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Abstract

Purpose Studies on rodents have shown that assisted reproductive technologies (ARTSs) are associated with perturbation of
genomic imprinting in blastocyst-stage embryos. However, the vulnerable developmental window for ART influence on the
genomic imprinting of embryos is still undetermined. The purpose of this study was to establish the specific embryonic
development stage at which the loss of methylation of H79 imprinting control regions (ICRs) was caused by ART occurrence.
Additionally, we explored protocols to safeguard against possible negative impacts of ART on embryo H19 imprinting.
Methods Mouse embryos were generated under four different experimental conditions, divided into four groups: control, in vitro
culture (IVC), in vitro fertilization (IVF), and intracytoplasmic sperm injection (ICSI). The methylation levels of H79 ICR of the
grouped or individual embryos were analyzed by bisulfite-sequencing PCR.

Results Our data showed that the loss of methylation of H79 ICR in mouse blastocysts was inflicted to a similar extent by IVC,
IVF, and ICSI. Specifically, we observed a significant loss of methylation of H79 ICR between the mouse 8-cell and morula
stages. In addition, we revealed that the transfer of mouse embryos generated by ARTs in the uterus at the 8-cell stage induced the
occurrence of methylation patterns in the blastocysts closer to the in vivo ones.

Conclusions Our findings indicate that the loss of methylation of H79 ICR caused by ARTs occurs between the 8-cell and the
morula stages, and the transfer of cleavage embryos to the uterus mitigates the loss methylation of H79 derived by mice ARTs.

Keywords Assisted reproductive technologies (ARTs) - Genomic imprinting - Imprinting control regions (ICRs) - Loss of
methylation
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placenta [3, 4]. In humans, imprinting defects could cause the
Prader—Willi syndrome (PWS), Beckwith—Wiedemann syn-
drome (BWS), Silver—Russell syndrome (SRS), and
Angelman syndromes [3]. For example, normally, paternal
ICR1 of the H19/IGF?2 cluster is hypermethylated, whereas
maternal ICR1 is hypomethylated [3, 5]. Hypomethylation of
the H19/IGF2 ICR1 cluster occurs in SRS, whereas while
hypermethylation of ICR1 is found in approximately 10% of
the Beckwith—Wiedemann syndrome (BWS) patients [3, 5].

Assisted reproductive technologies (ARTs) include all fertil-
ity treatment and procedures in which both eggs and embryos
are handled, and over six million children are born this way
worldwide [6]. In general, ART procedures involve follicular
stimulation, in vitro fertilization (IVF), intracytoplasmic sperm
injection (ICSI), embryo in vitro culture (IVC), and vitrification
coincide with the timing of DNA methylation reprogramming
[7]. In humans, ART pregnancies are associated with a number
of maternal and fetal health risks, including stillbirth, preterm
birth, low birth weight, abnormal placentation, and other preg-
nancy complications [8, 9]. Studies of ART-borne children sug-
gested that ART was associated with an increased incidence of
epigenetics abnormalities [10, 11]. ARTs also have been linked
to imprinting perturbations that lead to an increased risk of
PWS, BWS, and Angelman syndromes [3]. Previous studies
have demonstrated that imprinting is sensitive to environmental
influences and can be disrupted during the preimplantation de-
velopment by ARTs [12, 13]. Research in mouse models
established that superovulation perturbed the genomic imprint-
ing of both maternally and paternally expressed genes in
blastocyst-stage embryos [14, 15]. In vitro culture of mouse
preimplantation embryos resulted in a loss of imprinting of
H19, small nuclear ribonucleoprotein N (Snrpn), and paternally
expressed 3 (Peg3) at the blastocyst stage [16, 17]. IVF was
found to change the DNA methylation of the growth factor
receptor-bound protein 10 (Grb10) in mouse blastocysts [18].
Additionally, ICSI can cause a reduction in the number of tro-
phoblastic and inner cell mass cells at the blastocyst stage and
induce a loss of imprinting in multiple somatic tissues in adult
mice [19, 20]. Together, these earlier human and mouse obser-
vations indicate that the embryo genomic imprinting is sensi-
tive to ARTs and may have long-lasting harmful consequences.
As the number of children born by ART continues to increase, it
is critical to understand at which specific stage of the embryonic
development the imprinting disorders caused by ART occur.
Such findings would facilitate the development of new proto-
cols that safeguard against possible negative impacts on em-
bryo genomic imprinting.

