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Decreased METTL3 in atrial myocytes
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Aims Methyltransferase like 3 (METTL3) plays a crucial role in cardiovascular diseases, but its involvement in atrial fibrillation (AF)
remains unclear. The study aims to explore the relationship between METTL3 and AF in atrial myocytes.

Methods The protein level of METTL3 was evaluated in left atrial appendages (LAAs) from patients with persistent AF and in experi-
and results mental AF models. cAMP-responsive element modulator (CREM) transgenic mice and CaCl,-acetylcholine (ACh)-injected
mice were used as AF mice models. Methyltransferase like 3 was globally and atrial conditionally deleted in vivo to assess its
role in AF. Confocal fluorescence microscopy was employed to examine calcium handling in atrial myocytes. Methylated
RNA immunoprecipitation sequencing was performed to identify the downstream target genes of METTL3.
Methyltransferase like 3 protein and RNA Né-methyladenosine (m6A) modification levels were significantly reduced in
the LAAs of patients with AF and experimental AF models. Genetic inhibition of METTL3 promoted the development
of AF in CREM transgenic mice and CaCl,-ACh-injected mice. Knockdown of METTL3 in atrial myocytes resulted in
enhanced calcium handling. Reduced METTL3 levels increased SR Ca?*-ATPase Type 2a activity by up-regulating
protocadherin gamma subfamily A, 10. Decreased METTL3 protein in atrial myocytes was attributed to down-regulation
of cAMP-responsive element-binding protein 1/ubiquitin-specific peptidase 9 X-linked axis.

Conclusion Our study established the pathophysiological role of METTL3 involved in the development of AF and provided a potential
mechanism-based target for its treatment.
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Graphical Abstract
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Translational perspective

for AF treatment.

Our findings suggested that the CREB1/USP9X/METTL3/protocadherin gamma subfamily A, 10 axis in atrial myocytes plays a crucial role in atrial
fibrillation (AF) development by influencing calcium handling. These findings provide insights into potential mechanism-based therapeutic targets

What’s new?

® Atrial fibrillation (AF) is associated with decreased methyltransferase
like 3 (METTL3) protein in atrial myocytes.

® Knockdown of METTL3 in atrial myocytes results in abnormal cal-
cium handling and increased susceptibility to AF.

® Protocadherin gamma subfamily A 10 (PCDHGA10) is regulated by
METTL3 and interacts with SR Ca®*-ATPase Type 2a (SERCA2a) in
atrial myocytes.

Introduction

Atrial fibrillation (AF) is the most common sustained cardiac arrhyth-
mia," significantly increasing the risk of ischaemia stroke and all-cause
mortality.>* The development of AF is typically associated with multiple
pathophysiological abnormalities, including atrial structural remodelling,

electrical remodelling, and calcium-handling disorder in atrial myo-
cytes.* However, the molecular and cellular mechanisms underlying
AF remain incompletely understood.”

In recent years, research into epigenetic regulatory mechanisms has
revealed potential therapeutic targets for AF.° Né-methyladenosine
(m°®A), the most abundant modification of MRNAs in eukaryotes, plays
crucial roles in various cardiovascular diseases.” The m®A modification
is catalysed by the methyltransferase complex composed of methyl-
transferase like 3 (METTL3), methyltransferase like 14 (METTL14),
and Wilms’ tumour 1-associating protein (WTAP), while it is erased
by fat-mass and obesity-associated protein (FTO) or ALKB homologue
5 (ALKBHS), and read by proteins such as YTH N6-methyladenosine
RNA-binding protein F2 (YTHDF2), YTHDF3, and Hu-antigen R
(HuR).2 In the fibrotic heart, METTL3 expression has been reported
to increase, further promoting cardiac fibroblast proliferation.’
However, the expression patterns of METTL3 in fibrillating atrial
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myocytes and its effects on calcium handling, electrophysiology and AF
development are still unclear.

Here, we found that METTL3 and m®A modification levels were
down-regulated in the left atrial appendages (LAAs) of patients
with AF and experimental AF models. Genetic inhibition of
METTL3 promoted AF development in mice by affecting calcium
handling of atrial myocytes. Our findings may identify METTL3 as
a potential therapeutic target for AF, with important clinical
implications.

Methods

Methods are described in full detail in the Supplementary material.

Results

Patient characteristics

The clinical characteristics of patients with sinus rhythm (SR, n=19)
and persistent AF (n = 19), who were used for dot blot, reverse tran-
scriptase—quantitative polymerase chain reaction (RT—qPCR), western

Table 1 The basic clinical information of included patients

blotting, and immunofluorescence analyses, are summarized in Table 1.
There were no significant differences between the two groups in terms
of age, gender, or comorbidities, such as hypertension and coronary ar-
tery disease. However, patients with AF had a larger left atrium. Since
these patients underwent a radiofrequency maze procedure, their car-
diopulmonary bypass time was significantly longer.

RNA m°A modification and METTL3
protein levels were down-regulated in the
left atrial appendages of atrial fibrillation
patients and the experimental atrial

fibrillation models

To investigate the relationship between m®A modification and AF,
we first performed dot blot analysis on patient samples. The result
showed that the m®A modification level of total RNA was significant-
ly decreased in the LAAs of patients with AF (Figure 1A). HL-1 cells
were subjected to tachypacing at indicate frequencies, which caused
DNA damage (see Supplementary material online, Figure S1A), and
were commonly used as the atrial myocytes model of AF.'%"" Dot

SR (n=19)
Age, years (mean =+ SD) 54.58 +11.29
Male (n, %) 13, 68.4%
BMI (mean + SD) 2424 +3.96
Hypertension (n, %) 6,31.0%
Diabetes (n, %) 1,5.3%
CAD (n, %) 4,21.1%
Smoke (n, %) 3,15.8%
Drink (n, %) 1,5.3%
LAD, cm (mean + SD) 418 +0.60
EF, % (mean + SD) 56.09 +8.66
Blood transfusion, mL [median 25 (0-612.5)

