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Abstract 

Cardiac diseases frequently arise from compromised cardiomyocyte differentiation 

and function. Although studies have demonstrated that loss of the m6A modification 

reader YTHDF1 impairs cardiomyocyte differentiation, the specific mRNA transcripts 

it directly regulates remain to be identified. Comprehensive analysis of public data-

bases was conducted to examine the correlation between YTHDF1 expression 

and cardiac differentiation processes as well as specific cardiac pathology. Stable 

YTHDF1-knockdown cell lines were generated in the rat H9C2 cardiomyoblasts. After 

retinoic acid (RA) induction, cardiomyocyte differentiation was assessed. RNA immu-

noprecipitation sequencing (RIP-seq) was performed in H9C2 cells, and the resulting 

data were integrated with known cardiomyocyte differentiation regulators to identify 

direct YTHDF1 mRNA targets. Here we found that YTHDF1 expression increases 

progressively during cardiomyocyte differentiation but gradually declines upon cel-

lular/organ maturation in mice. Human left ventricle (LV) exhibited higher YTHDF1 

expression than right ventricle (RV), while LV from dilated cardiomyopathy (DCM) 

patients showed modestly reduced YTHDF1 levels compared to healthy controls. In 

differentiating H9C2 cardiomyoblasts, YTHDF1 expression progressively increased. 

YTHDF1 knockdown impaired differentiation, reducing maturation markers cTnT/

cTnI, which was aligned with RNA-seq analysis. RIP-seq identified significant TET2 

mRNA enrichment in YTHDF1 complexes. YTHDF1 knockdown selectively reduced 

TET2 protein level without affecting its mRNA level, while YTHDF1 overexpression 

enhanced TET2 translation. Additionally, we identified a novel rat tet2 variant. Com-

plementation with this variant in YTHDF1-knockdown H9C2 cells rescued the dif-

ferentiation defect. Collectively, YTHDF1 promotes cardiomyocyte differentiation by 

regulating TET2 mRNA during cardiac development.
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Introduction

Defects in cardiomyocyte differentiation directly contribute to various congenital 
cardiac defects and cardiomyopathies [1,2]. Despite extensive research, the compre-
hensive molecular mechanisms and signaling networks orchestrating cardiomyocyte 
differentiation remain incompletely characterized.

Epigenetic modification represents a crucial natural mechanism for regulating 
gene expression through various modifications at the DNA, histone, and RNA lev-
els without altering the genomic sequence [3,4]. Among mRNA modifications in 
mammalian cells, N6-methyladenosine (m6A) represents the most abundant type 
[5]. Previous studies have demonstrated that during in vitro differentiation of human 
embryonic stem cells (hESCs) into cardiomyocytes, the m6A methylation level of 
mRNA increases significantly, particularly during the late differentiation stage when 
mesodermal progenitors transition to committed cardiomyocytes [6]. Additionally, 
cardiovascular-specific knockout of methyltransferase-like 3 (METTL3), a m6A writer, 
leads to insufficient m6A RNA methylation, resulting in congenital cardiac defects and 
postnatal lethality in mice [7]. Therefore, the regulatory role of mRNA m6A modifica-
tion in key genes during cardiomyocyte differentiation warrants further investigation.

The YT521-B homology (YTH) domain-containing family proteins (YTHDFs) rep-
resent a class of evolutionarily conserved mRNA m6A readers that include YTHDF1, 
YTHDF2, and YTHDF3, which can mediate mRNA translation or degradation [8]. All 
members contain a C-terminal YTH domain that binds mRNA and specifically recog-
nizes m6A modification sites [9], while their N-terminal low-complexity regions (LCRs) 
exhibit significant divergence, leading to distinct RNA-binding protein interactions—a 
key structural feature that determines their effects on mRNA translation or degrada-
tion [8]. YTHDF1 regulates mRNA translation by recognizing m6A-modified mRNAs 
and delivering them to specific effectors for protein synthesis [8]. Some studies in 
cardiovascular diseases have revealed that YTHDF1 exerts cardioprotective effects 
during myocardial injury by mediating the translation of YAP [10,11], CAV1 [12], FTH1 
[13] and RBM4 [14] mRNAs. However, it may also exacerbate apoptosis or cardiac 
fibrosis through upregulating the expression of FOXO3a [15], PIEZO2 [16], MeCP2 
[17], and AXL [18] proteins. Despite these established discoveries, investigations into 
YTHDF1’s function in cardiomyocyte differentiation remain scarce. To our knowledge, 
only one in vitro study indicates that YTHDF1 depletion severely impairs the differen-
tiation of embryonic stem cells (ESCs) into cardiomyocytes [19], although the precise 
target mRNAs regulated by YTHDF1 in this circumstance await elucidation.

Ten-eleven translocation (TET) family proteins (TETs) are a crucial class of DNA 
demethylases. They utilize the conserved C-terminal dioxygenase domain to sequen-
tially catalyze the oxidation of 5-methylcytosine (5mC) into 5-hydroxymethylcytosine 
(5hmC), 5-formylcytosine (5fC), and 5-carboxylcytosine (5caC). Subsequently, 5caC 
recognized by DNA glycosylases and replaced with unmodified cytosine through 
base excision repair (BER), thereby achieving active DNA demethylation [20]. In vitro 
studies revealed that knockout of TETs in hESCs leads to hyperactivation of Wnt 
signaling and abolishes their differentiation into cardiomyocytes [21]. And knockdown 
of TET2 alone is sufficient to inhibit the differentiation of hESCs into cardiomyocytes 

Abbreviations: 5hmC, 5-hydroxymethylcytosine; 
5mC, 5-methylcytosine; DCM, dilated cardiomyop-
athy; m6A, N6-methyladenosine; NF, Non-failing; 
RIP-seq, RNA immunoprecipitation sequencing; 
TET, ten-eleven translocation family; YTHDF, 
YT521-B homology domain-containing family.
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[22,23]. Furthermore, cardiac-specific knockout of TET2/3 in mice results in left ventricular non-compaction cardiomyop-
athy with embryonic lethality [24]. These findings collectively demonstrate the critical role of the TET family, especially 
TET2, in regulating cardiomyocyte differentiation.

