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HIGHLIGHTS

� YTHDF2 protein is elevated in failing

hearts.

� YTHDF2 is essential for maintenance of

cardiac homeostasis.

� Loss of YTHDF2 drives cardiac

hypertrophy, fibrosis, and dysfunction in

mice.

� The proteome of YTHDF2-null

cardiomyocytes is remodeled.

� YTHDF2 binds m6A-modified Myzap

mRNA and controls its stability.

� Loss of YTHDF2 leads to pathological

accumulation of MYZAP protein.
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SUMMARY
AB B
AND ACRONYM S

ECG = electrocardiogram

Ig = immunoglobulin

m6A = N6-methyladenosine

mRNA = messenger RNA

MYZAP = myocardial zonula

adherens protein

qPCR = quantitative

polymerase chain reaction

RBP = RNA-binding protein

si-Ctrl = control cells
How post-transcriptional regulation of gene expression, such as through N6-methyladenosine (m6A) messenger

RNA methylation, impacts heart function is not well understood. We found that loss of the m6A binding protein

YTHDF2 in cardiomyocytes of adult mice drove cardiac dysfunction. By proteomics, we found myocardial zonula

adherens protein (MYZAP) within the top up-regulated proteins in knockout cardiomyocytes. We further

demonstrated that YTHDF2 binds m6A-modified Myzap messenger RNA and controls its stability. Cardiac

overexpression of MYZAP has been associated with cardiomyopathy. Thus, our findings provide an important

new mechanism for the YTHDF2-dependent regulation of this target and therein its novel role in the mainte-

nance of cardiac homeostasis. (J Am Coll Cardiol Basic Trans Science 2023;8:1180–1194) © 2023 The Authors.

Published by Elsevier on behalf of the American College of Cardiology Foundation. This is an open access article

under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

fected with nontargeting

interfering RNA
trans

small
si-Y2 = cells transfected with

small interfering RNAs

targeting Ythdf2 gene

SDS = sodium dodecyl sulfate

siRNA = small interfering RNA

Y2-cKO = YTHDF2 cardiac

knockout
M aintenance of the heart’s homeostasis is
meticulously executed by various cardiac
cell types at the level of gene expression.1

Based on robust studies from the last decades, it is
now understood that different transcriptional pro-
grams are activated in failing cardiomyocytes
compared with healthy ones.2-4 However, cardiac
protein levels do not always correlate with the abun-
dance of their mRNA transcripts, hinting at the previ-
ously overlooked importance of post-transcriptional
pathways in cardiomyocytes.5,6 RNA-binding pro-
teins (RBPs) are the leading modulators of post-
transcriptional events and control all aspects of RNA
fate, including splicing, localization, stability, and
translation. In the heart, several RBPs (ie, RBM20,
MBNL1, RBFOX) have already emerged as key regula-
tors of cardiac physiology and disease.7-9 These
studies raise intriguing questions of whether post-
transcriptional regulators of RNA biology, such as
RBPs, can provide us with new hopes for the under-
standing and treatment of heart disease.

The YTHDF1, YTHDF2, and YTHDF3 proteins
represent a unique class of RBPs, as they only
recognize a select subset of mRNAs.10,11 With their
conserved C-terminal YTH domains, they preferen-
tially bind to N6-methyladenosines (m6As), on mRNA
transcripts.12 m6A formation is accomplished by a
methyltransferase complex composed of METTL3,
METTL14, and WTAP,13,14 and its removal is achieved
by m6A demethylases, such as ALKBH5 or FTO.15,16

Our laboratory and several other groups showed
that strict regulation of m6A levels by these enzymes
is required for the heart’s ability to maintain ho-
meostasis.17-19 For example, genetic perturbation of
METTL3 or FTO leads to abnormal stress responses in
various animal and cell models.17,18 m6A levels are
also altered in human heart failure, highlighting the
clinical relevance of this pathway.20,21 However, the
exact contribution of specific RBPs to the
m6A-driven phenotypes remains an impor-
tant topic to dissect.

Most studies conform to the originally
proposed model that each YTHDF protein has
a distinct role in the regulation of the fate of
m6A mRNA, with YTHDF1 promoting trans-

lation,22 YTHDF2 facilitating mRNA decay,23 and
YTHDF3 playing a more elusive role.24 However,
other works suggest apparent redundancy or func-
tional compensation among YTHDFs depending on
the cellular context or modeling methods.25-27 Recent
studies have begun to explore the regulatory changes
in YTHDF2 with cardiomyopathy, suggesting a key
role for this YTHDF member in the heart.28-30

Here, we used genetically engineered mice with
cardiomyocyte-specific loss of Ythdf2 (YTHDF2 car-
diac knockout [cKO]), which resulted in cardiac
dysfunction, hypertrophy, and fibrosis. Mechanisti-
cally, we found up-regulation of the intercalated
disc myocardial zonula adherens protein (MYZAP)
(also known as MYOZAP) in cardiomyocytes lacking
YTHDF2. We further demonstrated the ability
of YTHDF2 to bind m6A-modified Myzap mRNA
and facilitate its decay. Overall, we present a novel
post-transcriptional mechanism positioning YTHDF2
at the center of m6A RNA regulation and essential for
maintenance of cardiac structure and function.

