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Abstract

Novel molecular mechanisms of the pathophysiology of heart failure (HF) are continuously being discovered, including
epigenetic regulation. Among epigenetic marks, the role of DNA hypomethylation in shaping heart morphology and
function in vivo and the pathogenesis of cardiomyopathy and/or HF, especially in adults, has not been clearly established.
Here we show that the strong expression of DNA methyltransferase 1 (Dnmtl) is obviously downregulated in the WT adult
rat heart with age. By contrast, the expression of Dnmtl is upregulated suddenly in heart tissues from pressure overload-
induced HF mice and adriamycin-induced cardiac injury and HF mice, consistent with the increased expression of Dnmtl
observed in familial hypertrophic cardiomyopathy (FHCM) patients. To further assess the role of Dnmtl, we generated
myocardium-specific Dnmtl knockout (Dnmtl KO) rats using CRISPR-Cas9 technology. Echocardiographic and
histopathological examinations demonstrated that Dnmt1 deficiency is associated with resistance to cardiac pathological
changes and protection at the global and organization levels in response to pathological stress. Furthermore, Dnmtl
deficiency in the myocardium restricts the expressional reprogramming of genes and activates pathways involved in
myocardial protection and anti-apoptosis in response to pathological stress. Transcriptome and genome-wide DNA
methylation analyses revealed that these changes in regulation are linked to alterations in the methylation status of genes due
to Dnmtl knockout. The present study is the first to investigate in vivo the impact of genome-wide cardiac DNA
methyltransferase deficiency on physiological development and the pathological processes of heart tissues in response to
stress. The exploration of the role of epigenetics in the development, modification, and prevention of cardiomyopathy and
HF is in a very preliminary stage but has an infinite future.

. : . . . Introduction
Supplementary information The online version of this article (https://

doi.org/10.1038/s41374-020-0402-y) contains supplementary
material, which is available to authorized users.

Heart failure (HF) is a complex pathophysiological syn-
drome that arises from a primary defect in the ability of
the heart to take in and/or eject enough blood [1]. The
clinical manifestations of HF are mainly the result of the
primary myocardial disease, such as inherited dilated
cardiomyopathy (DCM). Novel molecular mechanisms of
HF pathophysiology include epigenetic regulation, such
as by DNA methylation, the most common epigenetic
modification in the mammalian genome [2—4].

In the process of DNA methylation, a methyl group
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is added to cytosine in the dinucleotide sequence CG
[5]. The methylation of unmethylated CpG sites located
in promoter regions leads to transcriptional inactivation
of genes partly by suppressing transcription factor
binding, and the methylation of intragenic regions also
contributes to gene regulation and alternative splicing
[5, 6].
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Changes in DNA methylation have been shown to con-
tribute to the pathogenesis of cardiovascular disease,
including DCM and HF, by regulating gene expression [7—
9]. A genome-wide study of DNA methylation in the hearts
of end-stage cardiomyopathic patients showed that methy-
lation is significantly reduced in the promoters of upregu-
lated genes but unchanged in the promoters of
downregulated genes [10, 11] The DNA methylation pattern
in the myocardium is altered in DCM, and DNA methyla-
tion is responsible for the hypermutability of distinct cardiac
genes [12—14]. Increased DNA methylation plays a causa-
tive role in programming heart hypertrophy and reducing
cardiac contractility [9, 15]. These findings support possible
role that DNA methylation in regulating the pathological
process associate with HF.

The main enzymatic function of the maintenance DNA
methyltransferase (DNMT) Dnmtl is to faithfully restore
methylation to newly formed daughter strands of DNA
[16, 17]. Deletion of Dnmtl is embryonically lethal,
based on its essential role in the embryonic and primary
development process of smooth muscle cells [18, 19],
and consistent with this role, genomic DNA hypo-
methylation is observed in tissues affected by human
gastrointestinal disease [20, 21]. In contrast to its
family members Dnmt3a and Dnmt3b, Dnmtl deficiency
does not affect sarcomere assembly and cytotoxicity in
embryonic cardiomyocytes [22, 23]. However, how DNA
hypomethylation shapes heart morphology and function
in vivo within the pathogenesis of cardiomyopathy and/or
HF, especially in adults, remains unclear.

Therefore, to investigate the effect of Dnmtl defi-
ciency on heart development and the response to stress
and its possible mechanisms, we generated a Dnmtl
conditional knockout (KO) rat and an o myosin heavy
chain Cre (a-MHC-Cre) rat using CRISPR-Cas9 tech-
nology and selectively eliminated the methyltransferase
Dnmtl in the myocardium in a-MHC-Cre rats. Geometric
and functional analyses of the heart revealed no differ-
ences between myocardium-specific Dnmtl KO rats,
referred to as Dnmt1-KO, and wild-type (WT) rats from
birth to 12 months of age. However, rats with Dnmtl
deficiency exhibited resistance to cardiac pathological
changes in response to pathological stress, with protec-
tion at the global, organizational and molecular levels.
Furthermore, transcriptome and genome-wide DNA
methylation analyses demonstrated that Dnmt1 deficiency
in the myocardium inhibited the reprogramming of gene
expression and activated pathways involved in myo-
cardial protection and anti-apoptosis in response to
pathological stress. These changes in the regulation of
expression due to the Dnmtl KO were related to the
methylation status of genes.

