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ABSTRACT: The preimplantation stage of development is exquisitely sensitive to environmental stresses, and changes occurring
during this developmental phase may have long-term health effects. Animal studies indicate that IVF offspring display metabolic alterations,
including hypertension, glucose intolerance and cardiac hypertrophy, often in a sexual dimorphic fashion. The detailed nature of epigenetic
changes following in-vitro culture is, however, unknown. This study was performed to evaluate the epigenetic (using whole-genome bisulfite
sequencing (WGBS) and assay for transposase-accessible chromatin using sequencing (ATAC-seq)) and transcriptomic changes (using
RNA-seq) occurring in the inner cell mass (ICM) of male or female mouse embryos generated in vivo or by IVF. We found that the ICM of
IVF embryos, compared to the in-vivo ICM, differed in 3% of differentially methylated regions (DMRs), of which 0.1% were located on CpG
islands. ATAC-seq revealed that 293 regions were more accessible and 101 were less accessible in IVF embryos, while RNA-seq revealed
that 21 genes were differentially regulated in IVF embryos. Functional enrichment analysis revealed that stress signalling (STAT and NF-kB
signalling), developmental processes and cardiac hypertrophy signalling showed consistent changes in WGBS and ATAC-seq platforms.
In contrast, male and female embryos showed minimal changes. Male ICM had an increased number of significantly hyper-methylated
DMRs, while only 27 regions showed different chromatin accessibility and only one gene was differentially expressed. In summary, this
study provides the first comprehensive analysis of DNA methylation, chromatin accessibility and RNA expression changes induced by IVF
in male and female ICMs. This dataset can be of value to all researchers interested in the developmental origin of health and disease
(DOHaD) hypothesis and might lead to a better understanding of how early embryonic manipulation may affect adult health.

Key words: IVF / DOHaD / epigenetics / in-vitro culture / preimplantation embryo

Introduction
ARTs are widely used, and as of today more than 8 million children,
or 1.7% of the population in the Western world, have been conceived
with the technology (Luke, 2017). The procedures are effective and
safe; however, there are concerns regarding their long-term health
consequences (Servick, 2014). These concerns arise from the fact that
during specific windows of development, the organism is sensitive
to external cues. As stated by the developmental origin of health and
disease (DOHaD) hypothesis, if the environment is suboptimal, the

individual can survive the stressful event, but it is predisposed to
adult-onset diseases, like hypertension, diabetes or stroke (Barker and
Osmond, 1986). In this regard, the Dutch Famine cohort study pro-
vided evidence of the impact of nutrient deprivation during different
times of pregnancy on adult offspring health (Heijmans et al., 2008).

The preimplantation stage of development is exquisitely sensitive to
environmental stresses, and changes occurring during this developmen-
tal phase may have long-term health effects. For example, culturing
embryo in vitro, as done with ARTs, is associated with alteration in
offspring growth. We and others have shown that mouse offspring
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following IVF are predisposed to changes in embryo growth with alter-
ation of the blastocyst transcriptome (Feuer et al., 2017), foetal and
placental growth (Delle Piane et al., 2010; Bloise et al., 2012), and
postnatal growth, with metabolic alterations (Donjacour et al., 2014;
Feuer et al., 2014b), hypertension (Rexhaj et al., 2013), cardiac hyper-
trophy (Donjacour et al., 2014) or behavioural changes (Ecker et al.,
2004; Fernandez-Gonzalez et al., 2004). In addition, in the bovine
model, multiple studies have shown that IVF is correlated to congenital
malformations, perinatal mortality and alteration of postnatal health
(van Wagtendonk-de Leeuw et al., 1998; Boerjan et al., 2000).
In humans, ARTs have been associated with an increased risk of birth
defects (increases of nearly 30%, (Boulet et al., 2016)), premature birth
(odds ratio (OR) 2.0), very low birth weight (OR 2.7 (Jackson et al.,
2004)) and perinatal complications (Bosch and Sutcliffe, 2017).
Furthermore, while postnatal data are limited and non-conclusive, off-
spring generated by IVF have shown an increased incidence of glucose
intolerance, hypertension and cardiac hypertrophy in both mice and
humans (Rexhaj et al., 2011; Donjacour et al., 2014; Guo et al., 2017;
Meister et al., 2018).

The most likely molecular mechanisms explaining such long-term
effects are epigenetic changes. Indeed, the preimplantation embryo
undergoes demethylation starting at syngamy and reaching the lowest
level of methylation at the blastocyst stage (29% methylation (Guo
et al., 2014)). Recent findings suggest an intricate relationship between
demethylation, de novo methylation and methylation maintenance
during methylation reprogramming (Canovas et al., 2017). Histone
modifications also interact with DNA methylation for epigenetic
regulation (Shi and Wu, 2009). During embryo development, histone
modifications undergo dynamic changes, and each stage of develop-
ment results in stage-specific alterations (Shi and Wu, 2009; Xu and
Xie, 2018). Recent literature has noted that extensive changes in chro-
matin accessibility occur pre- and post-zygotic genome activation;
these changes appear to be conserved between mice and humans
(Wu et al., 2018).

Interestingly numerous imprinting disorders have been correlated
with ARTs, including Angelman syndrome, Beckwith-Wiedemann syn-
drome and Silver-Russell syndrome (Melamed et al., 2015; Canovas
et al., 2017). White et al. (2015) showed that ART generated human
preimplantation embryos possess a high frequency of imprinted meth-
ylation errors, which confirms the vulnerability of the embryo to in-vitro
manipulation and environmental stressors. Animal studies have shown
that in-vitro culture alters global DNA methylation patterns (Shi and
Haaf, 2002); importantly, suboptimal culture conditions were found to
induce more severe DNA methylation changes at imprinted loci than
optimal culture conditions (Doherty et al., 2000), suggesting a dose-
response effect. Furthermore, studies using yellow agouti viable (Avy)
mice, one of the best characterised epigenetic animal models to date
(Jirtle, 2014), have shown that embryo in-vitro culture results in
decrease in intracisternal A-particle (IAP) methylation in offspring (and
therefore in increase of yellow mice) compared to natural mating
(Morgan et al., 2008), indicating that embryo culture might have signifi-
cant effects on the epigenome of embryos and offspring.