METHODS

ANIMAL GENERATION AND TREATMENT. Adult male
and female C57BL6N mice between 2 and 4 months
of age were used in this study. Mice were housed at 72
�F under a 12-hour light/dark cycle and maintained on
a standard chow diet. Mice had ad libitum access to
food and water. The generation of cardiac-specific
YTHDF2 deletion mice was achieved in the

http://creativecommons.org/licenses/by-nc-nd/4.0/
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following manner. Ythdf2 LoxP-targeted (flox/flox;
exon 4) mice (Ythdf2fl/fl) were crossed with mice
expressing tamoxifen-inducible Cre recombinase
gene under the control of the alpha myosin heavy
chain promoter (aMHC-MerCreMer) mice, to obtain
cardiomyocyte-restricted Ythdf2 knockout (Y2-cKO)
in adult mice.

To induce deletion, tamoxifen (MilliporeSigma)
was mixed in sesame oil at 10mg/mL. 2-month-old
mice were given doses of tamoxifen at 40mg/kg body
weight/day for 5 consecutive days by intraperitoneal
injection. Mice with wild-type levels of Ythdf2, either
expressing Cre recombinase only or the Ythdf2 flox/
flox–only littermates (“Ctrl”), were used as control
animals. All mice received tamoxifen injections. All
in vivo experiments and analyses were performed at
1 month after the first tamoxifen injection. The use of
animals was approved by the Institutional Animal
Care and Use Committee at The Ohio State University.

CARDIOMYOCYTE ISOLATIONS AND IMMUNOSTAINING.

Adult mouse cardiomyocytes were isolated using a
previously described Langendorff method.31 For cell
length and width measurements, cardiomyocytes
were imaged in suspension using bright-field micro-
scopy (magnification �20) on an EVOS FL Auto II
microscope (Thermo Fisher Scientific). At least 50
myocytes were measured for each mouse.

For immunostaining, isolated cardiomyocytes
were plated on laminin-coated glass coverslips kept
in 24-well dishes, fixed and permeabilized at room
temperature in 4% paraformaldehyde in phosphate-
buffered saline for 20 minutes and blocked in 5%
bovine growth serum in phosphate-buffered saline
(0.01% sodium azide, 0.1% Triton X) for 1 hour. Cells
were stained with the following primary antibodies
overnight in blocking solution: YTHDF2 (1:100; Pro-
teintech; rabbit; #24744-1-AP), MYZAP (1:100; Sigma-
Aldrich; rabbit; #ABT407), or N-cadherin (1:200; Life
Technologies; mouse; #33-3900). Cells were stained
with DAPI (1:1000) and fluorescent secondary anti-
bodies (1:500) in blocking solution for 2 hours at room
temperature. Secondary antibodies included Alexa-
conjugated donkey anti-mouse 568 and donkey anti-
rabbit 488. Images were obtained with Nikon A1R
Galvano scanning inverted confocal microscope at the
OSU Campus Microscopy and Imaging Facility.

ECHOCARDIOGRAPHY AND ELECTROCARDIOGRAPHY.

Echocardiographic measurements were taken using a
VisualSonics Vevo3100 system and MS-550D trans-
ducer. The mice were lightly anesthetized (1.5% iso-
flurane), and the ejection fraction, fractional
shortening, and ventricular chamber dimensions
were determined in the M-mode using the parasternal
short-axis view at the level of the papillary muscles.
Measurements were calculated from the average of at
least 3 consecutive cardiac cycles using the VevoLAB
program (VisualSonics). All echocardiographic mea-
surements are reported in Supplemental Table 1.

Surface electrocardiograms (ECGs) were carried
out in anesthetized mice (1.5% isoflurane) placed
prone on a heated pad. Needle electrodes were
placed under the skin to record in Lead-I configu-
ration using a PowerLab system (ADInstruments).
The baseline recording was performed for 5 minutes,
and the standard parameters (heart rates; P dura-
tion; PR, QRS, QT, JT, QTc, JTc, and RR intervals; ST
height; and all wave amplitudes) were calculated
using LabChart Pro ECG Analysis v2.3.2 module
(ADInstruments). Manual adjustments were made to
ensure that each parameter was marked correctly.
After 5 minutes of stable baseline recording,
epinephrine (1.5 mg/kg) and caffeine (120 mg/kg)
were injected intraperitoneally, and the ECGs were
recorded for additional 15 minutes. Animals were
monitored for ventricular arrhythmic events using
timed interval analysis (every fifth, 10th, and 15th
minutes following injection). Arrhythmia scoring,
adapted from van der Werf et al,32 was used to
assign individual scores to each mouse based on the
worst ventricular arrhythmia displayed: 0 ¼ no
events; 1 ¼ isolated premature ventricular contrac-
tions (<10 per minute); 2 ¼ frequent premature
ventricular contractions ($10 per minute);
3 ¼ ventricular bigeminy; 4 ¼ ventricular tachy-
cardia.32 The Wilcoxon rank sum test was used to
compare group means for the nonparametric
arrhythmia scores between genotypes. Incidence of
arrhythmic events in the 2 groups was compared by
Fisher exact test.

