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Abstract

In vitro fertilization (IVF) is associated with DNA methylation abnormalities and a higher incidence of adverse pregnancy outcomes.
However, which exposure(s), among the many IVF interventions, contributes to these outcomes remains unknown. Frozen embryo
transfer (ET) is increasingly utilized as an alternative to fresh ET, but reports suggest a higher incidence of pre-eclampsia and large
for gestational age infants. This study examines DNA methylation in human placentas using the 850K Infinium MethylationEPIC
BeadChip array obtained after 65 programmed frozen ET cycles, 82 fresh ET cycles and 45 unassisted conceptions. Nine patients
provided placentas following frozen and fresh ET from consecutive pregnancies for a paired subgroup analysis. In parallel, eight
mouse placentas from fresh and frozen ET were analyzed using the Infinium Mouse Methylation BeadChip array. Human and mouse
placentas were significantly hypermethylated after frozen ET compared with fresh. Paired analysis showed similar trends. Sex-
specific analysis revealed that these changes were driven by male placentas in humans and mice. Frozen and fresh ET placentas
were significantly different from controls, with frozen samples hypermethylated compared with controls driven by males and fresh
samples being hypomethylated compared with controls, driven by females. Sexually dimorphic epigenetic changes could indicate
differential susceptibility to IVF-associated perturbations, which highlights the importance of sex-specific evaluation of adverse
outcomes. Similarities between changes in mice and humans underscore the suitability of the mouse model in evaluating how
IVF impacts the epigenetic landscape, which is valuable given limited access to human tissue and the ability to isolate specific
interventions in mice.

Introduction
Infants conceived with the aid of assisted reproductive
technologies (ART) account for 2% of all births (1,2).
Of all ART procedures, in vitro fertilization (IVF), fol-
lowed by embryo transfer (ET) is the most effective at
achieving pregnancy, and improved clinical laboratory
methodologies have contributed to significant improve-
ment in delivery rates. However, epidemiological data
suggest that ART procedures, even those resulting in
singleton births, are associated with an increased risk for
adverse pregnancy outcomes, including low birth weight
(LBW), hypertensive disorders of pregnancy (such as pre-
eclampsia) and preterm birth (PTB) (3–6).

Though the molecular and cellular mechanisms
responsible for these adverse outcomes are still being
elucidated, data from our group and others have
demonstrated that IVF leads to epigenetic changes in

the placenta, which may play a role in the development
of the adverse outcomes associated with human IVF (7–
10). It was initially hypothesized that at least some of
these epigenetic perturbations could be a consequence of
subfertility. However, a study examining placental DNA
methylation obtained from pregnancies using donor
oocytes in the absence of other infertility diagnoses
confirmed that some components of the IVF process
were at least in part responsible for the observed changes
(9). In addition, multiple animal studies have confirmed
that various procedures used in IVF result in phenotypic
and epigenetic perturbations in both fetal and placental
tissue (even in the absence of underlying infertility)
(11–17).

IVF involves multiple laboratory and clinical manipu-
lations, including hormonal stimulation, gamete manip-
ulation, embryo culture, embryo cryopreservation and
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ET, as well as exposures, including changes in the hor-
monal environment, temperature, pH and oxygen ten-
sion. Understanding which of these interventions influ-
ence perinatal outcomes, and elucidating the mecha-
nisms underlying the development of such adverse out-
comes are necessary to implement modifications to cur-
rent protocols and thus minimize adverse outcomes. One
ART procedure used with increasing frequency (owing to
an improvement in embryo culture and freezing tech-
niques) is embryo vitrification, a cryopreservation tech-
nique that allows for embryo freezing without the for-
mation of intracellular ice crystals. The resulting com-
parable pregnancy rates have led to increased utilization
of frozen ET. However, epidemiologic data demonstrate
some elevated perinatal risks, including a significant
increase in the incidence of large for gestational age
(LGA) infants and pre-eclampsia (18–22). Interestingly,
several recent studies suggest that male offspring have
a higher birth weight after frozen ET compared with
female infants and are more likely to be born LGA follow-
ing frozen ET than female offspring (23). These increased
adverse outcomes are seen following frozen ET in con-
trast with other adverse outcomes, such as small for ges-
tational age (SGA), PTB, LBW and perinatal mortality, all
of which show higher incidence after fresh ET (18,22,24–
27). Critically, the specific intervention(s) utilized during
IVF responsible for these effects, and the mechanism(s)
underlying the development of these adverse outcomes
are still unclear.

To isolate the effects of individual components of
the ART procedures, without the confounding effect of
underlying infertility, animal models of ART have been
used. The epigenetic impact of ART has particularly
been explored in mouse models, which show similar
perturbations in DNA methylation after ART procedures
to those found in humans (11–13,15–17,28–31). Animal
models provide a specific advantage in studying IVF
because specific clinical or laboratory interventions
contributing to epigenetic changes can be isolated for
study (such as embryo culture or ET). Obviously, such
independent component evaluation cannot be isolated
and undertaken in humans. As a result, parallel studies
in humans and murine models are necessary to allow us
to reach more meaningful and translatable conclusions
(32,33).

In this study, we examine the effect of embryo
cryopreservation on genome-wide epigenetic profiles
in human and mouse placental samples, specifically
focusing on DNA methylation owing to its discrete nature
and availability of tools to interrogate localized and
global changes. As many adverse outcomes following
ART are thought to occur owing to abnormalities
in placentation, and placental tissue appears to be
particularly susceptible to epigenetic perturbations after
ART, we focused our study on the interrogation of DNA
methylation changes in placentas (34). For our human
studies, placentas were obtained at the time of delivery
from pregnancies conceived by IVF following either

Figure 1. IVF was performed per clinical protocols and embryos were
either transferred fresh following a gonadotropin-stimulated cycles or
cryopreserved and transferred following endometrial preparation. Pla-
centas were collected at the time of delivery. DNA was isolated from the
placentas, bisulfite treated and sent for DNA methylation analysis.

fresh ET or frozen–thawed ET into uteri primed with
estrogen and progesterone. Placental tissue was collected
and profiled for changes in DNA methylation (Fig. 1),
and changes in placental DNA methylation following
frozen versus fresh ET were compared. In addition, to
determine if either frozen or fresh ET more closely
resembled unassisted conception, DNA methylation in
each group was individually compared with placentas
from unassisted, natural conceptions.

In parallel, because the effects of a stimulated hor-
monal environment cannot be separated from embryo
vitrification in humans, we addressed this question
in a mouse model. The recent introduction of the
Illumina Infinium Mouse Methylation Array (35) enables
the analysis of multiple samples at CpGs across the
mouse genome, as we have done with the corresponding
human array. We employed this newly developed array
that profiles 285 000 CpGs throughout the genome, to
examine changes in methylation owing to vitrification
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Figure 2. IVF was performed using mouse eggs obtained following
gonadotropin stimulation and sperm collected from the epididymis of
mice heterozygous for the GFP transgene. Embryos were cultured to the
blastocyst stage and embryos were either transferred or vitrified. Ten
blastocysts (five fresh, five vitrified, differing in their GFP status) were
non-surgically transferred in a single horn of a pseudopregnant female.
GFP status was used to distinguish fresh from frozen embryos. Pregnant
dams were sacrificed on E12.5 and E18.5. DNA was isolated from E18.5
placentas, bisulfite treated and sent for DNA methylation analysis.

in the mouse model. In our unique model, we transfer
green fluorescent protein (GFP) tagged or untagged,
fresh or frozen blastocysts, into the same unstimulated
pseudopregnant host, which allows us to isolate vitrifi-
cation as the sole exposure (Fig. 2). Using this model, we
analyzed placental DNA methylation and histology as
well as fetal and placental weight. Through these parallel
investigations, we demonstrate that DNA methylation is
perturbed in both human and mouse placentas derived
from embryos after frozen compared with fresh ET.
Importantly, male embryos appear more susceptible to

the effects of embryo vitrification than female embryos,
potentially providing a mechanism for the increased risk
of LGA in males conceived following FET.

