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Assisted Reproductive Technologies (ART) employ gamete/embryo handling and culture
in vitro to produce offspring. ART pregnancies have an increased risk of low birth weight,
abnormal placentation, pregnancy complications, and imprinting disorders. Embryo
culture induces low birth weight, abnormal placental morphology, and lower levels of
DNA methylation in placentas in a mouse model of ART. Whether preimplantation embryos
at specific stages of development are more susceptible to these perturbations remains
unresolved. Accordingly, we performed embryo culture for several discrete periods of
preimplantation development and following embryo transfer, assessed fetal and placental
outcomes at term. We observed a reduction in fetal:placental ratio associated with two
distinct windows of preimplantation embryo development, one prior to the morula stage
and the other from the morula to blastocyst stage, whereas placental morphological
abnormalities and reduced imprinting control region methylation were only associated with
culture prior to the morula stage. Extended culture to the blastocyst stage also induces
additional placental DNA methylation changes compared to embryos transferred at the
morula stage, and female concepti exhibited a higher loss of DNA methylation than males.
By identifying specific developmental windows of susceptibility, this study provides a
framework to optimize further culture conditions to minimize risks associated with ART
pregnancies.

Keywords: embryo culture, assisted reproductive technologies (ART), preimplantation embryo, placenta, imprinted
gene, perinatal outcome

INTRODUCTION

Over eight million babies worldwide have been conceived using Assisted Reproductive Technologies
(ART). Although the vast majority of babies are born healthy, ART pregnancies are at increased risk
for several complications, specifically low birth weight, stillbirth, preterm birth, and abnormal
placentation, which includes increased risk for preeclampsia and morbidly adherent placentas
(Daniel et al., 1999; Schieve et al., 2007; Wisborg et al., 2010; Haavaldsen et al., 2012; Pandey et al.,
2012; Marino et al., 2014; Luke et al., 2017, 2019; Stern et al., 2018; Sacha et al., 2022). ART
pregnancies are also at increased risk for rare imprinting disorders that severely affect development
(DeBaun et al., 2003; Gicquel et al., 2003; Ludwig et al., 2005; Hiura et al., 2012; Mussa et al., 2017;
Cortessis et al., 2018; Johnson et al., 2018; Uk et al., 2018; Hattori et al., 2019a; Henningsen et al,,
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2020). Studies using a mouse model indicate that some of these
adverse effects are driven primarily by embryo culture (Mann
et al., 2004; Rivera et al., 2008; Delle Piane et al., 2010; de Waal
etal., 2014; Chen et al,, 2015; Vrooman et al., 2020). For example,
embryo culture induces reduced fetal:placental ratios, placental
junctional zone overgrowth, and loss of placental DNA
methylation at imprinting control regions (ICRs) in term
mouse concepti (Sui et al., 2014; Chen et al.,, 2015; de Waal
et al., 2015; Vrooman et al., 2020).

Embryo culture is intrinsic to ART. For patients undergoing
ART procedures, it is not a question of whether to culture
embryos, but rather, what culture conditions will be used and
when embryos will be transferred to mitigate the aforementioned
adverse effects. To date, there is no widely accepted consensus
about conditions for embryo culture and transfer for ART, noting
that ART procedures have significantly changed during the
relatively short history of in wvitro fertilization (IVF). For
example, human embryo transfers were initially performed at
the cleavage/morula stage, which allow embryos to return to an in
vivo environment after 3-5 days of culture. As culture conditions
improved to support development to the blastocyst stage, many
clinics shifted to extended culture to the blastocyst stage, which
requires an additional 2-3 days (Glujovsky et al, 2016). Two
advantages of extended culture are that it enables selection of the
most developmentally advanced embryos, matching the
embryonic stage to when embryos normally arrive in the
uterus in spontaneous pregnancies, and genetic testing on
biopsied trophectoderm cells rather than earlier stage
blastomeres that may affect development of the embryo
proper (Neuhausser et al., 2020). Some evidence suggests that
blastocyst transfer improves implantation, pregnancy and live
birth rates, and reduces the risk for small for gestational age
compared to cleavage transfer (Frattarelli et al, 2003;
Papanikolaou et al., 2005, 2006; Elgindy et al, 2011;
Fernandez-Shaw et al., 2015; De Vos et al., 2016; Wang et al,,
2017). These findings are controversial, however, because other
studies reported that blastocyst transfer pregnancies have a higher
risk of placental abnormalities/complications, preterm birth,
perinatal mortality, and large for gestational age, as well as
skew sex ratios in favor of males compared to cleavage stage
transfers (Chang et al., 2009; Kalra et al., 2012; Dar et al., 2013,
2014; Ginstrom Ernstad et al., 2016; Wang et al., 2017; Hattori
etal., 2019b; Spangmose et al., 2020). Such findings raise concern
that extended culture may cause unwanted adverse outcomes.

To our knowledge, there are currently no data on the potential
for extended culture to induce significant epigenetic changes or
adverse long-term health outcomes compared to cleavage stage
transfers. Preimplantation development is characterized by
critical transitions, any of which could be more susceptible to
embryo culture. Following fertilization, both parental genomes
undergo a dramatic global erasure of DNA methylation
(Messerschmidt et al., 2014). In mouse, major zygotic genome
activation occurs during the 2-cell stage (Aoki et al., 1997).
Compaction occurs at the 8-cell stage and blastomere
polarization is followed by asymmetric cell divisions that
generate inner and outer cells of the morula (Mihajlovi¢ and
Bruce, 2017). The outer cells of the morula will become
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trophectoderm, which gives rise to the extraembryonic tissues.
These events are followed by cavitation and formation of
blastocysts with a distinct trophectoderm and inner cell mass
(ICM). The ICM remains pluripotent and will give rise to
embryonic tissues (Cockburn and Rossant, 2010). Although
some de novo DNA methylation initiates in the ICM, the
majority of DNA methylation happens post-implantation
(Auclair et al.,, 2014). Failure to execute any of these steps in a
timely or accurate manner can result in non-viable embryos or
embryos at risk for developmental defects. It remains unknown
whether specific periods of preimplantation development in vitro
are more susceptible to embryo culture and what biological
processes are adversely affected that could have long-term
consequences.

Here we demonstrate that fetal:placental ratio is affected by
culture at two distinct windows of preimplantation embryo
development, whereas placental morphological abnormalities
are only associated with embryo culture prior to the morula
stage. Using the Infinium Mouse Methylation BeadChip, we also
show that embryo culture-induced loss of placental DNA
methylation at ICRs occurs prior to the morula stage, but
extended culture to the blastocyst stage induces additional
hypomethylation. Although both male and female concepti
exposed to embryo culture exhibit reduced global methylation
compared to unexposed concepti, female concepti exhibit a
higher loss of global DNA methylation than males following
culture.

MATERIALS AND METHODS

Animals

Breeding stocks of CF-1 female mice (Envigo, Wilmington,
MA, United States), B6SJLF1 (The Jackson Laboratory, Bar
Harbor, ME), and CD-1 (Charles River, Indianapolis, IN) male
mice were maintained in a pathogen-free facility. All animals
were housed in polysulfone cages and had access to drinking
water and chow (Laboratory Autoclavable Rodent Diet 5010,
LabDiet) ad libitum.

Generation of Natural and Control Concepti
Sexually mature CF-1 female mice were used between 2 and 3
months-of-age. Naturally conceived concepti were generated
by mating naturally cycling CF-1 females to B6SJLF1 males.
The day of a vaginal plug was denoted as embryonic day (E) 0.5
and development occurred in vivo without embryo transfer.
All experimental culture groups and transfer control concepti
were generated by superovulating CF-1 females using standard
gonadotropin protocols (Behringer et al., 2014). Briefly,
females were injected with 5 IU PMSG at 12 p.m., followed
by 5 IU hCG 48 h after PMSG injection. Females were paired
with one of six available B6SJLF1 stud males. For the
superovulated (S) morula and S blastocyst groups, fertilized
eggs developed in vivo before being flushed from the oviducts
with warm HEPES-buffered minimum essential media (MEM)
72 and 96 h after hCG injection, respectively, just prior to
embryo transfer.
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Embryo Culture

For all embryo culture groups, embryos were flushed from the
oviducts with warm HEPES-buffered MEM and washed in a
minimum of four drops of EmbryoMax KSOM medium (1x)
containing % amino acids (KSOM + AA, EMD Millipore)
covered in mineral oil, and cultured to the appropriate stage
in a final KSOM + AA droplet under mineral oil at 37°C in an
atmosphere of 5% CO,, 5% O,, 90% N,.

For the one-cell to morula culture group (1-cell-morula), eggs
were fertilized in vivo and the embryos were flushed from the
oviducts 24 h after hCG injection. Embryos were then cultured
for 2.75 d prior to transfer. The four-cell to morula culture group
(4-cell-morula) contained some four- and five-cell embryos but
the vast majority of embryos were six-cells at collection. Embryos
were flushed from the oviducts 68 h after hCG injection, washed,
and cultured for 24h before transfer. For morula-blastocyst
culture group, embryos were flushed from the oviducts 72 h
after hCG injection, and cultured to the blastocyst stage for
24 h before transfer. For the one-cell to blastocyst group (1-
cell-blastocyst), embryos were flushed from the oviducts 24 h
after hCG injection, and cultured to the blastocyst stage for 96 h
before transfer. For all culture groups, embryos were left to
develop undisturbed from the beginning of culture until
embryo transfer.

Embryo Transfer

Ten embryos of good morphology were washed with a minimum
of four drops of warm HEPES-buffered MEM and transferred to
E2.5 (for morula transfer groups) or E3.5 (for blastocyst transfer
groups) pseudopregnant recipients using non-surgical embryo
transfer (NSET) devices (Paratechs).

Tissue Collection

Concepti were collected at E18.5. Embryonic day was
determined by day of vaginal plug (E0.5) for
spontaneously pregnant Natural females or the day of
embryo transfer (E2.5 for morula transfers or E3.5 for
blastocyst transfers). Concepti were collected 17.5 days
after the presence of a vaginal plug for spontaneously
pregnant Natural females, 16.5 days after embryo transfer
for morula transfer groups and 15.5 after embryo transfer for
blastocyst transfer groups. Fetal and placental wet weights
were recorded. The yolk sac from each embryo was collected
and processed for sex genotyping. Placentas were cut in half
through the umbilical cord attachment site. One half was
snap frozen in liquid nitrogen and stored at —80 °C for DNA
and RNA isolation and the other half was fixed in 10%
phosphate-buffered formalin. Fixed tissues were then
processed through an ethanol dehydration series and
xylenes prior to embedding in paraffin wax. Tissue
sections (5um) were prepared for in situ hybridization
analyses.

All viable concepti (a minimum of 15 per group) from a
minimum of five different dams were analyzed for all
experiments, except the DNA methylation chip experiment
(see ‘Genome-wide DNA methylation profiling’ section for
details). Eleven concepti per group provides the power to
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detect significant differences in fetal weight, placental
weight, and loss of imprinting with an alpha = 0.05.

Sex Genotyping

Sex was determined by reverse transcriptase PCR using primers
for Kdm5c and Kdmb5d using genomic DNA isolated from fetal
tissue of each conceptus as previously described (SanMiguel et al.,
2018).

In situ Hybridization

Antisense and sense control in situ hybridization probes were
designed, synthesized, and hybridized as previously described
(Bany and Simmons, 2014; Vrooman et al., 2020). The antisense
Tpbpa in situ hybridization probe was denatured at 65 °C for
5 min and applied to placental sections, while sense Tpbpa in situ
hybridization probe control was added to a negative control slide
(100 ug probe in 75ul of hybridization buffer per placenta
section). Tissue sections were covered with warmed glass
coverslips, sealed with rubber cement, and incubated overnight
at 65 °C in humid chambers. Slides were briefly washed and anti-
DIG-AP Fab fragments (Sigma-Aldrich) (1:1,000) were applied to
sections for 1 h at room temperature prior to color development
using NBT/BCIP stock solution diluted following manufacturer’s
instructions (Roche). Slides were counterstained with Harris
hematoxylin and mounted using ImmunoHistoMount (Sigma-
Aldrich) and imaged using an EVOS FL Auto Cell Imaging
System and software (Life Technologies) at 20x magnification.
The junctional zone (Tpbpa-positive) and whole placenta area,
excluding residual decidua, were measured using FIJT (Image]J
v2.1.0, National Institutes of Health) by at least two individuals
blinded to the experimental group. The percentage of junctional
zone present was calculated as the total junctional zone area/
whole placenta area (excluding decidua) 100x. Parietal
trophoblast giant cells were identified by their distinct
morphology and location between the junctional zone and
decidua and counted by at least individuals blinded to the
experimental group. Junctional zone area measurements and
pTGC counts for each placenta are an average of the
individual scores.