(IQRs)]
Operation time, min [median (IQRs)]
CPB time, min [median (IQRs)]

NYHA I (n%) 2,105%
I (n, %) 9, 47.4%
I (n, %) 8,42.1%
NV (n, %) 0,0%

CRP, mg/L [median (IQRs)]
Hb, g/L [median (IQRs)]

ALT, U/L [median (IQRs)]
TBA, umol/L [median (IQRs)]
Scr, umol/L [median (IQRs)]
BUN, mmol/L [median (IQRs)]
BNP, pg/mL [median (IQRs)]

220 (168.75-242.50)
108.5 (77.25-144.25)

3.1 (2.175- 4.125)
1295 (114.25-145.00)
18.8 (14.050-30.575)
2.95 (2.550-5.275)
66 (55.50-77.75)
6.4 (5.425-6.925)
115.5 (30.35-247.00)

AF (n=19) P-value
6032 +883 0.09*
11,57.9% 0.501°
23.96 +2.90 0.812°
5,26.3% 0.721°
1,53% 1P
2,10.5% 0.374°
2,10.5% 0.631°
2,10.5% 0.547°
486 +0.69 0.006*
55.56 +4.19 0.817°
0 (0-300) 0.205¢
250 (210.00-295.00) 0.086°
132 (127.00-158.00) 0.045¢
2,10.5% 0.455°
5,26.3%
11,57.9%
1,53%
2.9 (2.450-4.600) 0.13¢
147.0 (133.00-154.00) 0.307°
19.1 (14.375-51.625) 0.353¢
4.45 (2.025-7.500) 0.702¢
57 (55.25-69.50) 0.87¢
5.75 (5.425-6.400) 0.382¢
175.0 (66.00-270.25) 0.237¢

Italics indicate that the P < 0.05, indicating a significant difference.

ALT, alanine transaminase; BMI, body mass index; BUN, blood urea nitrogen; CAD, coronary heart disease; CPB, cardiopulmonary bypass; CRP, C-reactive protein; EF, ejection fraction;
Hb, haemoglobin; IQRs, 25th—75th percentile; LAD, left atrial diameter; Scr, serum creatinine; TBA, total bile acid.

*Comparisons were made using unpaired Student’s t-test
bComparisons were made using the % test or the Fisher's test.
“Comparisons were made using non-parametric Mann—Whitney test.
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Figure 1 Mé6a modification and METTL3 were down-regulated in AF. (A) Dot blot analysis was used to assess the m®A modification levels in total
RNA (500 ng) from LAA tissues of patients with SR (n = 15) and AF (n = 18). Data are presented as mean =+ SD. ***P < 0.001, comparison made using
an unpaired Student’s t-test. m®A, anti-m®A antibody; MB, methylene blue staining. (B) Dot blot analysis of m®A modification levels in total RNA from
HL-1 cells at varying stimulation frequencies, with loading amounts of 250 ng (up) and 125 ng (down). The graph below shows the statistical analysis
results at RNA loading amount of 250 ng. Data are presented as mean + SD. 0 Hz (n = 3), 5 Hz (n = 3), and 10 Hz (n = 3). *P < 0.05, **P < 0.01, com-
parisons made using ordinary one-way ANOVA. (C) Protein expression of methyltransferases METTL3, METTL14, WTAP, and demethylase FTO,
ALKBHS5 in LAA tissue of patients with AF. Data are presented as mean + SD. Sinus rhythm (n = 10-19), AF (n = 9-19). *P < 0.05, *¥**P < 0.001, com-
parisons made using unpaired Student’s t-test. (D) Protein expression of methyltransferases METTL3, METTL14, WTAP, and demethylase FTO,
ALKBH5 in HL-1 cells at different stimulation frequencies. Data are presented as mean +SD. 0 Hz (n=3), 5 Hz (n=3), and 10 Hz (n=3). *P <
0.05, ***P < 0.001, comparisons made using ordinary one-way ANOVA. (E) METTL3 mRNA levels were detected by RT—qPCR in patients with
AF. Data are presented as mean =+ SD. Sinus rhythm (n = 19), AF (n = 19), comparison made using unpaired Student’s t-test; (F) METTL3 mRNA levels

(continued)
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blot and immunofluorescence results showed that the m®A modifi-
cation of HL-1 cells progressively decreased with increasing stimula-
tion frequency (Figure 1B and see Supplementary material online,
Figure S1B).

Given that m®A modification is catalysed by METTL3-METTL14—
WTAP complex and demethylated by FTO or ALKBH5, we assessed
the protein levels of these enzymes in the LAAs of patients with AF
and in cell models via western blotting. The results revealed that only
the protein levels of METTL3 and METTL14 were significantly down-
regulated in the LAAs of patients with AF (Figure 1C). In AF cell mod-
els, only the METTL3 protein level was reduced (Figure 1D). These
findings were confirmed by immunofluorescence analyses (see
Supplementary material online, Figure S1C and D). In the left atria
of mice with CaCl,-acetylcholine (ACh)-induced AF, METTL3 ex-
pression was also significantly decreased (see Supplementary
material online, Figure STE).

Subsequently, we focused on the role of METTL3 in atrial myo-
cytes in the context of AF. Reverse transcriptase—qPCR analysis
showed no significant change in METTL3 mRNA levels in AF patient
samples or cell models (Figure 1E and F), leading us to hypothesize
that METTL3 protein degradation is accelerated during AF progres-
sion. To determine whether METTL3 degradation in atrial cardio-
myocytes primarily relies on the proteasomal or lysosomal
pathway, we treated HL-1 cells with the proteasome inhibitor
MG132 or the lysosomal inhibitor chloroquine. The results demon-
strated that METTL3 accumulated in cells treated with MG132 but
not in those treated with chloroquine (see Supplementary material
online, Figure STF), suggesting that METTL3 in atrial myocytes was
predominantly degraded via the proteasomal pathway. Additionally,
Co-immunoprecipitation/western blotting experiments showed
that the ubiquitination level of METTL3 was significantly increased
in AF cell models (Figure 1G). These findings suggest that the reduc-
tion of METTL3 and its mediated m®A modification in atrial myocytes
is closely linked to the onset of AF.