In summary, a significant body of evidence indicates an important
sensitivity of the preimplantation embryo to epigenetic remodelling
(Guo et al., 2014). It remains to be elucidated if the epigenetic
alterations in the early embryo may predispose the individual to adult
diseases (Hon et al., 2013).

Another critical factor to consider is that epigenetic marks might
have an asymmetrical distribution between male and female embryos
(Bermejo-Alvarez et al., 2011; Canovas et al., 2017). Gene expression
studies indicate that approximately 50 genes are differentially
expressed more than 2-fold between male and female bovine blasto-
cysts (Bermejo-Alvarez et al., 2010). Furthermore, Tan et al. (2016)
showed that IVF foetuses had a higher male to female sex ratio, and
overall female IVF embryos had a higher apoptosis rate, secondary to
the dysregulation of X-linked genes, Xist, Hprt and Pgkl. The dysregula-
tion of the X-linked genes in female embryos following IVF suggests
that some loci might show sex-specific epigenetic alterations
(Tan et al., 2016).

Furthermore, in prior studies, we have found a sexually dimorphic
effect of IVF on mouse growth (Donjacour et al., 2014; Feuer et al.,
2014a). For example, in inbred mice, we found that only females
develop increased weight gain and mild glucose intolerance with age
(Feuer et al., 2014b), strongly suggesting a sex-dependent sensitivity
of the embryo to the environmental conditions experienced by the
embryo during the process of IVF and embryo culture. It is, therefore,
possible that male and female embryos are physiologically primed to
differentially respond to environmental changes in a sex-specific fashion
(Feuer et al., 2014a).

The primary objective of this work was to understand whether pre-
implantation embryo manipulation is associated with DNA methylation
and histone changes in a sex-dependent fashion. Given that blastocysts
contain two different tissues (inner cell mass (ICM) and trophecto-
derm (TE)) and given that the ICM will give rise to the embryo proper,
we decided to focus our analysis on the ICM only. To do so, we
compared DNA methylation using whole-genome bisulfite sequencing
(WGBS) (Meissner et al., 2005; Gu et al., 2011; Urich et al., 2015),
chromatin accessibility, using Assay for transposase-accessible chroma-
tin using sequencing (ATAC-seq) (Buenrostro et al., 2015), and gene
expression using RNA-sequencing (RNA-seq) (Hrdlickova et al., 2017)
in the ICM of male and female mouse blastocysts conceived in vivo or
in vitro.

Materials and methods

IVF and embryo culture
Embryos produced in vivo and in vitro were isolated from super-
ovulated dams. CF-1 outbred female mice (6–9 weeks old) were
injected with 5 IU Pregnant Mare Serum Gonadotropin (PMSG;
Biovendor, RP1782725000) and 46–48 h later with 5 IU hCG (Sigma-
Aldrich, CG5). On average, we obtained 25 oocytes per mouse. For
the group of the oocytes fertilised in vitro, oocytes were obtained the
morning after the hCG injection from the ampullae and incubated in
potassium simplex optimised medium with amino acids (KSOM þ AA;
Millipore, MR-106-D) and the sperm obtained from the cauda epididy-
mis of outbred male B6D2F1/J mice for 4 h. Presumptive zygotes
were washed and cultured in KSOM medium to the stage of expanded
blastocyst under 5% O2, 5% CO2, 90% nitrogen at 37�C. On average,
the fertilisation rate was 54% and the blastocyst development rate was
71%. In-vivo expanded blastocysts were flushed out of the uterus
(FB for flushed blastocysts) of the mice 94–96 h post-hCG injection
and mating. ICM and TE cells were then held in KSOM medium, ready

IVF induces epigenetic changes in ICM of mouse embryos 867
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to be separated from each other via immunosurgery. In total, we used
293 female and 61 male mice. Only expanded blastocysts of similar
morphology in both IVF or FB groups were used to isolate ICM.

Separation of TE cells from ICM:
immunosurgery
Separation of the ICM and the TE cells for future analyses was
achieved with immunosurgery (Solter and Knowles, 1975). In total,
we performed 21 IVF and 19 FB replicates. Of the obtained 305 blas-
tocysts, 196 were subjected to immunosurgery and sexed.

The blastocysts were washed in KSOM medium, and the zona pellu-
cida was removed using Tyrode’s solution (Sigma, T1788). Blastocysts
were then incubated in 10% anti-mouse rabbit antibody (Sigma,
M5774) solution for 30 min. After incubation, blastocysts were washed
in KSOM medium and were then incubated for 30 min in 25% guinea
pig complement serum (Sigma, S1639) solution. As soon as the TE
lysis started, intact TE cells were rapidly removed and stored for sub-
sequent sexing. Each pair of ICM and TE cells was given a unique code
that could permit exact identification of its origin. The ICM samples
were then cleaned from the TE cells by repeatedly pipetting up and
down. ICM and TE cells were rinsed multiple times in KSOM medium
to remove any traces of complement. To ensure there was no TE still
attached to the ICM after immunosurgery, representative ICM was
stained with Fluoresbrite YG Microspheres (Polysciences, 17154-10)
according to the protocol (Szczepanska et al., 2011) and visualised
under a fluorescent microscope to determine their purity
(Supplementary Fig. S1). Intact blastocysts were used as a control. For
WGBS, ICM was placed in KSOM medium and stored at �80�C.
For ATAC-seq, only ICM was utilised and were immediately placed in
lysis buffer to begin the protocol described below. For RNA-seq, ICM
was immediately placed individually in lysis buffer provided by LC
Sciences and stored at �80�C; TE cells were immediately processed
for embryo sex determination (described in the next section).