DNA and RNA Isolation

DNA and RNA were simultaneously isolated from one-quarter of
each snap-frozen placenta as previously described (de Waal et al.,
2014).

Bisulfite Pyrosequencing Assay

DNA methylation at H19/Igf2, Kcnglotl, and Peg3 ICRs was
measured using bisulfite-treated DNA as previously described (de
Waal et al, 2014) and performed by individuals blinded to
experimental group.

Genome-wide DNA Methylation Profiling

Bisulfite-treated DNA (1,000 ng) was pipetted onto an Illumina
Infinium Mouse Methylation-12v1-0 BeadChip (Illumina, CA,
United States), and run on an Illumina iScan System (Illumina,
CA, United States) using the manufacturer’s standard protocol.
The samples were processed at the Center for Applied Genomics
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Genotyping Core at the Children’s Hospital of Philadelphia. The
Mumina Infinium Mouse Methylation-12v1-0 BeadChip includes
284760 CG probes, 1,352 high-frequency SNP probes (rs probes),
and 938 non-CpG targeting probes (Ch probes) (287,050 probes
total) as defined in “Infinium Mouse Methylation v1.0 A1 GS
Manifest File. bpm” (Zhou et al., 2022).

Bisulfite converted placental DNA samples were chosen from
the following experimental groups: natural pregnancies (n = 10),
1cell-morula (n = 12), and 1cell-blastocyst (n = 12). One male and
one female placenta were selected from each litter. In cases where
more than one female or male littermate sample was available, the
littermate closest to the litter mean for placental weight was
chosen. For male 1cell-morula and 1cell-blastocyst placentas, five
samples came from different litters and the sixth male was a
littermate chosen based on which male sample was closest to the
group mean for all males within the experimental group.

Genome-wide Methylation Analyses

Raw IDAT files were processed with SeSAMe R package (v1.10.4)
and the MM285 array manifest file that comes with the package
(vM25). Briefly, SeSAMe sets quality mask for probes, computes
detection p-value using out-of-band probes empirical distribution
and produces methylation B-values, which were used for all
downstream analyses. The MM285 array manifest file is the
annotation of the Infinium DNA Methylation BeadChip
probes. This annotation includes basic probe design
information such as mapping location, Infinium-I versus
Infinium-II chemistry, target sequence context, tango address
on the array, probe sequence, design principle, probe exclusion
lists (masks), gene association, overlap with epigenomic features.
We used “Infinium Mouse Methylation v1.0 A1 GS Manifest File.
bpm” manifest for processing MouseMethylation-12v1-0 data.
Nearby genes were assigned to probes based on proximity using
the annotatr R package (Cavalcante and Sartor, 2017). All
downstream analysis was conducted using the mm10/GRCm10
mouse genome assembly.

Differentially methylated regions (DMRs) were identified
using the bumphunter R package included in minfi package
(Jaffe et al,, 2012). We performed 100 permutations using a
maximum pairwise distance of 250 bp and used the 95th
percentile of calculated effect size estimates as the threshold
(coef = 1, cutoff = 0.1, B = 100, maxGap = 250, pickCutoff Q
= 0.95). DMR annotations were obtained using the annotate
Peaks function of the R package, ChIPSeeker (Yu et al., 2015)
(version 1.22.1 parameter: TxDb =
TxDb.Mmusculus.UCSC.mm10. knownGene). Venn diagrams
were obtained using the package VennDiagram for R. We
overlapped data sets using gene names for hypomethylated
DMRs but the package considers multiple DMRs present in
one gene as one. Additional annotations and chromosomal
distributions were obtained using annotatr package for R with
mm10/GRCm10 mouse genome assembly. We used the DMRs
from bumphunter analysis as input dataset and obtained as
output a list of predicted genomic regions in which you can
find these DMRs. The number of identified regions were higher
than our number of DMRs because some DMRs overlap with
more than one genomic locus. Pathways analyses were performed
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using PathfindR (Ulgen et al, 2019) and tissue enrichment
analysis using the TissueEnrich R package (Jain and Tuteja,
2019). Bedtools Fisher (v2.30.0) was used to perform a Fisher’s
exact test of overlap between affected DMRs and promoters and
intronic regions to determine an odds ratio (Quinlan and Hall,
2010). We used the proportion of the genome each region
comprises and chromosomal size to determine whether the
degree of overlap observed is more or less than expected.
Bedtools Fisher test was also used to calculate the odds ratio
of having DMRs containing repetitive elements for males and
females together and separately.

Statistics

For end points that can be influenced by dam variation and litter
size (fetal weight, placental weight, fetal placental ratio, pTGC
counts, and junctional zone measurements), we fit a mixed effects
model to the data, including the embryo culture group as the fixed
effect and dam as the random effect. The model was refit without
embryo culture groups, and a likelihood ratio test used to globally
assess evidence for differences in means among the culture
groups. If the global test yielded a p-value less than the type I
error rate of 0.05, we then used pairwise contrasts of the model
coefficients to identify pairs of groups with different means. The
pairwise tests were adjusted for multiplicity using a Holm-
Bonferroni correction in order to strictly maintain the family-
wise type I error rate at 0.05. Mixed effects models were fitted
using package (nlme) in R v 3.6.2 (R foundation for Statistical
Computing; www.R-project.org/). DNA methylation of
imprinted genes is not subject to influence from the dam or
litter size, thus one-way ANOVA and variance ratio tests and
were used to determine if significant differences in the mean and
variance in DNA methylation from bisulfite pyrosequencing
assays differed among groups. One-way ANOVA and variance
ratio tests were performed using GraphPad Prism version 9.1.1
and groups were noted as statistically significant of p < 0.05.

Study Approval

All animal work was conducted with the approval of the
Institutional Animal Care and Use Committee and the
University of Pennsylvania.

RESULTS

We assessed the morphological and epigenetic impact of
discrete windows of embryo culture that coincide with
distinct  biological ~processes during preimplantation
development (Figure 1A). The 4-cell-morula group (24h
total culture time) targets numerous processes, including
compaction, blastomere polarization, asymmetric cell
divisions, lineage segregation, and the last phase of global
DNA demethylation. The 1-cell-morula group (2.75d total
culture time) covers these processes as well as the entire period
of global DNA demethylation and zygotic genome activation.
This window is clinically relevant to cleavage-stage transfers in
human IVF cycles. The morula-blastocyst group (24 h total
culture time) targets de novo DNA methylation, cavitation,
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FIGURE 1 | Fetal and placental outcomes in E18.5 mouse concepti after different periods of embryo culture. (A) Embryo culture experimental paradigm. White and
black bars denote timing of in vivo and in vitro culture development for each group, respectively. Refer to Methods for details. (B-C) Fetal/placental ratio of morula and
blastocyst transfer groups. (D) Representative images of placental cross-sections for morula and blastocyst transfer groups after Tpbpa in situ hybridization,
counterstained with hematoxylin. Scale bar = 1 mm. (E-F) Junctional zone area as a percentage of the total placental area based on Tpbpa staining for morula and
blastocyst transfer groups. (G-H) Parietal trophoblast giant cell counts normalized to placental length for morula and blastocyst transfer groups. All concepti were
analyzed and each data point represents an individual conceptus. Concepti from a minimum of five different litters were analyzed for each experimental group (n = 15-25
per group). Black line represents the mean of each group. A significant (o < 0.05) global likelihood ratio test of differences between groups in the mixed effects model was
followed by pairwise tests adjusted using a Holm-Bonferroni correction. Groups with different letters indicate significant differences between groups (adjusted p < 0.05);

Blastocyst control

Morula-blastocyst 1cell-blastocyst

and further differentiation of the trophectoderm. The maximal
culture window (1-cell-blastocyst group) captures all
preimplantation development prior to transfer and is
relevant to blastocyst transfer in human IVF cycles.

To match the in vivo synchrony between stage of embryo
development and uterine receptivity, control morula, 4-cell-
morula, and 1-cell-morula embryos were transferred to
pseudopregnant females 2.5days after vaginal plug

detection, whereas control blastocyst, morula-blastocyst,
and 1-cell-blastocyst embryos were transferred to
pseudopregnant females 3.5days after vaginal plug
detection. Concepti were assessed at term (E18.5) for fetal:
placental ratio, placental morphology, and DNA methylation
levels, end points with robust phenotypes previously observed
in mouse concepti exposed to embryo culture (Chen et al,
2015; de Waal et al., 2015; Vrooman et al., 2020).
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TABLE 1 | Fetal weight, placental weight, and fetal/placental ratio of mouse concepti exposed to embryo culture during preimplantation development.

Fetal Weight (g)

Natural® 1.361 £ 0.015

Morula control 1.503 £ 0.029 a
4 cell-morula 1.645 + 0.063 a
1 cell-morula 1.300 + 0.055 b

1.417 +£ 0.029 a
1.167 £ 0.029 b
1216 £ 0.041 b

Blastocyst control
Morula-blastocyst
1 cell-blastocyst

ANatural group is shown for visual comparison but was not statistically tested.

Placental Weight (g) Fetal/Placental ratio

0.097 + 0.002 14.51 £ 0.39
0.139 + 0.006 a 11.18 £ 0.48a
0.164 + 0.007 b 10.29 + 0.59 a
0.183 +0.011 b 7.90 + 0.69 b
0.127 £ 0.005 a 1153 + 0.51 a
0.133 + 0.006 a 9.10+0.42b
0.159 + 0.005 b 7.82 £040b

A significant (p < 0.05) global likelihood ratio test of differences between groups in the mixed effects model was followed by pairwise tests adjusted using a Holm-Bonferroni correction.
Groups with different letters indicate significant differences between groups (adjusted p < 0.05); the same letters indicate no difference was detected.

Fetal Weight is Impacted by Culture at Two
Independent Windows in Preimplantation

Embryo Development

Embryo culture, even under optimized conditions (5% oxygen
and amino acid supplemented culture medium), can reduce fetal
weight and induce placental overgrowth in term mouse concepti
(Chen et al., 2015; de Waal et al., 2015; Vrooman et al., 2020). To
determine if these growth abnormalities were associated with
culture during a specific time of preimplantation development,
term mouse concepti that were cultured for different periods of
preimplantation development were assessed. For morula transfer
groups, fetal weight at term was significantly reduced only in the
1-cell-morula group compared to controls, whereas placental
weight was significantly increased in both the 1-cell-morula
and 4-cell-morula groups compared to controls (Table 1). For
blastocyst transfer groups, fetal weight was significantly reduced
in both the 1-cell-blastocyst and morula-blastocyst groups,
whereas placental weight was significantly increased in only
the 1-cell-blastocyst group compared to blastocyst controls
(Table 1).

Fetal/placental ratio can be used as a rough measure of
placental efficiency, with lower fetal/placental ratios associated
with a defect in placental function (Hayward et al., 2016). Embryo
culture from the 1-cell-blastocyst stage reduces fetal/placental
ratio at term in mice compared to groups that were not exposed to
embryo culture (Chen et al., 2015; de Waal et al., 2015; Vrooman
etal., 2020). To determine if reduced term fetal/placenta ratios are
linked to a specific time of embryo culture, we assessed fetal/
placenta ratios among transfer groups. Among groups transferred
at the morula stage, only the 1-cell-morula culture group had
significantly reduced fetal/placental ratios compared to the
morula transfer control (Figure 1B). This difference is
contributed by both significantly smaller fetuses and larger
placentas than controls. Among groups transferred at the
blastocyst stage, both the 1-cell-blastocyst group and the
morula-blastocyst group had significantly reduced fetal/
placental ratios compared to blastocyst transfer controls
(Figure 1C). Although the 1-cell-blastocyst group has both
significantly smaller fetuses and larger placentas than controls,
the difference in fetal/placental ratio in the morula-blastocyst
group is only contributed by significantly smaller fetuses, and no
significant change in placental weight compared to controls.

