21, 584–595 (2015).

5. Bostrom, P. et al. C/EBPbeta controls exercise-induced cardiac
growth and protects against pathological cardiac remodeling. Cell
143, 1072–1083 (2010).

6. Shi, J. et al. miR-17-3p Contributes to Exercise-Induced Cardiac
Growth and Protects against Myocardial Ischemia-Reperfusion
Injury. Theranostics 7, 664–676 (2017).

7. Lerchenmuller, C. et al. CITED4 Protects Against Adverse Remo-
deling in Response to Physiological and Pathological Stress. Circ.
Res 127, 631–646 (2020).

8. Shi, H. et al. Where,When, and How: Context-Dependent Functions
of RNA Methylation Writers, Readers, and Erasers. Mol. Cell 74,
640–650 (2019).

9. Dorn, L. E. et al. The m(6)A mRNA Methylase METTL3 Controls
Cardiac Homeostasis and Hypertrophy. Circulation 139,
533–545 (2019).

10. Mathiyalagan, P. et al. FTO-Dependent m6A Regulates Cardiac
Function During Remodeling and Repair. Circulation 139,
518–532 (2019).

11. Gao, X. Q. et al. The piRNA CHAPIR regulates cardiac hypertrophy
by controlling METTL3-dependent N(6)-methyladenosine methyla-
tion of Parp10 mRNA. Nat. Cell Biol. 22, 1319–1331 (2020).

12. Berulava, T. et al. Changes in m6A RNA methylation contribute to
heart failureprogression bymodulating translation. Eur. J. Heart Fail
22, 54–66 (2020).

13. Song, H. et al. METTL3 and ALKBH5 oppositely regulate m(6)A
modification of TFEB mRNA, which dictates the fate of hypoxia/
reoxygenation-treated cardiomyocytes. Autophagy 15,
1419–1437 (2019).

14. Wu, S. et al. m(6)A RNA Methylation in Cardiovascular Diseases.
Mol. Ther. 28, 2111–2119 (2020).

15. Yang, Y. et al. Dynamic transcriptomic m(6)A decoration: writers,
erasers, readers and functions in RNA metabolism. Cell Res 28,
616–624 (2018).

16. Liu, J. et al. A METTL3-METTL14 complex mediates mammalian
nuclear RNA N6-adenosine methylation. Nat. Chem. Biol. 10,
93–95 (2014).

17. Wang, P. et al. Structural Basis for Cooperative Function of Mettl3
and Mettl14 Methyltransferases. Mol. Cell 63, 306–317 (2016).

18. De Jesus, D. F. et al. m(6)A mRNA Methylation Regulates Human
beta-Cell Biology in Physiological States and in Type 2 Diabetes.
Nat. Metab. 1, 765–774 (2019).

19. Ma, J. Z. et al. METTL14 suppresses the metastatic potential of
hepatocellular carcinoma by modulating N(6) -methyladenosine-
dependent primary MicroRNA processing. Hepatology 65,
529–543 (2017).

20. Liu, J. et al. m(6)A mRNA methylation regulates AKT activity to
promote the proliferation and tumorigenicity of endometrial can-
cer. Nat. Cell Biol. 20, 1074–1083 (2018).

21. Huang, H. et al. m(6)A Modification in Coding and Non-coding
RNAs: Roles and Therapeutic Implications in Cancer. Cancer Cell
37, 270–288 (2020).

22. Yang, Z. et al. METTL14 facilitates global genome repair and sup-
presses skin tumorigenesis. Proc Natl Acad Sci USA 118,
e2025948118 (2021).

23. Heinz, S. et al. Simple combinations of lineage-determining tran-
scription factors prime cis-regulatory elements required for mac-
rophage and B cell identities. Mol. Cell 38, 576–589 (2010).

24. Cui, X. et al. MeTDiff: A Novel Differential RNAMethylation Analysis
for MeRIP-Seq Data. IEEE/ACM Trans. Comput Biol. Bioinform 15,
526–534 (2018).

25. Garcia-Campos, M. A. et al. Deciphering the “m(6)A Code” via
Antibody-Independent Quantitative Profiling. Cell 178, 731–747
e716 (2019).