TISSUE STAINING AND QUANTIFICATION. Tissues
were fixed in 10% neutral buffered formalin for
18 hours and processed for paraffin embedding. A
Shandon Finesse 325 microtome (Thermo Fisher
Scientific) was used to trim the surface of the paraffin
blocks until all embedded tissues were exposed to the
air. The blocks were then placed face down in ice
water overnight to hydrate the tissue. Once hydrated,
tissue blocks were cut in 5-mm sections. Paraffin sec-
tions were stained with hematoxylin and eosin, Pic-
rosirius red staining, or fluorescent wheat germ
agglutin using standard procedures. The total area of
fibrosis on Picrosirius red–stained images was
measured using the threshold function within ImageJ
v1.53t (National Institutes of Health), and this value is
divided by the total area of tissue to derive a value for
% fibrosis.

https://doi.org/10.1016/j.jacbts.2023.03.012
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For the determination of cardiomyocyte cross-
sectional areas, paraffin-embedded sections were
deparaffinized, subjected to antigen retrieval for
15minutes in boiling sodium citrate buffer (10mM so-
dium citrate, pH 6.0, 0.05% Tween 20), rinsed in
distilled water, incubated for 1 hour at room temper-
ature with blocking buffer (3% bovine growth serum,
0.05% Tween 20), and then incubated for 2 hours at
room temperature with wheat germ agglutinin, Alexa
Fluor 488 conjugate (50 mg/mL; Invitrogen; #W11261).
Slideswere then rinsed andmounted in VECTASHIELD
(Vector Labs; #H-1000-10) and imaged on the EVOS
Imaging System (Invitrogen). All images were im-
ported into ImageJ software for quantification of cell
cross-sectional area using built-in particle analysis
setting. Measurements from 5 different images per
cross-section were used to obtain an average cell area
for 1 mouse heart.

WESTERN BLOTTING AND QUANTIFICATION. Whole
heart protein extracts were generated using RIPA
buffer (150 mM NaCl, 1% IGEPAL, 0.5% sodium
deoxycholate, 0.1% sodium dodecyl sulfate [SDS],
1 mM EDTA, 10 mM NaF, 50 mM Tris pH 7.4) with
protease (cOmplete tablets, EDTA free; Roche) and
phosphatase (phosphatase inhibitor cocktail sets I þ
II; Millipore) inhibitors. Briefly, the hearts were snap-
frozen in liquid nitrogen and cryopulverized (Cole
Parmer Tissue Pulverizer; #40355). The lysates were
sonicated for 10 minutes in the water bath, centri-
fuged (4 �C � 21,000 g � 20minutes), and quantified
using Pierce BCA Protein Assay Kit (Thermo Fisher
Scientific; # 23225). Standard Western blotting anal-
ysis was performed using 10% SDS-polyacrylamide
gel electrophoresis gels with YTHDF2 (1:1000;
Abcam; #ab220163) or MYZAP (1:1000, Sigma-Aldrich,
ABT407) primary antibodies. Secondary antibody in-
cubations were done at room temperature for 60 mi-
nutes using horseradish peroxidase–conjugated
antibodies (1:10,000) and then imaged using a
ChemiDoc system (Bio-Rad). Individual band in-
tensity was quantified with ImageJ software using
Ponceau-stained total proteins as a loading control.
The normalized signals were calculated by dividing
the signal intensities of each target protein (YTHDF2
or MYZAP) by the total loading factor (Ponceau).

MASS SPECTROMETRY–BASED PROTEOMICS ANALYSIS.

Isolated adult cardiomyocytes from control or Y2-cKO
mice (3 hearts per genotype) were lysed in TMT-MS
lysis buffer (50 mM Tris-HCl, pH 7.6, 150 mM NaCl,
0.5% Na deoxycholate, 1% SDS, 1 mM EDTA without
protease inhibitors), sonicated, and cleared at 20,000
g for 20 minutes at 4 �C. Supernatant concentrations
were measured with BCA assay, and 100 mg of
extracted proteins were submitted to The Ohio State
University Campus Chemical Instrument Center Mass
Spectrometry and Proteomics Facility. Tandem-mass
tag analysis was performed by labeling all samples
with reactive isobaric tags, mixed and analyzed in a
single liquid chromatography tandem mass spec-
trometry experiment as previously described.33

RNA IMMUNOPRECIPITATIONS. Fresh mouse heart
tissues were excised, homogenized with handheld
homogenizer, and sonicated in buffer A (100mM KCL,
5mM MgCl2, 10mM HEPES, pH 7.0, 0.5% NP-40, 1mM
dithiothreitol, protease inhibitors). Sonicated sam-
ples were clarified by centrifugation at 4 �C for
15minutes. Pulldown was performed by incubating
2 mg of protein extract with 5 mg of antibody (anti-
YTHDF2, #24744-1-AP [Proteintech]; anti-rabbit
immunoglobulin G [IgG], #12-370 [EMD Millipore]) at
4 �C for 4 hours, followed by the addition of 40 mL of
protein A/G magnetic beads (#88803; Pierce) to the
rotation overnight. The following day, samples were
washed 5 times in buffer B (50mM Tris pH 7.4,
150mM NaCl, 1mM MgCl2, 0.05% NP-40), subjected to
DNase I (#AM2238; Invitrogen) digest at 37 �C for
5minutes, and then eluted in buffer B, supplemented
with 1mg/mL Proteinase K (#E195-5ML; VWR) and
0.1% SDS, at 55 �C for 30minutes. Following elution,
RNA from input and immunoprecipitation samples
was isolated using standard phenol-chloroform
extraction followed by reverse transcription and
quantitative polymerase chain reaction (qPCR) with
gene-specific primers. The experiments were per-
formed in 3 independent technical replicates.