These findings suggest both the 1-cell-morula and morula-
blastocyst culture windows independently impact fetal/placental
ratios but through different mechanisms. Both windows reduced
fetal weight, but only the 1-cell-morula culture also affected the
placenta. Moreover, any exposure to culture appears to disrupt
the uniform and predictable relationship of fetal weight and
placental weight in each individual conceptus (Supplementary
Figure S1). As we have observed before (Vrooman et al., 2020),
both males and females are equally affected by embryo culture
(Supplementary Figure S2A,B), although we may be
underpowered to detect subtle sex differences. These effects
were not associated with any significant differences in litter
size, implantation rate, live concepti rate, or sex ratio
(Supplementary Table S1).

Placental Overgrowth is Induced by Embryo

Culture Prior to the Morula Stage

The junctional zone—the placental compartment that produces
hormones that influence and maintain pregnancy—is
disproportionately enlarged in term IVF placentas (Sui et al,
2014; Chen et al., 2015; de Waal et al., 2015; Vrooman et al., 2020)
due to an overrepresentation of glycogen trophoblasts and
parietal trophoblast giant cells (pTGCs) induced by embryo
culture procedures (Vrooman et al, 2020). To assess if this
junctional zone overgrowth is attributed to a discrete window
of preimplantation development, we visualized the junctional
zone area using in situ hybridization of placental sections with an
antisense probe for the junctional zone-specific marker Tpbpa in
the various culture groups (Figure 1D) (Simmons, 2014). For
morula transfer groups, embryos cultured from both the 1-cell-
morula stage and 4-cell-morula stage showed significant
junctional zone overgrowth compared to controls, but were
not significantly different from each other (Figures 1D,E). For
blastocyst transfer groups, only the 1-cell-blastocyst culture
group had significant junctional zone overgrowth compared to
controls (Figures 1D,F). Embryos cultured from both the 1-cell-
morula stage and 4-cell-morula stage also showed a significant
increase in the number of pTGCs compared to controls, but were
not significantly different from each other (Figure 1G). For
blastocyst transfer groups, only the 1-cell-blastocyst culture
group showed a significant increase in the number of pTGCs
compared to controls (Figure 1H). Females had more junctional
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FIGURE 2 | DNA methylation status in E18.5 placentas after different periods of embryo culture during preimplantation development. Bisulfite pyrosequencing was
conducted on E18.5 placentas for (A) H19/I9f2 ICR, (B) Kcng1ot1 ICR and (C) Peg3 ICR morula transfer groups and (D) H19/Igf2 ICR, (E) Kcnqot1 ICR and (F) Peg3
ICR blastocyst transfer groups. All concepti were analyzed and each data point represents an individual placenta from a minimum of five different litters (n = 15-25 per
group). Black line represents the mean of each group. Statistical significance of imprinted gene assays was determined by both one-way ANOVA for differences in
the mean and F-ratio test for differences in variability. Groups with different letters indicate significant differences between means (p < 0.05); the same letters indicate no
difference in means was detected. Groups with asterisks have significantly different variability from groups with no asterisks (o < 0.05).

zone overgrowth in the 4-cell-morula group as well as an increase
in pTGCs in the 1-cell-blastocyst group compared to males in the
same experimental group (Supplementary Figure S2C,D).

In summary, a 24-h culture that encompasses development
from the 4-cell to morula stage leads to placenta overgrowth and
the disproportion of junctional zone and pTGCs in mouse
placenta. This finding was unexpected because we suspected
that placental phenotypes would be associated with morula to
blastocyst culture, as this timing coincides with trophectoderm
differentiation. Thus, the difference in placental morphology with
embryo culture is likely a result of disrupting early trophectoderm
differentiation-related gene expression or asymmetric division
regulation prior to the morula stage.

Significant Loss of DNA Methylation at
Imprinting Control Regions is Associated
With Embryo Culture Prior to the Morula
Stage

Imprinted genes are expressed in a parent-of-origin specific
manner and regulated by differentiall DNA methylation at
ICRs, which is inherited from gametes and maintained in

preimplantation embryos (Barlow et al, 2014). Both mouse
and human embryos conceived by IVF display loss of DNA
methylation at ICRs (10-25). We previously demonstrated that
the paternally methylated ICR, H19/Igf2, and two maternally
methylated ICRs, Kcnqlotl and Peg3, are consistently
hypomethylated in mouse placental tissues and this effect is
caused by embryo culture (Mann et al, 2004; Rivera et al,
2008; de Waal et al, 2014, 2015; Chen et al., 2015; Vrooman
et al., 2020). Because differences in mean ICR methylation can be
driven by a subset of affected concepti, we assessed the various
culture groups for ICR methylation differences for both mean and
variance (de Waal et al., 2014, 2015). As we and others have
previously observed (Mann et al., 2004; Rivera et al., 2008; de
Waal et al., 2014, 2015; Chen et al., 2015; Vrooman et al., 2020),
all three ICRs had reduced mean DNA methylation and/or
increased variance in the 1-cell-blastocyst culture group
(Figures 2D-F). For the 1-cell-morula culture group, both
reduced mean DNA methylation and increased variance
compared to controls were observed for all ICRs (Figures
2A-C). In contrast, the 4-cell-morula group exhibited reduced
mean DNA methylation and increased variance for HI19/Igf2,
increased variance only for Kcnglotl, and no differences in Peg3
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DNA methylation array: EC vs Natural
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FIGURE 3 | Flow diagram showing probe analysis of the Infinium Mouse Methylation BeadChip. (A) Embryo culture (EC) includes both 1-cell-morula and 1-cell-
blastocyst groups (n = 24) versus Natural (n = 10). (B) 1-cell-morula (n = 12) versus Natural (n = 10). (C) 1-cell-blastocyst group (n = 12) versus Natural (n = 10).

DNA methylation. For the morula-blastocyst culture group, an
increase in variance was observed for Peg3, whereas no other
significant differences were observed at other loci (Figures
2D-F). There were no significant differences between males
and females within each group for HI9 and Kcnglotl ICRs
(Supplementary Figure S2E-H). For Peg3, however, males in
the 4-cell-morula group were hypomethylated compared to
females, and females were hypomethylated compared to males
in the 1-cell-blastocyst group (Supplementary Figure S2LJ).
Taken together, these findings suggest that embryos are only
susceptible to loss of ICR DNA methylation in the placenta when
cultured prior to the morula stage.

Loss of Global Placental DNA Methylation is

Associated With Time in Culture

Because imprinted genes have one hypermethylated allele that is
specifically ~ protected  from  demethylation  during
preimplantation development, we were interested in
determining if other sequences in the placental epigenome
were affected by embryo culture. Genome-wide DNA
methylation was measured using the newly developed
Infinium Mouse Methylation BeadChip array, which
interrogates over 285,000 methylation sites in the mouse
genome, providing greater coverage than previously
employed. We assayed ten placentas (five males and five
females) from naturally conceived pregnancies, 12 placentas
(six males and six females) from the 1-cell-morula group and 12
placentas (six males and six females) from the 1-cell-blastocyst
group. After obtaining the raw data and QC files for each
individual, we first removed the randomly designed and
failed probes, resulting in 200,000 probes for our analyses

(Figure 3). Because of the limited sample size of the groups
and our interest in assessing sex-specific effects, we did not have
the statistical power to detect significant changes in methylation
probe by probe. Instead, we took advantage of the available R
package, Bumphunter, part of the Minfi R package, which allows
identification of differentially methylated regions (DMRs) by
bumps or peaks of DNA methylation affected by the length of
culture, using a small number of concepti per group (Jaffe et al.,
2012).

Previous work by Salilew-Wondim and collaborators
showed that the length of embryo culture could impact
genome-wide DNA methylation of blastocysts in a bovine
model (Salilew-Wondim D, et al, 2018, 2015). They
observed major changes in hypermethylated DMRs in
embryos cultured to the morula and blastocyst stage. These
contrasting results could be due to a number of differences
between studies, including the species (mouse vs bovine),
methods (in vitro culture of embryos using optimized
KSOM + AA medium vs bovine studies that require in vitro
maturation of oocytes prior to fertilization using different
culture medium), tissues analyzed (blastocysts, which are
relatively hypomethylated vs term placenta, which has more
global methylation than blastocysts), as well as the analysis
(DMRs) as a “bump” or peak (see bumphunter analysis in
methods vs considering single probes as DMRs).

Bumphunter analysis revealed 3,890 DMRs in 1-cell-morula
placentas and 5307 DMRs in 1-cell-blastocyst placentas when
compared to placentas following natural conception. These
DMRs were mapped to genes, resulting in 3,172 and 4,140
affected genes corresponding to the DMRs in 1-cell-morula
and 1-cell-blastocyst placentas, respectively. The majority of
the DMRs are hypomethylated-- 3,324 and 4,663 in the 1-cell-
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FIGURE 4 | Infinium Mouse Methylation BeadChip results using Bumphunter showing the number of annotated DMRs affected by embryo culture and their
genomic location. Bar graphs showing annotated DMRs by predicted genomic regions using annotatr R package: (A,E,l) 1-cell-morula versus Natural for all, for females
). (B,F,J) 1-cell-blastocyst versus Natural for all, for females (F) and males (M) and (D,H,L) overlap between 1-cell-morula versus Natural and 1-cell-
blastocyst versus Natural for all, for females (F) and males (M) placentas. Bar graphs were done using mm10/GRCm10 mouse genome assembly. The number of
identified regions were higher than our number of DMRs because some DMRs overlap with more than one genomic locus. Venn diagrams for Hypomethylated DMRs
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morula and 1-cell-blastocyst groups, respectively, whereas the
rest of the DMRs are hypermethylated, 566 in 1-cell-morula and
644 in 1-cell-blastocyst groups. These results suggest that the
DNA methylation that is lost as a consequence of
preimplantation development to the morula stage was never
recovered and additional methylation loss occurred in
embryos that were cultured for an extra day to the blastocyst
stage. In comparison to reduced methylation, hypermethylation
accounts for only 10-15% of the DMRs and was not altered with
extended culture, suggesting that embryo culture had minimal
impact on hypermethylation relative to hypomethylation and
that mechanisms exerting those changes were confined to
development prior to the morula stage. In accordance with the

targeted pyrosequencing data, we detected several DMRs, mostly
hypomethylated,  associated =~ with  imprinted  genes
(Supplementary Table S2). Using the R package, Annotatr
(see Methods and Materials), we determined that the majority
of DMRs are located in promoters and intronic regions and the
rest are distributed across other genomic regions (Figure 4). The
odds ratio—a means to determine if DMRs are more likely
located in promoters than by chance (randomly picking the
same number of regions anywhere in the genome)—is similar
in both is similar in both 1-cell-morula versus natural and 1-cell-
blastocyst versus natural when we analyzed all the data together
(Supplementary Table S3). When the data were analyzed by sex,
we found that the odds ratio is higher in males compared to
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For more details on the parameters used for Bumphunter, refer to Materials and Methods. Repetitive classes were found using RepeatMasker tools.

females, and the highest ratio is observed in the 1-cell-blastocyst
versus natural comparison (Supplementary Table S3). For
intronic regions, the odds ratio is similar in both 1-cell-morula
versus natural and 1-cell- blastocyst versus natural when we
analyzed all the data together and there is not a higher chance
to find DMRs in intronic regions and no sex specific effect was
observed (Supplementary Table S3).

DNA Methylation of Repetitive Elements is
Altered and Associated With Time in Culture

Repetitive elements in the genome are major regulators of gene
expression and chromatin organization (Lu et al, 2020).

