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A B S T R A C T

Background: The births of more than 8 million infants have been enabled globally through assisted reproduc-
tive technologies (ARTs), including conventional in vitro fertilization (IVF) and intracytoplasmic sperm injec-
tion (ICSI) with either fresh embryo transfer (ET) or frozen embryo transfer (FET). However, the safety issue
regarding ARTs has drawn growing attention with accumulating observations of rising health risks, and
underlying epigenetic mechanisms are largely uncharacterized.
Methods: In order to clarify epigenetic risks attributable to ARTs, we profiled DNA methylome on 137
umbilical cord blood (UCB) and 158 parental peripheral blood (PPB) samples, histone modifications
(H3K4me3, H3K4me1, H3K27me3 and H3K27ac) on 33 UCB samples and transcriptome on 32 UCB samples
by reduced representation bisulfite sequencing (RRBS), chromatin immunoprecipitation sequencing (ChIP-
seq), and RNA sequencing (RNA-seq), respectively.
Findings: We revealed that H3K4me3 was the most profoundly impacted by ICSI and freeze-thawing opera-
tion compared with the other three types of histone modifications. IVF-ET seemed to introduce less distur-
bance into infant epigenomes than IVF-FET or ICSI-ET did. ARTs also decreased the similarity of DNA
methylome within twin pairs, and we confirmed that ART per se would introduce conservative changes
locally through removal of parental effect. Importantly, those unique and common alterations induced by dif-
ferent ART procedures were highly enriched in the processes related to nervous system, cardiovascular sys-
tem and glycolipid metabolism etc., which was in accordance with those findings in previous epidemiology
studies and suggested some unexplored health issues, including in the immune system and skeletal system.
Interpretation: Different ART procedures can induce local and functional epigenetic abnormalities, especially
for DNA methylation and H3K4me3, providing an epigenetic basis for the potential long-term health risks in
ART-conceived offspring.
Funding sources: This study was funded by National Natural Science Foundation of China (81,730,038;
81,521,002), National Key Research and Development Program (2018YFC1004000; 2017YFA0103801;
2017YFA0105001) and Strategic Priority Research Program of the Chinese Academy of Sciences
(XDA16020703). Yang Wang was supported by Postdoctoral Fellowship of Peking-Tsinghua Center for Life
Science.
© 2020 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
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1. Introduction

Assisted reproductive technology (ART) has become routine in
infertility treatment; indeed, more than eight million ART-conceived
infants have been born worldwide [1]. However, conventional in
vitro fertilization and fresh embryo transfer (IVF-ET) will introduce
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Research in context

Evidence before this study

Accumulating observations of rising health risks in ART-con-
ceived offspring have linked ART treatment with potential epi-
genetic abnormities in offspring. Previous studies mainly
focused on epigenetic influence of ARTs on either limited num-
ber of genes or repeat elements. In recent years, several groups
have reported the impact of ART on genome-wide DNA methyl-
ation using Illumina 450 K or EPIC DNA methylation array.
However, the similarities and differences among various ART
processes have not been fully elucidated and no study has
quantified the parental background biases at genome-wide
level. In addition, genome-wide changes of histone modifica-
tions in ART-conceived offspring and their regulatory role on
gene expression have not been reported so far.

Added value of this study

Overall, we systematically profiled DNA methylomes, four
genome-wide histone modifications and transcriptomes of off-
spring and revealed that distinct ART procedures would cause
their own unique effects as well as certain common effects on
epigenomes. Our study revealed that ART-induced epigenetic
alterations tended to be away from active cis-regulatory ele-
ments. We showed the reduced similarity in DNA methylomes
within ART-conceived twin pairs. In addition, our study also
confirmed that a large percentage of DNA methylome changes
in offspring could be explained by their parental background
biases. Meanwhile, we reported genome-wide impacts of ARTs
on four different histone modifications (H3K4me3, H3K4me1,
H3K27me3 and H3K27ac) for the first time. IVF-ET showed
almost no disturbance in either type of histone modification.
H3K4me3 was the most affected histone modification by ICSI
and freeze-thawing procedures.

Implications of all the available evidence

To the best of our knowledge, this is the first time that genome-
wide maps of DNA methylation, different histone modifications
and gene expression have comprehensively been investigated
to clarify the multilayer effects of various ART procedures on
epigenomes in offspring. Our study provides an epigenetic basis
for potential long-term health risks in ART-conceived offspring
that reinforces the need to review different types of ARTs in
human. Moreover, H3K4me3 might serve as a sensitive bio-
marker for assessing the influence of aggressive procedures in
ART, such as ICSI and freeze-thawing.
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extraordinary changes in the environment where oocytes mature and
the early embryo develops [2]. Moreover, intracytoplasmic sperm
injection (ICSI), which was initially used to address severe male infer-
tility, has replaced IVF as the most commonly used method for ART-
mediated fertilization in many countries [3]. This more invasive fer-
tilization procedure introduces additional mechanical damage,
bypasses the complicated process of sperm-egg recognition and
alters a series of downstream reactions [4]. Embryo cryopreservation
enables embryos to be preserved for further transplantation, but
both cryogens and freeze-thawing operation may cause damage to
embryos [5]. All those unfavorable factors have raised concerns
regarding the long-term health of ART-conceived children in recent
years [6]. Despite claims to the contrary [7-9], accumulating eviden-
ces have linked ART with potentially increased risks of neurodevelop-
mental disorders, cardiovascular dysfunction and metabolic
abnormality in offspring and even preeclampsia during pregnancy
[10-12].

Epigenetic modifications, such as DNA methylation and histone
modifications, play key roles in regulating gene expression and are
relatively sensitive to environmental factors [13]. Preimplantation
embryos undergo dramatic genome-wide epigenetic reprogramming
[14,15] that coincides with the time frame of ART treatments. Thus,
ART-associated perturbations may disturb the establishment and
maintenance of epigenomic patterns and increase the relevant health
risks of ART-conceived children in later life [16]. Notwithstanding,
published research on the association between ART and DNA methyl-
ation in offspring are limited to either specific genes [17,18] or
repeated sequences [19] and selected CpG sites on array [20-24].
Meanwhile, few studies have parsed the parental inheritance bias
where considerable reports have revealed that parental genetic back-
grounds, health situations, nutritional conditions and living habits
have potential impacts on the epigenomes of neonates [25,26]. In
addition, genome-wide changes in histone modifications of ART-con-
ceived infants have not been reported and the effects of each specific
ART procedure have not been fully elucidated so far.

Here, we integrated genome-wide maps of DNA methylation, four
histone modifications associated with promoter/enhancer function
(H3K4me1, H3K4me3, H3K27ac and H3K27me3), and gene expres-
sion for nuclear families to investigate the specific multilayer effects
of various ART procedures on epigenomes in offspring. We found
that various ART treatment would not dramatically disturb the global
epigenomes of neonates but subtly induced local and functional
changes. Our comprehensive analysis not only accords with the find-
ings in previous epidemiology studies but also reveals unexplored
health risks in offspring from epigenomic aspect, and may serve as a
valuable resource for researchers on the epigenetic influences of ART
procedures.

2. Materials and methods

2.1. Ethics statement

All blood samples were obtained after written informed patient
consent and were fully anonymized; each individual was assigned a
code in this study. The Reproductive Study Ethics Committee of
Peking University Third Hospital provided study approval (approved
protocol no.201752�044 in 20,170,620). All relevant ethical regula-
tions were followed.