DNA isolation from TE cells
Genomic DNA was isolated from the TE cells to determine the sex of
the correspondent ICM. Isolation was performed using the Arcturus
PicoPure DNA Extraction Kit (Thermo Fisher Scientific, KIT0204)
according to the manufacturer’s protocol. TE cells were incubated at
65�C with reconstitution buffer and proteinase K for 3 h, followed by
95�C for 10 min to inactivate the proteinase K. Isolated DNA samples
were then used to determine the sex of the blastocyst.

Sex determination of the TE cells
After DNA isolation from the TE cells, quantitative real-time PCR was
completed following the modified protocol from Prantner et al.
(2016). The genes used for sex determination of the TE cells were X-
chromosome gene lysine-specific demethylase 5 (Kdm5c) and the cor-
responding Y-chromosome gene (Kdm5d). The sizes of the fragments
from the X and Y chromosomes (331 and 302 bp, respectively)
resulted in distinguishable melting curves. If one melt curve was pre-
sent, the sample was deemed a female, and if there were two, it was
a male. After the determination of the sex of the TE cells, ICM was
classified based upon the sex. The sex ratio following IVF was 52%

females and 48% males. The sex ratio in FB was 42% females 58%
males.

Whole-genome bisulfite sequencing
Four groups (IVF male, IVF female, FB male and FB female), each
resulting from pooling 15 ICM, were used. Since we expected that
each ICM would contain a minimum of 10 cells (Giritharan et al.,
2007) and since WGBS requires a minimum of 100 cells, we decided
to pool 15 ICMs to obtain a sufficient number of cells to provide reli-
able technical results. WGBS was completed using the Methyl-MaxiSeq
platform from Zymo Research (Denomme et al., 2018). Pooled ICMs
of IVF and FB blastocysts were provided to Zymo for library prepara-
tion using the Pico Methyl-Seq library preparation kit (Zymo). Libraries
for Methyl-MaxiSeq were prepared directly from the ICM without any
additional extraction. Due to the low DNA input from ICM, the Pico
Methyl-Seq library preparation kit was used (Zymo, Catalog #D5455).
The DNA was subjected to bisulphite conversion using the EZ DNA
Methylation-Lightning kit (Zymo, Catalogue #D5020). Briefly, the light-
ning reagent was mixed with the genomic DNA and incubated at
98�C for 8 min, and 1 h at 54�C. Samples were subjected to a col-
umn, incubated with L-disulphonation buffer, and washed M-wash
buffer. Bisulphite-converted DNA was then eluted from the columns.
After bisulphite conversion, samples were incubated with a PreAmp
primer and polymerase. After the PreAmp polymerase reaction, sam-
ples were transferred to a Zymo-Spin IC column to be purified and
concentrated using the DNA Clean & Concentrator-5 (Zymo,
Catalogue #D4003). After purification, samples were subjected to
PCR to amplify the library for five cycles using the following PCR con-
ditions: 94�C for 30 s; thermocycling at 94�C for 30 s, 45�C for 30 s
and 55�C for 30 s; followed by 68�C for 5 min. Following amplification,
libraries were purified again using the Zymo-Spin IC column and
eluted. Individual libraries were prepared with unique Illumina Index
primers. The library was mixed with LibraryAmp master mix and the
designated index primer. Samples were subjected to PCR amplification
for a total of 10 cycles using the following conditions: 94�C for 30 s;
thermocycling at 94�C for 30 s, 58�C for 30 s and 68�C for 1 min;
followed by 68�C for 5 min. The final product was purified using
the Zymo-Spin IC column and eluted. Library fragment size and
concentration was evaluated using the Agilent 2200 TapeStation
instrument and sequenced on the Illumina HiSeq 2500 platform.

Assay for transposase-accessible chromatin
using sequencing
Individual ICM (IVF male n¼ 18 replicates, IVF female n¼ 18, FB male
n¼ 7 and FB female n¼ 12) was examined by ATAC-seq. The proto-
col used for the project was modified from Wu et al. (2016). Briefly,
samples were lysed in lysis buffer (10 mM Tris-HCl (pH 7.4), 3 mM
MgCl2, and NP-40) for 15 min on ice to prepare the nuclei.
Immediately after lysis, nuclei were spun at 500g for 5 min to remove
the supernatant. Nuclei were then incubated with the Tn5 transpo-
some and tagmentation buffer at 37�C for 30 min (Nextera). After the
tagmentation, the stop buffer was added directly into the reaction to
end the tagmentation. PCR was performed to amplify the library for
15 cycles using the following PCR conditions: 72�C for 5 min; thermo-
cycling at 95�C for 30 s and 72�C for 90 s; followed by 72�C 10 min.

868 Ruggeri et al.
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Mitochondrial depletion was performed. Briefly, the NGG protospacer
adjacent motif (PAM) sequences were first identified in the genome of
mitochondria, and the upstream 20 bp of PAM sequences were used
as sgRNA candidates. A total of 114 sgRNAs were then selected and
synthesised to cover approximately every 140 bp over the mitochon-
drial genome. Paired oligonucleotides were annealed, pooled and
were ligated to the pUC57kan-T7-gRNA vector, which was further
transformed and amplified. In-vitro transcription was performed to pro-
duce sgRNAs (MEGAshortscriptTM Kit, Thermo Fisher Scientific). Each
ATAC-seq library was incubated with 330–500 ng sgRNA and 1 lg
Cas9 protein (PNA Bio CP01-50) for 2 h at 37�C. After incubation,
the reaction was treated by RNase A before being terminated by add-
ing the stop buffer (30% glycerol, 1.2% SDS, 250 mM EDTA, pH 8.0).
The ATAC-seq library was further purified by 1.2� AMPure beads.
The reaction was incubated with the beads for 15 min. The beads
were washed with 80% EtOH, and then elution buffer was added. The
supernatant was measured for absorbency with Qbit DNA HS Assay
(Thermo Fisher Scientific). Fragment sizes were analysed using 5%
TBE-polyacrylamide gel electrophoresis, and samples were subjected
to sequencing on HiSeq 2500 (Illumina) according to the manufac-
turer’s instruction.

