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Abstract

Regulation of gene expression plays a fundamental role in cardiac stress-responses. Modification 

of coding transcripts by adenosine methylation (m6A) has recently emerged as a critical post-

transcriptional mechanism underlying heart disease. Thousands of mammalian mRNAs are known 

to be m6A-modified, suggesting that remodeling of the m6A landscape may play an important role 

in cardiac pathophysiology. Here we found an increase in m6A content in human heart failure 

samples. We then adopted genome-wide analysis to define all m6A-regulated sites in human 

failing compared to non-failing hearts and identified targeted transcripts involved in histone 

modification as enriched in heart failure. Further, we compared all m6A sites regulated in human 

hearts with the ones occurring in isolated rat hypertrophic cardiomyocytes to define 

cardiomyocyte-specific m6A events conserved across species. Our results identified 38 shared 

transcripts targeted by m6A during stress conditions, and 11 events that are unique to unstressed 

cardiomyocytes. Of these, further evaluation of select mRNA and protein abundances 

demonstrates the potential impact of m6A on post-transcriptional regulation of gene expression in 

the heart.
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Introduction

Gene expression regulation underlies the ability of the heart to cope with stress factors that 

perturb homeostasis [1, 2]. A classic phenotypic feature of the stressed heart is represented 

by hypertrophic growth of the cardiomyocytes. Cardiac hypertrophy is a risk factor for heart 

failure, highlighting the importance of understanding the molecular events leading to stress-

induced remodeling of the proteome in cardiomyocytes.

Changes in the transcriptional output of cardiomyocytes, through chromatin remodeling and 

regulation of transcription factor activity, indisputably contribute to cardiac injury responses 

[3–6]. Nevertheless, mechanisms that act post-transcriptionally to regulate mRNA 

translation have been shown to heavily contribute to the response to cardiac injury [7–11]. 

Post-transcriptional chemical modification of RNA represents a major mechanism used by 

cells to determine the fate of specific transcripts.

Despite the chemical diversity of existing RNA modifications, methylation on position N6 of 

adenosines (m6A) is particularly important for the life of mRNAs as it is directly and 

abundantly deposited on internal sites of coding transcripts [12, 13]. Additionally, the proven 

dynamic nature of the m6A landscape allows cells to regulate mRNA translation to 

ultimately respond to environmental challenges and accordingly modify cell morphology 

and/or behavior [12, 13].

Our group and others have recently demonstrated the importance of m6A for cardiac 

pathophysiology [14–19]. Changes in the overall amount of this modification have indeed 

been proven to not only mark disease states but can also act as a sufficient determinant of 

cardiomyocyte remodeling [14–17]. Sequencing of m6A-modified mRNAs have further 

revealed the identity of thousands of transcripts that are subjected to modification by this 

pathway in the heart, pointing to the overwhelming complexity of this regulatory mechanism 

[14, 15, 17, 18].

A consistent observation from studies on m6A is the insult- and cell-dependent presence of 

this mark on specific mRNA sites. Despite the growing body of information that sequencing 

methods have generated, defining key evolutionarily conserved m6A events that could be 

targetable for heart disease has proven challenging, as independent groups have found 

various subsets of m6A-modified transcripts unique to different forms of cardiac injury and 

the cell specificity of such changes has often remained elusive.

Here, we defined how the m6A landscape remodels in the human failing heart and cross-

analyzed these results with data collected by genome-wide m6A analysis on isolated rat 

cardiomyocytes subjected to hypertrophic stimuli. Our study reveals key post-transcriptional 

events that underlie cardiomyocyte hypertrophy and are relevant across species.
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Results

m6A level increases in heart failure, but shows preserved distribution

Global m6A content can be modulated during different pathophysiological states. Using 

mass spectrometry we found higher m6A levels in mRNA from human non-ischemic failing 

hearts as compared to non-failing control samples (Figure 1A). Analysis of protein 

expression for key enzymes responsible for m6A deposition (Methyltransferase like 3, RNA 

methylase METTL3) and removal (AlkB Homolog 5, RNA demethylase ALKBH5; Fat 

mass and obesity-associated protein, FTO) revealed increased METTL3 levels with 

concomitant reduction in FTO expression in human failing hearts and no change in 

ALKBH5 levels (Figure 1B–E). These results suggest a balance in favor of m6A methylation 

during heart failure in humans.