In this study, we further investigated the critical role of YTHDF1 in regulating cardiomyocyte differentiation. YTHDF1 is 
upregulated during the differentiation of rat cardiac myoblast H9C2 cell line. Knockdown of YTHDF1 in H9C2 significantly 
inhibits their differentiation into cardiomyocytes. RNA immunoprecipitation (RIP) analysis revealed that TET2 mRNA is one 
of the key targets of YTHDF1. Upon YTHDF1 knockdown, the transcriptional level of TET2 in H9C2 remained unchanged, 
while its protein level decreased significantly. Notably, a novel rat tet2 variant successfully rescued the differentiation 
defect in YTHDF1-knockdown cells. These findings demonstrate that YTHDF1 binds TET2 mRNA and regulates its trans-
lation, thereby driving the sequential expression of key genes essential for cardiomyocyte differentiation.

Method

1.  Cell culture and induced differentiation

H9C2 cells were cultured in high-glucose DMEM supplemented with 10% fetal bovine serum (FBS), 1% penicillin/strepto-
mycin and maintained in a 37°C, 5% CO₂ incubator (Bluepard, China), with the medium replaced daily. When cell density 
reached 90% confluence, passaging was performed promptly. To establish stable YTHDF1-overexpressing or knockdown 
cell lines, cells were infected with lentivirus carrying rat-YTHDF1-overexpressing or -shRNA plasmids (OBiO Technology, 
China) for 48 hours, followed by puromycin selection (5 μg/mL) for one week. The shRNA target sequences are listed in 
Supplementary Table 1 (S1 Table). Throughout this article, cells transfected with the KD2 sequence are referred to as 
sh-YTHDF1 or KD cells.

For differentiation induction, cells were grown to 100% confluence and then switched to differentiation medium contain-
ing 1% fetal bovine serum (FBS) and 1 μM retinoic acid (RA). The induction lasted for 5 days, with the medium refreshed 
daily. For transient plasmid transfection, cells were transfected with plasmids using polyethylenimine (PEI) (Yeasen, 
China) one day prior to differentiation induction.

2.  Cell proliferation assay

Cells were seeded in 96-well plates at a density of 1,000 cells per well. After cell attachment (about 5 hours) and subse-
quently every 24 hours, CCK-8 reagent was added, followed by incubation at 37°C for 1 hour. The absorbance at 450 nm 
was measured using a microplate reader (Thermo Scientific, U.S.). To assess proliferation under hypoxia-reoxygenation 
conditions, cells were subjected to 24-hour hypoxia/nutrient deprivation (glucose-free medium under hypoxic conditions) 
after attachment, followed by refeeding with high-glucose DMEM under normal culture conditions for five days.

3.  Bulk RNA-seq and bioinformatics analysis

Total RNA was isolated from cell samples using TRIzol reagent (Accurate Biology, China) according to the manufacturer’s 
protocol. RNA samples were subsequently submitted at a commercial facility (OBiO Technology, China) for next- 
generation sequencing (NGS) and bioinformatic analysis, including differential gene expression analysis and functional 
enrichment analysis. The processed RNA-Seq FPKM data were provided as Supplementary Table 4. R studio software 
and GraphPad Prism software were employed for data visualization.

4.  RNA immunoprecipitation sequencing (RIP-seq)

RIP was conducted by using RNA Immunoprecipitation kit (BersinBio, China). Briefly, 2 × 107 H9C2 cells were harvest 
freshly, and lysis on ice for 30 min. After DNA digestion, cell lysate was divided into three parts, 0.8 mL (for IP sample), 0.8 
mL (for IgG sample), and 0.1 mL (as Input sample). Anti-YTHDF1 and Anti-IgG was added into IP sample and IgG sample 
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respectively followed by overnight incubation at 4℃. Equal balanced protein A/G magnetic beads were then added into IP 
sample and IgG sample for conjugation. After 2 hours, beads were washed and RNA in three samples were all extracted 
for RIP sequencing (OBiO Technology, China). The data were provided as Supplementary Table 5.

5.  Western blot (WB) and dot blot

For Western blot, cells were washed three times with phosphate buffered saline (PBS) and lysed in ice-cold RIPA buffer 
supplemented with protease inhibitor cocktail for 20 min on ice. The lysates were collected using a cell scraper and centri-
fuged at 12,000 rpm for 20 min. The supernatant was collected for protein quantification using BCA assay. Equal amounts 
of protein were mixed with denaturing and loading buffer, denatured at 100°C for 10 min, and immediately cooled on ice. 
Proteins were separated by SDS-PAGE and transferred to PVDF membranes. After blocking, membranes were incubated 
with primary antibodies at 4°C overnight, followed by incubation with appropriate HRP-conjugated secondary antibodies 
at room temperature (RT). Protein bands were visualized using ECL substrate kit and imaged with a chemiluminescence 
detector (Cytiva, Sweden).

For dot blot, genomic DNA was extracted from fresh cells using a DNA extraction kit. Equal amounts of DNA were 
denatured in DNA denaturation buffer at 100°C for 5 minutes and immediately chilled on ice. Nitrocellulose membranes 
were pre-wetted with 2 × saline-sodium citrate (SSC) buffer and air-dried. DNA samples (10 μL) were carefully spotted 
onto membranes, which were then cross-linked at 80°C. After blocking with 5% non-fat milk for 1 hour, the membranes 
were processed for antibody incubation following the same procedure as Western blot.

All antibodies used in this study are listed in Supplementary Table 3 (S3 Table).

6.  Quantitative polymerase chain reaction (Q-PCR)

Total RNA was extracted from cells using TRIzol reagent following the manufacturer’s protocol. RNA was reverse- 
transcribed into cDNA using a reverse transcription kit. Q-PCR was performed using a SYBR Green-based Taq poly-
merase master mix (Accurate Biology, China) on a real-time PCR system (Bioer, China). Data were analyzed by △△Ct. All 
primer sequences were listed in Supplementary Table 2 (S2 Table).

