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Abstract

Background Pressure overload first leads to compensated hypertrophy and secondary to heart failure. m6A-RNA
methylation is a fast process for the adaptation of cell composition. m6A-RNA-methylation is regulated by the
demethylase, fat mass and obesity-associated protein (FTO), and FTO protein levels are diminished in heart failure.
Cardiomyocyte-specific FTO-transgenic/knockout-mice have shown the relevance of FTO in pressure overload
remodeling. However, its functional downstream regulatory mechanisms are still unclear. In this study, we discover
the harmful signaling pathways that are triggered by m6A imbalance and FTO loss, which eventually lead to adverse
cardiac remodeling and heart failure.

Methods FTOCKO animals were generated by crossing FTO" mice with a-MHC Cre mice using Cre-lox

system. Control and the FTOcKO animals groups were subjected to TAC (transverse aortic constriction) surgery.
Echocardiography was performed 1-week post-TAC surgery. MeRIP (m6A RNA immunoprecipitation) sequencing was
performed from the heart tissues of mice after one week TAC surgery. Additionally, the mechanistical interrelation
between the signaling pathways during FTO loss and adverse cardiac remodeling were investigated in human iPS-
CMs (hiPS-CMs).

Results One week post-TAC surgery, FTOcKO mice showed impaired cardiac function (EF: CreC TAC (45%) vs. FTOcKO
TAC (25%), p <0.0001) and increased LVID (CreC TAC(3.9 mm) vs. FTOcKO TAC (4.8 mm), p<0.0001), indicating a lack
of adaption to pressure overload. Knockdown of FTO in hiPS-cardiomyocytes also reduced endothelin-induced
hypertrophic response.

MeRIP-seq data of FTOcKO mice showed that the differentially hypermethylated transcripts were associated

with cardiac apoptosis inhibition (CDK1, CFLAR), mTORC1 signaling pathway (AKT1S1) and autophagy regulation
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(TFEB). mTORC1 was identified as a central player of dysregulation with hyperactivation of its canonical substrates
phospho-S6K1 (Thr 389) and phospho-S6 (ser235/236) ex-vivo (FTOcKO) and in-vitro (FTO-KD-hiPS-CMs).
Moreover, FTO-deficient cardiomyocytes cause autophagic flux impairment and defective autophagy. The effect of
atrophy and induced apoptosis upon FTO-m6A imbalance could be rescued by pharmacological inhibiton of the

mTORC1-S6K1 pathway.

Conclusions Downregulation of FTO leads to mTORC1-S6K1 hyperactivation that shift the compensative
hypertrophic response to atrophy and apoptosis leading to progressive heart failure. These findings might pave the
way for the development of novel therapeutic targets for the early phases of heart failure treatments.

Keywords Pathological remodeling, N6-methyladenosine, Mouse, Cardiac hypertrophy, Atrophy, Apoptosis

Background

Cardiac hypertrophy is a well-characterised adaptive
response, which increases individual cell size through
enhanced protein synthesis and enlarged sarcomere
organisation [1, 2]. Under consistent pathological stimuli
the initial adaptive cardiac hypertrophy marked as com-
pensatory process, transits to maladaptive pathological
remodelling with increased LV dilatation and reduced
ejection fraction. Over the last few decades, several pub-
lications propose various signaling and molecular events
including impaired protein quality, metabolic reprogram-
ming, reinduction of fetal gene programming, immu-
nomodulation or aberrant Ca2+handling involved in
the transition of pathological hypertrophy [3, 4]. Nota-
bly, posttranscriptional modifications are identified as
the new class of regulators of protein expression, that
govern several signaling pathways [5]. Therefore, exten-
sive research is highly demanded to delineate the criti-
cal posttranscriptional modifications and the signaling
mechanisms that regulate the development of pathologi-
cal hypertrophy and heart failure.

N6-methyladenosine (m6A) is identified as the most
abundant internal postranscriptional RNA modifica-
tion, which is dynamic and reversible and regulates gene
expression in different cell types including myocardium
[6-8]. The m6A modification occurs in a consensus
motif “DRm6ACH” (D=A,U or G; R=A,G; H=A,C,or
U) [9, 10]. The enzymes that catalyze m6A methylations
are known as methyl transferases (METTL3, METTL14,
WTAP, METTL16) and demethylases (FTO, ALKBH5)
[11]. The m6A binding proteins (a.k.a. m6A readers) that
belong to YTH protein family, affect the mRNA-tran-
script fate by altering/modulating translation, cleavage
and degradation processes [12]. In contrast to the clas-
sical transcriptional regulation, m6A-RNA methylation
can modify protein expression independent of transcrip-
tion [13-15].

Recent studies from us and other groups highlighted
the significance of m6A RNA methylation in maintain-
ing cardiac homeostasis, cardiac hypertrophy and heart
failure [5, 14, 16, 17]. Especially in early disease states
like compensated hypertrophy in the heart [14] or also

in early neurodegenerative diseases [18], the regula-
tion of m6A methylation is more prominent, indicating
a fast adaption system to external stimuli of the cells. In
addition, FTO is downregulated in the failing hearts of
humans and rodents; and induced FTO overexpression
mitigates cardiac dysfunction indicating the essential
role of FTO in cardiac function [19, 20]. Consistently, our
previous study in cardiomyocyte specific FTO knockout
(FTOcKO) animals showed that the loss of FTO causes
maladaptive cardiac remodeling without compensatory
hypertrophy in response to 4 weeks of PO (TAC with
27G needle) [14], however, its downstream functional
regulatory mechanisms are not yet known.

mTORCI1 is the master regulator of cell growth and
metabolism which functions in response to nutrients and
growth stimuli. It has been demonstrated that mTORC1
is required for the cardiac adaptation to pressure over-
load since its loss impairs compensatory hypertrophy in
response to pressure overload, leading to fast ventricular
dilatation, apoptosis, and mitochondrial derangements
[21-23]. However, there is evidence that mTORCI sig-
naling alone not sufficient for compensatory hypertrophy
and it works together with other signaling pathways in
response to hypertrophic stimuli in the heart. Although
the involvement of mMTORCI1 in compensatory hypertro-
phy is still debatable [21], in this study, we made efforts
to identify the interrelation between changes in FTO
dependent m6A methylations, mTORC1 and autophagy,
which works as signaling events of cardiac hypertrophy
and remodeling.

This novel functional regulations of FTO add a new
dimension of therapeutic interventions for the treat-
ment of cardiac hypertrophy and heart failure at the early
phase.

Methods
The detailed description of the Methods is in the Supple-
mentary file METHODS S1.

Mice
For the animal experiments, all the experimental inves-
tigations conform to the Guide for the Care and Use of
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Laboratory animals (NIH publication No.85-23, revised
1996) and was implemented in accordance with the ethi-
cal standards laid down in the Declaration of Helsinki
1964. Cardiomyocyte specific FTO knockout (FTOcKO)
mice were generated by mating male FTO"® mice (Exon 3
of Fto is flanked by loxP sites, was available inhouse) with
the cardiomyocyte specific aMHC-Cre females (aMHC-
Cre, Jackson no. 011038, C57BL/6N and C57BL/6 ]
mixed background [Agah et al. 1997]). The aMHC-Cre
line expresses a constitutive (non-inducible) Cre recom-
binase under the control of the aMHC promoter. And
for the experiments, aMHC-Cre*;FTO V! mice (Cre +11/
fl) bearing the homozygous Fto knock-out were used
and named as FTOcKO mice. Further aMHC-Cre* mice
(Cre + wt/wt) were used as experimental control to rule
out Cre- recombinase and loxP system derived effects
and named as CreC mice.

Transverse aortic constriction (TAC)

TAC surgery was carried with minimally invasive
approach. 8-week-old mice were randomly selected for
both Sham and TAC surgery. Initially, the animals were
anaesthetized using intraperitoneal injections with mix-
ture of Medetomidin (0.5 mg/kg), Midazolam (5 mg/
kg) and Fentanyl (0.05 mg/kg). A 26 gauge needle was
tied against the aorta using a 5-0 Polyviolene (non-
absorbable) suture for TAC surgery, and Sham animals
underwent the similar procedure without banding of the
transverse aorta.

