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Abstract

Background: The neonatal murine heart is able to regenerate after severe injury; this capacity however, quickly
diminishes and it is lost within the first week of life. DNA methylation is an epigenetic mechanism which plays a
crucial role in development and gene expression regulation. Under investigation here are the changes in DNA
methylation and gene expression patterns which accompany the loss of regenerative potential.

Results: The MeDIP-chip (methylated DNA immunoprecipitation microarray) approach was used in order to compare
global DNA methylation profiles in whole murine hearts at day 1, 7, 14 and 56 complemented with microarray
transcriptome profiling. We found that the methylome transition from day 1 to day 7 is characterized by the excess of
genomic regions which gain over those that lose DNA methylation. A number of these changes were retained until
adulthood. The promoter genomic regions exhibiting increased DNA methylation at day 7 as compared to day 1 are
significantly enriched in the genes critical for heart maturation and muscle development. Also, the promoter genomic
regions showing an increase in DNA methylation at day 7 relative to day 1 are significantly enriched with a number of
transcription factors binding motifs including those of Mfsdél, Mef2c, Meis3, Tead4, and Runx1.

Conclusions: The results indicate that the extensive alterations in DNA methylation patterns along the development of
neonatal murine hearts are likely to contribute to the decline of regenerative capabilities observed shortly after birth. This
conclusion is supported by the evidence that an increase in DNA methylation in the neonatal murine heart from day 1 to
day 7 occurs in the promoter regions of genes playing important roles in cardiovascular system development.
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Background

The neonatal heart possesses a temporary robust regen-
eration potential [1-3]. The partial apex resection made
in the hearts of 1 day-old, but not in 7-day-old murine
neonates, were shown to heal completely within 21 days
[1]. The observed regeneration process is driven by the
division of pre-existing cardiomyocytes [1, 2], though
the stem cells have been reported to contribute to heart
regeneration to some extent [4]. Unfortunately, the rate
at which cardiomyocytes divide is very low and it is
gradually reduced with age [5]. The mechanisms that
restrict cardiomyocytes ability to divide in response to
injury shortly after birth are poorly understood. One of
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the triggers that contribute to the cardiomyocyte cell
cycle arrest is the transfer from the hypoxic to normal
oxygen conditions [6]. The cell cycle arrest has also been
linked with the up-regulation of multiple members of
the miR-15 family of microRNA, that regulate a number
of cell cycle genes [7].

Another important heart regeneration regulator is the
Meis1 homeodomain transcription factor which targets sev-
eral cycline-dependent kinase inhibitors [8]. Additionally,
the neonatal heart regeneration capacity has been con-
nected with the Yap protein, a Hippo signalling pathway
transcriptional co-factor, that is essential for proper heart
development as it regulates insulin growth factor and
WNT signalling pathways [9]. Moreover, the changes in
heart regeneration capacity have been associated with the
maturation of immune system, in particular, with a
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macrophage population existing in the heart of neonatal
mice [10].

Exploring the mechanisms involved in heart develop-
ment appears to be crucial in designing a scheme for the
successful stimulation of heart regeneration. Among the
gene regulation mechanisms, DNA methylation re-
patterning plays an essential role in development, tissue
differentiation, and cell specialisation. In vertebrates, DNA
methylation is primarily observed as a mechanism in
which a methyl group is added to cytosines within CpG
dinucleotides by DNA methyltranferases. DNA methyla-
tion and demethylation processes together with histone
modification affect chromatin condensation and accessi-
bility of transcription factor binding sites, thus either
blocking or enabling transcriptional activation. DNA
methylation at promoter regions is typically associated
with transcriptional repression, while that of gene bodies
is considered to promote gene expression [11]. In this
study, the focus is on DNA methylation changes that
occur in the murine neonatal heart within the first week
of life, between the first day of life when the heart is able
to regenerate and the seventh day after birth, when this
ability to regenerate is lost.

Results
Differentially methylated regions
In order to identify the genomic regions that change their
DNA methylation status in murine hearts shortly after
birth, we used the methylated DNA immunoprecipitation
(MeDIP) approach followed by hybridization with the
promoter microarray platform (Mouse DNA Methylation
3x720K CpG Island Plus RefSeq Promoter Array). This
platform interrogates 15,980 CpG Islands and 20,404
promoter regions corresponding to 22,881 transcripts.
DNA methylation profiles in the whole hearts of 1-day
(d1) neonates were obtained and compared with those
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of 7-day (d7), 2-week (w2) and 8-week (w8) old mice.
Approximately 5000 differentially methylated genomic
regions (DMRs) were determined (Fig. 1) and mapped to
4274 genes.

This number of DMRs includes 1113 genomic regions
where significant changes in DNA methylation levels
were found between d1 and d7, which is to say, before
and after the loss of transient regenerative capacity in
the neonatal murine heart. 1009 of these regions corre-
sponding to 929 genes were found to show an increase
in DNA methylation at d7 (Fig. 1a).

Sixty of these regions corresponding to 55 genes
retained an altered DNA methylation status until adult-
hood (w8) (Table 1). Forty two of these genes showed an
increase of DNA methylation following d1. The
complete lists of identified DMRs with their chromo-
some localisations and mapped annotations are included
in Additional file 1: F1.