In this study, using mouse as animal model and H/9 as
methylation marker, we initially compared the effects of differ-
ent ART procedures that included IVC, IVF, and ICSI on the
H19 and Snrpn imprinting at the blastocyst stage. Then, we
explored at which specific stage of the embryonic development
the loss of methylation of H79 caused by ART occurred. We
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also analyzed whether loss of methylation of H/9 is a common
phenomenon in blastocysts derived from ART and explored
new protocols to safeguard against possible negative impacts
in embryo H/9 imprinting. Our results showed that the loss of
methylation of H79 ICR in mouse blastocysts is inflicted to a
similar extent by [IVC, IVF, and ICSI. Specifically, we observed
a significant loss methylation of H/9 at the morula stage. In
addition, we established that the transfer of embryos generated
by ART to the uterus at the 8-cell stage resulted in the occur-
rence of H19 methylation patterns closer to those in in vivo
blastocysts. These findings indicate that loss of methylation of
H19 caused by ARTs occurred between the 8-cell and the mor-
ula stages, and the transfer of cleavage embryos into the uterus
may partly prevent aberrant H79 imprinting derived from ARTs
in mice.

Materials and methods
Animals and ethics

The SPF grade CD-1 (ICR) outbred mice were used for
obtaining the embryos. All animals were provided with
nesting material and housed in cages that were maintained
under a constant 12-h light/dark cycle at 21 °C-23 °C with
free access to food and water. The study was reviewed and
approved by the Ethics Committee of Animal and Medicine of
the Tangdu Hospital of The Fourth Military Medical
University, Xi’an, China (Approval identification number:
TDLL-2018-03-47) and was conducted in accordance with
the guidelines of the Committee on the Use of Live Animals
in Teaching and Research of the Tangdu Hospital of The
Fourth Military Medical University.

Experimental design

Mouse embryos were generated under four different experi-
mental conditions: (1) in vivo group (control group): eggs
were fertilized and developed in vivo and then recovered by
flushing the oviducts or uterine horns with modified human
tubal fluid medium; (2) IVC group (in vitro culture group):
eggs were fertilized in vivo, collected at the one-cell stage, and
cultured in vitro in KSOM + AA (potassium simplex optimi-
zation medium with amino acids, Millipore); (3) IVF group
(in vitro fertilization group): eggs were fertilized in vitro and
then in vitro cultured in KSOM + AA; (4) ICSI group
(intracytoplasmic sperm injection group): eggs were fertilized
by ICSI and then in vitro cultured in KSOM + AA.

Embryos of the control group

CD-1 females were mated with CD-1 males, and mating was
determined by the presence of a vaginal plug the following
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morning (day 0.5). The 2-cell-, 8-cell-, and morula-stage em-
bryos were flushed from the oviduct of the females at 48, 72,
and 84 h post-hCG, respectively. The blastocyst-stage embry-
os were recovered by flushing from the uterus of the females
at 96 h post-hCG.

Superovulation

For IVC-, IVF-, and ICSI-derived embryos, oocytes were ob-
tained by superovulation. Females were superovulated by in-
traperitoneal injection of 5.0 IU pregnant Mare Serum
Gonadotropin (PMSG, ProSpec-Tany TechnoGene Ltd.,
Ness-Ziona, Israel). After 48 h, the mice were injected with
5.0 TU human chorionic gonadotropin (hCG, Millipore,
Billerica, MA, USA).

In vitro fertilization

Conventional IVF was performed using human tubal fluid
(HTF, Millipore, Billerica, MA, USA) medium as described
previously [21]. Briefly, sperm from young adult male CD-1
males was squeezed out of freshly isolated mouse cauda
epididymidis in HTF using a sterile forceps and allowed to
“swim out” for at least 30 s in an incubator at 37 °C under
5.0% CO, and 95% humidified air for 1-2 h for capacitation
in HTF. The preincubated and capacitated sperm suspension
was added to the freshly ovulated cumulus—oocyte complexes
to obtain a concentration of 1-2 x 10%/mL of motile sperm, as
determined using a hemocytometer. Then, the sperm and oo-
cytes were co-cultured for 8 h in HTF at 37 °C in 5% CO, and
95% humidified air.