Results
Human sample characteristics
Placental samples were collected from a total of 192
singleton pregnancies [unassisted conception (controls;
n = 45), IVF followed by fresh ET (n = 82) and IVF fol-
lowed by programmed frozen ET (n = 65)]. The demo-
graphic profiles and relevant clinical characteristics are
shown in Table 1. The frozen and fresh ET groups dif-
fered significantly only in the ET stage, with slightly
more cleavage stage embryos transferred in the fresh ET
group (18%) compared with the frozen ET group (5%). As
expected, birth weight in the frozen ET group was signifi-
cantly higher compared with both fresh ET and controls,
and these birth weight differences were driven by male
infants, as there were no significant differences in birth
weight in female infants. Nine women had two pregnan-
cies conceived by ART with placentas banked, one from a
fresh ET and one from a frozen ET. These 18 samples were
analyzed independently and the demographics for these
women are shown in Supplementary Material, Tables S1
and S2.

Frozen ET leads to hypermethylation of human
placenta
Because the primary objective of this study was to exam-
ine how embryo cryopreservation could impact DNA
methylation, we first compared placental methylation
status in placentas after frozen ET to that after fresh ET.
Using a mean difference in methylation of greater than
5% and a P-value less than 0.05 in two-tailed unpaired
t-tests, we identified 4402 differentially methylated CpG
sites, of which 4124 were hypermethylated in placentas
after frozen ET compared with fresh ET, while 278 were
hypomethylated. These differentially methylated CpGs
fell within 1600 genes, of which 385 showed more than
1 significantly different CpG, 156 genes showed more
than 2 affected CpGs and 87 genes contained more than
3 significantly different CpGs (Fig. 3A, Supplementary
Material, Table S3). Figure 3 highlights two candidate
genes that have potential biologically relevant roles
in placentation, gamma-aminobutyric acid A receptor,
γ 3 (GABRG3), which contained seven differentially
methylated CpGS; and adenosine deaminase RNA-
specific B2 (ADARB2), which contained nine differentially
methylated CpGs. For both genes, placentas after frozen
ET were significantly hypermethylated compared with
placentas after fresh ET (Fig. 3B and C, one representa-
tive CpG per gene shown).

To begin examining the biological significance of CpGs
changed owing to frozen ET, we performed gene ontology
(GO) enrichment analysis on differentially methylated
CpGs when samples after frozen and fresh ET were
compared. Using methylGSA (36), a tool that adjusts for

https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddac138#supplementary-data
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Table 1. Demographic profile and clinical characteristics of the study subjects

Fresh ET (n = 82) Frozen ET (n = 65) Unassisted
conception (n = 45)

P-values

Maternal age [median (IQR)] 35 (32–38) 34 (33–36) 34 (30–35) 0.016a,e,f

Race White
Black
Other

64 (78%)
9 (11%)
9 (11%)

46 (71%)
12 (18%)
7 (11%)

26 (58%)
17 (38%)
2 (4%)

0.01b

Ethnicity Hispanic
Non-Hispanic

2 (2%)
80 (98%)

2 (3%)
63 (97%)

1 (2%)
44 (98%)

1.00b

Insemination method Conventional
Some/all ICSI

26 (32%)
56 (68%)

19 (29%)
46 (71%)

N/A 0.75c

Oxygen
Tension

5%
20%

76 (93%)
6 (7%)

61 (94%)
4 (6%)

N/A 1.00b

ET stage Cleavage Stage
Blastocyst stage

15 (18%)
67 (82%)

3 (5%)
62 (95%)

N/A 0.01b

Gestational age [weeks, median (IQR)] 39.3 (37.6–40) 39.3 (37.7–40.6) 38.1 (34.3–39) 0.001a,e,f

Birth weight [g, median (IQR)] 3221 (2721–3630) 3510 (3120–3800) 3120 (2175–3430) 0.009a.d,f

Fetal sex Male
Female

42 (51%)
40 (49%)

31 (48%)
34 (52%)

22 (49%)
23 (51%)

0.91c

Fetal weight [g,
median (IQR)]

Male 3260 (2780–3655) 3540 (3030–3850) 2955 (2480–3345) 0.013a,f

Female 3160 (2615–3540) 3478 (3150–3755) 3120 (1760–3640) 0.05

aKruskal–Wallis test. bFisher exact test. cChi-square test. dFresh ET versus frozen ET Rank Sum test, P < 0.01. eFresh ET versus unassisted conception Rank
Sum test, P < 0.01. fFrozen ET versus unassisted conception Rank Sum test, P < 0.01.

Figure 3. (A) Methylation differences in human placentas from frozen ET
compared with placentas from fresh ET. (B and C) DNA methylation in a
representative CpGs from two candidate genes: GABRG3 (B) and ADARB2
(C). ∗P = 0.02, ∗∗P = 0.0031.

CpG distribution bias owing to gene length, we identified
several pathways that were over-represented in our
dataset. These included pathways involved in cell cycle
regulation; organ morphogenesis; cell-matrix adhesion;
metabolism and inflammation (Supplementary Material,
Table S4). As an alternative approach to understanding
the biological significance of changes owing to frozen
ET, we used eFORGE, a tool that examines overlaps
in DNAse 1 hypersensitivity sites of specific cell types
with differentially methylated probes to identify tissue-
specific enrichment (37). However, q-values obtained
after inputting the top 1000 changed CpGs did not show
an eFORGE signal, suggesting no discernable enrichment

pattern. In addition, as ART has been associated with
an increased prevalence of imprinting disorders and the
manipulations utilized during ART coincide with critical
periods of imprint establishment, we examined the effect
of cryopreservation on imprinted genes. In our dataset,
we found 11 imprinted genes with at least 1 differentially
methylated CpGs in frozen ET placenta compared with
fresh ET. Among these 11 genes, 10 genes had all of their
differentially methylated CpGs hypermethylated, while
one gene, KCNQ1DN, had one differentially methylated
CpG, which was hypomethylated (Supplementary Mate-
rial, Table S3).