Similar to imprinted genes, repetitive elements are also
regulated by DNA methylation (Jones, 2012). To assess
DNA methylation changes in repetitive elements, we used
the RepeatMasker database downloaded from the UCSC
genome browser to identify probes associated with
repetitive elements on the Infinium Mouse Methylation
BeadChip array. We found there is a higher ratio of DMRs
with repetitive elements at promoter regions in 1-cell-
blastocyst group than would be expected (Supplementary
Table S3). When we analyzed by sex, males had higher
odds to have DMRs with repetitive elements at promoters
than females. Given that long terminal repeats (LTRs), short
interspersed nuclear elements (SINEs) and long interspersed
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nuclear elements (LINEs) are the most characterized and well-
conserved repetitive elements, it was not surprising that the
array is enriched for probes targeting these elements
(Supplementary Figure S3). The DMRs affected by embryo
culture were highly enriched for repetitive elements, mostly
LTRs, SINEs, and LINEs, with some other families at a lower
percentage (Figure 5). Thus, embryo culture to the morula
stage affected repetitive element methylation levels in the
placenta compared to embryos that were not cultured.
Furthermore, the number of affected elements was higher
with culture to the blastocyst stage compared to culture to
the morula stage, suggesting that continued culture further
exacerbates hypomethylation in this part of the genome
(Supplementary Table S14, 15, Figures 5A,B).

Female Concepti Have Greater Loss of
Genome Wide Placental DNA Methylation
Than Males

There is evidence that male preimplantation embryos have
different developmental trajectories than female embryos
(Avery et al,, 1991; Valdivia et al., 1993; Bernardi and Delouis,
1996; Bronet et al., 2015; Roos Kulmann et al., 2021) and that
placental gene expression and DNA methylation are sexually
dimorphic (Martin et al., 2017; Mayne et al., 2017; Gong et al.,
2018; Gonzalez et al., 2018; Sun et al., 2020; Braun et al., 2021).
Although both male and female concepti are affected by embryo
culture with respect to perinatal outcomes, junctional zone
overgrowth, pTGC number, and ICR methylation levels
compared to controls, we wanted to control for existing sex-
specific differences in placental DNA methylation. To this end,
we conducted separate placental DNA methylation analyses for
males and females. We found that females had more affected
DMRs than males—880 hypomethylated and 209
hypermethylated DMRs were found in female placentas from
the 1-cell-morula group, whereas males had 448 hypomethylated
and 145 hypermethylated DMRs compared to natural conceived
placentas of the same sex (Supplementary Table S9, 10). In the 1-
cell-blastocyst groups, 1,331 DMRs were hypomethylated and
301 were hypermethylated in the female placentas, compared to
natural conceived placentas of the same sex whereas males had
795 hypomethylated and 198 hypermethylated DMRs compared
to natural conceived placentas of the same sex (Supplementary
Table S12, 13). To determine overlap of affected loci, we
compared hypomethylated DMRs between the two sexes. Of
those hypomethylated DMRs in both culture groups, only 176
DMRs were shared between males and females in the 1-cell-
morula and only 387 DMRs were shared in 1-cell-blastocyst
group (Supplementary Figure S4). Repetitive elements were
also more affected in females compared to males (Figures
5E-J), again mainly LTRs, SINEs and LINEs. Our data
analysis does not support the conclusion that these changes
are solely caused by the additional X chromosome and lack of
Y chromosome in females, as the affected loci are widely
distributed across all chromosomes (data not shown).
Autosomal sex-specific DMRs have been identified in humans
(Martin et al., 2017; Gong et al., 2018). Human sex-specific DMRs

Placental Abnormalities and Embryo Culture

also show that overall males have higher methylation in placenta
than females (Gong et al., 2018; Bozack et al, 2021). Thus,
although it is unknown why female placentas appear more
affected than males with respect to methylation changes, it is
possible that inherent sex-specific differences in methylation
levels play a role in the sex-specific response to embryo
culture. To determine if sex-specific differences in DMRs are
due to differences in the percentage of junctional zone, which is
hypomethylated compared to the rest of the placenta (Decato
et al,, 2017), we compared the percent of junctional zone among
embryo cultured samples used for genome-wide methylation
analysis. We find that placental samples used for the genome-
wide methylation array have comparable percentage of junctional
zone, suggesting another reason for the sex-specific difference in
DMRs (Supplementary Figure S5).

Placenta-Specific Genes and Pathways
Affected by Embryo Culture

After analyzing placentas from the two different culture
window groups independently in comparison to placentas
from naturally conceived controls, we identified DMRs
shared between the two culture windows. Since loss of
methylation has been associated previously with ART, we
focus our analysis in comparing the hypomethylated DMRs.
Approximately 2050 hypomethylated DMRs were present in
both morula and blastocyst groups (Figure 5C). The DMRs
were located mainly at intronic and promoter regions
(Figure 5D). Given that changes in methylation could
potentially impact gene expression and normal placental
function, we employed the R Package, Pathfinder, to
identify robustly affected placental pathways using the
DMRs common to both morula and blastocyst culture.
Multiple pathways involved in placental development and
function were identified, including the JAK-STAT, WNT,
and HIF-1 signaling pathways (Figure 6A). When DMRs
were analyzed by intronic or promoter regions, the same
affected pathways were identified (Supplementary Figure
§7). Further, using the R Package, TissuEnrich, we
compared our dataset with the ENCODE database for
mouse placenta to obtain a narrowed list of 102 genes
highly expressed and specifically enriched in placenta
(Figure 6B, Supplementary Table S4, Dataset S2). This
list includes imprinted genes (Peg3, Pegl0, Slc38a4), genes
involved in the VEGF pathway (Flt1), and cell or tissue-
specific markers in the placenta (e.g., Cdh5, Nrk, Pcdhl2,
Slc16a3). Similar to the majority of affected DMRs, these
placental enriched genes had mainly hypomethylated
DMRs (Supplementary Table S4).

DISCUSSION

Embryo culture is an intrinsic component of ART, which is
associated with a number of placental-related pregnancy
complications and offspring outcomes. We find that
embryo culture conditions disrupt biological processes in
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higher number of transcripts in a specific tissue. For Bumphunter analyses, cutoff value = 0.1. For more details on the parameters used for Bumphunter, refer to Materials
and Methods.
preimplantation  embryos  that  specifically impact =~ DNA methylation at select ICRs that are comparable to levels

placentation and that both morphological changes and loss
of DNA methylation are associated with embryo exposure to
culture prior to the morula stage.

The Maijority of Placental DNA Methylation
Loss During Embryo Culture Coincides With
the Normal Window of DNA Demethylation
During Epigenetic Reprogramming

Previous studies in human and mouse term placenta from ART
groups have shown changes in global DNA methylation by
luminometric methylation assay (LUMA) (de Waal et al,
2015; Ghosh et al., 2017; Vrooman et al., 2020). Because
LUMA measures a specific, globally distributed sequence, this
approach does not identify the diversity of gene sequences or give
site-specific information. We circumvented this limitation by
using the Ilumina Mouse methylation BeadChip that offers
single nucleotide resolution and balanced coverage across
different genomic elements with high reproducibility.

We confirm changes in genome-wide DNA methylation,
mostly hypomethylation due to embryo culture. Because
extended blastocyst culture does not result in any changes in
the number of hypermethylated DMRs, changes in gene
expression due to hypermethylation are likely not of
immediate concern. Culture from the 1-cell to morula stage
led to significant loss and increased variability of placental

observed with culture to the blastocyst stage. Similarly, placentas
from the 1-cell-morula group had 46 DMRs or bumps in ICRs
obtained by Bumphunter, whereas the blastocyst group had 58
DMRs. Of those affected ICRs, 43 were shared between the two
groups (Supplementary Table S3). Thus, the majority of DNA
methylation loss at ICRs with culture occurs prior to the morula
stage, which coincides with the timing of global DNA
methylation erasure. Because DNA methylation at ICRs is
typically maintained at this time when most of the genome is
normally demethylated, we propose that culture impacts the
fidelity of the DNA methylation maintenance machinery,
either by loss of factors that specifically recognize ICRs or loss
of activity of the DNA methylation complex.

Although we did not detect changes in placental DNA
methylation at select ICRs between 1-cell-morula and 1-cell-
blastocyst with pyrosequencing, we did detect further global
placental DNA hypomethylation with extended culture using
the methylation array. With respect to imprinted loci, which
should be protected from demethylation, differences in
methylation loss among the different culture groups suggest
individual ICRs have different predispositions to loss of
methylation or different rates of methylation loss. With
respect to non-imprinted loci, it is unclear what causes the
additional hypomethylation, especially that occurring beyond
the expected wave of demethylation, e.g., if it is all inherited
from DNA methylation loss occurring during culture, an inability
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of the placenta to have proper de novo methylation in response to
culture, or a combination of both mechanisms. It is known that
the junctional zone is relatively hypomethylated compare to the
labyrinth in mouse (Decato et al., 2017). Therefore, increases in
junctional zone representation would result in hypomethylated
DMR results. It is possible that some hypomethylation differences
between Natural and embryo culture groups are indeed due to
this difference in junctional zone representation. However, we
believe that DMRs between Icell-morula vs 1cell-blastocyst
groups are unlikely to be attributed to cell composition
differences alone, as placentas from lcell-morula are
morphologically indistinguishable from those cultured from
Lcell-blastocyst. Further, given that ICR methylation should be
consistent regardless of cell type, we have confidence in our
conclusion that DMR methylation is not due only to cell
composition  differences  as robustly  observed
hypomethylation of ICRs with culture (Supplementary
Table S2).

Although we cannot infer the function of the individual DMRs
from the methylation array, genome-wide methylation differences,
which are mostly due to hypomethylation, are detected in several
genes and common pathways associated with placental
development and function. For example, Wnt signaling is
important for placental formation and vascularization
(Sonderegger et al, 2010). The JAK-STAT pathway, which is
also affected by embryo culture, plays an important role in cell
proliferation, cell survival, and angiogenesis. SOCS3-deficient
mice, which have increased JAK/STAT signaling, display a
significant reduction of spongiotrophoblasts, increased numbers
of pTGCs, and poor labyrinth development (Roberts et al., 2001).
Although we did not observe a reduction of spongiotrophoblasts,
we did observe an increase in pTGCs in concepti cultured prior to
the morula stage. Thus, aberrant levels of these proteins could
result in the observed defects and
disproportionate growth of a subset of placental cells.

we

in vascularization

Embryo Culture From One-Cell to Morula
Development Induces a Loss of Placental
DNA Methylation at Repetitive Elements

Repetitive elements are highly conserved and distributed
sequences that constitute more than 30% of the mammalian
genome. Although multiple classes, families, and subfamilies have
been identified, the main function of repetitive elements is still
unknown. These elements are mostly inactive due to their
hypermethylated state (74), but they may be activated by
changes in DNA methylation and serve as alternative
promoters for tissue-specific transcripts that potentially
increase transcription from the native promoter with a severe
effect on transcription without impacting its function (49, 70).
There are no existing studies comparing the effects of ART on
repetitive elements by class in placenta.

We find that embryo culture, regardless of the duration,
reduces methylation of these elements. In human placentas
DNA hypomethylation activates repetitive elements that are
normally silenced (Macaulay et al, 2014), and differences of
DNA methylation at repetitive elements are associated with birth

Placental Abnormalities and Embryo Culture

outcomes, including changes in fetal weight (Wilhelm-Benartzi
et al, 2012). Hypomethylation of repetitive elements has also
been shown to correlate with higher chromosomal instability like
what is observed in cancer (Non et al.,, 2012). Therefore, it is
possible that loss of methylation of these elements could
contribute methylation of these elements could contribute to
some of the morphological phenotypes we observe, such as
changes in fetal weight and overproduction of proliferative
and invasive trophoblast cell types.