Echocardiography

Transthoracic echocardiography using Vevo 2100 system
(Visualsonics) were examined for mice that underwent
TAC or Sham surgery (1 week post-surgery). The animals
were anaesthetized using 1.5% isoflurane, and the heart
rate, respiratory rate and body temperature were moni-
tored. 2D guided M-mode images were recorded in both
long axis and short axis with the help of of an MS-400 30
MHz transducer (Visualsonics) (Pistner et al. 2010). For
the analysis of the recorded images, VevoLab software
were applied (Version 3.1.0, Visualsonics). The examiner
were blinded for the assigned animal groups.

Murine LV isolation

For the heart isolation, the mice were anesthetized with
isoflurane and sacrificed by cervical dislocation. The tho-
rax were opened and the exposed heart were then cut
above the aorta and washed in sterile NaCl solution. Fur-
ther, the heart was perfused with sterile NaCl by insert-
ing a 21 gauge blunt needle into the aorta. The heart was
weighed, and the LV snap alone were separated and fro-
zen in liquid nitrogen for the experimental investigations.
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The tibia was also isolated from the muscle tissue and its
length was measured in order to calculate heart weight/
tibia length ratio.

Methylated RNA immunoprecipitation (MeRIP)

MeRIP was performed by firstly isolating total RNA
from the left ventricles of mice, and further purifying the
mRNA by DNAse treatment and rRNA Depletion (NEB,
#E6310, Ipswich, MA). The RNA was further fragmented
and immunoprecipitated with anti-m6A polyclonal anti-
body (synaptic systems, #202,003). The eluted RNA was
processed for cDNA library preparation using TruSeq
stranded Total RNA Library Prep Kit (#20,020,596, Illu-
mina) and sequenced with Illumina HiSeq2000. MeTpeak
package was used for the detection of m6A enrichment
in comparison to the input samples.

Methylated RNA immunoprecipitation (MeRIP)- qPCR

For the validation of MeRIP-seq data, the m6A enrich-
ment of the transcripts AKT1S1 and TFEB was analysed
by performing MeRIP from the Scr and FTO silenced
hiPS-CMs using Magna-MeRIP™ m6A Kit (catalog no.
17-10,499). MeRIP was carried as per the manual's
instruction. The eluted samples of m6A immunoprecipi-
tation and IgG (control) RIP, were subjected to cDNA
synthesis using Quantitect Reverse Transcription Kit
Catalog no#205,313.

Further, cDNAs of m6A RIP and IgG RIP are subjected
to real time PCR using the specific tagman pre-mixed
primers for AKT1S1 (TagMan Gene expression Assay
ID Hs00982883_m1; AKT1S1); TFEB (TagManTM Gene
Expression Assay Hs00292981_m1; TFEB) from Invitro-
gen. The analysis for m6A enrichment is performed by
using A ACt method, where the ACt for m6A and the
negative control (IgG) is normalized with their respec-
tive inputs and further A ACt is obtained by subtract-
ing by ACt of m6A with ACt of IgG (negative). And the
fold enrichment is calculated with 27(- A ACt). The fold
enrichment is plotted in the graph for each transcript.

Real time PCR

The total RNA extracted from Scr and siFTO hiPS-CMs
were subjected to cDNA synthesis using Quantitect
Reverse Transcription Kit (Cat. No. #205,313) and the
corresponding ¢cDNAs were considered for Real time
PCR. The Tagman Universal PCR master mix (Cat. No.
4304437) and the specific qPCR primers for AKT1S1
(TagMan Gene expression Assay ID Hs00982883_m1;
AKT1S1); TFEB (TagManTM Gene Expression Assay
Hs00292981_m1; TFEB); and FTO (Tagman Gene
expression Assay ID Hs01057143_m1; FTO) were pur-
chased from Invitrogen.
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Human induced pluripotent stemcells (hiPSCs)

For this sutdy, the human patient derived pluripotent
stemcells (hiPSCs) were kindly provided by Dr. Katrin
Streckfuf3-Bomeke (Institue for pharmacology and toxi-
cology, University of Wiirzburg, Germany), PD Dr. Antje
Ebert (University Medical Center Gottingen, Department
of Cardiology and Pneumology) and by the core facility
induced pluripotent stem cells (CF-iPSC), Helmholtz
Munich. The hiPSCs were generated from patients with
non-failing hearts.

hiPS cells differentiation into cardiomyocytes (hiPS-CMs)
and culturing

The hiPSCs were differentiated into beating ventricular
cardiomyocytes with an adapted protocol from Kleins-
orge and Cyganek et al. [24].

siRNAs, hypertrophy inducer and inhibitors

For transfection experiments, siRNAs were purchased
from Qiagen. For induction of hypertrophic responses in
hiPS-CMs, Endothelin-1 (ET-1, Sigma #E7764) was used.
For mTORCI1-S6K1 inhibition, the inhibitors Rapamycin
(#553,210-10MG) and PF-4708671 (#559,273-10MG)
were used. For late-autophagy inhibition, the inhibitors
bafilomycin A1 (CAS 88899-55.2) and chloroquine were
used.

Transfections in hiPS-CMs

The hiPS-CMs cultured in the 6 well plates/12 well plates
were transfected with siRNAs using Hiperfect Trans-
fection reagent (Qiagen; #301,705). 50 nM and 100 nM
siRNAs for 12 well and 6 well plates respectively were
considered for the transfection in hiPS-CMs.

Antibodies for western blot and immunofluorescence (IF)
The antibodies used for western blot are all diluted in
the ratio 1:1000 except for the house keeping genes
(1:10,000). The order details of the antibodies are
ANP(#ab126149), MYH7 (MA5-32,986), ETO (#NBP2-
29,512), cleaved Caspase3 (#9664S), cleaved PARP
(#9544S,#9541S), P-S6 Ribosomal protein (S235/236)
(#4858S), P-p70 S6 kinase (T389) (#9234S), P-4E-
BP1(T37/46) (#2855S), total S6 Ribosomal protein
(#2217S), p70-S6Kinase(2708S), A4E-BPL1(#9644 T),
SQSTM1/p62 (#5114S), LC3B(#2775S), Actin(#4967) and
GAPDH (#2118S), PRAS40 (#2610S), TFEB (#4240S),
METTL3(#96391S), ALKBH5(#80283S), p-AKT(s473)
(#9271S), AKT (#9272S).

For immunofluroscence the antibodies were diluted
in the ratio 1:100: alpha-actinin(sarcomeric) (#A7732),
phospho-S6(ser235,ser236) (#MA5-15,140), p62 (#GP62-
C-WBC), LC3B (#2775S), anti-mouse IgG secondary
antibody Alexafluor plus488 (#A32723), anti-rabbit
IgG(H + L) cross adsorbed secondary antibody Alexafluor
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555 (#10,082,602), FITC-affinipure anti-rabbit IgG (H+L)
(#111-095-003), Cy3- conjugated affinipure anti-Guinea
Pig IgG (H + L) (#706-165-148).

Histology

Hearts were harvested from the mice and were fixed in
4% formalin, further embedded with paraffin and sec-
tioned (6 pm). Those LV sections were considered for
Immunohistochemistry and Immunofluorescence.

The sections were stained with fluorescein-conjugated
wheat germ agglutinin (WGA-Alexa Fluor 594; Invit-
rogen) for the assessment of cross-sectional area using
Image] software (NIH; Bethesda).

Further, the LV sections were stained for Fibrosis by
using Picro Sirius Red Stain Kit (Connective Tissue
Stain) #ab150681; and the fibrotic area is measured using
Image] software NIH; Bethesda). And the % fibrosis is
plotted in prism graph.

TUNEL assay (for LV sections and for hiPS-CMs)

The LV sections were de-paraffinized, permeablized and
the slides were labelled with TUNEL working solution
(In situ Cell Death Kit, TMR red #12,156,792,910) or
TUNEL Staining (#11,684,795,910—In Situ Cell Death
Detection Kit, Fluorescein-Roche) and incubated at 37 °C
for 1 h. The sections were finally washed with PBS before
mounting with DAPI and proceeded with fluorescent
microscopy analysis.

The TUNEL assay was performed in the hiPS-CMs
by initially coating the cardiomyocytes in the coverslips
(which were plated in the 12 well plates for the transfec-
tion and treatments).