Both frozen ET and fresh ET have been associated
with specific adverse pregnancy outcomes. Therefore,
we compared frozen ET and fresh ET placental samples
independently to unassisted conceptions (controls), to
see if one of these methods had fewer perturbations
in DNA methylation. We identified 5600 differentially
methylated CpGs when placentas from frozen ET were
compared with controls, corresponding to 3979 hyperme-
thylated and 1621 hypomethylated CpGs (Fig. 4A). These
CpGs fell within 505 genes with 71 genes having more
than 3 differentially methylated CpGs (Supplementary
Material, Table S5). When placentas from fresh ET were
compared with controls, we identified 4096 differentially
methylated CpGs, with 717 hypermethylated and 3379
hypomethylated CpGs (Fig. 4B). These CpGs fell within
1914 genes, of which 51 genes contained more than 3
differentially methylated CpGs (Supplementary Material,
Table S6). We also examined the overlap between both
techniques when compared with unassisted control pla-
centas and found 1004 CpGs differentially methylated in
both datasets. Of those 1004 CpGs, 1003 were differen-
tially methylated in the same direction: 364 were hyper-
methylated in both fresh and frozen ET and 639 were

https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddac138#supplementary-data
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddac138#supplementary-data
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Figure 4. (A) Methylation differences in human placentas from frozen ET compared with placentas from unassisted conceptions (controls) (B).
Methylation differences in human placentas from fresh ET compared with placentas from unassisted conceptions. (C) Number of CpGs differentially
methylated in fresh ET versus control, frozen ET versus control and overlapping between the two groups. (D and E) DNA methylation in two representative
CpGs from GABRG3: ∗P = 0.0076, ∗∗P = 0.0001 and (F and G) ADARB2: ∗P = 0.006, ∗∗P = 0.037; ∗∗∗P = 0.01.

hypomethylated in both fresh and frozen ET compared
with controls. Only one CpG site was hypomethylated in
fresh ET and hypermethylated in frozen ET (Fig. 4C).

GO analysis using methylGSA identified several
pathways impacted in both frozen versus control
(Supplementary Material, Table S7) and fresh versus
control (Supplementary Material, Table S8) datasets,

which included cell cycle regulation, DNA damage
response, cellular response to external stimuli, and RNA
regulation. Processes more highly impacted in the frozen
versus control dataset compared with the fresh versus
control dataset included cardiac development, signaling
in innate immunity and inflammation, steroid hormone
response and epigenetic regulation.

https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddac138#supplementary-data
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddac138#supplementary-data
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We also compared DNA methylation at specific CpG
sites within our candidate genes to determine if either
frozen or fresh ET samples were more likely to resemble
control unassisted conceptions. However, results were
inconsistent with certain CpGs within our two candi-
date genes more similar between frozen ET and controls
(Fig. 4D and F), and others more similar between fresh ET
and controls (Fig. 4E and G).

Collectively, these data indicate that placentas after
frozen ET are hypermethylated compared with fresh ET-
derived placenta and that frozen and fresh ET samples
differ in terms of methylation when compared with pla-
centas following unassisted conceptions, with no one
technique leading to methylation levels more similar to
unassisted conceptions.

Controlling for the host, frozen ET results in
hypermethylation in human placenta
Genetic variability in humans has led to the question of
whether observed epigenetic changes are truly the result
of ART interventions, or whether the observed changes
are owing to genetic variation or susceptibility related
to the host/uterine environment. We, therefore, analyzed
nine pairs of siblings in pregnancies achieved in the same
patients, with one offspring born following fresh ET and
another born after frozen ET. An independent paired
analysis of these 18 samples was carried out. Among
pairs, there were no significant differences in maternal
age, a number of cleavage stages versus blastocyst trans-
fers, oxygen tension of embryo culture, insemination
[intracytoplasmic sperm injection (ICSI) vs. conventional]
or birth outcomes between the pregnancies conceived
following fresh or frozen ET (Supplementary Material,
Tables S1 and S2). In this subanalysis, we interrogated
732 466 CpGs (note that some CpGs were excluded owing
to the small sample size) and found 4855 differentially
methylated CpGs (P < 0.05 and delta ß > 0.05), with 2837
hypermethylated CpGs and 2018 hypomethylated CpGs
in frozen compared with fresh ET placentas. These differ-
entially methylated CpGs fell within 2152 genes, of which
407 genes showed more than 1 significantly different
CpG, 154 genes showed more than 2 affected CpGs and 67
genes contained more than 3 significantly differentially
methylated CpGs (Fig. 5A). Analysis of individual CpG
methylation within the two candidate genes examined
in the initial large cohort, confirmed significant hyper-
methylation in frozen compared with fresh ET samples
(Fig. 5B and C), validating the findings from the larger
cohort (Supplementary Material, Table S3). Even in this
relatively small cohort, we found 433 genes that over-
lapped with those identified in the larger cohort. Of
these genes, 398 genes had CpGs all hypermethylated in
the larger cohort and 228 of these genes had all CpGs
hypermethylated in the pair analysis (the remainder had
both hyper- and hypomethylation in the paired analysis).
Of the 24 genes that had all the CpGs hypomethylated
in the larger cohort, 16 were similarly hypomethylated in
the paired analysis. These findings indicate that changes

Figure 5. Analysis of fresh versus frozen ET in the same patient/uterus:
(A) Paired analysis of siblings showing methylation differences in human
placentas from frozen ET compared with placentas from fresh ET. (B and
C) Paired analysis of DNA methylation in representative CpGs from two
candidate genes: GABRG3 (B) and ADARB2 (C). ∗P = 0.04, ∗∗P = 0.02.

in methylation occur following frozen ET despite control-
ling for maternal genetics and uterine environment.

Hypermethylation in placenta after frozen ET is
driven by changes in male placentas
We next analyzed methylation array data in a sex-
specific manner to identify differences in male compared
with female placentas. From our existing cohort of
samples and methylation data, we performed a second
subanalysis on female (39) and male (41) placentas after
fresh ET; and female (33) and male (30) placentas after
frozen ET. After filtering for significantly different CpGs,
female placentas showed 7441 differentially methylated
CpGs, of which 6118 CpGs were hypermethylated and
1323 were hypomethylated (Fig. 6A) when frozen ET
placentas were compared with fresh ET. Male placentas
showed a considerably larger effect with more than twice
as many differentially methylated CpGs: 15572 CpGs
were differentially methylated, of which 15 273 CpGs
were hypermethylated and 299 CpGs were hypomethy-
lated in male placentas following frozen ET compared
with fresh ET (Fig. 6B). Accordingly, a larger number of
affected genes were found in the male placenta: 4399
genes overall, with 1587 genes showing at least 1 affected
CpG, 791 genes showing at least 2 affected CpGs and
488 genes showing methylation differences in at least 3
CpGs. Female placentas had 3070 genes impacted, with
774 genes containing at least 1 affected CpG, 326 genes
with at least 2 CpGs affected and 155 genes with at least
3 CpGs affected. We examined these trends in our two
chosen candidate genes described earlier and found that

https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddac138#supplementary-data
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddac138#supplementary-data
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddac138#supplementary-data


Human Molecular Genetics, 2022, Vol. 31, No. 22 | 3861

Figure 6. Sex-specific analysis: (A and B) Methylation differences in
human placentas from frozen ET compared with placentas from fresh
ET in female (A) and male (B) offspring. (C and D) DNA methylation in
females and males at a representative CpGs from two candidate genes:
GABRG3 (C) and ADARB2 (D). ∗P = 0.02, ∗∗P = 0.006.

the significant differences in methylation were driven
by the male placentas (Fig. 6C and D). In ADARB2, when
frozen and fresh ET were compared, nine CpGs were
significantly different when placentas from male and
female offspring were analyzed together. However, in
our sex-specific analysis, 49 CpGs were significantly
differentially methylated in male samples while only
4 were significantly different in female placentas. Simi-
larly, in GABRG3, 7 CpGs were differentially methylated
in the combined cohort; however, when analyzed by
sex, 19 CpGs were differentially methylated in male
placentas, while only 2 were differentially methylated
in female placentas (Supplementary Material, Table S3).
This was true for additional genes as well: for example, in
LARGE, 18 CpGs were differentially methylated between
placentas following fresh and frozen ETs when all
samples were examined, but sex stratification yielded 25
significant CpGs in male placentas and 5 differentially
methylated CpGs in female placentas (Supplementary
Material, Table S3). Overall, of the 156 genes with at least
2 significantly changed CpGs (P < 0.05, delta or mean
methylation difference > 0.05) when male and female
placentas were analyzed together (Fig. 3A), 118 genes
contained more significantly differentially methylated
CpGs in male placentas, 29 genes were more significantly
changed in female placentas and 9 contained equal
numbers of affected CpGs in male and female placentas.