2.2. Study design

The overall objective of this study was to investigate the specific
effects of various ART procedures on epigenomes in offspring, includ-
ing DNA methylome and different histone modifications (H3K4me1,
H3K4me3, H3K27ac and H3K27me3). For this study, nuclear family-
based cohorts were employedincluding mothers who planned to give
birth at the Third Hospital of Peking University with an accurate ini-
tial medical history. None of the infants in any of the families suffered
from any birth defects. Families in which the mothers suffered from
any of the following diseases were excluded: preeclampsia, hyper-
thyroidism, hypothyroidism, Hashimoto's disease, hypertension,
autoimmune disease, polycystic ovarian syndrome (PCOS), severe
metabolic syndrome, intrauterine infection or any other pregnancy
complication that might have a strong influence on the health of
progeny. Families with triplets or stillbirth were also excluded. A
total of 32 nuclear families with singletons and 68 nuclear families
with twins were recruited in this study and were divided into two
main categories: ART-conceived pregnancy and spontaneously con-
ceived pregnancy. All ART cycles were performed at the Center for
Reproductive Medicine, Third Hospital of Peking University. The ART-
conceived pregnancy families were further subdivided into four
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groups based on the type of ART applied: the IVF-ET, IVF-FET, ICSI-ET
and ICSI-FET groups. According to sex and fetus number, the subjects
in the whole groups were subdivided into five subtypes: male twins,
female twins, opposite-sex twins, single boys, and single girls. RRBS
were performed on umbilical cord blood (UCB) and parental periph-
eral blood (PPB) samples of selected nuclear families to evaluate the
influence of different types of ARTs on DNA methylome. We also per-
form ChIP-seq to examine histone modifications (H3K4me1,
H3K4me3, H3K27ac, and H3K27me3) and RNA-seq to examine the
transcriptomes of selected UCB samples, respectively. All blood sam-
ples were obtained after written informed patient consent and were
fully anonymized; each individual was assigned a code in this study.
The detailed classification and related clinical information are shown
in Supplementary Table S1.

2.3. Sample collection and treatment

PPB and UCB were collected on the delivery day. Approximately
3 mL blood samples were drawn from each individual and processed
through the following steps as soon as possible to prevent degrada-
tion. One of three 300 mL whole-blood aliquots was used for DNA
extraction, and the other two were stored at �80 °C for backup;
the rest of the whole blood was used for RNA extraction immediately.
For families in which histone modifications were detected, approxi-
mately 20 mL of blood was collected, and peripheral blood mononu-
clear cell (PBMC) extraction was performed immediately.

2.4. DNA extraction

Genomic DNA (gDNA) was extracted from stored whole blood
samples using the QIAmp DNA Blood Mini Kit (Qiagen Cat# 51,106),
according to manufacturer’s instruction and stored in �80 °C if not
used immediately.

2.5. RNA extraction

Total RNA was prepared from fresh blood by QIAmp RNA Blood
Mini Kit (Qiagen Cat# 52,304), according to manufacturer’s instruc-
tion and stored in �80 °C if not used immediately.

2.6. PBMCs extraction and fixation

PBMCs were isolated by Ficoll density gradient centrifugation
(TBD Cat# LDS1075). Then about 10 million PMBCs were fixed with
freshly prepared 1% formaldehyde in 1X PBS for 10 min at room tem-
perature. Glycine buffer (125 mmol/L) was added to quench the
crosslinking reaction, with further incubation for 5 min at room tem-
perature. After washing once with cold 1X PBS, fixed PBMCs pellet
was cryopreserved at �80 °C for subsequence ChIP-seq.

2.7. RRBS

RRBS was performed by following the published protocol with lit-
tle modification [27]. In brief, approximately 0.3% unmethylated
lambda DNA (dam-; dcm-) (Thermo Scientific Cat# SD0021) was
spiked into 500 ng of high-quality gDNA, and the mixture was
digested by MspI (Thermo Scientific Cat# ER0541). After purification
with Agencourt AMPure XP beads (Agencourt Cat# A63881), the
digested DNA was end-repaired and tailed with deoxyadenosine
using Klenow Fragment exo- (Thermo Scientific Cat# EP0422). Then,
NEBNext adapters (NEB Cat# E7335) were ligated overnight with T4
DNA ligase at a high concentration (NEB Cat# M0202M) with subse-
quent digestion by Uracil-Specific Excision Reagent (USER) enzyme
(NEB Cat# M5505L). Bisulfite conversion was conducted with a Meth-
ylCode Bisulfite Conversion Kit (Thermo Scientific Cat# MECOV-50).
The converted samples were size-selected by excising gel slices
containing 160 bp~700 bp DNA (2% TAE gel). After recovery using a
gel DNA recovery kit (VISTECH Cat# PC0313), the converted frag-
ments were amplified through PCR with a maximum of 12 cycles
with Kapa HiFi U+ Master Mix (Kapa Biosystems Cat# KK2801). Barc-
odes were also introduced during this process. The purified PCR-
amplified products were quantified using Qubit dsDNA high-sensitiv-
ity dye in a Qubit 3.0 Fluorometer (Thermo Scientific Cat# Q33216/
Q32854). The exact fragment distributions were examined with a
Fragment AnalyzerTM Automated CE System (Analysis Kit: Cat# DNF-
474�0500) following the detection of molar concentration using a
Library Quant Kit for Illumina (NEB Cat# E7630L). The final qualified
libraries were sequenced using the PE150 strategy on an Illumina X
Ten sequencer.

2.8. ChIP-seq

ChIP-seq was performed as previously described [28]. Briefly, iso-
lated nuclei were sonicated into fragments of an average of
200�500 bp using an M220 Focused-ultrasonicator (Covaris) with
the following parameters: burst, 200; cycle, 20%; and intensity, 8.
After centrifugation (13,000 rpm for 10 min at 4 °C), sheared chroma-
tin in supernatant was precleared by incubating the samples with
protein A Dynabeads (Invitrogen Cat# 10002D) at 4 °C for 1 h with
rotation. The supernatant, which contained 12.5�50 mg of chromatin
and was further diluted into 250 mL, was transferred to low-binding
EP tubes and incubated with 1 mg or 2 mg of the following antibodies
at 4 °C overnight with rotation: H3K4me3 (Millipore Cat# 07�473,
RRID:AB_1977252), H3K27me3 (Abcam Cat# ab6002, RRID:
AB_305,237), H3K4me1 (Abcam Cat# ab8895, RRID:AB_306847), and
H3K27ac (Abcam Cat# ab4729, RRID:AB_2118291). After being
washed with cold RIPA (10 mM pH 7.6 HEPES, 1 mM EDTA, 4 mM
LiCl, 1% NP-40, 0.1% N-lauryl sarcosine) and TEN (1 mM EDTA,
10 mmol/L pH 8 Tris, 50 mM NaCl), the immunoprecipitated pellets
consisting of chromatin immune complexes and protein A Dynabeads
(Invitrogen Cat# 10002D) were recovered by digestion with 20 mg of
Proteinase K (Qiagen Cat# 19,131) in 200mL of elution buffer at 65 °C
for over 6 h; a 10% input control sample stored previously was also
processed. DNA was purified using a MinElute PCR Purification Kit
(Qiagen Cat# 28,006). Then, libraries were constructed using a
NEXTflexTM ChIP-Seq Kit (Bioo Scientific Cat# 5143�02) according to
the manufacturer’s instructions. Briefly, 5~10 ng of DNA was end-
repaired. Then, fragments of 180�280 bp were size-selected using
Agencourt AMPure XP beads (Beckman Cat# A63881). After being
tailed with deoxyadenosine and ligated to barcoded ChIP-seq adapt-
ers (Bioo Scientific Cat# 514,124), the DNA fragments were amplified
by PCR with 12 cycles. The final qualified libraries for the same sam-
ple were pooled together and sequenced as described in the above
RRBS protocol. The requirement of data output was 12 G of raw data
for the input library and 10 G of raw data on average for each histone
modification library.

