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Aims Antenatal hypoxia negatively impacts foetal heart development, and increases the risk of heart disease later in life.
The molecular mechanisms remain largely elusive. Here, we conducted a genome-wide analysis to study the impact
of antenatal hypoxia on DNA methylome and transcriptome profiling in foetal and adult offspring hearts.

....................................................................................................................................................................................................
Methods
and results

Pregnant rats were treated with normoxia or hypoxia (10.5% O2) from Day 15 to Day 21 of gestation. Hearts
were isolated from near-term foetuses and 5-month-old male and female offsprings, and DNA methylome and
RNA-seq were performed. Methylome data shows a sharp dip in CpG methylation centred at the transcription
start site (TSS). CpG islands (CGIs) and CpG island shores (CGSs) within 10 kb upstream of the TSS are hypome-
thylated, compared with CGIs and CGSs within gene bodies. Combining transcriptome, data indicate an inverse
relation between gene expression and CpG methylation around the TSS. Of interest, antenatal hypoxia induces
opposite changes in methylation patterns in foetal and adult hearts, with hypermethylation in the foetus and hypo-
methylation in the adult. Also, there is significant sex dimorphism of changes in gene expression patterns in the
adult offspring heart. Notably, pathway analysis indicates that enrichment of inflammation-related pathways are sig-
nificantly greater in the adult male heart than those in the female heart.

....................................................................................................................................................................................................
Conclusion Our study provides an initial framework and new insights into foetal hypoxia-mediated epigenetic programming of

pro-inflammatory phenotype in the heart development, linking antenatal stress, and developmental programming of
heart vulnerability to disease later in life.
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1. Introduction

Heart disease is the leading cause of morbidity and mortality for the
adult.1 Growing evidence indicates that many cardiovascular disorders
have their roots in the foetal and early childhood development under in-
trauterine stress.2 The concept of ‘Developmental Origins of Adult
Disease’ has been well accepted and confirmed by numerous studies
over the past two decades.3,4 During the foetal development, the organ-
ism has the ability to change its gene expression pattern to provide phe-
notypic alteration to cope with the changing environment, known as
developmental plasticity.5 Of importance, gestational hypoxia is the

common and critical factor of intrauterine stress impacting developmen-
tal plasticity, and foetal hypoxia during pregnancy may occur in many
complications, such as preeclampsia, placental insufficiency, cord blood
compression, and gestation at high altitude.6,7 Extensive studies in exper-
imental animals and some in humans indicate that antenatal hypoxia
results in irreversible developmental programming of phenotypic
changes that predispose offspring to various dysfunctions and diseases,
including cardiac dysfunction and ischaemic heart disease.8

Although the molecular mechanisms underlying antenatal hypoxia-
induced developmental programming remain largely elusive, emerging
evidence suggests that DNA methylation, a dominant mechanism of the
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epigenetic regulation, plays a crucial role in this process. DNA methyla-
tion mostly occurs at the cytosine of dinucleotide sequence CpG, and
methylation in the promoter regions is generally associated with tran-
scription repression of the associated genes. Our previous studies
showed that hypermethylation of single genes, e.g. protein kinase C epsi-
lon (PKCe) and glucocorticoid receptor (GR) in the developing heart
were involved in antenatal hypoxia-induced developmental plasticity of
ischaemic-sensitive phenotype in the heart.9,10 However, the impact of
foetal hypoxia on the alteration of global methylation pattern and tran-
scriptomic changes in the heart development are unknown.

Using next-generation sequencing technologies coupled with DNA-
seq and RNA-seq, we tested the hypothesis that antenatal hypoxia
causes a global epigenomic alteration of the transcriptome in develop-
mental programming of hypoxic/ischaemic-sensitive phenotype in the
heart. We showed that antenatal hypoxia not only induced a global
DNA methylome and transcriptome changes in the foetal heart, but also
had a delayed and lasting effect on the heart in adult offspring.
Interestingly, antenatal hypoxia induced opposite changes in the global
methylation patterns in foetal and adult hearts, with hypermethylation in
the foetus and hypomethylation in the adult. In addition, there are signifi-
cant differences in the antenatal hypoxia responding genes and pathways
between foetal and adult hearts, as well as between adult male and
female hearts. Of importance, pathways related to inflammation were
significantly enriched in the hearts of all groups, especially in the adult
male heart. Overall, the present study provides new insights into the
epigenetic programming of transcriptome in the heart development in
response to the foetal stress of hypoxia, and sheds light on mechanistic
understanding of developmental programming of adult heart disease.

2. Methods

2.1 Experimental animals
Pregnant Sprague-Dawley (SD) rats (Charles River Laboratories,
Portage, MI, USA) were randomly divided into two groups: (i) the nor-
moxic control and (ii) hypoxic exposure (10.5% O2) from Day 15 to
Day 21 of gestation, as described previously.10 Near-term (21-day)
foetuses and 5-month-old offspring were sacrificed by decapitation un-
der isoflurane anaesthesia (5% inhalant in room air). The left ventricle of
the adult heart and the whole foetal heart were used in the analyses.
All experimental procedures and protocols were approved by the
Institutional Animal Care and Use Committee of Loma Linda University
and followed the guidelines in the National Institutes of Health Guide for
the Care and Use of Laboratory Animals.

2.2 DNA and RNA extractions
For genomic DNA (gDNA) extraction, heart tissues were minced and
digested with 20mL proteinase K (20 mg/mL) in digestion buffer (10 mM
Tris-HCl, pH 8.0 containing 0.5 M EDTA, 1% SDS, 10 m NaCl, and 5 mM
CaCl2) for 3 h at 55�C. Next the tissue lysate was twice phenol/chloro-
form/isoamyl: (25/24/1) alcohol extracted and the aqueous layer was
treated with RNAse AþT1 for 1 h at 37�C. The lysate was again phenol/
chloroform/isoamyl alcohol extracted and the gDNA was precipitated
with equal volume of isopropanol in presence of 0.3 M sodium acetate at
-20�C overnight. The gDNA was finally centrifuged, washed with 70%
ethanol, air dried and reconstituted in 10 mM Tris-HCl, pH 8.0. And
then, gDNA was denatured with 2 N NaOH at 42�C for 15 min, treated
with sodium bisulfite at 55�C for 16 h, and purified by EZ DNA
Methylation-Gold KitTM (Zymo Research, Tustin, CA, USA).