Sex of the ICMs was determined in a three-step method using the
Male Sex Region on the Y Chromosome (MSY). After ATAC-seq
reads were aligned, all alignments that overlapped an annotated repeat
on the Y-chromosome were discarded because these repeats are
also found on the X-chromosome. The next step was to look at the
distribution of the %Y chromosome reads, which were bimodal in
male samples. If samples were still unclear, reads were removed that
aligned to the Y-chromosome PAR (pseudoautosomal region), and
only non-repetitive MSY reads were considered.

RNA-sequencing
Three independent biological replicates of individual blastocysts (IVF
male, IVF female, FB male and FB female) were analysed. After immu-
nosurgery, individual ICM was placed in a proprietary lysis buffer with
RNAse E provided by LC Sciences (Houston, TX). Sequencing libraries
were generated by LC Sciences using Poly(A)-tail selection for mRNA.
Briefly, lysed samples were incubated with poly-T oligos attached to
magnetic beads to isolate the poly(A) mRNA. Samples were then puri-
fied. After purification, the mRNA poly(A) samples were fragmented
into small pieces using divalent cations at elevated temperatures. The
cleaved fragments underwent reverse transcription to form cDNA.
Samples then underwent second strand synthesis with a strand-specific
library preparation by the dUTP method. This method incorporated
dUTP into the second strand of cDNA for directionality identification
(Hrdlickova et al., 2017). Barcoded adapters for sample identification
were ligated to the individual samples. Libraries then underwent uracil-
DNA glycosylase (UDG) treatment to degrade the second strand con-
taining the dUTP, enabling only the first strand to be amplified via PCR
(Hrdlickova et al., 2017). Sequencing was performed using an Illumina
HiSeq platform with 150 base pair, paired-end reads.

Bioinformatics and statistical analyses
For IVF versus FB comparison, FB was considered the control, while
for Male versus Female, the control comparison was the Female.

Whole-genome bisulfite sequencing
The ends of the raw fastq reads were trimmed at positions with a
quality score of <30 using Fastq-mcf (Aronesty, 2011). The trimmed
reads were aligned to the mouse genome build, mm9, using the bis-
mark aligner (Krueger and Andrews, 2011) that uses bowtie2
(Langmead and Salzberg, 2012) with the following options: non_direc-
tional score_min L , 0,-0.4. The aligned reads were deduplicated using
deduplicate_bismark (Krueger and Andrews, 2011). The genome-wide
methylation levels were extracted using the bismark_methylation_
extractor (Krueger and Andrews, 2011). For WGBS, the mapping
efficiency of our samples was 44%. IVF samples had 1.50 � 109 reads
after filtering for quality, and 6.49 � 108 reads mapped to the mouse
genome. FB samples resulted in 1.48 � 109 reads after filtering for
quality, and 6.64 � 108 reads mapped to the mouse genome.

The differentially methylated regions (DMRs) for IVF versus FB and
Male versus Female were identified using the bsseq package (Hansen
et al., 2012) in R. The ns (the minimum number of methylation loci in
a smoothing window) and h (the minimum number of bases in the
smoothing window) parameters that are part of the BSmooth function
were set at 70 and 1000, respectively. The computation of variance in
BSmooth.tstat was assumed to be paired either by gender for the
IVF versus FB comparison or by fertilisation status for the Male versus
Female comparison. Regions were identified as DMR either if
they were in the bottom or the top 2.5% quantiles of the resulting
t-statistics using the dmrfinder function. These regions were further
filtered if the absolute value MaxStat parameter from the output of
this function is �3.0. Significance was denoted as P� 0.003. The anno-
tations for the DMRs were assessed using the annotatr (Cavalcante
and Sartor, 2017) R package.

Once DMR were determined, Genomic Regions for Enrichment
Analysis Tool (GREAT version 4.0.4, http://great.stanford.edu) was
used to associate genes to the regions (McLean et al., 2010). The func-
tional enrichment analysis was performed using g: Profilerb (version
e99_eg46_p14_55317af) with g: SCS multiple testing correction
method applying a significance threshold of P-adjusted value <0.05
(https://biit.cs.ut.ee/gprofiler/gost), (Raudvere et al., 2019) uploading
the list of genes within DMRs. The overrepresented biological pro-
cesses (BPs) or molecular functions (MFs) were summarised with
REVIGO (reduce þ visualise Gene Ontology, http://revigo.irb.hr) to
avoid redundant gene ontology (GO) terms (Supek et al., 2011). The
nomenclature of BPs and MFs uses terms of the Gene Ontology
Consortium (Ashburner et al., 2000). The transcription factor binding
site predictions were identified using the TRANSFAC database (Matys
et al., 2006) as part of the functional enrichment analysis provided by
g: Profilerb. The statistically significant canonical pathways [CPs, P-value
< 0.05, using the right-tailed Fisher’s exact test] were identified using
IngenuityVR Pathway Analysis (IPAVR , http://ingenuity.com).

For long repetitive element and CpG island analyses, the annotated
regions associated with repeat elements and the CpG islands for the
mouse genome build mm9 was downloaded from the UCSC Genome
Browser (Karolchik et al., 2004, 2012) (http://genome.ucsc.edu).
The average methylation level for each of the four samples in each of
the annotated regions was computed using the bedmap program that
used the coverage file produced from the bismark_methylation_extrac-
tor program (Krueger and Andrews, 2011) and the annotated regions
as a bed file. Paired t-tests were used to determine differentially
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methylated repeat elements and CpG islands for the IVF versus FB,
and the Male versus Female comparison and significance was denoted
as P-value < 0.05. The imprinted genes within the DMRs were identi-
fied using the atlas of imprinting for mouse developmental stages and
tissues (Babak et al., 2015).