P-S6 staining (for LV sections and for hiPS-CMs)
Phospho-S6 staining was performed for the LV sections
using the enhancer Tyramide Signal Amplication (TSA)
kit (Alexa Fluor 488 Tyramide Super Bosst Kit # B40922).

Phospho-S6 staining were performed in hiPS-CMs by
plating the cells in coverslips of 12 well plates (transfec-
tions were performed in 12 well plates). The fixed and
permealized cells were incubated with primary antibod-
ies (alpha-actinin and phospho-S6(ser235,ser236)) over-
night at 4 °C. The following day, the cells were incubated
with their respective secondary antibody solutions at RT
for 1 h. The cells were mounted with DAPI for micro-
scopic analysis.

P62 and LC3 localization (for hiPS-CMs)

The CMs were double stained (as mentioned in 13.2.)
Here, the cells were incubated with primary antibod-
ies (SQSTM1/p62 and LC3 B) overnight at 4 °C. And
the following day, the cells were washed and incubated
with their respective secondary antibodies (FITC anti-
rabbit and Cy3 anti-GP as mentioned in Sect. 10) and the
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(See figure on previous page.)

Fig. 1 Cardiomyocyte specific FTO deficiency causes early dilatation and reduces compensatory hypertrophy. Two-month-old FTOcKO and Cre control
animals were analyzed one week after TAC surgery using 26-G needle A-l. The Echocardiography is measured for each group: Cre control in blue (sham
&TAC) and FTOcKO in red (sham and TAC); (A) The Ejection fraction (EF) and (B) Fractional Shortening (FS) which measures the cardiac function are pre-
sented in percentage. C LVID (left ventricular interdimensional diameter) is measured in mm; (D) Intraventricular septum thickness is measured in mm;
(E) The LV posterior wall thickness (LVPW) is measured in mm; (F) The ratio of LV weight-to- tibia length (LV/TL in mg/mm) is calculated for each mice;
(G) The relative wall thickness (RWT) is calculated by dividing the sum of anterior wall thickness (LVAW) and posterior wall thickness (LVPW) by the LV
inner dimension (LVID) ((LVAW +LVPW)/LVID); (H) representative transverse sections of FTOcKO and Control mice stained using wheat germ agglutinin
(WGA); (I) The cross-sectional area for the WGA stained sections are represented in um? (J) representative transverse sections of FTOcKO and Control mice
stained using picro sirius stain kit; (K) the fibrotic area is represented in percentage; Each dot represents the measurement of one animal, significance
levels presented using ordinary two-way ANOVA with Tukey's correction for multiple comparison analysis. The mean with SEM is presented; mice n for A-G
(CreC Sham, n=3-6; CreC TAC, n=5-11; FTOcKO Sham, n=3-4; FTOcKO TAC, n=7-8); mice n for | (CreC Sham, n=3; CreC TAC, n =3; FTOcKO Sham, n=4;
FTOCcKO TAC, n=3); mice n for K (CreC sham, n=3; CreC TAC, n=4; FTOcKO Sham, n=3; FTOcKO TAC, n=3). For hypertrophic analysis in vitro, hiPS-CMs
were transfected with scr siRNAs (scr) or with FTO siRNAs (siFTO) and their hypertrophic response were studied by treating the silenced CMs with 3 nM
of ET-1 (Endothelin-1) for 24 h; (L) show the representative images of scr and siFTO transfected CMs with or without ET-1. Green fluorescence represents
the alpha-actinin (sarcomeric) and blue is stained with DAPI; (M) represents the hypertrophic measurement and the relative cell size for each CM is mea-
sured using ImageJ. The mean with SEM is presented. n represents cells per dish (Scr, n=5; Scr+ET-1, n=4; siFTO,n =5; siFTO+ET-1, n=5); ordinary two
way-ANOVA with Tukey's correction for multiple comparison was performed and significance levels were shown for each condition in comparison to the

control. ***P<0.001; ****p <0.0001; **p <0.005; *p < 0.05

stained coverslips were mounted with DAPI and headed
for microscopic analysis.

Tandem mRFP-GFP-LC3 assay (for hiPS-CMs)

The CMs were plated in 24 well plates, the cells were ini-
tially transduced with tandem sensor RFP-GFP-LC3B
(catalog no. P36239), and transfected with siRNAs for
scr and FTO, and subsequent treatment with or without
Bafilomycin. The live imaging is performed for micro-
scopical analysis.

Dot blot assay for m6A enrichment (for hiPS-CMs)

The total mRNA of Scr and siFTO-hiPS-CMs, were ini-
tially denatured at 95 °C for 5 min to disrupt the sec-
ondary structure. Further, chilled on ice immediately
for 5 min and spotted on activated PVDF membrane.
The crosslinking of mRNA to the membrane is carried
by UV light exposure for 5 min. Further, the membrane
is blocked and incubated with primary antibody buffer
overnight. The m6A antibody is purchased from Cell Sig-
naling technology with cat. No. 56593S. The m6A spots
are developed on the next day after incubating with cor-
responding secondary antibody solution.

Statistical analysis

Statistical analysis of the echocardiographic data was
performed in the GraphPad Prism Software (v. 8.4.2).
Ordinary two-way ANOVA and Tukey's multiple com-
parison analysis was performed for Echocardiographic
analysis, WGA staining, Fibrosis and Densitometry
analysis for mice groups (Sham/TAC and FTOcKO/Cre
Control). Densitometry analysis of the protein bands of
western blots for scr and siFTO-hiPS-CMs were exam-
ined by 1-sample t-tests (using GraphPad prism 9.5.1).
The Results were normalized to their respective control
conditions and the ratios in which a normal distribution

of results cannot be proven, were analyzed. P value <0.05
was considered as statistically significant.

Results

Cardiomyocyte-specific FTO ablation causes early
dilatation and maladaptive cardiac phenotype

Initially, we performed echocardiography for the
FTOcKO and Cre control animals at three different
age intervals (2,4 and 6 months), and as a consequence,
FTOcKO mice in comparison to the Cre controls, showed
significantly reduced ejection fraction (EF) and increased
left ventricular interdimensional diameter (LVID) at the
first 4 months of age which continued over time (Fig
S1A,B). This indicates that FTOcKO mice have reduced
cardiac efficiency and develops a dilatative phenotype as
they age. To study cardiac adaptation, we performed TAC
surgery in FTOcKO mice. 1-week post-TAC FTOcKO
animals showed severe reduction in cardiac efficiency,
with reduced ejection fraction (EF) and Fractional short-
ening (FS) compared to the Cre controls (Fig. 1A, B).
Further, a higher degree of dilatation without change in
intraventricular septum thickness (IVS) was observed in
FTOcKO-TAC mice compared to Cre-TAC, whereas the
control animals had no significant effect on LV dilata-
tion after one week of TAC (Fig. 1C, D). And at the basal
levels, there is a tendency of higher LVID;d in FTOcKO
sham compared to Cre Sham (not significant) indicating
that the lack of FTO undergoes a process of maladapta-
tion and dilatation which is aggravated after TAC sur-
gery. The LV posterior wall thickness (LVPW) is shown in
Fig. 1 E. Although the ratio of LV/TL (LV weight to Tibia
length) was increased in both FTOcKO TAC and control
TAC groups (Fig. 1F), there was no increase in relative
wall thickness (RWT) for FTOcKO TAC compared to
the control TAC mice (Fig. 1G), indicating that FTOcKO
mice develop rather dilated hypertrophy incontrast to
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the control mice that show concentric hypertrophy one-
week post TAC. Further, myocardial hypertrophy were
assessed by measuring the cross-sectional area of LV sec-
tions of control (sham, TAC) and FTOcKO (sham, TAC)
mice using Wheat germ agglutinin (WGA) staining and
in consistent with our echo data, FTOcKO TAC mice
showed no induction in myocardial hypertrophy com-
pared to the control TAC mice (Fig. 1H, I). This suggests
that unlike control groups, FTOcKO animals surpasses
the early-phase cardiac adaptive response and directly
exhibit maladaptive cardiac remodeling with induced PO.
Furthermore, the fibrosis staining performed using picro
sirius red stain kit showed significantly increased fibrotic
area (Fig. 1], K) in the FTOcKO TAC groups compared
to all other groups (cre Sham, Cre TAC, FtocKO Sham),
indicating aggravated pathological remodelling under
FTO knockdown in response to pressure overload. These
findings characterize the FTOcKO TAC phenotype as
maladaptive dilated remodeling without compensatory
hypertrophy.