Total RNA was isolated from heart tissue using TRIzol RNA Isolation
reagent (Life Technologies, Carlsbad, CA, USA). Briefly, each solid tissue
was homogenized in 1 mL TRIzol and the lysate was then extracted with
chloroform and centrifuged at 14 000 rpm for 15 min at 4�C. Finally, total
RNA was precipitated and washed thoroughly with 70% ethanol, air-
dried and reconstituted in nuclease free water. RNA quality was
assessed using the 2200 TapeStation (Agilent Technologies, Wilmington,
DE USA). Heart samples had an average RIN number of 9.5.

2.3 Reduced representation bisulfite
sequencing library construction and
sequencing
High-quality gDNA was used for generation of reduced representation
bisulfite sequencing (RRBS) at the Center for Genomics, Loma Linda
University (Loma Linda, CA, USA) following standard protocols of the
OvationVR Ultralow Methyl-seq Library Systems (NuGEN Technologies,
Inc., San Carlos, USA). Briefly, 100 ng gDNA was restriction digested at
37�C for 1 h using the methyl-insensitive restriction enzyme Mspl, which
cuts the DNA at CCGG sites. The fragments were directly subjected to
end blunting and phosphorylation. A single nucleotide (A) was then
added to the 3’ ends of the fragments in preparation for ligation to a
methylated adapter with a single-base T overhang. The ligation products
were final repaired in a thermal cycler under the program (60�C—
10 min, 70�C—10 min, hold at 4�C). The product of the final repair reac-
tion can be input directly into the bisulfite conversion kit (QIAGEN
EpiTect Fast DNA Bisulfite Kit, Cat. #59824) according to Qiagen’s pro-
tocol. Eluted the purified, bisulfite-converted DNA in 23lL of EB and
performed PCR-amplification to enrich for fragments with adapters on
both ends following by Agencourt RNAClean XP Beads purification.
The final libraries were quantified using Qubit 3.0 (Life Technologies,
Carlsbad, CA, USA) and the average size was determined on an Agilent
TapeStation 2000 (Agilent Technologies, Wilmington, DE, USA). The
final library was diluted to 4 nM and further quantitated to ensure high
accuracy quantification for consistent pooling of barcoded libraries and
maximization of the number of clusters in the Illumina flow cell. RRBS
libraries were sequenced using the Illumina Nextseq 550 (Illumina, San
Diego, CA, USA) in a single-ended, 75 bp, with approximately 25 M
reads/each at the Center for Genomics, Loma Linda University.

2.4 RNA-seq library construction and
sequencing
RNA-seq libraries were constructed using the Ovation Universal RNA-
seq System (NuGEN, San Carlos, USA). All total RNA samples (except
non-template control) were spiked with 1:500 ERCC RNA spike-in con-
trol mix (Life Technologies, Cat #4456740). Before cDNA generation,
samples were treated with a second round of DNase for more thorough
removal of gDNA following NuGEN’s integrated DNase treatment pro-
tocol. Double-stranded cDNA was generated from approximately 100 ng
of total RNA per sample. cDNA was sheared using the Covaris S220 soni-
cation system. Each sample was sheared according to the manufacturer’s
settings of 130lL sample with a target (peak) of 200 bp. The settings were
as follows: 10% duty factor and 200 cycles/burst at 7�C for 180 s. End re-
pair followed to generate blunt ends for adaptor ligation. Unique barcodes
were used for each sample for multiplexing. Targeted rRNA-depletion
was performed before final library construction. cDNA libraries were am-
plified using 15 cycles (Artik thermal cycler from Thermo Scientific) and
purified using RNAClean XP beads (Agencourt, Brea, USA). The size dis-
tribution of the libraries was checked using the 2200 TapeStation. The
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peak size for all samples was around 300 bp (including a 122 bp adaptor).
All libraries were quantified using the Qubit 3.0 Fluorometer (Life
Technologies) and stored at -20�C in non-sticky Eppendorf tubes (Life
Technologies, Carlsbad, USA). RNA-seq libraries were sequenced on
Illumina NextSeq 550 with 75 bpx2, PE, approximately 25 M reads/each,
at the Center for Genomics, Loma Linda University.

2.5 RRBS data analysis
For the RRBS data, we used a pipeline that integrates the read quality as-
sessment (FastQC), trimming process (TrimGalore, NuGEN diversity
trimming and N6 de-duplicate scripts), alignment (Bismark),11 and differen-
tial methylation analysis using MethylKit,12 and DMAP.13 This pipeline facili-
tates a rapid transition from sequencing reads to a fully annotated CpG
methylation report for biological interpretation. Briefly, the RRBS raw fastq
data were first trimmed using Trim Galore (V0.3.7). The rat genome NCBI
Rnor6.0, downloaded from iGenome (ftp://igenome:G3nom3s4u@us
sdftp.illumina.com/Rattus_norvegicus/NCBI/Rnor_6.0/Rattus_norvegicus_
NCBI_Rnor_6.0.tar.gz), was used as a reference genome. Reads were
aligned to the rat reference genome with Bismark V0.16.334 by default pa-
rameter settings. The methylation call files including the location of each
CpG sites and the methylation percentage were generated by the bis-
mark_methylation_extractor function. The aligned sam files were further
processed through DMAP to generate CpG regions profiling for foetal and
adult male rats, respectively. CpG regions with coverage by a minimum 20
reads in all samples were used for follow-up analysis. Then the differential
methylation region (DMR) analysis was performed by methylKit. The
DMRs were selected by false discovery rate (FDR) <0.05 and methylation
percentage change between control and test groups are >10%.