2.9. RNA-seq

mRNA libraries were constructed using NEBNext� UltraTM II RNA
Library Prep Kit for Illumina�(NEB Cat# E7770L/E7775L) following
the vendors protocol. Briefly, poly(A) mRNA was purified from
approximately 500 ng of input total RNA by NEBNext Magnetic Oligo
d(T)25 Beads (NEB Cat# E7490). After fragmentation and subse-
quently the first strand/Second strand cDNA synthesis, purified dou-
ble-stranded DNA fragments were filled into blunt ends and dA-
tailing. The ligation reaction was performed with further addition of
USER Enzyme to cut the hairpin loop structure within NEBNext Adap-
tor (NEB Cat# E7335). Finally, adaptor-ligated DNA fragments were
size-selected using SPRIselect Beads (Beckman Cat# B23317) and the
index was introduced in PCR amplification reaction. The quality of
purified library was assessed as described above.
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2.10. RRBS data analysis

Paired-end 150-nucleotide (nt) RRBS reads were generated with a
HiSeq X Ten sequencer. Before read mapping, adapters, low-quality
bases in the reads and reads smaller than 50 bases were removed
with Trim Galore (version 0.4.1; https://github.com/FelixKrueger/
TrimGalore) and Cutadapt [29] (version 1.9.1) to optimize the paired-
end alignments. The remaining reads were aligned to the Homo sapi-
ens reference genome (human GRCh38/hg38) using Bismark [30]
(version 0.18.1) with the parameter “�bowtie2”. The uniquely
mapped reads with less than 2% mismatch were retained for further
analyses. Bisulfite conversion efficiency was estimated by aligning
the reads to the spiked-in phage λ genome. The sequencing data and
bisulfite conversion efficiency, and the number of covered CpG sites
were summarized in Supplementary Table S3.

For DNA methylation calling, the 3 nt at both ends of each read
were removed to prevent bias in DNA methylation level estimation
based on M-bias reports by using the script “bismark_methylatio-
n_extractor” in Bismark. Then, the number of reads supporting C
(methylated) and supporting T (unmethylated) for each covered CpG
site was determined with the Bismark methylation extractor. Only
the CpG sites with greater than fivefold read coverage (>=6) were
passed to the script “bismark2bedGraph” in Bismark to generate a
bedGraph file as well as a coverage file, both of which were sorted by
chromosomal position.

There were data of 140 neonates, 79 fathers, and 79 mothers from
30 singleton nuclear families and 55 twin nuclear families (49 twin
families with parents, 6 monozygotic twin families without parents).
Based on unsupervised clustering of these RRBS samples, 3 neonate
samples as outliers were removed. Finally, 137 samples for neonates
and 158 samples for parents were used to downstream analysis.

As there were 5 groups of neonate samples, it was necessary that
the CpG sites were covered in most of the samples. Therefore, first,
only autosomal CpG sites with greater than 5-fold read coverage in at
least 18 samples in each neonate group were selected. Second, the
overlapping sites among the selected CpG sites from the 5 groups
were taken into consideration for further analysis. Therefore, Cs
(cytosines) of CHH and CHG context, on sex chromosomes (X and Y),
or with low coverage in CpG context, all of them were removed; only
autosomal Cs of CpG context covered by at least 90 neonatal samples
were used to further analysis. The DNA methylation level of each
retained CpG was determined by the ratio of the number of methyl-
ated reads to the total number of reads. The DNA methylation levels
for different genomic regions, such as tiles, promoters, repetitive
regions, imprinting regions and metastable epialleles, were deter-
mined by the ratios of the numbers of methylated reads to the total
numbers of reads across all the retained CpG sites in the correspond-
ing regions.

2.11. Identification of DMRs

DMRs between any two groups of RRBS samples were identified
with the R/Bioconductor package methylKit (version 1.6.1), which
uses logistic regression to calculate p-values [31]. The p-values were
adjusted to q-values using the Sliding Linear Model (SLIM) method.
The parameters used for methylKit included a 200 bp window and a
50 bp step size. Only the 200 bp window with 3 or more kept CpG
sites were used to downstream analysis. Each of the 5 groups of new-
born twins was divided into 2 subgroups for separation of twin pairs.
In comparisons of any two groups (four subgroups) of twins, the
DMRs between corresponding subgroups (four comparisons) were
generated by using methylKit with a q-value threshold of 0.05 and a
mean methylation difference of 5%. Then, to identify DMRs between
any two groups of neonates, six comparisons were generated from all
neonates (1 comparison), singletons (1 comparison), and twins (4
comparisons). DMRs that appeared in at least four comparisons were
selected for newborn twins to improve the confidence. To identify
DMRs between any two groups of fathers or mothers, three compari-
sons were generated from fathers or mothers of all neonates (1 com-
parison), fathers or mothers of all singletons (1 comparison), and
fathers or mothers of all twins (1 comparison). DMRs that appeared
in at least two comparisons were selected for fathers or mothers to
improve the confidence. Finally, the hyper- and hypo-DMRs between
any two groups were merged as the final DMRs if they had a common
region of at least 1 bp.
2.12. ChIP-seq data analysis

In order to optimize the paired-end alignments, adapters, low-
quality bases in the reads and reads smaller than 50 bases were
removed with Trimmomatic (version 0.36) before read mapping [32].
The remaining reads were aligned to the Homo sapiens reference
genome (human GRCh38/hg38) using the Burrows-Wheeler Aligner
(BWA) (version 0.7.12) with the default parameters in paired-end
mode [33]. For duplicated reads that aligned to the same position with
the same orientation, only the read with highest mapping quality was
retained to prevent potential PCR bias by using picard (version 1.4.2)
(http://broadinstitute.github.io/picard/). The nonredundant reads with
no more than 2% mismatches that uniquely mapped to the reference
genome were retained for further analyses. The sequencing data and
the number of peaks were summarized in Supplementary Table S3.

The MACS2 peak caller [34] (version 2.1.0) with the parameter
settings “�keep-dup=1, �broad” was used to identify peaks of his-
tone modifications. BAM files were converted to BigWig files and the
read numbers normalized to the numbers per 20 million aligned
reads with bamCoverage in deepTools [35] (version 3.1.0), and the
BigWig files were viewed using the Integrative Genomics Viewer
(IGV) [36] (version 2.4.5). In box-violin plots, histone modification
signals at 20 bp intervals (ChIP reads minus input reads; retained
only if the value was >0) were calculated with DANPOS [37] (version
2.2.2) and plotted using the R package ggplot2 (version 2.2.0) (Wick-
ham H. ggplot2: elegant graphics for data analysis [M]. Springer,
2016.). The genome-wide distributions of ChIP signals were deter-
mined by counting the histone modification signals within nonover-
lapping 1 kb windows tiled over the human genome. The R/
Bioconductor package DiffBind (version 2.2.12) was used [38], which
employs DESeq2 (version 1.16.1) or edgeR (version 3.18.1) to identify
differential peaks (DPs) with q-values h 0.05 and fold changes i 2 for
H3K4me1, H3K4me3, H3K27ac, and H3K27me3, respectively. The
shared outputs of the DESeq2 and edgeR methods were taken as the
final DPs. Based on the combined ChIP signal of the four histone mod-
ifications, 12 chromatin states were generated to separate the
genome into distinct functional regions by using chromHMM [39]
(version 1.15).
2.13. RNA-seq data analysis

The 150 nt paired-end RNA-seq reads were preprocessed similarly
to the ChIP-seq reads with the same software. Briefly, the retained
reads were mapped to the Homo sapiens reference genome (human
GRCh38/hg38) using STAR [40] (version 2.5.3a) with the default
parameters. The uniquely mapped reads with less than 2% mismatch
were passed to StringTie [41] (version 1.3.3b) for transcript assembly,
and the transcripts per million (TPM) value was also generated for
each gene. Batch effects of TPM values were corrected with the R/Bio-
conductor package SVA [42] (version 3.22.0). Finally, the DEGs were
called with DEseq2 [43] with the criterion of an adjusted p-value<0.1
(the p-values were attained by the Wald test and adjusted by BH
method). The sequencing data are summarized in Supplementary
Table S3.

https://github.com/FelixKrueger/TrimGalore
https://github.com/FelixKrueger/TrimGalore
http://broadinstitute.github.io/picard/
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2.14. Sample clustering

Hierarchical clustering, principal component analysis (PCA) and
multidimensional scaling (MDS) were used for unsupervised cluster-
ing of the epigenomes of CTRL and ART samples with the R functions
‘hclust’, ‘prcomp’, and ‘cmdscale’, respectively, in the R base package
stats. For hierarchical clustering of binary classification, its accuracy
was measured by counting the maximum number of correctly
assigned samples and dividing by the total number. K-means cluster-
ing were used for unsupervised clustering of DMRs by using R func-
tion kcca with parameter “family=kccaFamily (which=NULL,
dist=distCor)” in the flexclust (version 1.3.3) package. To calculate
distance and similarity matrices, we used the dist and cor functions,
respectively, of the stats package in R with the parameter “method=-
euclidean”.