FTO deficiency triggers cardiac atrophy and attenuates
induced cardiac hypertrophy in human iPS-
cardiomyocytes (hiPS-CMs)

As there is no compensatory hypertrophy over FTO
ablation in vivo, we assessed if FTO has a direct effect
on stress mediated hypertrophic response in vitro using
human iPS-CMs. For this purpose, the hiPS-CMs were
transfected either with Scr siRNAs or with siRNAs of
FTO demethylase, and their hypertrophic response were
investigated in the presence or absence of the peptide
hormone, Endothelin-1 (ET-1), a well-known mediator
of cardiac hypertrophy. As a result, the cell size mea-
surement of the control hiPS-CM with ET-1 (Scr+ET-1)
showed significantly increased hypertrophy,however,
this hypertrophic effect was highly attenuated in the
hiPS-CMs with FTO depletion (siFTO+ET-1) (Fig.
1L,M). Interestingly, the physiological growth of siFTO
CMs is reduced in its cell-size compared to the control
CM size, and this phenotype of limited cell-size at the
basal level might be a vital factor for attenuated hyper-
trophic response upon ET-1 exposure (Fig. 1L,M). This
shows that FTO has a direct effect on individual CM size,
growth and stress induced compensatory hypertrophy.

Deregulation of FTO-dependent m6A methylations
deteriorate compensatory hypertrophy and provoke
pathological remodeling

To further elucidate the necessity of FTO dependent
m6A methylations and its regulatory mechanisms in
stress induced cardiac hypertrophy, MeRIP sequencing
was performed for the above analysed FTOcKO and Cre
Control (Cre C) animals that underwent sham and TAC
surgeries (1 week post-surgery), and the corresponding
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mice sample inputs were subjected to RNA seq to com-
pare the changes of differential expression with differen-
tial methylation (Fig. S1C).

The RNA seq data showed global changes in the heart
of FTOcKO (sham and TAC) and Cre C (sham and TAC)
(Fig. S2 A-B); Predominantly, the FTO gene is down-
regulated in the heart of FTOcKO samples(sham and
TAC) (Fig. S2 C -D), indicating the absolute knockout
of FTO in the FTOcKO animals generated via Cre-loxp
system. Further, we checked for the alterations in other
m6A modifiers namely METTL3 (m6A methylase) and
ALKBH5 (m6A demethylase) in the FTOcKO model.
Our RNA-seq data and the western blot data (Fig. S3A-
C), showed no significant changes in the key m6A modi-
fiers indicating that FTO has no direct effect on the
regulation of other m6A modifiers in the heart.

The global distribution of m6A peaks for each condi-
tion is showed in Fig. S4A.

The transcripts that are differentially m6A methylated
under the condition FTOcKO sham Vs CreCsham, are
unique and regulate distinct signaling mechanisms incon-
trast to differentially expressed genes. The number of
differentially m6A methylated transcripts (log2FC>1.2;
EDR 0.05) for each condition is listed in Fig. 2A. We
detected around 114 differentially hypermethylated tran-
scripts and 58 hypomethylated transcripts in FTOcKO
sham compared to CreC sham. While hypermethylation
can easily explained by the loss of FTO, hypomethylation
might be due to secondary changes via effects on other
m6A-modifying enzymes like (ALKBH5 or METTLS3,
METTL14). Comparable results have been found in
other published studies [25-27]. Further, to check if the
hypermethylation is caused only by the FTO loss, we
validated in rescue experiments by performing dot blot
assay for the global m6A changes in hiPS-CMs under Scr
and siFTO conditions. Fig. S4B showed increased hyper-
methylation under FTO knockdown compared to the scr
hiPS-CMs confirming the direct effect of FTO on the
global m6A levels.

Interestingly, GO analysis showed that a higher percent-
age of differentially methylated transcripts in FTOcKO
sham vs CreC Sham are linked to cardiac muscle tissue
development, ventricle development, and cardiac muscle
tissue morphogenesis (Myh7,Mybpc3,Tnnt2,Myl3) (Fig.
2B). Also the transcripts of mTORCI signaling pathway
(ENIP1, Aktlsl) and of the regulation of lysosomal bio-
genesis and autophagy (TFEB) were found to be differen-
tially methylated.

Moreover, the differentially methylated transcripts
exceeded the differentially expressed genes in FTOcKO
TAC vs. CreC TAC (Fig. S4C), and higher percentage of
differentially hypermethylated transcripts in FTOcKO-
TAC vs CreTAC are associated with cell cycle progression
and mitosis, cell survival, apoptosis inhibition (namely,
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Fig. 2 Differentially m6A methylated transcripts of FTO ablated animals. The MeRIP was performed for the heart tissues of FTOcKO and Cre control
groups, hearts were isolated one week-post TAC surgery; (A) Detailed representation of differentially methylated transcript for each condition, CreC
(sham& TAC) and FTOcKO (Sham &TAC), with FC1.5 FDR 0.05. (CreC: Cre Control group); (B) Gene Ontology enrichment of differentially methylated tran-
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ated transcripts; (C) Biological pathways corresponding to differentially methylated transcripts in FTOcKO TAC group compared to CreC TAC mice groups

CFLAR and CDK1) (Fig. 2C). Further, in our methyla-
tion data, we detected increased hypomethylation in the
collagen formation and organisation of extracellular and
induction in apoptosis in both FTOcKO TAC vs. CreC
TAC (Fig. 2C) and FTOcKO TAC vs. FTOcKO sham
(Fig. S5A). This indicates that in the context of pressure
overload (with TAC surgery), FTO loss increased colla-
gen formation and exacerbation of apoptosis induction in
the heart. Hence, the methylation deregulation-induced
pathological turnover might be the basis for the impaired

compensatory hypertrophy and maldaptive remodeling
in FTO depleted hearts, eventually resulting in cardiac
insufficiency and heart failure.

FTO ablation in the heart has direct impact on cell survival,
mTORC1 signaling and autophagy regulation

Based on our MeRIP-seq data, deciphering the m6A
methylome upon FTO knockdown is very complex
as there are many transcripts that were hypermethyl-
ated, however, we aimed to target the transcripts that
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are involved in important signalling pathways. Nota-
bly, we detected hypermethylation in the key tran-
scripts that are involved in 1. cell response to stress and
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apoptosis inhibition (CFLAR, CDK1), 2. mTORCI1 sig-
naling (AKT1S1) (Fig. S6A) and 3. autophagy regula-
tion (TFEB). The transcript map shown in Fig. 3A-D
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Fig. 3 FTO ablation in the heart triggers hypermethylation in key transcripts of apoptosis inhibition, mTORC1-S6K1 signaling and autophagy: The tran-
scription level m6A methylation changes are shown under conditions FTOcKO TAC vs CreC TAC for the transcripts (A) CFLAR, (B) CDKT, (C) AKT1S1 and (D)
TFEB; MeRIP-gPCR was performed for the transcripts AKT151 and TFEB in scr and FTO-silenced hiPS-CMs, (E) shows the m6A enrichment of AKT151 and
(F) shows the m6A enrichment of TFEB in MeRIP-siFTO compared to MeRIP-Scr, IgG Scr and IgG siFTO are the controls for m6A RNA immunoprecipitation;
(G) mRNA expression data of FTO gene in Scr and siFTO hiPS-CMs; (H) relative gene expression of AKT1S1 in scr and siFTO hiPS-CMs; (1) relative gene
expression of TFEB in scr and siFTO hiPS-CMs; (J) representative western blot image showing the signals of PRAS40 and TFEB proteins in Scr and siFTO-
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(See figure on previous page.)