Intracytoplasmic sperm injection

ICSI was performed as described previously [22]. In brief, ma-
ture oocytes were collected from gonadotropin-stimulated CD1
females, and spermatozoa were recovered from the cauda epi-
didymis of CD1 males and suspended in HEPES-CZB medium
for 20 min. A drop of sperm suspension was then mixed with
12% (w/v) polyvinylpyrrolidone (PVP) in HEPES-CZB, and
the head of a single sperm was detached from the tail using a
Piezo-driven pipette (PrimTech, Ibaraki, Japan) and then
injected into each oocyte. The microinjected oocytes were
allowed to rest in the manipulation drop of M2 medium for at
least 10—15 min. The embryos with transparent cytoplasm were
judged to be survival and were then cultured in KSOM + AA.

Embryo culture

Further, 24 h post-hCG, in vivo fertilized eggs, in vitro fertil-
ized eggs, or ICSI eggs, as determined by the presence of two
pronuclei, were cultured under optimized culture conditions
(KSOM + AA; Millipore) and their developmental efficiency

assessed. The embryo was cultured at different embryonic
stages in mineral oil at 37 °C with 20% O, and 5% CO,.

Embryo transfer recipients

Six-week-old Kunming females were mated with vasectomized
Kunming males 2 days before the embryo transfer. Mating was
determined by the presence of a vaginal plug, and embryonic
day zero (E0) was assumed to be midnight. In the morning after
mating, females were checked for the presence of a vaginal
plug, and its identification led to the prediction of pseudopreg-
nancy of day 0.5. Then, the 8-cell embryos were transferred to
the uterine horns of the pseudopregnant females on day 1.5,
according to standard procedures.

DNA extraction and modification with sodium
bisulfate

Embryos derived from the four groups were collected at different
stages of embryonic development. Total DNA was extracted
from 150 pooled 2-cell embryos, 80 pooled 8-cell embryos, 50
pooled morula embryos, or 30 pooled blastocyst embryos from
the individual of the of IVC, IVF, ICSI, and control groups,
respectively. The experiment was repeated three times. DNA
extraction was performed for each individual sample using the
QIAamp DNA Investigator Kit (Qiagen GmbH, Hilden,
Germany). The extracted DNA was then treated and modified
with sodium bisulfite procedure using the EpiTect Bisulfite kit
(Qiagen GmbH, Hilden, Germany) following the manufacturer’s
instructions. Bisulfite converts unmethylated cytosines to uracil,
whereas 5-methylcytosines (5-MeCs) remain unaltered. EpiTect
Control DNA (human), unmethylated (Qiagen GmbH, Hilden,
Germany), was used for standardized and reliable control reac-
tions for each bisulfite conversion reaction. Only sequences with
95% of non-CpG cytosines converted, without unconverted cy-
tosines adjacent to CpGs, were validated.

DNA isolation and bisulfite mutagenesis
for individual embryos

Bisulfite mutagenesis with agarose embedding was conducted
on single embryos as described previously [16]. Individual
embryos were lysed with SDS lysis buffer. Next, the lysed
embryos were embedded in 2% low-melting point agarose
(Sigma) under mineral oil at 95 °C. DNA/agarose beads were
allowed to solidify for 10 min on ice. Oil was removed, and
denaturation of DNA was performed in 0.1 M NaOH (Sigma)
at 37 °C for 15 min with shaking. Then, agarose beads were
placed in 2.5 M bisulfite solution (0.125 M hydroquinone
(Sigma), 3.8 g sodium hydrogen sulfite (Sigma), 5.5 mL of
water, 1| mL 3 M NaOH) at 50 °C for 3.5 h to allow the
occurrence of bisulfite mutagenesis. After the incubation, the
agarose beads were washed once in TE pH 7.5 and
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desulfonated with 0.3 M NaOH at 37 °C for 15 min with
shaking. The agarose beads were washed three times with
TE pH 7.5 and three times with sterile water. Further, the
beads were incubated in oil at 65 °C, followed by the addition
of approximately 60 uL of prewarmed double distilled water.
The agarose beads were then mixed by pipetting, and 20 puL of
diluted agarose was added to one Ready-To-Go PCR bead
(GE) containing gene-specific primers and 1 pL of 240 ng/
mL of tRNA as a carrier. PCRs were divided into three parts
allowing three independent PCR reactions to be completed for
each gene analyzed.