2.6 RNA-seq data analysis
For mRNA-seq data, we adopted the pipelines used in our recent publica-
tions for mRNA-seq data visualization, which integrated the QC (FastQC,
ShortRead), trimming process (trimmomatic), alignment (Tophat2), reads
quantification (cufflinks), and differentially expressed gene (DEG) analysis
(cuffdiff) for mRNA-seq data analyses. Briefly, the RNA-seq raw fastq data
were first trimmed using Trimmomatic. The trimmed reads were aligned
to the rat reference genome (NCBI Rnor6.0) with TopHat V2.1.114 with
default parameter settings. The aligned bam files were then processed us-
ing Cufflinks V2.2.115 for gene quantification. Reads that were unable to
align to the rat genome were converted to fastq format using SamToFastq
function in Picard V1.114 for ERCC mapping and calculation. Reads were
then mapped to ERCC transcripts and quantified using TopHat V2.1.1 and
Cufflinks V2.1.1 with default parameter settings. Genes with FPKM >_1 in
all samples were used for DEG analysis. The DEGs were identified by
Cuffdiff with FDR <0.3, and fold change (FC) >1.2.

2.7 Real-time RT-PCR
Total RNA was isolated from heart tissues with TRIzol reagent (Life
Technologies) and subjected to reverse transcription using Superscript
III First-Strand Synthesis System (Life Technologies, Carlsbad, USA). The
relative mRNA abundance of Hand1, HK2, Lcn2, and Ddit4 was deter-
mined by real time PCR using iQ SYBR Green Supermix (Bio-Rad,
Hercules, CA, USA), as described previously.9 b-actin was used as an in-
ternal control. Primers used are listed in Supplementary material online,
Table S1. Real-time PCR was performed in a final volume of 20lL and
the following protocol was used 95�C for 5 min, followed by 40 cycles of
95�C for 20 s, annealing for 20 s at appropriate temperature depending
on the primer sequence, 72�C for 20 s. PCR was performed in triplicate

in a CFX connect real time PCR machine (Bio-Rad, Hercules, USA), and
threshold cycle numbers (Ct) were averaged for each sample. The rela-
tive expression of each gene of interest was calculated by 2-DDCT

method and expressed as fold of normoxic control.

2.8 Methylated DNA immunoprecipitation
Methylated DNA immunoprecipitation (MeDIP) assays were performed
with the MeDIP kit (Active Motif, Carlsbad, USA) following the manufac-
turer’s instructions, as described previously.9 Briefly, gDNA was extracted
from heart tissues. Each sample of gDNA (20mg) was sonicated in
Bioruptor Pico (Diagenode, New Jersey, USA.) to generate DNA frag-
ments ranging in size from 200 to 600 base pairs, which was confirmed by
2% agarose gel electrophoresis. Fragmented DNA (1 lg) of each sample
was subjected to MeDIP assay. An additional quantity of fragmented DNA
equivalent to 10% of the DNA being used in the IP reaction served as in-
put DNA. The double strand DNA fragments were denatured at 95�C to
produce single strand DNA, and a 5-methylcytosine (5-mC) antibody was
then used to precipitate DNA containing 5-mC. The 5-mC enriched
DNA and input DNA were purified with phenol/chloroform extraction
under the same condition, and subjected to quantitative real-time PCR
analysis. Sequences of primers flanking the promoter regions of Hand1,
HK2, Lcn2, and Ddit4 genes are listed in Supplementary material online,
Table S2. b-actin promoter specific primers were used as internal control.
PCR was performed in triplicate in a CFX connect real time PCR machine,
and the relative 5-mC abundance in each promoter of interest was calcu-
lated by 2-DDCT method, and expressed as percent of normoxic control.

2.9 Statistical analysis
Circos16 was used to generate the graphs integrating DEGs at the tran-
scriptomic level vs. DMRs at the methylome level. For DEGs analysis,
FDR <0.3 and FC >1.2 were used as a threshold to select DEGs. For
DMR analysis, FDR <0.05 and methylation change >_10% were used as a
threshold to declare statistical significance. Pathway analysis was per-
formed using Ingenuity Pathway Analysis (IPA) (QIAGEN Inc., https://
www.qiagenbioinformatics.com/products/ingenuitypathway-analysis) to
identify canonical pathways. Principle component analysis (PCA) was
performed using Partek Genomics Suite software. For non-bioinformatic
data analysis, data were presented as mean ± SEM, and were analysed us-
ing Student’s t-test or one-way ANOVA followed by Turkey’s post hoc
test. P-value <0.05 was considered statistically significant. Experimental
number (n) represents hearts of animals from different dams.

3. Results

3.1 Study design and the overall genomic
data summary
To study the rat heart epigenome and transcriptome changes during the
heart development in response to hypoxic stress, we constructed 18 RRBS
methylation libraries derived from 18 SD rat hearts and 26 RNA-seq librar-
ies derived from 26 SD rat hearts in two development stages (foetus and
adult). Pregnant rats were exposed to either normoxia (control group) or
hypoxia (10.5% O2) for 6 days during gestational Days 15–21, as reported
previously.9,10 Supplementary material online, Figure S1 shows the study de-
sign in details. The foetal hearts were collected at the Day 21 of gestation,
and the adult offspring hearts were collected at 5 months old after birth.
DNA and RNA were extracted from the hearts, and both RRBS DNA-seq
and RNA-seq libraries were constructed. To monitor the quality of RNA-
seq, we also added External RNA Control Consortium (ERCC) spike-in
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controls in an amount equivalent to about 1% of the mRNA in each sample
before RNA-seq library construction. We generated approximately 449.1
million reads of 75 bp single-end RRBS DNA methylome data
(Supplementary material online, Table S3) and 654.6 million reads (75 bp�
2) of pair-end RNA-seq transcriptomic data (Supplementary material on-
line, Table S4), corresponding to an average of 25.0 million sequence reads
per RRBS sample, and 25.2 million sequence reads per RNA-seq sample.