Fig. 4 Loss of FTO demethylase induces cardiac apoptosis: (A) Representative western blots of Cre Control and FTOcKO heart samples with sham and
TAC surgery. The apoptotic markers cleaved caspase 3 (cl.Casp3) and cleaved PARP (cl.PARP) were increased in FTOcKO Sham and TAG; (B) & (C) are pooled
quantitative densitometry analysis for apoptotic markers cl.casp3 and cl.PARP respectively, from the heart samples of FTOcKO and Cre control groups
(Sham &TAC); The mean with SEM is presented; n is no. of mice (CreC Sham, n=4-5; CreC TAC, n=5; FTOcKO Sham, n=5; FTOcKO TAC, n=5); (D) repre-
sentative images of TUNEL staining of left ventricle (LV) sections from FTOcKO and Cre control animals (both Sham and TAC); (E) pooled TUNEL analysis,
the percentage of TUNEL positive cells from the total number of cardiomyocytes were calculated; The mean with SEM is presented, mice condition (CreC
Sham, n=3; CreC TAC, n=3; FTOcKO Sham, n=3; FTOcKO TAC, n =3); Statistical analysis (B, C, E) is by ordinary two-way ANOVA with Tukey's correction
for multiple comparisons; (F) Representative western blots of hiPS-CMs transfected with scr and FTO siRNAs; and the pooled densitometry analysis for
cl.casp3 (G) and cl.PARP (H) were shown. I fluorescent double staining of alpha-actinin and TUNEL in hiPS-CMs with scr and siFTO silencing, and (J) repre-
sents the percentage of TUNEL positive cells (pooled data). The mean with SEM is presented. For G, H, J, biological replicate, n=3-6 for each condition; For
G &H, 1-sample t-test is performed, the results were normalized to the respective control conditions and ratios, in which a normal distribution of results
cannot be proven, were analyzed. *p < 0.05; ** p <0.005 all by unpaired t-test

highlights the hypermethylation of the transcripts espe-
cially near and within the exons under FTOcKO-TAC
group compared to Cre TAC. Further, the hypermethyl-
ation of transcripts of mMTORC1 pathway and autophagy
were validated in hiPS-CMs model, Fig. 3E, F shows the
increased m6A enrichment of AKT1S1 and TFEB in FTO
knockdown cardiomyocytes compared to their respec-
tive controls. Furthermore, the mRNA expression data
of AKT1S1 and TFEB under FTO knockdown condition
(Fig. 3G, H, I) showed reduced AKT1S1 expression and
no significant change in TFEB expression, however, their
corresponding protein analysis data in Fig. 3],K,L showed
downregulation in both PRAS40 (encoded by AKT1S1)
and TFEB total protein levels in FTO silenced cardiomy-
ocytes. We next assessed whether the downregulation of
total PRAS40 and TFEB proteins observed in the hiPS-
CM model was also present in LV heart tissues from
FTOcKO (Sham, TAC) and CreC (Sham, TAC) mice.
Western blot analysis revealed a significant decrease in
PRAS40 and TFEB protein levels in FTOcKO (Sham,
TAC) animals compared with CreC Sham controls, con-
sistent with our in vitro findings (Fig. S7A-C). These
results indicate that FTO loss promotes hypermethyl-
ation at the post-transcriptional level, thereby impairing
translational efficiency and reducing protein expression,
independent of changes at the mRNA level.

For the AKT1S1 transcript, we compared expression
between FTOcKO TAC and CreC TAC (Fig. 3C) as well
as between FTOcKO TAC and FTOcKO Sham (Fig. S6B).
Increased hypermethylation in FTOcKO TAC versus
CreC TAC was comparable to that observed in FTOcKO
Sham versus CreC Sham (Fig. S6A), indicating no addi-
tional methylation changes with TAC. In FTOcKO TAC
versus FTOcKO Sham, a non-significant trend toward
hypomethylation was observed (log2FC=-0.3; Fig. S6B).
Altogether, our analysis indicates that FTO loss directly
affects AKT1S1 and modulates the mTORC1 pathway,
without additional impact under pressure overload.

Cardiomyocyte-specific FTO depletion induces apoptosis
As the MeRIP-seq analysis unfolded the defect in cell
survival and apoptosis inhibition upon FTO loss, we

analysed the effect of apoptosis in the LV heart tissues
of FTOcKO (sham, TAC) and CreC (sham, TAC) mice
samples. our western blot data showed a tendency of
increase in apoptotic markers namely, cleaved caspase
3 (cl.casp3) and cleaved PARP (cl.PARP) in CreC TAC
compared to CreC sham and statistically significant
increase in FTOcKO (sham, TAC) compared to CreC
sham (Fig. 4A-C). Further our TUNEL analyis of LV
sections of FTOcKO and CreC animals (both sham and
TAC) showed significantly increased apoptotic cells in
FTOcKO TAC condition compared to CreC groups (Fig.
4D,E). The effect of apoptosis on FTOcKO sham and Cre
TAC looked similar in our TUNEL data, indicating that
FTO depletion and pressure overload has an impact on
cell survival and further the combined effect of FTO loss
and TAC surgery exacerbates apoptosis induction.
Furthermore, to identify whether the effect of FTO
depletion on apoptosis is cardiomyocyte specific, we ana-
lysed the activity of cl.casp3 and cLPARP in FTO silenced
hiPS-CMs (Fig. 4F-H). Consequently, there was a sig-
nificant upregulation in the apoptotic markers in siFTO-
hiPS-CMs compared to the Scr-hiPS-CMs. Further, the
TUNEL assay showed highly increased TUNEL positive
cells in siFTO-hiPS-CM samples indicating the crucial
effect of FTO loss on cardiomyocyte death (Fig. 41,]).

Hyperactivation of mTORC1 pathway in FTO-depleted
cardiomyocytes

After our meRIP-seq analysis of FTOcKO animals
revealed hypermethylation in the transcript AKT1S1
and the downregulation of its protein PRAS40 which is
a subunit of mTORC1 complex and a negative regula-
tor of mTORCI1 signaling, we then looked into whether
mTORC1 pathway is dysregulated in the myocardium
of FTO defective mice. The activity of mTORCI1 is dem-
onstrated by phosphorylation of its canonical substrates
namely, phosphorylation of S6K1 at Thr 389 (pS6K1),
phosphorylation of ribosomal protein S6 at ser235/236
(pS6) and phosphorylation of 4EBP1 at Thr37/46
(p-4EBP1). As a result, our western blot data showed
significant increase in p-S6K1 and p-S6, and there was
no statistical increase in p-4EBP1 in the myocardium
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(See figure on previous page.)

Fig.5 FTO depletion in cardiomyocytes significantly increased the mTORC1 signaling pathway: Representative western blots of Cre Control and FTOckO
animals with Sham and TAC surgery. A The phosphorylation of S6 (ser235/236), (B) p705S6 kinase (thr389) and (C) 4EBP1 (Thr37/46) were increased in
FTOcKO mice groups; pooled quantitative densitometry analysis of P-56 (D), P-S6K1 (E), P-4EBP1 (F); The mean with SEM is presented; mice n=4 for each
condition; Statistical analysis (D, E, F) is by ordinary two-way ANOVA with Tukey's correction for multiple comparisons; *p <0.05, ** p <0.005; (G) represen-
tative P-S6 (green) staining of FTOcKO and Cre control LV sections; (H) the percentage of p-S6 signal per field is analysed in CreC and FTOckO LV sections;
The mean with SEM is presented; n represents each LV sections, n=7-8 from 3 different mice; statistical analysis is by unpaired t-test with Welch's correc-
tion, ****p <0.00071; (I) Representative western blots of hiPS-CMs transfected with scr and siFTO; (J), (K) & (L) shows the pooled quantitative densitometry
analysis of P-S6K1, P-S6 and P-4EBP1 respectively; (M) Fluorescent double staining of P-S6 (red) and alpha-actinin(sarcomeric) (green). The mean with SEM
is presented; biological replicate, n =3 for each condition; the results were normalized to the respective control conditions and ratios, in which a normal

distribution of results cannot be proven, were analyzed *p < 0.05 all by unpaired t-test with Welch's correction for J-L

of FTO-depleted mice (FTOcKO sham and TAC) com-
pared to the control group (Fig. 5A-F). This suggests
that mTORC1-S6K1 activity is substantially enhanced in
FTOCcKO animals (Fig. 5A, B, D, E). Moreover, ribosomal
protein S6 (p-S6 ser235/236) activity was significantly
elevated in FTOcKO LV sections compared to control
sections (Fig. 5G, H), showing hyperactivation of the
mTORC1-S6K1 signaling upon FTO depletion. Further
to identify if the effect of FTO on mTORCI regulation
is cardiomyocyte specific, we investigated the activity of
mTORCI1 in FTO silenced hiPS-CMs (siFTO-hiPS-CMs).
In consistent with our mice data, there was significant
increase in the mTORCI1 substrates (including p-4EBP1)
in siFTO-iPS-CMs compared to the control iPS-CMs
(Fig. 51, J, K, L). Further, the immufluorescence data
showed significant increase in p-S6 (ser235/236) signal-
ing in siFTO-iPS-CMs in comparison with the control
(Fig. 5M).