These in vivo findings are the first to demonstrate the
function and importance of Dnmtl in the development of
the heart and cardiac pathogenesis in DCM and HF.

Materials and methods
Animals

All rats we used in this paper were bred in standard cages in
an Association for Assessment and Accreditation of
Laboratory Animal Care (AAALAC) accredited animal
facility. All animal experiments were approved by Animal
Care and Use Committees of the Institute of Laboratory
Animal Science, Peking Union Medical College, China
(ZLF18003).

Dnmtl conditional knockout (Dnmtl cKO) rats were
established in our lab as previously reported [24]. In brief, a
pair of synthetic oligonucleotides for sgRNA (sgRNA;:
TAGGCGAGGGGCGGGACCGATG; sgRNA,: AAACC
ATCGGTCCCGCCCCTCG) were annealed and then
cloned into the pUC57-sgRNA expression vector, and the
floxed plasmid donor was cloned into the pGSI plasmid.
Both the Cas9 and sgRNA expression plasmids were line-
arized and used as templates for in vitro transcription.
Fertilized eggs from female SD rat donors were prepared as
described previously [24], and a mixture of the donor vector
(4 ng/ul), Cas9 mRNA (25 ng/ul), and sgRNAs (10 ng/ul
each) was microinjected into both the cytoplasm and male
pronucleus of the fertilized eggs. The injected zygotes were
then transferred to pseudo pregnant SD rats, which then
carried to parturition.

a-MHC-Cre transgenic rats were established in our
laboratory as previously reported [25]. In brief, the gene
encoding Cre recombinase was inserted downstream of
the a-MHC promoter, and the resulting plasmid was
named pa-MHC-Cre. The plasmid was then linearized
with Notl restriction endonuclease and purified for
microinjection. Animals carrying the a-MHC-Cre trans-
gene were identified using PCR analysis of tail genomic
DNA using Cre-specific primers as previously reported
[25]. The positive transgenic rats would be then main-
tained through mating with SD rats.

To specifically knockout Dnmtl in the myocardium, we
used the Cre-loxP system by crossing a-MHC-Cre rats with
Dnmtl cKO rats. Dnmt1 ™~ offspring positive for the a-
MHC-Cre transgene (double-positive) were selected. In the
second round of crossbreeding, the double-positive rats
were crossed with Dnmtl ¢KO rats, and Dnmtl ™~ off-
spring positive for the a-MHC-Cre transgene were obtained
as myocardium-specific Dnmtl-KO rats, referred to as
Dnmt1-KO rats in this study.
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Adriamycin treatment

Two-month-old KO rats and their WT littermates were used
for Adriamycin (ADR) treatment. In the KO-ADR and WT-
ADR groups, ADR was injected intraperitoneally in a
constant volume of saline at 2.5 mg/kg every other day for a
total of 2 weeks as previously reported [26, 27]. The groups
designated as KO-saline and WT-saline received the same
volume of saline. Echocardiography was performed on all
rats on day O (the day before ADR treatment). All surviving
rats were subjected to follow-up echocardiography at
3 months of age (2 weeks after the cessation of ADR
treatment) and used for subsequent analysis.

Thoracic aorta constriction treatment

Thoracic aorta constriction (TAC) was carried out in 2-
month-old C57BL6 mice as previously described [26, 28].
Wild-type (WT) mice were anesthetized with tri-
bromoethanol at a concentration of 216 mg/kg body weight.
The operation was carried out using a ventilator to ensure
passive respiration. The aorta was constricted with a cali-
brator by employing a 27-gauge blunted needle. Sham
surgery was performed identically without constricting the
aorta. Expression analysis will be performed two months
after treatment.

Human cardiac samples

Cardiac samples of left ventricular (LV) interventricular
septa from six patients with hypertrophic cardiomyopathy
who underwent morrow septal myectomy were used for
expression analysis. To ensure maximum control of
potential confounding effects, we chose patients without
congenital heart disease, congestive HF, myocardial
infarction or valvular heart diseases. Normal control sam-
ples were obtained from the same cardiac region in three
healthy donors who died in accidents. The cardiac samples
were always stored in liquid nitrogen until use. Written
informed consents have been obtained either from partici-
pants or their relatives. Study protocol has been approved
by Ethics Committee of Fuwai Hospital.