Regardless of global m6A content, dynamic regulation of the m6A landscape occurs to 

specifically affect stress-responsive mRNAs. To define the genome-wide m6A targets 

underlying non-ischemic heart failure in humans in an unbiased manner, we performed high 

throughput sequencing of mRNA fragments pulled down using antibodies against m6A-

modified RNA (meRIP) (Figure 2A and Supplemental Figure 1A). Analysis of total m6A 

sites revealed that, despite the majority of peaks being shared between diseased and control 

hearts, a substantial number of modification sites were uniquely occurring in each condition 

(Figure 2B). Most m6A modifications were found in protein coding transcripts and were not 

significantly impacted by disease state (Supplemental Figure 1B and 1B’). Regardless from 

the assessed condition, enrichment in m6A site density occurred near the start and stop 

codons of cardiac transcripts (Figure 2C), while modification frequency was overall higher 

in coding sequences (Figure 2D). These results suggest that, while m6A increases globally in 

heart failure, the overall methylation distribution on transcripts is not impacted by disease 

state.

m6A differentially targets subsets of transcripts in the failing heart

It is critical to discover the identity of m6A-targeted mRNAs that are responsive to disease 

state to define how m6A might differentially affect the transcriptome when cardiac 

homeostasis is perturbed. Analysis of significantly enriched sites using a logaritmic 1.5 fold 

change cutoff revealed that 864 peaks on 780 transcripts were characteristic of failing hearts 

(Figure 3A and 3B). Interestingly, we also observed a number of methylation events 

differentially occurring in non-failing hearts (734 peaks on 698 mRNAs), suggesting that 

remodeling of m6A in the cardiac transcriptome is characterized by specific enrichments in 

both homeostatic and pathological conditions (Figure 3A and 3B). Analysis of density and 

frequencies for m6A sites specifically enriched in either non-failing or failing hearts 

(excluding common peaks) revealed a comparatively higher amount of modifications 

occurring in coding sequences with disease (Figure 3C and 3D). Specifically, non-failing 

enriched peaks have higher density around start codons, while failing enriched peaks have 

higher density across coding sequences (Figure 3C). Failing samples also have more 

enriched peaks in total, with greater frequency observed in the coding sequence, stop codon, 

3’ untranslated region (UTR), and intronic regions (Figure 3D). In-depth assessment of 

consensus sequences in both failing and non-failing enriched sites highlighted the expected 
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METTL3 target site (GGAC), but found a loss of cytosine dominance in position −3 in heart 

failure (Figure 3E and 3E’). Gene ontology analysis for differentially m6A-regulated 

transcripts in heart failure further revealed that this modification targets specific subsets of 

mRNAs in response to stress with histone modification being the most enriched category of 

m6A-modified mRNAs in heart failure (Figure 3F and 3F’; Supplemental Table 1). 

Importantly, these enrichment categories were not overlapping with the ones obtained from 

the total transcript analysis (DESeq2; Supplemental Table 2). These results reinforce the 

idea that post-transcriptional events constitute an additional layer of regulation of gene 

expression that can uniquely affect specific subsets of transcripts.

Overall, these data reveal how the cardiac disease state is accompanied by changes in the 

m6A landscape that appear to be highly regulated in specific gene locations and functional 

categories of transcripts.

Conservation of stress-responsive m6A-transcripts between rat and human reveals key 
modification sites underlying cardiomyocyte hypertrophy

Whole-tissue analyses highlight changes underlying global organ remodeling, but 

reconstitution of cell-specific events is often challenging. As cardiomyocytes represent the 

key contractile working cell in the heart, we decided to compare our genome-wide m6A 

sequencing analysis performed on total human heart samples with results obtained when the 

same analysis was performed on isolated neonatal rat cardiomyocytes undergoing 

hypertrophic remodeling (Figure 4A). This experiment allowed us to narrow down our focus 

to 38 shared transcripts that undergo greater m6A-modification in both rat hypertrophic 

cardiomyocytes and human failing hearts (Figure 4B and Supplemental Table 3). 