Further, we have also checked for the effect of mMTORC2
in the hearts of FTOcKO animals (both sham and TAC)
in comparison with their respective controls by directly
analysing the activity of AKT (phosphorylation at ser473,
pAKTs473) which is a canonical substrate of mTORC2.
Our western blot data (Fig. S8A,B) showed a tendency
of pAKT induction which is not significant under
FTO knockdown, indicating no direct effect of FTO on
mTORC?2 signalling in the heart.

Altogether our data indicates the direct regulatory rela-
tionship of FTO on mTORC1-S6K1 pathway in the adult
cardiomyocytes.

FTO deficiency in hiPS-CMs causes impaired autophagic
flux and inadequate autophagy.

As our MeRIP data showed hypermethylation in TFEB
transcript under FTO knockdown and downregulation of
TFEB at the protein levels, we assume that the dysfunc-
tional TFEB and hyperactive mTORC]1 affects autophagy
in the FTO silenced cardiomyocytes. Hence, to com-
prehend how FTO deletion impacts autophagic flux in
cardiomyocytes, we suppressed late-stage autophagy in
hiPS-CMs transfected with or without siFTO by using
the well-known inhibitors bafilomycinA1 (Baf) and chlo-
roquine (CQ). As anticipated, Baf and CQ's suppression
of the autophagic flux led to the induction of apoptosis,

which was further exacerbated by FTO silencing (Fig. 6A,
B). Further, the autophagic flux was measured by the pro-
tein levels of the autophagic markers ubiquitin-binding
scaffold protein p62 (also known as SQSTM1) and micro-
tubule-associated protein 1A/1B-light chain 3 (LC3-II).
As a result, p62 significantly increased and LC3II signifi-
cantly decreased in FTO silenced hiPS-CMs at the basal
level compared to the scr-hiPS-CMs, indicating defective
autophagy upon FTO deficiency in cardiomyocytes (Fig.
6A, C, D). Moreover, hiPS-CMs treated with Baf and CQ
accumulated more LC3II and p62 than control, indicat-
ing that autophagy was being suppressed (Fig. 6A, C, D).
However, this effect was different in siFTO-hiPS-CMs
with Baf and CQ compared to its respective control (Scr-
hiPS-CMs with Baf and CQ) as there was a decrease in
LC3II (not significant for CQ condition) without com-
parative changes in p62 accumulation, which suggested
a disruption in steady-state autophagosome formation
(Fig. 6A, C, D). To further determine the autophagic flux,
the colocalization of p62 and LC3 puncta was assessed
in FTO knockout hiPS-CMs treated with or without
CQ. We detected increased p62 accumulation in FTO
knocked out cardiomyocytes compared to the Scr (Fig.
6E). Also, there was increased p62 and LC3II colocal-
ization in scr-hiPS-CMs with CQ indicating increased
autophagic flux and autophagosome induction, however,
this effect was attenuated in FTO silenced CMs with CQ
(siFTO-iPS-CMs + CQ) which showed less induction in
LC3II and reduced colocalization of p62 and LC3II (Fig.
6E).

Moreover, we performed the tandem mRFP-GFP-LC3
assay in hiPS-CMs with or without FTO knockdown to
analyse the direct effect of FTO on autophagic flux. The
representative figures of the RFP-GFP-LC3 puncta under
each condition (Scr, Scr+ BAf, siFTO, siFTO + Baf) are
shown in Fig. 6F and the quantified data Fig. 6G shows
the average total number of LC3 puncta per cell in black,
number of autophagosomes per cell in yellow and num-
ber of autolysosomes per cell in red. Our data shows that
the total number of autophagosomes (shown as yellow
dots in 6@G) is reduced upon FTO knockdown both at the
basal level and with the bafilomycin treatment compared
to the Scr, indicating defect in the formation of autopha-
gosomes and subsequent autophagy impairment. The
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Fig. 6 FTO depletion and inhibition of late autophagy exacerbates cardiac apoptosis and impairs autophagic flux: The hiPS-CMs were transfected with
siRNAs of FTO and scr, and the late-autophagy (fusion of autophagosomes and lysosomes) were blocked by using the inhibitors, Bafilomycin A (Baf) and
Chloroguine (CQ) with the final concentration of 50 nM and 50 uM, respectively for 16 h; (A) Representative western blots of the autophagic markers (LC3
Il'and P62) and apoptosis (cl.PARP); pooled quantitative densitometry analysis of cl.PARP (B), P62 (C) and LC3 Il (D); (E) Representative fluorescent images
of LC3 Il and p62 co-localization (P62-red; LC3 Il — green; DAPI-blue) for scr and siFTO iPS-CMs treated with or without 50uM of Chloroquine (CQ) for 16
h.The mean with SEM is presented. biological replicate, n=3-5 for each condition; the results were normalized to the respective control conditions and
ratios, in which a normal distribution of results cannot be proven, were analyzed ** p < 0.005; *p < 0.05 all by unpaired t-test; (F) represents the live imaging
of tandem mRFP-GFP-LC3 assay, the hiPS-CMs were transduced with RP-LC3 for 24 h and further transfected with scr and FTO siRNAs before treatment
with or without Baf for 12 h; (G) represents the quantified data of LC3 puncta per cell under each conditions (Scr, siFTO, Scr+ Baf and siFTO + Baf), black
indicates total LC3 puncta per cell; yellow represents no. of autophagosomes per cell and red represents no. of autolysosomes per cell; total of 15 to 30
cells were analysed per dish, in total 6 dishes were considered for each condition. The mean value of all the cells for each condition were plotted in graph

above assay corroborates the western blot and LC3-P62
immunofluorescence data. This suggests that autopha-
gic flux is impaired and the autophagosome induction
is defective in FTO depleted cardiomyocytes. Therefore,
our data show that FTO demethylase plays a crucial part
in controlling autophagy in cardiomyocytes.

Pharmacological inhibition of mTORC1-S6K1 pathway is
sufficient to restore cardiomyocyte survival and ameliorate
cardiac atrophy

We further analysed the FTO-mTORCI crosstalk in the
regulation of apoptosis and cardiac hypertrophy. Firstly,
to identify if FTO regulate apoptosis through mTORC1
pathway, we blocked mTORC1-S6K1 signaling by the use
of selective inhibitors against mMTORC1 (Rapamycin) and
S6K1 (PF-4708671 a.k.a. S6K1i) in FTO silenced hiPS-
CMs and checked the effect of apoptosis. As a result,
rapamycin and S6K1i completely suppressed mTORC1
activity as shown by p-S6 (Fig. 7 C) and interestingly,
reduced the induction of apoptosis as shown by apop-
totic marker cL. PARP in Fig. 7C-D and TUNEL assay (Fig.
7A, B). Moreover, we observed highly reduced apoptosis
induction in siFTO-hiPS-CMs treated with S6K1i com-
pared to rapamycin(Rapa), demonstrating that mMTORC1-
S6K1 signaling is involved in the onset of apoptosis.

Secondly, to identify if the cardiac atrophy caused upon
FTO loss could be reversed by mTORC1-S6K1 inhibition,
we checked for the hypertrophic markers namely, MYH7
(B-myosin heavy chain) and ANP (atrial natriuretic
peptide) in FTO silenced hiPS-CMs with or without
mTORC1-S6K1 inhibition. Consequently, the significant
decrease in ANP and MYH?7 protein levels that followed
FTO ablation was significantly restored by S6K1i treat-
ment and not by Rapamycin (Fig. S9 A-C).