7.  Data processing and statistical analysis

All experimental data were analyzed and visualized using GraphPad Prism software. Statistical significance was assessed 
using Student’s t-test for two-group comparisons and one-way or two-way ANOVA followed by Tukey’s or Dunnett’s mul-
tiple comparisons test for multi-group analyses. Details of the statistical methods are provided in the figure legend. The 
significance level was marked as ‘*’ (p < 0.05), ‘**’ (p < 0.01), ‘***’ (p < 0.001) and ‘****’ (p < 0.0001).

Results

1. YTHDF1 expression level in heart show correlation with cardiomyocyte differentiation

The heart is the first organ to form and become functional during embryonic development. In mice, the heart typically 
develops into a four-chambered structure between E7.5 and E12.5 [25], with E11.5 to E14.5 being a critical phase for 
cardiomyocyte proliferation and differentiation to thicken the ventricular walls [26]. From analysis of the mouse organogen-
esis spatiotemporal transcriptomic atlas (MOSTA) [27], it revealed that compared to later stages, YTHDF1 exhibits peak 
expression levels and the broadest tissue distribution throughout the entire embryo at E9.5-E10.5, followed by a rapid 
decline (Fig 1a, 1b). Consistently in cardiac tissue, expression level of YTHDF1 significantly decreases after E10.5 (Fig 
1c). Notably, a slight upregulation is observed in both heart and muscle tissues from E12.5 to E14.5 (Fig 1c). Meanwhile, 
postnatal murine hearts also exhibit a progressive decline in YTHDF1 protein expression levels while transcription level 
has no significant change (Figs 1d, 1e, S1a), suggesting the potential role of YTHDF1 in cardiac development. Analysis 
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Fig 1.  YTHDF1 expression during cardiac development and in dilated cardiomyopathy. a. Expression patterns of YTHDF1 (up) and cTnT (cardiac 
troponin T, encoded by tnnt2) (down, a marker of heart) in mouse embryo from embryonic day 9.5 (E9.5) to embryonic day 16.5 (E16.5). b, c. Bubble 
plots of the expression of YTHDF1 and cTnT in whole mouse embryo (b) and the expression of YTHDF1 in mouse embryonic heart and muscle from 
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of GEO datasets (GSE29819) revealed that in non-failing (NF) donor hearts, YTHDF1 expression levels were significantly 
higher in the left ventricle (LV) compared to the right ventricle (RV). Notably, patients with dilated cardiomyopathy (DCM) 
exhibited a marked downregulation of YTHDF1 expression in the left ventricle (Fig 1f). Similar result was found in the 
data of GSE116250 (Fig 1g). Based on the impaired cardiomyocyte differentiation contributing to compromised contrac-
tility in DCM, these results strongly suggest that YTHDF1 may participate in the molecular regulation of cardiomyocyte 
differentiation.

2.  Knockdown of YTHDF1 inhibits rat cardiomyocytes differentiation in vitro

The H9C2 cell line, derived from rat embryonic cardiac tissue, is widely used to study early cardiac developmental pro-
cesses [28]. In our retinoic acid-induced H9C2 cardiomyocyte differentiation model, we observed a gradual increase in the 
protein levels of MYOG, a key transcription factor for myocyte differentiation; alongside elevated levels of cardiac troponin 
T (cTnT), a marker of cardiomyocyte maturation (Fig 2a). Consistently, YTHDF1 protein expression was also significantly 
upregulated during this process (Fig 2a). To investigate the functional role of YTHDF1 in cardiomyocyte proliferation and 
differentiation, we generated YTHDF1-knockdown H9C2 cell lines using lentiviral vectors, with knockdown efficiency 
validated at both transcriptional and protein levels (Fig 2b, 2c). Under normoxic conditions, proliferation rates showed no 
significant difference between knockdown and control cells (Fig 2d), while hypoxia/reoxygenation (H/R) stress may moder-
ately enhance YTHDF1-knockdown cells to proliferate (Fig 2e).

We further investigated the role of YTHDF1 in H9C2 cells differentiation toward cardiomyocytes. After 5 days 
of induction, while both groups displayed similar elongated cellular morphology, the protein level of cardiac 
troponin T (cTnT) and cardiac troponin I (cTnI) were significantly lower in YTHDF1-knockdown cells than con-
trols on Day 4, suggesting the functional deficiency in induced YTHDF1-knockdown cells (Fig 2f, 2g). Then we 
analyzed the expression patterns of key regulatory factors during the early induction phase. MYOD1, the molec-
ular determinant of myogenic progenitor cell fate commitment, exhibited a slight decrease in mRNA level upon 
YTHDF1 knockdown prior to induction (Fig 2h), although MYOD1 was sharply downregulated in both groups at 
the beginning of induction likely due to the primary involvement of MYOD1 in skeletal muscle cell differentiation 
but not cardiomyocytes (Fig 2h) [29]. Myogenin (MYOG), which primarily regulates myoblast fusion and myotube 
formation, showed rapid transcriptional upregulation at the initial stage of induction [30]. YTHDF1 knockdown 
significantly suppressed MYOG expression compared to the control group (Fig 2g, 2h). Similarly, MEF2c—a 
crucial regulator of myogenic differentiation and maturation—demonstrated lower transcriptional levels in 
YTHDF1-knockdown cells during early differentiation induction (Fig 2h) [31]. Additionally, YTHDF1 knockdown 
resulted in reduced transcriptional levels of tnnt2 (encoding cTnT) in both Day 0 and Day1 compared to control 
cells (Fig 2h). These results demonstrate that YTHDF1 knockdown significantly impairs the differentiation capac-
ity of H9C2 cells toward cardiomyocytes.