3.2 Overall genomic data mapping and QC
3.2.1 RRBS DNA-seq methylome data
We aligned the RRBS DNA-seq methylome data, 75 bp single reads, to
the NCBI rat Rnor 6.0 genome. On average, 68.8% of the reads were
aligned to the genome with an average of 17.2 million aligned reads per
sample (Supplementary material online, Table S3). The aligned reads
were further annotated, resulting in an average of 1 041 827 CpG sites
(CpGs) with at least 10 reads covered, and an average of 221 210 CpG
regions with at least 20 reads covered. The overlapping CpGs among six
samples in the foetal group and 12 samples in the adult male group are
590 422 and 454 882, respectively, resulting in 43.4% and 56.3% CpGs
reduction. Meanwhile, the overlapping CpG regions in the foetal samples
and in the adult samples are 196 513 and 176 402, respectively, resulting
in 11.2% and 20.3% reduction. Therefore, we mainly focused on the
DMRs analysis instead of the differential methylation CpG sites (DMCs)
analysis because of the lower reduction rates in CpG regions.

3.2.2. RNA-seq transcriptome data
We aligned the fastq reads to the NCBI rat Rnor 6.0 genome, NCBI
Rnor 6.0 gene model, and ERCC transcripts. Overall, in average, 92.9%
of the reads were aligned to the genome, 29.9% to the exons, 16.6% to
the intron, and 0.32% to the ERCC transcripts (Supplementary material
onlineTables S4 and S5). Scatterplots of ERCC log2 [fragments per kilo-
base of transcript per million mapped reads (FPKM)] vs. log2 (spike-in
concentration) showed an overall linear relationship between observed
transcripts and the true concentration of the ERCC spike-in controls
(Supplementary material online, Figure S2). Overall, 13 116 (43.7%) of
the 30 044 NCBI annotated genes were defined as expressed (FPKM
>_1) for all the 26 samples. More expressed genes were identified in the
foetuses compared with the adult male and female samples.

3.3 Antenatal hypoxia exposure induced
differential epigenomic reprogramming
3.3.1 Genome-wide CpG methylation in relation to
genomic features
Overall, 1 041 827 CpGs, ranging from 725 525 to 1 242 160
(Supplementary material online, Table S3), were used to study the
genome-wide CpG methylation patterns in terms of the relationship to ge-
nomic features. Profiling CpG methylation patterns (Figure 1A–D) revealed
that the adult rat hearts are hypermethylated compared with foetal rat
heart in both hypoxia and control groups. There were no significant differ-
ences on the CpG methylation level in foetal hearts between hypoxia and
controls groups within all five genomic features (Figure 1A). However, we
observed slightly significant differences on the CpG methylation level in
adult rat hearts between hypoxia and controls within following regions: all
sites (P = 0.048), CpG islands (CGIs; P = 0.041), and introns (P = 0.033)
(Figure 1A). Consistently, significantly lower CpG methylation levels were
observed within CGIs compared with CpG island shores (CGS) in both
foetal and adult groups, under both control and hypoxia conditions
(P < 0.001, Figure 1A). Also, all samples displayed a similar dip in

methylation centred at the transcription start site (TSS) (Figure 1B) and
then gradually increased towards the 3’ end of gene bodies (Figure 1B and
C). CpG methylation was more abundant in the adult heart than foetal
heart, particularly within the TSS region (Figure 1A and C). In addition, CGIs
and CGS in 10 kb upstream of the TSS were hypomethylated compared
with CGIs and CGS within gene bodies (Figure 1D). Meanwhile, significantly
higher levels of methylation were observed in introns compared to exons
across all four groups (P < 1� 10-5). However, to our surprise, the methyl-
ation patterns between the hypoxia and control groups showed opposite
trends in foetal and adult rats (Figure 1A–D). Compared to the control
hearts, the hypoxia-exposed foetal hearts were more hypermethylated. In
contrast, the hearts of adult offspring that exposed to antenatal hypoxia
were more hypomethylated compared to the control group.

3.3.2 Hypoxia-induced methylation profiling change
Next, we used logistic regression analysis (methylKit Bioconductor pack-
age) to identify the DMRs between the hypoxia and control groups in
both foetal and adult male hearts, respectively. The DMRs are defined
based on FDR <0.05 and the methylation differences between two groups
>10%. In foetal hearts, we identified 2828 DMRs including 1824 hyperme-
thylated DMRs and 1004 hypomethylated DMRs. In adult male hearts, we
identified 2193 DMRs including 647 hypermethylated DMRs and 1546
hypomethylated DMRs. Our differential methylation analysis showed that
more hypermethylated but less hypomethylated DMRs were identified in
foetal rat hearts compared with the DMRs in adult male rat hearts, which
is consistent with the findings based on the above genome-wide CpG
methylation pattern analysis. PCA and hierarchical clustering also showed
a clear separation between the hypoxia and control groups based on the
DMRs in foetal and adult male rat hearts (Figure 1E–H). Furthermore, we
found 218 DMRs in foetal hearts, and 217 DMRs in adult male hearts are
partially or fully overlapped, representing a total of 173 genes. However,
only 101 DMRs (representing 72 genes) in foetal rat hearts and 102
DMRs in the adult male rat hearts displayed a similar methylation trend or
pattern. The rest of DMRs (representing 101 genes) showed the opposite
methylation trend or pattern between the foetal and adult hearts.

3.4 Antenatal hypoxia exposure induced
differential gene expression
We used cuffdiff pipeline to identify DEGs, defined as FDR <0.3 and FC
>1.2, between hypoxia and controls in foetal, and adult male rat hearts.
Totally, 323 DEGs were identified in foetal hearts due to the hypoxia ex-
posure. However, only 112 DEGs were identified in adult male rats
(Figure 2A, Supplementary material online, Table S6). More up-regulated
DEGs were identified in foetal (62.2%, 201 out of 323), comparing to adult
male rats (37.5%, 42 out of 112). Based on the DEGs found in foetal and
adult rat hearts, we performed pathway analysis (IPA, QIAGEN). Figure 2A
and B showed the top10 enriched pathways from DEGs of foetal and
adult male heart, separately. In foetal heart exposed to antenatal hypoxia,
developmental/stress response related pathways were enriched.
However, immune/inflammatory response related pathways (24 out of
34) were highly enriched in adult male offspring heart, compared with foe-
tal heart (3 out of 27) (Figure 2C). Supplementary material online, Data S1
contains a list of all pathways that were significantly enriched (P < 0.05).