Further, we investigated whether the mTORCI-
S6K1 inhibitor S6K1i could restore the attenuated ET-
1-induced-hypertrophic response in FTO knockdown
hiPS-CMs. As a result, our western blot data showed
that S6K1i could significantly increase the hypertrophic
marker, MYH7 protein levels in siFTO-ET-1 CMs (Fig.
7E-G); and Immunofluorescence data showed that S6K1i
could significantly rescue the ET-1-induced hypertrophic

response in FTO silenced CMs (Fig. 7H, I). This implies
that FTO-mTORC1-S6K1 crosstalk is necessary for both
cardiac survival and cardiac hypertrophy.

Overall, our data suggests that loss of FTO induces
apoptosis and shrinks cardiomyocyte via the unusual
hyperactivation of mTORC1-S6K1 signaling pathway in
hiPS-CMs, and pharmacological inhibition of mTORC1-
S6K1 pathway is sufficient to reverse the pathological
remodeling of FTO loss and m6A deregulation.

Discussion

In this study, we show that cardiac early adaptation criti-
cally depends on a functional m6A RNA methylation sys-
tem. Loss of FTO leads to rapid progression into severe
heart failure, shifting cardiomyocyte remodeling from
hypertrophy toward atrophy and apoptosis, driven by
mTORC1-S6K1 hyperactivation and impaired autoph-
agy, while pharmacological inhibition of mMTORC1-S6K1
rescues the pathology. Although FTO-mediated m6A
modification has been linked to cardiac remodeling
and heart failure in previous studies, the novelty of our
work lies in dissecting the early phase of pressure over-
load—induced remodeling. By applying a one-week TAC
model, we capture the critical transition from adaptive
to maladaptive remodeling, a stage largely overlooked in
earlier work that focused on chronic or established heart
failure.

Further, we employed hiPSC-CMs rather than rodent
primary cardiomyocytes to enable mechanistic investiga-
tions directly in a human system with high translational
relevance. hiPSC-CMs provide a robust and reproducible
source of highly pure (>95%) cardiomyocytes with vali-
dated electrophysiological properties, and their essen-
tially unlimited availability allows diverse experimental
applications. In our study, they served as a suitable plat-
form to dissect FTO-dependent signaling pathways in
a human context, complementing the in vivo findings.
While hiPSC-CMs are immature and cannot reproduce
mechanical load, they are widely used and accepted to
complement animal studies and dissect signaling path-
ways [28, 29].
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Fig. 7 FTO ablation induces apoptosis and atrophy via mTORC1-S6K1 pathway: The hiPS-CMs were transfected with siRNAs of FTO and scr for 24 h,
further treated with mTORC1 inhibitors Rapamycin (Rapa) and PF-4709671(S6Ki) with 50 nM and 5 pM final concentration respectively, for another 24
h: (A) Representative images of TUNEL staining for each condition (Un - Untreated); (B) pooled TUNEL analysis, the percentage of TUNEL positive cells
from the total number of cardiomyocytes were calculated for each condition, biological replicate, n=3-4 for each condition; (C) Representative western
blots of FTO silenced hiPS-CMs with or without mTORCT inhibitors, the activity of mTORC1-S6K1 is showed by P-S6 signals; cl.PARP signal represents
cardiac apoptosis; (D) pooled quantitative densitometry analysis of cl.PARP (marker of apoptosis); biological replicate, n=5 for each condition; *p <0.05
and **p<0.01 all by student’s t-test; (E-I) Study of the effect of hypertrophic response by Endothelin-1(ET-1) in siFTO-hiPS-CMs and scr hiPS-CMs with or
without PF-4709671 (S6K1i); 24 h after transfection, the CMs were incubated with or without 10 nM of ET-1 and 5 uM of S6KTi for 24 h respectively: (E)
Representative western blots of cardiomyocyte hypertrophic markers, MYH7 and ANP; (F) and (G) shows the pooled quantitative densitometry analysis
of MYH7 and ANP respectively, The mean with SEM is presented. biological replicate, n=3-4 for each condition; *p <0.05 and **p <0.01 all by student’s
t-test; (H) Immunofluorescence data showing the effect of ET—1 and S6K1i in siFTO-CMs and scr-CMs (alpha-actinin in green and DAPI in blue); (I) Mea-
surement of average cell area in um.? quantified using Image J; The mean with SEM is presented. n represents single cell (Scr Un, n=167; Scr ET-1,n=116;
Scr ET1+S6K1i, n=92; siFTO Un, n=103; siFTO ET-1, n=94; siFTO ET-1+S6K1i, n=166) statistical analysis is performed using one-way ANOVA column

analysis *p <0.05; *** p<0.001; **** p <0.0001

m6A methylations are crucial for adaptive cardiac
hypertrophy

The response to increased afterload at first involves
hyperacute adaptation of calcium cycling by CaMKII-
activation, followed by compensatory hypertrophy in
the first days [30, 31]. it is demonstrated that this early
compensatory phase has favourable adjustments in
Ca2 +sensitivity as well as preserved contractile output
which is deteriorated at the later stages [1, 32]. Indeed,
our echo data showed that our control mice developed
concentric hypertrophy with preserved cardiac output
one-week after TAC surgery. Nevertheless, in FTOcKO
mice, this early compensatory hypertrophy is absolutely
lost, and they instead have a dilatative phenotype with
decreased cardiac output. This shows that disturbance
of m6A-RNA-methlyation by FTO-knockout shifts
from the adaptive to a maladaptive response after pres-
sure overload. At one-week post-surgery, compensated
hypertrophy is observed, followed by a progressive devel-
opment of heart failure at extended TAC durations, spe-
cifically at eight weeks after TAC surgery. Our previous
study on cardiac hypertrophy (1-week post TAC) showed
increased hypomethylation in the pathways of cellular
response to stress, and metabolic processes, further, in
the heart failure model (8-week post TAC), we detected
increased methylation changes in metabolic processes
and mitochondrial functions that triggers increased
stress in the heart [14]. However, as demonstrated in this
study, in our FTOcKO model, we found hypermethyl-
ation in the development of cardiac muscle and impair-
ment in the cellular response to stress one week after
TAC, indicating failure in the early adaptive process.
Additionally, the hearts of FTOcKO animals experienced
a higher reduction in EF (<10%) and a quicker decom-
pensation within four weeks after TAC, indicating a
faster progression of heart failure in response to pressure
overload [14].

The influence of FTO on adaptive hypertrophy was also
demonstrated here in iPS-cardiomyocytes. In the long
run, lack of adaptive signaling exacerbates with pressure
overload and induces heart failure in FTOcKO mice with

increased collagen formation. Most heart failure patients
have — even when ejection fraction is reduced — episodes
of increased afterload. FTO downregulation in these
patients drives maladaptive signaling by these episodes
eventually explaining the decompensation-triggered pro-
gression of heart failure [33].

In the context of m6A RNA methylation, heart failure
is characterized by marked increase in global m6A meth-
ylation and steady downregulation in FTO expression in
both rodents and human failing hearts [14, 17, 34-36].
Further, it is also shown that METTL3 is indespen-
sible for cardiac homeostasis and cardiac hypertrophy,
indicating the importance of both m6A methylase (e.g.
METTL3) and demethylase (FTO) in cardiac function.

In this current study, at the basal level, we demon-
strated that FTO-deficient mouse hearts had decreased
cardiac performance and developed a dilatative phe-
notype by the age of 4 months which worsened at the
time of 6 months. This finding contrasts with that of
Dorn et al., who showed that METTL3-cKO animals
exhibit cardiac anomalies at the beginning of the eight-
month period [5]. Although METTLS3 is crucial for car-
diac homeostasis and hypertrophy, its absence might be
compensated by other m6A modifiers in order to bal-
ance its m6A regulatory effects. However, this compen-
satory effect is likely to be limited in FTOcKO animals
which results in rapid downfall in cardiac function and
increased cardiac dilation. Hence, the dilatative pheno-
type of FTOcKO mice exacerbates with pressure over-
load, ultimately resulting in rapid heart failure within 4—-6
weeks post-TAC surgery. In vitro, we showed that FTO
depletion in cardiomyocytes reduced the cardiomyo-
cyte geometry and further with ET-1 treatment showed
attenuated hypertrophy. The similar effect of reduced
hypertrophy when exposed to hypertrophic stimuli was
demonstrated using m6A methylase METTL3 knock-
down in primary cardiomyocytes [5]. However, unlike
FTO knockdown, METTL3 silencing had no influence
on basal cardiomyocyte growth. Furthermore, through
our MeRIP-seq analysis we identified that the tran-
scripts of cardiac muscle tissue development, ventricle
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development, and cardiac muscle tissue morphogenesis
are differentially m6A methylated with higher percent-
age in FTO knockout rodent hearts, indicating the tight
regulation of FTO demethylase on the mRNA transcripts
of cardiac hypertrophy and remodeling.