METTL3 deletion promoted
CaCl,-acetylcholine-induced atrial
fibrillation and spontaneous atrial

fibrillation in CREM mice

To investigate the impact of METTL3 on AF, we induced AF by
injecting CaCl,-ACh into the tail vein of wild-type (WT) and
Metti3"~ mice for 2 weeks (see Supplementary material online,
Figure S2A).">™"* Genotype identification of WT and Mett/3*~ mice
was confirmed via PCR analysis (see Supplementary material online,
Figure S2B). Compared with WT mice, both the mRNA and protein
levels of METTL3 in the atria of Mett/3*/~ mice were significantly re-
duced (Figure 2A and B). Electrocardiogram (ECG) results showed
that heterozygous deletion of METTL3 significantly increased the
duration of CaCl,-ACh-induced AF (Figure 2C).

With cardiomyocyte-specific expression of CREM-IbAC-X (an iso-
form of CREM in human), CREM mice are a widely used transgenic
mouse model of AF.">~"7 These mice progressively develop atrial dila-
tion, atrial fibrosis, and spontaneous AF with age (see Supplementary

Figure 1 Continued

material online, Figure S3). To test whether loss of METTL3 in atrial
myocytes promotes the development of spontaneous AF, we gener-
ated Mett/3"/f*CREM double-mutant (DM) mice and injected them
with AAV9-Anf-Zsgreen or AAV9-Anf-Cre virus'® (Figure 2D).
Genotyping of DM mice was confirmed via PCR analysis (see
Supplementary material online, Figure S4A and B). Atrial-specific expres-
sion of the virus was validated by the presence of fluorescence signals in
the atrium but not the ventricle of Tg-tdTomato mice 4 weeks after
AAV9-Anf-Cre virus injection (see Supplementary material online,
Figure S4C). Four weeks post-injection in DM mice, METTL3 protein le-
vels were significantly reduced in the atrium but not in the ventricle and
liver (Figure 2E). Electrocardiogram monitoring revealed that atrial-
specific deletion of METTL3 in CREM mice increased the occurrence
of spontaneous AF within 8 weeks (Figure 2F). These findings suggested
that both global and atrial myocyte-specific deletion of METTL3 pro-
motes AF development.

Neither atrial myocyte-specific deletion nor global heterozygous
deletion of METTL3 caused atrial structural remodelling such as at-
rial enlargement or fibrosis (see Supplementary material online,
Figure S5). Since ACh activates the ACh-sensitive potassium channels
(I acn) of atrial myocytes, shortening action potential duration and
promoting AF,"”%° we examined the mRNA expression of KCNJ3
and KCN]J5 (potassium inwardly rectifying channel Subfamily |
Members 3 and 5, the subunits of potassium channels) in the atrial
tissues of Mett/3"~ mice via RT-qPCR. The results showed that
KCNJ5 mRNA was significantly increased, while KCNJ3 mRNA
was unchanged (Figure 3A). Western blotting confirmed that
KCNJ5 protein was significantly elevated in the right atrial appendage
(Figure 3B), a finding consistent with results from AF patient samples
(Figure 3C). Additionally, KCNJ5 expression was also significantly up-
regulated in AF cell models (Figure 3D and E), consistent with the re-
sults of METTL3 knockdown (see Supplementary material online,
Figure S6A). In vitro electrophysiological experiments showed that
knockdown of METTL3 increased ACh-sensitive potassium current
(Ik.ach) (see Supplementary material online, Figure S6B and C).

Knockdown of METTL3 resulted in
abnormal calcium handling in atrial
myocytes

In addition to changes in ion channels expression, calcium handling in
atrial myocytes is also involved in the pathogenesis of AF." To inves-
tigate whether METTL3 affects calcium handling, we knocked down
METTL3 in primary neonatal mice atrial myocytes (NMAMs)
(Figure 4A and B). This resulted in a reduction of m®A modification le-
vels in the NMAMs (Figure 4C). Calcium transient measurement in
these atrial myocytes, paced at 1 Hz, showed that METTL3 knock-
down increased amplitude and shortened the decay time of the cal-
cium transients (Figure 4D).

Next, we isolated primary adult mice atrial myocytes (AMAMs)
from WT and Mett/3*"~ mice using Langendorff perfusion and per-
formed calcium transient analysis. In AMAMs, the decay of calcium
transients was also significantly accelerated (Figure 4E). However,
key calcium-handling proteins, including NCX1, SR Ca®"-ATPase

in HL-1 cells at certain stimulation frequencies. Data are presented as mean + SD. 0 Hz (n = 3), 5 Hz (n = 3), and 10 Hz (n = 3), comparison made using
ordinary one-way ANOVA; (G) Endogenous immunoprecipitation (IP) performed on 0 or 10 Hz paced HL-1 cells using METTL3 antibody or negative
control rabbit IgG. Western blotting was then performed using the corresponding antibodies; Co-IP/western blotting experiments revealed that 10 Hz
stimulation significantly increased the ubiquitination level of METTL3. AF, atrial fibrillation; ANOVA, analysis of variance; LAA, left atrial appendages;
METTL3, methyltransferase like 3; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; ns, not significant; RT—qPCR, reverse transcriptase—quanti-

tative polymerase chain reaction; SD, standard deviation; SR, sinus rhythm.
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Figure 2 METTL3 deletion promoted CaCl,-ACh-induced AF and spontaneous AF in CREM mice. (A) RT-qPCR was used to detect the expres-
sion of METTL3 mRNA in the atrium of Mett/3*~ mice. Data are presented as mean + SD. WT (n = 4), Mett/3*"~ (n = 6). ¥*P < 0.01, comparison
made using unpaired Student’s t-test. (B) Western blotting was used to detect expression of METTL3 protein in the atrium of Mett/3"~ mice. Data
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Type 2a (SERCA2a), phospholamban (PLN), and the phosphorylation
of PLN at pS16 and pT17, did not exhibit significant changes in
METTL3 knockdown HL-1 cells or the atrial tissues of Mett/3"~
mice (see Supplementary material online, Figure S7).