Genomic DNA preparation and genotyping

Genomic DNA was extracted by phenol/chloroform and
recovered by alcohol precipitation from the tail tissue of 7-
day-old rats. Each rat tail tissue sample was dissolved in
SNET buffer (20 mM Tris-Cl, 400 mM NaCl, 5 mM EDTA,
1% SDS, 0.4 mg/mL proteinase K) for more than 4h
(55 °C). The lysate was then extracted, using equal volume
of phenol/chloroform, which followed by equal volume
chloroform. Aaqueous phase will be recovered. 2.5 volumes
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of alcohol were added to precipitate the genomic DNA,
which was then dissolved in TE buffer (10 mM Tris/HCI,
pH 8, 0.1 mM EDTA). For genotyping of genetically
modified rats, then PCR primers were designed as pre-
viously reported [24, 25].

Survival analysis

The cumulative percentage mortality for all rats was
counted every week from O day to the end of observation
(2 weeks after the cessation of ADR treatment) as pre-
viously described [26]. Upon the death of each rat,
postmortem analysis was conducted by a pathologist, and
any changes in heart morphology and pathology were
recorded. We then constructed Kaplan—Meier curves,
with the log-rank test for survival analysis (SPSS
16.0 software).

Echocardiography

Echocardiographic inspection was carried out with an
echocardiography system with a 16 MHz transducer
(Vevo770, Canada). Rats were first anesthetized by iso-
flurane (1.5-2.5%). Normal body temperature of the rats
was always maintained. Measurements were recorded as the
mean value of at least three continuous cardiac cycles. Left
ventricular (LV) internal diameter at end systole (LVEDS),
LV internal diameter at end diastole (LVEDD) and LV
anterior wall thickness at end systole (LVAWS) were
obtained.

Histological analysis

For light microscopy, heart tissues were first fixed in
formaldehyde (4%) and then mounted in paraffin blocks.
Hematoxylin and eosin (H&E) or Masson’s trichrome
staining was performed as previously described,
and stained sections were examined using Aperio Ima-
geScope v8.2.5 software [26, 27]. For transmission
electron microscopy (TEM) analysis, heart tissues were
routinely fixed in glutaraldehyde (2.5%) in phosphate
buffer (0.1 M), then post fixed in osmium tetroxide buffer
(1%, for 1h). After staining with uranyl acetate and lead
citrate, the sections were finally analyzed under a JEM-
1230 transmission electron microscope as previously
described [27].

Protein extraction and immunoblotting

Nuclear protein lysates of heart tissues were prepared fol-
lowing the manufacturer’s instructions (Thermo Fisher,
78833). The proteins were separated by SDS-PAGE. Then
will be transferred to nitrocellulose membranes. The
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membranes were incubated with monoclonal antibodies
against Dnmtl (Thermo Fisher, MA5-16169, 1:1000).
Antibody binding was detected with HRP-conjugated
immunoglobulin G and a chemiluminescence system.
Nucleolin was used for normalization (Abcam, ab22758,
1:1000). We used Image J software for Quantitative ana-
lysis of bands.

Immunofluorescence

Sections of heart tissues were prepared following standard
pathological procedures as previously described [29]. The
sections were dewaxed, then rehydrated, last epitopes were
unmasked. The sections were then blocked and incubated
with anti-Dnmt]l antibody (Thermo Fisher, MAS5-16169,
1:50) and c¢TnT antibody (Abcam, ab45932, 1:200) over-
night at 4 °C. Following washing with PBS, the sections
were incubated with Alexa 555-conjugated goat anti-mouse
IgG (Thermo Fisher, A-21424, 1:100) and Alexa 488-
conjugated goat anti-rabbit IgG (Thermo Fisher, A-11008,
1:100) secondary antibodies for 1h at room temperature.
After washing with PBS and mounting in ProLong Gold
anti-fade reagent with DAPI (Thermo Fisher, P36966),
images of the sections were acquired by confocal laser
scanning microscopy (Leica TCS SP2, Germany) and
analyzed.

RNA-seq data analysis

Total RNA was isolated from heart tissues using TRIzol
Reagent following the standard procedure. Library pre-
paration, Illumina RNA sequencing, and data processing
were performed as described previously [29, 30]. We use
edgeR R package (3.12.1) for differential expression
analysis. We first filtered out genes with RPKM <1 in
comparison. Multiple testing errors were corrected by the
false discovery rate. Differentially expressed genes
(DEGs) will be indicated by differences >2-fold. P values
were then adjusted using the Benjamini—-Hochberg
method.

Genome-wide DNA methylation analysis

DNA methylation was analyzed by sodium bisulfite DNA
sequencing as previously described [31, 32]. Genomic DNA
was isolated with TIANamp Genomic DNA kit (Tiangen
Biotech, Beijing, China). Then converted with EZ DNA
Methylation Gold kit (Zymo Research). The primers for
sodium bisulfite DNA sequencing were designed using
online tools from MethPrimer, and the PCR products were
cloned into the pEASY-T1 cloning vector (TransGen
Biotech).