Assay for transposase-accessible chromatin
using sequencing
The raw sequence data in fastq files were aligned to the mouse ge-
nome build mm9 using bowtie2 aligner (Langmead and Salzberg,
2012). Duplicate reads from the aligned bam files were removed using
the Picard MarkDuplicates program (http://broadinstitute.github.io/pi
card). Open chromatin regions for each sample were called using
the narrowPeak output of the MACS2 peak caller (Zhang et al.,
2008). A consensus set of peaks was determined across replicates
using the—everything followed by—merge options of the bedops pro-
gram (Neph et al., 2012). A peak was included in the consensus set if
it included a peak called by MACS2 for at least one of the replicates.
The number of reads mapping to each of the consensus regions for
each of the replicates was determined using the subread
featureCounts program (Liao et al., 2013, 2014), which created a ma-
trix of raw counts: the number of rows equals the number of consen-
sus regions, and the number of columns equals the number of
samples. Regions that did not have at least five reads in at least five of
the samples were filtered out. The raw counts matrix was then nor-
malised using the edgeR bioconductor R package (Robinson et al.
2010; McCarthy et al., 2012). A linear model was fit for the mean nor-
malised signal in each of the filtered consensus regions (Ritchie et al.,
2015). This method is specially designed for analysing complex experi-
ments with a variety of experimental conditions and predictors. This
model allowed for the main effects of IVF versus FB and Male versus
Female. The significance of the regions associated with IVF was esti-
mated using the edgeR package by testing the null hypothesis that the
main effect of IVF is equal to zero. Similarly, the significance of the
regions associated with Male was estimated using the edgeR package
by testing the null hypothesis that the main effect of Male is equal to
zero. Significance was denoted as a false discovery rate (FDR) <0.05.
Once differential regions were determined, GREAT was used to asso-
ciate genes to the regions. g: Profilerb was used to determine enriched
BPs (P-adjusted value <0.05) that were summarised by REVIGO. The
statistically significant CPs (P-value <0.05) were identified using IPAVR .

RNA-sequencing
Overall, the mapping efficiency of our samples was 70%. After se-
quencing, trimming of known adapters and low-quality regions of reads
was performed using Fastq-mcf (Aronesty, 2011). Sequence quality
was assessed using the programs FastQC and RSeQC (Andrews,
2010; Wang et al., 2012). STAR was used to align the reads to the
mouse reference genome mm9 (Dobin et al., 2013). Reads were
assigned to genes using FeatureCounts in the Subread suite using the
Ensembl gene annotation. Differential expression was determined using
edgeR (Robinson et al., 2010). Genes with reliable exon coverage
based on the UCSC Genome Browser tracks were considered differ-
entially expressed (DEG) if jfold changej >2 and FDR < 0.05. The
functional enrichment analysis was done with g: Profilerb to identify
the overrepresented GO terms (P-adjusted value < 0.05) using the list

of DEG. The statistically significant CPs (P-value < 0.05) were
identified using IPAVR .

Overlap between WGBS, ATAC-Seq and RNA-Seq
Venn diagrams (https://bioinformatics.psb.ugent.be/webtools/Venn)
were created combining gene lists of each of the three next-
generation sequencing (NGS) platforms (WGBS, ATAC-Seq and
RNA-seq). To evaluate for variance among samples, the coefficient of
variation (CV) was calculated and compared.

Results

ICM of embryos generated by IVF show an
increase in hyper-methylated DMR distrib-
uted throughout the genome but not in
proximity to transcription start sites
Unsupervised principal component analysis shows that IVF and FB
samples cluster as independent groups (Fig. 1A). Overall, only 3% of
DMR (n¼ 1624) were statistically different between IVF and in-vivo
generated ICM (Fig. 2A). Since 85% of DMRs contained the regulatory
elements of two different genes (Supplementary Fig. S2A), we identi-
fied 1648 genes in the hyper-methylated DMR and 626 in proximity to
hypo-methylated DMR while 146 genes were located in DMR with
both evidence of hyper- and hypo-methylation (Supplementary File
S1A). Out of the total DMR identified (1624), the majority (n¼ 1156,
i.e. more than two-thirds) were hyper-methylated in IVF samples.
DMRs appeared to be equally distributed across all chromosomes,
with no evidence of clustering (Supplementary Fig. S3A). They were
more frequently located 50–500 kb distal to the transcription start
sites (Supplementary Fig. S2B), particularly in intronic and intergenic
regions (Fig. 2A). Surprisingly, only 0.17% of CpG islands were differ-
entially methylated between IVF and control embryos, and only a few
DMR were located on known gene promoters (n¼ 49) or enhancers
(n¼ 60; Supplementary File S1B). Although seven imprinted genes
showed areas of differentially methylation, only Plagl1 showed methyla-
tion changes with closely spaced ZFBS-Morph overlap, suggesting regu-
lation on the imprinting control region (ICR, Supplementary File S1C)
(Bina, 2017). Transposable elements (LINE, SINE and LTR) were not
differentially methylated (data not shown). In addition, mitochondrial
DNA (mtDNA) methylation appeared not to be different among the
groups.

DMRs in ICM of IVF embryos are enriched
for genes involved in developmental
and cellular metabolic process, as well as
in the regulation of signalling and gene
expression
Functional enrichment analysis showed that BPs overrepresented
included developmental process, regulation of cellular and BPs,
biogenesis, cellular metabolic process and regulation of signalling
(Supplementary File S1D). A sub-analysis in enhancers or promoters
regions identified few putative transcription-binding sites for transcrip-
tion factors (Supplementary File S1E) involved in chromatin
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..remodelling (CTCF), differentiation of insulin-producing beta cells
(Pax4) and development (AP-2 alpha, FOXN4, WT1).