2.15. Functional enrichment and overlapping analysis of genomic
regions

Potential biological functions of genomic regions, such as DMRs,
histone modification peaks and differential peaks, are determined by
gene ontology (GO) and human phenotype ontology (HPO) analysis.
GO enrichment analysis was carried out using the R/Bioconductor
package ChIPseeker [44] (version 1.10.3) and Homo sapiens annota-
tion package org.Hs.eg.db (version 3.5.0). The enrichment analysis of
human phenotype was performed by Erichr [45,46], and the top 20
terms with the highest p-value (<0.05) were used. Two or more
genomic regions were considered as overlapping regions if they had
1-bp common region at least, which was implemented by subcom-
mand mergePeaks with parameter “-d given” in HOMER [47] (version
4.9).

2.16. Statistical analysis

Fisher's exact test was applied for comparing gender and mode of
birth while unpaired two-tailed ANOVA was used for comparing
other clinical features of parents or progenies (including “Paternal/
Maternal age”, “Paternal/Maternal body height”, “Paternal /Maternal
body mass”, “Paternal /Maternal BMI”, “Gestational week”, “Birth
weight” and “Birth length”) among different conception groups using
R package ggstatsplot [48] (version 0.1.1). For violin-box plots, the
center dot indicated the average, the significance of differences
between two groups was determined by Wilcoxon rank sum test. To
compare the distribution of Pearson correlation coefficients, unpaired
and two-tailed t-test was performed unless otherwise specified.
Hypergeometric test was used to determine the significance of over-
lap between two groups of genomic regions or genes. The statistical
significance was determined using hypergeometric test in gene
ontology (GO) terms and KEGG pathway enrichment analysis, with p
value adjusted by the multiple test adjustment (Benjamini-Hochberg,
BH).

2.17. Role of funding source

The Funders didn’t play any roles in study design, samples collec-
tion, production, analyzation, and interpretation of data, paper writ-
ing, or the decision to submit the paper for publication.

3. Results

3.1. Global epigenomic profiles in ART-conceived neonates

To systematically study the DNA methylomic effects of different
types of ARTs on offspring, we performed reduced-representation
bisulfite sequencing (RRBS) on 137 umbilical cord blood (UCB) sam-
ples and 158 parental peripheral blood (PPB) samples from nuclear
families with either singletons or twins (Fig. 1a, Supplementary Fig.
S1a, and Supplementary Table S1). The samples were classified into
five groups based on the mode of conception: spontaneous (CTRL),
IVF-ET, IVF-FET, ICSI-ET and ICSI-FET. There were no significant dif-
ferences in the clinical features of the neonates among the different
groups; in addition, maternal ages were under 35 years old and
parental body mass index (BMI) values were comparable in general
(Supplementary Table S2). In addition, we performed chromatin
immunoprecipitation sequencing (ChIP-seq) on 33 UCB samples to
examine histone modifications (H3K4me1, H3K4me3, H3K27ac, and
H3K27me3) and RNA sequencing (RNA-seq) on 32 UCB samples to
examine the transcriptomes of neonates (Fig. 1a, Supplementary Fig.
S1a, and Supplementary Table S1).

The results showed that the global DNA methylation levels, his-
tone modifications, and transcriptomes of individual neonates were
overall similar among the CTRL and four ART groups (Supplementary
Fig. S1, b, c and d). There were also no noticeable intergroup differen-
ces for DNA methylation of various functional genomic regions, such
as promoters, enhancers and repeats (Supplementary Fig. S1e). Unsu-
pervised clustering of each layer of the reference epigenome showed
no obvious subgroups but rather showed broadly distributed patterns
among neonates, except for H3K4me3 in the IVF-FET and ICSI-ET
groups (Fig. 1b and Supplementary Fig. S2a). These observations
were further verified in hierarchical clustering analyses of the CTRL
group versus specific ART subtype groups or ARTs as a whole; the
accuracies in these analyses were close to a completely random value
(50%) for binary classification but were markedly higher with regard
to H3K4me3 in the IVF-FET and ICSI-ET groups (Fig. 1c and Supple-
mentary Fig. S2b-h). These results suggested that ART processes do
not dramatically disturb the overall epigenomes and transcriptomes
of neonates in general but that H3K4me3 might be exceptionally sen-
sitive to disturbance by specific ART procedures.

Correlation analysis for the DNA methylomes of twin pairs
showed an overall high correlation coefficient greater than 0.99
(Fig. 1d). However, the coefficient for monozygotic twins was signifi-
cantly higher than that for dizygotic twins in the CTRL group
(Fig. 1d), consistent with previous studies [49,50]. Surprisingly, the
correlation coefficients in all four ART subgroups were also relatively
lower than in the CTRL group. This phenomenon could also be
observed when only same-sex twins were analyzed or in any two
non-twin-pair neonates in each group (with exclusion of twin-pair
bias) (Figure S3a, S3b, and S3c). Meanwhile, the standard deviations
of the DNA methylation levels of all neonates in the different ART
groups were slightly but significantly higher than that in CTRL group
(Fig. 1d and 1e). Above results implied that ART itself might increase
the heterogeneity of DNA methylome of neonates, and reduced the
within-pair similarity in ART-conceived twins. Intergroup correlation
analysis further revealed that IVF-ET group was the most similar to
CTRL group with regard to H3K4me1, H3K4me3, H3K27ac, transcrip-
tomes and DNA methylomes genome-wide or on some special ele-
ments (Fig. 1f and Supplementary Fig. S3d), indicating that IVF-ET
might have less epigenetic influence on neonates than the other
three ART processes. These findings suggested that imperceptible
epigenomic disturbances were introduced into ART-conceived neo-
nates and might vary among different ART subtypes.