Methylation analysis

Bisulfite-treated DNA was subsequently used as a tem-
plate for polymerase chain reaction (PCR) amplification.
The nested primer sequences and the associated informa-
tion for each gene are presented in Supplemental Table 1.
The PCR program consisted of a denaturing step of 5 min
at 95 °C followed by 35 cycles of 30 s at 95 °C, 45 s at
55 °C, and 60 s at 72 °C, with a final extension of 5 min
at 72 °C. The amplification products were purified using
the QIAquick Gel Extraction Kit (Qiagen GmbH, Hilden,
Germany), according to the manufacturer’s instructions.
Next, purified PCR products were cloned with the
pBackZero-T Vector (TaKaRa Bio, Shiga, Japan), follow-
ing the manufacturer’s instructions. More than 50 clones
were sequenced for each sample and gene analyzed to
obtain a representative number of DNA strands. The
methylation statuses of all CpGs present in the sequences
were analyzed manually using BiQ Analyzer software
(Max Planck Institute, Munich, Germany). The methyla-
tion levels across the region of analysis were determined
by calculating the number of methylated CpG/total num-
ber of CpG for each individual CpG site as a percentage.
Total DNA methylation for each gene was calculated as a
percentage of the total number of methylated CpG/the
total number of CpG dinucleotides.

Statistical analysis

For each group, the mean of the percentages obtained
from the different stage embryos (the patterns calculated
for each type of DNA methylation and then averaged) and
the standard deviation (SD) were analyzed using
Microsoft H Excel H analysis. Statistical analyses were
performed using raw data (number of clones) obtained
from different stage embryos of different groups using
one-way ANOVA. The least significant difference (LSD)
post-hoc test was employed to examine the significant
differences between the groups. Results were considered
to be statistically significant at P <0.05.
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Results

Loss of methylation of H19 ICR in blastocysts is
inflicted to a similar extent by different ART
procedures

We initially measured the methylation levels of 16 CpG units
in H19 ICR blastocysts derived from the control, IVC, IVF,
and ICSI groups, respectively. We found that the mean meth-
ylation levels of the H/9 ICR were significantly decreased in
the blastocysts from the IVC, IVF, and ICSI groups as com-
pared with the control group (0.5053 +0.0422 vs. 0.2529 +
0.0312, 0.2585+0.0268, and 0.2272 4+ 0.0162, respectively;
P <0.05; Fig. 1a, b). However, no significant difference was
observed among the IVC, IVF, and ICSI groups (P> 0.05;
Fig. la, b).

With regard to the 16 CpGs of the Snrpn ICR, the average
methylation levels of the IVC, IVF, and ICSI groups were
significantly decreased compared with the control group
(0.4896 +0.006 vs. 0.43965+0.0012, 0.42416+0.01476,
and 0.34375+0.01068, correspondingly; P<0.05;
Fig. 2a, b), and the methylation level was significantly lower
in the ICSI group than in the IVC and IVF groups (P < 0.05;
Fig. 2a, b).

Loss of methylation of H19 ICR is a common
phenomenon occurring in each blastocyst generated
by ART

Next, we analyzed whether loss of methylation is a com-
mon phenomenon in blastocysts derived from ART. We
assessed the methylation levels of the H7/9 ICR in single
blastocysts derived from the IVC by bisulfite mutagenesis
with agarose embedding. We found that the mean meth-
ylation levels of CpG sites of the H/9 ICR in each IVC
blastocysts were significantly lower than those of the con-
trol group (0.5053 £0.0422 vs. 0.2451 +£0.0182, 0.2495 +
0.0219, 0.2818+0.0096, 0.2494+0.0129, 0.2588 +
0.0125, 0.2578+0.0125, 0.2572+0.0079, 0.2635 +
0.0244, 0.3026 +0.0068, and 0.2919+0.0147, respective-
ly; P<0.05; Fig. 3a—k). However, no significant differ-
ence was observed among the IVC blastocysts (P> 0.05;
Fig. 3a—k). The results suggested that loss of methylation
is a common phenomenon occurring in each blastocyst
generated by IVC.