Chromatin accessibility analysis revealed
that the ICM of IVF embryos have more
accessible areas than control embryos,
affecting genes involved in developmental
process
Unsupervised principal component analysis showed that although the
majority of control samples tended to co-localise, there was overlap
between groups, suggesting that differences between groups were
minimal (Fig. 1B). Analysis of variation among samples revealed that
only one comparison, FB female (CV ¼ 13.69%) versus IVF female
(CV ¼ 4.62) was statistically different (P¼ 0.02) with FB females
showing higher variation.

ICM of IVF embryos had 394 regions (FDR < 0.05; n¼ 619 genes)
with different chromatin accessibility. In particular, 293 regions
(n¼ 457 genes) were more accessible, and 101 regions (n¼ 162
genes) less accessible compared to ICM of control embryos
(Supplementary File S2A). Morphogenesis, developmental process and
cell–cell adhesion were the main non-redundant BPs overrepresented
(Supplementary File S2B). Among transcription factors binding to areas
of open chromatin kaiso (Supplementary File S2C) showed the highest
statistical significance.

There are minimal transcriptomic
differences in ICM of IVF embryos
FB and IVF samples did not cluster together, indicating minimal tran-
scriptomic differences (Fig. 1C). ICM of IVF embryos differed in ex-
pression of 21 genes (11 up- and 10 down-regulated, Supplementary
File S3A) and only two CPs (threonine degradation and the role of
Oct4 in mammalian embryonic stem cell pluripotency) were identified
(Supplementary File S3B).

Genes involved in development and
regulatory processes, as well as cardiac
hypertrophy, show epigenetic differences in
ICM of IVF embryos
While several BPs and CPs were uniquely identified in WGBS and
ATAC-seq platforms (WGBS see Supplementary File S1 and ATAC-
seq: Supplementary File S2), we found 35 CPs changed in both plat-
forms, highlighting cardiac hypertrophy signalling (enhanced) in the top
10 of both NGS platforms (Fig. 3). The functional enrichment analysis
using the list of 131 common genes identified by WGSB and ATAC-
seq (Supplementary File S4A) showed two MFs (RNA polymerase II
regulatory region and transcription factor activity: Supplementary File
S4B) and 14 CPs (highlighting, STAT3 and mammalian embryonic stem
cell pluripotency, Supplementary File S4D) overrepresented. Four tran-
scription factors showed evidence of epigenetic regulation (E2F, Kaiso,
BEN, and FOXN4, Supplementary File S4C). No common genes were
identified between WGBS, ATAC-seq and RNA-seq (Fig. 4).

Figure 1. Unsupervised principal component analysis (PCA). Unsupervised PCA of (A) whole-genome bisulfite sequencing (WGBS)
samples, (B) of assay for transposase-accessible chromatin using sequencing (ATAC-seq) samples and (C) of RNA-seq samples. Intragroup analysis
revealed that coefficient of variation was not different among the groups, with the only exception of FB female ATAC-seq samples having a higher CV
than IVF female ATAC-seq samples.
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The effect of sex: ICM of male embryos
has an increase in DNA methylation and at
loci involved in developmental process
All platforms showed minimal clustering of samples based on sex
(Fig. 1). Overall only 2.6% of DMR were statistically different between
male and female embryos and were distributed across all chromo-
somes (Supplementary Fig. S3B). Male embryos showed an
increase in methylation in numerous DMRs (88.97%), compared to
female embryos; we identified 2127 genes in the hyper-methylated
DMR, 230 were in proximity to hypo-methylated DMR, while 81
genes were located in DMR with both evidence of hyper- and
hypo-methylation (Supplementary File S5A). The majority of
DMRs were located 50–500 kb distally to the transcription start
sites, equivalent to a third of the genes identified (Supplementary
Fig. S2C and D), and the highest frequency of DMRs was in
intronic and intergenic regions (Supplementary Fig. S2B). Only 51
promoters and 58 enhancers were located within DMRs
(Supplementary File S5B). Although nine imprinted genes were
differentially methylated, only Peg3 had methylation changes in the
ICR (Supplementary File S5C). BPs that were overrepresented

included developmental process, regulation of transcription from
RNA polymerase II promoter and metabolic process
(Supplementary File S5D). CPs identified included TGF-b signalling,
mouse embryonic stem cell pluripotency, role of NFAT in cardiac
hypertrophy, adipogenesis pathway and cardiac hypertrophy
signalling (enhanced).

There are few loci with different
chromatin accessibility and only one gene
with different expression in ICM of male
versus female embryos
There were only 22 regions (12 genes) with different chromatin
accessibility between male and female FB embryos and 28 regions
(15 genes) between male and female IVF embryos (Supplementary
File S6A and S6C, respectively). The CPs allograft rejection, OX40
and Cdc42 signalling were identified in both contrasts (Supplementary
File S6B and S6D). The ribosomal gene Rps3a3 was differentially
expressed in FB male versus FB female contrast. There were no com-
mon genes or CPs changed in all three platforms in ICM of male versus
female embryos.

Discussion
This study provides the first description of global DNA methylation,
histone and transcriptomic changes that occur in the ICM mouse
embryos following IVF and embryo culture. Given the known sexual
dimorphic effect of in-vitro culture (Bermejo-Alvarez et al., 2011), we
further analysed if male and female embryos respond differently to the
IVF process. The large data set generated in this study will have wide
relevance to the many scientists interested in the DOHaD field
and might help elucidate the epigenetic origin of adult health (Servick,
2014).