3.5 Integrated analysis of hypoxia-induced
RRBS/DNAm, mRNA-seq gene expression
We use Circos plotting to illustrate the global relationship between
DNA methylome (DMRs) and transcriptome (DEGs) in response to
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Figure 1 Genome-wide CpG sites methylation in relation to genomic features and hypoxia-induced DMRs. (A) Average CpG methylation levels for vari-
ous genomic features. Data are expressed as mean ± SEM. Statistical significance was calculated by one-way ANOVA. *P < 0.05. CpG methylation levels in
relation to (B) genic regions, (C) TSS, and (D) CGI and CGS within gene bodies and up to 10 kb upstream of TSS. Heatmap and PCA plot of DMRs between
the control and hypoxia groups in (E, F) foetal rats and (G, H) adult male rats. n = 3 in foetal control/hypoxia group; n = 6 in adult control/hypoxia group.
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Figure 2 Hypoxia-induced DEGs. (A, B) Hypoxia-induced DEGs in foetal, adult male rats, and top 10 canonical pathways. (C) Number of immune/
inflammatory response related pathways over all enriched pathways in foetal and adult male heart exposed to antenatal hypoxia. n = 3 in foetal control/
hypoxia group; n = 5 in adult control/hypoxia group.
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..hypoxia in foetal (Figure 3A) and adult male (Figure 3B) hearts across all
chromosomes. Overall, there are more hypermethylated DMRs across
chromosomes in foetal hearts, compared with adult offspring heart.
Interestingly, there are many hypomethylated DMRs in the starting region
of chromosome 13 in foetal rats but no DMRs in that region in adult male
rats (Supplementary material online, Table S7). In addition, there is a nega-
tive correlation between the TSS CpG methylation and the gene expres-
sion in the pooled data from both foetal and adult hearts (Figure 3C). We
further investigated the correlation between methylation patterns of
DMRs and regulation directions of DEGs for the 84 overlapping DMRs
and DEGs. Supplementary material online, Data S2 shows the detailed
DNA methylation status and the corresponding gene expression for the
84 overlapping DMRs and DEGs. Among these overlapping genes, there
are three genes (Myh11, Cfb, and RT1-A2) where the DMRs are located in

promoter regions and 11 genes (Myh11, Atp1a3, Grip2, Pygl, Cntnap1,
Myl4, Ephb3, Ftcd, Nfkbia, Cfb, and RT1-A2) where DMRs are located in
exon regions. Three example genes (Myh11, Cfb, and RT1-A2) with DMRs
located in promoter regions showed a strong negative correlation be-
tween gene expression (FPKM) and methylation rate (beta value) of CpG
regions under control and hypoxic conditions (Figure 3D). In addition, 9
out of 11 genes with DMRs located in exon regions also showed a signifi-
cant negative correlation of methylation and gene expression. However,
only 36 out of 73 genes displayed a negative correlation when the DMRs
are not located in promoter or exon regions.

We validated expressional changes in two of the top down-regulated
genes in the foetal heart and two of the top up-regulated genes in the adult
heart with qPCR. Consistent with the RNAseq data, we found that hypoxia
significantly decreased mRNA abundance of Hand1 that encodes heart- and

Figure 3 Integration of DMRs and DEGs. (A, B) Circos plot of DMRs and DEGs in foetal and adult male rats. Positive fold-changes in DMRs represent
hypermethylation in hypoxia group while negative fold-changes in DMRs represent hypermethylation in control group. Positive fold-changes in DEGs
represent up-regulation in hypoxia group while negative fold-changes in DEGs represent up-regulation in control group. Red dots represent P-value
<0.001 while blue dots represent 0.001 <_ P-value <0.01 (n = 3–6). (C) Negative correlation between CpG methylation and gene expression at TSS.
(D) Three example genes (Myh11, Cfb, and RT1-A2) with DMRs located in promoter regions show a negative correlation between gene expression
(FPKM) and methylation rate (beta value) of CpG regions under control and hypoxia environment. Data are expressed as mean ± SEM. n = 3–6.
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..neural crest derivatives-expressed protein 1 (HAND1), and Hk2 that enco-
des hexokinase 2, in the foetal heart (Figure 4A). In addition, we demon-
strated that promoter methylation of both Hand1 and Hk2 genes were
increased by hypoxia (Figure 4B and C). In the adult heart, we demonstrated
that antenatal hypoxia resulted in a decrease in promoter methylation and
an increase in gene expression of Lcn2 that encodes lipocalin-2 (Lcn2), also
known as neutrophil gelatinase-associated lipocalin (NGAL), and Ddit4 that
encodes DNA-damage-inducible transcript 4 (Figure 4D and F).

3.6 Developmental stage-dictated
differential genes and pathways
participating in hypoxia-induced
epigenomic and transcriptomic responses
Interestingly, we found that there are less than 10% of overlapping
DMRs between foetal and adult male rat hearts. Except for the overlap-
ping DMRs, we generated new heat map combining all the DNA regions

Figure 4 Validation of gene expression and DNA methylation by real-time PCR and MeDIP. (A) mRNA abundance of Hand-1 and HK-2 genes between
hypoxia and control groups in foetal heart. (B and C) DNA methylation in the promoter region of Hand-1 (B) and HK-2 (C) genes was detected by MeDIP
in the foetal heart. (D) mRNA abundance of Lcn2 and Ddit4 genes between hypoxia and control groups in adult male heart. (E, F) DNA methylation in the
promoter region of Lcn2 (E) and Ddit4 (F) genes was detected by MeDIP in the adult male heart. Data are expressed as mean ± SEM. Statistical significance
was calculated by Student’s t-test. *P < 0.05 vs. control group. n = 4–5.
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from the DMRs of both foetal and adult male heart. Pathway analysis was
performed on a total of 2610 DMRs derived from the foetal hearts and
2076 DMRs derived from the adult male rat hearts, respectively.
Figure 5A shows the heatmap of exclusive DMRs and the 10 most
enriched pathways in foetal and adult male rat hearts, respectively.
We also performed a similar analysis on the exclusive 315 DEGs derived
from foetal hearts, and 71 DEGs derived from adult rat hearts. Figure 5B
shows the heatmap of exclusive DEGs and the 10 most enriched path-
ways, derived from foetal hearts and adult rat hearts, respectively.