Because DNA methylation of these elements is regulated
differently from ICRs (Emera and Wagner, 2012), we suspect
that early exposure to non-ideal culture conditions negatively
affects the ability of the embryo to regain and/or maintain
methylation of these elements. We find that SINEs, LINEs, and
LTRs are the most affected classes and are widely distributed across
genomic regions (Supplementary Figure S6). These classes are
likely the most affected because the array is enriched for probes that
target these elements (Supplementary Figure S2) but also because
they are the most abundant elements in the genome (Cohen et al.,
2011; Lu et al,, 2020) and are closely involved in placental function
and development. For example, LINE1 and ERVs are key DMRs
for placental function (Vlahos et al., 2019). Ghosh et al. analyzed
LINEl methylation in human term placentas using
pyrosequencing and found LINE1 to be hypomethylated in the
ART group (Ghosh et al, 2017), which is consistent with the
hypomethylation of these elements in our mouse model.

Sex differences in the placental methylome have been observed
before, but these differences are mainly attributed to the extra X
chromosome in females or the presence of Y chromosome in
males (Mayne et al., 2017). Although LINE methylation could be
impacted by sex, mostly in females due to changes in dietary and
hormonal patterns and to a lesser degree in males due to
inflammatory responses (El-Maarri et al., 2011; Ghosh et al,
2017), no clear ART effect has been reported. Our results show
that in term placentas for embryo culture groups, regardless the
length of culture and sex, LINE elements are substantially
hypomethylated compared to natural conceived groups, which
might cause a dysregulation in placenta-specific gene expression.

Reduced Fetal Growth and Further Loss of
Placental DNA Methylation are Induced by
Extended Embryo Culture

Superovulation using various gonadotropin dosages can result in
changes in imprinted genes and fetal placental outcomes in mice
(Sato et al., 2007; Fortier et al., 2008) (Market-Velker et al., 2010) (de
Waal et al., 2012; Fortier et al., 2014) (Velker et al., 2017; Chen et al.,
2018) (Yu et al, 2019; Huo et al,, 2020; Vrooman et al., 2020).
However, we recently showed that when comparing all ART
procedures, including superovulation, in vitro fertilization, embryo
culture, and embryo transfer, embryo culture led to the greatest
impact on imprinted gene methylation, global DNA methylation as
assessed by luminometric methylation assay, placental overgrowth,
and reduction in fetal weight (Vrooman et al., 2020), therefore leading
us to make it the focus of the present study.

Our study identified at least two critical windows of
preimplantation development that adversely affect fetal and

Frontiers in Cell and Developmental Biology | www.frontiersin.org

April 2022 | Volume 10 | Article 884088


https://www.frontiersin.org/journals/cell-and-developmental-biology
www.frontiersin.org
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles

Vrooman et al.

placental growth. Both 1-cell-morula and morula-blastocyst
culture significantly reduce fetal/placental ratios. Intriguingly,
the decrease in fetal/placental ratio in the 1-cell-morula group is
associated with both a reduction in fetal weight and concomitant
increase in placental weight, whereas the decrease in fetal/placental
ratio in the morula-blastocyst group is only due to a reduction in
fetal weight with no placental effects. These results likely suggest
different mechanisms--culture after the morula stage affects fetal
weight but does not appear to affect the placenta.

The results from this study suggest that the impacts of embryo
culture on placenta are complex because the phenotypes
associated with different culture periods coincide with
different biological processes; placental morphological changes,
loss of DNA methylation, and reduced fetal growth are
independent effects. Furthermore, the phenotype from the
one-cell to blastocyst stage appears to be a simple summation
of these independent effects occurring during discrete windows of
preimplantation development. Although the majority of the
effects are linked to early preimplantation embryo
development, the detectable differences in placental
methylation and reduced fetal growth in the group cultured
from morula-blastocyst stage suggest culture conditions should
be optimized for this later window. Last, by identifying two
windows of embryo culture that differentially and negatively
impact fetal growth, our study highlights the importance of
optimizing culture conditions for human preimplantation
embryos to mitigate direct effects on the fetus as well as the
secondary effect on fetal growth through placental defects.
Further work is still needed to address the individual impacts
of superovulation, embryo transfer, and other add-on assisted
reproductive technologies on placentation and fetal development.

DATA AVAILABILITY STATEMENT

The datasets presented in this study can be found in online
repositories. The names of the repository/repositories and
accession number(s) can be found below: https://www.ncbi.
nlm.nih.gov/geo/, GSE193271.

ETHICS STATEMENT

The animal study was reviewed and approved by University of
Pennsylvania. Institutional Animal Care and Use Committee
(IACUC). PROTOCOL #: 803545.

REFERENCES

Aoki, F., Worrad, D. M., and Schultz, R. M. (1997). Regulation of Transcriptional
Activity during the First and Second Cell Cycles in the Preimplantation Mouse
Embryo. Developmental Biol. 181, 296-307. doi:10.1006/DBI0.1996.8466

Auclair, G., Guibert, S., Bender, A., and Weber, M. (2014). Ontogeny of CpG Island
Methylation and Specificity of DNMT3 Methyltransferases during Embryonic
Development in the Mouse. Genome Biol. 15, 545. doi:10.1186/s13059-014-
0545-5

Placental Abnormalities and Embryo Culture

AUTHOR CONTRIBUTIONS

LV, RS, and MB conceived and designed the experiments; LV,
ER-C, KS, and AD collected the data; YL contributed data and
analysis tools; LV, ER-C, and YL performed the analysis; LV and
ER-C wrote the manuscript; and all authors edited and reviewed
the manuscript prior to submission. LV is listed as first co-first
author based on her conceptualization and initiation of the
project.

FUNDING

This work was funded by a National Centers for Translational
Research in Reproduction and Infertility grant HD068157
(MB), Ruth L. Kirschstein National Service Award Individual
Postdoctoral Fellowship HD089623 (LV) and HDI107914
(ER-C), and the Roy and Diana Vagelos Scholars
Program (AD).

ACKNOWLEDGMENTS

We thank Chris Krapp for his technical expertise with
molecular protocols; Blake Caldwell for his bioinformatics
expertise with methylation data; Wanding Zhou for helpful
conversations concerning the Infinium Mouse Methylation
BeadChip, Teri Ord, Monica Mainigi, and Christos Coutifaris
for their technical advice with IVF procedures and helpful
comments; Mary Putt for training in R and R Studio for mixed
model analysis; Ken Zaret for use of the microtome; the
CHOP Pathology Core Laboratory for use of embedding
equipment. We acknowledge the Penn Cell and
Developmental Biology Microscopy core for use of the
imaging facilities and the Center for Applied Genomics
Genotyping Core at the Children’s Hospital of
Philadelphia for performing the Infinium Mouse
Methylation BeadChip assay.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at:
https://www.frontiersin.org/articles/10.3389/fcell.2022.884088/
full#supplementary-material

Avery, B., Madison, V., and Greve, T. (1991). Sex and Development in Bovine In-
Vitro Fertilized Embryos. Theriogenology 35, 953-963. doi:10.1016/0093-
691X(91)90306-X

Bany, B. M, and Simmons, D. G. (2014). 50 - Nonradioactive In Situ
Hybridization: Optimization for Tissue Sections from Pregnant Uteri and
Placenta during the First Half of Pregnancy. Guide Invest. Mouse Pregnancy
2014, 591-603. doi:10.1016/B978-0-12-394445-0.00050-3

Barlow, D. P., Bartolomei, M. S., Kingston, R. E., Tamkun, ]. W., Baulcombe, D. C,,
and Dean, C. (2014). Genomic Imprinting in Mammals. Cold Spring Harbor
Perspect. Biol. 6, a018382. doi:10.1101/cshperspect.a018382

Frontiers in Cell and Developmental Biology | www.frontiersin.org

April 2022 | Volume 10 | Article 884088


https://www.ncbi.nlm.nih.gov/geo/
https://www.ncbi.nlm.nih.gov/geo/
https://www.frontiersin.org/articles/10.3389/fcell.2022.884088/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fcell.2022.884088/full#supplementary-material
https://doi.org/10.1006/DBIO.1996.8466
https://doi.org/10.1186/s13059-014-0545-5
https://doi.org/10.1186/s13059-014-0545-5
https://doi.org/10.1016/0093-691X(91)90306-X
https://doi.org/10.1016/0093-691X(91)90306-X
https://doi.org/10.1016/B978-0-12-394445-0.00050-3
https://doi.org/10.1101/cshperspect.a018382
https://www.frontiersin.org/journals/cell-and-developmental-biology
www.frontiersin.org
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles

Vrooman et al.

Behringer, R., Gertsenstein, M., Nagy, K. V., and Nagy, A. (2014). “Mouse Colony
Setup,” in Manipulating The Mouse Embryo: A Laboratory Manual (Cold
Spring Harbor (NY: Cold Spring Harbor Laboratory Press), 92-97.

Bernardi, M. L., and Delouis, C. (1996). Sex-related Differences in the
Developmental Rate of In-Vitro Matured/in-Vitro Fertilized Ovine Embryos.
Hum. Reprod. 11, 621-626. d0i:10.1093/HUMREP/11.3.621

Bozack, A. K., Colicino, E,, Just, A. C., Wright, R. O., Baccarelli, A. A., and Wright,
R. J. (2021). Associations Between Infant Sex and DNA Methylation Across
Umbilical Cord Blood, Artery, and Placenta Aamples. Epigenetics 22, 1-18.
doi:10.1080/15592294.2021.1985300

Braun, A. E., Muench, K. L., Robinson, B. G., Wang, A., Palmer, T. D., and Winn,
V. D. (2021). Examining Sex Differences in the Human Placental
Transcriptome during the First Fetal Androgen Peak. Reprod. Sci. 28,
801-818. doi:10.1007/S43032-020-00355-8

Bronet, F., Nogales, M.-C., Martinez, E., Ariza, M., Rubio, C., Garcia-Velasco, J.-A.,
et al. (2015). Is There a Relationship between Time-Lapse Parameters and
Embryo Sex? Fertil. Sterility 103, 396-401. e2. doi:10.1016/].FERTNSTERT.
2014.10.050

Cavalcante, R. G., and Sartor, M. A. (2017). Annotatr: Genomic Regions in
Context. Bioinformatics 33, 2381-2383. doi:10.1093/BIOINFORMATICS/
BTX183

Chang, H. ], Lee, J. R, Jee, B. C,, Suh, C. S., and Kim, S. H. (2009). Impact of
Blastocyst Transfer on Offspring Sex Ratio and the Monozygotic Twinning
Rate: a Systematic Review and Meta-Analysis. Fertil. Sterility 91, 2381-2390.
doi:10.1016/j.fertnstert.2008.03.066

Chen, S., Sun, F.-Z,, Huang, X., Wang, X,, Tang, N., Zhu, B,, et al. (2015). Assisted
Reproduction Causes Placental Maldevelopment and Dysfunction Linked to
Reduced Fetal Weight in Mice. Sci. Rep. 5, 10596. doi:10.1038/srep10596

Chen, X., Huang, Y., Huang, H., Guan, Y., Li, M., Jiang, X,, et al. (2018). Effects of
Superovulation, In Vitro Fertilization, and Oocyte In Vitro Maturation on
Imprinted Gene Grbl0 in Mouse Blastocysts. Arch. Gynecol. Obstet. 298,
1219-1227. doi:10.1007/S00404-018-4905-3

Cockburn, K., and Rossant, J. (2010). Making the Blastocyst: Lessons from the
Mouse. J. Clin. Invest. 120, 995-1003. doi:10.1172/JCI141229

Cohen, C. J., Rebollo, R,, Babovic, S., Dai, E. L., Robinson, W. P., and Mager, D. L.
(2011). Placenta-specific Expression of the Interleukin-2 (IL-2) Receptor
Subunit from an Endogenous Retroviral Promoter. J. Biol Chem. 286,
35543-35552. doi:10.1074/JBC.M111.227637

Cortessis, V. K., Azadian, M., Buxbaum, J., Sanogo, F., Song, A. Y., Sriprasert, L,
et al. (2018). Comprehensive Meta-Analysis Reveals Association between
Multiple Imprinting Disorders and conception by Assisted Reproductive
Technology. J. Assist. Reprod. Genet. 35, 943-952. doi:10.1007/510815-018-
1173-X