RNA-seq analysis revealed that compared with the control group of H9C2, the YTHDF1 knockdown group showed 
26 significantly upregulated genes, including itga8; and 51 significantly downregulated genes, including myog and ttn 
(encodes a large abundant protein of striated muscle) (Fig 3a). Enrichment analysis demonstrated that the upregulated 
genes were primarily enriched in cell adhesion-related pathways and several cardiac diseases (Fig 3b, 3c), while the 

E9.5 to E16.5 (c). Size, the percentage of expressed cells; Color, the mean expression level. d. mRNA level of YTHDF1 in mouse heart tissues at the 
age of 2 weeks and 6 weeks (n = 2). e. Protein level of YTHDF1 in mouse heart tissues at the age of 2 weeks, 4 weeks, 6 weeks and 24 weeks. Each 
stage has two biological replicates. f. YTHDF1 gene expression level in the hearts of none-failing people (NF) and dilated cardiomyopathy (DCM) from 
GSE29819. LV, left ventricle; RV, right ventricle. Unpaired two-tailed t test and paired two-tailed t test were used (n = 6/ n = 7). g. YTHDF1 gene expres-
sion level in the left ventricle of none-failing people (NF) and dilated cardiomyopathy (DCM) from GSE116250. Unpaired two-tailed t test was used 
(n = 14/ n = 37)‌‌.

https://doi.org/10.1371/journal.pone.0349040.g001
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Fig 2.  YTHDF1 knockdown impairs H9C2 cells differentiation toward cardiomyocytes. a. Protein levels of YTHDF1 and several differentiation 
markers during H9C2 cardiomyocyte differentiation. b, c. Relative mRNA level (b) and protein level (c) of YTHDF1 in YTHDF1-knockdown H9C2 cell 
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Fig 3.  Knockdown of YTHDF1 perturbs the expression of genes and pathways associated with myocyte differentiation and certain cardiac dis-
eases. a. Volcano plot of significantly differentially expressed genes (p < 0.05, |Log2FC| > 1, FDR < 0.05) between YTHDF1-knockdown and control H9C2 
cell lines. b-d, Enrichment analysis of up-regulated (b, d) and down-regulated (d) genes. GO, Gene Ontology; KEGG, Kyoto Encyclopedia of Genes and 
Genomes. e. Hot plot for the normalized FPKM value of top 20 upregulated genes and top 20 downregulated genes. NC, sh-NC; KD, sh-YTHDF1. Both 
of them have independent replicates. f. Transcript levels of TTN in YTHDF1-knockdown and control H9C2 cell lines before (Day 0) and at early stage of 
induced differentiation (Day 1). Two-way ANOVA was used (n = 3).

https://doi.org/10.1371/journal.pone.0349040.g003

lines. Unpaired two-tailed t test was used (n = 3). d, e. Proliferation of H9C2 YTHDF1-knockdown cells under normoxia (Normal) (d) and hypoxia/ reox-
ygenation (H/ R) conditions (e). Two-way ANOVA was used (n ≥ 3). f. Morphological changes during differentiation in YTHDF1-knockdown cells versus 
control H9C2 cells. Lines, 100 μm. g. Protein levels of marker genes in YTHDF1-knockdown and control H9C2 cell lines at the late-stage induced differ-
entiation (Day 4). h. Transcript levels of cardiomyocyte differentiation markers in YTHDF1-knockdown and control H9C2 cell lines before (Day 0) and at 
early stage of induced differentiation (Day 1). Two-way ANOVA was used (n = 3).

https://doi.org/10.1371/journal.pone.0349040.g002
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downregulated genes were predominantly enriched in pathways associated with myocyte migration and differentiation 
(Fig 3d). Top differentially expressed genes were listed in hot plot (Fig 3e). And the expression changes of myog and ttn 
were validated by Q-PCR (Fig 2h, 3f). These results aligned with the phenotypic observation in cellular experiments where 
YTHDF1 knockdown led to impaired differentiation of H9C2 cardiomyocytes.

3. YTHDF1 binds to TET2 mRNA and regulates it translation

As an m6A reader, YTHDF1 canonically functions by binding and stabilizing mRNA translation. To identify YTHDF1 target 
mRNAs, we performed RNA Immunoprecipitation Sequencing (RIP-seq). Screening of the results revealed significant enrich-
ment of TET2 mRNA (Fig 4a), which encodes an important regulator during cardiomyocyte differentiation. This interaction 
was further validated by Q-PCR, confirming the direct association between TET2 transcripts and YTHDF1 protein (Figs 4b, 
4c). Notably, During H9C2 differentiation, TET2 was upregulated (Figs 4d, 4e, S1d, S1e). Knockdown of YTHDF1 markedly 
reduced TET2 protein level without significantly affecting its mRNA abundance (Figs 4d, 4e, S1b–S1e). When YTHDF1 had 
been overexpressed in H9C2, the upregulation of TET2 protein was observed, although the cTnT was not affected (Fig 4f). 
Despite a marked reduction in TET2 protein levels upon YTHDF1 knockdown during H9C2 differentiation, DNA 5mC and 
5hmC levels remained comparable to control cells (Figs 4g, S1f, S1g). Sequencing data revealed that tet3 transcript levels 
were substantially higher than tet1 and tet2 in H9C2 cells (S1h Fig). This unchanged methylation pattern can be attributed 
to the compensatory effect of high TET3 expression, which likely prevented global changes in DNA methylation despite the 
reduction in TET2 protein levels. Collectively, these results demonstrate that YTHDF1 binds to TET2 mRNA and regulates its 
translation in H9C2 cells.