3.2. Conservative epigenomic changes in ART-conceived offspring

To elucidate the epigenetic effects of ARTs on neonates, we per-
formed pairwise comparisons between groups for DNA methylation,
histone modifications, and gene expression. In particular, to identify
differentially methylated regions (DMRs), six comparisons were gen-
erated using all neonates, only singleton neonates, and four groups of
neonates from twin cohorts. DMRs in at least four comparisons were
selected for downstream analysis to improve the confidence of the
analysis (Supplementary Fig. S3e, see Methods for more details). The



Fig. 1. Epigenome profiling in ART-conceived neonates. (a) Graphical overview of the study design. (b) Principal component analysis (PCA) for all the five groups (CTRL, IVF-ET, ICSI-
ET, IVF-FET, and ICSI-FET) of neonatal samples by using each layer of the reference epigenome and transcriptome. For DNA methylation (sample size: n = 137), only the 100-bp tiles
covered all neonatal samples were used; ChIP-seq peaks of all neonatal samples (sample size: n = 33) for each histone modification were pooled together, then the overlapping
peaks were merged; genes with TPM=0 in all neonatal samples(sample size: n = 32) are removed. Finally, the number of genomic regions for each epigenomic layer to generate the
PCAs: DNA methylation (467,097 100-bp tiles), H3K4me1 (195,570 peaks), H3K4me3 (86,157 peaks), H3K27ac (324,900 peaks), H3K27me3 (257,175 peaks), and RNA expression
(26,326 genes). (c) The accuracy of hierarchical clustering for IVF-ET versus CTRL (cyan), ICSI-ET versus CTRL (sienna), IVF-FET versus CTRL (dark cyan), and ICSI-FET versus CTRL
(dark sienna) neonatal samples. Samples and genomic regions used were the same as in (b). (d) Box plots for the distribution of the within-twin-pair Pearson correlation coefficients
for genome-wide DNA methylation in each group as in (b), respectively. Twin pairs in CTRL group were classified into two subgroups, monozygotic and dizygotic twins. Each black
dot represents the Pearson correlation coefficient and the cyan dots are the arithmetic means. The p-value between two groups was determined by unpaired and two-tailed t-test.
(e) Violin-box plots showed the distribution of standard deviations of genome-wide DNA methylation for neonatal samples in each group mentioned in (b), respectively. The p-
value between two groups was determined by Wilcoxon rank-sum test. (f) For each layer of the reference epigenome and transcriptome, violin-box plots showed the distribution
of Pearson correlation coefficients between CTRL and one of the four ART groups. The red dots are the arithmetic means. The p-value between two groups was determined by Wil-
coxon rank-sum test. (g) The number of DMRs, DPs of four histone modifications, and DEGs for neonatal samples were shown for seven comparisons: IVF-ET versus CTRL, ICSI-ET
versus CTRL, IVF-FET versus CTRL, ICSI-FET versus CTRL, ICSI-ET versus IVF-ET, IVF-FET versus IVF-ET, and ICSI-FET versus IVF-ET.
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numbers of hyper-/hypo-DMRs, gain/loss differential histone modifi-
cations (differential peaks, DPs), and up-/downregulated differen-
tially expressed genes (DEGs) among the different comparison
groups were shown in Fig. 1g and Supplementary Table S4 (see Sup-
plementary Table S5 to S10 for more details).

Only a few DPs were observed in the comparison between the
IVF-ET and CTRL groups for four histone modifications, suggesting
that IVF-ET has little impact on histone modification (Fig. 1g and Sup-
plementary Table S4). However, a lot of H3K4me3 DPs were detected
in the comparison between the ICSI-ET/IVF-FET and CTRL groups
(ICSI-ET: 8352 gain, 205 loss; IVF-FET: 5526 gain, 210 loss), which
were consistent with the observation in unsupervised clustering
(Fig. 1b, and Supplementary Fig. S2, a, f-g), The difference detected in
DMRs was mainly less than 15% and the majority of the increased
DPs in the ICSI-ET/IVF-FET groups were in regions with originally
weak signals in the CTRL and IVF-ET groups (Supplementary Fig. S4, a
and b). All of the DEGs, DMRs and DPs for each ART group versus the
CTRL group were further validated at the individual level and broadly
distributed on the genome scale (Supplementary Fig. S4, c, d and e,
and Supplementary Fig. S5). Together, these results indicated that
ART processes potentially caused conservative epigenetic changes
distributed widely throughout the genome.

3.3. Parent-derived and ART-derived dna methylomic differences in
offspring

To evaluate parental influence on the DNA methylomes of prog-
eny, the DNA methylation levels of DMRs identified in neonates were
further analyzed in parents. There were significant differences
between the two groups of fathers or mothers (Fig. 2a and Supple-
mentary Fig. S6a; p<0.01, Wilcoxon rank-sum test). In addition, 30.9
- 50.1% of DMRs identified in neonates significantly overlapped with
DMRs identified in their corresponding parents (Fig. 2b, Supplemen-
tary Fig. S6b, and Supplementary Table S14). To investigate the effects
of ARTs per se, the overlapping DMRs were removed and the remain-
ing neonatal DMRs were used as the final neonatal DMRs for



Fig. 2. Removal of the parental effects in neonatal DMRs. (a) Violin-box plots displayed the distribution of DNA methylation level in paternal samples at hyper- (upper) and hypo-
DMRs (lower) of the seven comparisons, IVF-ET versus CTRL, ICSI-ET versus CTRL, IVF-FET versus CTRL, ICSI-FET versus CTRL, ICSI-ET versus IVF-ET, IVF-FET versus IVF-ET, and ICSI-
FET versus IVF-ET neonatal samples. The p-value between two groups was determined by Wilcoxon rank-sum test. (b) Bar graph showed the proportion of DMRs with/without
hereditary effects in the hyper- or hypo-DMRs of each comparison. Any one of the 14 groups of DMRs were classified into four subgroups, without hereditary effects (w/o), only
with paternal hereditary effects (w/paternal, only overlapped with the DMRs of comparison for the corresponding fathers), only with maternal hereditary effects (w/ maternal, only
overlapped with the DMRs of comparison for the corresponding mothers), and with biparental hereditary effects (w/ biparental, overlapped with the DMRs of comparisons for the
corresponding fathers and mothers).
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downstream analysis (Supplementary Fig. S6c, Supplementary Table
S11 and Supplemental Table 15). As expected, no significant differen-
ces were observed in the DNAmethylation levels of the final neonatal
DMRs between the corresponding parental groups (Supplementary
Fig. S6, d and e). However, the significant differences persisted in all
seven pairwise comparisons when we compared the overall DNA
methylation level of final neonatal DMRs in corresponding cord blood
samples in different genders respectively (Supplementary Fig. S7).
Above results together indicated ART per se was also able to induce
conservative DNA methylomic changes, which were affected little by
gender difference.

3.4. Epigenomic alteration of regulatory regions in IVF-ET-conceived
offspring

IVF-ET, the most basic process of ART treatment, is generally rec-
ommended as a first-line ART therapy for couples with female infer-
tility [51]. A total of 1703 hyper-DMRs and 2658 hypo-DMRs were
identified in the IVF-ET group compared with the CTRL group (Sup-
plementary Table S11). Gene Ontology (GO) enrichment analysis
showed that the associated genes of DMRs were enriched in a broad
range of processes, including processes related to the nervous sys-
tem, respiratory system and cardiovascular system, etc. (Fig. 3a and
Supplementary Table S16). Human Phenotype Ontology (HPO) analy-
sis also indicated that alterations in DNA methylome induced by IVF-
ET might lead to abnormal phenotypes in ocular, cardiovascular
and skeletal system, tooth morphology and metabolism, etc. (Supple-
mentary Fig. S8a and Supplementary Table S16).

Given the distinct roles of various genomic regions in regulating
gene expression, we performed ChromHMM using four types of his-
tone modifications and identified 12 chromatin states to investigate
the specific impacts of IVF-ET on the DNA methylation of functional
elements (Fig. 3b). The regions covered in our DNA methylation data
were mainly the regions related with transcription start site (TSS) (E7
and E8), consistent with the features of highly enriched CpG regions
in RRBS. Notably, a large fraction of DMRs were concentrated on
Active enhancer (E2), Poised enhancers (E4), Active TSS upstream
sites (E6) and Bivalent/Poised TSSs (E8), but almost depleted from
Active TSSs (E7) (Fig. 3c). GO analysis for those DMRs in different
chromatin states suggested that those hyper-DMRs in Weak
enhancer (E1), Bivalent/Poised TSSs (E8) and ZNF Genes & Repeats
(E9) might be associated with the interference on nervous system,
while hyper-DMRs in Repressed Polycomb (E10) might account for
the influence on cardiovascular system. Meanwhile, hypo-DMRs in
Active TSS upstream (E6) and Weak repressed polycomb (E11) might
highly correlate with immune system and skeletal system, respec-
tively (Supplementary Fig. S8b and Supplementary Table S16).