The majority of changes we found within the first
week of life involved the gains of DNA methylation,
while for those identified between d1 and w2, as well
as, d1 and w8, the loss in DNA methylation is more
prevalent (Fig. la). Furthermore, multiple genomic
regions showed a transient gain and loss of DNA
methylation. This indicates the dynamism of epigen-
etic reprograming in the murine heart within two
weeks after birth. The majority of the identified
DMRs are between 500 and 750 bp in length (Fig. 1b)
and they are located more than 500 bp upstream of
their transcription start sites (Fig. 2a). The distribu-
tions of DMR locations largely correspond to array
design (Fig. 2b). As the majority of hybridization
probes in the array correspond to the nucleotide se-
quences in the vicinity of transcription start sites, a
prevailing number of DMRs were mapped to pro-
moter regions (Fig. 2a).
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Fig. 1 The numbers of differentially methylated DNA regions (DMRs) in murine neonatal hearts. a The numbers of DMRs between d1 and d7, w2
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Table 1 DNA methylation changes in murine hearts following day 1 after birth and retained till adulthood

Name Chr Start End

Tns1 chrl 74114 975 74115530
Des chrl 75355824 75356378
Rab17 chrl 92 864 118 92 864 467
Nuak2 chrl 134209757 134210696
Tnnt2 chrl 137736774 137737403
Leftyl chrl 182864242 182865 106
Lhx6 chr2 35946 450 35947 289
Lhx6 chr2 35949528 35950 186
Sstrd chr2 148220436 148 221295
Mecom chr3 30410787 30411346
Gm5148 chr3 37 622 863 37624133
Mab21/12  chr3 86 353933 86 355 158
CGl chra 57 794 883 57 795512
Cdkn2b chra 88952 702 88953 362
C77080 chra 128915887 128916526
Map3ké chra 132806551 132807 595
Fzd1 chrs 4755737 4755971
Shroom3 chr5 93 238 362 93239130
Mn1 chr5 111847574 111848208
Ppplcc chr5 122606 677 122607 201
Lmod2 chré 24 547 425 24 548 282
caGl chr7 19 547 993 19548 537
Bcl3 chr7 20394 611 20395 266
Csrp3 chr7 56 100 632 56 101 879
Wdr93 chr7 86 885 192 86 885 964
Adm chr7 117769268 117770102
Ctbp2 chr7 140316498 140317137
Eps8I2 chr7 148524663 148524892
Snapc2 chrg 4249 167 4249 806
Rab20 chrg 11479382 11479931
CGl chr8 74049216 74 049 765
Zfp423 chr8 90186286 90186 943
B3gnt9-ps  chr8 107783019 107 783 758
Dpep3 chr8 108 503 906 108 504 675
St3gal2 chr8 113493856 113494515
FoxlI1 chr8 123650025 123653 205
Cryab chrg 50558948 50559377
Tns3 chril 8565 621 8567 070
Foxcl chri3 31895562 31898 055
Egr3 chri4 70478 666 70479 415
Abra chri5 41700529 41701078
Sybu chris 44 583 889 44584 130
Rarg chrl5 102088097 102089 746
caGl chri7 39980236 39983 086
Gata6 chr18 11048 159 11048 891
Cyp26c1 chr19 37761542 37761791
Kihi13 chrX 22941755 22942 109
Cdk9 chr2 32569 993 32570552
Nostrin chr2 68 973 623 68974 477
Cd40 chr2 164 880421 164881052
Rab4b chr7 27 964 782 27965011
Zfp36 chr7 29163 180 29163414
Furin chr7 87 548 697 87549 574
Arfip2 chr7 112787922 112788 300
Nepn chr1i0 52108 953 52109 203
Nefm chria 68 743 254 68743 514
Gm949 chr18 47 080 903 47 081375
PcnxI3 chr19 5690 255 5691 595
Ehbp1l1 chr19 5727081 5727 850
Slc25a45  chr19 5878 841

di

d7

w8

5879070

Feature
PT

TSS

TSS

TSS

TSS

TSS

caGl

Description

tensin 1

desmin

RAB17, member RAS oncogene family

NUAK family, SNF1-like kinase, 2

troponin T2, cardiac

left right determination factor 1

LIM homeobox protein 6

LIM homeobox protein 6

somatostatin receptor 4

MDS1 and EVI1 complex locus

predicted gene 5148

mab-21-like 2 (C. elegans)

CpG Island

cyclin-dependent kinase inhibitor 2B (p15, inhibits CDK4)
expressed sequence C77080

mitogen-activated protein kinase kinase kinase 6
frizzled homolog 1 (Drosophila)

shroom family member 3

meningioma 1

protein phosphatase 1, catalytic subunit, gamma isoform
leiomodin 2 (cardiac)

CpG Island

B-cell leukemia/lymphoma 3

cysteine and glycine-rich protein 3

WD repeat domain 93

adrenomedullin

C-terminal binding protein 2

EPS8-like 2

small nuclear RNA activating complex, polypeptide 2
RAB20, member RAS oncogene family

CpG Island

zinc finger protein 423

UDP-GIcNAc:betaGal beta-1,3-N-acetylglucosaminyltransferase 9, pseudogene
dipeptidase 3

ST3 beta-galactoside alpha-2,3-sialyltransferase 2
forkhead box L1

crystallin, alpha B

tensin 3

forkhead box C1

early growth response 3

actin-binding Rho activating protein

syntabulin (syntaxin-interacting)

retinoic acid receptor, gamma

CpG Island

GATA binding protein 6

cytochrome P450, family 26, subfamily c, polypeptide 1
kelch-like 13 (Drosophila)

cyclin-dependent kinase 9 (CDC2-related kinase)
nitric oxide synthase trafficker

CDA40 antigen

RAB4B, member RAS oncogene family

zinc finger protein 36

furin (paired basic amino acid cleaving enzyme)
ADP-ribosylation factor interacting protein 2
nephrocan

neurofilament, medium polypeptide

predicted gene 949

pecanex-like 3 (Drosophila)