m6A IMMUNOPRECIPITATIONS. Total RNA was
extracted from wild-type mouse heart tissues (n ¼ 3
biological replicates) using TRIzol (Life Technologies).
A total of 0.5 mgwas reserved for input and subjected to
reverse-transcription qPCR. A total of 10 mg of each
purified RNA extract was incubated with 5 mg of m6A
polyclonal antibody (Synaptic Systems) in ice-cold IPP
buffer (150 mM NaCl, 0.1% NP-40, 10 mM TrisHCl, pH
7.4, and 200 U/mL RNase inhibitor) for 2 hours at 4 �C.
Rabbit IgG antibody was used as a nonspecific control.
Following the 2 hours incubation, prewashed Pierce A/
G magnetic beads (#88803) were added into RNA-m6A
immunoprecipitations and subjected to incubation for
additional 2 hours at 4 �C. The beads were then washed
5 times with 1 mL ice-cold IPP buffer (150 mM NaCl,
0.1% NP-40, 10 mM TrisHCl, pH 7.4). The immuno-
precipitation complexes were digested with protein-
ase K (in the presence of 0.1% SDS) at 55 �C for 1 hours,
and the RNA was isolated using phenol-chloroform
extraction followed by reverse transcription and
qPCR with gene-specific primers.
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mRNA ANALYSIS BY REAL-TIME POLYMERASE

CHAIN REACTION. RNA was extracted using TRIzol
and then reverse-transcribed using the High Capacity
cDNA Reverse Transcription kit (Applied Biosystems).
Selected gene expression differenceswere analyzed by
qPCR using SsoAdvanced SYBR Green Supermix (Bio-
Rad) in a 96-well format and the ddCT method of
analysis. Quantified mRNA levels were normalized to
the housekeeping gene Rpl7, and expression is pre-
sented relative to control levels. Primers used were:
mouse Ythdf2 50-TGGTTCTGTGCATCAAAAGGA-30 and
50-CACCTCCAGTAGACCAAGCA-30; mouse Myzap 50-
GCAGTTAGAGGCTGCTCAGATG-30 and 50-GCTTTC
TCGTCATCTCCCGCAT-30; mouse Fbn1 50- GCTGTGAA
TGCGACATGGGCTT-30 and 50-TCTCACACTCGCAA
CGGAAGAG-30; mouse Myh7 5-CCTGCGGAAGTC
TGAGAAGG-30 and 50-CTCGGGACACGATCTTGGC-30;
mouse Esr1 50-TCTGCCAAGGAGACTCGCTACT-30 and
50-GGTGCATTGGTTTGTAGCTGGAC-30; mouse My6b
50-GCTTCGTGTGTTTGACAAAGAGG-30 and 50-CTGCC
AGAACAGTCTCTACCTC-30.

NUCLEAR RNA EXTRACTION. Whole heart tissues
from control or Y2-cKOmice (n ¼ 4 per genotype) were
pulverized and resuspended in lysis buffer (50 mM
Tris-HCl, pH 7.6, 50 mM NaCl, 5 mM MgCl2, 0.1% IGE-
PAL, 1mM b-mercaptoethanol, with fresh protease and
RNase inhibitors). After homogenization with a hand-
held glass-glass Dounce homogenizer (30 strokes), the
samples were incubated on ice for 30 minutes and
centrifuged at 2,000 g for 3 minutes. The pellets con-
taining the nuclei were washed 2 times with lysis
buffer, then resuspended in TRIzol, and nuclear RNA
was extracted according to standard manufac-
turer’s instructions.

RNA AND PROTEIN STABILITY ASSAYS. mRNA and
protein stability assays were performed in H9C2 rat
cardiomyoblast cells transfected with either control
nontargeting small interfering RNA (siRNA) or a pool
of 3 rat-specific siRNAs targeting Ythdf2 gene (Inte-
grated DNA technologies). For RNA stability, experi-
ments were performed 48 hours after siRNA
transfection with Lipofectamine RNAiMax (Thermo
Fisher Scientific; #13778150) using 10 mg/mL Actino-
mycin D (#A1410; Sigma-Aldrich) as a transcription
inhibitor. Cells were treated with actinomycin D for 0,
1, 2, 4, or 6 hours (n ¼ 4 wells per condition). RNA was
extracted by TRIzol, and the Myzap RNA levels were
measured by qPCR using the following primers: rat
Myzap 50-TGCAGCAAACCTATGAAGCG-30 and 50-
AGCTTTCTCGTCATCTCCCG-30. The experiments
were performed in 3 technical replicates.

For protein stability assays, cells transfected with
either si-Ctrl or si-Y2 were treated with 50-mg/mL
cycloheximide (#C4859; Sigma-Aldrich) as a trans-
lation elongation inhibitor. Cells were then collected
in RIPA lysis buffer (150 mM NaCl, 1% IGEPAL, 0.5%
sodium deoxycholate, 0.1% SDS, 1 mM EDTA, 10 mM
NaF, 50 mM Tris pH 7.4) with protease and phos-
phatase inhibitors at different time points (t ¼ 0, 4, 6,
8, 10, 14, and 24 hours). The proteins were isolated,
separated on a Western blot, and analyzed using the
method described above (refer to Western Blotting
and Quantification).