The intersection of the DMR associated genes with the DEGs
revealed that the majority of the DMRs were not associated with
transcriptional changes in their associated genes (Fig. 3d and Supple-
mentary Table S17). For DEGs overlapped with hypo-DMRs associ-
ated genes, MDGA1 was upregulated in the IVF-ET group, while
RGS12 was downregulated; in the former, the DMRs occurred in pro-
moters, while in the latter they occurred in introns. The expression of
genes associated with hyper-DMRs in introns or distal intergenic
regions, such as KIAA1671 (introns), DIP2C, CCND1 and CD28, was
decreased (Fig. 3e). Polymorphisms/mutations in MDGA1 and DIP2C
are associated with mental disease, and dysregulation of KIAA1671,
CCND1, and DIP2C has been reported to take part in tumorigenesis;
furthermore, RGS12 dysfunction contributes to tumorigenesis as well
as pathological cardiac hypertrophy, osteoclast genesis and bone
destruction [52-57]. Taken together, our findings indicated that DNA
methylomic changes caused by IVF-ET might affect multiple aspects
related with neonates’ health, but mainly kept away from active TSS
regions.

3.5. Identification of altered epigenomic profiles associated with ICSI
procedure

To investigate the differences between those two ways of fertiliza-
tion, we first compared ICSI-ET with IVF-ET and identified more than
4500 DMRs and 9000 H3K4me3 DPs (Supplementary Table S4 and
Supplementary Table S11; 2365 hyper-DMRs and 2386 hypo-DMRs;
8914 gain DPs and 270 loss DPs). Although there were no overlapped
genomic locations, the changes shared common associated genes and
GO terms (Supplementary Fig. S9, a, b and c), with only a few genes
showing consistent changes in expression with changes in the epige-
nome (Supplementary Table S18). Taking the differences between
the ICSI-ET and CTRL groups into account enabled us to determine
the abnormal effects of ICSI per se. Thereafter, the DMRs and
H3K4me3 DPs of the ICSI-ET group versus the IVF-ET group were
refined, the former based on k-means clustering of DNA methylation



Fig. 3. IVF effects on the epigenome of the offspring. (a) Gene ontology (biological process) analysis for the hyper- and hypo-DMRs of IVF-ET versus CTRL, all enrichment terms with
adjusted p-value < 0.05 were grouped and shown. The p-value was determined by hypergeometric test and adjusted by BH method. (b) Based on the four histone modifications in
all neonatal samples, 12 chromatin states were defined by chromHMM. Each row of the heatmap corresponds to a specific chromatin state, and each column corresponds to a differ-
ent histone mark, H3K4me1, H3K4me3, H3K27me3, or H3K27ac. (c) In each neonatal sample of CTRL and IVF-ET groups, column scaled fold enrichment of the chromatin states at
genome-wide regions (Genome), RRBS covered regions (RRBS), hyper- and hypo-DMRs (HYPER and HYPO) was shown. (d) Heatmap showed overlapping ratio among associated
genes of DMRs and DEGs for IVF-ET versus CTRL (left), and their statistical significances (right) determined by hypergeometric test. (e) Heatmap showed the expression level of
DEGs overlapped with the associated genes of DMRs (PDXDC2P-NPIPB14P, MDGA1, CCND1, RGS12, DIP2C, KIAA1671, and CD28) among neonatal samples in CTRL and IVF-ET.
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levels among the ICSI-ET, IVF-ET and CTRL groups and the latter
based on integrated comparison between DPs of ICSI-ET versus CTRL
(n = 8557) and DPs of ICSI-ET versus IVF-ET (n = 9184). Six clusters of
DMRs (C1~C3 for hyper-DMRs, C4~C6 for hypo-DMRs) and overlap-
ping H3K4me3 DPs (n = 7317) that showed similar change tendencies
in the comparison of ICSI-ET versus IVF-ET and ICSI-ET versus CTRL
groups were selected for downstream analysis (Fig. 4a and 4b, Sup-
plementary Fig. S9d and Supplementary Table S19). The associated
genes of hyper-DMRs and gain DPs were enriched in processes
involving the development of skeletal system and Wnt signaling
morphogenesis, respectively (Fig. 4c and Supplementary Table S20).
Meanwhile, HPO annotation of those DMRs also revealed that the dis-
turbance in those regions might potentially introduce adverse effect
on appendage and skeletal system (Supplementary Fig. S9e and Sup-
plementary Table S20). Though there were only 84 loss DPs of
H3K4me3, they were highly enriched in GO terms of immune system
(Fig. 4c and Supplementary Table S20).

Like the observation in IVF-ET, the selected DMRs for ICSI also
tended to avoid the active TSSs (Fig. 4d). Associated genes of hyper
DMRs in ZNF Genes & Repeats (E9) and weak repressed Polycomb
(E11) were enriched in the processes of immune and nervous system,
respectively. Associated genes of hypo-DMRs in Active TSS (E7) and
ZNF Genes & Repeats (E9) were also enriched in the processes of
immune and nervous system, respectively (Supplementary Fig. S9f
and Supplementary Table S20). As expected, H3K4me3 peaks were
mainly enriched in regions around TSSs (E5, E6, E7, E8). However,
regions for the selected gain H3K4me3 DPs in CTRL and IVE-ET group
were highly enriched in active enhancer (E2) and poised enhancer
(E4) and shifted to ZNF Genes & Repeats (E9) in ICSI-ET. For loss
H3K4me3 DPs, the situation was reversed (Fig. 4d). GO terms for the
selected gain H3K4me3 DPs in E2 and E4 were mainly related to the
regulation of leukocytes, cell migration/adhesiveness and the devel-
opment of several systems (Supplementary Fig. S9f and Supplemen-
tary Table S20). These results suggested that ICSI might alter
H3K4me3 at enhancers and affect multiple processes. Together, the
results regarding both the DNA methylome and H3K4me3 modifica-
tion raise the question of whether ICSI may have a potential impact
on health of offspring, with the skeletal systems and immune system
as the representatives.



Fig. 4. Separate epigenetic effects of ICSI. (a) K-means clustering for the hyper- (left) and hypo-DMRs (right) of ICSI-ET versus IVF-ET. In green-purple heatmaps, the hyper-DMRs
(hypo-DMRs) were classified into seven (nine) clusters by k-means clustering on row scaled average DNA methylation level. With the same row order, row scaled DNA methylation
level in each neonatal sample was also shown in cyan-red heatmaps. The number of DMRs in the selected clusters were also shown. (b) Venn diagram for the overlap between of
the gain (upper) and lost (lower) H3K4me3 DPs of ICSI-ET versus CTRL, and ICSI-ET versus IVF-ET neonatal samples. (c) For the selected hyper- (union of cluster C1-C3) and hypo-
DMRs (union of cluster C4-C6), gain (7233) and loss (84) H3K4me3 DPs, their gene ontology (biological process) enrichment analysis results were grouped and shown, if its enrich-
ment terms existed (adjusted p-value < 0.05; The p-value was determined by hypergeometric test and adjusted by BH method.). (d) The chromatin states distribution of the
selected hyper- and hypo-DMRs and H3K4me3 DPs (7233 GAIN, 84 LOSS) in each neonatal sample of CTRL, IVF-ET, and ICSI-ET. The chromatin states were defined in Fig. 3b.
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3.6. Specific epigenomic changes induced by freeze-thawing procedure

We then investigated the differences between the IVF-FET and
IVF-ET groups and observed 6251 DMRs and 5683 DPs of H3K4me3
(Supplementary Table S4 and Supplementary Table S11; 4191 hyper-
DMRs and 2060 hypo-DMRs; 5548 gain DPs and 135 loss DPs). Com-
pared to the number of DPs in ICSI-ET versus IVF-ET group or CTRL
group, the notably increased numbers of H3K4me1, H3K27me3 and
H3K27ac DPs suggested that the freeze-thawing procedure might
introduce more disturbance of histone modifications than ICSI opera-
tion. In addition, the DMRs and DPs (of H3K4me3 and H3K27ac)
shared common associated genes and GO terms (Fig. 5a, Supplemen-
tary Fig. S10a, Supplementary Table S21 and Supplementary Table
S22), implying that freeze-thawing procedure might cause certain
functional changes through different epigenetic layers.