EH domain binding protein 1-like 1

solute carrier family 25, member 45
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The locations of genomic regions showing DNA methylation changes in murine hearts between the day 1, 7, and 2 weeks after birth, and retained till adulthood
in 8-week-old mice. The genes involved in heart development are marked with red font while those participating in anterior/posterior pattern specification are

distinguished by grey shading

CGI CpG genomic island; the genomic coordinates listed are mapped to NCBI37/mm9 build
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Fig. 2 Genome distribution of differentially methylated regions along the development of murine hearts. a Genome distribution of the DMRs:
proximal - +500: -100 bp from TSS, distal - +5000 : +500 bp from TSS; intragenic - associated with a CpG island located within a primary
transcript; intergenic - located over 5000 bp upstream and over 500 bp downstream of any of primary transcripts in the analysis; b Probe
distribution on the microarray

Gene ontology analysis for genes mapped to DNA methylation at d7, w2 and w8 relative to dl
differentially methylated regions (Fig. 3a). What is more, for the genes associated with the
A gene ontology analysis, performed with ClueGo, DMRs between d1 and w2, the significant functional cat-
showed a significant overrepresentation of genes associ-  egories include the regulation of Wnt and BMP signal-
ated with heart development for the regions that gain ling, as well as the maintenance of somatic stem cells.
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Fig. 3 Ontology analysis of genes mapped to genomic regions differentially methylated during development of murine heart. a Ontological
terms associated with the genes overrepresented among the genes mapped to the DMRs between d1 and d7 (blue), d1 and w2 (yellow), and d1
and w8 (red). Gene set enrichment analyses were performed and gene ontology annotations were found with ClueGo. The results are presented
as -log(P-value). All presented p-values were lower than 0.05. The numbers of corresponding DMRs are shown in the inset. b Transcription factor
binding sites enriched for the genes associated with the DMRs between d1 and d7 (blue), d1 and w2 (yellow), and d1 and w8 (red). The analysis
was carried out with iRegulon. The results are presented as Normalized Enrichment Scores (NES). The numbers of genes associated with the listed
terms/transcription factors are shown in parentheses
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With regard to revealing potential regulators associated
with the epigenetic transition, a prediction of transcrip-
tional factors targeting the differentially methylated
genes was carried out (Fig. 3b). The functional terms
connected with the DNA methylation increase between
d1 and d7 were clustered into three main categories: car-
diovascular system development, anterior/posterior pat-
terns formation, and regulation of RNA metabolic
process (Fig. 4).

The DMRs between dl and d7 show a set of 60
changes in DNA methylation which are retained until
w8 (Table 1). These 60 DMRs are enriched in genes in-
volved with cardiovascular system development. The
group of genes includes those of sarcomere proteins
(Des, Tnnt2), transcription regulators (Gata6, Ctbp2),
and developmental proteins (Leftyl, FzdI).

The complete results of gene ontology analyses are
included in Additional file 1: F1.

Prediction of transcriptional factors targeting
differentially methylated genes

As determined with iRegulon analysis, the promoter re-
gions of genes associated with the gain of DNA methyla-
tion at d7 relative to d1 show a remarkable enrichment
with the sequence motifs of Mfsd6l, a transcriptional
factor which targets 494 out of the 929 genes which
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display an increase in DNA methylation level at d7 as
compared to d1. Further enriched motifs are related to a
cardiac specific myocyte enhancer factor Mef2c, Meis3
homeobox, Tead4 transcription factor, and the runt-
related transcription factor Runxl. The promoter regions
of genes which display a decrease in DNA methylation at
d7 vs. d1 show an enrichment for the motifs associated
with Stat6, a regulator of 114 and Il13 signalling, which are
known to play important roles in immune responses
(Fig. 3b).

The complete results of iRegulon predictions are
included in Additional file 1: F1.

Differentially expressed genes

With a view to investigating the alterations in transcrip-
tome profiles which accompany those of methylome,
genome-wide gene expression profiling in the neonatal
and adult murine heart tissues was performed using
Mouse Gene Expression 12x135K microarray. The array
interrogates 44,170 transcripts corresponding to over
24,200 genes. Additionally, transcriptome profiling of
embryonic heart tissues was performed in order to iden-
tify the genes which show similar expression profiles in
embryos and d1 neonates and that are greatly up- or
down-regulated in the further phases of development
and in adults.
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Fig. 4 Key ontological categories associated with genes showing an increase in DNA methylation at d7 relative to d1 in neonatal murine hearts.
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We singled out the genes showing at least a two-fold change
in expression between d1 and d7 and between w2 and w8;
these genes are further referred to as “differentially expressed”.
An ontology analysis performed with ClueGO shows that a
significant group of genes differentially expressed between d1
and d7 are associated with the regulation of cell morphogen-
esis (up-regulated at d1) and glucose metabolism (down-regu-
lated at d1), while among those displaying a two-fold change
between d1 and w2, as well as between d1 and w8, there are
distinguishing groups connected with the regulation of mitosis
and heart development (Fig. 5a). The genes that show at least
a two-fold change in expression observed in the first week of
life and are retained until adulthood are shown in Table 2.
The prediction of transcription factors targeting the differen-
tially expressed genes is presented in Fig. 5b.