According to GO analysis, CpGs differentially methy-
lated in male placentas after frozen ET (Supplementary
Material, Table S9) were highly enriched in processes
associated with endothelial cell migration, synaptic sig-
naling and glucose metabolism, while CpGs from female

Figure 7. Sex-specific analysis: (A and B) Methylation differences in
human placentas from frozen ET compared with control placentas in
female (A) and male (B) offspring. (C and D) Methylation differences
in human placentas from fresh ET compared with control placentas in
female (C) and male (D) offspring.

placentas after frozen ET were involved in cell cycle and
cell death processes (Supplementary Material, Table S10).

We also carried out a sex-specific analysis on placen-
tas after frozen ET and fresh ET when compared with
unassisted control placentas (Fig. 7). In female placentas
after frozen ET, we found 9082 hypermethylated and
9541 hypomethylated CpGs, which fell within 6054
genes, of which 723 genes contained more than 3
CpGs that were differentially methylated (Fig. 7A). In
male placentas, differentially methylated CpGs were
overwhelmingly hypermethylated (15064), while only
2122 CpGs were hypomethylated. These CpGs occurred
within 4970 genes, of which 718 genes contained more
than 3 differentially methylated CpGs (Fig. 7B). Female
placentas after fresh ET, on the other hand, contained
10 452 hypomethylated CpGs, while only 3509 CpGs were
hypermethylated when compared with control placenta.
These CpGs fell within 3531 genes, of which 636 genes
contained more than 3 differentially methylated CpGs
(Fig. 7C). Male placenta showed a more even distribution
of hypomethylated (6748) and hypermethylated (8116)
CpGs, which occurred within 4225 genes of which 644
genes contained more than 3 differentially methylated
CpGs (Fig. 7D).

Differentially methylated CpGs in male placentas
after frozen ET were enriched in gene sets associated
with methyltransferase activity and response to external
stimuli such as toxic substances, reactive oxygen species
and nutrient levels (Supplementary Material, Table S11).
Frozen ET in female placenta compared with control
placenta impacts genes involved with RNA regulation
and checkpoint signaling (Supplementary Material, Table

https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddac138#supplementary-data
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S12). After fresh ET, differentially methylated CpGs in
female placentas were associated with lipid biosynthesis
and regulation of innate immune response among others
(Supplementary Material, Table S13) while CpGs in
male placentas were associated with cytokine signaling
and mitochondrial biogenesis (Supplementary Material,
Table S14).

Validation of hypermethylation in placenta after
frozen ET
We validated our array findings in an independent cohort
of placentas following 77 frozen ET and 79 fresh ET.
We selected one gene of interest, GABRG3, and ran
a pyrosequencing assay for CpGs in close proximity
(within 50 bp) of a significant CpG (cg19843449) that was
hypermethylated in male frozen ET placental samples.
Our pyrosequencing assay covered two CpGs and one of
these CpGs showed a significant difference (P = 0.0029)
between frozen (mean methylation = 72.87) versus fresh
samples (mean methylation = 64.71). Interestingly, this
CpG also showed significant (P = 0.0052) hypermethy-
lation (mean methylation difference = 10.67) in male
frozen ET placental samples (n = 33) compared with
male fresh ET placental samples (n = 37). However,
no significant difference (P = 0.1251) was observed for
female frozen ET (n = 44) versus female fresh ET (n = 42)
placental samples.

Mouse model studies - Embryo vitrification leads
to mouse placental hypermethylation,
particularly in male placenta
In parallel, we conducted analogous experiments in
the mouse, which eliminated confounders of infertility,
maternal age, genetic background and variabilities
in clinical and laboratory methodologies. We first
compared DNA methylation in E18.5 placentas following
frozen ET (n = 8) and fresh ET (n = 8) and identified 589
significantly differentially methylated regions (DMRs) in
placental samples. Similar to findings from our human
samples, the majority of these DMRs (509) were hyper-
methylated while only 80 DMRs were hypomethylated
in placentas following frozen ET compared with fresh
ET. These DMRs were located within 445 genes (Fig. 8A,
Supplementary Material, Table S15). GO analysis using
the GOnet tool (38) on genes corresponding to DMRs
highlighted potential roles in the regulation of growth
and in the response to external stimuli (Supplementary
Material, Table S16).

Sex-specific analysis in mice demonstrated even more
significant differences between male and female placen-
tas. In the placentas of male offspring, there were 1069
DMRs (825 hypermethylated and 244 hypomethylated
following frozen compared with fresh ET) within 798
genes (Fig. 8B, Supplementary Material, Table S15). In
female placentas, however, only 14 DMRs were signif-
icantly different (8 hypermethylated and 6 hypomethy-
lated following frozen compared with fresh ET) and these
fell within 11 genes (Fig. 8C, Supplementary Material,

Figure 8. (A) Methylation differences in E18.5 mouse placentas from
frozen ET compared with placentas from fresh ET. (B and C) Sex-specific
analysis of DNA methylation in mouse placentas. DMR: Differentially
methylated regions.

Table S15). GO analysis on genes that contained DMRs
in male samples suggested similar functions as those
seen in the larger dataset—developmental growth,
morphogenesis, cell migration and cell differentiation
were among the top GO terms identified (Supplementary
Material, Table S17). The number of DMRs changed in
female samples was too small to run GO analysis on. We
next investigated whether the effects of vitrification on
changes in methylation also resulted in changes in gene
expression in candidate genes known to be disrupted by
ART: in Mest/Peg1 and Tcf4, which were chosen based
on highly significant differences in methylation and
biological plausibility, we did not see any significant
changes in gene expression in male term placenta.

To examine if frozen or fresh ET in mice led to methy-
lation levels that were more similar to control placentas,
we conducted independent comparisons of placentas
following frozen (n = 8) or fresh (n = 8) ET to placentas
following natural conception (n = 8). Frozen ET com-
pared with controls produced a higher number DMRs
(1787), of which 674 were hypermethylated and 1139
were hypomethylated. These DMRs were within 1319
genes (Supplementary Material, Fig. S1A, Supplementary
Material, Table S18). Comparison of fresh ET placentas
relative to control placenta revealed 1119 DMRs, with
114 hypermethylated and 1005 hypomethylated, corre-
sponding to 808 genes (Supplementary Material, Fig. S1B,
Supplementary Material, Table S19). There was substan-
tial overlap between the DMRs identified when compar-
ing placentas following fresh and frozen ET to controls,
with 294 genes exhibiting disruptions in methylation
following both fresh and frozen ET when compared with
controls (Supplementary Material, Fig. S1C). GO analysis
identified processes associated with cell motility, cell
migration and growth regulation when frozen ET pla-
centas were compared with control placentas (Supple-
mentary Material, Table S20). Examining genes disrupted
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in fresh ET placentas compared with control placen-
tas suggested different potential functions, with nervous
system development, transcription and signaling featur-
ing highly among GO terms identified (Supplementary
Material, Table S21).