4. TET2 complementation rescues cardiomyocyte differentiation defects caused by YTHDF1 knockdown

To investigate whether TET2 mediates YTHDF1’s regulatory role in H9C2 cardiomyocyte differentiation, we performed 
TET2 complementation in YTHDF1-knockdown cells. First, we constructed a CMV-driven overexpression plasmid encod-
ing the full-length TET2 protein (1920 aa, ~ 212 kDa; Fig 5a) based on the rat TET2 mRNA sequence (NM_001427557.1). 
Second, we prepared a cDNA library from H9C2 total RNA and amplified the tet2 coding sequence by PCR. During this 
process, we unexpectedly identified a novel tet2 transcript variant (designated New XM). Sequence alignment revealed 
that New XM differs from NM_001427557.1 through alternative splicing in exons 3 and 7, while sharing the same spliced 
sequence in exon 7 with the predicted variant XM_063281965.1 (Figs 5a, S2a). Specifically, the New XM is generated 
by the use of an alternative 5’ splice site within exon 3, which truncates the exon and results in the loss of 933 amino 
acids. The New XM also harbors a downstream-shifted splice site in exon 7 (S2a Fig), resulting in deletion of one amino 
acid in the region corresponding to exon 7 of the canonical isoform. Primers flanking the alternative splicing region were 
designed, and PCR amplification yielded a prominent fragment of approximately 1,000 bp, consistent with the predicted 
amplicon size of the coding sequence (CDS) for New XM (S2b Fig). Importantly, the level of TET2 mRNA with relatively 
complete retention of exon 3 increased significantly upon differentiation, while YTHDF1 knockdown markedly attenuated 
this effect (S2c Fig). This finding is consistent with the marked reduction of the high-molecular-weight TET2 band (~250 
kDa) in YTHDF1-knockdown cells compared to controls during the induction of cardiac differentiation (Fig 4e). The alter-
native splicing in the new variant is predicted to preserve its methylcytosine dioxygenase domain—a region encoded from 
the latter segment of exon 7 to the first half of exon 11 according to the Uniprot database. Analysis of the splice- 
junction sequence at exon 3 confirmed that it follows the canonical spliceosome recognition motif and shows conserva-
tion at corresponding nucleotide positions in human and mouse tet2 (S2a, S2d Fig). The New XM variant is predicted to 
encode a 986-aa protein (~110 kDa). Transfection of this variant into 293T cells produced a markedly enhanced band at 
approximately 100 kDa (S2e Fig). Moreover, deepSRAMP prediction suggested that alternative splicing at exon 7 could 
potentially affect m⁶A modification for motif AAACT (S2f Fig). Amino acid sequence comparisons among the three variants 
are shown in S3 Fig.
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Upon induction of differentiation, we transiently expressed two TET2 mRNA variants in YTHDF1-knockdown and 
control H9C2 cells. By day 5, the new tet2 variant more effectively restored MYOG expression and cTnT levels in 
YTHDF1-deficient cells (Fig 5b–5d), thereby rescuing the differentiation defect. Similarly, in sh-1 YTHDF1-knockdown 
cells, the new variant remained more effective in promoting MYOG transcription, although tet2 transcript levels were 

Fig 4.  YTHDF1 directly regulates TET2 mRNA translation. a. the integrative genomics viewer (IGV) plot of the differential enrichment peaks of TET2 
mRNA between the IgG group and the IP group by the RIP-seq. b. the quantification of MYOG and TET2 mRNA levels in RIP samples by Q-PCR. 
Unpaired two-tailed t test was used (n = 3). c. Validation of the conjugation of YTHDF1 in RIP experiment by WB. CBS, Coomassie Blue Staining. d, e. 
the mRNA (d) and protein (e) levels of TET2 during H9C2 cells differentiation with or without YTHDF1 gene knockdown. NC, sh-NC; KD, sh-YTHDF1. 
Two-way ANOVA was used (n = 3). f. the relative protein levels of TET2, YTHDF1, cTnT in H9C2 cells differentiated at day 4 with or without YTHDF1 
gene overexpression. g. the DNA 5mC and 5hmC modification level in H9C2 cells differentiated at day 5 with or without YTHDF1 gene knockdown. MBS, 
Methylene Blue Staining‌‌.

https://doi.org/10.1371/journal.pone.0349040.g004
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Fig 5.  TET2 complementation rescues cardiomyocyte differentiation defects caused by YTHDF1 knockdown. a. Schematic of the three tet2 
mRNA variants. Blue rectangles represent exons, dark lines denote common introns, and red lines indicate exon regions absent in the canonical refer-
ence (NM_001427557.1). b. TET2 and MYOG mRNA levels at day 5 of differentiation in YTHDF1-knockdown and control H9C2 cells with transient tet2 
variant complementation. Two-way ANOVA was used (n = 3). c. TET2, MYOG, and cTnT protein levels at day 5 of differentiation in YTHDF1-knockdown 
and control H9C2 cells with transient tet2 variant complementation. NC, sh-NC; KD, sh-YTHDF1; Ctrl, control plasmid; TET2, canonical tet2 isoform 
plasmid; TET2-S, new tet2 isoform (S, short) plasmid. d. Quantification of TET2 (~100 kDa), MYOG, and cTnT protein levels from panel c (n = 3).

https://doi.org/10.1371/journal.pone.0349040.g005
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significantly higher in cells transfected with the canonical tet2 variant (NM_001427557.1) than in those transfected with 
the new tet2 variant (S2g Fig). Collectively, these findings demonstrate that YTHDF1 promotes H9C2 cardiomyocyte dif-
ferentiation by enhancing TET2 expression.

Discussion

Wang S et al. [19] demonstrated that YTHDF1 promotes the differentiation of mouse embryonic stem cells into cardiomy-
ocytes in vitro, although its direct mRNA targets remain unknown. Our database analysis shows that YTHDF1 is highly 
expressed during peak cardiomyocyte differentiation and maturation in mouse embryos, with cardiac expression declining 
in later embryonic stages and after birth. In humans, YTHDF1 expression is higher in the left ventricle than in the right. 
Notably, left ventricular YTHDF1 levels are significantly reduced in patients with dilated cardiomyopathy (DCM)—a condi-
tion often linked to defective cardiomyocyte differentiation—compared to healthy controls. These results imply a role for 
YTHDF1 in cardiomyocyte differentiation and a potential involvement in DCM pathogenesis.