Changes in DNA methylation and gene expression

As a rule, increased DNA methylation of promoter regions is
correlated with a decrease in the level of gene expression.
However, an increase of DNA methylation within gene bodies
may promote transcription [11]. In order to investigate as to
whether the alterations of gene methylation profiles in murine
hearts observed after birth are reflected in gene expression,
we carried out a search for the correlations between the
DNA methylation and gene expression changes. In this pur-
pose, we paired the genes changing expression by at least 1.5-
fold with their corresponding DMRs. As the result, we
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identified 216, 341, and 902 genes for which the change of ex-
pression can be associated with the DMRs between d1 and
d7, d1 and w2, and d1 and w8 hearts, respectively (Table 3).
The relationships between DNA methylation and gene ex-
pression changes are demonstrated using coordinate plots,
where the dots in the 1% and the 3™ quadrants represent the
positive correlations while those in the 2™ and the 4™ quad-
rants, the inverse ones (Figs. 6, 7, 8). Apart from the expected
inverse correlations between DNA methylation and gene ex-
pression, we identified comparable numbers of the positive
ones. There are, however, a relatively small fraction of genes
in the analysis that displayed correlations, either positive or
negative, between DNA methylation and gene expression
changes, as shown by the Venn diagrams in Figs. 6, 7, 8. The
genes showing transcriptional down-regulation at d1 vs. d7
accompanied by a gain in DNA methylation were significantly
enriched in those involved in heart development. No signifi-
cant ontological categories were determined for the genes dis-
playing transcriptional up-regulation correlated with a
decreased DNA methylation at d1 vs. d7. Surprisingly, several
developmental genes reported to participate in heart func-
tions, showed an increase in DNA methylation and expres-
sion at d7 vs. d1 (Fig. 6, Table 4).

Validation of microarray results by using quantitative-PCR
The DNA methylation and gene expression microarray
results were validated for a selection of transcripts and
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Fig. 5 Ontology analysis of genes differentially expressed during development of murine heart. a The ontological terms were revealed by gene set
enrichment analysis for the genes showing at least a two-fold change in expression at d7 (blue), w2 (yellow) and w8 (red) in comparison to d1. Gene
set enrichment analyses were performed and gene ontology annotations were found with ClueGo. The results are presented as -log(P-value). The
numbers of differentially regulated genes are shown in the inset. b Transcription factor binding sites enriched for the differentially regulated genes be-
tween d1 and d7 (blue), d1 and w2 (yellow), and d1 and w8 (red). The analysis was carried out with iRegulon. The results are presented as Normalized
Enrichment Scores (NES). The numbers of genes associated with the listed terms/transcription factors are shown in parentheses
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Table 2 Gene expression changes in murine hearts following d1 after birth, and retained till adulthood

Name E15 E16 E18 d7 w2
Fbp2

Gpd1
Itga7
Asph

Me3

Ankrd23
Mixipl
Acss1
Myh11
Rtn4r
Rgs4

Thrb

Efhd1
Fitm2
Ace

Hcn2
Myh14
Rxrg

Nrih3
Rarres2
Pcolce2
Prrx1
Kcnj8
Lrtm1
Ly6e

Fblim1
Camk2b
Abccl
Cyfip2
Pla2g5
Twf2
Atpla2
Mapt
Fmnl1
Dixdc1
Bhlhb9
Dixdc1
Cd74
Weel
Rgs7
Pil6

Metrn
Fblim1
Tbx20
Col1lal
Bcer

Ncam1
Pdlim5
Acsl3
Myh7
Brsk1
Aldoc
Bcleé

Asap3
Pdk3 F b ! b 4 27
Zmym3 b I b b 1 -1.2
Cpne5 ! b 3 . -2.4
Epb4.113 [} b ! b .1 [
Apafl b b b b -1.5
Bcllla b : h : 1 1.5
Bmp7 L . I b 6 -41
Lpar3 h 5 ! 1 . -3.0
Sdk1 A ! ! ! 2 25
Tro . b 4 -19
Sema3a b g 7 21
Cited1 b o -
Hey2 1 . -3.2

w8

Description

fructose-1,6-bisphosphatase 2
glycerol-3-phosphate dehydrogenase 1

integrin, alpha 7

aspartate beta-hydroxylase

malic enzyme 3, NADP(+)-dependent, mitochondrial
ankyrin repeat domain 23

MLX interacting protein-like

acyl-CoA synthetase short-chain family member 1
myosin, heavy chain 11, smooth muscle

reticulon 4 receptor

regulator of G-protein signaling 4

thyroid hormone receptor, beta

EF-hand domain family, member D1

fat storage-inducing transmembrane protein 2
angiotensin-converting enzyme

hyperpolarization activated cyclic nucleotide gated potassium channel 2
myosin, heavy chain 14, non-muscle

retinoid X receptor, gamma

nuclear receptor subfamily 1, group H, member 3
retinoic acid receptor responder (tazarotene induced) 2
procollagen C-endopeptidase enhancer 2

paired related homeobox 1

potassium channel, inwardly rectifying subfamily J, member 8
leucine-rich repeats and transmembrane domains 1
lymphocyte antigen 6 complex, locus E

filamin binding LIM protein 1
calcium/calmodulin-dependent protein kinase Il beta
ATP-binding cassette, sub-family C (CFTR/MRP), member 1 i
cytoplasmic FMR1 interacting protein 2
phospholipase A2, group V

twinfilin, actin-binding protein, homolog 2

ATPase, Na+/K+ transporting, alpha 2 polypeptide
microtubule-associated protein tau