Overall, when comparing the epigenetic profile of IVF versus control
ICM, there are several notable findings. First, the correspondence be-
tween platforms was relatively low. For example, of the differentially
methylated genes, only 5% (131/2420) were located in an area with
abnormal chromatin structure (Fig. 4).

Second, WGBS and ATAC-seq platforms identified some common
changes when comparing ICM of IVF versus in-vivo embryos. While we
are not surprised that developmental and regulatory BPs might be dif-
ferentially regulated in embryos cultured in vitro, it is highly relevant
that the CP cardiac hypertrophy (enhanced) was identified in ICM of
IVF mice. In fact, both mice (Donjacour et al., 2014) and children
(Zhou et al., 2014; Valenzuela-Alcaraz et al., 2019) generated by IVF
have shown evidence of increased left ventricular thickness. While ab-
normalities in placentation are known to induce alteration in cardiac
development (Thornburg et al., 2010), the findings of epigenetic
changes in the ICM of IVF embryos suggest that cardiac development
could be controlled by metabolic and energetic cues sensed in the
early embryo.

WGBS and ATAC-seq also identified genes associated with stress in
IVF embryos. WGBS functional enrichment analysis identified the BP
cellular response to stress (Supplementary File S1D) and the CPs
IL-23 signalling and Th1/Th2 activation pathway (Supplementary

Figure 2. Distribution of differentially methylated regions
and their genomic localisation. (A) IVF versus FB and (B) Male
versus Female ICMs.
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File S1F). Similarly, ATAC-seq showed that 4 of the top 10 CPs
(STAT3, NF-jB, ERK5 and ATM signalling; Supplementary File S2D)
were modified. While it is well described that IVF embryos show
transcriptomic (Feuer et al., 2017) and mitochondrial (Belli et al.,
2019) evidence of stress, this is the first report indicating that IVF
embryos also have epigenetic evidence of stress.

Among genes showing changes across WGBS and ATAC-seq plat-
forms (Fig. 3), several are notable. Aryl hydrocarbon receptor (Ahr)
was hyper-methylated and located in more accessible chromatin
regions in IVF ICMs. This receptor has been shown to regulate
xenobiotic-metabolising enzymes such as cytochrome P450, but it is
also recognised as a balancing factor for cell differentiation and func-
tion, which is controlled by levels of endogenous ligands of different af-
finity. For example, inflammatory mediators, glutathione depletion,
reactive oxygen species and shear stress are known to function as Ahr
activators, although with very low binding potential (Esser and Rannug,
2015). Its activation heralds the activation of a battery of xenobiotic-
metabolising enzymes, many of which with inflammatory function like
Il2, Il1b and importantly, Il6st. Etv1 was hypo-methylated and located
in more accessible chromatin regions in IVF ICMs. Etv1 is a member
of the E-twenty-six (ETS) transcription factor family. It is overex-
pressed in multiple tumours and plays an essential role in the cardiac
conduction pathways (Shekhar et al., 2016).

A third, important finding is related to the analysis of DNA methyla-
tion data. We found that only a very small percentage of differentially
methylated CpGs induced by IVF were located in functionally

important areas like promoters (0.70%), enhancers (0.47%) or CpG
islands (0.17%).

Overall, DNA methylation changes were distributed distally from
the transcription start site, with the majority being located 50–500 kb
from the transcription start site (TSS) (Supplementary Fig. S2B). Two-
thirds were located in the gene body, specifically introns (28.67%),
while the remaining third were located in intergenic regions (Fig. 2A).
These findings highlight the importance of assessing DNA methylation
analysis with global techniques like WGBS, as opposed to techniques
that focus on querying DNA methylation changes in CpG rich areas,
like reduced representation bisulfite sequencing (RRBS).

The significance of the multitude of DNA methylation changes in
areas not currently known to be directly involved in gene regulation is
unknown. It is possible that the observed changes might be random
and have no relevant gene-regulating functions. However, it is also
possible that these changes might have no significance in the early em-
bryo, but acquire functional significance at later stages of development,
particularly in specific tissues and cell types. Indeed, it has been pro-
posed that the mammalian genome might be more accurately viewed
as islands of protein-coding information in a sea of cis- and trans-acting
regulatory sequences (Mattick et al., 2010) and while the meaning of
these changes might be escaping us, it might become evident in the
future.

Although we found widespread low-level changes in DNA methyla-
tion in ICM of IVF embryos, we did not find DNA methylation differ-
ences at transposable elements (SINE, LTR and LINE, data not

Figure 3. Summary of main epigenetic differences in ICM of IVF embryos compared to in-vivo embryos. Cardiac hypertrophy
signalling (enhanced) was identified in the top 10 of canonical pathways (CPs) of the list from WGBS and ATAC-seq in IVF embryos. In addition,
developmental processes were overrepresented in both lists of genes.
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shown) or in levels of DNA methylation in mtDNA. The findings of
no DNA methylation changes at transposable elements are important
since these elements are broadly and strongly transcribed in the early
embryos and their insertions can supply new promoter, enhancer and
insulator elements to protein-coding genes and establish a novel,
species-specific gene regulatory networks (Gerdes et al., 2016;
Ge, 2017). Similarly, although the existence of mtDNA methylation is
controversial (Liu et al., 2016), the lack of DNA methylation changes
in mtDNA of IVF embryos suggests epigenetic dysregulation at this
locus is likely not important. Similarly, we found only a few changes in
imprinted genes. Although seven imprinted genes showed differential
methylation following IVF (Adam23, Begain, Plagl1, Slc22a3, Dio3, Klf14
and Sfmbt2), only Plagl1 showed changes in the ICR. Plagl is a known
regulator of apoptosis, but functions also as a transcription factor
(Varrault et al., 1998) and cofactor of regulatory proteins with
epigenetic and metabolic function like HDAC1, PPARc, PACAP1-R
and PCAF (Vega-Benedetti et al., 2017). Of note, changes in Plagl1
levels result in diseases. For example, Plagl11 overexpression in human
is associated with transient neonatal diabetes mellitus (Temple et al.,
1996) while loss of expression is associated with severe embryonic
growth restriction (Varrault et al., 2006) and development of tumours
later in life (Abdollahi et al., 1997).