Using rat H9C2 cardiomyoblasts, we further showed that YTHDF1 knockdown attenuates cardiomyocytic differ-
entiation. Importantly, we identified TET2 mRNA as a direct target of YTHDF1 and demonstrated that it regulates 
TET2 translation during differentiation. Given that YTHDF1 binds spliceosome-associated proteins and regulates 
mRNA splicing [32], it may also influence TET2 mRNA splicing during cardiac differentiation. As a key m⁶A modifi-
cation reader (YTHDF1) and a DNA demethylase (TET2), both molecules represent critical epigenetic regulators. 
Our findings reveal a regulatory hierarchy between YTHDF1 and TET2. Complementation assays showed that the 
novel tet2 variant effectively promotes cardiomyocyte differentiation in H9C2 cells. However, an important question 
remains: Why does the canonical variant fail to promote differentiation as efficiently? During complementation with 
the canonical tet2 isoform, TET2 protein appeared at approximately 100 kDa rather than the expected ~250 kDa—a 
discrepancy that warrants further investigation. We speculate that these differences arise because the overexpression 
plasmid for the canonical sequence lacks endogenous 5’ and 3’ untranslated regions (UTRs). The absence of UTRs 
may facilitate YTHDF1-independent translation but could also disrupt mRNA splicing, preventing efficient production 
of the full-length 212 kDa TET2 protein. Of note, the TET2 antibody recognizes an epitope shared by multiple iso-
forms, and several bands (e.g., ~ 130 kDa and ~200 kDa) were not well resolved by SDS-PAGE. These signals may 
represent additional splice isoforms, proteolytic fragments, or non-specific binding. Definitive identification will require 
isoform-resolved approaches in future studies. The subtle differences in the amino acids encoded near the junction 
of exons 6 and 7 also warrant investigation. Importantly, the specific m⁶A residue(s) on TET2 mRNA responsible for 
YTHDF1-mediated regulation remain unidentified. Although our current data strongly support YTHDF1’s regulation of 
TET2 protein levels through translational control, future studies could directly validate changes in TET2 mRNA distri-
bution on ribosomes. Polysome profiling, for example, would provide more direct evidence of this translational regula-
tion. Furthermore, the regulatory role of the YTHDF1-TET2 axis in the heart development requires further validation in 
embryonic stem cells and in vivo.

Generally, the proliferative and regenerative capacities of cardiomyocytes decline rapidly with age, rendering mature 
cardiomyocytes terminally differentiated. In adult mammals, cardiac repair after injury typically involves the replacement 
of functional tissue with fibrotic scarring, which significantly impairs functional recovery. In contrast, the neonatal heart 
exhibits a remarkable regenerative capacity, allowing complete structural and functional recovery following severe injuries 
such as myocardial infarction or apical resection. This study further elucidates the role of epigenetic regulation in modu-
lating cardiomyocyte differentiation, providing valuable insights for the development of therapeutic strategies for cardiac 
diseases, including myocardial infarction and heart failure.

In conclusion, our study identifies TET2 mRNA as a key functional target of the m⁶A reader YTHDF1 in regu-
lating rat cardiomyocyte differentiation, and the YTHDF1-TET2 axis in dilated cardiomyopathy deserved further 
exploration.



PLOS One | https://doi.org/10.1371/journal.pone.0349040  May 15, 2026 13 / 14

Supporting information

S1 File. Supplementary Tables 1–3; Supplementary Figures 1–3. 
(DOCX)

S4 Table. Supplementary Table 4, the processed RNA-Seq FPKM data. 
(XLSX)

S5 Table. Supplementary Table 5, the processed RIP-Seq data. 
(XLSX)

S2 File. The raw images for blots and gels. 
(PDF)

Author contributions

Conceptualization: Yajun Hu, Liyan Jing.

Funding acquisition: Guanlin Zheng.

Investigation: Guanlin Zheng, Banban Li, Maochuan Zheng, Xiuli Tian, Zhiyong Li, Hongwei Shi, Xiaoxiao Xu, Li Fan.

Methodology: Yajun Hu, Liyan Jing.

Project administration: Liyan Jing.

Supervision: Liyan Jing.

Writing – original draft: Guanlin Zheng, Zhiyong Li.

References
	 1.	 Ridgway ZL, Li X. Dysfunctional cardiomyocyte signalling and heart disease. Curr Opin Cell Biol. 2025;94:102517. https://doi.org/10.1016/j.

ceb.2025.102517 PMID: 40245468 

	 2.	 Liang J, He X, Wang Y. Cardiomyocyte proliferation and regeneration in congenital heart disease. Pediatr Discov. 2024;2(3):e2501. https://doi.
org/10.1002/pdi3.2501 PMID: 39308981 

	 3.	 Klemm SL, Shipony Z, Greenleaf WJ. Chromatin accessibility and the regulatory epigenome. Nat Rev Genet. 2019;20(4):207–20. https://doi.
org/10.1038/s41576-018-0089-8 PMID: 30675018 

	 4.	 Kan RL, Chen J, Sallam T. Crosstalk between epitranscriptomic and epigenetic mechanisms in gene regulation. Trends Genet. 2022;38(2):182–93. 
https://doi.org/10.1016/j.tig.2021.06.014 PMID: 34294427 

	 5.	 Jiang X, Liu B, Nie Z, Duan L, Xiong Q, Jin Z, et al. The role of m6A modification in the biological functions and diseases. Signal Transduct Target 
Ther. 2021;6(1):74. https://doi.org/10.1038/s41392-020-00450-x PMID: 33611339 

	 6.	 Han Z, Xu Z, Yu Y, Cao Y, Bao Z, Gao X, et al. ALKBH5-mediated m6A mRNA methylation governs human embryonic stem cell cardiac commit-
ment. Mol Ther Nucleic Acids. 2021;26:22–33. https://doi.org/10.1016/j.omtn.2021.05.019 PMID: 34513291 

	 7.	 Feng Q, Qi L, Huang J, Dong Z, Yu F, Zhang J, et al. Cardiovascular mettl3 deficiency causes congenital cardiac defects and postnatal lethality in 
mice. Int J Biol Sci. 2025;21(6):2430–45. https://doi.org/10.7150/ijbs.100941 PMID: 40303284 