METTL3 affects calcium handling in atrial
myocytes through protocadherin gamma
subfamily A, 10 via an m%A-HuR-mediated

pathway

METTL3 catalyses the m®A modification of target mRNA, affecting
their splicing, maturation, nuclear export, translation, and stability,
thereby influencing target genes expression.”’ To identify the target
genes regulated by METTL3 during AF, we performed methylated
RNA immunoprecipitation sequencing (MeRIP-Seq) in the atrial myo-
cyte model of AF. We focused on genes that showed reduced m®A
modification and altered transcription levels. Cross-analysis of m®A
modification and transcription levels revealed that m®A modification
levels of Gmé6842, 9330104GO04Rik, and protocadherin gamma
subfamily A, 10 (PCDHGA10) were significantly decreased,
while their transcription levels were significantly increased
(Figure 5A and Supplementary material online, Appendix S2). Since
Gmé6842 is a pseudogene and 9330104G04Rik is a non-coding RNA
with no human homologue, we focused on PCDHGA10 for further
investigation.

We first knocked down METTL3 in the HL-1 cells and performed
MeRIP-gPCR. The results showed a significant reduction in the m®A
modification level of PCDHGA10 and a significant increase in its tran-
scription levels, consistent with findings in the AF cell model (Figure 5B
and C). Overexpression of METTL3 led to a decrease in PCDHGA10
transcript levels (Figure 5C), and a corresponding reduction in
PCDHGA10 protein levels (Figure 5D). Furthermore, PCDHGA10 pro-
tein level was significantly elevated in LAAs of patients with AF
(Figure 5E). The m®A peak map combined with the SRAMP database
identified multiple m®A modification sites in the PCDHGA10 mRNA
in both mouse and human (see Supplementary material online,
Figure S8A and B). Combining the BLAST results on the NCBI database,
eight conserved m®A modification sites on the mouse and human
PCDHGA10 genes were found (see Supplementary Appendix 3 and
see Supplementary material online, Figure S8C).

While YTHDF2 and YTHDF3 are well-established m®A readers
that promote mRNA degradation,22 their knockdown in HL-1 cells
did not result in an increase in PCDHGA10 (Figure 5F).
Additionally, HuR was found to bind to and stabilize mRNA with
less m®A modification and knocking it down caused PCDHGA10 to

Figure 2 Continued

decrease (Figure 5G). RNA immunoprecipitation combined with
PCR (RIP-PCR) revealed increased binding of HuR to PCDHGA10
mRNA following METTL3 knockdown (Figure 5H). Together, these
results suggested that METTL3 repressed PCDHGA10 in an
m®A-HuR-mediated pathway.

Next, to determine whether PCDHGA10 regulates calcium hand-
ling in atrial myocytes, we overexpressed PCDHGA10 in NMAMs.
Calcium-handling assays showed that PCDHGA10 overexpression
significantly enhanced amplitude and accelerated decay of calcium
transients (Figure 6A), replicating the effects seen with METTL3
knockdown. Furthermore, knockdown of PCDHGA10 in NMAMs al-
leviated the abnormal calcium handling caused by METTL3 knock-
down (Figure 6B).

Protocadherin gamma subfamily A, 10 is a member of the proto-
cadherin y gene cluster (Pcdhg-y), which encodes cadherin-like trans-
membrane proteins®>** and may not directly act as a calcium ion
channel. Literature suggests that Pcdhg-y proteins interact with
calcium-handling proteins, such as SERCA2a.> We used lentivirus
to overexpress PCDHGA10-GFP in HL-1 cells and performed
immunofluorescence experiments. The result confirmed that
PCDHGA10 co-localized with SERCA2a and the sarcoplasmic reticu-
lum (Figure 6C). Co-immunoprecipitation/western blotting experi-
ments in HEK293T cells transfected with PCDHGA10-GFP and
Flag-SERCA2a plasmids further confirmed the interaction between
PCDHGA10 and SERCA2a (Figure 6D). To explore whether
PCDHGA10 affects the SERCA?2a activity, we measured SERCA2a-
ATPase activity and found that it was significantly increased in
PCDHGA10-overexpressing HL-1 cells (Figure 6E). Moreover,
knockdown of PCDHGA10 prevented the increase in SERCA2a-
ATPase activity induced by METTL3 knockdown (Figure 6F). During
diastole of atrial myocytes, Ca* is taken back up into the sarcoplas-
mic reticulum via SERCAZ2a, or extruded from cell via NCX1 2627 7o
explore whether NCX1 activity was altered, caffeine was applied,
which maintains the ryanodine receptor 2 (RyR2) open.”®* All cal-
cium pumped back into the SR will be immediately released by the
open RyR2 channels, making SERCA pumping inefficient.
Therefore, the decay rate of caffeine-induced calcium transients de-
pends only on extrusion by NCX1, which remained unchanged in
METTL3 or PCDHGA10 knockdown NMAMs. Additionally,
PCDHGA10 knockdown restored the increased amplitude (reflect-
ing sarcoplasmic reticulum calcium load) caused by METTL3 defi-
ciency (see Supplementary material online, Figure $9). The above
results indicated that decreased METTL3 led to increased
PCDHGA10 expression, which in turn enhanced SERCA2a
activity and increased sarcoplasmic reticulum calcium load in atrial
myocytes.

