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BACKGROUND: DNA methylation acts as a mechanism of gene 
transcription regulation. It has recently gained attention as a possible 
therapeutic target in cardiac hypertrophy and heart failure. However, its 
exact role in cardiomyocytes remains controversial. Thus, we knocked out 
the main de novo DNA methyltransferase in cardiomyocytes, DNMT3A, 
in human induced pluripotent stem cells. Functional consequences of 
DNA methylation-deficiency under control and stress conditions were 
then assessed in human engineered heart tissue from knockout human 
induced pluripotent stem cell–derived cardiomyocytes.

METHODS: DNMT3A was knocked out in human induced pluripotent 
stem cells by CRISPR/Cas9gene editing. Fibrin-based engineered heart 
tissue was generated from knockout and control human induced 
pluripotent stem cell–derived cardiomyocytes. Development and baseline 
contractility were analyzed by video-optical recording. Engineered 
heart tissue was subjected to different stress protocols, including serum 
starvation, serum variation, and restrictive feeding. Molecular, histological, 
and ultrastructural analyses were performed afterward.

RESULTS: Knockout of DNMT3A in human cardiomyocytes had three 
main consequences for cardiomyocyte morphology and function: (1) 
Gene expression changes of contractile proteins such as higher atrial 
gene expression and lower MYH7/MYH6 ratio correlated with different 
contraction kinetics in knockout versus wild-type; (2) Aberrant activation 
of the glucose/lipid metabolism regulator peroxisome proliferator-
activated receptor gamma was associated with accumulation of lipid 
vacuoles within knockout cardiomyocytes; (3) Hypoxia-inducible factor 
1α protein instability was associated with impaired glucose metabolism 
and lower glycolytic enzyme expression, rendering knockout-engineered 
heart tissue sensitive to metabolic stress such as serum withdrawal and 
restrictive feeding.

CONCLUSION: The results suggest an important role of DNA methylation 
in the normal homeostasis of cardiomyocytes and during cardiac stress, 
which could make it an interesting target for cardiac therapy.
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Heart failure represents one of the leading causes 
of death worldwide, with a steadily increasing 
incidence.1 Development of heart failure and 

cardiac hypertrophy is not only associated with struc-
tural changes of the heart but also with distinct chang-
es in gene expression patterns known as reactivation 
of the fetal gene program.2–4 In this context, epigenetic 
mechanisms such as DNA methylation have gained in-
creasing attention over recent years as potential regula-
tors of these gene expression changes.

DNA methylation, in mammals typically referring to the 
addition of a methyl group to a DNA cytosine of a CpG 
dinucleotide residue, is catalyzed by the de novo DNA 
methyltransferases (DNMTs) DNMT3A and DNMT3B,  
as well as by the maintenance isoform DNMT1.5–7 Meth-
ylation of cytosines in the context of so-called CpG 
islands, regions of high cytosine-guanidine dinucleo-
tide density often found in promoter regions of genes, 
is typically associated with a change in expression of 
genes in close proximity, for example by interference 
with transcription factor binding or recruitment of re-
pressor complexes.8 However, whereas a contribution 
of other epigenetic marks such as histone modifications 
to cardiac disease progression has already been firmly 
established,9–13 the role of DNA methylation remains 
controversial. DNA methylation analysis in patients expe-
riencing end-stage heart failure or dilated cardiomyopa-
thy showed distinct methylation patterns in diseased in-
dividuals compared with healthy controls.14,15 Moreover, 
whole-genome DNA methylation analysis by bisulfite 
sequencing in an in vivo model of cardiac hypertrophy in 
mice revealed a DNA methylation signature similar to fe-
tal mice,16 arguing for an involvement of DNA methyla-
tion in these pathologies. However, further studies using 
pharmacological inhibition of DNMTs and studies using 

genetic knockout models of single DNMTs have reached 
diverging conclusions regarding the importance of DNA 
methylation in cardiac hypertrophy. Several studies using 
nucleosidic or nonnucleosidic DNMT inhibitors in both 
in vitro and in vivo models of cardiac hypertrophy have 
consistently reported a protective effect of DNMT inhibi-
tion on disease progression,17–20 whereas the results from 
2 genetic mouse models are conflicting. One study using 
a cardiomyocyte-specific knockout of Dnmt3b in mice 
reported an impairment of contractility, exaggerated fi-
brosis, and cardiac dilation even under nonhypertrophic 
conditions,21 suggesting an important function of de 
novo DNA methylation in the heart. In contrast, cardio-
myocyte-specific knockout of both de novo DNMTs in 
mice was devoid of apparent effects on cardiac function 
or disease progression in transverse aortic constriction–
induced cardiac hypertrophy. Even though significant dif-
ferences in both DNA methylation and gene expression 
were observed,22 these results suggest a negligible role 
of DNA methylation for cardiomyocyte function.

Analysis of DNA methylation in human cardiomyo-
cytes under reproducible in vitro conditions could con-
tribute to our understanding and resolve this conflict. 
Engineered heart tissue (EHT) enables culture of human 
cardiomyocytes in a 3-dimensional format, which helps 
to overcome possible interspecies differences that could 
influence the results.23,24 Moreover, the model opens 
up the opportunity for a high variety of interventions, 
some of which are extreme in nature and therefore 
impossible to perform in vivo.25–27 This might allow for 
the uncovering of those functions of DNA methylation 
which (1) are not sufficiently triggered in animal models 
of disease, (2) develop in a time frame not analyzed in 
animal models, or (3) are restricted to humans.

The present study therefore aimed to elucidate 
the role of de novo DNA methylation in human car-
diomyocytes by knockout of the main cardiac DNMT 
isoform, DNMT3A, in human induced pluripotent stem 
cells (hiPSC) by CRISPR/Cas9 gene editing. The effect of 
the knockout on cardiomyocyte function under normal 
and stress conditions was analyzed in the controlled 
environment of human EHT generated from knockout 
 hiPSC-derived cardiomyocytes.

METHODS
A detailed description of the methods can be found in the 
Data Supplement. All data of high-throughput experiments 
have been made publicly available through the BioProject 
database and can be accessed at http://www.ncbi.nlm.nih.
gov/bioproject/646856.

CRISPR/Cas9-Mediated DNMT3A 
Knockout
Culture and genetic engineering of a hiPSC line (UKEi003-C) 
were approved by the local ethics committee in Hamburg, 

Clinical Perspective

What Is New?
• DNA methylation by DNA methyltransferase 

DNMT3A is involved in the homeostasis of human 
cardiomyocytes.