	 8.	 Zou Z, He C. The YTHDF proteins display distinct cellular functions on m6A-modified RNA. Trends in Biochemical Sciences. 2024;49(7):611–21. 
https://doi.org/10.1016/j.tibs.2024.04.001 

	 9.	 Chen L, Gao Y, Xu S, Yuan J, Wang M, Li T, et al. N6-methyladenosine reader YTHDF family in biological processes: Structures, roles, and mecha-
nisms. Front Immunol. 2023;14:1162607. https://doi.org/10.3389/fimmu.2023.1162607 PMID: 36999016 

	10.	 Han Z, Wang X, Xu Z, Cao Y, Gong R, Yu Y, et al. ALKBH5 regulates cardiomyocyte proliferation and heart regeneration by demethylating the 
mRNA of YTHDF1. Theranostics. 2021;11(6):3000–16. https://doi.org/10.7150/thno.47354 PMID: 33456585 

	11.	 Wang L, Yu P, Wang J, Xu G, Wang T, Feng J, et al. Downregulation of circ-ZNF609 promotes heart repair by modulating RNA N(6)- 
methyladenosine-modified yap expression. Research (Wash D C). 2022;2022:9825916.

	12.	 Golubeva VA, Das AS, Rabolli CP, Dorn LE, van Berlo JH, Accornero F. YTHDF1 is pivotal for maintenance of cardiac homeostasis. J Mol Cell 
Cardiol. 2024;193:25–35. https://doi.org/10.1016/j.yjmcc.2024.05.008 PMID: 38768805 

http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0349040.s001
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0349040.s002
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0349040.s003
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0349040.s004
https://doi.org/10.1016/j.ceb.2025.102517
https://doi.org/10.1016/j.ceb.2025.102517
http://www.ncbi.nlm.nih.gov/pubmed/40245468
https://doi.org/10.1002/pdi3.2501
https://doi.org/10.1002/pdi3.2501
http://www.ncbi.nlm.nih.gov/pubmed/39308981
https://doi.org/10.1038/s41576-018-0089-8
https://doi.org/10.1038/s41576-018-0089-8
http://www.ncbi.nlm.nih.gov/pubmed/30675018
https://doi.org/10.1016/j.tig.2021.06.014
http://www.ncbi.nlm.nih.gov/pubmed/34294427
https://doi.org/10.1038/s41392-020-00450-x
http://www.ncbi.nlm.nih.gov/pubmed/33611339
https://doi.org/10.1016/j.omtn.2021.05.019
http://www.ncbi.nlm.nih.gov/pubmed/34513291
https://doi.org/10.7150/ijbs.100941
http://www.ncbi.nlm.nih.gov/pubmed/40303284
https://doi.org/10.1016/j.tibs.2024.04.001
https://doi.org/10.3389/fimmu.2023.1162607
http://www.ncbi.nlm.nih.gov/pubmed/36999016
https://doi.org/10.7150/thno.47354
http://www.ncbi.nlm.nih.gov/pubmed/33456585
https://doi.org/10.1016/j.yjmcc.2024.05.008
http://www.ncbi.nlm.nih.gov/pubmed/38768805


PLOS One | https://doi.org/10.1371/journal.pone.0349040  May 15, 2026 14 / 14

	13.	 Yin M, Liu H. Alkbh5 promotes Ythdf1 expression through demethylation thereby facilitating Fth1 translation to inhibit ferroptosis of myocardial 
infarction. BMC Cardiovasc Disord. 2025;25(1):295. https://doi.org/10.1186/s12872-025-04749-x PMID: 40251485 

	14.	 Sun W, Fang X, Zhang H, Lu Y, Wang P, Li J, et al. Endogenous RBM4 prevents Ang II-induced cardiomyocyte hypertrophy via downregulating the 
expression of PTBP1. Acta Biochim Biophys Sin (Shanghai). 2024;57(3):365–77. https://doi.org/10.3724/abbs.2024103 PMID: 39118568 

	15.	 Wang H, Fu L, Li Y, Wei L, Gu X, Li H, et al. m6A methyltransferase WTAP regulates myocardial ischemia reperfusion injury through YTHDF1/
FOXO3a signaling. Apoptosis. 2023;28(5–6):830–9. https://doi.org/10.1007/s10495-023-01818-4 PMID: 36894806 

	16.	 Ding J-F, Tu B, Song K, Liu Z-Y, Lin L-C, Liu Z-Y, et al. Epitranscriptomic regulation of cardiac fibrosis via YTHDF1-dependent PIEZO2 mRNA m6A 
modification. Cardiovasc Res. 2024;120(17):2236–48. https://doi.org/10.1093/cvr/cvae239 PMID: 39498803 

	17.	 Tu B, Song K, Zhou Z-Y, Lin L-C, Liu Z-Y, Sun H, et al. SLC31A1 loss depletes mitochondrial copper and promotes cardiac fibrosis. Eur Heart J. 
2025;46(25):2458–74. https://doi.org/10.1093/eurheartj/ehaf130 PMID: 40048660 

	18.	 Wu H, Jiang W, Pang P, Si W, Kong X, Zhang X, et al. m6A reader YTHDF1 promotes cardiac fibrosis by enhancing AXL translation. Front Med. 
2024;18(3):499–515. https://doi.org/10.1007/s11684-023-1052-4 PMID: 38806989 

	19.	 Wang S, Zhang J, Wu X, Lin X, Liu X-M, Zhou J. Differential roles of YTHDF1 and YTHDF3 in embryonic stem cell-derived cardiomyocyte differen-
tiation. RNA Biol. 2021;18(9):1354–63. https://doi.org/10.1080/15476286.2020.1850628 PMID: 33295243 

	20.	 Zhang X, Zhang Y, Wang C, Wang X. TET (Ten-eleven translocation) family proteins: structure, biological functions and applications. Signal Trans-
duct Target Ther. 2023;8(1):297. https://doi.org/10.1038/s41392-023-01537-x PMID: 37563110 

	21.	 Lan Y, Banks KM, Pan H, Verma N, Dixon GR, Zhou T, et al. Stage-specific regulation of DNA methylation by TET enzymes during human cardiac 
differentiation. Cell Rep. 2021;37(10):110095. https://doi.org/10.1016/j.celrep.2021.110095 PMID: 34879277 