3.7 Sex-dependent hypoxia exposure
caused differential gene expression
Moreover, we identified 112 DEGs in adult male offspring and 80 DEGs
in female offspring rat heart after the antenatal hypoxia exposure. Venn
diagram noticed only 11 overlapping DEGs between the adult male and
female (Figure 6A and B). Among the 11 genes, the majority of them dis-
played a concordant regulation direction (9 out of 11, 81.8%). Notably,
Lcn2 was up-regulated in male and dramatically down-regulated in fe-
male offspring heart (Figure 6B). Pathway analysis was also performed
based on the exclusive DEGs of the male and female heart, and the most
enriched pathways were listed, respectively (Figure 6C). To our surprise,
and immune/inflammation response related pathways were highly
enriched in offspring heart of adult male, compared with adult female
(Figure 6D).

4. Discussion

Hypoxia is the most important and clinically relevant stress to the foetal
development during gestation. Foetal hypoxia has profound adverse
effects on developmental plasticity. Both animal and human studies indi-
cate that antenatal hypoxia results in developmental programming of
phenotypic changes that predispose offspring to various physiological
dysfunctions and diseases, including cardiac dysfunction and ischaemic
heart disease, hypertension, metabolic disease, and other conditions.7

In the present study, we for the first time reveal that antenatal hypoxic
stress alters the pattern of global DNA methylation, not only in the foe-
tal heart but also in the adult offspring heart, demonstrating epigenetic
programming of heart development in response to foetal stress. In gen-
eral, both foetal and adult hearts showed similar global DNA methyla-
tion features with hypomethylation in the CGIs and a sharp dip in the
CpG methylation centred at the TSS. This was consistent with the previ-
ous report that indicates low DNA methylation exists within TSS region
in newborn and adult cardiomyocytes.17 Notably, our data also demon-
strate that antenatal hypoxia differentially affects DNA methylation in
foetal and adult offspring hearts exposed to antenatal hypoxia.
Compared to the normoxia control, antenatal hypoxia exposure in-
duced a slight DNA hypermethylation in the foetal heart, but a global
hypomethylation in the adult heart. Moreover, these hypermethylated
DMRs in foetal heart were not the same DMRs found hypomethylated
in adult heart, which suggests that antenatal hypoxia epigenetically regu-
late a distinct set of genes in the foetal and adult heart. Growing evidence
indicates that changes in DNA methylation profile strongly associated
with heart diseases.18–20 Interestingly, similar methylation pattern, global
promoter hypermethylation, has been reported in patients with congeni-
tal heart disease (e.g. tetralogy of Fallot).19 Meanwhile, DNA hypome-
thylation at gene promoters is observed in the heart of heart failure
patient,18,20 which shows the consistent global epigenomic pattern in
the adult rat heart exposed to antenatal hypoxia in the present study.

Thus, our methylome data may partly explain why antenatal hypoxic
stress increases the risk of cardiovascular disease in foetus and adult off-
spring. The reversal of the global DNA methylation pattern could be a
promising strategy to reduce such risk. Indeed, our recent study indicates
that treatment of newborn rat pups with DNA methylation inhibitor, 5-
aza-20-deoxycytidine, prevented the antenatal hypoxia-induced increase
of vulnerability to heart ischaemia and reperfusion injury.9

In the present study, the finding of 60–70% global CpG methylation
genome-wide in the heart is consistent with the notion that 60–80%
CpGs in mammalian genomes are generally methylated.21 The levels of
DNA methylation were further evaluated in different genomic contexts,
e.g. TSS, gene bodies. Of importance, we found that CpG methylation
levels were the lowest at CGIs and gradually increased in CGS, exons
and introns. CGIs are prevalent at TSSs and over 70% CGIs exist around
the TSS. Indeed, our analysis of DNA methylation levels of genic regions
demonstrated a sharp dip of CpG methylation at the TSS. This is consis-
tent with previous findings that CGIs found at gene promoters are gen-
erally hypomethylated.21 Hypomethylation of TSS regions is of critical
importance and provides a mechanism of rigorous and robust methyla-
tion regulation of gene expression. In the present study, genome-wide
analysis of gene transcription and DNA methylation demonstrated a
negative correlation between CpG methylation within the TSS region
and gene expression in the heart, supporting the regulatory principle on
the global perspective that CGIs methylation at the TSS is negatively re-
lated to gene transcription.22 Of interest, we found that genome-wide
CpG methylation was more abundant in the adult heart than foetal heart,
particularly within the TSS region. This finding is consistent with previous
studies in mice showing gain of mCpG in the heart during postnatal
development.17,23 The state of hypomethylation around the TSS
depends on active and continuous exclusion of DNA methyltransferases.
It has been established that active transcription factor binding strongly
influences the unmethylated state of promoter CGIs, which can progres-
sively accrue heritable methylation if they are depleted of transcription
factor binding.21 The finding of increased methylation within the TSS re-
gion in the adult heart suggests a developmental repression of gene tran-
scription (e.g. foetal genes) from the foetal heart to the terminally
differentiated heart in the adult. In response to hypoxia, the foetal heart
underwent hypermethylation. These findings are consistent with our
previous studies measuring global DNA methylation using 5-mC DNA
ELISA, which showed a development-dependent increase of global
DNA methylation in the heart, as well as hypoxia-mediated increase of
global methylation in the foetal heart.9 In addition, our previous studies
of single gene approach also demonstrated that foetal hypoxia increased
promoter methylation and decreased gene expression of PKCe and GR
in the heart.9,10,24 To further validate the negative correlation of DNA
methylation and gene expression, we performed qPCR to measure ex-
pressional changes in two of the top down-regulated genes found in the
RNAseq data in the foetal heart. Consistent with the RNAseq data, we
found that foetal hypoxia significantly decreased mRNA abundance of
Hand1 that encodes heart- and neural crest derivatives-expressed pro-
tein 1 (HAND1), and Hk2 that encodes hexokinase 2, in the heart. Of
importance, we demonstrated that promoter methylation of both
Hand1 and Hk2 genes were increased by hypoxia. Both HAND1 and
hexokinase 2 are important regulatory proteins in the heart. HAND1
controls the balance between proliferation and differentiation in the de-
veloping heart.25 Hexokinase 2 plays a crucial role to maintain mitochon-
drial membrane potential and functions as a molecular switch from
glycolysis to autophagy to ensure cellular energy homeostasis under
stress.26,27 In contrast to the foetal heart, the adult offspring heart