• Aberrant DNA methylation in cardiomyocytes 
affects contractility and inflicts mitochondrial dam-
age and lipid and glucose metabolism deficits.

• Loss of DNMT3A-dependent DNA methylation can 
be compensated partially by growth factors.

What Are the Clinical Implications?
• Processes affecting DNA methylation, such as nutri-

tion and DNA methylation aging, could contribute 
to the pathogenesis of heart failure.

• Addressing DNA methylation could represent a 
new therapeutic concept for heart disease.
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Germany (approval numbers PV3501 and PV4798). CRISPR/
Cas9-mediated knockout of DNMT3A was performed as 
published.28,29

EHT Generation and Culture
Generation of fibrin-based 24-well format EHT from hiPSC-
derived cardiomyocytes and analysis of EHT contractility by 
video-optical recording were done as described before.23,24,30 
Short-term electric stimulation using carbon electrodes of 
EHTs was performed as published.31

Medium Restrictions and 
Pharmacological Treatments
EHT substrate preference was analyzed in serum-free medium 
containing either 1 mmol/L lactate or 5 mmol/L d-glucose as 
the only energy substrate. In addition to standard horse serum, 
lipoprotein-deficient serum32 and dialyzed serum were used in 
EHT experiments. Glucose consumption and lactate produc-
tion were analyzed with the Radiometer ABL90 Flex. The fol-
lowing substances were used in EHT experiments: 10 µmol/L 
GW9662 (peroxisome proliferator-activated receptor gamma 
[PPARγ] inhibitor; Cayman Chemical, #70785); 10 ng/mL basic 
fibroblast growth factor (PeproTech, #100-18B); 20 ng/mL insu-
lin-like growth factor 1 (PeproTech, #100-11); 10 ng/mL endo-
thelial growth factor (Sino Biological, #10-605-HNAE5); 20 ng/
mL transforming growth factor β1 (PeproTech, #100-21C).

Histological Stainings
Antibodies used for immunohistochemistry were MLC2V 
(Synaptic Systems #SY310111, 1:3000) and Ki-67 (Abcam 
#Ab15580, 1:100). Lipid-staining of 30 day-old EHTs with 
Oil Red O (Sigma) was performed as previously described for 
zebrafish embryos.33,34

Transmission Electron Microscopy
For electron microscopy, ultrathin sections (60 nm) from 
30-day-old fixed EHTs were mounted on copper grids and 
stained with uranyl acetate and lead citrate. Sections were 
examined and photographed using an EM902 (Zeiss) elec-
tron microscope equipped with a TRS 2K digital camera (A. 
Tröndle, Moorenweis, Germany).

Metabolic Profiling
Cardiomyocyte mitochondrial and glucose metabolism was 
analyzed with the Seahorse XF96 extracellular flux analyzer 
using the Glycolysis and Mito Stress Test kits (Agilent) as previ-
ously described.35

Gene Expression Analysis
RNA for gene expression analysis was isolated from hiPSC 
and 30-day-old human EHT with the RNeasy Plus Mini kit 
(QIAGEN) or TRIzol reagent (Life Technologies). For quanti-
tative polymerase chain reaction (qPCR) analysis, the High-
Capacity cDNA Reverse Transcription kit and an ABI PRISM 
7900HT Sequence Detection System (Applied Biosystems) 
were used. Expression analysis on the nCounter SPRINT 
Profiler (NanoString) was performed as described before with 

50 ng of total RNA and a customized expression CodeSet.36 
RNA sequencing was performed as described by Stenzig et 
al20 from 500 ng RNA per sample on the Illumina HiSeq 4000 
sequencing system. Pathway mapping was performed with 
the DAVID Functional Annotation tool.37,38

Protein Analysis by Western Blot
Primary antibodies used were DNMT3A (CST #2160, 1:500), 
p44/42 mitogen-activated protein kinase (ERK1/2; CST #9102, 
1:1000), and hypoxia-inducible factor 1α (HIF-1α; Invitrogen 
#PA1-16601, 1:1000). Secondary antibodies used were α-mouse 
IgG peroxidase-conjugate (Sigma A3682, 1:10,000) and α-rabbit 
IgG peroxidase-conjugate (Sigma, A9044, 1:10,000).

DNA Methylation Analysis
Genome-wide DNA methylation of single EHTs was ana-
lyzed by reduced representation bisulfite sequencing (RRBS) 
from 70 ng DNA on the Illumina HiSeq 2500 sequencer as 
published.20 Targeted DNA methylation analysis was per-
formed by bisulfite conversion and Sanger sequencing of 
individual clones.

Statistical Methods
If not stated otherwise, data were analyzed using GraphPad 
Prism software and are plotted as individual data points with 
their mean (horizontal line) and SEM (vertical line) in a dot 
plot. For statistical analysis of differences between groups, 
an unpaired t test (2 groups), a 1-way ANOVA (more than 2 
groups), or a 2-way ANOVA (more than 2 groups, repeated 
measurements) were used as appropriate. Bonferroni posttest 
was used for correction for multiple testing. Values of P<0.05 
were considered to be statistically significant.

RESULTS
CRISPR/Cas9-Mediated Knockout of 
DNMT3A
To identify the most important DNA methyltransfer-
ase in both hiPSC and hiPSC-derived cardiomyocytes, 
DNMT isoform mRNA abundance was analyzed in both 
cell types. DNMT3B was the most prominent isoform 
in undifferentiated hiPSC but was virtually absent from 
differentiated cells (Figure IA in the Data Supplement). 
Similar to what had been described for adult murine 
cardiomyocytes,22 DNMT3A was the DNA methyltrans-
ferase isoform with the highest transcript abundance 
in hiPSC-derived cardiomyocytes. CRISPR/Cas9-me-
diated knockout of DNMT3A as published by Liao et 
al29 (Figure IB in the Data Supplement) yielded 3 suc-
cessfully mutated cell lines carrying either a heterozy-
gous insertion of an adenine nucleotide (DNMT3A+/−), 
a compound heterozygous insertion of an adenine 
nucleotide/20-bp deletion (DNMT3A−/− #1), or a homo-
zygous insertion of an adenine nucleotide at the cutting 
site (DNMT3A−/− #2; Figure II in the Data Supplement). 
Screening of the 10 most-likely off-targets revealed 
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no unwanted mutations in either of the 3 cell lines. 
Moreover, analysis of the genomic DNMT3A locus by 
long-range PCR as described by Kosicki et al39 showed 
no indications of large insertions or deletions around 
the cutting site (Figure IC in the Data Supplement). All 
mutant cell lines yielded beating cardiomyocytes with 
cardiomyocyte fractions and differentiation efficiencies 
similar to wild-type cells (Figure III in the Data Supple-
ment). In silico analysis of the effect of the mutations 
on mRNA sequence predicted induction of a frame-
shift and a premature stop codon for both the inser-
tion of adenine and the 20-bp deletion (Figure IVA and 
IVB in the Data Supplement). In line with these results,  
DNMT3A protein was reduced by ≈40% in the 
 DNMT3A+/− mutant and not detectable in the DNMT3A−/−  
mutant (Figure ID and IE in the Data Supplement). Simi-
lar results were obtained on the mRNA level (Figure IVC 
in the Data Supplement). Global DNA methylation was 
analyzed by RRBS, revealing a slightly but significantly 
lower global DNA methylation state in DNMT3A−/− than 
in wild-type cardiomyocytes (Figure IF in the Data Sup-
plement), compatible with a loss of DNMT3A mediated 
de novo methylation.