STATISTICAL ANALYSIS. All results were presented
as mean � SEM, with dots indicating individual bio-
logical samples within a group. The Shapiro-Wilk
method was used to determine the distribution of
data. Normally distributed data were compared using
the unpaired 2-tailed t test with Welch’s correction
for unequal variances or Wilcoxon rank sum test for
skewed data. For the analysis of mass spectrometry,
gene ontology over-representation analysis was per-
formed using WebGestalt (WEB-based Gene SeT
AnaLysis Toolkit)34 with post hoc adjusted false dis-
covery rate based on Bonferroni test. For RNA
immunoprecipitation analysis, paired 1-tailed t test
was used to assess for enrichment greater than in the
IgG control. The best-fit values for mRNA and protein
decay rates (k) and half-lives were calculated using
nonlinear least-squares regression curve fitting
(1 phase decay). A P value of #0.05 was considered
statistically significant, and analyses were performed
using GraphPad Prism 9 software (Graph-
Pad Software).

RESULTS

YTHDF2 REGULATION IN STRESSED HEARTS AND

GENERATION OF MICE LACKING YTHDF2 IN

CARDIOMYOCYTES. To understand whether YTHDF2 is
responsive to cardiac stress, we compared protein
samples from murine hearts subjected to either sham
operation (nonfailing) or pressure overload injury
(failing) (Figures 1A and 1B). We found an increased
YTHDF2 protein level in failing hearts compared with
uninjured control hearts (Figures 1A and 1B), sug-
gesting a crucial role for this protein in regulating
cardiac homeostasis. To assess its physiological rele-
vance, we generated a cardiomyocyte-specific and
inducible loss-of-function mouse model for YTHDF2
(Y2-cKO) (Figure 1C). We achieved significant deple-
tion of YTHDF2 levels from total hearts both at the
mRNA and protein levels, suggesting a primary
contribution of cardiomyocytes to the cardiac
expression profile of YTHDF2 (Figures 1D to 1F). We
then further validated the efficiency of our model on
isolated cardiomyocytes, in which we achieved a near



FIGURE 1 YTHDF2 Regulation in Stressed Hearts and Generation of Mice Lacking YTHDF2 in Cardiomyocytes

(A)Western blot of YTHDF2 protein expression and total protein by Ponceau stain in nonfailing and failing mouse hearts. Heart failure samples were obtained from mice

subjected to transverse aortic constriction, and nonfailing controls have undergone sham surgeries. (B) Quantification of YTHDF2 intensity using total protein by

Ponceau stain as a loading control. (C) Schematic of cardiomyocyte-specific tamoxifen-inducible YTHDF2 cardiac knockout (Y2-cKO) mouse generation. (D) Quantitative

polymerase chain reaction analysis of Ythdf2 messenger RNA (mRNA) expression in the whole hearts of control and Y2-cKO mice. (E) Western blot analysis of YTHDF2

protein expression in control and Y2-cKO whole hearts. (F) Quantification of YTHDF2 intensity on Western blot using total protein by Ponceau stain as a loading

control. (G) Validation of YTHDF2 deletion by Western blot in control and Y2-cKO isolated cardiomyocytes. (H) Quantification of relative expression of YTHDF2/total

protein by Ponceau stain. (I) Immunofluorescence analysis of YTHDF2 expression (green) in cardiac cross-sections from control and Y2-cKO mice. White arrowheads

indicate YTHDF2 localization at the areas of cell-cell contacts between cardiomyocytes. DAPI ¼ blue. Scale bar ¼ 100 mm. Normally distributed data were compared

using the unpaired 2-tailed t test with Welch’s correction for unequal variances or Wilcoxon rank sum test for skewed data: *P # 0.05, ***P # 0.001. Data are

presented as mean � SEM with the individual biological samples shown. Group sizes are listed in order of control and Y2-cKO mice: (A, B) n ¼ 5, 5; (D) n ¼ 8, 12; (E, F)

n ¼ 4, 4; (G, H) n ¼ 3, 3. aMHC ¼ alpha myosin heavy chain; ctrl ¼ control; KO ¼ knockout.
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complete deletion of YTHDF2 (Figures 1G and 1H).
Upon examining the mRNA levels of the other 2 YTH-
domain containing paralogs in the heart, we observed
that YTHDF1 but not YTHDF3 was up-regulated in the
absence of YTHDF2 (Supplemental Figures 1A and 1B).
Our myocyte-specific knockdown was further sup-
ported by considerable loss of YTHDF2 signal (green)
from immunostained heart sections (Figure 1I).

https://doi.org/10.1016/j.jacbts.2023.03.012
https://doi.org/10.1016/j.jacbts.2023.03.012
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Interestingly, we also noticed enhanced YTHDF2
localization at the areas of cardiomyocyte cell-cell
contacts reminiscent of intercalated discs, implying
a potential involvement of YTHDF2 in the regulation
of these specialized structures (Figure 1I, white ar-
rowheads). In comparison, YTHDF1 and YTHDF3
showed distinct localization patterns (Supplemental
Figures 1C and 1D), hinting at their differences in
distribution and potentially divergent roles in
the heart.