Remarkably, 37% of the transcripts shared between hypertrophic cardiomyocytes and failing 

hearts were implicated in gene expression regulation (Figure 4C). These data reinforce our 

result presented in Figure 3F where we discovered histone modification as an enriched m6A-

targeted pathway in heart failure and suggests an intriguing cross-talk between 

transcriptional and post-transcriptional gene regulation in the heart. Indeed, gene ontology 

analysis of methylated transcript in rat cardiomyocytes also revealed enrichment for gene 

expression-related pathways (Supplemental Table 4). More in-depth analysis of location 

conservation for the identified sites revealed 5 total transcripts with conserved sequence 

location containing the METTL3 consensus sequence, 4 of which fell into the gene 

expression category (Figure 4C - bolded genes; and Supplemental Figure 2). Genome view 

of two representative transcripts with conserved m6A peak location, REST and SF3B4, are 

presented in Figure 4D and 4E, respectively.

Considering that enrichment of m6A-peaks were also found in the non-failing heart 

(indicating decreased modification on specific transcripts in heart failure), we further 

assessed if this phenomenon was conserved when comparing transcripts enriched in non-

failing hearts and transcripts enriched in isolated rat control cardiomyocytes (Figure 5A). 

This analysis revealed 11 shared transcripts of which only one, CORO6, presented m6A 

peak location conservation across species (Figure 5B–D, Supplemental Figure 2 and 

Supplemental Table 5). Importantly, m6A-modification on CORO6 mRNA occurred within 

the 3’UTR, a known critical location for the regulation of transcript stability and translation. 
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We therefore decided to test CORO6 mRNA and protein levels in rat cardiomyocytes and 

human hearts from the different conditions used in our study. Aditionally, we investigated 

the impact of m6A on two genes, REST and SF3B4, which methylation was enriched in 

failing heart and hypertorphic cardiomyocytes and found on coding regions. Interestingly, 

levels of either mature of precursor mRNAs were overall not significantly affected in any 

condition with the exception of an increase in mature REST mRNA in rat hyperotrophic 

cardiomyoctes (Figure 6A and 6B). However, protein content analysis showed reduced 

levels of CORO6 and increased level of REST with stress in both human hearts (Figure 6C 

and 6D) and rat cardiomyocytes (Figure 6E and 6F), although higher variability was seen 

with human samples. Interestingly, despite no differences were overall seen for SF3B4 in 

any of the tested conditions, overexpression of METTL3 in neonatal rat cardiomyocytes was 

sufficient to recapitulate the m6A-dependent regulation of REST and CORO6 (Figure 6G 

and 6H). Importantly, m6A content on REST was higher in failing hearts and hypertrophic 

cardiomyocytes (Figure 4D), while in the case of CORO6 we observed greater m6A content 

in non-failing heart and control cardiomyocytes (Figure 5D). In both of these cases protein 

expression was higher in condition of greater m6A content, and potentiating the m6A 

pathway by overexpression of METTL3 was sufficient to positively affect the translation of 

REST and CORO6. This suggests a direct role for this modification in post-transcriptional 

control of gene expression in cardiomyocytes.

Overall, our data reveal key transcripts subjected to conserved m6A-modification during 

cardiomyocyte remodeling in rats and humans, therefore defining novel hypertrophy-

dependent targets for post-transcriptional gene regulation in the heart.

Materials and Methods

Human Heart Samples

All human heart tissue research was approved by The Ohio State University Institutional 

Review Board in compliance with all relevant ethical regulations. Informed consent for 

tissue collection was obtained from transplant patients and families of donors. Human heart 

tissues used in this study were de-identified and labeled with 6-digit random reference 

codes. Failing samples are obtained from patients with left ventricular hypertrophy and non-

ischemic heart failure, and nonfailing samples are from healthy donors without history of 

heart failure. Samples were obtained from The Ohio State University Cardiac Research 

Tissue Program or LifeLine of Ohio Organ Procurement Organization.

Cardiomyocyte isolation and treatments

Neonatal rat ventricular cardiomyocytes were isolated as previously published [11, 20]. 