formin-like 1

DIX domain containing 1

basic helix-loop-helix domain containing, class B9
DIX domain containing 1

CD74 antigen

WEE 1 homolog 1

regulator of G protein signaling 7

peptidase inhibitor 16

meteorin, glial cell differentiation regulator

filamin binding LIM protein 1

T-box 20

collagen, type XI, alpha 1

breakpoint cluster region

neural cell adhesion molecule 1

PDZ and LIM domain 5

acyl-CoA synthetase long-chain family member 3
myosin, heavy polypeptide 7, cardiac muscle, beta
BR serine/threonine kinase 1

aldolase C, fructose-bisphosphate

B cell leukemia/lymphoma 6

ArfGAP with SH3 domain, ankyrin repeat and PH domain 3
pyruvate dehydrogenase kinase, isoenzyme 3

zinc finger, MYM-type 3

copine V

erythrocyte protein band 4.1 like 3

apoptotic peptidase activating factor 1

B cell CLL/lymphoma 11A (zinc finger protein)

bone morphogenetic protein 7

lysophosphatidic acid receptor 3

sidekick homolog 1

Trophinin

sema domain, immunoglobulin domain (1g), short basic domain, secreted, (semaphorin) 3A
Cbp/p300-interacting transactivator with Glu/Asp-rich carboxy-terminal domain 1
SWA hairy/enhancer-of-split related with YRPW motif 2
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The genes which display at least a two-fold change in expression levels in murine hearts between the day 1 and 7 after birth, which is retained in 2-week-old and
till adulthood in 8-week old mice. The results are presented as log2 ratios of normalized microarray signals relative to d1
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Table 3 Numbers and vectors of DNA methylation and gene DMRs using qPCR as a reference method. DNA methy-
expression changes in murine hearts after birth lation levels were estimated by DNA digestion with a CpG
Number of DMRs and transcripts pairs methylation dependent McrBC enzyme followed by qPCR
Relationship Distal  Proximal Intragenic Total ~ quantitation. Gene expression levels were determined by
d1-d7  MeDIPt Expressiont 89 43 28 160 using qPCR with primers targeting the transcript regions
MeDIPt Expression] 55 17 . 83 corresponding to the. microarray probes‘. Re.presentatlve
MeDIP E ont 6 . ‘ 8 examples of qPCR validations are shown in Fig. 9 and the
e xpression ) e '
P ‘ complete results are collected in Additional file 2: F2. The
MeDIP| Expression] 6 > ! 12 qPCR quantitation confirmed the microarray results.
dl-w2  MeDIPT Expressiont 21 17 19 57
MeDIPt Expression| 14 21 9 44
MeDIP| Expression] 146 30 50 226 Disscussion .
MeDIP] Expression] 27 "o ” 190 It has Peen recently shown that murine hearts und?rgo
g VeDPt £ ' dynamic DNA methylation reprogramming after birth,
1w8 - MeDIPT Bxpressionf 121 2 s 167 with waves of global DNA demethylation and methyla-
MeDIPT Expression] 143 43 13 199 tion. It has been reported that 5-azacytidine treatment
MeDIP| Expressiont 245 311 18 674 increases cardiomyocyte proliferation in the neonatal
MeDIP] Expression| 135 178 97 410 heart and it affects cardiomyocyte binucleation [12].
The summary includes the numbers of DMRs paired with corresponding What is more, the epigenetic pattern in the Cardiomyo'
transcripts changing their expression levels by at least a 1.5-fold. The cytes from the adult injured heart Changes to become
relationships are visualized in Figs. 6, 7, 8 P . P
MeDIP1/MeDIP| - DNA methylation gain/loss sm‘ular to that in neo?ates [13] . The transcriptional ana-
Expressiont/Expression | - increase/decrease lysis of neonatal ventricles after injury showed a reversion
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Fig. 6 DNA methylation and gene expression changes in neonatal murine hearts between d1 and d7. a The number of genes associated with
the DMRs between d1 and d7 and those showing at least a 1.5-fold change in expression between these time-points (b) Dot plot representation
(c) and representative examples of genes changing the expression and DNA methylation status between d1 and d7. The numbers of dots representing
the genes are listed in Table 3. The complete lists of genes are included in Additional file 1: F1
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representative examples of genes changing the expression and DNA methylation status between d1 and w2. The numbers of dots representing the
genes are listed in Table 3. The complete lists of genes are included in Additional file 1: F1

of cardiomyocyte transcription profiles towards a less dif-
ferentiated state [14].

The study by Sim et al. [12] compares global DNA
methylation profiles of heart left ventricles obtained
by the enrichment of methylated DNA with methyl-
CpG-binding domain followed by DNA sequencing
(MBD-seq) between 1-day- and 2-week-old mice.
The article by Gilsbach et al. [13] reports the exam-
ination of DNA methylation profiles in isolated
cardiomyocytes from neonatal (1-day-old) and adult
(8-week-old) mice performed by genome bisulphite
sequencing.

In our study, the changes in the postnatal global DNA
methylation profiles in the whole murine hearts were ex-
amined by using methylated DNA immunoprecipitation
(MeDIP) followed by microarray analysis targeting pro-
moter regions. We compared DNA methylation profiles
in the hearts of 1-day-old newborns with those of 7-day-
, 2-week-, and 8-week-old mice. Since the neonatal heart
loses its regeneration capacity within the first week of

life, we focused the analysis on DNA methylation
changes that occur between the days 1 and 7.