Knockout of DNMT3A Affects EHT 
Contractility
DNMT3A-deficiency did not influence EHT develop-
ment under standard, serum-containing culture con-
ditions. Analysis of average contraction peaks under 
electric stimulation at 1.5 Hz after 3 weeks of culture, 
however, revealed significantly faster relaxation in 
 DNMT3A+/− EHTs, which was even more pronounced in 
the DNMT3A−/− EHTs (Figure 1A and 1B). Contraction 
and relaxation kinetics are among others determined by 
the expression ratio of the alpha and beta myosin heavy 
chain (MHC) isoforms, because the α isoform (encoded 
by MYH6) has faster kinetic properties than the β iso-
form (encoded by MYH7). Expression analysis indeed 
revealed a significantly lower MYH7/MYH6 ratio in  
DNMT3A−/− EHTs (Figure 1C), which could in part be re-
sponsible for the observed faster relaxation. In addition, 
knockout EHTs showed a significantly higher ratio of 
atrial myosin light chain (MLC2A) to ventricular myosin 
light chain (MLC2V, Figure 1D), as well as higher tran-
script abundance of other typical atrial cardiomyocyte 
markers, including PITX2 (Figure 1E). In line with this, 
the PITX2 promoter was found to be significantly hypo-
methylated in the knockout compared with wild-type 
(Figure 1F). In accordance with the observed faster con-
tractility, all 3 knockout lines were able to follow pacing 
impulses to the highest tested frequency, whereas wild-
type EHTs gradually lost pacing capture at frequencies 
>3 Hz (Figure 1G).

Unfortunately, all 3 mutant cell lines were created 
from a cell line carrying a trisomy of chromosome 

1 (Figure II in the Data Supplement; uncovered only 
after creation of the mutant lines), a common un-
wanted side effect of prolonged hiPSC culture.40,41 To 
explore whether phenotype differences in the knock-
out lines might be related to the trisomy, most experi-
ments were not only performed using the karyotypi-
cally normal parent cell line as control (wild-type) but 
also repeated with the parent control cell line carry-
ing the same trisomy (isogenic control; Figure V in 
the Data Supplement). Wild-type and isogenic control 
EHTs were indistinguishable in almost all experiments. 
The only exception was a significantly faster relax-
ation and altered MHC isoform ratio in the trisomic 
isogenic control, which, however, was still much more 
similar to wild-type than knockout EHTs. Overall, the 
data support the interpretation that the effects ob-
served in the knockout lines were attributable to the 
deletion of DNMT3A.

Functional Degeneration Under Serum-
Free Conditions
Although force development of knockout EHTs did 
not differ from the wild-type under standard culture 
conditions containing 10% serum, striking differenc-
es were observed when the EHTs were cultured un-
der serum-free conditions. Wild-type EHTs displayed 
a steady increase in force in serum-free medium, as 
usually observed in this model, and retained a reg-
ular beating pattern over the whole culture period 
(Figure  2A, 2B, and 2E). In contrast, knockout EHTs 
showed a steadily declining force and increasing oc-
currence of beating arrhythmias (Figure 2C, 2D, and 
2F; Figure VI in the Data Supplement). It is important 
to note that the functional degeneration did not 
seem to be caused by loss of cardiomyocytes, because 
the effect was fully reversible by subsequently cultur-
ing the EHTs in serum-containing medium again (Fig-
ure VIIA through VIID in the Data Supplement). The 
observed functional decline of knockout EHTs under 
serum-free conditions suggested that serum contains 
either an energy source (eg, lipids) or a signaling mol-
ecule essential for normal cardiomyocyte function 
specifically in DNMT3A knockout. To evaluate these 
possibilities, we cultured knockout EHT with different 
depleted sera. Lipoprotein-deficient and small mol-
ecule-depleted serum (lipoprotein-deficient serum; 
removal of all lipoproteins plus subsequent dialysis 
with 30-kDa cut-off) and small molecule-depleted di-
alysis-only serum (30-kDa cut-off) had a similar nega-
tive effect on EHT contractility as serum-free medium 
(Figure VIIE through VIIG in the Data Supplement). 
This observation suggested that the absence of 1 or 
several low-molecular serum components contributed 
to the decline of knockout EHT contractility in serum-
free culture.
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DNA Methylation and Gene Expression 
Changes
To analyze the effect of de novo DNMT deficiency on 
DNA methylation in cardiomyocytes, whole-genome DNA 
methylation analysis of 30-day-old EHTs was performed 
by RRBS. Cluster analysis of differentially methylated cy-
tosines revealed closer clustering of all samples to their re-
spective replicates than to those from the other genotype 
(Figure VIIIA in the Data Supplement). As expected for de 
novo DNA methylation-deficient EHTs, most of the dif-
ferentially methylated cytosines showed hypomethylation 
in knockout EHTs compared with wild-type EHTs (Figure 

VIIIB in the Data Supplement). Pathway analysis of genes 
associated with differentially methylated cytosines using 
the Ingenuity Pathway Analysis tox list analysis revealed 
an association of DNA methylation differences between 
knockout versus wild-type EHTs with the cardiac hyper-
trophy and increases cardiac proliferation pathways, as 
well as the signaling pathways p53 signaling, transform-
ing growth factor β signaling, NRF2-mediated oxidative 
stress response, and retinoic acid receptor activation (Fig-
ure IX in the Data Supplement).