Significant loss of methylation of the H19 ICR derived
from ART emerged at the morula stage

So far, however, the key developmental stage of ART-induced
embryonic loss of methylation of imprinted genes was not
clear. We initially measured the methylation levels of H/9
ICR in 2-cell embryos derived from the control, IVC, IVF,
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Fig. 1 Methylation of the H/9 ICR in mouse blastocysts. a The
methylation status of /9 in mouse blastocysts derived from the
control, IVC, IVF, and ICSI groups. Filled circles represent methylated
CpG dinucleotides, whereas the unfilled circles represent unmethylated
CpGs. Each line denotes an individual strand of DNA. Clones with
identical methylation patterns and non-CpG conversion rates representing
the same DNA strand were included once. b The methylation levels of

and ICSI groups. However, no significant difference among
the four groups was established, as in the 2-cell embryos
(0.5064£0.0123 vs. 0.4966+0.0113, 0.5038 =0.0079,
0.499+0.01; P>0.05; Fig. 4a, b). We compared the methyl-
ation levels of H/9 ICR in 8-cell embryos derived from the
control, IVC, IVF, and ICSI groups. However, there was no
significant difference among the four groups (0.4981 +£0.0127
vs. 0.4912+0.0115, 0.493+0.0155, 0.4875+0.0126;
P>0.05; Fig. 4a, c¢). As in the morula embryos, the mean
methylation levels of the H/9 ICR in the control, IVC, IVF,
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H19 in mouse blastocysts derived from the control, IVC, IVF, and ICSI
groups. The percentage of methylation is indicated above each set of
DNA strands and was calculated as the number of methylated CpGs/
total number of CpG dinucleotides. Bars marked with the same letter
indicate no significant difference among the groups, whereas the bars
marked without a same letter indicate that there is a significant difference
(P <0.05) between the groups

and ICSI groups were 0.4978 £0.0157 vs. 0.378 +0.018,
0.3848 +0.0125, and 0.3701 £0.0103, correspondingly, and
compared with the control group, the methylation levels of
HI91CR in the IVC, IVF, and ICSI groups were significantly
lower (P < 0.05; Fig. 4a, d). Nevertheless, there were no dif-
ferences among the IVC, IVF, and ICSI groups. We observed
similar DNA methylation patterns in the IVC, IVF, and ICSI
groups, that is, the DNA methylation loss occurred in the
morula embryo stage, with statistical significance (P <0.05;
Fig. 4a, d).
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Fig. 2 Methylation of the Snrpn ICR in mouse blastocysts. a The
methylation status of Snrpn in mouse blastocysts derived from the
control, IVC, IVF, and ICSI groups. Unmethylated CpGs are
represented as empty circles, whereas methylated CpGs are depicted as
filled circles. Each line denotes an individual strand of DNA. Clones with
identical methylation patterns and non-CpG conversion rates representing
the same DNA strand were included once. b The methylation levels of

Snrpn in mouse blastocysts derived from the control, IVC, IVF, and ICSI
groups. The percentage of methylation is indicated above each set of
DNA strands and was calculated as the number of methylated CpGs/
total number of CpG dinucleotides. Bars marked with the same letter
indicate the absence of significant difference among the groups, whereas
the bars marked without the same letter indicate is the presence of a
significant difference (P < 0.05) among the groups
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Fig. 3 Methylation of the 79 ICR in each mouse blastocyst derived
from IVC. a—j The methylation status of ///9 in each mouse blastocysts
derived from IVC. Methylation status of individual DNA strands in the
H19 ICR in each blastocyst derived from IVC. Unmethylated CpGs are
represented as empty circles, whereas methylated CpGs are depicted as
filled circles. Each line denotes an individual strand of DNA. Clones with
identical methylation patterns and non-CpG conversion rates representing
the same DNA strand were included once. k The methylation levels of

Transfer 8-cell embryos generated by ART
to the uterus results in the methylation patterns
of the H19 ICR closer to in vivo blastocysts

In addition, we transferred embryos generated by IVC to the
uterus at the 8-cell stage (8-cell ET) to determine whether the
loss of methylation in blastocyst caused by ART could be
reduced by cleavage-embryo transfer (Fig. 5a). The methyla-
tion levels of H7/9 ICR from two individual blastocysts pro-
duced by IVC or 8-cell ET were compared with their in vivo
counterparts. We found the methylation level of H/9 ICR in 8-
cell-ET group was significantly increased than the IVC group
(0.4073 £0.022 vs. 0.2529+0.0312, P<0.01; Fig. 5b—d).
Although the methylation level of H/9 ICR in 8-cell-ET
group was still lower than that of the in vivo blastocysts
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HI9 in each mouse blastocysts derived from IVC. The percentage of
methylation is indicated above each set of DNA strands and was calcu-
lated as the number of methylated CpGs/total number of CpG dinucleo-
tides. Bars marked with the same letter indicate the lack of significant
difference among the groups, whereas the bars marked without the same
letter denote the presence of significant differences (P < 0.05) among the
groups

(0.4073 £0.022 vs. 0.5053+£0.0422; P<0.05; Fig. 5d), it
was significantly higher than that of the blastocysts in the
IVC group.