Statistical analysis

Data were analyzed with unpaired two-tailed Student’s ¢
tests for two groups. One-way analysis of variance
(ANOVA, with Tukey correction) was performed for mul-
tiple groups. The data are expressed as means + SD. Dif-
ferences were considered significant at P < 0.05.

Results

Dnmt1 is expressed in the myocardial nucleus and is
induced under cardiomyopathy and HF

First, we tested the expression characteristics of Dnmt1 in
heart tissues from WT rats. Immunofluorescence analysis
revealed that Dnmtl was localized primarily in the
nucleolus, including cardiomyocytes and non-cardiomyo-
cytes, with only a fraction in the cytoplasm (Fig. 1a). We
then tested the expression features of Dnmtl over time and
found that Dnmtl expression was strongest in the hearts of
WT rats at 2 weeks of age. Interestingly, the expression was
decreased thereafter with age (Fig. 1b, c).

In contrast to the decrease in Dnmtl expression in nor-
mal adult hearts, Dnmtl expression was increased
obviously in the Adriamycin (ADR)-induced DCM/HF
mouse model and pressure overload-induced (TAC treat-
ment) hypertrophic cardiomyopathy (HCM)/HF mouse
model (Fig. 1d, e, n =3 mice per group, P<0.01 vs. the
saline or sham group). An analysis of the expression char-
acteristics of Dnmtl in HCM patients and healthy heart
donors revealed that Dnmtl expression was also increased
significantly under cardiomyopathy in human heart tissues
(Fig. If, g, n =3 normal and n = 6 HCM patient samples, P
<0.001 vs. normal).

The abnormally increased expression of Dnmtl under
pathological states prompted us to further investigate the
function of Dnmtl in the myocardium, especially in
response to stress.

The establishment of the cardiac-specific Dnmt1
knockout rat and survival rate observation in
response to ADR-induced pathological stress

To explore how Dnmtl shapes heart morphology and
function in vivo within the pathogenesis of cardiomyo-
pathy and/or HF, we selectively eliminated Dnmtl
from the a-MHC rat genome by crossing Dnmt1 cKO rats
with a-MHC-Cre rats (Fig. 2a). Genotyping was carried
out by PCR (Fig. 2b), and protein expression levels
were further confirmed by western blot (Fig. 2c, d, n =3
rats per group). In both pups and adults, there were
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Fig. 1 Dnmtl expression characteristics in developing and patho-
logical hearts. a Immunofluorescence detection of Dnmtl1 in the heart
tissues of WT rats (scale bar = 100 um). b Heart sampled from rat at
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age, and Dnmtl expression was detected using western blot. d Dnmt1
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Gel electrophoresis of the genotyping. ¢ Dnmtl expression in heart
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no differences in appearance or status between WT rats
and the cardiac-specific Dnmtl KO (referred to as KO)
rats.

Subsequently, we treated the KO rats with ADR to assess
their response to stress. Cumulative rat mortality data of the
KO and WT groups treated with ADR or saline (referred to
as KO-ADR, WT-ADR, KO-saline and WT-saline) were
recorded from day O of ADR treatment to the end of
observation (2 weeks after the cessation of ADR treatment).
Dilation and mural thrombi were observed in the hearts of
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using Nucleoli for normalization. e Cumulative percentage mortality
for WT-saline, WT-ADR, KO-saline and KO-ADR rats was calculated
weekly from O to 4 weeks from the treatment of ADR.

rats during the postmortem examinations. The survival rate
until the end of observation was 100% in the WT-saline (n
= 8) and KO-saline (n = 6) group but only 75% in the WT-
ADR group (Fig. 2e, P=0.143, WT-ADR (n=8) vs. WT-
saline (n = 8) group). However, the survival rate in the KO-
ADR group increased by 25% compared with the WT-ADR
group (Fig. 2e, P =0.205, KO-ADR (n =6) vs. WT-ADR
(n=18) group). Thus, Dnmtl KO to some extent increased
the survival situation although not significantly by statistical
analysis.
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Fig. 3 Dnmtl knockout in the myocardium improves cardiac
geometry and dysfunction in response to ADR treatments. a The
M-mode echocardiomyopathy screenshot of WT-saline, WT-ADR,
KO-saline and KO-ADR rats at 2 weeks after cessation of ADR
treatment. b Ratio of heart weight/body weight for four groups. c—e

Dnmt1 knockout in the myocardium improves
cardiac geometry and dysfunction in response to
ADR-induced pathological stress

After the observation of survival analysis with the Dnmtl
deficiency when facing ADR. We next examined rat cardiac
geometry and function in the WT-saline, KO-saline, WT-
ADR and KO-ADR groups by echocardiography
(Fig. 3a—e).