26. Wang, Y. et al. N6-methyladenosine modification destabilizes
developmental regulators in embryonic stem cells. Nat. Cell Biol.
16, 191–198 (2014).

27. Shulman, Z. et al. The RNAmodification N(6)-methyladenosine as a
novel regulator of the immune system. Nat. Immunol. 21,
501–512 (2020).

28. Wang, X. et al. Structural basis of N(6)-adenosine methylation by
the METTL3-METTL14 complex. Nature 534, 575–578 (2016).

29. Sledz, P. et al. Structural insights into the molecular mechanism of
the m(6)A writer complex. eLife 5, e18434 (2016).

30. Chang, K. et al. Creating an miR30-based shRNA vector. Cold
Spring Harb. Protoc. 2013, 631–635 (2013).

31. Brognard, J. et al. PHLPP and a second isoform, PHLPP2, differen-
tially attenuate the amplitude of Akt signaling by regulating distinct
Akt isoforms. Mol. Cell 25, 917–931 (2007).

32. Wang, X. et al. N(6)-methyladenosine Modulates Messenger RNA
Translation Efficiency. Cell 161, 1388–1399 (2015).

33. Xuan, J. J. et al. RMBase v2.0: deciphering the map of RNA mod-
ifications from epitranscriptome sequencing data. Nucleic Acids
Res 46, D327–D334 (2018).

34. Magkos, F. et al. Diet and exercise in the prevention and treatment of
type 2 diabetes mellitus. Nat. Rev. Endocrinol. 16, 545–555 (2020).

35. Bei, Y. et al. Animal exercise studies in cardiovascular research:
Current knowledge and optimal design-A position paper of the
Committee on Cardiac Rehabilitation, Chinese Medical Doctors’
Association. J. Sport Health Sci. 10, 660–674 (2021).

36. Cenik, C. et al. Integrative analysis of RNA, translation, and protein
levels reveals distinct regulatory variation across humans.Genome
Res 25, 1610–1621 (2015).

37. Brundel, B. J. et al. Alterations in potassium channel gene expres-
sion in atria of patients with persistent and paroxysmal atrial fibril-
lation: differential regulation of protein and mRNA levels for K+
channels. J. Am. Coll. Cardiol. 37, 926–932 (2001).

38. Pagiatakis, C. et al. The RNA Methylome Blackboard. Circulation
139, 546–548 (2019).

39. Han, Z. et al. ALKBH5 regulates cardiomyocyte proliferation and
heart regeneration by demethylating the mRNA of YTHDF1. Ther-
anostics 11, 3000–3016 (2021).

Article https://doi.org/10.1038/s41467-022-34434-y

Nature Communications |         (2022) 13:6762 19

https://www.ncbi.nlm.nih.gov/bioproject/PRJNA699979


40. Kmietczyk, V. et al. m(6)A-mRNA methylation regulates cardiac
gene expression and cellular growth. Life Sci Alliance 2,
e201800233 (2019).

41. Gao, R. et al. Long Noncoding RNA Cardiac Physiological
Hypertrophy-Associated Regulator Induces Cardiac Physiological
Hypertrophy and Promotes Functional Recovery After Myocardial
Ischemia-Reperfusion Injury. Circulation 144, 303–317 (2021).

42. Bass-Stringer, S. et al. IGF1-PI3K-induced physiological cardiac
hypertrophy: Implications for new heart failure therapies, bio-
markers, and predicting cardiotoxicity. J. Sport Health Sci. 10,
637–647 (2021).

43. Sussman, M. A. et al. Myocardial AKT: the omnipresent nexus.
Physiol. Rev. 91, 1023–1070 (2011).

44. Yang, J. et al. Crystal structure of an activated Akt/protein kinase B
ternary complex with GSK3-peptide and AMP-PNP.Nat. Struct. Biol.
9, 940–944 (2002).

45. Alessi, D. R. et al. Mechanism of activation of protein kinase B by
insulin and IGF-1. EMBO J. 15, 6541–6551 (1996).

46. Manning, B. D. et al. AKT/PKB Signaling: Navigating the Network.
Cell 169, 381–405 (2017).

47. Brognard, J. et al. PHLiPPing the switch on Akt and protein kinase C
signaling. Trends Endocrinol. Metab. 19, 223–230 (2008).