LOSS OF YTHDF2 LEADS TO PATHOLOGICAL CARDIAC

REMODELING AND DYSFUNCTION. Loss of YTHDF2
from cardiomyocytes resulted in cardiac dysfunction,
as illustrated by reduced fractional shortening after
1 month of deletion (Figure 2A, Supplemental Table 1).
Echocardiographic analysis also showed increased
left ventricular anterior wall thickness, suggesting
the development of hypertrophy in mice lacking
cardiac YTHDF2 (Figure 2B and Supplemental
Table 1). The observed pathological changes were
accompanied by increased fibrosis (Figures 2C and 2D),
with no significant genotype-dependent contribution
from the perivascular area (Supplemental Figure 2A).
Using ECG monitoring, we detected mild changes in
resting parameters with a trend toward longer QRS
(P ¼ 0.07) and QTc (P ¼ 0.05) intervals in Y2-cKO
mice, independent of their heart rates (Figures 2E
and 2G, Supplemental Table 2). These mice also pre-
sented with longer P-wave duration, negative ST-
segment heights, and inverted T-wave direction
(Supplemental Figures 1B to 1G, Supplemental
Table 2). The observed conduction abnormalities are
consistent with the presence of hypertrophy and
fibrosis but can also indicate a potential for
arrhythmia susceptibility. Therefore, we performed
caffeine and epinephrine challenge ECG in control
and Y2-cKO animals. We found that 16% of our
knockout mice developed ventricular arrhythmo-
genic events (bigeminy and sustained ventricular
tachycardia), while none of the control animals dis-
played arrhythmia of comparable severity during the
examined time points (Figure 2H, Supplemental
Figure 2H). However, arrythmia scoring showed no
significant changes (Figure 2I), and no deaths were
observed in either group of mice.

Upon gravimetric examination, we further
observed signs of heart failure such as lung conges-
tion (Figure 3A) and increased heart size in Y2-cKO
mice (Figure 3B). This finding correlated with an up-
regulation of hypertrophic markers such as Nppa
and Nppb in the absence of YTHDF2 (Figures 3C and
3D), altogether linking the lack of YTHDF2 to the
development of cardiac pathology. To further
characterize the observed hypertrophic remodeling,
we quantified cardiomyocyte cross-sectional areas
and found their increase in YTHDF2-deficient mice
(Figures 3E and 3F). Using isolated cardiomyocytes,
we could appreciate a more pronounced increase in
length of Y2-cKO cells (Figure 3G) and geometrical
changes with increased length/width ratios
(Figures 3G to 3J), a morphological hallmark of
eccentric pathologic hypertrophy.

YTHDF2 DELETION LEADS TO PROTEOMIC REPROGRAMMING

AND UP-REGULATION OF m6A-MODIFIED MYZAP. To dissect
the molecular mechanism behind the observed car-
diomyopathy in YTHDF2 null mice, we compared the
proteomic profiles between control and Y2-cKO car-
diomyocytes by mass spectrometry. We found 81 up-
regulated and 122 down-regulated proteins in the
knockout cardiomyocytes, accounting for 12% of the
total detected proteome (Figure 4A, Supplemental
Table 3). Gene Ontology analysis of enriched biolog-
ical processes revealed down-regulation of metabolic
pathways and up-regulation of ribosomal biogenesis
and calcium signaling (Figure 4B). Notably, 5 proteins
showed a >2.5-fold change, all of which were up-
regulated in the absence of YTHDF2 (Figure 4A). To
screen for the direct targets within these top affected
candidates, we examined YTHDF2 binding to the
correspondent transcripts by RNA immunoprecipita-
tions from mouse hearts using YTHDF2-specific anti-
body compared with the nonspecific IgG control
antibody. We found Myzap as the most enriched
mRNA in complex with YTHDF2, followed by a trend
in Fbn1 and Myh7 enrichment, and no binding was
observed with Esr1 or Myl6b (Figure 4C). Using m6A
immunoprecipitation assays, we then confirmed the
presence of m6A-modified sites on Myzap mRNA,
establishing it as a genuine m6A-modified and
YTHDF2-binding transcript in the heart (Figure 4D).
Interestingly, a previous report demonstrated that
increased MYZAP expression at the intercalated disc
leads to aggregate-associated cardiomyopathy and
induction of pathological pro-hypertrophic signaling
via serum response factor.35

To assess the regulatory effect of YTHDF2 on
MYZAP expression, we analyzed our Y2-cKO and
control mouse hearts by Western blot and found sig-
nificant increase in MYZAP protein levels in the
absence of YTHDF2 (Figures 5A and 5B). To gain
further insight about how the loss of YTHDF2 alters
MYZAP in the heart, we performed immunofluores-
cence analyses in cardiac cryosections (Figures 5C and
5D) and in isolated cardiomyocytes (Figure 5E) from
control and Y2-cKO mice. We observed a measurable
increase in MYZAP fluorescence signal in Y2-cKO
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FIGURE 2 Loss of YTHDF2 Causes Cardiac Dysfunction and Fibrosis
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hearts, both at the intercalated discs and beyond
(Figures 5C to 5E). Moreover, YTHDF2 deletion was
accompanied by a less organized localization of
another intercalated disc protein, N-cadherin
(Figure 5D), hinting at a role for YTHDF2 in architec-
tural maintenance of the intercalated disc. The
observed increase in MYZAP upon YTHDF2 deletion
cannot be explained by an effect on transcription, as
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Myzap mRNA levels were unchanged in the nucleus
(Figure 5F) and were only mildly, not significantly,
elevated in the total fraction (P ¼ 0.098) (Figure 5G).
Given that YTHDF2 has been implicated in controlling
mRNA decay,23 we performed mRNA stability assays
using H9C2 cardiomyoblasts transfected with
YTHDF2-targeting siRNAs or the negative siRNA con-
trol cardiomyoblasts (Figure 5H). Loss of YTHDF2
prolonged the half-life ofMyzapmRNA (Figure 5H) and
slowed its predicted decay rate (si-Ctrl ¼ 0.29 per hour
vs si-Y2 ¼ 0.09 per hour). In contrast, analysis of pro-
tein stability showed that the estimated rates of
MYZAP decay did not differ significantly between the
control and si-Y2 H9C2 cells (Supplemental Figures 3A
and 3B). These findings are consistent with the notion
that YTHDF2 regulates Myzap post-transcriptionally,
via its control of mRNA and not protein stability.