We found that Dnmtl KO reduced cardiac geometry
disruption and dysfunction in the ADR-induced DCM/HF
model. The DCM/HF phenotype was obviously induced by
ADR treatment in the WT-ADR group, as demonstrated by
the increased heart weight to body weight (HW/BW) ratio
(Fig. 3b, n=06, P<0.05 vs. WT-saline), increased Left
ventricle (LV) diameter at end systole (LVEDS, Fig. 3c, n
=6, P<0.05 vs. WT-saline) and decreased LV anterior
wall thickness at end systole (LVAWS, Fig. 3d, n =6, P<
0.05 vs. WT-saline) at the end of observation (2 weeks after
cessation of ADR treatment). Cardiac function was also
impaired in the WT-ADR group, as demonstrated by the
decreased LV fractional shortening (LVFS, Fig. 3e, n =6,
P <0.05 vs. WT-saline) at the end of observation.

The changes in function and geometry induced by ADR
were obviously ameliorated in the KO-ADR group com-
pared with the WT-ADR group. HW/BW (Fig. 3b,n =6, P
=0.384 vs. KO-saline), LVEDS (Fig. 3c, n=6, P=0.224
vs. KO-saline), LVAWS (Fig. 3d, n =6, P =0.053 vs. KO-
saline) and LVFS (Fig. 3e, n =6, P =0.223 vs. KO-saline)
did not significantly differ between the KO-ADR and KO-
saline groups. In addition, we found that the ventricular
cavities of KO-saline rats were slightly larger and
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Echocardiographic parameters of Left ventricle (LV) diameter at end
systole (LVEDS), LV anterior wall thickness at end systole (LVAWS)
and LV fractional shortening (LVFES) for four groups at 2 weeks after
cessation of ADR treatment.

ventricular wall thickness were slightly thinner, but there
were no differences in echocardiographic parameters
between the WT-saline and KO-saline groups.

The LVEDS, LVAWS and LVEFS values of the WT-
saline, KO-saline, WT-ADR and KO-ADR groups at the
end of observation are shown in supporting data Table S1.

Dnmt1 knockout in the myocardium improves
cardiac pathological changes in response to ADR-
induced pathological stress

After assessing changes in cardiac geometry and function,
pathological changes in response to ADR-induced stress
were further detected in the WT-saline, KO-saline, WT-
ADR and KO-ADR groups of rats.

Histopathological changes in gross morphology and
myocardial microstructure were assessed by hematoxylin
and eosin (H&E) staining. The thin wall, dilated chamber
and malalignment in WT-ADR rats were obviously
improved by Dnmtl KO in the KO-ADR group (Fig. 4a, b),
consistent with the gross morphology analysis by echo-
cardiography. Moreover, collagen accumulation in the
interstitial space, which was detected by Masson’s tri-
chrome staining, increased obviously in the heart tissues of
WT-ADR rats, and this increase was improved significantly
in the heart tissues of KO-ADR rats (Fig. 4c). There were
no obviously changes in KO-saline rats compared with that
of WT-saline rats from H&E and Masson’s trichrome
staining.

We subsequently detected morphological changes in
the ultrastructure of myocytes in ventricles by electron
microscopy. Swollen mitochondria, poorly organized
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Fig. 4 Dnmtl knockout in the L
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Representative photographs of

the whole-heart longitudinal

sections with H&E staining from

four groups at 2 weeks after

cessation of ADR treatment. b

Magnification of the left
ventricle sections with H&E-
stain (magnification x400). ¢
Magnification of Masson
trichrome-stained left ventricle
section (magnification x400). d
TEM analysis of sarcomeres and

mitochondria of left ventricular
free walls from four groups at
2 weeks after cessation of ADR
treatment.

X
4
Ny

5

myocardium and myocardiolysis were all obviously les-
sened by Dnmtl KO in the KO-ADR group compared with
the WT-ADR group (Fig. 4d). We found that a slight
misalignment of the myocardial fibers in KO-saline rat
group, but there was no significant difference between the
KO-saline and WT-saline groups.

Dnmt1 knockout in the myocardium inhibits the
reprogramming of gene expression in response to
ADR-induced pathological stress

To obtain a complete understanding of the changes in
gene expression in Dnmt1-KO rats in response to ADR-
induced pathological stress, we performed transcriptomic
analysis of the heart tissues of Dnmt1-KO rats as well as
their WT littermates with and without ADR treatment.
The mapping efficiency of the sequencing reads was
>80%, and the samples clearly clustered by treatment
(data not shown).
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Differential expression analysis by EdgeR software
revealed that compared to WT-saline rats, 1147 genes
exhibited an increase in expression of at least twofold in
WT-ADR rats, and 1193 genes exhibited reductions of
expression of at least half. By contrast, in the KO-ADR
group, 385 genes were upregulated and 415 genes were
downregulated compared with the KO-saline group
(Fig. 5a). These results indicate that Dnmtl KO increases
the resistance of rats to remodeling of gene expression in
response to stimuli.