are presented as mean + SD. WT (n = 3); Mett/3*~ (n = 3). ¥**P < 0.001, comparison made using unpaired Student’s t-test. (C) Duration of induced AF
in each group of mice following CaCl,-ACh injection (left). The representative ECG of the limb leads from each group of mice (right). WT; control (n =
5): WT mice injected with saline, Mettl3*~; control (n = 5): Mettl3™~ mice injected with saline, WT; AF (n= 6): WT mice injected with CaCl,-ACh,
Mettl3™=; AF (n = 3): Mett3™~ mice injected with CaCl,-ACh. Data are presented as mean + SD. #*P < 0.01, ##%*P < 0.0001, comparison made using
two-way ANOVA. (D) Schematic diagram illustrating the process of specific METTL3 knockout in atrial myocytes of CREM mice. Parental Mett/3™fox
mice were crossed with CREM mice to generate Mettl37*:CREM mice, which were then bred with Mett/37°/1°* mice to obtain Mett/3M:CREM mice.
These mice were then injected with AAV9-Anf-Cre virus to specifically knock out METTL3 in atrial myocytes. The Mettl3/M*CREM mice injected with
AAV9-Anf-Zsgreen virus served as controls. (E) Expression of METTL3 protein in the atrium, ventricle, and liver of Mettl3"*"*:CREM mice was eval-
uated by western blotting assay 4 weeks after AAV9-Anf virus injection. Data are represent as mean + SD. AAV9-Anf-Zsgreen (n = 3), AAV9-Anf-Cre
(n=3). ¥*¥*P < 0.001, comparisons made using unpaired Student’s t-test. (F) Statistics of spontaneous AF in Mett!3"/fCREM mice 4 weeks after
AAV9-Anf virus injection (left). Schematic diagram of limb lead ECG (right). Data represent the number of mice with or without sAF.
AAV9-Anf-Zsgreen (n = 10), AAV9-Anf-Cre (n = 9). *P < 0.05, comparison made using the Fisher’s test. AF, atrial fibrillation; ANOVA, analysis of vari-
ance; CREM, cAMP-responsive element modulator; ECG, electrocardiogram; METTL3, methyltransferase like 3; GAPDH, glyceraldehyde-3-phosphate
dehydrogenase; ns, not significant; sAF, spontaneous atrial fibrillation; SD, standard deviation; WT, wild-type.
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Figure 3 METTL3 deficiency increased KCNJ5 expression in the right atrium. (A) RT-qPCR was used to evaluate expression of KCNJ3 and KCNJ5
mRNA in bilateral atria of Mett/3"~ mice. Data are represented as mean + SD. WT (n=4), Metti3"~ (n = 6). #*P < 0.01, comparisons made using
unpaired Student’s t-test. (B) Western blotting was used to evaluate KCNJ5 protein expression in bilateral atria of Mett/3™~ mice. Data are represented
as mean + SD. WT left atrium (LA) (n = 5), MettI3"~ LA (n=5), WT right atrium (RA) (n = 8), Mettl3"~ RA (n = 8). **P < 0.01, comparisons made
using unpaired Student’s t-test. (C) KCNJ5 protein expression levels were detected by western blotting in bilateral atrial appendages from patients with
AF and SR. Data are represented as mean = SD. SR (n = 6), AF (n = 6). **P < 0.01, comparisons made using unpaired Student’s t-test; (D) KCNJ5
mRNA expression levels were detected by RT-qPCR at certain stimulation frequencies in AF cell models. Data are represented as mean =+ SD.
0 Hz (n=5), 5Hz (n=15), and 10 Hz (n =5). *P < 0.05, ****P < 0.0001, comparison made using ordinary one-way ANOVA. (E) KCNJ5 protein ex-
pression levels were detected at certain stimulation frequencies in AF cell models. Data are represented as mean + SD. 0 Hz (n = 3), 5 Hz (n = 3), and
10 Hz (n = 3). *P < 0.05, *¥*P < 0.01, comparisons made using ordinary one-way ANOVA. AF, atrial fibrillation; ANOVA, analysis of variance; LAA, left
atrial appendages; METTL3, methyltransferase like 3; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; ns, not significant; RAA, right atrial append-
age; RT—qPCR, reverse transcriptase—quantitative polymerase chain reaction; SD, standard deviation; SR, sinus rhythm; WT, wild type.
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Figure 4 METTL3 deficiency resulted in accelerated decay of calcium transients in atrial myocytes. (A) Expression of METTL3 mRNA was determined by
RT—gPCR in NMAM s infected with knockdown lentivirus. Data are represent as mean + SD. Sh-Ctrl (n = 6), sh-Mettl3 (n = 4). **P < 0.01, comparisons made
using unpaired Student’s t-test. (B) Expression of METTL3 protein was determined by western blotting in NMAMs infected with knockdown lentivirus. Data
are represented as mean =+ SD. Sh-Ctrl (n = 3), sh-Mettl3 (n = 3). #*P < 0.01, comparisons made using unpaired Student’s t-test. (C) N6-methyladenosine
modification levels were detected by dot blot assay in METTL3 knockdown NMAMs. (D) Calcium transients were measured in METTL3 knockdown
NMAMs using confocal microscopy. Data are represent as mean =+ SD. Sh-Ctrl (n =42 cells from three technical replicates), sh-Mettl3 (n =48 cells from
three technical replicates). **P < 0.01, ****P < 0.0001, comparisons made using unpaired Student’s t-test. (E) Calcium transients in AMAMs were detected
by the confocal microscopy. Data are represented as mean + SD. WT (n= 15 cells from three mice), Mettl3™~ (n =11 cells from three mice). *¥*P < 0.01,
comparisons made using non-parametric Mann—Whitney test (for amplitude) and unpaired Student’s t-test (for decay time). AMAMs, adult mice atrial myo-
cytes; m®A, Né-methyladenosine; MB, methylene blue staining; METTL3, methyltransferase like 3; GAPDH, glyceraldehyde-3-phosphate dehydrogenase;
NMAMs, neonatal mice atrial myocytes; RT—qPCR, reverse transcriptase—quantitative polymerase chain reaction; SD, standard deviation; WT, wild type.