1314 L. Huang et al.

Deleted Text: .
Deleted Text: lipocalin-2 (
Deleted Text: )
Deleted Text: to 
Deleted Text: conditions 
Deleted Text: .
Deleted Text: CpG islands 
Deleted Text: e
Deleted Text: transcription start site (
Deleted Text: )
Deleted Text:  
Deleted Text: .
Deleted Text: diseases 
Deleted Text: .
Deleted Text: ,
Deleted Text: ) 
Deleted Text: .
Deleted Text: patient 
Deleted Text: ,
Deleted Text: injury 
Deleted Text: .
Deleted Text: &percnt;-
Deleted Text: &percnt;-
Deleted Text: methylated 
Deleted Text: .
Deleted Text: ,
Deleted Text: CpG islands 
Deleted Text: CpG island shores
Deleted Text: CpG islands 
Deleted Text: transcription start sites (
Deleted Text: )
Deleted Text: CpG islands 
Deleted Text: CpG islands 
Deleted Text: hypomethylated 
Deleted Text: .
Deleted Text: CpG islands 
Deleted Text:  
Deleted Text: .
Deleted Text: development 
Deleted Text: .
Deleted Text: CpG islands
Deleted Text:  
Deleted Text: .
Deleted Text: ,
Deleted Text:  
Deleted Text: .
Deleted Text: glucocorticoid receptor
Deleted Text:  
Deleted Text: .
Deleted Text:  
Deleted Text: .
Deleted Text:  
Deleted Text: .


Figure 5 Development-dependent DMRs and DEGs. (A) Heatmap and top 10 canonical pathways of the exclusive DMRs between hypoxia and control
group in foetal and adult male rats. (B) Heatmap and top 10 canonical pathways of the exclusive DEGs between hypoxia and control group in foetal and adult
rats. Blue and purple bars represent exclusive DMRs or DEGs in foetal and adult rats respectively. n = 3–6.
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Figure 6 Sex-specific DEGs. (A) Venn diagram of the hypoxia-induced DEGs in adult male and female heart. (B) Average gene expression of antenatal hyp-
oxia exposed group compared with control group in male and female rat heart over the 11 overlapped genes. (C) Heatmap and top 10 canonical pathways
of the exclusive DEGs between hypoxia and control group in adult male and female rats. (D) Number of immune/inflammatory response related pathways
over all enriched pathways in adult male and female heart exposed to antenatal hypoxia. n = 5 for each group.
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displaced a decrease in global DNA methylation around the TSS, result-
ing from antenatal hypoxia. This is intriguing and suggests that antenatal
stress of hypoxia impacts epigenetic programming in postnatal develop-
ment and retards the development-mediated increase in DNA methyla-
tion in the heart with possible retaining of certain ‘foetal gene expression
programme’ in the adult heart. We validated two of the top up-regulated
genes found in RNAseq in the adult heart with qPCR and measuring pro-
moter methylation. We demonstrated that antenatal hypoxia resulted in
a decrease in promoter methylation and an increase in gene expression
of Lcn2 that encodes Lcn2, also known as NGAL, and Ddit4 that encodes
DNA-damage-inducible transcript 4.

The hypoxia-induced methylation/expression changes in the heart are
likely to have a significant impact on heart development and disease vul-
nerability. Indeed, we demonstrated previously in the same animal model
that foetal hypoxia caused a premature exit of the cell cycle of cardio-
myocytes, decreased cardiomyocytes proliferation, and resulted in fewer
but larger myocytes in the adult heart.28–32 In the adult heart, it has been
demonstrated that antenatal hypoxia leads to pathological cardiac
remodelling with left ventricular hypertrophy and an increase in heart
vulnerability to ischaemia and reperfusion injury.9,10,24,33–36 In addition,
foetal hypoxia had a negative impact on mitochondrial function by alter-
ing mitochondria associated proteins levels and reducing cytochrome c
oxidase activity in the foetal heart, which persisted into the adult
heart.37–39 This caused a mismatch between myocardial glycolysis and
glucose oxidation rates, as well as an increase in myocardial production
of acetyl-CoA during reperfusion after ischaemia, and this mismatch be-
tween energy production and cardiac performance contributed to the
increased heart vulnerability to ischaemia and reperfusion injury in the
adult heart resulting from antenatal hypoxia.36,40

The finding that about 21 Mb segment of chromosome 13 undergoing
DNA hypomethylation in the foetal heart, but not in the adult heart is in-
triguing. This part of chromosome 13 plays an important role in blood
pressure regulation and cardiomyocyte survival.41,42 Introgression of
chromosome 13 from Brown Norway rats to Dahl salt-sensitive rats re-
duced detrimental hypertension caused by high salt diet feeding.42

Further study showed that specific genomic region located in the p-end
of chromosome 13 (around 10 Mb) related to the blood pressure regu-
lation.41 We found that this region is overlapped with the 21 Mb segment
that only been demethylated in foetal heart. Of interest, PH domain
leucine-rich repeat protein phosphatase-1(PHLPP-1), a gene located
within this region of chromosome 13, is closely associated with the sur-
vival of cardiomyocytes. Knockdown of PHLPP-1 increased the phos-
phorylation of Akt in mitochondria, thereby improved the function of
mitochondria in neonatal cardiomyocytes.43 In addition, PHLPP-1 knock-
out heart reduced the infarction caused by the ischaemia/reperfusion.43

Furthermore, PHLPP-1 deletion attenuated the pathological hypertro-
phy of heart.44 The hypomethylation of PHLPP-1 in chromosome 13 in
the foetal heart may suggest that the up-regulation of PHLPP-1 expres-
sion after antenatal hypoxia and increase the heart sensitivity to ischae-
mia/reperfusion injury later in life. The different methylation and
expression patterns between foetal and adult hearts imply that the ante-
natal hypoxia-induced programming of certain genes is settled in the
early developmental stage.