	22.	 Li K-X, Li J-R, Zuo S-J, Li X, Chen X-T, Xiao P-Y, et al. Identification of miR-20b-5p as an inhibitory regulator in cardiac differentiation via TET2 and 
DNA hydroxymethylation. Clin Epigenetics. 2024;16(1):42. https://doi.org/10.1186/s13148-024-01653-7 PMID: 38491513 

	23.	 Zadeh FJ, Akbari T, Zayeri ZD, Samimi A, Davari N, Rezaeeyan H. The role of molecular mechanism of Ten-Eleven Translocation2 (TET2) family 
proteins in pathogenesis of cardiovascular diseases (CVDs). Mol Biol Rep. 2020;47(7):5503–9. https://doi.org/10.1007/s11033-020-05602-4 PMID: 
32572734 

	24.	 Fang S, Li J, Xiao Y, Lee M, Guo L, Han W, et al. Tet inactivation disrupts YY1 binding and long-range chromatin interactions during embryonic 
heart development. Nat Commun. 2019;10(1):4297. https://doi.org/10.1038/s41467-019-12325-z PMID: 31541101 

	25.	 Li-Villarreal N, Rasmussen TL, Christiansen AE, Dickinson ME, Hsu C-W. Three-dimensional microCT imaging of mouse heart development from 
early post-implantation to late fetal stages. Mamm Genome. 2023;34(2):156–65. https://doi.org/10.1007/s00335-022-09976-7 PMID: 36595063 

	26.	 Savolainen SM, Foley JF, Elmore SA. Histology atlas of the developing mouse heart with emphasis on E11.5 to E18.5. Toxicol Pathol. 
2009;37(4):395–414. https://doi.org/10.1177/0192623309335060 PMID: 19359541 

	27.	 Chen A, Liao S, Cheng M, Ma K, Wu L, Lai Y, et al. Spatiotemporal transcriptomic atlas of mouse organogenesis using DNA nanoball-patterned 
arrays. Cell. 2022;185(10):1777-1792.e21. https://doi.org/10.1016/j.cell.2022.04.003 PMID: 35512705 

	28.	 Mensah IK, Gowher H. Signaling pathways governing cardiomyocyte differentiation. Genes (Basel). 2024;15(6):798. 

	29.	 Weintraub H, Davis R, Tapscott S, Thayer M, Krause M, Benezra R, et al. The myoD gene family: nodal point during specification of the muscle cell 
lineage. Science. 1991;251(4995):761–6. https://doi.org/10.1126/science.1846704 PMID: 1846704 

	30.	 Liu S-T, Huang S-M, Ho C-L, Yen L-C, Huang C-J, Lin W-S, et al. The regulatory mechanisms of myogenin expression in doxorubicin-treated rat 
cardiomyocytes. Oncotarget. 2015;6(35):37443–57. https://doi.org/10.18632/oncotarget.5338 PMID: 26452256 

	31.	 Kojima H, Ieda M. Discovery and progress of direct cardiac reprogramming. Cell Mol Life Sci. 2017;74(12):2203–15. https://doi.org/10.1007/
s00018-017-2466-4 PMID: 28197667 

	32.	 Hou J, Gao Y, Han B, Yan S, Wei S, Gao X. Nuclear accumulation of YTHDF1 regulates mRNA splicing in the DNA damage response. Sci Adv. 
2025;11(16):eado7660. https://doi.org/10.1126/sciadv.ado7660 PMID: 40238889 

https://doi.org/10.1186/s12872-025-04749-x
http://www.ncbi.nlm.nih.gov/pubmed/40251485
https://doi.org/10.3724/abbs.2024103
http://www.ncbi.nlm.nih.gov/pubmed/39118568
https://doi.org/10.1007/s10495-023-01818-4
http://www.ncbi.nlm.nih.gov/pubmed/36894806
https://doi.org/10.1093/cvr/cvae239
http://www.ncbi.nlm.nih.gov/pubmed/39498803
https://doi.org/10.1093/eurheartj/ehaf130
http://www.ncbi.nlm.nih.gov/pubmed/40048660
https://doi.org/10.1007/s11684-023-1052-4
http://www.ncbi.nlm.nih.gov/pubmed/38806989
https://doi.org/10.1080/15476286.2020.1850628
http://www.ncbi.nlm.nih.gov/pubmed/33295243
https://doi.org/10.1038/s41392-023-01537-x
http://www.ncbi.nlm.nih.gov/pubmed/37563110
https://doi.org/10.1016/j.celrep.2021.110095
http://www.ncbi.nlm.nih.gov/pubmed/34879277
https://doi.org/10.1186/s13148-024-01653-7
http://www.ncbi.nlm.nih.gov/pubmed/38491513
https://doi.org/10.1007/s11033-020-05602-4
http://www.ncbi.nlm.nih.gov/pubmed/32572734
https://doi.org/10.1038/s41467-019-12325-z
http://www.ncbi.nlm.nih.gov/pubmed/31541101
https://doi.org/10.1007/s00335-022-09976-7
http://www.ncbi.nlm.nih.gov/pubmed/36595063
https://doi.org/10.1177/0192623309335060
http://www.ncbi.nlm.nih.gov/pubmed/19359541
https://doi.org/10.1016/j.cell.2022.04.003
http://www.ncbi.nlm.nih.gov/pubmed/35512705
https://doi.org/10.1126/science.1846704
http://www.ncbi.nlm.nih.gov/pubmed/1846704
https://doi.org/10.18632/oncotarget.5338
http://www.ncbi.nlm.nih.gov/pubmed/26452256
https://doi.org/10.1007/s00018-017-2466-4
https://doi.org/10.1007/s00018-017-2466-4
http://www.ncbi.nlm.nih.gov/pubmed/28197667
https://doi.org/10.1126/sciadv.ado7660
http://www.ncbi.nlm.nih.gov/pubmed/40238889