CREB1/USP9X regulates protein level of
METTL3

We next explored the mechanisms underlying the down-regulation of
METTL3 protein during AF. Studies have suggested that reduced expres-
sion and transcriptional activity of CREB1 are associated with AF.2%%'
CREM  mice, which overexpress the transcriptional repressor

CREM-IbAC-X, also show impaired CREB1 function.™3? To investigate
this, we examined CREB1 and its phosphorylated form (p-CREB1) in
LAA samples from patients with AF. Both CREB1 protein expression
and p-CREB1 (5133) were significantly reduced in AF (Figure 7A). We
also found that CREB1 expression was decreased in AF cell models
(Figure 7B). Knockdown of CREB1 in HL-1 cells resulted in a significant
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Figure 5 PCDHGA10 was regulated by METTL3. (A) MeRIP-Seq in the AF cell model showed reduced m®A modification and increased transcript
levels of PCDHGA10. Ten Hertz paced HL-1 cells served as the experimental group (n = 3), and HL-1 cells without pacing served as the control
group (n = 3). (B) MeRIP-qPCR was used to validate that m®A modifications on PCDHGA10 mRNA were regulated by METTL3. Fragments of RNA
from sh-Ctrl or sh-Mettl3 HL-1 cells were enriched with mA or rabbit IgG antibody, followed by reverse transcription and qPCR assay. Data are
represented as mean + SD. Sh-Ctrl (n = 4), sh-MettI3 (n = 3). *P < 0.05, comparison made using two-way ANOVA. (C) PCDHGA10 mRNA ex-
pression was evaluated by RT-qPCR in sh-Mettl3 or OE-Mettl3 HL-1 cells. Data are represented as mean + SD. Sh-Ctrl (n = 4), sh-Mettl3 (n = 4),
OE-Ctrl (n=4), and OE-MettI3 (n =4). **P < 0.01, ***P < 0.001, comparisons made using unpaired Student’s t-test. (D) Protocadherin gamma
subfamily A, 10 protein expression was evaluated by western blotting in sh-Mettl3 or OE-MettI3 HL-1 cells. Data are represented as mean +
SD. Sh-Ctrl (n = 3), sh-Mettl3 (n=3), OE-Ctrl (n=3), and OE-Mettl3 (n=3). **P < 0.01, comparisons made using unpaired Student’s t-test.
(E) Protein expression of PCDHGA10 was evaluated by western blotting in LAA tissue of patients with AF. Data are represented as mean +
SD. SR (n=17), AF (n=18). *¥P < 0.05, comparison made using non-parametric Mann—Whitney test. (F) Ythdf2, Ythdf3, and Pcdhga10 mRNA
were evaluated by RT—gPCR in sh-Ythdf2 or sh-Ythdf3 HL-1 cells. Data are represented as mean + SD. Sh-Ctrl (n = 3), sh-Ythdf2 (n = 3), and
sh-Ythdf3 (n = 3). ***P < 0.001, ¥*¥**P < 0.0001, comparisons made using unpaired Student’s t-test. (G) HuR and Pcdhga10 mRNA were evaluated
by RT—qPCR in si-HuR HL-1 cells. si-Ctrl (n = 3), si1-HuR (n = 3), and si2-HuR (n = 3). *P < 0.05, ***P < 0.001, comparisons made using ordinary
one-way ANOVA. (H) RIP-PCR was used to detect the enrichment of PCDHGA10 mRNA by HuR protein under the condition of METTL3 knock-
down in HL-1 cells. AF, atrial fibrillation; ANOVA, analysis of variance; FC, fold change; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; LAA,
left atrial appendage; m®A, N6-methyladenosine; MeRIP-Seq, methylated RNA immunoprecipitation sequencing; METTL3, methyltransferase like 3;
ns, not significant; PCDHGA10, protocadherin gamma subfamily A, 10; RT—qPCR, reverse transcriptase—quantitative polymerase chain reaction;
SD, standard deviation; SR, sinus rhythm; Ythdf3, YTH Né-methyladenosine RNA-binding protein F2, 3.

decrease in METTL3 protein levels, with no change in METTL3 mRNA le-
vels, consistent with observations in AF patient samples (Figure 7C and D).

Since METTL3 was mainly degraded via the ubiquitin-proteasome
pathway (see Supplementary material online, Figure S1H), we hypothe-
sized that CREB1 loss might reduce the expression of a deubiquitinating
enzyme, thus increasing the ubiquitination of METTL3. Analysis of