Daniel, Y., Schreiber, L., Geva, E., Amit, A., Pausner, D., Kupferminc, M. J., et al.
(1999). Do placentae of Term Singleton Pregnancies Obtained by Assisted
Reproductive Technologies Differ from Those of Spontaneously Conceived
Pregnancies? Hum. Reprod. 14, 1107-1110. doi:10.1093/humrep/14.4.1107

Dar, S., Lazer, T., Shah, P. S., and Librach, C. L. (2014). Neonatal Outcomes Among
Singleton Births after Blastocyst versus Cleavage Stage Embryo Transfer: A
Systematic Review and Meta-Analysis. Hum. Reprod. Update 20, 439-448.
doi:10.1093/humupd/dmu001

Dar, S., Librach, C. L., Gunby, J., Bissonnette, F., and Cowan, L. (2013). Increased
Risk of Preterm Birth in Singleton Pregnancies after Blastocyst versus Day 3
Embryo Transfer: Canadian ART Register (CARTR) Analysis. Hum. Reprod.
28, 924-928. doi:10.1093/humrep/des448

De Vos, A., Van Landuyt, L., Santos-Ribeiro, S., Camus, M., Van De Velde, H.,
Tournaye, H., etal. (2016). Cumulative Live Birth Rates after Fresh and Vitrified
Cleavage-Stage versus Blastocyst-Stage Embryo Transfer in the First Treatment
Cycle. Hum. Reprod. 31, 2442-2449. doi:10.1093/humrep/dew219

de Waal, E., Mak, W., Calhoun, S., Stein, P., Ord, T., Krapp, C,, et al. (2014). In
Vitro Culture Increases the Frequency of Stochastic Epigenetic Errors at
Imprinted Genes in Placental Tissues from Mouse Concepti Produced
through Assisted Reproductive Technologies 1. Biol Reprod. 90, 1-12.
doi:10.1095/biolreprod.113.114785

de Waal, E., Vrooman, L. a., Fischer, E., Ord, T., Mainigi, M. a., Coutifaris, C., et al.
(2015). The Cumulative Effect of Assisted Reproduction Procedures on
Placental Development and Epigenetic Perturbations in a Mouse Model.
Hum. Mol. Genet. 24, ddv400-6985. doi:10.1093/hmg/ddv400

Placental Abnormalities and Embryo Culture

de Waal, E, Yamazaki, Y., Ingale, P., Bartolomei, M., Yanagimachi, R., and
McCarrey, J. R. (2012). Primary Epimutations Introduced during
Intracytoplasmic Sperm Injection (ICSI) Are Corrected by Germline-specific
Epigenetic Reprogramming. Proc. Natl. Acad. Sci. US.A. 109, 4163-4168.
doi:10.1073/pnas.1201990109

DeBaun, M. R,, Niemitz, E. L., and Feinberg, A. P. (2003). Association of In Vitro
Fertilization with Beckwith-Wiedemann Syndrome and Epigenetic Alterations
of LIT1 and H19. Am. J. Hum. Genet. 72, 156-160. doi:10.1086/346031

Decato, B. E., Lopez-Tello, J., Sferruzzi-Perri, A. N., Smith, A. D., and Dean, M. D.
(2017). DNA Methylation Divergence and Tissue Specialization in the
Developing Mouse Placenta. Mol. Biol. Evol. 34, 1702-1712. doi:10.1093/
MOLBEV/MSX112

Delle Piane, L., Lin, W., Liu, X., Donjacour, A., Minasi, P., Revelli, A., et al. (2010).
Effect of the Method of conception and Embryo Transfer Procedure on Mid-
gestation Placenta and Fetal Development in an IVF Mouse Model. Hum.
Reprod. 25, 2039-2046. doi:10.1093/humrep/deql165

El-Maarri, O., Walier, M., Behne, F., van Uiim, J., Singer, H., Diaz-Lacava, A, et al.
(2011). Methylation at Global LINE-1 Repeats in Human Blood Are Affected by
Gender but Not by Age or Natural Hormone Cycles. PLoS One 6, €16252.
doi:10.1371/JOURNAL.PONE.0016252

Elgindy, E. A., Abou-Setta, A. M., and Mostafa, M. I. (2011). Blastocyst-stage versus
Cleavage-Stage Embryo Transfer in Women with High Oestradiol
Concentrations: Randomized Controlled Trial. Reprod. BioMedicine Online
23, 789-798. doi:10.1016/j.rbmo.2011.08.011

Emera, D., and Wagner, G. P. (2012). Transposable Element Recruitments in the
Mammalian Placenta: Impacts and Mechanisms. Brief. Funct. Genomics 11,
267-276. doi:10.1093/BFGP/ELS013

Fernandez-Shaw, S., Cercas, R., Brafia, C., Villas, C., and Pons, I. (2015). Ongoing
and Cumulative Pregnancy Rate after Cleavage-Stage versus Blastocyst-Stage
Embryo Transfer Using Vitrification for Cryopreservation: Impact of Age on
the Results. J. Assist. Reprod. Genet. 32, 177-184. doi:10.1007/s10815-014-
0387-9

Fortier, A. L., Lopes, F. L., Darricarrére, N., Martel, J., and Trasler, J. M. (2008).
Superovulation Alters the Expression of Imprinted Genes in the Midgestation
Mouse Placenta. Hum. Mol. Genet. 17, 1653-1665. doi:10.1093/hmg/ddn055

Fortier, A. L., McGraw, S., Lopes, F. L., Niles, K. M., Landry, M., and Trasler, . M.
(2014). Modulation of Imprinted Gene Expression Following Superovulation.
Mol. Cell Endocrinol. 388, 51-57. doi:10.1016/j.mce.2014.03.003

Frattarelli, J. L., Leondires, M. P., McKeeby, J. L., Miller, B. T., and Segars, J. H.
(2003). Blastocyst Transfer Decreases Multiple Pregnancy Rates in In Vitro
Fertilization Cycles: a Randomized Controlled Trial. Fertil. Sterility 79,
228-230. doi:10.1016/S0015-0282(02)04558-2

Ghosh, J., Coutifaris, C., Sapienza, C., and Mainigi, M. (2017). Global DNA
Methylation Levels Are Altered by Modifiable Clinical Manipulations in
Assisted Reproductive Technologies. Clin. Epigenet 9, 14. doi:10.1186/
S13148-017-0318-6

Gicquel, C., Gaston, V., Mandelbaum, J., Siffroi, J.-P., Flahault, A., and Le Boug, Y.
(2003). In Vitro Fertilization May Increase the Risk of Beckwith-Wiedemann
Syndrome Related to the Abnormal Imprinting of the KCNQ1OT Gene. Am.
J. Hum. Genet. 72, 1338-1341. doi:10.1016/0002-9610(92)90118-B10.1086/
374824

Ginstrom Ernstad, E., Bergh, C., Khatibi, A., Killén, K. B. M., Westlander, G.,
Nilsson, S., et al. (2016). Neonatal and Maternal Outcome after Blastocyst
Transfer: a Population-Based Registry Study. Am. J. Obstet. Gynecol. 214, 378.
doi:10.1016/j.2j0g.2015.12.040

Glujovsky, D., Farquhar, C., Quinteiro Retamar, A. M., Alvarez Sedo, C. R., and
Blake, D. (2016). Cleavage Stage versus Blastocyst Stage Embryo Transfer in
Assisted Reproductive Technology. Cochrane Database Syst. Rev. 2016,
CD002118. doi:10.1002/14651858.CD002118.pub5

Gong, S., Johnson, M. D., Dopierala, J., Gaccioli, F., Sovio, U., Consténcia, M., et al.
(2018). Genome-wide Oxidative Bisulfite Sequencing Identifies Sex-specific
Methylation Differences in the Human Placenta. Epigenetics 13, 228-239.
do0i:10.1080/15592294.2018.1429857

Gonzalez, T. L., Sun, T., Koeppel, A. F., Lee, B, Wang, E. T., Farber, C. R,, et al.
(2018). Sex Differences in the Late First Trimester Human Placenta
Transcriptome. Biol. Sex. Differ. 9, 4. doi:10.1186/513293-018-0165-Y

Haavaldsen, C., Tanbo, T., and Eskild, A. (2012). Placental Weight in Singleton
Pregnancies with and without Assisted Reproductive Technology: a Population

Frontiers in Cell and Developmental Biology | www.frontiersin.org

15

April 2022 | Volume 10 | Article 884088


https://doi.org/10.1093/HUMREP/11.3.621
https://doi.org/10.1080/15592294.2021.1985300
https://doi.org/10.1007/S43032-020-00355-8
https://doi.org/10.1016/J.FERTNSTERT.2014.10.050
https://doi.org/10.1016/J.FERTNSTERT.2014.10.050
https://doi.org/10.1093/BIOINFORMATICS/BTX183
https://doi.org/10.1093/BIOINFORMATICS/BTX183
https://doi.org/10.1016/j.fertnstert.2008.03.066
https://doi.org/10.1038/srep10596
https://doi.org/10.1007/S00404-018-4905-3
https://doi.org/10.1172/JCI41229
https://doi.org/10.1074/JBC.M111.227637
https://doi.org/10.1007/S10815-018-1173-X
https://doi.org/10.1007/S10815-018-1173-X
https://doi.org/10.1093/humrep/14.4.1107
https://doi.org/10.1093/humupd/dmu001
https://doi.org/10.1093/humrep/des448
https://doi.org/10.1093/humrep/dew219
https://doi.org/10.1095/biolreprod.113.114785
https://doi.org/10.1093/hmg/ddv400
https://doi.org/10.1073/pnas.1201990109
https://doi.org/10.1086/346031
https://doi.org/10.1093/MOLBEV/MSX112
https://doi.org/10.1093/MOLBEV/MSX112
https://doi.org/10.1093/humrep/deq165
https://doi.org/10.1371/JOURNAL.PONE.0016252
https://doi.org/10.1016/j.rbmo.2011.08.011
https://doi.org/10.1093/BFGP/ELS013
https://doi.org/10.1007/s10815-014-0387-9
https://doi.org/10.1007/s10815-014-0387-9
https://doi.org/10.1093/hmg/ddn055
https://doi.org/10.1016/j.mce.2014.03.003
https://doi.org/10.1016/S0015-0282(02)04558-2
https://doi.org/10.1186/S13148-017-0318-6
https://doi.org/10.1186/S13148-017-0318-6
https://doi.org/10.1016/0002-9610(92)90118-B10.1086/374824
https://doi.org/10.1016/0002-9610(92)90118-B10.1086/374824
https://doi.org/10.1016/j.ajog.2015.12.040
https://doi.org/10.1002/14651858.CD002118.pub5
https://doi.org/10.1080/15592294.2018.1429857
https://doi.org/10.1186/S13293-018-0165-Y
https://www.frontiersin.org/journals/cell-and-developmental-biology
www.frontiersin.org
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles

Vrooman et al.