In line with the concept of DNA methylation-mediated 
gene silencing, semitargeted gene expression analysis with 

Figure 1. Contraction kinetics of DNA methyltransferase (DNMT) 3A knockout engineered heart tissue (EHT).
A, Normalized average contraction peaks of EHT from wild-type and knockout lines at a stimulation frequency of 1.5 Hz. Mean±SEM. B, Relaxation times from 
peak to 80% relaxation at 1.5 Hz. n=7-12 EHTs per group. C, Ratio of myosin heavy chain (MHC) isoforms in wild-type and DNMT3A−/− EHTs. MYH7 and MYH6 
abundance was measured by NanoString analysis, n=3. D, Ratio of atrial (MYL7, MLC2A) and ventricular myosin light chain (MYL2, MLC2V) isoforms, measured 
by RNA sequencing. n=3. E, Relative expression of atrial-specific marker genes. n=3, False discovery rate- (FDR-) adjusted P value. F, PITX2 promoter methylation, 
measured by reduced representation bisulfite sequencing. n=3–4. G, Pacing capture of wild-type and knockout EHT at frequencies from 0.7 Hz to 6 Hz, beating 
frequency of each EHT line plotted against the stimulation frequency. Each dot represents a single EHT measurement. ***P<0.001.
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a custom-designed NanoString panel revealed significantly 
higher expression of most of the analyzed low-abundance 
genes in the knockout EHTs compared with wild-type (Fig-
ure 3A). In contrast with the low-abundance genes, genes 
with high transcript abundance in cardiomyocytes did not 
consistently show increased expression in knockout com-
pared with wild-type, except for MYH6 and ATP2A2 (Fig-
ure 3B). It is important to note that genes not expressed at 
all in wild-type EHTs remained silenced in DNMT3A−/− EHTs 
(data not shown). Cluster analysis of whole-transcriptome 
RNA sequencing data moreover revealed close clustering 
of samples with their respective genotype replicates, ar-
guing for rather specific gene expression changes (Figure 
VIIIC in the Data Supplement). In line with this, pathway 
mapping of significantly differentially expressed genes in 
the knockout versus wild-type EHTs showed association 
of the gene expression changes with many cardiac-, sig-
naling-, and metabolism-related pathways (Figure  3C). 
Looking at the differentially expressed genes, only a small 

number of genes were also associated with differential-
ly methylated cytosines, suggesting rather limited direct 
gene regulation by DNA methylation in the EHTs (Figure 
VIIID in the Data Supplement). Instead, the observed DNA 
methylation changes seemed to have an effect on the 
activity of upstream regulators, which, in turn, brought 
about the observed gene expression changes. In line with 
this, upstream regulator analysis of the RRBS data using 
Ingenuity Pathway Analysis software identified a number 
of regulators affected by the observed DNA methylation 
changes (Table I in the Data Supplement).

Dysregulation of PPARγ Induces Lipid 
Accumulations
Although no overt differences in EHT development 
could be observed at first sight, knockout EHTs devel-
oped distinct morphological features compared with 
wild-type EHTs. Knockout EHTs retained a significantly 

Figure 2. Contraction behavior in serum-free culture conditions.
Force development (A) and RR scatter (B) as a surrogate parameter for beating arrhythmias, with R being the interval between 2 neighboring force peaks, of wild-
type and (C–D) knockout engineered heart tissue (EHT) over culture time under both standard serum-containing (green plus) and serum-free culture conditions (red 
minus). The dotted line marks beginning of serum withdrawal. Mean±SEM, n=51–58 EHTs from 3 batches. Representative contraction peaks of wild-type (E) and 
knockout EHTs (F) under serum-free conditions.
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higher overall diameter than wild-type and isogenic 
control EHTs over the whole culture period starting on 
day 3 of culture, indicating reduced remodeling (1.3–
1.4 mm versus 1.0 mm after 3 weeks of culture; Figure 
XA through XF in the Data Supplement). The larger EHT 
diameter observed in knockout EHT, however, did not 
seem to result from a higher content of extracellular 

matrix proteins but rather from a higher total cell vol-
ume inside the EHTs (Figure XG through XI in the Data 
Supplement), which was not paralleled by higher pro-
liferation of cells (Figure XI in the Data Supplement). 
Histological analysis by hematoxylin and eosin stain-
ing revealed large vacuolic structures inside the cells 
of all knockout EHTs, which were absent in wild-type 

Figure 3. Gene expression changes in homozygous DNA methyltransferase (DNMT) 3A knockout engineered heart tissue (EHT).
Transcript abundance of (A) low-expression genes and (B) high-expression genes in DNMT3A−/− EHTs. All values normalized to wild-type (dashed line); n=3 per 
group, **P<0.001, ***P<0.001. C, Pathway mapping of significantly differentially expressed genes in DNMT3A−/− vs wild-type. Dotted line represents significance 
threshold of P<0.05. Red, cardiac-related; blue, signaling-related; yellow, metabolism-related pathways.
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EHTs (Figure  4A and 4B, left panels). Staining of the 
cardiomyocyte marker MLC2V displayed a clear signal 
surrounding the vacuoles, suggesting that the vacuoles 
were indeed situated within the cardiomyocytes (Fig-
ure 4A and 4B, middle panels). Lipid staining with Oil 
Red O on fixed intact EHTs revealed a distinct dotted 
staining pattern in the knockout EHTs, however seem-
ingly less abundant than the total number of vacuolic 
cells in each EHT, whereas no staining was detected in 
wild-type EHTs (Figure 4A and 4B, right panels). Ultra-
structural analysis by transmission electron microscopy 
revealed no difference between knockout and wild-type 

EHTs with regard to sarcomeric structure alignment 
(Figure 4C and 4D; Figure XIIA through XIID in the Data 
Supplement, yellow arrowheads), whereas the mito-
chondria in knockout cardiomyocytes were swollen and 
displayed an impaired cristae structure compared with 
wild-type (black arrowheads), suggesting impairment 
of mitochondrial metabolic function. Accumulation of 
lipid droplets was mainly found in (pre)apoptotic cells 
lacking sarcomeric structures in DNMT3A knockout 
EHTs but not in wild-type EHTs (Figure XIIE in the Data 
Supplement). In line with the electron microscopy re-
sults, analysis of mitochondrial function by Seahorse 

Figure 4. Morphology of DNA methyltransferase (DNMT) 3A knockout engineered heart tissue (EHT).
Histological analysis of (A) wild-type and (B) DNMT3A−/− EHTs. Left, Hematoxylin and eosin staining (H&E); scale bar, 50 µm. Middle, MLC2V staining; scale bar, 50 µm. 
Right, Lipid staining with Oil Red O; scale bar, 500 µm, red dots mark lipid accumulations. Transmission electron microscopy of wild-type (C) and knockout (D) EHTs show-
ing intact sarcomeric structures but degenerated mitochondria in knockout EHT. Yellow arrowheads, sarcomeres; black arrowheads, mitochondria. Scale bar, 500 nm.
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technology revealed significantly lower basal and maxi-
mal respiration, lower nonmitochondrial respiration, as 
well as lower ATP production in knockout compared 
with wild-type cells (Figure XIII in the Data Supplement), 
clearly supporting an impairment of mitochondrial me-
tabolism in the knockout.