We also carried out a sex-stratified analysis on these
datasets and found that male placentas after frozen
ET compared with controls contained 882 DMRs in 717
genes, and male placentas after fresh ET compared with
controls contained 92 DMRs in 69 genes (Supplemen-
tary Material, Fig. S2A and C, Supplementary Material,
Tables S18 and S19). In this subanalysis, female pla-
centas showed more perturbation than male placentas
by both frozen (1363 DMRs, 1109 genes) and fresh ET
(1118 DMRs, 812 genes) (Supplementary Material, Fig.
S2B and D, Supplementary Material, Tables S18 and S19).
All comparisons showed more hypomethylated versus
hypermethylated DMRs. Male placentas after frozen ET
showed disruptions in genes involved in the regulation
of metabolic processes and gene expression through RNA
biosynthesis and transcription (Supplementary Material,
Table S22). There were too few genes impacted in male
placentas after fresh ET to run GO analysis on. Female
placentas after frozen ET contained DMRs within genes
associated with nervous system development, cell differ-
entiation and morphogenesis (Supplementary Material,
Table S23), and female placentas after fresh ET showed
genes associated with remarkably similar functions—
nervous system development, cell signaling and differ-
entiation and regulation of RNA biosynthesis and tran-
scription (Supplementary Material, Table S24).

While the effects of IVF on placental methylation in
mice have been closely examined by several laborato-
ries in a gene-specific manner, a genome-wide unbiased
examination is still lacking. We therefore also exam-
ined how IVF as a whole impacts DNA methylation in a
mouse model. When comparing placentas derived after
IVF (both fresh and frozen ET, n = 16) to control placentas
(n = 8), we found 89 DMRs, of which 23 regions were
hypermethylated while 66 regions were hypomethylated.
These DMRs are localized to 74 genes (Supplementary
Material, Fig. S1C, Supplementary Material, Table S25).
GO terms identified included cell adhesion, cell signaling,
growth and blood vessel development (Supplementary
Material, Table S26). Male placentas after IVF showed
only 51 DMRs within 41 genes, while female placentas
contained a significantly larger number of DMRs (5081,
within 3492 genes) (Supplementary Material, Fig. S2, Sup-
plementary Material, Table S25). Male and female placen-
tas showed a larger number of hypomethylated DMRs.
While few genes were found impacted in male placenta
after IVF, GO terms identified all pointed to a disruption
in cell adhesion (Supplementary Material, Table S27).
Interestingly, no GO terms were identified in the female
placenta, despite a large number of genes identified that
contained DMRs.

The role of ART and individual procedures in epige-
netic disruption of imprinted genes has been very well

characterized in the mouse model (39,40). We there-
fore also examined how vitrification and IVF as a whole
impacted imprinted genes specifically when an epige-
netic change was surveyed in a genome-wide manner.
When placentas from fresh ET were compared with the
placenta from frozen ET, we found significant methy-
lation changes in 12 imprinted genes, representing 3%
of all genes identified. Further, 11/12 of these genes
were hypermethylated (Supplementary Material, Table
S28). The percentage of genes impacted in females was
markedly higher—18% though absolute numbers were
low (two genes) owing to the minimal change seen in
female samples overall. Both genes were hypomethy-
lated (Supplementary Material, Table S28). As many as
21 imprinted genes were impacted in the male placenta,
which represented 3% of all genes changed. All but three
of these genes were hypermethylated (Supplementary
Material, Table S28). When samples after frozen ET were
compared with control placenta, 24 imprinted genes (2%)
were impacted when all samples were examined; 21
genes (2%) when only female samples were examined
and 21 genes (1%) when only male samples were exam-
ined. The vast majority of genes impacted by frozen
ET in all the three datasets were hypomethylated (Sup-
plementary Material, Table S28). Fresh ET resulted in
similar effects on imprinted genes when all samples—
19 genes (2%) and female samples—19 genes (2%) were
considered, but male samples showed a markedly higher
proportion of imprinted genes changed—9 genes, 14% of
total genes. The majority of these genes were hypomethy-
lated (Supplementary Material, Table S28).

Individual imprinted genes have been studied in great
detail in the context of ART in mouse models. In this first
genome-wide screen of genes impacted by IVF, we found
seven imprinted genes, representing 9% of all genes con-
taining DMRs, the majority of which were hypermethy-
lated in frozen ET compared with fresh ET. Female sam-
ples contained 41 genes (1%), and male samples con-
tained 2 genes (5%); all of which were hypomethylated
(Supplementary Material, Table S28).

Weight changes owing to vitrification seen at
E12.5 are resolved by E18.5
The use of the mouse also enabled us to investigate
additional indicators of development. The phenotypical
analysis included fetal and placental weight at mid-
gestation (E12.5) immediately after the formation of
the mature placenta and invasion of the trophoblast
giant cells and at term (E18.5). Three groups were
investigated at each time point: control (E12.5, n = 41;
E18.5, n = 45); fresh ET (E12.5, n = 30; E18.5, n = 31) and
frozen ET (E12.5, n = 28; E18.5, n = 26). Consistently high
rates of fertilization, blastocyst development, freeze–
thaw survival, pregnancy and implantation indicated IVF
and embryo culture success and comparability among
experiments (Supplementary Material, Fig. S3A). Because
sex-specific analysis of DNA methylation in human
placenta showed differences, we also investigated these
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measures stratified by sex, with comparable numbers of
male and female embryos and placentas at each time
point (Supplementary Material, Fig. S3B). At E12.5, and
consistent with prior studies, the use of IVF and embryo
culture overall led to significant decreases in fetal
weight (Fig. 9A). While no differences were seen owing
to vitrification overall, examination by sex indicated
a female-specific decrease in fetal weight owing to
vitrification (Fig. 9B). Placental weight at E12.5 was only
significantly increased in fresh ET compared with control
placenta (Fig. 9C), and separation by sex indicated that
this was driven by increases in male placental weight
(Fig. 9D). Both fresh and frozen ET led to a significant
increase in placental weight compared with unassisted
natural conception. As a measure of placental efficiency,
we also investigated the fetal to placental weight ratio
and found a significant decrease owing to IVF, which
was consistent when examined by sex. At E18.5, the
sex-specific effects of vitrification on fetal weight had
resolved, and no significant changes owing to frozen ET
were seen (Fig. 9E and F). However, an overall increase in
placental weight was observed in both fresh and frozen
ET compared with controls, indicating adaptation of
the placenta to the effects of IVF and embryo culture
(Fig. 9G and H).

To further examine structural changes within the pla-
centa, we measured cross-sectional areas of the junc-
tional and labyrinth zones and determined the ratio
of the junctional to labyrinth zone at E12.5 and E18.5,
respectively. No significant changes in these ratios owing
to embryo vitrification were seen, although both fresh
and frozen ET differed from the control placenta at both
time points (Supplementary Material, Fig. S4A, B, E and
F). Previous work from our laboratories has shown an
effect of hormonal stimulation utilized during IVF on
placental microvessel density (15,29). We examined this
measure in our current study by staining of placental
histological sections with CD31, a marker of blood ves-
sels. While a significant difference in microvessel den-
sity was observed particularly in female samples after
vitrification, this difference was resolved by E18.5, when
no significant changes owing to vitrification were noted
(Supplementary Material, Fig. S4C, D, G and H).