48. DeBosch, B. et al. Akt1 is required for physiological cardiac growth.
Circulation 113, 2097–2104 (2006).

49. Cho, H. et al. Insulin resistance and a diabetes mellitus-like syn-
drome in mice lacking the protein kinase Akt2 (PKB beta). Science
292, 1728–1731 (2001).

50. Miyamoto, S. et al. PHLPP-1 negatively regulates Akt activity and
survival in the heart. Circ. Res 107, 476–484 (2010).

51. Moc, C. et al. Physiological activation of Akt by PHLPP1 deletion
protects against pathological hypertrophy. Cardiovasc Res 105,
160–170 (2015).

52. Jin, A. et al. PHLPP2 downregulation protects cardiomyocytes
against hypoxia-induced injury through reinforcing Nrf2/ARE
antioxidant signaling. Chem. Biol. Interact. 314, 108848
(2019).

53. Xiao, Y. et al. An Elongation- and Ligation-BasedqPCRAmplification
Method for the Radiolabeling-Free Detection of Locus-SpecificN(6)
-Methyladenosine Modification. Angew. Chem. Int Ed. Engl. 57,
15995–16000 (2018).

54. Xu, H. et al. YTHDF2 alleviates cardiac hypertrophy via regulating
Myh7 mRNA decoy. Cell Biosci. 11, 132 (2021).

55. Meyer, K. D. et al. Comprehensive analysis of mRNA methylation
reveals enrichment in 3’ UTRs and near stop codons. Cell 149,
1635–1646 (2012).

56. Zhu, W. et al. Detection of N6methyladenosine modification resi-
dues (Review). Int J. Mol. Med 43, 2267–2278 (2019).

57. Wang, K. et al. CARL lncRNA inhibits anoxia-induced mitochon-
drial fission and apoptosis in cardiomyocytes by impairing miR-
539-dependent PHB2 downregulation. Nat. Commun. 5,
3596 (2014).

58. Anders, S. et al. Differential expression analysis for sequence count
data. Genome Biol. 11, R106 (2010).

59. Gilsbach, R. et al. Distinct epigenetic programs regulate cardiac
myocyte development and disease in the human heart in vivo. Nat.
Commun. 9, 391 (2018).

60. Russell-Hallinan, A. et al. Epigenetic Regulation of Endothelial Cell
Function by Nucleic Acid Methylation in Cardiac Homeostasis and
Disease. Cardiovasc Drugs Ther. 35, 1025–1044 (2021).

61. Taniike, M. et al. Apoptosis signal-regulating kinase 1/p38 signaling
pathway negatively regulates physiological hypertrophy. Circula-
tion 117, 545–552 (2008).

62. Bei, Y. et al. Cathelicidin-related antimicrobial peptide protects
against myocardial ischemia/reperfusion injury. BMC Med 17,
42 (2019).

63. Lindsey, M. L. et al. Guidelines for measuring cardiac physiology in
mice. Am. J. Physiol. Heart Circ. Physiol. 314, H733–H752 (2018).

64. Yu, J. et al. Epitranscriptomic profiling of N6-methyladenosine-
related RNA methylation in rat cerebral cortex following traumatic
brain injury. Mol. Brain 13, 11 (2020).

65. Kim, D. et al. HISAT: a fast spliced aligner with low memory
requirements. Nat. methods 12, 357–360 (2015).

66. Yu, G. et al. ChIPseeker: an R/Bioconductor package for ChIP peak
annotation, comparison and visualization. Bioinformatics 31,
2382–2383 (2015).

67. Cui, X. et al. HEPeak: an HMM-based exome peak-finding package
for RNA epigenome sequencing data. BMC genomics 16, S2 (2015).
Suppl 4.

68. Trapnell, C. et al. Transcript assembly and quantification by RNA-
Seq reveals unannotated transcripts and isoform switching during
cell differentiation. Nat. Biotechnol. 28, 511–515 (2010).