transcription factor target genes across three databases (JASPAR*
ChEA,** and ENCODE??) revealed that CREB1 regulates several deu-
biquitinating enzymes, including USP15, USP2, USP20, USP5, and
USP9X (Figure 7E). Among these, only USP9X showed significant
down-regulation at both the mRNA and protein levels following
CREB1 knockdown in HL-1 cells (Figure 7F and G). Furthermore, dual
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Figure 6 METTL3 affected calcium transients in atrial cardiomyocytes via PCDHGA10. (A) Calcium transients were detected by the confocal micros-
copy in PCDHGA10-mcherry and mcherry (control) NMAMs. Data are represented as mean + SD. mcherry (n = 14 cells from three technical repli-
cates), PCDHGA10-mcherry (n=18 cells from three technical replicates). ***P < 0.001, comparisons made using unpaired Student’s t-test.
(B) Calcium transients were detected by the confocal microscopy in sh-Ctrl, sh-Mettl3, sh-Pcdhga10, and sh-MettI3 + sh-Pcdhga10 NMAMs. Data are
represented as mean =+ SD. Sh-Ctrl (n = 32 cells from three technical replicates), sh-Mettl3 (n = 39 cells from three technical replicates), sh-Pcdhga10
(n = 37 cells from three technical replicates), and sh-MettI3 + sh-Pcdhga10 (n = 41 cells from three technical replicates). *P < 0.05, *¥**P < 0.0001, com-
parisons made using two-way ANOVA. (C) Immunofluorescence staining with SERCA2a antibody was performed in NMAMs overexpressing
PCDHGA10-GFP. The sarcoplasmic reticulum was demonstrated by the ER tracker-red. The white arrows show the sites where PCDHGA10
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luciferase reporter assays showed that CREB1 regulates USP9X tran-
scription, as evidenced by increased USP9X promoter activity in the
presence of Forskolin (a direct activator of cAMP) and a decrease in ac-
tivity following treatment with KG-501 (a CREB1 inhibitor; see
Supplementary material online, Figure STOA and B). Consistently, in
AF patient samples, both USP9X mRNA and protein levels were signifi-
cantly reduced (see Supplementary material online, Figure S10C and D).
Knockdown of USP9X in HL-1 cells resulted in a significant decrease in
METTL3 protein levels (Figure 7H) and an increased in METTL3 ubiqui-
tination (Figure 71). In summary, our findings suggested that the reduc-
tion of CREB1 and USP9X in AF contributes to increased ubiquitination
and degradation of METTL3, thereby lowering its protein levels without
affecting its MRNA expression.

Discussion
Main findings of this study

This present study, to the best of our knowledge, is the first to
explore the relationship between METTL3 in atrial myocytes and AF.
METTL3 protein was found to decrease during AF, and
METTL3 deficiency was shown to promote AF development in experi-
mental models. Mechanically, METTL3 deficiency led to enhanced cal-
cium handling through increased PCDHGA10 expression in atrial
myocytes.

METTL3 and cardiovascular diseases

As the predominant m®A modification catalytic enzyme, METTL3 has
been found to play critical roles in various cardiovascular diseases.
For instance, METTL3 and m®A modification are up-regulated in ath-
erosclerosis, and METTL3 knockdown effectively prevents the athero-
genic process by targeting NLRP3 and KLF4 mRNA.*¢ METTL3 also
plays a protective role in cardiac hypertrophy through regulation of
PARP10 mRNA.*” Additionally, METTL3 and m®A modification are im-
plicated in pulmonary hypertension,®® aortic aneurysm, and dissec-
tion.>® However, studies on m°A modification and arrhythmias are
limited. Carnevali et al.** reported that m°A demethylase FTO knock-
out mice exhibited increased heart rhythm variability and susceptibility
to premature ventricular contractions under stress. It has been re-
ported that the up-regulation of METTL3 promotes cardiac fibroblast
proliferation, thereby promoting cardiac fibrosis,*" which is an import-
ant substrate for AF. Interestingly, our findings suggest that during AF,
METTL3 is down-regulated in atrial myocytes. This contradictory regu-
lation of METTL3 between atrial fibroblasts and myocytes may be due
to the distinct metabolic remodelling observed in these cell types during
AF. Atrial fibroblasts undergo mitochondrial biogenesis and enhanced
cellular respiration,**** while atrial myocytes experience impaired elec-
tron transport chain function, increased reactive oxygen species, and
mitochondrial dysfunction.** METTL3's association with mitochondrial
function warrants further investigation,*>*

Figure 6 Continued

Atrial cardiomyopathy and atrial

fibrillation

Atrial cardiomyopathy (AtCM) refers to structural, architectural, con-
tractile, or electrophysiological changes in the atria with potential clin-
ical relevance. Atrial cardiomyopathy typically precedes AF, and early
identification is key for prevention.™” Our study revealed that increased
KCN]J5 and disordered calcium handling in atrial myocytes, features of
AtCM, are mechanisms by which METTL3 deficiency promotes AF.

I« ach, an atrial-specific current, is primarily composed of KCNJ3 and
KCNJ5 with a stoichiometric 2:2.* KCNJ5 alone can also form homo-
tetramers,***® which are activated by vagally released ACh. Structurally
activated I ach is implicated in chronic AF>12 and Ik ach blockers like
ter‘tsiipin effectively inhibit the re-entry waves formation and terminate
AF.

By studying the calcium activity of atrial myocytes, we found that de-
ficiency of METTL3 resulted in abnormal calcium handling through
PCDHGA10 and SERCA2a in atrial myocytes. Increased expression
of SERCAZ2a leads to sarcoplasmic reticulum calcium overload, heigh-
tening AF susceptibility.>* While previous studies identified SERCA2a
as a binding protein of PCDHGA10,% our study is the first to link
PCDHGA10 to AF and its role in calcium handling.

In the past few decades, despite significant progress in AF research,
mechanism-based treatments remain scarce.” Our findings highlight
METTL3 deficiency as a pathogenic factor in AtCM and AF.
Combined with advancements in m®A modification interventions,>
our research will bridge basic science and clinical translation, offering
novel therapeutic targets for AF management.