Briefly, hearts were incubated with trypsin at 4°C overnight, followed by trypsin inhibitor 

and collagenase incubation at 37°C for lhr (Worthington Biochemical). Hearts were 

mechanically dissociated and incubated for an additional 15min, followed by re-suspension 

in media supplemented with fetal bovine serum and pre-plating to remove non-

cardiomyocytes. Cardiomyocytes were plated on 0.1% gelatin coated dishes in the presence 

of 10% serum. The following day cells were washed twice and cultured in M199 media 
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without serum (Corning). Hypertrophy was induced by culturing cardiomyocytes for 48 

hours in the presence of 2% serum.

Quantitative analysis of m6A level on mRNA via UHPLC-MS/MS

Total RNA was purified with TRIzol reagents from human heart samples. Polyadenylated 

RNA was then isolated from total RNA with two rounds of polyA tail purification using 

Dynabeads® mRNA DIRECT™ kit (Thermo Scientific). rRNA was further removed from 

polyadenylated RNA using RiboMinus Eukaryote kit (Thermo Scientific). 50 ng 

polyadenylated RNA after rRNA depletion was digested by nuclease P1 (Sigma, N8630), 

respectively, in 20 μl of buffer containing 25 mM NaCl and 2.5 mM ZnCl2 for 1 h at 42 °C. 

Subsequently, 1 unit of FastAP (Thermo Scientific) in 10× FastAP buffer was added and the 

samples were incubated for 4h at 37 °C. After digestion, the samples were filtered (0.22 μm, 

Millipore) and injected into a C18 reverse-phase column coupled online to Agilent 6460 LC-

MS/MS spectrometer in positive electrospray ionization mode. The nucleosides were 

identified by using retention time and the nucleoside to base ion mass transitions (268 to 136 

for A; 282 to 150 for m6A). Quantification was performed by comparing with the standard 

curve obtained from pure nucleoside standards running with the same batch of samples. The 

m6A level was calculated as the ratio of m6A to A.

mRNA m6A MeRIP-seq

Polyadenylated RNA was purified as aforementioned. 1 ug polyadenylated RNA was 

adjusted to 10 ng/μl in 100 μl and fragmented using a BioRuptor ultrasonicator (Diagenode) 

with 30 s on/off for 30 cycles. After fragmentation, 5% of the fragmented RNA was saved as 

input. m6A marked fragments were enriched using EpiMark N6-Methyladenosine 

Enrichment Kit (NEB) following the manufacturer’s protocols and collected as IP. Both 

input and IP samples were subjected to library preparation using TruSeq Stranded mRNA 

Library Prep Kit (Illumina) following the manufacturer’s protocols. Sequencing was carried 

out at the University of Chicago Genomics Facility on an Illumina HiSeq 2000 machine in 

single-end read mode with 50 bp per read.

Data preparation for sequencing analysis

Fastq files were checked for quality using FASTQC (https://

www.bioinformatics.babraham.ac.uk/projects/fastqc/) and then processed using CutAdapt 

[21] to remove 10bp from the 5’ side of each read fragment. Processed fastq files were 

aligned using Hisat2 [22] against the Ensembl index for humans (Genome Reference 

Consortium Human Build 38, CRCh38.p13) or rat (INSDC Assembly, Rnor_6.0) [23] and 

sorted using Samtools [24].

Analysis using DESeq2

Sorted BAM files from Hisat2 were used as input for calculating transcript counts using 

Htseq [25]. GTF files matched to their respective Ensembl alignment indexes were used 

[23]. Htseq count tables were then used as input for DESeq2 [26]. Significantly enriched 

transcripts were calculated with a fold change greater than 1.5 and a Benjamini and 

Hochberg adjusted p-value less than 0.05.
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Analysis of m6A peaks and motifs

Sorted BAM files from Hisat2 were used as input for exomePeak analysis [27, 28]. GTF 

files matched to their respective Ensembl alignment indexes were used. Peak prediction used 

general default settings for exomePeak, but in short, minimal peak length was set to 25bp, 

peak cutoff FDR was set to 0.05, and fold enrichment was set to 4. When looking for 

enriched peaks between sample groups (Non-failing vs Failing, Control vs Hypertrophic), 

fold enrichment was set to 1.5.

Output bed files from exomePeak analysis were used as input for global peak distribution 

analysis (RNA features, biotypes, density plots, etc.) using RNAmod, an integrated system 

for the annotation of mRNA modifications [29]. Analysis was done with general default 

settings. Motif analysis on enriched peaks were calculated using HOMER motif analysis 

[30] with default parameters looking for motifs ranging from 4-6bp. Sequncing data are 

publicly available under the GEO submission code GSE159243.