An important regulator of cell lipid metabolism is 
the PPARγ. Expression analysis revealed a significantly 
higher PPARγ transcript abundance in the knockout 
EHTs than in wild-type EHT (Figure 5A). DNA methyla-
tion analysis of the PPARγ promoter region revealed 
lower methylation in 6 of the 7 analyzed CpG sites 
(Figure  5B), suggesting a direct link between loss of 
DNMT3A-mediated methylation and PPARγ upregula-
tion. Treatment of knockout EHTs with the PPARγ in-
hibitor GW9662 starting on day 14 of culture revealed 
no differences between inhibitor-treated and vehicle-
treated EHTs regarding beating frequency, force gen-
eration, or occurrence of arrhythmias under both se-
rum-containing and serum-free conditions (Figure XIV 
in the Data Supplement). However, histological analysis 
revealed a strong reduction of the vacuolic structures in 
inhibitor-treated EHTs (Figure 5C). These data suggest 

that increased PPARγ in the absence of DNMT3A in-
deed drives cardiomyocyte lipid accumulation but that 
lipid accumulation and functional decline are two in-
dependent phenomena in DNMT3A knockout EHTs. 
This concept was supported by histological analysis of 
knockout EHTs cultured in serum-containing medium 
for the whole culture period, which showed accumu-
lation of lipids despite the absence of any functional 
impairment (Figure 5D).

DNMT3A-Deficiency Leads to Impairment 
of Glycolysis by HIF-1α Destabilization
Even small changes in cell metabolism can have an 
impact on cardiomyocyte contractility because of high 
energy demand. To analyze the integrity of glucose 
metabolism of wild-type and knockout cardiomyo-
cytes, glucose and lactate concentrations were mea-
sured in EHT medium 24 h after medium change. It 
is interesting that knockout EHTs consumed less glu-
cose and produced less lactate in serum-free medium, 
dialysis-only serum, and lipoprotein-deficient serum 
than in serum-containing standard conditions (Figure 

Figure 5. Upregulation of peroxisome proliferator-activated receptor gamma (PPARγ) is responsible for lipid accumulation in engineered heart tissue (EHT).
A, Normalized PPARγ transcripts in wild-type and DNA methyltransferase (DNMT) 3A−/− EHTs. n=3 EHTs per group, ***P<0.001. B, PPARγ promoter methylation 
in wild-type and DNMT3A−/− EHTs measured by bisulfite sequencing. Black dot, methylated cytosine; white dot, unmethylated cytosine. C, Hematoxylin and eosin 
staining (H&E) staining of vehicle (left) and PPARγ-inhibitor GW9662–treated DNMT3A−/− EHTs (right); scale bar, 50 µm. D, H&E staining of DNMT3A−/− EHTs 
cultured for 4 weeks in serum-containing conditions; scale bar, 50 µm.
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XVA and XVB in the Data Supplement). For isogenic 
control EHTs no difference was observed between the 
serum conditions. Moreover, knockout EHTs cultured 
with glucose as the only energy source in serum-free 
medium showed the same progressive functional de-
cline as EHTs cultured under serum-free conditions, 
whereas EHTs cultured with lactate as the only energy 
source retained stable function. Wild-type EHTs, on 
the other hand, retained stable contractility in both 
conditions (Figure 6A through 6C), indicating a major 
difference in glucose handling between wild-type and 
DNMT3A knockout.

RNA sequencing of knockout EHTs after 1 week of 
serum-free culture showed significantly lower transcript 
abundance of almost all enzymes involved in the glycol-
ysis pathway (Figure 6D). In accordance with the down-
regulation of glycolytic enzymes in knockout EHTs, the 
regulator of most glycolytic enzymes, HIF-1α, showed 
lower protein abundance in knockout compared with 
isogenic control EHTs (Figure  6E and 6F). In contrast, 
glycolytic gene expression of knockout EHTs perma-
nently cultured under serum-containing conditions did 
not differ from wild-type EHTs (Figure XVC in the Data 
Supplement). In line with this observation, no difference 
in glycolytic capacity was found between wild-type and 
knockout cells in the Seahorse Glycolysis Stress Test of 
cells cultured with the serum replacement B27 for 1 

week (Figure XVD and XVE in the Data Supplement). 
Taken together, these data suggest a destabilization 
of HIF-1α protein in DNMT3A knockout EHTs, which, 
under serum-free conditions, leads to an impaired glu-
cose metabolism by deregulation of glycolytic enzymes, 
which, in turn, causes the observed functional decline 
of the EHTs.

Serum Growth Factors Counteract 
Glycolytic Impairment in the Absence of 
DNMT3A
The observation that small molecule-depleted sera had 
similar negative effects on EHT contractility as serum 
depletion suggests an involvement of low-molecular 
serum components, such as growth factors, in the con-
tractility-preserving effect of serum. In line with this, 
supplementation of serum-free culture medium with 
a mixture of growth factors (basic fibroblast growth 
factor, insulin like-growth factor 1, endothelial growth 
factor, and transforming growth factor β1) prevented 
the functional decline of knockout EHTs (Figure  7A). 
The intervention moreover stabilized HIF-1α protein 
(Figure 7B and 7C), increased expression of HIF target 
genes (Figure 7D), and normalized glucose consump-
tion and lactate generation of knockout EHTs (Figure 7E 
and 7F).