CREB1/USP9X axis in heart disease

cAMP-responsive element-binding protein 1 (CREB1) is phosphory-
lated by cAMP-dependent protein kinase, enabling its nuclear entry
and transcriptional activation.”® CREB1 expression and transcriptional
activity are reduced in AF patient LAAs,*>3"*7 consistent with our find-
ings. We demonstrated that CREB1 regulates METTL3 protein levels
indirectly via USP9X, a deubiquitinating enzyme. CREB1’s role in regu-
lating ubiquitination has been reported, with studies showing CREB1 in-
creasing RCAN1 ubiquitination to promote degradation, a process
mitigated by proteasome inhibitors.>®

USP9X plays a protective role in heart diseases, as evidenced by its
association with reduced congenital heart disease—related pulmonary
arterial hypertension®” and inhibition of aortic calcification.®® Our find-
ings suggest reduced USP9X expression in patients with AF aligns with
its protective functions, proposing the CREB1/USP9X axis as a poten-
tial therapeutic target for AF.

Limitation

Our study still had some limitations. First, the precise mechanism
by which PCDHGA10 affects SERCA2a activity remains unclear.
Secondly, it is unknown whether METTL3 influences phosphorylation

colocalizes with SERCA2a and the sarcoplasmic reticulum. (D) Co-IP experiment of HEK293T cells overexpressing PCDHGA10-GFP and
Flag-SERCA2a was performed with GFP and Flag antibodies, followed by western blotting experiments with GFP and Flag antibodies.
(E) SERCA2a-ATPase activity measurement in HL-1 cells overexpressing PCDHGA10-GFP and GFP (Control). Data are represented as mean +
SD. GFP (n=4), PCDHGA10-GFP (n=4), comparison made using unpaired Student’s t-test. (F) SERCA2a ATPase activity measurement in
sh-Ctrl, sh-Mettl3, sh-Pcdhga10, and sh-Mettl3 + sh-Pcdhga10 HL-1 cells. Data are represented as mean + SD. Sh-Ctrl (n = 3), sh-MettI3 (n=3),
sh-Pcdhga10 (n = 3), and sh-MettI3 + sh-Pcdhga10 (n = 3). *P < 0.05, #*P < 0.01, comparisons made using two-way ANOVA. ANOVA, analysis of vari-
ance; GFP, green fluorescent protein; METTL3, methyltransferase like 3; NMAMs, neonatal mice atrial myocytes; PCDHGA10, protocadherin gamma
subfamily A, 10; SERCA2a, SR Ca?*-ATPase Type 2a; SD, standard deviation.
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Figure 7 Reduced CREB1/USP9X axis in AF leads to decreased METTL3 protein. (A) Protein expression of p-CREB1 (S133) and CREB1 were de-
tected by western blotting in LAA tissue of patients with AF. Data are represented as mean + SD. SR (n =11), AF (n=11). *P < 0.05, comparisons
made using unpaired Student’s t-test. (B) Protein expression of p-CREB1 (S133) and CREB1 in HL-1 cells at certain stimulation frequencies. Data
are represented as mean + SD. 0 Hz (n=6), 5 Hz (n=6), and 10 Hz (n=6). ***P < 0.001, comparison made using ordinary one-way ANOVA.
(C) CREB1 and METTL3 mRNA levels were detected by RT—qPCR in sh-Ctrl and sh-CREB1 HL-1 cells. Data are represented as mean =+ SD.
Sh-Ctrl (n = 3), sh-CREB1 (n = 3). **P < 0.01, comparisons made using unpaired Student’s t-test. (D) p-CREB1 (S133), CREB1, and METTL3 protein
levels were detected by western blotting in sh-Ctrl and sh-CREB1 HL-1 cells. Data are represented as mean =+ SD. Sh-Ctrl (n = 3), sh-CREB1 (n = 3). *P
< 0.05, #*¥P < 0.01, comparisons made using unpaired Student’s t-test. (E) Prediction of CREB1 transcriptionally regulated deubiquitinases through
ChEA, ENCODE, and JASPAR transcription factor databases. (F) USP15, USP2, USP30, USP5, and USP9X mRNA levels were evaluated by RT—
gPCR in sh-Ctrl and sh-CREB1 HL-1 cells. Data are represented as mean =+ SD. Sh-Ctrl (n = 3), sh-CREB1 (n = 3). **P < 0.01, comparisons made using
unpaired Student’s t-test. (G) USP9X protein levels were detected by western blotting in sh-Ctrl and sh-CREB1 HL-1 cells. Data are represented as
mean =+ SD. Sh-Ctrl (n = 3), sh-CREB1 (n = 3). *P < 0.05, comparisons made using unpaired Student’s t-test. (H) USP9X, METTL3 protein levels were
detected in si-Ctrl, si1-USP9X, and si2-USP9X HL-1 cells. Data are represented as mean =+ SD. Si-Ctrl (n = 6), si1-USP9X (n = 8), si2-USP9X (n = 8).
**¥P < 0.01, ¥***P < 0.0001, comparisons made using ordinary one-way ANOVA. (/) The ubiquitination level of METTL3 in si-Ctrl and si1-USP9X HL-1
cells was detected. Endogenous IP was performed using METTL3 antibody or negative control rabbit IgG antibody, followed by western blotting. AF,
atrial fibrillation; ANOVA, analysis of variance; CREB1, cAMP-responsive element-binding protein 1; GAPDH, glyceraldehyde-3-phosphate dehydro-
genase; IgG, immunoglobulin G; IP, immunoprecipitation; LAA, left atrial appendage; METTL3, methyltransferase like 3; ns, not significant; RT—qPCR,
reverse transcriptase—quantitative polymerase chain reaction; SD, standard deviation; SR, sinus rhythm.
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or oxidative modifications of SERCA2a or other calcium ion channels.
Thirdly, the potential effects of METTL3 on other ion channels besides
KCNJ5 require further investigation.

Conclusions

In summary, our findings suggest that METTL3 plays a crucial role in AF
development by influencing calcium handling in atrial myocytes.
Additionally, the CREB1/USP9X axis is implicated in the down-
regulation of METTL3 protein during AF. These findings provide in-
sights into potential mechanism-based therapeutic targets for AF
treatment.

Supplementary material

Supplementary material is available at Europace online.
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