Of note, a subgroup of differentially methylated genes in our data
set was found to be differentially methylated in other datasets, under-
scoring the importance of these genes. For example, the epigenetic
clock (Horvath, 2013), a set of 353 CpG sites that together describe
tissue age, shared 34 (10%) differentially methylated genes with
our IVF versus FB. In addition, 73% (1767/2420) of our differentially
methylated genes corresponded to genes identified by Colaneri et al.
(2013) as being important in developmental programming.

The fourth important finding is that we found minimal differences in
epigenetic signature and no gene expression changes in male versus fe-
male embryos. This is important, given the significant sexual dimorphic
effect found after culturing embryos in vitro (Feuer et al., 2014a). Sex
is, in fact, one of the cardinal characteristics determining predisposition
to disease (Ober et al., 2008). During the preimplantation period, be-
fore sex hormones can have an effect, a sex bias exists in the expres-
sion level of both sex chromosome-encoded genes and autosomal
genes. For example, prior global gene expression studies at the blasto-
cyst stage have found that only 11 genes in mice (Kobayashi et al.,
2006) and 53 genes in cattle (Bermejo-Alvarez et al., 2010) were dif-
ferentially expressed more than 2-fold in male versus female embryos.

WGBS data indicated that 2.6% of DMR differ between male com-
pared to female embryos; overall male embryos showed increased
methylation (89%). Similarly, to the comparison of IVF versus FB, the
methylation changes were located in the gene body (68.04%) in partic-
ular introns (26.80%); the remaining were intergenic, distal to CpG
islands (Fig. 2B). Interestingly, the regulation of metabolic process was
highlighted as showing sexual dimorphism (Supplementary File S5D). It
is also notable that we found only a few differences among imprinted
genes. Only 10 imprinted genes had any DNA methylation changes at
any loci, while only Peg3 showed differential methylation in the ICR.
The significance of Peg3 DNA methylation is unclear: although muta-
tions in Peg3 result in growth retardation and impairment of maternal
behaviour (Li et al., 1999), no changes in Peg3 DNA methylation were
found in a cohort of ART children (Whitelaw et al., 2014).

A relevant finding is the very limited differences in accessible chro-
matin areas and gene expression found between male and female em-
bryos. Only 12 genes had different chromatin accessibility in male
compared to female in-vivo embryo, and there were 15 such genes in
male compared to female in-vitro generated embryos. Surprisingly, only
one gene Rps3a3, coding for Ribosomal Protein S3A, and two CPs
were differentially expressed in male versus female embryos. While
the significance of this specific change is unclear, it is notable that
changes in transcription of ribosomal RNA were postulated to be at
the basis of altered growth in mice subjected to dietary restriction in
utero (Denisenko et al., 2016). Of note, only Eif2s3y was found to be
differently expressed in male and female mouse blastocysts by other
investigators (Kobayashi et al., 2006). The low concordance with the
other authors can likely be explained because of the different species
or because we analysed only ICM gene expression as opposed to the
whole blastocyst. The fact that the pathway Oct4 in mammalian em-
bryonic stem cell pluripotency was altered, could indicate that the
overall development of IVF embryos is compromised compared to
controls or that developmental timing and staging of embryos was dif-
ferent between the groups. We favour the first explanation, since we
strictly controlled for staging and timing of the embryos by using only
expanded blastocysts of similar morphology. Finally, it is important to
note that intragroup variation among replicates was similar among the
groups, with the only exception being that the FB female ATAC-seq
samples had a higher CV (�14%) compared to IVF females ATAC-seq
samples (CV �5%). While we cannot provide a molecular explanation
of the lower variation in IVF female ATAC samples, the large number
of replicate used (FB female n¼ 18; IVF female n¼ 12) makes it un-
likely to be secondary to low sample size.

One note is needed regarding the experimental design. We cul-
tured embryos in KSOM medium with amino acids under 5%

Figure 4. Venn diagram showing concordance between
WGBS (n 5 2420 genes), ATAC-seq (n 5 619 genes)
and RNA-seq (n 5 21 genes) platforms in the contrast IVF
versus FB.
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.
oxygen, 5% CO2 and 90% nitrogen concentrations because this me-
dium is felt to be optimal for mouse culture and abundant data exist
on its effect on embryo development and gene and imprinted gene
expression (Doherty et al., 2000; Feuer et al., 2017). Furthermore,
KSOM is the basis for Global medium, which is widely used in hu-
man IVF.

Important advantages of this work include the analysis of the ICM of
embryos as opposed to whole blastocyst, the analysis of sex as op-
posed to pooling of male and female embryos, and the use of three
states of the art technology (WGBS, ATAC-seq and RNA-seq).
Among the limitations, we were able to perform only two replicates
of WGBS, given the very expensive nature of the technology.
However, given the global nature of the analysis, the finding provides a
trove of data for further testing.

In summary, this study provides the first comprehensive analysis of
DNA methylation, chromatin accessibility and RNA expression
changes induced by IVF in male and female ICMs.

Our studies are in agreement with past work showing that preim-
plantation embryo manipulation or culture can induce epigenetic
changes (Doherty et al., 2000; Shi and Haaf, 2002; Morgan et al.,
2008; El Hajj and Haaf, 2013; Canovas et al., 2017; Mani et al., 2020).
Overall pathways involved in cardiac hypertrophy and stress were the
most changed in WGBS and ATAC-seq platforms. In addition, limited
evidence of sexual dimorphism was observed. Further studies should
focus on understanding how these early changes may be linked to
adult health.
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online.
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