Figure 6. Effect of DNA methyltransferase (DNMT) 3A knockout on engineered heart tissue (EHT) glucose metabolism.
Effect of restrictive feeding with lactate or glucose-only medium on frequency (A), force (B), and RR scatter, with R being the interval between 2 neighboring force peaks, 
(C) of wild-type and knockout EHTs. n=8, *P<0.05, ***P<0.001. D, Relative transcript abundance of glycolytic genes in DNMT3A−/− #2 EHTs after 1 week of serum-free 
culture. n=3, values normalized to wild-type (dashed line). E and F, Quantification of hypoxia-inducible factor 1α (HIF-1α) protein by Western blot of DNMT3A−/− #1 and 
isogenic control EHTs cultured either with lipoprotein-deficient serum (LDS), control serum, or dialyzed serum. Loading control = ERK1/2; n=2 to 3 EHTs per group.
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DISCUSSION
The role of DNA methylation in heart disease is a mat-
ter of debate. It has been suggested that de novo DNA 
methylation in terminally differentiated cell types such 
as cardiomyocytes is of little to no functional impor-
tance.22 In contrast with this, the present study revealed 
clear indications for important functions of DNA meth-
ylation in overall cardiomyocyte homeostasis and func-
tion. To begin with, the lower global DNA methylation 
we observed in our DNMT3A knockout EHTs strongly 
argues for continuous DNA methylation turnover in car-
diomyocytes. Our RRBS Ingenuity Pathway Analysis tox 
list analysis additionally pointed to a role of DNA meth-
ylation in cardiomyocytes because it identified differ-
ences centered on cardiac-related pathways instead of 
methylation changes in random, unrelated pathways or 
none at all. Moreover, these differences in DNA meth-
ylation correlated with substantial differences of cardio-
myocyte function. In summary, our model revealed 3 
main effects of de novo DNA methylation-deficiency in 
EHT beyond aberrant methylation itself (Figure 8): (1) 
altered contraction kinetics correlating with different 
expression of contractile proteins, (2) deregulation of 

PPARγ and differences in overall EHT morphology com-
prising a higher diameter and intracellular lipid accumu-
lation, and (3) protein instability of HIF-1α, leading to 
disturbed glycolysis and functional impairment of EHT 
under metabolic stress.

The first striking difference we observed in our 
knockout EHTs compared with wild-type controls was a 
significant acceleration of contraction kinetics. The EHTs 
displayed a shorter relaxation time, rendering them 
able to adapt to higher stimulation frequencies than 
their wild-type counterparts. Gene expression analysis 
of contractile proteins revealed, among others, an un-
usual expression ratio of the two myosin heavy chain 
isoforms MYH7 (encoding the slow twitch β-MHC) and 
MYH6 (encoding α-MHC). This preferential expression 
of the faster α-MHC could contribute to the faster re-
laxation kinetics observed in the knockouts and could 
be directly attributed to the absence of DNMT3A in 
those cells: the switch from MYH6 to MYH7 during hu-
man cardiomyocyte development has been previously 
shown to be dependent on DNA methylation-mediated 
silencing of MYH6.16,42 Moreover, methylation changes 
in enhancers involved in MYH7 gene regulation43 could 

Figure 7. Effect of growth factor treatment of engineered heart tissue (EHT) under serum-free conditions.
A, Effect of growth factor treatment (GFs; 20 ng/mL transforming growth factor [TGF]-β1, 10 ng/mL basic fibroblast growth factor [bFGF], 20 ng/mL insulin-like 
growth factor 1 [IGF-1], 10 ng/mL endothelial growth factor [EGF]) on force under serum-free conditions. n=10–15 EHTs from 2 batches per group. B and C, Quantifi-
cation of hypoxia-inducible factor 1α (HIF-1α) protein by Western blot of wild-type and DNA methyltransferase (DNMT) 3A−/− EHTs cultured either with serum-free me-
dium or with serum-free medium containing GFs. Loading control = ERK1/2; n=3 EHTs per group. D, Relative transcript abundance of glycolytic genes in DNMT3A−/− 
EHTs after 1 week of serum-free culture ± GFs. n=3, values normalized to wild-type (dashed line). Effect of GF treatment on glucose consumption (E) and lactate 
generation (F) of wild-type and DNMT3A−/− EHTs. n=4, values normalized to wild-type (dashed line). ns indicates nonsignificant, *P<0.05, **P<0.01, ***P<0.001.
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contribute to the altered expression. We additionally 
probed the MYH6 and MYH7 loci for the presence of 
the repressive histone mark H3K27me3 by ChIP-qPCR 
(Figure XVI in the Data Supplement). Mutual exclusivity 
of DNA methylation and this histone mark has been 
described.44,45 Because we found no differences be-
tween wild-type and knockout EHTs regarding H3K-
27me3, MYH6 could thus have been derepressed by 
demethylation in knockout. Going beyond direct gene 
regulation by DNA methylation, DNMTs additionally in-
fluence gene expression indirectly, for example by inter-
action with histone modifying enzymes and chromatin 

rearrangement8. Moreover, regulation of transcription 
factor expression by DNA methylation indirectly affects 
expression of the respective downstream genes. In this 
context, we performed mapping analysis of the RRBS 
data for upstream regulator identification. We identi-
fied EZH2 as an expression regulator of a set of dif-
ferentially methylated genes. EZH2 interestingly forms 
part of the epigenetic repression complex PRC2 and 
has previously been implied in regulation of MYH6 ex-
pression by modulation of GATA446 and could therefore 
also have been involved in the altered MHC ratio. In 
addition to the MHC isoforms, we also observed higher 

Figure 8. Overview key experiments and findings.
Dashed boxes indicate key experimental findings; colored boxes indicate conclusions drawn from experimental findings.
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expression of atrial-specific genes such as PITX2 and a 
higher MLC2A/MLC2V ratio in our knockout cardiomy-
ocytes. In particular, the higher PITX2 expression could 
be involved in the observed faster relaxation kinetics. 
PITX2 is a key regulator of atrial cell fate decision,47 and 
atrial cells typically show significantly faster kinetics 
than their ventricular counterparts.48,49 The lower PITX2 
promoter methylation moreover hints at a direct regula-
tion of PITX2 by DNA methylation, as has been previ-
ously described in prostate cancer.50 These observations 
can additionally be read as an indicator that the knock-
out hiPSC cardiomyocytes are not less cardiomyocyte-
like than their wild-type counterpart but instead have a 
different cell homeostasis status. Moreover, these find-
ings also highlight the importance of a human model 
in addition to the established mouse knockout models. 
In contrast with human cardiomyocytes, the predomi-
nant myosin heavy chain isoform in adult mouse car-
diomyocytes is the faster α-MHC, necessitating no DNA 
methylation-mediated switch from Myh6 to Myh7. This 
important species difference could thus explain the lack 
of a similar effect of Dnmt3a/3b double knockout on 
mouse cardiomyocyte contractility.22