Gene Ontology analysis using Webgestalt

Gene ontology analysis on detected and enriched peaks from exomePeak data was carried 

out using the WEB-based Gene set analysis toolkit (Webgestalt) [31]. Over-representation 

analysis (ORA) in cellular component and molecular mechanism categories were carried out 

using the ‘genome protein coding’ reference set as background control as well as an heart-

specific background.

Western blotting

Western blotting was carried out using 7.5% SDS PAGE gels for both human and neonatal 

rat cardiomyocytes protein extracts. Primary antibody incubation occurred at 4°C overnight 

and secondary incubation occurred at room temperature for 1 hour. Antibodies used are: anti 

CORO6 (Proteintech, 17243-1-AP, 1:500), anti GAPDH (Fitzgerald Industries, 1:20,000), 

anti METTL3 (Abcam, ab195352, 1:2,000), ALKBH5 (proteintech, 16837-1-AP, 1:1,000), 

FTO (Santa Cruz, sc98768, 1:1,000), REST (Proteintech, 22242-1-AP, 1:500) and SF3B4 

(Proteintech, 10482-1-AP, 1:500). Secondary antibodies (Jackson Immunoresearch) were 

diluted to 1:20,000. SuperSignal™ ECL substrate (Thermo Scientific) was incubated with 

membranes for 2 minutes at room temperature and then exposed using the BioRad 

Chemidoc® imager.

mRNA expression analysis by RT-qPCR

RNA was extracted from neonatal rat cardiomyocytes or human heart samples using Trizol 

(Invitrogen), and reverse transcription was performed using the High Capacity cDNA 

Reverse Transcription kit (Applied Biosystems). COR06 mRNA were quantified using 

SYBR green (Applied Biosystems) and the species specific primers (listed below). 

Quantified mRNA expression was normalized to Rpl7 (ribosomal protein L7) and expressed 

relative to controls. Primers used include: rat Coro6 mature mRNA (5′- 
TCACTGGACACACTGGCCCT-3’, 5′- GGGTGTAGTCTGGAATCTGCC-3’), rat Coro6 

precursor mRNA (5’- TCACTGGACACACTGGCCCT, 5’- 

GCCTGGCAGCATCCCCTT-3’), rat Rest mature mRNA (5′- 
GTTCAACACGTTCGAACTCACAC-3’, 5′- ACGCATGTGTCGAGTTAGATGA-3’), rat 
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Rest precursor mRNA (5’- GTTCAACACGTTCGAACTCACAC, 5’- 

ACGCATGTGTCGAGTTAGATGA-3’), rat Sf3b4 mature mRNA (5′- 
GATAGAGTCACTGGCCAGCAC-3’, 5′- TGTTGTGAGCCGAGGCTTTG-3’), rat Sfib4 

precursor mRNA (5’- GATAGAGTCACTGGCCAGCAC, 5’-

AGTTGTGACTGGAGTTGTGACTC-3’), rat Rpl7 (5’-AAAAGAAGGTTGCCGCTG-3’, 

5′- TAGAAGTTGCCAGCTTTCC-3’), human Coro6 mature mRNA (5′- 
AGGCGGGGGTGCCTTCATC-3’, 5′- CCAGTGACCAGTGGGTAGTTC-3’), human 

Coro6 precursor mRNA (5′- AGGCGGGGGTGCCTTCATC-3’, 5′- 
GATGCTTCTCCTGACTATGG- 3’), human Rest mature mRNA (5′- 
GGAAAATGCAACTATTTTTCAGACAG-3’, 5′- 
AAGGACAAAGTTCACATTTATATGG-3’), human Rest precursor mRNA (5′- 
GGAAAATGCAACTATTTTTCAGACAG-3’, 5′- 
AAGCACTACTTAACTAACCACTC-3’), human Sf3b4 mature mRNA (5′- 
TTCTCCAGGCTGGACCAGTA-3’, 5′- CATAGTCAGCATCTTCCTCA-3’), human Sf3b4 

precursor mRNA (5′- TTCTCCAGGCTGGACCAGTA-3’, 5′- 
GTGAATACTGCTGGGACCCT-3’), and human Rpl7 (5’-ATGCGCCAATTCCTCTTT-3’, 

5’-CAGCTCTGCGAAATTCCTTC-3’).