Discussion

ART has been correlated with aberrant methylation at the
blastocyst stage [14, 15, 23, 24]. Using a mouse model, we
demonstrated that the loss of methylation of H/9 in blasto-
cysts is induced to a similar extent by IVC, IVF, and ICSI.
Specifically, we observed a significant loss of methylation of
H19between the 8-cell and the morula stages in ART embry-
os. In addition, we demonstrated that blastocysts derived
from the transfer of the 8-cell-stage embryos generated by
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Fig. 4 Methylation of H79 ICR in 2-cell, 8-cell, and morula-stage em-
bryos derived from the control, IVC, IVF, and ICSI groups. a The meth-
ylation status of H/9 ICR in 2-cell, 8-cell, and morula-stage embryos
derived from the control, IVC, IVF, and ICSI groups. Unmethylated
CpGs are represented as empty circles, whereas methylated CpGs are
depicted as filled circles. Each line denotes an individual strand of
DNA. Clones with identical methylation patterns and non-CpG conver-
sion rates representing the same DNA strand were included once. b—d

ART to the uterus resulted in a higher methylation level of
H19 compared to IVC in the methylation. However, the
methylation was still lower than that ofthe in vivo developed
blastocyst. These results suggested that loss of 79 methyl-
ation derived from assisted reproductive technologies could
be mitigated by cleavage-stage embryo transfer in mice.

In addition, in vitro embryo culture has been demon-
strated to induce perturbation of imprinted methylation in
preimplantation embryos [14, 16]. Consistent with previ-
ous studies, we report loss of methylation at the H79 and
Snrpn ICR following in vitro culture to the blastocyst
stage. Moreover, we found the mean methylation levels
of the H19 and Snrpn ICR were significantly decreased in
blastocysts from the IVF and ICSI groups compared to the
control group. We observed similar levels of H/9 ICR
methylation loss following IVC, IVF, as well as ICSI.
This suggests that the loss of H/9 ICR methylation may
account for the disruption of imprinted methylation main-
tenance in the embryo culture rather than the process of
fertilization. The methylation loss in Snrpn ICR was more
pronounced in the ICSI group than in the IVC and IVF
groups. These results indicate that the ICSI manipulation
significantly reduced the methylation of the Snrpn, espe-
cially specifically as compared to that of IVC and IVF.
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The methylation levels of H/9 ICR in 2-cell, 8-cell, and morula-stage
embryos were derived from the control, IVC, IVF, and ICSI groups. The
percentage of methylation is indicated above each set of DNA strands and
was calculated as the number of methylated CpGs/total number of CpG
dinucleotides. Bars marked with the same letter indicate no significant
difference among the groups while bars marked without a same letter
indicate that there is a significant difference (P < 0.05) among the groups

We found that the loss of methylation in H/9 was a com-
mon phenomenon that occurred for each blastocyst generated
using IVC in mice. There is a common concern that DNA
methylation errors could persists in individuals conceived
using ART and eventually lead to long-term health risks.
Studies have demonstrated that the DNA methylation errors
persisted in the extraembryonic tissues (the placenta and yolk
sac), but not in the fetal tissues at the midgestation stage of
mice [17, 23, 25]. A study in bovine conceptuses also dem-
onstrated that the majority of the methylation differences in-
duced by ART occurred in the trophectoderm, with the em-
bryonic disc showing almost no alterations [26]. A study to
determine whether loss of methylation imprints occurs selec-
tively in the trophectoderm (TE) demonstrated that the inner
cell mass (ICM) had a similar loss in the methylation to DNA
from intact blastocysts in mice [23]. Our study suggests that
the loss of methylation may occur randomly in blastocysts,
regardless of ICM or TE. A possible explanation for the loss
of methylation that selectively occurs in the placenta and yolk
sac rather than the fetus that was subjected to ART manipula-
tions may be due to different DNA methylation dynamics
between the embryonic and extraembryonic tissues [27, 28].
After implantation, de novo methylation was observed in the
embryonic but not in the extraembryonic tissues; hence, the
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Fig.5 Methylation of /79 ICR in blastocysts derived from IVC or 8-cell
ET. a Transfer 8-cell embryos generated by IVC to the uterus results in ET
blastocysts. b, ¢ The methylation status of /779 ICR in mouse blastocysts
derived from the IVC and 8-cell ET groups. Unmethylated CpGs are
represented as empty circles, whereas methylated CpGs are depicted as
filled circles. Each line denotes an individual strand of DNA. Clones with
identical methylation patterns and non-CpG conversion rates representing
the same DNA strand were included once. d The methylation levels of