69. Dominissini, D. et al. Transcriptome-wide mapping of N(6)-methy-
ladenosine by m(6)A-seq based on immunocapturing and
massively parallel sequencing. Nat. Protoc. 8, 176–189
(2013).

70. Corpet, F. Multiple sequence alignment with hierarchical cluster-
ing. Nucleic Acids Res 16, 10881–10890 (1988).

71. Wang, Y. et al. LEAD-m(6) A-seq for Locus-SpecificDetectionofN(6)
-Methyladenosine and Quantification of Differential Methylation.
Angew. Chem. Int Ed. Engl. 60, 873–880 (2021).

Acknowledgements
This work was supported by the grants from National Key Research
and Development Project (2018YFE0113500 to J.J.X.), National Nat-
ural Science Foundation of China (82020108002 and 82225005 to
J.J.X., 82270291 and 81800358 to L.J.W.), Innovation Program of
Shanghai Municipal Education Commission (2017-01-07-00-09-
E00042 to J.J.Xiao), the grant from Science and Technology Com-
mission of Shanghai Municipality (21XD1421300 and 20DZ2255400
to J.J.X.), Natural Science Foundation of Shanghai (19ZR1474100 to
L.J.W.), and the “Dawn” Program of Shanghai Education Commission
(19SG34 to J.J.X.).

Author contributions
J.J.X. designed the study. J.J.X. and L.J.W. instructed all experiments and
drafted the manuscript. L.J.W., J.Q.W., P.J.Y., J.Y.F., G.E.X., X.Z., T.H.W.
performed the experiments and analyzed the data. H.I.L., G.P.L., J.PG.S.
provided technical assistance, gave input on experimental design and
data interpretation in the manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information The online version contains
supplementary material available at
https://doi.org/10.1038/s41467-022-34434-y.

Correspondence and requests for materials should be addressed to
Junjie Xiao.

Peer review information Nature Communications thanks Ulrik Wisloff
and the other, anonymous, reviewer(s) for their contribution to the peer
review of this work.

Reprints and permissions information is available at
http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jur-
isdictional claims in published maps and institutional affiliations.

Article https://doi.org/10.1038/s41467-022-34434-y

Nature Communications |         (2022) 13:6762 20

https://doi.org/10.1038/s41467-022-34434-y
http://www.nature.com/reprints


Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons license, and indicate if
changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons license and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2022

Article https://doi.org/10.1038/s41467-022-34434-y

Nature Communications |         (2022) 13:6762 21

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	METTL14 is required for exercise-induced cardiac hypertrophy and protects against myocardial ischemia-reperfusion injury
	Results
	Endurance exercise training leads to reduced mRNA m6A methylation levels
	Role of METTL14 on NRCMs growth and apoptosis
	METTL14 downregulation is necessary for exercise-induced cardiac hypertrophy
	MTase inactive mutant METTL14 blunts anti-hypertrophy effects of METTL14 overexpression on exercise-induced cardiac hypertrophy
	Cardiac-specific knockdown of METTL14 alleviates acute I/R injury in mouse hearts
	METTL14 inhibition alleviates cardiac dysfunction in I/R remodeling
	METTL14 knockdown inhibits Phlpp2 mRNA m6A modification and activates Akt-S473
	METTL14 regulates NRCMs growth and apoptosis via PHLPP2

	Discussion
	Methods
	Animal care and use
	Echocardiography
	m6A-seq and RNA-seq
	m6A-seq data analyses
	m6A RNA immunoprecipitation(meRIP)-qPCR
	MazF-qPCR
	SELECT-qPCR detection
	Primary neonatal rat cardiomyocytes (NRCM) preparation and culture
	In vitro oxygen–glucose deprivation and reperfusion (OGD/R) model
	Cell line
	Bacterial strains
	Quantification of m6A in mRNA
	Quantitative real-time polymerase chain reactions(qRT-PCRs)
	Cell transfection and virus infection
	Western blotting
	Luciferase reporter assays
	Immunofluorescent staining for cultured cells
	Immunochemistry and immunofluorescence staining for heart tissue
	Microscopy, confocal microscopy, and image quantification
	Statistical analysis
	Reporting summary

	Data availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