Statistics

Results were presented as mean ± SEM. Statistical analysis between two groups was 

performed using an unpaired 2-tailed t test assuming equal variance. P-values < 0.05 were 

considered significant for RT-qPCR and western blot quantification. Bioinformatic statistics 

used default settings for each individual pipeline. In short, DESeq2 used a Benjamini and 

Hochberg adjusted p-value. exomePeak used both FDR calculation and rescaled 

hypergeometric test to calculate predicted and differentially enriched peaks.

Discussion

N6-methyladenosine, or m6A, is conserved in all domains of life and is the most abundant 

internal modification on mRNA. Increasing evidence for the biological importance of m6A 

in all tested mammalian systems has emerged, and the cardiovascular system is no 

exception. Our group has previously regulated the level of the m6A-depositing enzyme, 

Methyltransferase-like 3 or METTL3, to prove the critical role of this pathway for 

cardiomyocyte hypertrophy and cardiac homeostasis [14]. Similarly, other groups had 

proven the relevance of m6A in the heart in the context of cardiomyocyte ischemic and 

hypertrophic remodeling, and the RNA demethylase Fat mass and obesity-associated protein 

(FTO) has been manipulated, in addition to METTL3, to affect global m6A content [15, 17, 

18]. Despite the different strategies and model systems used, all previously published work 

suggests an importance of m6A in the heart.

In this study we found increased levels of m6A and METTL3 in human non-ischemic failing 

hearts, mimicking the previously reported increase in m6A observed in ischemic and dilated 

cardiomyopathy [15, 17]. These results are important, as they suggest m6A addition can be a 

common mechanism to regulate cardiac remodeling independent of disease origin. Increased 

level of METTL3, the catalytically active component of the m6A methyltransferase 
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complex, was accompanied by decreased expression of the RNA demethylase FTO. This is 

in agreement with a previous study showing that the reduction of this demethylase could 

account for increased m6A levels in the heart [15]. Altogether, our results suggest that in 

heart failure the balance between RNA methylation and demethylation favors m6A 

accumulation.

How specific transcripts are preferentially regulated by m6A following pathologic stimuli 

has been less clear, likely due to each study revealing hundreds of modified mRNAs and 

focusing on different subsets of select transcripts for follow up studies. An interesting result 

of our current work relates to our finding that during non-ischemic heart failure m6A-

methylation occurs preferentially on a METTL3 consensus sequence which loses dominance 

of cytosine in position −3 from the modified adenosine. Although more work will be 

required to understand the mechanism behind this change, it is exciting to speculate how 

remodeling of the m6A methyltransferase complex in the stressed heart could lead to 

changes in METTL3 target preference.

In line with the previously described concept, we have observed differential enrichment of 

m6A on specific subsets of mRNA in heart failure. In the tested non-ischemic human failing 

samples, regulation of histone modification appeared as the most significant category of 

affected transcripts by gene ontology analysis. When cross-analyzing our failing human 

heart data with the m6A landscape occurring in hypertrophic rat cardiomyocytes, we find 

that enrichment in gene regulation remained a key conserved pathway. This is particularly 

interesting as it would suggest coordination between several steps of gene expression with 

potential feedback from post-transcriptional modifications to regulated transcription and 

gene expression. Importantly, by comparing such divergent sample groups, human hearts 

and rat cardiomyocytes, our study allowed for identification of the few critical post-

trancriptional events that could be of primary importance for hypertrophic cardiomyocyte 

remodeling. Indeed, when analyzing total heart tissue multiple cell types are contributing to 

the results and the complex environement that the end-stage failing heart is subjected to can 

also complicate data interpretation. In addition, m6A is an evolutionarily conserved 

modification and knowledge on key methylated sites that are preserved across species can 

greatly inform on the most essential m6A-depednent regulatory processes.