Dnmt1 knockout in the myocardium activates
pathways involved in myocardial protection and
anti-apoptosis in response to ADR-induced
pathological stress

Gene ontology (GO) enrichment analysis of the DEGs was
carried out using Goseq. Kyoto Encyclopedia of Genes and
Genomes (KEGG) pathway enrichment analysis was
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least twofold in both WT-ADR vs. WT-Saline and KO-ADR vs. KO-
saline. b Five signaling pathways from KEGG pathway enrichment

performed using KOBAS. The GO and KEGG analyses
revealed that many pathways related to cell growth and
development, cell morphology, cell organization and
assembly, and cell signaling were altered in the KO-saline
group compared with the WT-saline group (Table 1). In
particular, many pathways involved in cardiac morphology
and function and cardiac protection were significantly
enriched (Table 1). The enrichment of these pathways
suggests that the Dnmtl KO altered gene expression.
ADR can induce myocardial damage and death, and the
main mechanism is thought to be ROS. Activation of the
MAPK and PI3K-Akt signaling pathways appears to be
advantageous for damaged or failing myocardium. KEGG
pathway enrichment analysis revealed that the changes in
these two pathways in response to ADR treatment were
more significant for KO rats than for WT rats (Fig. 5b, P =
0.0835 for KO-ADR vs. KO-saline, P =0.1541 for WT-
ADR vs. WT-saline for the MAPK signaling pathway; P =
0.0001 for KO-ADR vs. KO-saline, P =0.0207 for WT-
ADR vs. WT-saline for the PI3K-Akt signaling pathway).
AMPK is supposed to play an important role in cellular
energy homeostasis and is usually activated in energy
deficiency. This pathway changed significantly in WT but
not KO rats treated with ADR (Fig. 5b, P = 0.0099 for WT-
ADR vs. WT-saline; P = 0.0284 for KO-ADR vs. KO-sal-
ine). Adrenergic signaling, which can reflect the status of
stress in the myocardium, including ischemia and injury,
was also altered significantly in WT but not KO rats in
response to the ADR stimulus (Fig. 5b, P = 0.0025 for WT-
ADR vs. WT-saline; P=0.4132 for KO-ADR vs. KO-

analysis in both WT-ADR vs. WT-Saline and KO-ADR vs. KO-saline.
¢ mRNA levels of key molecules associate with myocardium structure
and functions. d Heat map for mRNA levels of the key molecules from
four groups at 2 weeks after cessation of ADR treatment.

saline). In addition to these functional pathways, pathways
involved in structure exhibited differences in regulation
between KO and WT rats treated with ADR. For example,
the enrichment of tight junctions was more significant in
KO than in WT rats in response to the stimulus (Fig. 5b, P
=0.00685 for WT-ADR vs. WT-saline; P =0.4955 for
KO-ADR vs. KO-saline).

We then determined the mRNA levels of the key
molecules in the crucial pathways discussed above in WT
and KO rats facing stress. Compared with the WT-saline
group, the WT-ADR group exhibited remarkable changes
in key molecules involved in the cellular response to
environmental stresses and the control of a variety of cell
functions, including apoptosis and proliferation, such as
Mapk10, Map3k7, Akt2, Bcl2, Pdk2, and Casp4. In
addition, obvious changes in key molecules involved in
myocardium structure and functions such as cytoskeleton
regulation and contraction were observed, including
Nppa, Tnnil, Myl7, Myh6, Myh10, Tnnt3, and Collal.
By contrast, the changes in the mRNA levels of these key
molecules in response to stimuli were significantly
reduced in KO rats (Fig. 5c, d). The FRKM (Fragments
per kilobase of transcript sequence per millions base pairs
sequenced) values of all mRNAs in WT and KO rats
after ADR treatment are presented in supporting data
Tables S2 and S3.

In summary, the biofunction pathways affected in
rats facing stress were associated with changes in
survival phenotypes, cardiac geometry and function, and
pathology.
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Table 1 Altered cell morphology and function pathways in heart
tissues of the KO rat.