Fig. 5. Specific epigenetic effects of freezing-thaw procedure. (a) Overlapping ratio among DEGs, associated genes of DMRs and DPs for IVF-FET versus IVF-ET neonatal samples
(upper), and their statistical significances (lower) determined by hypergeometric test. (b) K-means clustering for the hyper- (upper) and hypo-DMRs (lower) between IVF-FET ver-
sus IVF-ET neonatal samples. In green-purple heatmaps, the hyper-DMRs (hypo-DMRs) were classified into six (seven) clusters by k-means clustering on row scaled average DNA
methylation level. With the same row order, row scaled DNA methylation level in each neonatal sample was also shown in cyan-red heatmaps. The number of DMRs in the selected
clusters were also shown. (c) Venn diagrams displayed the overlap between the gain (left) and lost (right) H3K4me3 DPs of IVF-FET versus CTRL and that of IVF-FET versus IVF-ET.
(d) For the selected hyper- (union of cluster C11-C13) and hypo-DMRs (union of cluster C14-C16), overlapping gain (4962) and loss (37) H3K4me3 DPs, their gene ontology (biologi-
cal process) enrichment analysis results were grouped and shown, if the enrichment terms existed (adjusted p-value < 0.05; The p-value was determined by hypergeometric test
and adjusted by BHmethod). (e) The chromatin states distribution of the selected hyper- and hypo-DMRs, overlapping 4962 gain and 37 loss H3K4me3 DPs in each neonatal sample
of CTRL, IVF-ET, and IVF-FET. The chromatin states were defined in Fig. 3b. (f) Violin-box plots showed the expression level of DEGs (adjusted p-value < 0.1; The p-values were
attained by the Wald test and adjusted by BH method) overlapped with DMR associated genes (PGP, PLOD3, STAB1, and SETP9) among neonatal samples in IVF-ET and IVF-FET. The
p-value between IVF-ET and IVF-FET was determined byWilcoxon rank-sum test.
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To further explore the specific effects of freeze-thawing procedure
per se, we selected six subgroups of DMRs of IVF-FET versus IVF-ET
through k-means clustering of scaled DNA methylation levels among
the IVF-FET, IVF-ET and CTRL groups (Fig. 5b and Supplementary
Table S23; cluster C11~13 in hyper-DMRs and cluster C14~C16 in
hypo-DMRs), as well as H3K4me3 DPs (n = 4999) identified by
intersection in the comparison of IVF-FET versus IVF-ET (n = 5683)
and IVF-FET versus CTRL (n = 5736) (Fig. 5c). The replications of
DMRs and DPs for each group were highly comparable (Supplemen-
tary Fig. S10b). The associated genes of selected hyper-DMRs were
highly enriched in the processes of neutrophil-mediated immunity
and the regulation of GTPase/Ras (Fig. 5d). The results of HPO analysis
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further revealed that the selected DMRs might be related to carcino-
genesis (Supplementary Fig. S10c and Supplementary Table S22). The
majority of selected hyper/hypo-DMRs were inclined to evade from
Active TSS (Fig. 5e), and the associated genes of those DMRs in Active
enhancer (E2) and Active TSS upstream (E6) were highly enriched in
the processes of immune system, metabolism of purine/carbohy-
drate, muscle and skeletal system (Supplementary Fig. S10d and Sup-
plementary Table S22). Poised enhancer (E4) was the most
overrepresented states for the selected gain H3K4me3 DPs in CTRL/
IVF-ET group and became ZNF Genes & Repeats (E9) in IVF-FET. Asso-
ciated genes for the selected gain H3K4me3 DPs in E2 and E4 were
enriched in the processes of various systems (Fig. 5e, Supplementary
Fig. S10d and Supplementary Table S22). It was also worth mention-
ing that the genes PGP, PLOD3, and STAB1 in the IVF-FET group all
exhibited decreased expression with hyper-DMRs in their promoters.
In addition, the expression level of SEPT9 also showed decreased ten-
dency in the IVF-FET group, with hyper-DMRs detected in the TSS
upstream region and hypo-DMRs detected in the TSS downstream
region (Fig. 5f and Supplementary Table S21). Considering that the
dysregulation of the PGP, PLOD3, STAB1 and SEPT9 genes [58-61], as
well as the GTPase signaling pathway is highly associated with carci-
nogenesis [62], the above results implied that disturbance in the epi-
genome introduced by cryopreservation per se might potentially
affect the immune system and increase the risk of carcinogenesis
later in life.
3.7. Common epigenetic effects among different ART processes

Since various ART processes share common procedures, we fur-
ther analyzed the relationship among DMRs/DPs to investigate com-
mon epigenetic effects of different ART treatments. Clearly, the DMRs
identified in seven pairwise comparisons were overlapped signifi-
cantly in genomic location and shared many common GO terms (Sup-
plementary Fig. S11a and S11b, and Supplementary Table S24).
Moreover, a considerable number of DMRs showed similar change
tendencies in different ART groups compared with CTRL group
through k-means clustering using DMRs from all seven groups
(Fig. 6a and Supplementary Table S25; C22, n = 931; C23, n = 776).
The associated genes of C22 and C23 were highly enriched in the reg-
ulation of GTPase activity, stress-activated MAPK cascade, cell mor-
phogenesis and neuron projection development in GO analysis
(Fig. 6b and Supplementary Table S24).

Interestingly, clusters C21 and C24 seemed to represent regions
where ICSI and freeze-thawing procedure might introduce similar
alterations, revealed by the similar change on DNAmethylation levels
in the ICSI-ET and IVF-FET groups compared with CTRL and IVF-ET
groups (Fig. 6a and Supplementary Table S25). These DMRs were
related to Wnt signaling pathway, respiratory, cardiovascular and
nervous system. Similarly, there were noticeable overlaps between
ICSI- and freeze-thawing-specific gain H3K4me3 DPs (Fig. 6c and
Supplementary Table S25; n = 3553), which were mainly involved in
immune (B lymphocytopenia, Abnormality of B cell number, Neutro-
penia) and skeletal system by HPO analysis (Supplementary Fig. S10c
and Supplementary Table S24). As mentioned previously, those
DMRs were also noticeably absent from Active TSS (E7), with the
increased enrichment in ZNF Genes & Repeats (E9) for DMRs in clus-
ters C21 and C24 (Fig. 6d). Meanwhile, the difference between ICSI-
FET and IVF-ET would be expected as a mixed effect of ICSI and
freeze-thawing operation. Indeed, large percentage of those DMRs
showed similar changes in ICSI-ET or IVF-FET (C31~C33; C35, C36,
C38). However, 13% hyper-DMRs (C34) and 19% hypo-DMRs (C37)
were uniquely found in ICSI-FET groups, implying complex interac-
tions between ICSI and freeze-thawing procedure (Supplementary
Fig. S11d and Supplementary Table S25). Overall, the above results
together suggested that in addition to causing their own unique
effects, as mentioned previously, distinct ART procedures also leaded
to certain common effects on the epigenomes of offspring.