Although the final outcome of m6A deposition on mRNA transcripts may vary based on 

mechanisms not fully understood, location of the modification on the mRNA may impact 

which step of transcript processing m6A is most likely to affect [32]. The 3’ untranslated 

sequence (UTR) is a typical regulatory region used for post-transcriptional decisions 

impacting translation [33–37]. Our work identified Coronin-6 (or CORO6) as a conserved 

transcript undergoing m6A regulation at the 3’UTR in both rat cardiomyocytes and human 

hearts. Interestingly, CORO6 mRNA abundance was unchanged in hypertrophic conditions 

but protein content decreased with hypertrophy, indicating that, indeed, this transcript is 

regulated at the post-transcriptional level and that m6A could play a direct role in this 

process. CORO6 belongs to the Coronin family of actin filament binding proteins [38]. 

Although the functional role of CORO6 in the heart is currently unknown, our study 

revealed this gene as potential novel regulatory node underlying hypertrophic cardiomyocyte 

remodeling. On the other hand, our analysis of two transcripts containing m6A in their 
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coding regions, RE1-silencing transcription factor (REST) and Splicing factor 3b subunit 4 

(SF3B4), showed clear impact on protein expression on REST only, suggesting a more 

complex and perhaps isoform-specific role of this modification on SF3B4. Importantly, 

REST has been previously described as a critical regulator of cardiomyocyte remodeling 

[39], validating the importance of our results. Altogether, our study highlighted conserved 

m6A-regulated events that mark stress-responses in the heart and shed light on new targets of 

post-transcriptional gene expression regulation during cardiac disease.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• The m6A landscape remodels in human failing hearts

• Stress responsive m6A modifications target transcripts regulating gene 

expression

• Few critical m6A sites mark stress response in an evolutionarily conserved 

way

• mRNA methylation affects transcript translation potential
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Figure 1. m6A and associated catalyzing enzyme are enriched in failing human heart tissue.
(A) RNA isolated from non-failing and failing human heart samples analyzed by UHPLC-

MS/MS for global levels of methyl-6-adenosine (m6A) in relation to unmodified adenosine 

(A) showed a significant increase in total m6A in failing hearts (non-failing: n = 7; failing: n 

=17). (B) Western blots on non-failing and failing heart protein lysates measuring expression 

of METTL3 (m6A methylase), ALKBH5 and FTO (m6A demethylases). GAPDH and 

ponceau staining are shown as loading controls. (C-D) Quantification of METTL3 (C), 

ALKBH5 (D) and FTO (E) protein amount using GAPDH as control showing increased 
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levels of METTL3 and decreased levels of FTO in failing hearts while ALKBH5 levels were 

stable (non-failing and failing: n = 7). Dots on graphs indicate individual data point from 

biological replicates, ns = nonsignificant, * = p < 0.05. Statistics carried out using two tailed 

t-test.
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Figure 2. meRIP-seq analysis of total detected peaks from human non-failing and failing hearts.
(A) General schematic for meRIP-seq pipeline. (B) Analysis of total number of m6A peaks 

in non-failing (grey) and failing (red) hearts. (C) Peaks detected in non-failing (grey) and 

failing (red) hearts were plotted via density across mRNA regions (including 5’ UTR, start 

codon, coding sequence (CDS), stop codon, and 3’ UTR). UTR = untranslated region. (D) 

Peaks detected in non-failing (grey) and failing (red) samples were plotted via frequency 

across the indicated mRNA regions.
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Figure 3. Non-failing and failing human hearts are enriched for distinct m6A peaks.
(A) Venn diagram of peaks enriched (FC > 1.5) in non-failing (gray) and failing (red) heart 

samples. (B) Venn diagram of transcripts with m6A peaks that were found to be m6A-

targeted in nonfailing (gray), failing (red), or common between both (maroon). (C) Peaks 

enriched in nonfailing (grey) and failing (red) hearts were plotted via density across the 

indicated mRNA regions. Non-failing enriched peaks have higher density around start 

codons, while failing enriched peaks have higher density across coding sequences. (D) Peaks 

enriched in non-failing (grey) and failing (red) hearts were plotted via frequency across the 

Hinger et al. Page 17

J Mol Cell Cardiol. Author manuscript; available in PMC 2022 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



indicated RNA regions. Failing samples have more enriched peaks in total, with an 

enrichment in frequency in coding sequence, stop codon, 3’ UTR, and intronic regions. (E, 
E’) Motif-based sequence analysis of peaks enriched in either non-failing (E) or failing (E’) 
samples through the software MEME. The motifs shown were found to be significant (non-

failing: p = 1x10−38, failing p = 1x10−63). (F, F’) Gene ontology (GO) analysis of transcripts 

with enriched m6A peaks in either failing (grey) and non-failing (red) human samples. 