Pathway P Molecules (n)

Cell growth and develop

Cellular developmental process 0.045876 15
Positive regulation of cardiac muscle 0.01837 1
tissue growth

Positive regulation of cardiac muscle 0.024744 1
tissue development

Positive regulation of cell growth 0.01837 1
involved in cardiac muscle cell

development

Regulation of cell growth involved in 0.03343 1
cardiac muscle cell development

Positive regulation of heart growth 0.021436 1
Heart development 0.037341 4
Cell morphology, cellular assembly, and organization
cellular component assembly involved in  0.045739 2
morphogenesis

contractile fiber 1.56E-09 9
sarcomere organization 1.92E-07 7
myofibril assembly 0.009237 2
intermediate filament cytoskeleton 0.00484 2
organization

actin cytoskeleton 0.000492 6
actin filament binding 0.005703 3
cytoskeleton organization 0.01849 7
troponin T binding 0.018979 1
cardiac muscle contraction 0.025565 2
cell signaling

calcium ion binding 0.00129 7
calcium-mediated signaling 0.037458 2
Regulation of release of sequestered 0.044815 1
calcium ion into cytosol by sarcoplasmic

reticulum

calcium-mediated signaling using 0.038991 1
intracellular calcium source

PI3K-Akt signaling pathway 0.018109 5
Adrenergic signaling in cardiomyocytes 0.028907 3
Cardiac muscle contraction 0.054882 2

Changes in the regulation of gene expression due to
Dnmt1 knockout are related to methylation status

We identified 3626 genes with differentially methylated
regions (DMRs) between KO and WT rats with at least one
CpG site with significant demethylation. In rats treated with
ADR, this number increased to 17,800. Dnmt1 loss induced
global genomic CpG hypomethylation. We analyzed the
distribution characteristics of the DMRs and observed that
some CpG sites were strongly hypermethylated in KO rats,
but these sites were considerably outnumbered by the

SPRINGER NATURE

number of strongly hypomethylated CpG sites (Fig. 6a).
Similar patterns were not observed for genomic CHG
or CHH (H can be A, C, or T) sites (Supplementary
Fig. S1).

Across the KO rat genome, there was 20-30% loss of
CpG methylation, with reductions of the average CpG
methylation levels of a majority of genes from 0.60-0.65 to
0.4-0.35 compared with WT rats (Fig. 6b). However, this
average decreased from 0.85-0.90 to 0.55-0.60 in KO rats
compared with WT rats after ADR treatment (Fig. 6c¢).

We found that the remodeling of gene expression at the
transcriptional level was correlated with methylation state.
Among the 2340 genes whose expression was altered by at
least twofold in WT-ADR rats compared with WT-saline
rats (1147 genes with increased expression and 1193 with
decreased expression), 1034 exhibited significant differ-
ences in methylation at one or more sites, including introns,
exons, and promoters (Fig. 6d). These results indicate that
the reduced remodeling of gene expression in KO rats in
response to ADR-induced pathological stress was due to
Dnmtl deficiency.

KEGG pathway enrichment analysis revealed that the
most overrepresented biological process categories in the
groups treated with ADR were those associated with the
ribosome, glycolysis, the HIF-1 signaling pathway and
metabolic pathways. Specifically, the adrenergic signaling
(Fig. 6e, P=0.4173 for WT-ADR vs. WT-saline; P =
0.5510 for KO-ADR vs. KO-saline), PI3K-Akt (Fig. 6e, P
=0.2697 for WT-ADR vs. WT-saline; P = 0.4642 for KO-
ADR vs. KO-saline), MAPK (Fig. 6e, P =0.2471 for WT-
ADR vs. WT-saline; P =0.7111 for KO-ADR vs. KO-sal-
ine), apoptosis (Fig. 6e, P =0.2291 for WT-ADR vs. WT-
saline; P=0.5722 for KO-ADR vs. KO-saline), citrate
cycle (Fig. 6e, P =0.0693 for WT-ADR vs. WT-saline; P
= 0.3722 for KO-ADR vs. KO-saline) and AMPK (Fig. 6e,
P =0.0084 for WT-ADR vs. WT-saline; P =0.3900 for
KO-ADR vs. KO-saline) networks were predicted to be
inhibited based on the gene expression patterns, indicating
that KO rats may be less responsive to external stimuli than
WT rats. The results were consistent with what we found in
the transcriptome analysis. In particular, pathways regulat-
ing metabolism were enriched (Fig. 6e, P = 0.0984 for WT-
ADR vs. WT-saline; P = 0.0060 for KO-ADR vs. KO-sal-
ine). These results suggest that the methyltransferase Dnmt1
may play an important role in the regulation of myocardial
metabolism.

Discussion

The roles of genetics and epigenetics in the disease phe-
notype of HF in human patients are an exciting new frontier
in cardiovascular medicine. In particular, knowledge of the
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Fig. 6 DNA methylation analysis of heart tissues for Dnmtl
knockout in response to ADR treatment. a Differentially methylated
regions (DMRs) for CG DMR gene region distribution in both KO-
saline vs. WT-saline and KO-ADR vs. WT-ADR. b Average of CpG
methylation changes between KO-saline and WT-saline groups. ¢

impact of DNMTs, especially Dnmtl, on physiological and
pathogenic cardiovascular processes remains very limited.