The number of DNA methylation gains exceeds that
of losses at d7 relative to d1, while the proportion is re-
versed for the comparison between d1 and w2 and that
between dl1 and w8. A significant number of genes
among those associated with the genomic regions show-
ing an increase in DNA methylation from d1 to d7 are
known to participate in heart development. As indicated
by bioinformatics tools, the genes exhibiting an in-
creased methylation in the 7-day-old relative to 1-day-
old neonates are enriched in the targets of several tran-
scriptional regulators: Mef2c, Nr2f2, Tead4, Meis3, and
Mfsd6l. The first three factors are known for their roles
in heart functions and defects. The cardiac specific
muscle enhancer factor Mef2c together with Gata4 and
Tbx5, has been reported to reprogram neonatal fibro-
blast into cardiomyocyte-like cells [15]. The nuclear re-
ceptor subfamily 2, group F, member 2, Nr2f2, has been
associated with congenital heart defects [16] and
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Table 4 Significant functional terms found for the genes displaying an increase in DNA methylation and expression at d7 relative to
d1 in neonatal murine hearts

GOID GOTerm p-value corrected with Bonferroni Associated Genes Found
step down
GO:0098742 cell-cell adhesion via plasma-membrane 8.09E-04 Cdh1, Cdh13, Cdh26, Esam, Igsf9, Pcdhgal2, Scarf2,
adhesion molecules Umod
GO:0048705  skeletal system morphogenesis 143E-03 Alpl, Bmp4, Chad, Hoxa3, Hoxa5, Hoxb5, Ltbp3, Osr1,
Tcf15, Tgfb3
G0O:0009952 anterior/posterior pattern specification 537E-03 Bmp4, Hoxa3, Hoxa5, Hoxb5, Med12, Meox1, Osr1,
Tcf15, Zic3
GO:0031032 actomyosin structure organization 1.01E-02 Ankrd23, Asap3, Lmod2, Myh7b, Mypn, Neb, Tpm1
GO:0048771 tissue remodelling 1.68E-02 Clec10a, DII4, Hoxa3, Ltbp3, Nol3, Pml, Spp2
GO:0055002  striated muscle cell development 3.74E-02 Ankrd23, Bmp4, Lmod2, Mypn, Neb, P2rx2
GO:0045064 T-helper 2 cell differentiation 8.02E-03 Bcl3, Hlx, Irf1
GO:0005520 insulin-like growth factor binding 3.24E-02 Cyré1, Htra4, Igfbp6

As revealed by ClueGo gene ontology analysis, a group of 215 genes showing a gain in DNA methylation and a minimum 1.5-fold increase in expression level was
significantly enriched in developmental genes. Remarkable genes reported to participate in heart functions a development are distinguished by bold font.
(The 215 genes are are listed in Additional file 1: F1 quadrant of Fig. 8)
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Fig. 9 gPCR validation of microarray results for remarkable genes showing significant changes in DNA methylation and transcript levels between
d1 and d7 in neonatal murine hearts. The left panels show DNA methylation and gene expression microarray results represented by red bars and
black markers, respectively; DNA methylation is expressed as MeDIP enrichment and gene expression levels as normalized microarray signals. The
black markers preceding that indicating the neonatal d1 represent gene expression levels in embryonic hearts E16, E18, E19, E20. The middle
panels present CpG methylation estimated with Methylation Dependent Restriction Digestion followed by quantitative PCR (MDRE-gPCR) where
the DNA methylation levels correspond to the amounts of DNA undigested by CpG methylation dependent McrBC enzyme (1-(McrBC/Input). The
right panels demonstrate transcript levels determined with gPCR as the ratios to the reference transcript of the Tbp gene (TATA binding protein
gene). The microarray results were determined for pooled samples of 3 mice. The gPCR results represent average values obtained for three
individuals for each developmental time-point. The statistical significance has been determined with two-tailed heteroscedastic Student’s t-test.
The complete results of gPCR validation are collected in Additional file 2: F2

OB S L

&

tetralogy of Fallot [17] in humans. The TEA domain recovery after ischemia [19]. Meis3 and Mfsd6l have not
family member 4, Tead4 has been demonstrated to in- been reported in the context of heart development to
duce hypertrophy of rat cardiomyocytes through aj-ad-  date but, as indicated by the above mentioned bioinfor-
renergic receptor stimulation [18] and to up-regulate  matics prediction, they are likely to target 243 and 494,
Hifla, thus stimulating vascular development and heart respectively, of 929 genes mapped to the DMRs
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hypomethylated at d1 relative to d7. Nevertheless, the
predicted transcriptional factors targeting the differen-
tially methylated and those targeting the differentially
expressed genes largely do not overlap (Fig. 3b and
Fig. 5b). However, we were able to select several genes
targeted by the transcriptional regulators Mef2c, Nr2f2,
Tead4, Meis3, and Mfsd6l that display a decrease in ex-
pression correlated with a gain in DNA methylation at
d7 as compared to d1 (Additional file 3: F3).

A number of differentially methylated genes show in-
verse correlations between the changes in DNA methyla-
tion and transcription levels observed from dl1 to d7
(Figs. 6, 7, 8). The group includes the Kif4 and Bmp7
genes, which encode regulatory factors, and Myh?7, that
encodes the heavy subunit of cardiac myosin (Fig. 9). It
has been reported that cardiomyocyte-specific Kif4
knock-out mice display an exaggerated expression of
cardiac foetal genes after induced cardiac hyperthrophy
[20] and the endothelial Kif4 is up-regulated after the
loss of cerebral cavernous malformation signalling,
which results in heart failure [21]. Bmp?7 together with
Bmp6 play a role in the formation of cardiac cushions
[22]. Bmp?7 inhibits endothelial-mesenchymal transition,
as well as cardiac fibrosis after heart injury [23].