Diminished FTO triggers deleterious signaling
mechanisms.

Furthermore, FTO deficiency not only led to m6A imbal-
ance in the mRNA transcripts causing both hyper and
hypo methylations, but also activated deleterious signal-
ing pathways in the rodents hearts and human iPS-CMs
as a consequence.

We know that deciphering the m6A methylome is
complex and it involves quick changes in the transcripts
under stress and influences the translational efficiency
with or without correlation at the mRNA levels. How-
ever, based on our methylation data and mechanistical
investigations, we hypothesise that the increased stress
and apoptosis induction in the heart of FTOcKO TAC
animals compared to control groups are primarily caused
by 1. hypermethylation in the transcripts of apoptosis
regulation (CDK1, CFLAR), 2. hypermethylation in the
transcript involved in mTORC1 signaling (AKT1S1),
which causes mTORCI1 hyperactivation, and 3. hyper-
methylation of the transcript involved in autophagy regu-
lation (TFEB), which causes autophagy impairment.

In vitro, FTO loss induced apoptosis in cardiomyocytes
indicating its cardioprotective effect and control over
pathological remodeling. This is consistent with recent
publications that showed FTO to have anti-apoptotic and
anti-inflammatory effects on cardiomyocytes exposed to
hypoxia/reoxygenation (H/R) [37, 38].

Further, we discovered improper hyperactivation in
mTORC1-S6K1 pathway in FTO deficient cardiomyo-
cytes. There were more studies on the effect of mTORC1
on cardiac hypertrophy [21, 22, 39]. Although it is known
that mTORC]1 signaling mechanism is essential for car-
diovascular development during embryogenesis and
the postnatal stage [22, 23, 40, 41], many pieces of evi-
dence show that partial inhibition of mTORCI improves
cardiac function and reverses the maladaptive cardiac
remodeling by reducing hypertrophy and fibrosis in age-
ing and in pressure overload model [22, 42—-45]. More-
over, mTORC] is primarily dysregulated and maladpative
in a number of pathological conditions such as cancer,
neurological disorders, obesity, and T2D [46]. Further,
constitutive activation of S6K1 increase oxidative stress,
mitochondrial dysfunction and cause early senescene
in endothelial cells [47]. Correspondingly, there are evi-
dences on inappropriate activation of mTORC1 and
reduced autophagy in the mouse models of cardiomyopa-
thy, and further, mTORC]1 inhibition by rapamycin res-
cued the cardiac function in these animals [48, 49].
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In relation to this, our meRIP data from the heart of
FTOcKO mice indicated hypermethylation in the tran-
scripts of AKT1S1 (encodes PRAS40) which is a binding
partner and regulator of mTORCI1 activity, and hypo-
methylation in the transcripts of FNIP1 which is the
regulator of S6K1 phosphorylation [50, 51]. We identi-
fied that FTO knockdown in cardiomyocytes has impact
on AKT1S1 both at the mRNA and protein levels. The
mRNA expression of AKT1S1 is significantly reduced
and further the hypermethylation of AKT1S1 reduced
the translational efficiency reflecting in the downregu-
lation of PRAS40 total protein levels in FTO depleted
cardiomyocytes. Therefore, reduction in PRAS40 total
protein might be the major contributing factor for
mTORC1-S6K1 hyperactivation in the FTO silenced car-
diomyocytes. Altogether, our study discloses the possible
fact that m6A imbalance under FTO loss, subsequently
caused dysfunctional mTORC1-S6K1 pathway, resulting
in pathological remodeling in the heart.

The role of m6A alterations in controlling the lysosomal
degradatory pathway autophagy has been well described
in different cell types. Despite disagreements regarding
the relationship between FTO and the autophagy path-
way in cancer cells [52—54], two significant investigations
showed the beneficial regulatory effect of FTO demethyl-
ase on autophagy [55, 56].

Consequently, we discovered the FTO demethyl-
ase's potent regulatory influence on the induction
of autophagy in cardiomyocytes. The production of
autophagosomes was reduced and the auophagic flux
was inadequate due to FTO deficiency in cardiomyo-
cytes which is in correlation with Jin et al., where they
showed using HEK293T cells and HeLa cells that FTO
loss reduced autophagy induction by reducing ULK-1
protein levels and LC3 puncta respectively [55, 57]. Fur-
thermore, we detected differential methylation in TFEB
transcript in the heart of FTOcKO mice. The transcrip-
tion factor,TFEB is known to regulate the expression of
genes involved in autophagy initiation, autophagosome
formation and lysosomal biogenesis [58]. In our study,
TFEB is hypermethylated upon FTO loss influencing the
translational efficiency resulting in reduced total protein
levels of TFEB without significant changes at the mRNA
levels. The defective autophagy in FTO knockdown car-
diomyocytes may therefore be caused by a combination
of mechanisms, including hypermethylation of TFEB
transcripts and increased mTORC1-S6K1 signaling via
AKT1S1 hypermethylation.

Inhibition of MTORC1-S6K1 is sufficient to reverse
pathological remodeling

Furthermore, in FTO-depleted human cardiomyocytes,
the effects of cardiac atrophy and apoptosis were effec-
tively counteracted by PF-4708671, a selective S6K1
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Fig.8 Proposed model of regulatory effects of FTO dependent m6A methylation in cardiac remodeling: Under acute stress, FTO dependent m6A methyl-
ations cordially regulate mTORC1-S6K1 pathway to conduct cardiac hypertrophy which is the early stage of adaptive cardiac remodeling. However, under
chronic stress conditions, FTO is diminished and m6A network is imbalanced; mechanistically, FTO deficiency increases mTORC1-56K1 hyperactivation
and defective autophagy subsequently inducing cardiac atrophy and apoptosis, eventually heart failure

inhibitor. It should be noted that overexpression of
FTO in the heart failing models is undoubtedly a poten-
tial therapeutic target as shown by Mathiyalagan et al;
However, the process of heart-specific gene therapy
development (eg. AAV mediated gene therapy, RNA-
targeted therapy) to increase FTO protein expression is
firstly, time consuming and has its own limitations. In
this line, our findings suggest a novel downstream tar-
get, the mTORC1-S6K1, in the course of pathological
remodeling. Clinical research investigations have already
developed promising and pharmacologically available
p70S6K1 small molecule inhibitors namely, LY2584702
[59], DG2 [60] and AT7867 [61] which have impressive
pre-clinical data for efficacy and safety for the treatment
of cancer [62]. Therefore small molecule inhibitors and
FDA approved mTOR inhibitors targeting mTORC1-
S6K1 might be an interesting target for further heart fail-
ure therapy.

Limitations

One limitation of our study is that sample sizes were
based on prior experimental experience rather than for-
mal power analysis. As a result, some variability exists
between groups, particularly between Sham and TAC
animals. While the sample sizes were sufficient to detect
robust differences in most measured parameters, this
variability may have affected the statistical power for cer-
tain comparisons and should be considered when inter-
preting the results.

Conclusions

In conclusion, our research sheds light on the significance
of FTO-dependent m6A methylations in coordinating
the signaling processes that lead to early compensatory
hypertrophy (Fig. 8). Also, we uncovered the detrimen-
tal pathways of pathological remodeling in relation to the
imbalance in the FTO-m6A pathway and its role in heart
failure (Fig. 8). FTO demethylase and its underlying func-
tional mechanisms may thereby pave the way for novel
therapeutic approaches to the early phase therapy of car-
diac remodeling and heart failure.
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