Discussion
The use of ART for the treatment of infertility has
increased dramatically with adjustments in clinical
protocols and laboratory procedures leading to improve-
ments in both pregnancy and live-birth rates. Impor-
tantly, the great majority of ART cycles result in uncom-
plicated pregnancies and apparently healthy offspring.
Even though adverse perinatal outcomes following ART
are relatively rare, they appear to be more common
than those following natural conceptions. Moreover,
critical outstanding questions remain concerning the
roles: (1) of modifiable clinical and laboratory factors
and (2) of the peri-conceptional environment in the

Figure 9. (A and B) Fetal weight in control, fresh and frozen ET at E12.5.
∗P = 0.003, ∗∗P = 0.0003 (A) and stratified by sex. ∗P = 0.03;∗∗∗P < 0.0001;
∗∗P = 0.01 (B). (C and D) Placental weight in control, fresh and frozen ET
at E12.5. ∗P = 0.0009 (C) and stratified by sex. ∗P = 0.0003; ∗∗P = 0.01 (D).
(E and F) Fetal weight in control, fresh and frozen ET at E18.5 (E) and
stratified by sex (F). (G and H) Placental weight in control, fresh and frozen
ET at E18.5. ∗P < 0.0001; ∗∗P < 0.0001 (G) and stratified by sex. ∗P < 0.0001;
∗∗P < 0.0001; ∗∗∗P < 0.0001; ∗∗∗∗P < 0.0001 (H).

development of such adverse outcomes. Understanding
the mechanisms involved in the pathogenesis of adverse
perinatal outcomes will lead to further optimization of
the modifiable laboratory interventions and the peri-
conceptional environment, both of which should lead
to not only a further improvement of pregnancy rates
but also to a reduction, if not elimination, of the adverse
perinatal outcomes associated with ART.

In this study, we examined the effects of frozen ET
on genome-wide methylation by comparing placentas
resulting from the transfer of vitrified-warmed embryos
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during a programmed ET cycle to placentas resulting
from fresh ET into a hormonally hyperstimulated envi-
ronment. When examining global DNA methylation in
placentas, we identified predominant hypermethylation
of samples after frozen ET relative to fresh ET. More-
over, DNA methylation of placentas following a frozen
ET in the same patient/uterus showed similar trends in
methylation as the ones observed in the entire cohort of
fresh versus frozen ET. This suggests that our findings are
the result of perturbations related to the ART procedures
and/or periconceptional hormonal milieu rather than
maternal genetics or the uterine structural environment.
The comparison of samples after either fresh or frozen ET
to placentas obtained following unassisted conception
showed epigenetic perturbations in both ART groups.
This observation is significant because it suggests that
neither ART procedure results in methylation patterns
similar to unassisted natural conception and provides
some explanation that both procedures result in epi-
genetic changes that may explain a resultant adverse
perinatal outcome.

Although the rates of ongoing pregnancy and live
births are approximately equivalent following fresh or
frozen ET strategies (41), embryo cryopreservation has
gained increasing favor owing to lower risks of ovarian
hyperstimulation syndrome and the ability to carry
out preimplantation genetic testing of embryos (42–
45). However, both fresh and frozen ET results in an
increased risk for adverse outcomes when compared
with unassisted conceptions. While fresh ET results in
higher rates of PTB, LBW and SGA compared with frozen
ET, programmed frozen ET has been associated with
higher rates of hypertensive disorders of pregnancy such
as pre-eclampsia, high birth weight and LGA neonates
when compared with fresh ET (42). DNA methylation has
been used as a diagnostic and prognostic marker, and as
a marker to track treatment and disease progression in
multiple disease states including cancer, neurological
and immunological conditions (46). Using a similar
strategy, genes identified as perturbed following frozen
ET compared with fresh ET may offer insights into
molecular pathways and/or candidate genes playing a
role in the pathogenesis of adverse perinatal outcomes
observed following conception with ART. To this end, we
found disruptions in methylation in genes with potential
roles in early placentation that we chose to examine
further: GABRG3 is present in a region associated
with Prader–Willi and Angelman syndromes, disorders
associated with defective imprinting of genes within the
15q11-q13 region (47). Other members of the GABA A
receptor family have been associated with apoptosis of
invasive trophoblast cells, and this receptor pathway was
recently identified from multiple microarray datasets as
being involved in the development of pre-eclampsia, a
complication associated with ART and, more recently
associated with pregnancies following frozen ET in
hormonally programmed ET cycles. ADARB2 is an RNA-
editing enzyme that binds to double-stranded RNA and

can impact global gene expression (48). RNA editing has
been found to be dysregulated in placental disorders
such as pre-eclampsia (49). The methylation status of
ADARB2 was recently identified as a marker for higher
BMI (50), commonly seen in adults who were born
LGA (51). Apart from individual genes, GO analysis of
pathways impacted by frozen ET when compared with
fresh ET or control samples revealed terms related
to organ development, cell cycle regulation and cell-
matrix adhesion. Soon after embryo implantation,
fetal trophoblast invasion and remodeling of maternal
spiral arteries occurs, which requires carefully regulated
interactions between invading cells and the extracellular
matrix (52). Pre-eclampsia, which occurs at a higher rate
after frozen ET, is associated with inadequate invasion
and remodeling, suggesting that genes involved in the
regulation of cell adhesion could play a role in the
pathophysiology of this disease (53). The molecular
mechanisms underlying the development of macro-
somia, or high birth weight, remain unknown, though
recent studies have found a role in the regulation of fetal
trophoblast proliferation suggesting an important role
for cell cycle regulation in normal growth (54,55).

Human frozen ET differs from fresh ET not only in
the exposure of the fertilized embryo to the freeze/thaw
process but also in the hormonal environment during
embryo implantation. Following fresh ET, there is a sup-
raphysiologic hormonal environment that persists dur-
ing the early implantation period. Therefore, it is difficult
to assess if the methylation changes seen in the frozen
ET cycles are secondary to the freeze/thaw process or
the maternal peri-implantation hormonal environment
which may directly or indirectly perturb the implan-
tation and placentation processes. By paralleling our
human studies with those using a mouse model, we have
been able to isolate the role of the freeze–thaw process,
removing factors that may confound the human data. It
should be pointed out that other confounders, such as
differences in IVF protocols, type of insemination (con-
ventional or ICSI), oxygen tension during embryo culture
and day of ET, can also potentially affect the results
in humans. Using our unique mouse model, both fresh
and vitrified/warmed mouse embryos, exposed to other-
wise identical conditions both in vitro and following ET,
can be combined and transferred into pseudopregnant
(unstimulated) dams. Using new genome-wide methy-
lation array technology recently released by Illumina,
we demonstrate that in the mouse, embryo vitrification
alone leads to significant changes in DNA methylation
in the placenta when compared with embryos not sub-
jected to the vitrification/warming process prior to ET.
In the mouse placentas, as in human placentas, the
majority of the DMRs (86%) were hypermethylated (509)
in the placentas following frozen ET, suggesting that the
vitrification/warming process was responsible for the
increase in DNA methylation observed following fresh ET.

Though changes in DNA methylation following ART
appear to be primarily stochastic, in our mouse model,
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as in the humans, we found changes in DNA methylation
in regions critical to regulating fetal growth and placen-
tation. For example, we identified significant changes
in methylation at the Mest/Peg1 locus in placentas from
vitrified embryos compared with fresh embryos. Multiple
studies have identified this locus as particularly sus-
ceptible to changes in DNA methylation following ART
(56,57). MEST/PEG1 plays a role in the regulation of fetal
growth in mice and humans and was recently found to
be downregulated in the placentas of women with early
onset pre-eclampsia (58–60). Additionally, via GO anal-
ysis, several terms related to growth and developments
were identified. These results reinforce the validity of
using genome-wide methods for the discovery of genes
and pathways playing a role in adverse pregnancy com-
plications following frozen ET.