Taken together, our study highlighted a new
YTHDF2-dependent post-transcriptional mechanism
for regulation of an important intercalated disc
protein, MYZAP, and the overall detrimental effect of
YTHDF2 loss to the cardiomyocyte homeostasis and
cardiac function.

DISCUSSION

Post-transcriptional events, such as regulation of
cardiac mRNA fates by RBPs, open exciting new
pathways to manipulate pathological gene switches
in the heart. Because RBPs coordinate every step of
mRNA life, they add another layer of complexity to
the orchestration of cardiac gene expression. In this
study, we identify an essential role of the cardiac
YTHDF2, which binds and regulates mRNAs with m6A
modification.

Our study provides important contributions to the
recent debate on the functions of the YTHDF m6A
binding proteins. Two opposing models exist: in one,
they each bind to distinct populations of mRNAs and
perform different functions,22-24 and in another, they
ed
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cipitation assays from mouse hearts showed some
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YTHDF2 was shown to bind and regulate Myh7
mRNA.28
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FIGURE 3 Loss of YTHDF2 Causes Cardiomyocyte Hypertrophic Remodeling

(A) Lung mass and (B) heart mass normalized to body mass after 1 month of YTHDF2 deletion. Quantitative polymerase chain reaction

assessment of hypertrophic markers in control and Y2-cKO whole hearts: (C) Nppa and (D) Nppb; fold change in expression was normalized to

housekeeping Rpl7 mRNA. (E)Measurements of cardiomyocyte cross-sectional areas by wheat germ agglutinin (WGA) staining. Individual data

points represent the means taken from$4 images per animal with$100 cell areas/image measured. (F) Representative WGA-stained cardiac

cross-sections (green). Scale bar ¼ 50 mm. Measurements of individual cardiomyocyte (G) length, (H) width, and (I) length/width ratios (all

from an average of n $ 50 cells per animal). (J) Representative bright-field images of isolated myocytes from the control and Y2-cKO mice.

Scale bar ¼ 50 mm. Normally distributed data were compared using the unpaired 2-tailed t test with Welch’s correction for unequal variances

or Wilcoxon rank sum test for skewed data: *P # 0.05, ***P # 0.001. Data are presented as the mean � SEM with the individual data points

shown. Group sizes are listed in order of control and Y2-cKO mice: (A, B) n ¼ 16, 10; (C, D) n ¼ 8, 12; (E) n ¼ 7, 5; (G to I) n ¼ 3, 4.

BW ¼ body weight; HW ¼ heart weight; LW ¼ lung weight; other abbreviations as in Figure 1.
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While our mass spectrometry approach allowed us
to detect global proteomic changes in response to
YTHDF2 deletion, it also presented challenges in
differentiating between direct vs indirect effects. For
example, we observed down-regulation of metabolic
regulators. Because these processes are frequently
altered in the failing cardiomyocytes, these findings
likely represent indirect effects of YTHDF2 deletion
causing cardiomyopathy in our animals. Our YTHDF2-
cKO cardiomyocytes also showed higher levels of
ribosomal protein biogenesis and calcium ion trans-
port. The former may also be a secondary
consequence of the underlying cardiomyocyte hy-
pertrophy. As for the increase in calcium ion trans-
port, this raises interesting future questions about the
potential of YTHDF2 to regulate calcium signaling.
Aligned with a previous observation that loss of m6A
demethylation by FTO results in increased stability of
certain calcium-handling mRNAs, our YTHDF2-
deficient model may function in a similar fashion by
conferring increased stability for calcium ion trans-
porter transcripts.17

Our study highlights one key mRNA coding for the
intercalated disc protein MYZAP as a particularly



FIGURE 4 YTHDF2 Silencing Leads to Proteomic Reprogramming

(A) Tandem-mass-tag spectrometry to assess proteomic differences between control and Y2-cKO cardiomyocytes. Volcano plot of proteomic

results, dashed lines mark fold change Y2-cKO/control ¼ 1.3 and P value cutoff of 0.05. Up-regulated proteins in Y2-cKO are represented as

red dots and down-regulated proteins as blue. (B) Gene Ontology over-representation analysis (biological process) was performed on all

significantly up-regulated proteins (red) or down-regulated proteins (blue) from the mass spectrometry data using WebGestalt (WEB-based

Gene SeT AnaLysis Toolkit). The significance level was set to a false discovery rate #0.05 with a post hoc adjusted false discovery rate

based on Bonferroni test. (C) RNA immunoprecipitation followed by quantitative polymerase chain reaction from mouse hearts using YTHDF2

antibody compared with control immunoglobulin G (IgG); fold enrichment with IgG was set as 1 (dashed line). (D) RNA enrichment with N6-

methyladenosine (m6A) antibody as compared with the same mRNAs immunoprecipitated with IgG control antibody set as 1 (dashed line).