Histological analyses of the EHTs after 30 days of 
culture revealed a second striking difference between 
knockout and wild-type EHTs. Cardiomyocytes lack-
ing DNMT3A accumulated lipid vacuoles in their cyto-
plasm, similar to what has been previously observed in 
patients experiencing metabolic syndrome.51 Cardio-
myocytes of patients in this study displayed significantly 
higher expression of PPARγ, which is strongly expressed 
in adipose tissue and, under physiological conditions, 
comparatively lowly abundant in cardiomyocytes and is 
involved in the homeostasis of lipid and glucose me-
tabolism.52,53 In line with these findings, gene expres-
sion analysis in our knockout EHTs revealed significantly 
higher PPARγ transcript abundance compared with 
wild-type. Treatment with a PPARγ inhibitor was able to 
greatly reduce the lipid accumulations in knockout car-
diomyocytes, arguing for a direct causal relationship of 
high PPARγ activity and morphological abnormalities, 
even though the exact downstream pathways remain 
elusive. This conclusion is further supported by observa-
tions from a study in mice, where cardiomyocyte-specif-
ic overexpression of PPARγ induced a similar formation 
of lipid vacuoles in the cytoplasm of cardiomyocytes, 
providing a direct link between PPARγ and lipid accu-
mulation.54 In line with previous reports,55 we found 
lower PPARγ promoter methylation accompanying the 
higher PPARγ transcript abundance, suggesting that 
the observed higher transcript abundance of PPARγ in 
the knockout EHTs was a direct cause of the absence 
of DNA methylation–mediated repression by DNMT3A. 
The fact that transmission electron microscopy mainly 
showed accumulation of lipid droplets in apoptotic 
knockout cells, which had lost their sarcomeric struc-
ture, suggests a toxic effect of the accumulated lipids 

leading to cardiomyocyte remodeling and apoptosis. 
However, this needs to be further evaluated in the fu-
ture. Besides lipid accumulation, transmission electron 
microscopy also revealed severely degenerated and 
swollen mitochondria in the knockout, which was ac-
companied by significantly impaired mitochondrial 
metabolism in the Seahorse experiments. Because  
DNMT3A has previously been described to be involved 
in regulating the methylome of mitochondrial DNA,56 
the observed mitochondrial impairment could in part be 
a direct effect of DNMT3A knockout, although further 
research will have to be conducted on this. It is inter-
esting that Li et al57 have observed lipid accumulations 
similar to what we saw in our EHTs in mice harboring 
a conditional cardiomyocyte-specific knockout of Pitx2. 
Although at a first glance this seems to be contradic-
tory to the higher PITX2 expression we observed, Li et 
al found the fat-accumulating cells in their knockout 
model to be of noncardiomyocyte origin, whereas in 
the EHTs lipid droplets were located inside cardiomy-
ocytes. Moreover, the same study also observed lipid 
accumulations in mice heterozygous for a knockout of 
Cox7c, a key mitochondrial PITX2 target gene, even in 
the presence of endogenous PITX2. This suggests accu-
mulation of lipids to be secondary to an impairment of 
mitochondrial metabolism rather than a direct effect of 
PITX2 deletion, which is in line with our observations in 
the DNMT3A knockout EHTs, showing both mitochon-
drial metabolism deficits and accumulation of lipids.

The third and most momentous effect of DNMT3A-
deficiency in EHT was a severe disturbance of the gly-
colysis pathway attributable to instability of the master 
regulator of glycolytic enzymes, HIF-1α, leading to func-
tional deterioration of knockout EHTs under metabolic 
stress. Our observation was in line with results from a 
study using siRNA-mediated knockdown of Dnmt3a in 
mouse cardiomyocytes cultured under low-serum condi-
tions, resulting in lower force and arrhythmic beating.58 
In contrast with PPARγ, HIF-1α does not seem to be sub-
ject to direct regulation by DNA methylation, because 
there was no difference in DNA methylation or mRNA 
abundance of HIF-1α in knockout EHTs compared with 
wild-type (data not shown). HIF-1α is mainly regulated at 
the posttranslational level: under normoxic conditions, 
HIF-1α is hydroxylated by prolyl hydroxylase domain–
containing proteins, followed by poly-ubiquitination by 
the von Hippel–Lindau E3 ubiquitin ligase complex and 
subsequent proteasomal degradation.59–61 Hypoxia pre-
vents HIF-1α degradation leading to stabilization of the 
protein which can then act as a transcription factor.62 
In addition, oxygen-independent mechanisms includ-
ing growth factors, nutrient concentrations, and post-
translational modifications such as phosphorylation can 
influence HIF-1α protein stability.63–65 Thus, the lower 
protein abundance of HIF-1α which we detected by 
Western blot likely indicates insufficient stabilization of 
HIF-1α protein in the knockout cardiomyocytes owing 
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to mechanisms only indirectly governed by DNA methyl-
ation. This protein instability resulted in downregulation 
of many HIF-1α target genes, which, in turn, impaired 
glucose metabolism and led to decreased contractil-
ity under metabolic stress conditions. In the situation 
of overall perturbed cell homeostasis attributable to  
DNMT3A knockout, the high abundance of growth 
factors in serum might have been indispensable for 
knockout cardiomyocytes to trigger sufficient meta-
bolic activity to sustain contractility and overcome insuf-
ficient HIF-1α stability. This hypothesis is supported by 
the results of the growth factor treatment experiment, 
showing not only sustained contractility of growth fac-
tor–treated knockout EHTs under serum-free conditions 
but also partially restored HIF-1α protein and glycolytic 
gene expression, as well as normalization of glucose 
consumption. Although deregulation of HIF-1α and its 
target genes did not result in an obvious phenotype 
under physiological conditions, it nevertheless affected 
overall cell homeostasis and cardiomyocyte function, 
which only became apparent under stress conditions. 
This observation could provide another explanation for 
the discrepancy between our results and the absence of 
an effect of the cardiomyocyte-specific knockout which 
had been described in mice, under both physiologi-
cal and less harsh pathological conditions.22 Although 
in our study harsh serum manipulation interventions 
where necessary to reveal the phenotype, which raises 
the question whether these findings are relevant for 
any physiological setting, we believe that they hint at a 
general importance of DNA methylation in humans. Es-
pecially DNA methylation ageing and its counteraction 
by DNMTs, viewed together with the rising incidence of 
heart disease in higher age, points toward a possible 
role of DNMTs in cardiomyocytes that could not pos-
sibly have been observed in mice. Taken together, these 
results suggest an important fine-tuning function of DN-
MT3A for physiological cardiomyocyte metabolism and 
function, which needs extreme conditions or possibly 
long-term exposure to less extreme stimuli during the 
lifespan of a human being to become apparent.