Most significantly, our mouse studies demonstrate
significantly more perturbations in placental DNA
methylation in male than in female offspring, paralleling
what we uncovered in our human data when placentas
after frozen ET were compared with fresh ET. Sex-
stratified analysis when placentas after fresh or frozen
ET were compared with placentas after unassisted
conception did not show particular sensitivity of either
males or females to either ET type when human
samples were examined. However, the predominance
of hypermethylation particularly in male frozen samples
reiterates the susceptibility of male placentas to embryo
cryopreservation, while the changed hormonal environ-
ment that occurs during a fresh ET cycle appears to result
in hypomethylation in female placentas. Mouse samples
show a bias for methylation perturbation in females
when fresh and frozen ET are compared with controls.
This could be a real difference between the systems
or could result from the variability in human samples
resulting from genetic background and procedures which
could make it more difficult to observe sex-specific
differences. This difference may also be a consequence
of the vastly different representation of CpGs on the
two arrays. Trends observed in both human and mouse
samples were not specific to any particular genomic
feature, mimicking what was represented on the arrays,
and were consistent when imprinted and non-imprinted
genes were examined. Sexual dimorphism in terms
of differences in embryo metabolism, gene expression
and epigenetics begins during the preimplantation
period at the blastocyst stage and occurs in response
to environmental stressors and manipulations such
as those employed during ART (61). With respect to
ART, epidemiologic data have found differences in birth
weight between babies born following frozen ET and
fresh ET by sex, with male infants more likely to be
born LGA compared with female infants following frozen
ET (62,63). In support of these initial findings, studies
have found that the placenta is a major source of
sexual dimorphism both physiologically in terms of
transcriptional, growth and nutrient efficiency, and in
response to environmental stressors, with the female

placenta being more adaptive (64,65). Further work is
necessary to understand the mechanism via which
sexually dimorphic responses are elicited after the
use of ART, by exploring sex-linked genes impacted
in our dataset or by considering maternally secreted
factors. This finding also highlights the importance
of examining and analyzing adverse outcomes and
epigenetic perturbations seen after ART in a sex-specific
manner.

In addition to examining the difference in DNA methy-
lation following frozen and fresh ET, we analyzed a subset
of placentas from unassisted term conceptions to deter-
mine whether frozen or fresh ET led to more perturba-
tions in DNA methylation. Evaluation of both human and
mouse placentas, both frozen and fresh ET had signifi-
cant effects on DNA methylation and both differed from
DNA methylation in placentas following unassisted con-
ception. This finding is not surprising as both interven-
tions have independently been linked to increased risks
of adverse outcomes observed following these ART pro-
cedures. These data reinforce the need to continue inves-
tigating the effects of ART interventions before altering
clinical protocols.

Finally, our work offers a database of epigenetic
changes observed in human and mouse placenta
following fresh ET and frozen/thawed ET. Our findings
help identify potential genes and pathways important
to implantation and placentation and offer insight
toward understanding the development of complications
observed following ART treatments. Ultimately, our
improved understanding of molecular mechanisms
coupled with improved ART methodologies to mitigate
DNA methylation changes introduced by procedures
could offer parallel strategies to reduce adverse perinatal
outcomes associated with ART.

Materials and Methods
Compliance with ethical regulations
The research performed complies with ethical regula-
tions set forward by the University of Pennsylvania.
Human tissue was collected at the Hospital of the
University of Pennsylvania under an IRB-approved pro-
tocol (#804530). All patients underwent an established
protocol for reviewing and obtaining informed consent.
Specifically, the informed consent form was reviewed in
detail with the patient and signed by both the patient
and the study coordinator. In accordance with current
regulations, no compensation was provided for obtaining
human placental tissue. All animal studies were carried
out in accordance with the principles and procedures
of the Institutional Animal Care and Use Committee
(#803523).

Human patient recruitment and sample
collection
Placentas were acquired from term deliveries resulting
from IVF pregnancies and unassisted conceptions
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(controls). For IVF pregnancies, all patients underwent
fertility treatment at Penn Fertility Care between 2012
and 2020 using standard clinical and laboratory proto-
cols. Superovulation was performed using recombinant
follicle-stimulating hormone and/or urinary human
menopausal gonadotropins. Gonadotropin dose and pro-
tocol were chosen based on patient characteristics and
were adjusted during stimulation as clinically indicated
based on patient’s response. Final oocyte maturation
was induced with human chorionic gonadotropin and/or
leuprolide acetate followed by transvaginal egg retrieval
36 h later. Fertilization was either via conventional
insemination or by ICSI (performed for either male factor
or, in some cases, unexplained infertility as clinically
indicated). Embryo culture was performed in micro-
droplets under oil. Embryos were either transferred to the
uterus on days 3 or 5 or frozen by vitrification on days 5 or
6. Three patients were included that had embryos frozen
at the two pronuclear (zygote) stage followed by cleavage
stage-ET. Luteal support was provided by intramuscular
progesterone (50 mg daily). Frozen ET cycles were
performed in a hormonally programmed cycle with
increasing doses of oral micronized estradiol (2–6 mg
daily) followed by intramuscular progesterone to induce
a receptive for implantation of the endometrium. Control
placentas from unassisted conceptions were collected
from the Labor and Delivery Unit of the Hospital of
the University of Pennsylvania, from patients with no
comorbidities. Placentas were collected at delivery and
placental tissue was excised from the maternal side
opposite the cord insertion site, rinsed and stored at
−80

◦
C as previously described (9,10,66).

DNA and RNA extraction
Placental genomic DNA was extracted using the Invit-
rogen PureLink™ Genomic DNA kit (Thermo Fischer
Scientific) according to the manufacturer’s instructions.
The isolated DNA was dissolved in 50 μl elution
buffer and stored at −20

◦
C until further use. RNA was

extracted using RNeasy plus mini kit (Qiagen), following
the manufacturer’s guidelines. The isolated RNA was
resuspended in Milli-Q purified water and stored at
−80

◦
C until further use.

Human Illumina 850 K methylation array
Sample preparation

To interrogate genome-wide differences in placental
DNA methylation between frozen and fresh ET preg-
nancies, we utilized the Illumina MethylationEPIC Bead-
Chip which examines over 850 000 CpGs representing
gene bodies; regulatory regions including promoters,
5′/3′untranslated regions and enhancers; and intergenic
regions. DNA samples were processed at the Penn State
University Genome Sciences Facility. The genomic DNA
was converted to bisulfite DNA using the Zymo EZ DNA
methylation kit using the manufacturer’s protocol for
sodium bisulfite conversion of unmethylated cytosines
in DNA from low concentration solutions.

Array

The automated protocol for the Infinium HD methylation
assay was used for the array run. Briefly, the bisulfite-
converted DNA was amplified and then enzymatically
fragmented. The fragmented DNA was then precipitated
and resuspended followed by hybridization to BeadChips.
The unhybridized and non-specifically hybridized DNA
sample was washed. The primers hybridized to the DNA
were extended using labeled nucleotides and stained.
The BeadChip was imaged using the iScan System. The
project file was generated from the raw IDAT files using
the GenomeStudio version 2011.1. MethylationEPIC_v-1-
0_B4.bpm manifest file was used for the downstream
data processing.