Statistics were calculated using a paired 1-tailed t test to assess for enrichment greater than in the IgG control antibody: *P # 0.05, **P #

0.01. Data are presented as the mean � SEM with the individual data points representing 3 independent replicates. Abbreviations as in

Figure 1.
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interesting target of YTHDF2 undergoing post-
transcriptional regulation. We show that YTHDF2 is
enriched at the intercalated disc, can directly bind the
m6A-modified mRNA sequence of Myzap and trigger
its decay. In response to YTHDF2 deletion in adult
mouse hearts, we show aberrantly increased MYZAP
expression, both at the intercalated disc and beyond.
On the other hand, the increase in total Myzap mRNA
levels did not reach significance in the absence of
YTHDF2; this could be explained by the post-
transcriptional nature of the described gene
regulatory mechanism in which the contribution of
transcription could mask mRNA stability effects dur-
ing total mRNA analyses.

The cardiac importance of MYZAP has been well
established, and the tight control of its expression
and activity is essential for maintenance of contrac-
tility and appropriate responses to stress.38-40

Specifically, the cardiac-restricted overexpression of
MYZAP has been shown to result in the activation of
the prohypertrophic genes under the control of the
serum response transcription factor and MYZAP
aggregate-driven cardiomyopathy at intercalated
disc.35 Recent data indicate that the intercalated disc
serves as a distinct functional unit, controlling not
only electromechanical transmission, but also mo-
lecular signal transmission between and within the
cardiomyocytes.41,42 Given the importance of the
intercalated disc in the electrical conduction, it is not
surprising that our Y2-cKO mice showed several ECG
abnormalities at baseline, such as trending increases
in QRS and QTc intervals. These trends are consistent



FIGURE 5 YTHDF2 Controls the Expression of MYZAP by Regulating Its mRNA Stability
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with slowing of conduction and an intercalated disc
pathology. However, only 16% of our knockout mice
developed severe ventricular arrhythmic events after
caffeine and epinephrine stimulation (which did not
reach statical significance) and no deaths were
observed between the 2 genotypes, implying that
YTHDF2 deletion may not be sufficient to fully alter
the electrical coupling. Instead, its damaging effect
may be more pronounced in regard to the dysregu-
lation of molecular signals relayed via the interca-
lated disc, primarily by causing adverse hypertrophic
switch.42

In our mouse heart failure model induced by
pressure overload, we found that YTHDF2 protein
expression was increased. This finding is consistent
with previous reports in human and rodent heart
failure.28,43 Uniquely from previous reports, we also
discovered that YTHDF2 is specifically enriched at the
intercalated disc in adult cardiomyocytes. This
further endorses the novel potential of YTHDF2 to
regulate intercalated disc biology and function.
Recent studies highlight that localized translation at
the intercalated disc can facilitate protein complex
assembly, allowing for efficient and timely synthesis
of proteins from locally available mRNAs.44 Regula-
tion of mRNA turnover is needed as a failproof
checkpoint mechanism to prevent translation of the
transcripts that have not passed quality control or
that have been improperly localized. It is, therefore,
possible that an underappreciated role of YTHDF2 in
cardiomyocytes involves the quality control of
mRNA-to-protein synthesis by the means of localized
mRNA decay. Future studies examining the local
control of mRNA fate at the intercalated disc by
YTHDF proteins would be key to understanding the
m6A-mediated mechanisms of mRNA turnover and
quality control in cardiomyocytes.

STUDY LIMITATION. While Myzap was critically and
directly regulated at the post-transcriptional level by
ed
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YTHDF2, we cannot currently exclude a potential
contribution of additional pathways to our observed
cardiac phenotypes. Future transcriptomewide ana-
lyses in cardiomyocytes, such as RNA immunopre-
cipitations followed by sequencing, could uncover a
more comprehensive list of YTHDF2 targets in
the heart.

CONCLUSIONS

Altogether, our work highlights the role of YTHDF2 in
regulating the stability of important transcripts in
cardiomyocytes, such as Myzap, and the overall ne-
cessity of YTHDF2 for maintenance of cardiac
homeostasis.
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PERSPECTIVES

COMPETENCY IN MEDICAL KNOWLEDGE: The pre-

clinical study presented here highlights a new molecular

mechanism underlying pathologic cardiac remodeling and

heart failure. We demonstrated the importance of pre-

serving YTHDF2 function and maintaining normal levels

of its targets (ie, MYZAP) for preservation of cardiac

function. We discovered how regulation of mRNA stability

by YTHDF2 is critical for controlling gene expression in

cardiomyocytes and preventing their hypertrophic

remodeling.

TRANSLATIONAL OUTLOOK: YTHDF2 is an RBP that

regulates m6A-modified mRNAs. Us and others have

established the importance of controlling m6A levels for

preservation of cardiac homeostasis. m6A content in-

creases in human heart failure samples independent of

the disease etiology. By dissecting this clinically relevant

pathway, our study may open the way to the develop-

ment of new therapeutic strategies for heart disease

patients.
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