Multiple other genes show inverse correlations be-
tween promoter DNA methylation and transcript levels
changes in the course of heart development (Figs. 7, 8).
Representative examples of such genes include: Neatl,
Zbtb16, Tnnil, and Fzdl. Neatl and Zbtb16 show an in-
crease in expression correlated with a decrease in DNA
methylation along the development (Additional file 2: F2).
Neatl is a gene of long non-coding RNA which acts as a
core structural component of nuclear paraspeckles. Neatl
is expressed in various tissues and it has been reported to
protect the heart from pathological hypertrophy [24].
Zbtb16 encodes a transcription factor associated with cell
cycle progression. Tnnil and Fzdl display decreasing ex-
pression connected with increasing DNA methylation
within heart development (Additional file 2: F2). Tnnil is
a gene of a foetal muscle troponin [25]. FzdI encodes a re-
ceptor of WNT signalling, which plays an important role
in heart development and in heart tissue remodelling
under pathological conditions [26].

We found that a number of genes exhibited positive
correlations between DNA methylation and gene expres-
sion changes between d1 and d7 (Fig. 6). We observed
an increase in promoter DNA methylation and expres-
sion for a remarkable group of genes participating in
heart functions and development such as Myh7b and
Bmp4 (Table 4). This observation could be explained by
cell specialisation in the growing hearts.

It is also important to stress that in this research DNA
and RNA were extracted from whole hearts, therefore the
observed differences pertain to mixed cell populations
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including cardiomyocytes, fibroblast and endothelial cells.
The limited ability of cardiomyocytes to proliferate shifts
the focus of heart regeneration studies on this type of
cells. However, the involvement of cardiac fibroblasts is
also worth exploring as the secretory functions of fibro-
blasts and their role in scar formation should be taken
into consideration.

Conclusions

This may be considered the first report to show the
changes in DNA methylation profiles in the neonatal
murine hearts between day 1 and day 7 points in time
which delineate the transient regenerative ability of neo-
natal murine hearts. The results indicate a number of
differentially methylated regions between day 1 and day
7, most of them increasing DNA methylation at day 7.
The DMRs are significantly enriched in genes associated
with muscle development and embryonic morphogenesis
that are also critical for proper heart maturation. The re-
sults of this study indicate a group of transcriptional reg-
ulators which target the genes displaying decreased
methylation at day 1 vs. day 7. Three of them Mef2c,
Nr2f2, Tead4 are known to participate in heart develop-
ment and functions, thus suggesting their involvement
in the regenerative repair in neonatal hearts. Two other
regulators: Mfsd6l and Meis3, are not known to have
been reported in the context of the heart. Our findings
show that DNA methylation changes, largely an increase
in gene methylation, is accompanied by a decrease of
heart regenerative ability in the first week of life in neo-
natal mice. In addition, the results indicate candidate
genes and transcription factors involved in the process.

Methods

Tissue samples and nucleic acid extraction

The hearts of C57BL/6] mice at the age of 8 weeks (w8)
were purchased from the Jackson Laboratories (Bar Harbor,
USA). The hearts of the C57BL/6] embryos (embryonic day
15, 16, 18 and 19 (E15, E16, E18, E19) and murine neonates
at the age of 1 day (d1), 7 days (d7) and 2 weeks (w2) were
purchased from the Tri-city Experimental Animal Centre -
Research and Services Centre - Medical University of
Gdansk (Poland). The tissues were collected on RNA Later
(Qiagen, cat. no. 76104) and transported in dry ice. Tissues
were disrupted with mortar and pestle in liquid nitrogen
and divided into two portions, for RNA and DNA isolation.
Genomic DNA was extracted by using DNeasy Blood and
Tissue Mini Kit (Qiagen, cat. no. 69504) with RNaseA
treatment (Qiagen, cat. no. 19101) for RNA removal. Total
RNA was extracted with RNeasy Mini Kit (Qiagen, cat. no.
74104) with on-column DNA digestion with RNase-Free
DNase Set Kit (Qiagen, cat. no. 79254).
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DNA methylation profiling

Methylated DNA immunoprecipitation (MeDIP) followed
by microarray analysis was performed for tissue pools col-
lected from three individuals at d1, d7, w2 and w8. MeDIP,
labelling, hybridization and image acquisition were per-
formed as previously described [27] using Mouse DNA
Methylation 3x720K CpG Island Plus RefSeq Promoter
Arrays (Roche, NimbleGen).

Image acquisition was done with an MS 200 Scanner
(Roche, NimbleGen) at 2 pm resolution by using high-
sensitivity auto-gain settings. Data processing was per-
formed with NimbleScan v. 2.6 (Roche, NimbleGen),
which included obtaining raw data files, normalizing the
raw data by using quantile normalization with back-
ground correction separately for each channel, following
computing biweighted log, ratios, determining KS
Scores (with 750 bp sliding window and 500 bp spacing
between nearby probes) and mapping DNA probes to
genes and CpG islands using mm9/NCBI37 build. The
data files have been deposited in Gene Expression
Omnibus Database under the accession number
GSE68524.