4. Discussion

Safety concerns regarding ARTs are as old as ARTs themselves
[63]. Although several studies suggest that ART may have adverse
effects on the long-term health of offspring, the underlying epige-
netic mechanisms remain to be elucidated. We systematically
explored the influences of fertilization procedures and freeze-thaw-
ing operation on descendant genome-wide DNAmethylation, histone
modifications and gene expression. Recruitment of nuclear families
with twins provided us with perfect biological replicates in each fam-
ily and enabled us to eliminate ART-irrelevant parental impacts as
much as possible. Our study illustrates that the epigenomes of neo-
nates conceived by ART are overall similar to those of naturally con-
ceived children, which may partially explain why most ART offspring
are generally healthy. However, ART do increase the heterogeneity of
the DNA methylome within twin pairs and induce local subtle
changes in different epigenetic layers, supporting the theory that ART
increases risks of epigenomic abnormality [17-19]. We also found
that a large percentage of the DNA methylomic changes in ART off-
spring were derived from parents, highlighting the necessity of
removing parental bias in assessing the influences of ARTs per se.
Moreover, we reported the genome-wide impacts of ARTs on four
types of histone modifications in humans for the first time. The epige-
nomes of IVF-ET conceived infants seemed to be closer to those of
naturally conceived infants than those of IVF-FET or ICSI-ET con-
ceived infants and showed almost no disturbance in either type of
histone modification. It suggests that ART-inherent procedures,
including controlled ovarian hyperstimulation (COH), in vitro culture,
in vitro fertilization, etc., may not increase the risks of abnormal his-
tone reprogramming; however, ICSI and freeze-thawing operation
may do so. What surprised us was that H3K4me3 was the most pro-
foundly impacted by ICSI and freeze-thawing operations, compared
with the other three types of histone modifications (H3K4me1,
H3K27me3 and H3K27ac). H3K4me3 signals around some DPs
regions seem to form relatively moderate but broad patterns, similar
to unclassical domains reported elsewhere [64]. Therefore, H3K4me3
may serve as a sensitive histone modification for assessment of the
influences of ARTs though remain to be further verified.

Recently, Boris Novakovic, et al. reported ART-related changes in
DNA methylation of blood from ART and non-ART-conceived individ-
uals in the CHART cohort by using the EPIC array [65]. However, there
were only 18 DMRs identified in their neonates’ group, which might
stem in part from the limited number and special genomic locations
of selected CpGs. In fact, our data revealed that the distributions of
epigenetic changes tended to be away from active cis-regulatory ele-
ments and were not largely associated with transcriptional changes
in corresponding genes. Our final neonatal specific DMRs set also
contains five neonatal DMRs reported by Boris Novakovic, et al. (as
highlighted in Supplementary Table 16). It supported the credibility
of epigenetic changes identified in our study and suggested that the
epigenetic effects of ART are to a certain extent universal and con-
served in different samples.

Functional enrichment of epigenetic changes suggested that epi-
genetic disorders caused by ICSI might interfere with the processes
associated with skeletal system, which has been highlighted in
another study about the potential impact of ART on DNA methylome
[66]. Our results also implied that freeze-thawing procedure, as well
as ICSI, might increase the risks of immune dysfunction in offspring.
Though the risks of hospital admission in FET-conceived children and
asthma medication in ART-conceived children have been reported to
be higher than CTRL conceived children [67,68], direct evidence
regarding the effects of ART on the immune system is lacking so far
and long-term follow-up studies are required. Previous study has



Fig. 6. Common Epigenetic effect of different ARTs. (a) K-means clustering for the all merged hyper- (up) and hypo-DMRs (down) of the seven comparisons. The hyper- and hypo-
DMRs of the seven comparisons were merged if they have 1-bp common region at least, respectively. In green-purple heatmaps, DMRs were classified into twelve clusters by k-
means clustering on row scaled average DNA methylation level. With the same row order, row scaled DNA methylation level in each neonatal sample was also shown in cyan-red
heatmaps. The number of DMRs in the selected clusters were also shown. (b) For the selected clusters of hyper-DMRs (C21, C22) and hypo-DMRs (C23, C24), all enrichment terms
of gene ontology (biological process) with adjusted p-value < 0.05 were grouped and shown (The p-values were attained by the hypergeometric test and adjusted by BH method).
(c) Venn diagrams displayed the overlap of the gain H3K4me3 DPs for ICSI-ET versus CTRL, IVF-FET versus CTRL, ICSI-ET versus CTRL, and IVF-FET versus IVF-ET. (d) The chromatin
states distribution in each neonatal sample for the selected DMRs and overlapping gain H3K4me3 DPs. The chromatin states were defined in Fig. 3b.
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revealed elevated rates of preeclampsia in women who have under-
gone FET [69]. GTPases, especially Rho kinases, play essential roles in
extravillous trophoblast cell (EVT) invasion [70], and limited EVT
invasion following poor remodeling of arteries is widely observed in
preeclampsia [71]. More interestingly, our results suggested that
freeze-thawing operation might cause dysregulation in the GTPase/
Ras signaling pathway in offspring. Thus, the epigenetic abnormality
we report may also possibly explain the increased risks of
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preeclampsia in FET compared with fresh ET pregnancies. Our find-
ings emphasize that it is reasonable to inform patients of potential
risks associated with ICSI and embryo cryopreservation and that it
would be wise to reconsider overutilization of ICSI or routine freezing
of all embryos.

Apart from the influences for given ART operations, we also
revealed the common effects induced by various ART processes. Fur-
ther analysis showed that ART-induced DNA methylation changes
were enriched in the processes of cardiovascular system and glucoli-
pid metabolism in the comparisons of all four ART groups versus
CTRL groups. Since the abnormalities in lipid profiles and higher rates
of cardiovascular dysfunction have been reported in ART-achieved
children [11,72], it implies that the disturbance on epigenome by
ART in offspring may increase the risk of metabolic syndrome [73]. In
addition, we identified a considerable number of common DMRs
among different ART groups compared with CTRL group. It is note-
worthy that the regulation of GTPase activity is also the most over-
represented terms in GO analysis for those DMRs, which is in line
with those studies suggesting that pregnancies conceiving by ART is
related with the increased risk for certain cancers in offspring and
preeclampsia compared with natural pregnancy [74,75].The common
DMRs induced by both ICSI and freeze-thawing procedure were
enriched in the processes involving in neuron, consistent with the
concern that these two kinds of aggressive ART operation might
increase the risk of mental disorders in offspring [76]. As suggested
by the reports that improved in vitro culture systems for animals will
affect the epigenome less than earlier versions [77,78], continuous
optimization for ART procedures is urgently needed to simulate the
in vivo environment and reduce potential epigenetic abnormalities
in offspring.

Our study was mainly focused on the effects of different fertiliza-
tion methods and freeze-thawing and only involved newborns, lack-
ing postnatal follow-up data on the enrolled populations. However, it
is worth noting that the two stable DMRs (CHRNE- and PRSS16- asso-
ciated) persisting in adults reported previously [65] were both
observed in our final neonatal DMRs identified. It suggested that a
larger multicenter randomized controlled trial (RCT) along with
detection of the epigenetic profiles of offspring in later life would be
helpful for elucidation of continued epigenetic changes, their associa-
tion with the long-term health risks, and exploration of the specific
epigenetic impacts of other factors in ART treatment, such as the
duration of embryo culture or the composition of culture system.
Whole blood samples are used in the current study; whether the
alterations in H3K4me3 and DNA methylation are general or only
occur in some specific cell types is still waiting to be illuminated. Fur-
ther studies on other tissues will be helpful to evaluate the inter-tis-
sue universality of ART’s epigenetic influence, too.

In conclusion, our results provide an epigenetic basis for the
increased long-term health risks in ART offspring. We highlight ART
clinical interventions that require particular surveillance. More effort
should be expended to optimize current ART systems, and the choice
of appropriate procedures requires careful evaluation. Since epige-
nomic changes might be maintained throughout the human lifespan
[79] and can potentially be transmitted to subsequent generations,
long-term follow-up and health evaluation of ART offspring are nec-
essary to provide more robust clinical evidence.
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