Study of 536 567 Pregnancies. Hum. Reprod. 27, 576-582. doi:10.1093/humrep/
der428

Hattori, H., Hiura, H., Kitamura, A., Miyauchi, N., Kobayashi, N., Takahashi, S.,
et al. (2019a). Association of Four Imprinting Disorders and ART. Clin.
Epigenet 11, 1. doi:10.1186/S13148-019-0623-3

Hattori, H., Kitamura, A., Kitamura, A., Takahashi, F., Kobayashi, N, Sato, A., et al.
(2019b). The Risk of Secondary Sex Ratio Imbalance and Increased
Monozygotic Twinning after Blastocyst Transfer: Data from the Japan
Environment and Children’s Study. Reprod. Biol. Endocrinol. 17, 1-8.
doi:10.1186/s12958-019-0471-1

Hayward, C. E,, Lean, S, Sibley, C. P., Jones, R. L., Wareing, M., Greenwood, S. L.,
et al. (2016). Placental Adaptation: What Can We Learn from Birthweight:
placental Weight Ratio? Front. Physiol. 7, 1-13. doi:10.3389/fphys.2016.00028

Henningsen, A. A, Gissler, M., Rasmussen, S., Opdahl, S., Wennerholm, U. B,,
Spangmose, A. L., et al. (2020). Imprinting Disorders in Children Born after
ART: a Nordic Study from the CoNARTaS Group. Hum. Reprod. 35,
1178-1184. doi:10.1093/HUMREP/DEAA039

Hiura, H., Okae, H., Miyauchi, N,, Sato, F., Sato, A., Van De Pette, M., et al. (2012).
Characterization of DNA Methylation Errors in Patients with Imprinting
Disorders Conceived by Assisted Reproduction Technologies. Hum. Reprod.
27, 2541-2548. doi:10.1093/HUMREP/DES197

Huo, Y., Yan, Z. Q,, Yuan, P., Qin, M., Kuo, Y., Li, R,, et al. (2020). Single-cell DNA
Methylation Sequencing Reveals Epigenetic Alterations in Mouse Oocytes
Superovulated with Different Dosages of Gonadotropins. Clin. Epigenet 12,
1. doi:10.1186/S13148-020-00866-W

Jaffe, A. E., Murakami, P., Lee, H., Leek, J. T., Fallin, M. D., Feinberg, A. P., et al.
(2012). Bump Hunting to Identify Differentially Methylated Regions in
Epigenetic Epidemiology Studies. Int. J. Epidemiol. 41, 200-209. doi:10.1093/
IJE/DYR238

Jain, A., and Tuteja, G. (2019). TissueEnrich: Tissue-specific Gene Enrichment
Analysis. Bioinformatics 35, 1966-1967. do0i:10.1093/BIOINFORMATICS/
BTY890

Johnson, J. P., Beischel, L., Schwanke, C., Styren, K., Crunk, A., Schoof, J., et al.
(2018). Overrepresentation of Pregnancies Conceived by Artificial
Reproductive Technology in Prenatally Identified Fetuses with Beckwith-
Wiedemann Syndrome. J. Assist. Reprod. Genet. 35, 985-992. d0i:10.1007/
s10815-018-1228-z

Jones, P. A. (2012). Functions of DNA Methylation: Islands, Start Sites, Gene
Bodies and beyond. Nat. Rev. Genet. 13, 484-492. doi:10.1038/NRG3230

Kalra, S. K., Ratcliffe, S. J., Barnhart, K. T., and Coutifaris, C. (2012). Extended
Embryo Culture and an Increased Risk of Preterm Delivery. Obstet. Gynecol.
120, 69-75. doi:10.1097/A0G.0b013e31825b88fc

Lu, J. Y., Shao, W., Chang, L., Yin, Y., Li, T., Zhang, H., et al. (2020). Genomic
Repeats Categorize Genes with Distinct Functions for Orchestrated Regulation.
Cel Rep. 30, 3296-3311. e5. doi:10.1016/].CELREP.2020.02.048

Ludwig, M., Katalinic, A., Gross, S., Sutcliffe, A., Varon, R, and Horsthemke, B.
(2005). Increased Prevalence of Imprinting Defects in Patients with Angelman
Syndrome Born to Subfertile Couples. J. Med. Genet. 42, 289-291. doi:10.1136/
mg.2004.026930

Luke, B., Brown, M. B,, Eisenberg, M. L., Callan, C., Botting, B. J., Pacey, A, et al.
(2020). In Vitro fertilization and Risk for Hypertensive Disorders of Pregnancy:
Associations with Treatment Parameters. Am. J. Obstet. Gynecol. 222, e1-350.
doi:10.1016/j.2jog.2019.10.003

Luke, B., Brown, M. B., Wantman, E,, Stern, J. E., Toner, J. P., and Coddington, C.
C. (2017). Increased Risk of Large-For-Gestational Age Birthweight in
Singleton Siblings Conceived with In Vitro Fertilization in Frozen versus
Fresh Cycles. J. Assist. Reprod. Genet. 34, 191-200. doi:10.1007/s10815-016-
0850-x

Macaulay, E. C,, Roberts, H. E., Cheng, X,, Jeffs, A. R., Baguley, B. C., and Morison,
I. M. (2014). Retrotransposon Hypomethylation in Melanoma and Expression
of a Placenta-specific Gene. PLoS One 9, €95840. doi:10.1371/JOURNAL.
PONE.0095840

Mann, M. R. W, Lee, S. S., Doherty, A. S., Verona, R. L, Nolen, L. D., Schultz, R. M.,
et al. (2004). Selective Loss of Imprinting in the Placenta Following
Preimplantation Development in Culture. Development 131, 3727-3735.
doi:10.1242/dev.01241

Marino, J. L., Moore, V. M., Willson, K. J., Rumbold, A., Whitrow, M. J., Giles, L. C.,
et al. (2014). Perinatal Outcomes by Mode of Assisted conception and Sub-

Placental Abnormalities and Embryo Culture

fertility in an Australian Data Linkage Cohort. PLoS One 9, €80398. doi:10.
1371/journal.pone.0080398

Market-Velker, B. A., Fernandes, A. D., and Mann, M. R. W. (2010). Side-by-Side
Comparison of Five Commercial Media Systems in a Mouse Model: Suboptimal
In Vitro Culture Interferes with Imprint Maintenancel. Biol. Reprod. 83,
938-950. doi:10.1095/biolreprod.110.085480

Martin, E., Smeester, L., Bommarito, P. A., Grace, M. R,, Boggess, K., Kuban, K.,
et al. (2017). Sexual Epigenetic Dimorphism in the Human Placenta:
Implications for Susceptibility during the Prenatal Period. Epigenomics 9,
267-278. doi:10.2217/EP1-2016-0132

Mayne, B. T., Leemaqz, S. Y., Smith, A. K,, Breen, J., Roberts, C. T., and Bianco-
Miotto, T. (2017). Accelerated Placental Aging in Early Onset Preeclampsia
Pregnancies Identified by DNA Methylation. Epigenomics 9, 279-289. doi:10.
2217/EP1-2016-0103

Messerschmidt, D. M., Knowles, B. B., and Solter, D. (2014). DNA Methylation
Dynamics during Epigenetic Reprogramming in the Germline and
Preimplantation Embryos. Genes Dev. 28, 812-828. doi:10.1101/GAD.
234294.113

Mihajlovi¢, A. I, and Bruce, A. W. (2017). The First Cell-Fate Decision of Mouse
Preimplantation Embryo Development: Integrating Cell Position and Polarity.
Open Biol. 7, 170210. doi:10.1098/RSOB.170210

Mussa, A., Molinatto, C., Cerrato, F., Palumbo, O., Carella, M., Baldassarre, G.,
et al. (2017). Assisted Reproductive Techniques and Risk of Beckwith-
Wiedemann Syndrome. Pediatrics 140, €20164311. doi:10.1542/PEDS.2016-
4311

Neuhausser, W. M., Vaughan, D. A., Sakkas, D., Hacker, M. R,, Toth, T., and
Penzias, A. (2020). Non-inferiority of Cleavage-Stage versus Blastocyst-Stage
Embryo Transfer in Poor Prognosis IVF Patients (PRECiSE Trial): Study
Protocol for a Randomized Controlled Trial. Reprod. Health 17, 16. doi:10.
1186/5812978-020-0870-Y

Non, A. L., Binder, A. M., Barault, L., Rancourt, R. C., Kubzansky, L. D., and
Michels, K. B. (2012). DNA Methylation of Stress-Related Genes and LINE-1
Repetitive Elements across the Healthy Human Placenta. Placenta 33, 183-187.
doi:10.1016/].PLACENTA.2011.12.013

Pandey, S., Shetty, A., Hamilton, M., Bhattacharya, S., and Maheshwari, A. (2012).
Obstetric and Perinatal Outcomes in Singleton Pregnancies Resulting from
IVF/ICSI: a Systematic Review and Meta-Analysis. Hum. Reprod. Update 18,
485-503. d0i:10.1093/humupd/dms018

Papanikolaou, E. G., Camus, M., Kolibianakis, E. M., Van Landuyt, L., Van
Steirteghem, A., and Devroey, P. (2006). In Vitro fertilization with Single
Blastocyst-Stage versus Single Cleavage-Stage Embryos. Obstetrical Gynecol.
Surv. 61, 523-525. doi:10.1097/01.0gx.0000228704.71058.7b

Papanikolaou, E. G., D’haeseleer, E., Verheyen, G., Van de Velde, H., Camus,
M., Van Steirteghem, A., et al. (2005). Live Birth Rate Is Significantly
Higher after Blastocyst Transfer Than after Cleavage-Stage Embryo
Transfer when at Least Four Embryos Are Available on Day 3 of
Embryo Culture. A Randomized Prospective Study. Hum. Reprod. 20,
3198-3203. doi:10.1093/humrep/dei217

Quinlan, A. R., and Hall, I. M. (2010). BEDTools: a Flexible Suite of Utilities for
Comparing Genomic Features. Bioinformatics 26, 841-842. doi:10.1093/
BIOINFORMATICS/BTQ033

Rivera, R. M, Stein, P., Weaver, J. R., Mager, J., Schultz, R. M., and Bartolomei, M.
S. (2008). Manipulations of Mouse Embryos Prior to Implantation Result in
Aberrant Expression of Imprinted Genes on Day 9.5 of Development. Hum.
Mol. Genet. 17, 1-14. doi:10.1093/hmg/ddm280

Roberts, A. W., Robb, L., Rakar, S., Hartley, L., Cluse, L., Nicola, N. A., et al. (2001).
Placental Defects and Embryonic Lethality in Mice Lacking Suppressor of
Cytokine Signaling 3. Proc. Natl. Acad. Sci. U.S.A. 98, 9324-9329. doi:10.1073/
PNAS.161271798

Roos Kulmann, M. I, Lumertz Martello, C., Mezzomo Donatti, L., Bos-Mikich, A.,
and Frantz, N. (2021). Morphology-based Selection from Available Euploid
Blastocysts Induces Male-Skewed Sex Proportion in the Offspring. J. Assist.
Reprod. Genet. 38, 2165-2172. doi:10.1007/S10815-021-02235-9

Sacha, C. R., Mortimer, R. M., James, K., Harris, A. L., Yeh, J., Toth, T. L., et al.
(2022). Placental Pathology of Term Singleton Live Births Conceived with Fresh
Embryo Transfer Compared with Those Conceived without Assisted
Reproductive Technology. Fertil. Sterility 117, 758-768. doi:10.1016/].
FERTNSTERT.2021.12.017

Frontiers in Cell and Developmental Biology | www.frontiersin.org

16

April 2022 | Volume 10 | Article 884088


https://doi.org/10.1093/humrep/der428
https://doi.org/10.1093/humrep/der428
https://doi.org/10.1186/S13148-019-0623-3
https://doi.org/10.1186/s12958-019-0471-1
https://doi.org/10.3389/fphys.2016.00028
https://doi.org/10.1093/HUMREP/DEAA039
https://doi.org/10.1093/HUMREP/DES197
https://doi.org/10.1186/S13148-020-00866-W
https://doi.org/10.1093/IJE/DYR238
https://doi.org/10.1093/IJE/DYR238
https://doi.org/10.1093/BIOINFORMATICS/BTY890
https://doi.org/10.1093/BIOINFORMATICS/BTY890
https://doi.org/10.1007/s10815-018-1228-z
https://doi.org/10.1007/s10815-018-1228-z
https://doi.org/10.1038/NRG3230
https://doi.org/10.1097/AOG.0b013e31825b88fc
https://doi.org/10.1016/J.CELREP.2020.02.048
https://doi.org/10.1136/jmg.2004.026930
https://doi.org/10.1136/jmg.2004.026930
https://doi.org/10.1016/j.ajog.2019.10.003
https://doi.org/10.1007/s10815-016-0850-x
https://doi.org/10.1007/s10815-016-0850-x
https://doi.org/10.1371/JOURNAL.PONE.0095840
https://doi.org/10.1371/JOURNAL.PONE.0095840
https://doi.org/10.1242/dev.01241
https://doi.org/10.1371/journal.pone.0080398
https://doi.org/10.1371/journal.pone.0080398
https://doi.org/10.1095/biolreprod.110.085480
https://doi.org/10.2217/EPI-2016-0132
https://doi.org/10.2217/EPI-2016-0103
https://doi.org/10.2217/EPI-2016-0103
https://doi.org/10.1101/GAD.234294.113
https://doi.org/10.1101/GAD.234294.113
https://doi.org/10.1098/RSOB.170210
https://doi.org/10.1542/PEDS.2016-4311
https://doi.org/10.1542/PEDS.2016-4311
https://doi.org/10.1186/S12978-020-0870-Y
https://doi.org/10.1186/S12978-020-0870-Y
https://doi.org/10.1016/J.PLACENTA.2011.12.013
https://doi.org/10.1093/humupd/dms018
https://doi.org/10.1097/01.ogx.0000228704.71058.7b
https://doi.org/10.1093/humrep/dei217
https://doi.org/10.1093/BIOINFORMATICS/BTQ033
https://doi.org/10.1093/BIOINFORMATICS/BTQ033
https://doi.org/10.1093/hmg/ddm280
https://doi.org/10.1073/PNAS.161271798
https://doi.org/10.1073/PNAS.161271798
https://doi.org/10.1007/S10815-021-02235-9
https://doi.org/10.1016/J.FERTNSTERT.2021.12.017
https://doi.org/10.1016/J.FERTNSTERT.2021.12.017
https://www.frontiersin.org/journals/cell-and-developmental-biology
www.frontiersin.org
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles

Vrooman et al.