placenta and the yolk sac remain relatively hypomethylated as
compared to the embryonic cells [27, 28].

The loss of methylation of imprinted genes is a common
phenomenon observed in blastocysts generated using ART
[14, 16]. However, the vulnerable developmental window in
which ART can influence the methylation patterns of embryos
is still unknown. Previous studies using limiting dilution bi-
sulfite (pyro) sequencing have established no dramatic differ-
ences in the methylation of H19, Snrpn, and Igf2r between 2-
cell mouse embryos derived from ART and non-ART [29].
Studies on the effects of superovulation on imprinted methyl-
ation revealed that imprinted methylation in oocytes was not
perturbed. This suggests that superovulation did not induce
imprinted methylation loss in mouse oocytes [15, 30].
However, studies have demonstrated that superovulation re-
sults in loss of imprinted methylation at the blastocyst stage in
mice [14, 15]. This suggests that superovulation may affect
imprinted methylation maintenance mechanism in preimplan-
tation embryos which may result in loss of imprinted methyl-
ation of blastocysts in mice. We found that the imprinted
methylation levels at the H79 ICR were similar in 2-cell and
8-cell embryos in the control, IVC, IVF, and ICSI groups, in
which the oocytes were obtained by spontaneous ovulation.
However, compared to the control group, the methylation
levels of H19 ICR in the IVC, IVF, and ICSI groups were
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HI19 ICR in mouse blastocysts derived from the control, IVC, and 8-cell
ET groups. Percent methylation is indicated above each set of DNA
strands and was calculated as the number of methylated CpGs/total num-
ber of CpG dinucleotides. Bars marked with the same letter indicate no
significant difference among the groups, whereas the bars marked without
the same letter indicate that there is a significant difference (P <0.05)
among the groups

significantly lower at the morula stage. These results indicate
that the decreased in the methylation levels of H/9 in the
morula were caused by embryo manipulation that disrupted
the imprinted methylation maintenance between the 8-cell and
morula stages. However, there were no differences in H/9
methylation levels in the morula between IVC, IVF, and
ICSI groups. This suggested that the different fertilization
methods did not change the methylation levels of H19, sug-
gesting that the vulnerable time window for ART to influence
methylation of H/9 maybe between the 8-cell and morula
stage. Whether loss of methylation of other imprinted genes
induced by ART occurring at the same stage needs to be
determined.

In the present study, the embryo culture was performed
routinely at atmospheric oxygen concentration (20% O,).
However, the concentration of oxygen in the female reproduc-
tive tract was more likely from 2 to 8% [31]. In all species
tested, including humans and mice, a lower oxygen concen-
tration has been beneficial for the embryo culture, particularly
when the embryos were cultured to the blastocyst stage [32,
33]. The use of oxygen as an electron acceptor results in pro-
duction of more reactive oxygen species (ROS) and leads to
oxidative stress [34]. Studies have shown that the ROS levels
had a stepwise increase along with the elevation in the oxygen
concentration in the embryo culture [35, 36]. Evidence exists
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that the damage induced by supraphysiological ROS levels
affects the DNA structure, which suggests that ROS could
affect the epigenetic marks [34, 37]. Moreover, differences
were found in the gene expression and DNA methylation in
embryos cultured in 5% and 20% oxygen [38, 39]. Waal et al.
found that placenta from embryos cultured at 20% O,, but not
at 5% O,, had significantly different methylation patterns at
the Peg3 ICR from those of in vivo—conceived placenta [17].
However, concerning the H19/Igf2 ICR, the embryos from
both the 5% and 20% O, culture groups differed from the
controls, with no significant differences between the embryos
cultured at 5% and those at 20% oxygen concentration [17]. In
addition, de Waal et al. found that culturing embryos at 20%
0O, did not induce a statistically significant more epigenetic
abnormalities in the embryonic or placental tissues than those
cultured at 5% O, [17]. Studies conducted by different groups
at various oxygen concentrations established that culturing
embryos at oxygen concentrations of 5% and 20% caused
the loss of embryonic imprinting and led to similar abnormal
phenotypes in the fetus and the placenta [14, 16, 21, 40].
These results suggested that the maintenance methylation at
ICRs was not adversely impaired by a high oxygen tension
during the embryo culture.