Gene expression microarray profiling

Gene expression profiling was performed for embryonic
murine hearts (E15, E16, E18, E19) in addition to those
of d1, d7, w2 and w8 mice. Total RNA from three indi-
viduals for each time-point were pooled in equal amounts
and 3 pg of RNA was used for cDNA synthesis. The first
strand cDNA was synthesized with 200 units of Maxima
Reverse Transcriptase (ThermoScientificBio, cat. no.
EP0742) and the second strand with cDNA Synthesis Sys-
tem (Roche, cat. no. 11 117 831 001) according to the
manufacturer’s protocol. The double stranded cDNA sam-
ples were labelled with Cy3 using a NimbleGen One-
Color DNA labelling kit (Roche, cat. no. 06370411001)
and hybridized to NimbleGen Mouse Gene Expression
12x135K array (Roche, cat. no. 05543797001). Image ac-
quisition was done as described above. Raw data was
processed and normalized using a robust multi-chip aver-
age (RMA) algorithm using NimbleScan v. 2.6 software
with default settings (Nimblegen, Roche). The gene ex-
pression data were filtered to remove the results with SE
values lower than 0.8 (Additional file 1: F1). The data files
have been deposited in Gene Expression Omnibus Data-
base under the accession number GSE68524.

Identification of differentially methylated regions (DMRs)

The regions that change their methylation after birth
were identified by comparing probe enrichment between
d1 and the later time-points. A region was considered as
a differentially methylated (DMR) if it was delineated by
at least three consecutive probes displaying a minimum
two-fold increase and not less than 1.0 KS score
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difference (AKS>1.0) in two contrasted samples. A
DMR is referred as proximal if it is situated from +500
bp up to -100 bp from the transcription start site, distal
if it is located from +5000 bp to +500 bp from the tran-
scription start site, intragenic if it is associated with a
CpG island located within a primary transcript, and
intergenic if it is located within a CpG island which was
not mapped to any promoter regions or primary tran-
scripts, i.e., located over 5000 bp upstream and over 500
bp downstream of any of primary transcripts in the
analysis.

Validation of CpG methylation

CpG methylation levels were examined by using Methy-
lation Dependent Restriction Digestion followed by
quantitative PCR (MDRE-qPCR) with McrBC restriction
endonuclease (NEB, cat. no. M0272). Approximately 200
ng of genomic DNA was used for digestion in total vol-
ume of 10 ul using 10 units of enzyme for 1 h at 37°C.
Digested DNA and undigested control (input) was di-
luted 5 times and 4 ng of DNA was used for subsequent
qPCR reactions. qPCR reactions were performed with
FastStart Essential DNA Green Master (Roche, cat. no.
06402712001) in Light Cycler 96 instrument (Roche).
The results are presented as 1-(McrBC/Input) in total
volume of 10 pl. The primer sequences are listed in
Additional file 4: F4.

Gene expression validation

Gene expression levels were examined with reverse tran-
scription reaction followed by quantitative PCR. Ap-
proximately 200 ng of total RNA was used for reverse
transcription reactions with Maxima Reverse Transcript-
ase (ThermoFisher Scientific, cat. no. EP0741) and oligo
dT20 primer. The cDNA templates were diluted 5 times
and 2 pl of the solution was used for qPCR reactions
that were performed with FastStart Essential DNA
Green Master (Roche, cat. no. 06402712001) in Light
Cycler 96 instrument. The primer sequences are listed in
Additional file 4: F4.

Bioinformatics tools

Gene ontology analysis was performed with ClueGO [28]
using right-sided hypergeometric test with Bonferroni step
down correction. The sequence motif enrichment and
transcription factor predictions were obtained for the
genes annotated to DMRs with iRegulon [29] using a 500
bp interval in proximity to transcription start sites.

Ethical statement

The ethical approval for the collection of murine hearts
no. 18/2014 was issued by the Local Ethics Commission
for Experimentation on Animals at the Medical Univer-
sity of Gdansk, Poland.
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Availability of data and materials

The raw and normalized genome-wide DNA methylation
and gene expression data supporting the results of this
article are available in the Gene Expression Omnibus
(GEO) repository under the accession number GSE68524
http://www.ncbi.nlm.nih.gov/geo/query/
acc.cgi?token=Kklgvsskqpvsplgn&acc=GSE68524.

Additional files

Additional file 1: F1. The lists of differentially methylated genomic
regions and differentially expressed genes and the complete results of
gene ontology analyses. (XLSX 16191 kb)

Additional file 2: F2. qPCR validation of microarray results — complete
results. The left panels show DNA methylation and gene expression
microarray results represented by red bars and black markers,
respectively; DNA methylation is expressed as MeDIP enrichment and
gene expression levels as normalized microarray signals. The black
markers preceding that of neonatal d1 represent gene expression levels
in embryonic hearts E16, E18, E19, E20. The middle panels present DNA
methylation levels estimated with Methylation Dependent Restriction
Digestion followed by gPCR (MDRE-qPCR) where the methylation levels
correspond to the amounts of DNA undigested by CpG methylation
dependent McrBC enzyme (1-(McrBC/Input). The right panels
demonstrate transcript levels determined with gPCR as the ratios to the
reference transcript of the Tbp gene (TATA binding protein gene). The
microarray results were determined for pooled samples of 3 mice. The
qPCR results represent average values obtained for three individuals for
each developmental time-point. The statistical significance has been
determined with two-tailed heteroscedastic Student's t-test. (PDF 33 kb)

Additional file 3: F3. The target genes of transcriptional regulators
Mef2c, Nr2f2, Tead4, Meis3, and Mfsd6l hypomethylated and up-
regulated at d1 vs. d7 in the neonatal murine heart. (XLSX 9 kb)

Additional file 4: F4. PCR primers used for gPCR validation of
microarray results. MDRE-gPCR — primers used for the estimation of DNA
methylation. RT-qPCR — primers used to determine transcript levels.
(XLSX 10 kb)
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