SanMiguel, J. M., Abramowitz, L. K., and Bartolomei, M. S. (2018). Imprinted Gene
Dysregulation in a TetI Null Mouse Model Is Stochastic and Variable in the
Germline and Offspring. Development 145, dev160622. doi:10.1242/dev.160622

Sato, A., Otsu, E., Negishi, H., Utsunomiya, T., and Arima, T. (2007). Aberrant
DNA Methylation of Imprinted Loci in Superovulated Oocytes. Hum. Reprod.
22, 26-35. doi:10.1093/HUMREP/DEL316

Schieve, L. A., Cohen, B., Nannini, A., Ferre, C., Reynolds, M. A., Zhang, Z.,
et al. (2007). A Population-Based Study of Maternal and Perinatal
Outcomes Associated with Assisted Reproductive Technology in
Massachusetts. Matern. Child. Health J. 11, 517-525. do0i:10.1007/
$10995-007-0202-7

Simmons, D. G. (2014). The Guide to Investigation of Mouse Pregnancy. Elsevier.
doi:10.1016/B978-0-12-394445-0.00011-4

Sonderegger, S., Pollheimer, J., and Knoéfler, M. (2010). Wnt Signalling in
Implantation, Decidualisation and Placental Differentiation - Review.
Placenta 31, 839-847. doi:10.1016/].PLACENTA.2010.07.011

Spangmose, A. L., Ginstrom Ernstad, E., Malchau, S., Forman, J., Tiitinen, A.,
Gissler, M., et al. (2020). Obstetric and Perinatal Risks in 4601 Singletons and
884 Twins Conceived after Fresh Blastocyst Transfers: A Nordic Study from the
CoNARTaS Group. Hum. Reprod. 35, 805-815. doi:10.1093/HUMREP/
DEAA032

Stern, J. E., Liu, C.-1, Cabral, H. ], Richards, E. G., Coddington, C. C., Hwang, S.,
et al. (2018). Birth Outcomes of Singleton Vaginal Deliveries to ART-Treated,
Subfertile, and fertile Primiparous Women. J. Assist. Reprod. Genet. 35,
1585-1593. d0i:10.1007/s10815-018-1238-x

Sui, L., An, L., Tan, K., Wang, Z., Wang, S., Miao, K., et al. (2014). Dynamic
Proteomic Profiles of In Vivo- and In Vitro-Produced Mouse Postimplantation
Extraembryonic Tissues and Placentasl. Biol. Reprod. 91, 1-16. doi:10.1095/
biolreprod.114.124248

Sun, T., Gonzalez, T. L., Deng, N., DiPentino, R,, Clark, E. L., Lee, B., et al. (2020).
Sexually Dimorphic Crosstalk at the Maternal-Fetal Interface. J. Clin.
Endocrinol. Metab. 105, e4831-e4847. doi:10.1210/CLINEM/DGAA503

Uk, A., Collardeau-Frachon, S., Scanvion, Q., Michon, L., and Amar, E. (2018).
Assisted Reproductive Technologies and Imprinting Disorders: Results of a
Study from a French Congenital Malformations Registry. Eur. J. Med. Genet. 61,
518-523. doi:10.1016/].EJ]MG.2018.05.017

Ulgen, E., Ozisik, O., and Sezerman, O. U. (2019). pathfindR: An R Package for
Comprehensive Identification of Enriched Pathways in Omics Data through
Active Subnetworks. Front. Genet. 10, 858. doi:10.3389/FGENE.2019.00858

Valdivia, R. P. A., Kunieda, T., Azuma, S., and Toyoda, Y. (1993). PCR Sexing and
Developmental Rate Differences in Preimplantation Mouse Embryos Fertilized
and Cultured In Vitro. Mol. Reprod. Dev. 35, 121-126. doi:10.1002/MRD.
1080350204

Velker, B. A. M., Denomme, M. M,, Krafty, R. T, and Mann, M. R. W. (2017).
Maintenance of Mest Imprinted Methylation in Blastocyst-Stage Mouse
Embryos Is Stable Than Other Imprinted Loci Following
Superovulation or Embryo Culture. Environ. Epigenetics 3, dvx015. doi:10.
1093/EEP/DVX015

Less

Placental Abnormalities and Embryo Culture

Vlahos, A., Mansell, T., Saffery, R., and Novakovic, B. (2019). Human Placental
Methylome in the Interplay of Adverse Placental Health, Environmental
Exposure, and Pregnancy Outcome. Plos Genet. 15, €1008236. doi:10.1371/
JOURNAL.PGEN.1008236

Vrooman, L. A., Rhon-Calderon, E. A., Chao, O. Y., Nguyen, D. K., Narapareddy,
L., Dahiya, A. K, et al. (2020). Assisted Reproductive Technologies Induce
Temporally Specific Placental Defects and the Preeclampsia Risk Marker sFLT1
in Mouse. Development 147, dev186551. doi:10.1242/dev.186551

Wang, X., Du, M., Guan, Y., Wang, B., Zhang, J., and Liu, Z. (2017). Comparative
Neonatal Outcomes in Singleton Births from Blastocyst Transfers or Cleavage-
Stage Embryo Transfers: A Systematic Review and Meta- Analysis. Reprod. Biol.
Endocrinol. 15, 1-12. doi:10.1186/s12958-017-0255-4

Wilhelm-Benartzi, C. S., Houseman, E. A., Maccani, M. A., Poage, G. M., Koestler,
D. C, Langevin, S. M,, et al. (2012). In Utero exposures, Infant Growth, and
DNA Methylation of Repetitive Elements and Developmentally Related Genes
in Human Placenta. Environ. Health Perspect. 120, 296-302. doi:10.1289/EHP.
1103927

Wisborg, K., Ingerslev, H. J., and Henriksen, T. B. (2010). In Vitro fertilization and
Preterm Delivery, Low Birth Weight, and Admission to the Neonatal Intensive
Care Unit: a Prospective Follow-Up Study. Fertil. Sterility 94, 2102-2106.
doi:10.1016/j.fertnstert.2010.01.014

Yu, B, Smith, T. H., Battle, S. L., Ferrell, S., and Hawkins, R. D. (2019).
Superovulation Alters Global DNA Methylation in Early Mouse Embryo
Development. Epigenetics 14, 780-790. doi:10.1080/15592294.2019.1615353

Yu, G, Wang, L.-G., and He, Q.-Y. (2015). ChIPseeker: an R/Bioconductor
Package for ChIP Peak Annotation, Comparison and Visualization.
Bioinformatics 31, 2382-2383. doi:10.1093/BIOINFORMATICS/BTV 145

Zhou, W., Hinoue, T., Barnes, B., Mitchell, O., Igbal, W., Lee, S. M, et al. (2022).
DNA Methylation Dynamics and Dysregulation Delineated by High-
Throughput Profiling in the Mouse. Cell Genomics, In press.

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commerecial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Vrooman, Rhon-Calderon, Suri, Dahiya, Lan, Schultz and
Bartolomei. This is an open-access article distributed under the terms of the
Creative Commons Attribution License (CC BY). The use, distribution or
reproduction in other forums is permitted, provided the original author(s) and
the copyright owner(s) are credited and that the original publication in this journal is
cited, in accordance with accepted academic practice. No use, distribution or
reproduction is permitted which does not comply with these terms.

Frontiers in Cell and Developmental Biology | www.frontiersin.org

17

April 2022 | Volume 10 | Article 884088


https://doi.org/10.1242/dev.160622
https://doi.org/10.1093/HUMREP/DEL316
https://doi.org/10.1007/s10995-007-0202-7
https://doi.org/10.1007/s10995-007-0202-7
https://doi.org/10.1016/B978-0-12-394445-0.00011-4
https://doi.org/10.1016/J.PLACENTA.2010.07.011
https://doi.org/10.1093/HUMREP/DEAA032
https://doi.org/10.1093/HUMREP/DEAA032
https://doi.org/10.1007/s10815-018-1238-x
https://doi.org/10.1095/biolreprod.114.124248
https://doi.org/10.1095/biolreprod.114.124248
https://doi.org/10.1210/CLINEM/DGAA503
https://doi.org/10.1016/J.EJMG.2018.05.017
https://doi.org/10.3389/FGENE.2019.00858
https://doi.org/10.1002/MRD.1080350204
https://doi.org/10.1002/MRD.1080350204
https://doi.org/10.1093/EEP/DVX015
https://doi.org/10.1093/EEP/DVX015
https://doi.org/10.1371/JOURNAL.PGEN.1008236
https://doi.org/10.1371/JOURNAL.PGEN.1008236
https://doi.org/10.1242/dev.186551
https://doi.org/10.1186/s12958-017-0255-4
https://doi.org/10.1289/EHP.1103927
https://doi.org/10.1289/EHP.1103927
https://doi.org/10.1016/j.fertnstert.2010.01.014
https://doi.org/10.1080/15592294.2019.1615353
https://doi.org/10.1093/BIOINFORMATICS/BTV145
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/cell-and-developmental-biology
www.frontiersin.org
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles

	Placental Abnormalities are Associated With Specific Windows of Embryo Culture in a Mouse Model
	Introduction
	Materials and Methods
	Animals
	Generation of Natural and Control Concepti
	Embryo Culture
	Embryo Transfer
	Tissue Collection
	Sex Genotyping
	In situ Hybridization
	DNA and RNA Isolation
	Bisulfite Pyrosequencing Assay
	Genome-wide DNA Methylation Profiling
	Genome-wide Methylation Analyses
	Statistics
	Study Approval

	Results
	Fetal Weight is Impacted by Culture at Two Independent Windows in Preimplantation Embryo Development
	Placental Overgrowth is Induced by Embryo Culture Prior to the Morula Stage
	Significant Loss of DNA Methylation at Imprinting Control Regions is Associated With Embryo Culture Prior to the Morula Stage
	Loss of Global Placental DNA Methylation is Associated With Time in Culture
	DNA Methylation of Repetitive Elements is Altered and Associated With Time in Culture
	Female Concepti Have Greater Loss of Genome Wide Placental DNA Methylation Than Males
	Placenta-Specific Genes and Pathways Affected by Embryo Culture

	Discussion
	The Majority of Placental DNA Methylation Loss During Embryo Culture Coincides With the Normal Window of DNA Demethylation  ...
	Embryo Culture From One-Cell to Morula Development Induces a Loss of Placental DNA Methylation at Repetitive Elements
	Reduced Fetal Growth and Further Loss of Placental DNA Methylation are Induced by Extended Embryo Culture

	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References