Taken together, the findings of this study are in line 
with a more general concept of the role of DNA meth-
ylation in gene regulation: Fully silenced genes carry ad-
ditional repressive chromatin marks on top of transcrip-
tion-blocking DNA methylation and are therefore not 
affected by knockout of DNMT3A. In contrast, partial 
repression of lowly expressed genes seems to be more 
dependent on promoter DNA methylation state, lead-
ing to a leaky expression of the corresponding gene.16 
In the absence of repressing DNA methylation marks, 
expression of leaky genes can therefore be considerably 
increased, whereas the silenced genes stay repressed 
by their additional chromatin features. Thus, de novo 
DNA methylation-deficiency would not be expected to 
lead to drastic changes of overall transcriptional reg-
ulation but rather to influence the fine-tuning of cell 

homeostasis, as supported by pathway mapping of dif-
ferentially expressed genes, resulting in many cardiac-, 
signaling-, and metabolism-related pathways. Because 
cardiomyocytes are cells with an exceptionally high en-
ergy turnover, required for contractile work, they highly 
rely on a strict regulation of metabolism, and it seems 
straightforward that metabolism was among the first 
functions to be disrupted in DNMT3A knockout EHT. 
This observation is also in line with other studies re-
porting alterations in metabolic pathways as one of 
the earliest phenotypic changes in epigenetically modi-
fied cells,13,16,66 suggesting epigenetic mechanisms as a 
means of metabolic fine-tuning in cardiomyocytes.

Limitations
The present study used CRISPR/Cas9 to knock out  
DNMT3A in hiPSCs to elucidate the role of de novo DNA 
methylation in hiPSC-derived cardiomyocytes in 3-di-
mensional EHT. Although this approach has the limita-
tion that DNMT3A was already knocked out in undif-
ferentiated hiPSC and could have therefore influenced 
the results by impeding cardiac differentiation,67,68 as the 
lower expression of some highly expressed cardiac genes 
in the knockout (eg, NPPB) could suggest, there are sev-
eral arguments for the validity and importance of our 
results. Our own gene expression analysis in the hiPSC 
and hiPSC-derived cardiomyocytes, as well as published 
expression analyses in human embryonic stem cells and 
cell types derived from these, suggest a much greater 
importance of the second de novo DNMT isoform,  
DNMT3B, in undifferentiated cells.29 Moreover, look-
ing at the abundance of the 3 DNMT isoforms over 
the course of our hiPSC differentiation protocol (Figure 
XVII in the Data Supplement), we observed no chang-
es in the expression of DNMT1 and DNMT3A, whereas  
DNMT3B was expressed dynamically, from very high 
expression in undifferentiated cells toward a steady de-
cline over time. It is interesting that the start of embryoid 
body contraction coincided with the disappearance of  
DNMT3B transcripts to background level, suggesting a 
high importance of DNMT3B for mesodermal induction 
and early cardiac differentiation but its dispensability in 
later stages. This finding is also supported by a study on 
the DNMT isoform activity pattern during mouse devel-
opment, proposing a sequential activation of Dnmt3b 
during early development and Dnmt3a during later stag-
es, as well as the fact that a global knockout of Dnmt3b 
was shown to be embryonically lethal, whereas Dnmt3a 
knockout mice developed to term and became runted 
and died only at 3 weeks of age.69 Moreover, looking 
at the expression pattern of PPARγ (Figure XVIII in the 
Data Supplement), we observed low levels of PPARγ 
directly after dissociation but continuously increasing 
abundance over EHT culture duration, arguing for a later 
time point of DNMT3A dependent repression. Together, 
these observations point to a more important function of  
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DNMT3A during later developmental stages instead of 
early cell type differentiation. In addition, quality controls 
of the hiPSC-derived cardiomyocytes in the present study 
revealed no differences between knockout and wild-type 
cells regarding both the proportion of cardiac troponin 
T–positive cells and the differentiation efficiency, arguing 
strongly against a negative impact of the knockout on 
the outcome of cardiomyocyte differentiation.

Related to this first limitation, it has to be kept in 
mind that knockout of DNMT3A in undifferentiated 
hiPSCs will also affect noncardiomyocytes present in 
the cell mixture after differentiation. This could influ-
ence the cardiomyocyte phenotype, for example, by 
altered paracrine signaling of those cells. However, be-
cause the observed phenotype was still present in EHTs 
from 99% cardiomyocytes (data not shown), we think 
this effect to be negligible for our experiments.

The karyotypic abnormality which was present in the 
wild-type line used for CRISPR/Cas9 gene knockout can 
be considered as another limitation, because the trisomy 
in itself might already influence EHT morphology and 
function. However, EHT experiments performed with 
the isogenic control wild-type cell line, carrying the same 
trisomy as the knockout lines, indicated that the pheno-
type observed in the knockout was mostly attributable 
to lack of DNMT3A and not the trisomy itself. Nonethe-
less, we cannot fully exclude that some experiments and 
results might have been biased by the trisomy.

Last, some experiments, such as RNA sequencing and 
DNA methylation analysis by RRBS, used a rather small 
(3–4) number of replicates, making statistical assump-
tions difficult. Because the EHT model overall shows rath-
er small data scattering of replicates and key functional 
experiments were done at n>50 from different batches of 
cells, we believe our results to be nonetheless valid.

Conclusions
We observed direct and indirect effects of DNMT3A 
knockout in hiPSC-derived cardiomyocytes on 3 distinct 
aspects of cardiomyocyte biology and function—con-
tractility, cell morphology, and cardiomyocyte metabo-
lism—emphasizing the importance of de novo methyla-
tion for physiological cardiomyocyte homeostasis. Even 
though compensatory mechanisms in vivo seem to be 
able to counterbalance the absence of DNMT3A on the 
short term and even in a disease situation,22 we believe 
our findings to be relevant for future therapeutic ap-
proaches. In the present study, serum withdrawal as a 
harsh intervention was able to uncover the severe func-
tional implications of deregulated DNA methylation in 
the very short timeframe of only a few days. It would 
therefore be conceivable that long-term deregulation of 
DNA methylation under less harsh conditions, such as in 
the setting of aging, could also have a currently under-
estimated impact on cardiac disease progression in hu-
man. Examples for this can be seen in studies on clonal 

hematopoiesis with indeterminate potential, showing as-
sociation of DNMT3A mutations in peripheral blood cells 
with development of cardiovascular diseases over time.70 
Viewed together with the results from DNA methylation 
inhibition in models of cardiac hypertrophy suggesting a 
positive therapeutic effect of DNA methylation modula-
tion,15,18–20 our results point to a potential relevance of 
DNA methylation in the setting of cardiac disease, which 
should be explored in more detail in the future.
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