In this paper, we first generated a myocardium-specific
Dnmtl knockout rat using CRISPR-Cas9 technology.
This knockout allowed us to specifically study the effects
of Dnmtl deficiency on heart tissues and exclude inter-
ference caused by other tissues. Geometric and functional
observations of the heart based on echocardiographic and
histopathological analysis revealed no differences
between Dnmtl-KO and WT rats at birth up through
12 months of age. We subsequently investigated the
response of Dnmt1-KO rats to pathological stress induced
by ADR, a drug that exhibits dose-dependent toxicity and
consequently induces cardiotoxicity, cardiomyopathy and
even HF. Interestingly, rats with Dnmtl deficiency
exhibited reduced cardiac pathological changes and pro-
tection at the global, organizational and molecular levels
in response to pathological stress. Furthermore, Dnmtl
deficiency in the myocardium resulted in reduced repro-
gramming of gene expression and the activation of
pathways involved in myocardial protection and anti-
apoptosis in response to pathological stress. Finally,
transcriptome and genome-wide DNA methylation ana-
lyses showed that the changes in the regulation of gene
expression were related to differences in the methylation
status of genes due to the Dnmtl knockout.

Average of CpG methylation changes between KO-ADR and WT-
ADR groups. d Correlation analysis between transcriptional level and
methylation state for gene with significant changes in transcriptome
analysis. e Six signaling pathways from KEGG pathway enrichment
analysis in both WT-ADR vs. WT-Saline and KO-ADR vs. KO-saline.

DNA methylation patterns are maintained by DNMTs,
and our understanding of the roles of DNMTs in cardiac
development and disease is in its early stages. Dnmtl pri-
marily methylates hemimethylated DNA, whereas Dnmt3a
and -3b are de novo DNMTs that primarily methylate
unmethylated DNA [5, 33]. Deletion of Dnmt1 or 3b leads
to embryonic lethality [19, 33]. Dnmt3a KO mice appear
normal at birth but die of unknown causes at 4 weeks of
age, whereas Dnmt3b KO mice die between Embryo (E)
13.5 and E16.5 due to abnormal heart structure [19, 34].
Cardiomyocyte-specific loss of Dnmt3b in adult mice
induced by tamoxifen for 3—4 weeks, results in compro-
mised systolic function, increased interstitial fibrosis, and
myosarcoma disarray [35]. Phenotype analyses have
revealed that Dnmt3a heterozygous KO mice have reduced
heart rate variability, which is a predictor of adult HF
[36, 37]. Dnmt3a is downregulated in the heart in patients
with Tetralogy of Fallot, a condition associated with DNA
hypomethylation [38, 39]. Dnmt3a is overexpressed in
activated cardiac fibroblasts, leading to cardiac fibrosis
[40, 41]. Dnmt3a knockdown in embryonic mouse cardio-
myocytes plays an important role in regulating embryonic
cardiomyocyte gene expression, morphology and function
[22, 42].

Previous studies in mice have demonstrated that Dnmt1
is essential for embryo development and that Dnmtl

SPRINGER NATURE



984

T.-T. Wu et al.

deficiency is lethal. However, cells treated with
Dnmtl siRNA do not exhibit abnormal morphology
[22, 43]. Therefore, we speculated that the effects of Dnmt1
on the cardiovascular system are not evident in the
embryonic stage. To observe the effects of Dnmtl on
myocardium development, studies of adult animals under
both physiological and pathological conditions are needed.
Our results showed that Dnmtl deficiency in the myo-
cardium has no obvious effects on the heart under physio-
logical conditions and instead increases injury resistance
and protection in the myocardium [22, 44, 45] under
pathological conditions.

In addition, we performed the sequencing analysis on
the myocardial tissue mixture, and we did not separate the
cardiomyocytes and non-cardiomyocytes. Therefore, the
obtained results showed that the significance of changes
in myocardial protection and anti-apoptosis-related sig-
naling pathways was much lower than what we predicted.

Based on our findings and those of others, inhibition of
DNA methylation is a potential therapy for preventing
cardiac injury and even treating HF [15, 46, 47]. Studies
of the dynamics of epigenetic modifications will provide
more accurate evidence of the roles of changing envir-
onmental factors in drug responses, thereby linking the
environment with the genome and revealing potential
strategies for reactivating silenced genes. Targeting
methyltransferases may offer a possible therapeutic
strategy for HF, detailed and in-depth studies must be
carried out in subsequent projects. Additional research is
obviously required to clarify how epigenetic mechanisms
affect the onset and development of heart disease
and heart regeneration to identify new drug targets for
HF and to allow disease classification and risk
stratification.

The present study is the first to investigate in vivo
the impact of genome-wide cardiac DNMT deficiency
on physiological development and the pathological pro-
cess of heart tissues in response to stress. Knowledge of
epigenetics and its relevance to the development, mod-
ification, and prevention of cardiomyopathy and HF dis-
ease is in a very preliminary stage but shows great
potential.
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