From the 8-cell to the morula stage, the rate of the cell
division was found to increase concurrently with develop-
mental events, such as compaction, cell polarity, and first
lineage segregation [41]. In parallel, there was a significant
elevation in the glucose consumption via aerobic glycolysis
[34]. After compaction, the embryo underwent a transition
from pyruvate-based metabolism, characterized by low ox-
idative levels, to a more active utilization of glucose, com-
bined with an increase in oxygen consumption in response
to the changes in its developmental needs [34]. Glucose,
pyruvate, and oxygen consumption rose significantly with
the morula compaction and blastocyst formation [42]. A
growing body of evidence indicates that the culture envi-
ronment influences the embryonic metabolism in signifi-
cant subtle ways [34, 43]. Compared to in vivo embryos,
in vitro embryos produce more lactate and have higher ox-
idative rates, which suggested the presence of higher meta-
bolic rates of in vitro embryos [42, 44]. These studies indi-
cated that embryo culture media might be stressful or might
modify embryo metabolism to produce an abnormal profile
[44,45]. Emerging studies have shown that key metabolites,
including those produced intracellularly or the ones
imported from the culture media, can substantially influ-
ence histone and/or DNA epigenetic marks [43, 46].
Metabolic co-factors modulate the activity of epigenetic
modifiers and have the capacity to establish long-lasting
alterations to the epigenetic landscape [43, 46]. The loss
of methylation of H79 between the 8-cell and the morula
stage may be partly due to changes in the embryo metabo-
lism caused by the in vitro culture conditions.

As imprinting disorders have been linked to ART, it is
essential to improve ART procedures to prevent epigenetic
disorders. Animal studies have shown that fertilization and
growing embryos in media supplemented with fluids from
the female reproductive tract results in epigenetic patterns of
embryos being closer to naturally conceived embryos [47].
This result indicates that secretions from the female reproduc-
tive tract minimize the imprinting disorders induced by ARTs.
Our study revealed that although the methylation levels of
HI19 ICR in the blastocysts of the 8-cell-ET group were lower
than those in the in vivo—derived blastocysts, they were sig-
nificantly higher than the IVC. These results indicate that
transferring mouse embryos generated using ARTs to the uter-
us at the 8-cell stage could ameliorate the loss of H/9 meth-
ylation but cannot prevent the loss of methylation in blasto-
cysts. The maintenance of methylation of imprinted genes at
the 8-cell to morula stage may require fluids from the repro-
ductive tract. Although the use of mouse models is valuable in
the analysis of the effects of ART on genomic imprinting in
oocytes and embryos, it is essential to assess their effects in
humans. This is especially important as the epigenetic regula-
tion mechanisms in gametes and early embryos are distinct
between humans and mice [28]. Previous studies using human
embryos have shown a high frequency of imprinted methyla-
tion errors in SNRPN, KCNQI1OT1I, and H19 in day-3 embry-
os and blastocysts. Both loss and gain of imprinted methyla-
tion were observed previously [48—-50], which is different
from the multi-locus loss of imprinting observed in mouse
embryos. However, there were several limitations of the stud-
ies performed using ART human embryos. First, these inves-
tigations lacked naturally conceived controls, which was un-
avoidable. In addition, due to the limited availability of donor
embryos, these examinations were conducted on a low num-
ber of embryos or on poor quality human embryos. The em-
bryos analyzed were usually donated by infertile patients.
Hence, it was difficult to distinguish between abnormal
imprinted methylations caused by ART from the inherited.
Embryos were usually transferred into the uterus at the cleav-
age or blastocyst stage in IVF clinics [51]. The live birth and
clinical pregnancy rates were higher after blastocyst transfer
than after cleavage embryo transfer [51]. Performing further
analysis and comparison of imprinting errors between human
cleavage and blastocyst embryos is needed to determine safer
ART for the prevention of epigenetic disorders.
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