Enrichment score is based on a reference database of protein coding genes, and all GO 

categories plotted were found to have a false discovery rate (FDR) < 0.05.
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Figure 4. m6A-modified transcripts enriched in failing human heart samples are conserved in 
neonatal rat cardiomyocytes cultured in hypertrophic conditions.
(A) General schematic for m6A peak comparison between human failing and neonatal rat 

cardiomyocyte hypertrophic samples. (B) Venn diagram of transcripts containing enriched 

m6A peaks in failing (red) and rat hypertrophic cardiomyocytes (blue) (FC >1.5 by 

exomePeak). Comparison found 38 total transcripts to be co-enriched. (C) Table outlining 

14 transcripts co-enriched in failing and hypertrophic samples that play roles in gene 

expression. Genes in bold have conserved m6A peaks at the nucleotide level. (D,E) Gene 

view of either REST (D) or SF3B4 (E) found to contain a conserved m6A peak enriched in 

both human failing (top, red) and rat hypertrophic (bottom, blue) as compared to respective 

controls. The enriched peak calculated by exomePeak (green) is shown in relation to the 
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total gene (left) and in relation to the specific exon (right). Read counts are found bracketed 

(top right, black).
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Figure 5. CORO6 mRNA contains a conserved m6A peak in non-failing human and control rat 
samples.
(A) General schematic for m6A peak comparison between human non-failing and neonatal 

rat control cardiomyocytes samples. (B) Venn diagram of transcripts containing enriched 

m6A peaks in non-failing (dark gray) and rat cardiomyocytes control (light gray) (FC >1.5 

by exomePeak). Comparison found 11 total transcripts to be co-enriched. (C) Table 

outlining 11 transcripts co-enriched in non-failing and isolated rat cardiomyocytes control 

samples. Genes in bold have conserved m6A peaks at the nucleotide level. (D) Gene view of 

CORO6, which contains a conserved m6A peak enriched in both human non-failing (top, 

dark gray) and rat control (bottom, light gray) samples when compared to failing (red) or 

hypertrophic (blue) samples, respectively. The enriched peak calculated by exomePeak 

(green) is shown in relation to the total gene (left) and in relation to the specific exon (right). 

Read counts are found bracketed (top right, black).
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Figure 6. m6A enrichment on REST and CORO6 mRNA impacts protein expression.
(A) qPCR against human (A) REST, (A’) SF3B4, and (A”) CORO6 show no differences in 

mature or precursor mRNA levels between non-failing and failing RNA samples (non-failing 

and failing: n=6). (B) qPCR against rat (B) REST, (B’) SF3B4, and (B”) CORO6 show an 

increase in REST mature mRNA but no differences in mature SF3B4, mature CORO6, and 

all precursor mRNAs between control and hyertrophic samples (control and hypertrophic: 

n=6). (C) Western blot of human non-failing and failing heart samples with antibodies 

against REST, CORO6, SF3B4, and control GAPDH (n=7, each). (D) Protein quantification 
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of the human western blot (C) for REST (D), SF3B4 (D’), and CORO6 (D”). (E) Western 

blot of rat neonatal cardiomyocyte control and hypertrophic samples with antibodies against 

REST, CORO6, SF3B4, and control GAPDH (n=6, each). (D) Protein quantification of the 

rat western blot (E) for REST (F), SF3B4 (F’), and CORO6 (F”). (G) Western blot of rat 

neonatal cardiomyocyte control or METTL3 overexpression samples (M3 O/E) with 

antibodies against METTL3, REST, CORO6, SF3B4, and control GAPDH (n=6, each). (D) 

Protein quantification of the rat western blot (G) for REST (H), SF3B4 (H’), and CORO6 

(H”). Dots on graphs indicate individual data point from biological replicates. Statistics 

carried out using two tailed t-test. ns = nonsignificant;** = p < 0.01. *** = p < 0.001. **** = 

p < 0.0001.
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