Furthermore, we found that antenatal hypoxia caused a distinct gene
expression pattern in foetal and adult offspring hearts. During normal
heart development, dramatic metabolic and functional changes occur in
cardiomyocytes before birth, adapting to the environmental cues.45

Pathway analyses of DEGs indicate that multiple oxygen stress-adaptive
pathways are motivated in the foetal heart suffered hypoxia, such as

endoplasmic reticulum (ER) stress pathway. The ER stress itself is
strongly correlated with the onset of heart disease. For example, ER
stress leads to degeneration and cell death of cardiomyocytes, contribut-
ing to the development of ischaemic heart disease.46,47 On the other
hand, ER stress and coping response (e.g. unfolded protein response)
could be an adapt strategy of the foetal heart to mitigate or eliminate the
hypoxia stress.48 Thus, it is possible that the foetal heart initiates an adap-
tive mechanism to balance the detrimental impact of antenatal hypoxia.
However, these adaptive processes may not compensate the damage
and disrupt the regular gene programming, leading to the dysfunction of
heart after birth. Of importance, a striking finding in the offspring heart is
the significant enrichment of immune response/pro-inflammatory related
signal pathways (e.g. interferon signalling, antigen presentation pathway).
Inflammatory biomarkers, like C-reactive protein and interleukin-6, have
been confirmed as risk factors for cardiovascular disease by abundant
prospective cohort studies.49 Furthermore, inflammation interplays with
ER stress and both are underlying drivers for cardiovascular diseases.46,50

ER stress activates several pro-inflammation cytokine pathways by regu-
lators such as Jun amino-terminal kinases, nuclear transcription factor-
jB.51–53 It is possible that activity of pro-inflammatory genes found in the
adult offspring heart is the consequence of the maladaptive coping re-
sponse to oxygen stress in the foetal heart. Notably, our data indicate
that the antenatal hypoxia has a long-term effect on developmental plas-
ticity, causing offspring hearts in a pre-inflammatory state and increasing
the vulnerability of adult heart disease.

Moreover, an apparent sex dichotomy of gene expression in adult off-
spring heart is observed in our study. Several immune response/
inflammation-related gene pathways (e.g. antigen presentation, Th1, and
Th2 activation pathways) were enriched in the male heart; in contrast,
multiple gene pathways related to energy restoration/protection were
mobilized in the female heart, such as NAD salvage pathways. The previ-
ous study showed that the NAD salvage pathway played an essential role
in post-hypoxic bioenergetic recovery and cardiomyocyte protection in
ischaemic heart disease.54 Among the 11 overlapped genes between
adult male and female offspring hearts exposed to antenatal hypoxia, it is
worth to note that Lcn2 was found up-regulated in male and down-regu-
lated in female. Interestingly, the Lcn2 is a critical regulator of innate im-
mune response55 and a strong predictor of cardiovascular disease.56,57

Lcn2 expression in cardiomyocytes significantly increased in cardiac in-
farction and serum Lcn2 levels correlated with the clinical deterioration
of heart failure patients.56 The up-regulation of Lcn2 induced cardiomyo-
cyte apoptosis mediated via the mitochondrial pathway and intracellular
iron overload.58 A recent study also indicated that Lcn2 contributed to
cardiac pathologic hypertrophy.59 The differential expression of Lcn2 be-
tween male and female hearts provides a mechanistic understanding of
why female offspring is more resistant to cardiac ischaemia/reperfusion
injury resulting from foetal stress.10,59,60 In line with our finding, a pro-
spective clinical study confirmed that the baseline serum Lcn2 level is sig-
nificantly higher in the male subjects who developed cardiovascular
disease than those did not.61 However, this difference was not observed
in the female subjects.61 Our finding suggests that male and female hearts
initiate distinct molecular mechanisms after antenatal hypoxia. Male
hearts undergo an extended pro-inflammatory status, and female hearts
launch a long-lasting adaptive mechanism to balance hypoxic impact, and
these differences on gene expression may explain the gender difference
in the occurrence and severity of cardiovascular disease observed in our
previous and other studies.10,60,62

Overall, the present study provides novel insights into the alteration
of global DNA methylation and transcriptional pattern of foetal and adult
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.
offspring heart that exposed to antenatal hypoxia. The hypoxia stress
not only induces a global epigenomic and transcriptomic reprogram in
the foetal heart, more importantly, also has a long-lasting effect on the
adult offspring heart, and this effect is developmental stage and gender
dependent. Moreover, our pathway analyses indicate that pathways re-
lated to inflammation are significantly enriched in the hearts after antena-
tal hypoxic exposure, especially in the adult male offspring. Thus, our
study provides an initial framework and new insights into foetal hypoxia-
mediated epigenetic programming of pro-inflammatory phenotype in
the heart development, linking antenatal stress, and developmental
programming of heart vulnerability to disease later in life. Whereas it is
arguable that the present study is a descriptive study, to demonstrate a
true cause-and-effect of foetal hypoxia-induced methylation and expres-
sion changes in adult hearts directly impacting disease vulnerability is
extremely challenging. With the recent development of CRISPR/Cas9
genome editing, it may become possible to knock-out and knock-in
genes in order to start to test the causal effect of foetal hypoxia-induced
gene expression changes impacting disease vulnerability in the adult
heart. Although this is clearly beyond the scope of the present study, an
unbiased assessment of methylation and transcriptional activity across
the genome and the findings of foetal hypoxia-induced changes in gene
expression in the heart at different developmental stage and sex in the
present study provide a basis and a very useful reference set of genes for
future investigations.

Supplementary material

Supplementary material is available at Cardiovascular Research online.
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Corrigendum doi:10.1093/cvr/cvz117
Online publish-ahead-of-print 13 May 2019
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Corrigendum to: Omega-3 polyunsaturated fatty acids: is their future VITALized or REDUCEd? [Cardiovasc Res 2019;15:e58–e60]

In the original version of this article, Tables 1 and 2 unintentionally featured references to IMPROVE-IT instead of to REDUCE-IT. This has now been cor-
rected online.

The author apologises for the error.
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