Human data analysis

The study samples were run in three batches on EPIC
arrays. All the samples passed quality control with a
mean detection P-value < 0.01. CpG sites failing in more
than 20% of the samples were excluded. We provided the
sex of the samples to the methylation array facility and
the sex was confirmed by the facility. No discordance in
the sex was observed for any samples. Probes located on
sex chromosomes and probes overlapping/close to SNPs
were included in the analyses. A total of 831 858 CpGs
were included for further analysis. Mean values were
calculated for the frozen and fresh ET groups in each
of the three arrays. Bland Altman plots were generated
for comparison of mean methylation values between the
arrays in fresh and frozen groups. CpG sites not in Bland
Altman agreement between the arrays for both fresh and
frozen groups were excluded from the analysis. A total of
793 205 CpGs were included for differential methylation
analysis between the fresh and frozen groups. Differen-
tially methylated CpGs with a P-value less than 0.05 in
the two-tailed t-test and a mean methylation difference
of greater than 0.05 were considered to be differentially
methylated between the frozen and the fresh groups. GO
analysis was done using the methylGSA package in R, and
overlap analysis for DNase 1 hypersensitivity sites was
carried out using the eFORGE web-based tool (https://
eforge.altiusinstitute.org).

Validation by pyrosequencing

We selected one of the genes of interest, GABRG3, for
validation by pyrosequencing. We prepared the samples
(DNA extraction and bisulfite conversion) as described
earlier. Pyrosequencing primers were designed using
PyroMark Assay Design Software 2.0. Bisulfite-converted
DNA was amplified using designed polymerase chain
reaction (PCR) primers followed by pyrosequencing using
a designed sequencing primer in PyroMark Q48 as per the
manufacturer’s protocol.

Human gene expression

RNA was converted to cDNA using the SuperScript IV
first-strand synthesis system (Invitrogen) according to
the manufacturer’s protocol. Predesigned TaqMan assays

https://eforge.altiusinstitute.org
https://eforge.altiusinstitute.org
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and TaqMan gene expression master mix were used
for quantitative real-time RT PCR. Gene expression was
quantified on QuantStudio 3 real-time PCR system using
comparative cycle threshold (CT) analysis. The geometric
mean of three housekeeping genes (TBP, SDHA and
YWHAZ) was used to normalize the expression of genes
of interest.

Mouse embryo collection and transfer
IVF and embryo culture

Six-week-old mice were obtained and housed in a
temperature- and light-controlled environment with a
12 h dark/12 h light cycle and fed ad libitum. Female
CF1 mice (Envigo Laboratories, Indianapolis, IN) were
superovulated with intraperitoneal injections of 5 IU of
pregnant mare serum gonadotropin (PMSG, Lee Bioso-
lutions, Maryland Heights, MO) followed by 5 IU of hCG
(Sigma-Aldrich, St. Louis, MO) 48 h later. Approximately
14 h post-hCG injection, cumulus–egg complexes were
harvested from the oviducts and placed in TYH (Toyoda,
Yokoyama, Hoshi, modified Krebs-Ringer Solution)
medium overlayed with mineral oil (Fujifilm/Irvine
Scientific, Santa Ana, CA). Mature sperm were collected
from the cauda epididymides of male mice (SJLB6)
heterozygous for GFP. Sperm were capacitated for 90 min
in the TYH medium under mineral oil and then added
to the egg droplets. Eggs were incubated with sperm for
3 h at 37

◦
C in a humidified atmosphere of 5% O2, 5% CO2

and 90% N2. Following insemination, eggs were rinsed in
drops of HEPES-buffered MHM (Fujifilm/Irvine Scientific,
Santa Ana, CA) to remove the sperm and placed in
KSOM with amino acids (Sigma-Aldrich, St. Louis, MO)
for culture to the blastocyst stage.

Blastocyst vitrification and thawing/warming

On day 3.5 of culture, embryos that had reached the
blastocyst stage were sorted by GFP status. Embryos
were either vitrified (for up to 9 months) or transferred
fresh. Vitrification was performed using Vit Kit-Freeze
NX per the manufacturer’s instructions (Fujifilm/Irvine
Scientific, Santa Ana, CA). Briefly, blastocysts were
held in equilibration solution for 5 min before being
rinsed quickly through three drops of vitrification
solution and transferred directly to liquid nitrogen
using a cryolock vitrification device (Fujifilm/Irvine
Scientific, Santa Ana, CA). Embryos were stored in a liquid
nitrogen tank (Taylor-Wharton, Minnetonka, MN) until
thawing/warming for transfer. Blastocysts were warmed
using a Vit Kit-Warm NX (Fujifilm/Irvine Scientific, Santa
Ana, CA). Cryolocks with blastocysts were placed in TS
(warming solution), the embryos recovered and after 1
min placed in dilution solution to equilibrate for 4 min.
The blastocysts were subsequently passed through two
wash steps of 4 min each, then placed in equilibrated
KSOM with amino acids under oil to recover before
transfer.

Embryo transfer

Day 3.5 blastocysts were non-surgically transferred into
pseudopregnant CF1 female mice derived through nat-
ural mating to vasectomized B6D2F1/J males (Jackson
Laboratory, Bar Harbor, ME). The presence of a copu-
latory plug on post-coitum day 0.5 confirmed mating.
Ten blastocysts, 5 fresh and 5 vitrified/warmed, were
transferred into a single horn of each pseudopregnant
female on post-coital day 3.5 using the Non-Surgical
Embryo Transfer Device (Paratechs, Lexington, KY) per
the manufacturer’s protocol. GFP status was used to
distinguish whether the blastocysts were fresh or vit-
rified/warmed. Reciprocal transfers were performed to
ensure that the observed changes were not owing to the
GFP transgene.

Naturally conceived controls

Naturally conceived controls were generated by mating
CF1 females with male mice (SJLB6- heterozygous for
GFP). The morning that a vaginal plug was observed was
designated as day 0.5.

Mouse tissue collection and evaluation

Pregnant mice, following either natural mating or ET,
were sacrificed on either embryonic day (E) 12.5 or 18.5.
The number of implantation sites and resorption sites
were counted for each recipient, the amniotic mem-
branes ruptured and the concepti (fetus and placenta)
were carefully dissected from the uterine horn. The fetus
and placenta were separated and weighed. Each placenta
was bisected through the mid-placental plane, and half
the placenta was placed in 10% phosphate-buffered for-
malin for histologic examination. The other half of the
placenta was snap-frozen and stored at −80

◦
C. GFP status

of the fetus was determined by PCR to ascertain whether
it originated from fresh or vitrified/warmed blastocysts.

DNA and RNA extraction: mouse samples

Placental halves were homogenized in a lysis buffer and
the lysate was divided and allocated for either RNA
or DNA extraction. Proteinase K (Denville Sci, South
Plainfield, NJ) was added to the lysate for DNA extraction
at a concentration of 10 μg/ml and the lysate was
incubated for 1 h at 55

◦
C. An equal volume of phenol–

chloroform/isoamyl alcohol (Sigma Aldrich, St. Louis,
MO) was added, mixed well and centrifuged for 5 min at
room temperature. The aqueous layer was collected, and
isopropanol and 7.5 M ammonium acetate were added
to precipitate the DNA. After a 10-min incubation, the
sample was centrifuged for 5 min, and the DNA pellet
was washed with 80% ethanol. The ethanol was removed,
and the DNA was air dried and resuspended in nuclease-
free water. RNA was isolated using an RNEasy Plus Mini
Kit. The extracted RNA was quantified using a NanoDrop
2000 (ThermoFisher Scientific).
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Infinium mouse methylation BeadChip array
DNA (250–750 ng) was treated with sodium bisulfite
using the Qiagen EpiTect Bisulfite Conversion kit. DNA
methylation was quantified using the Illumina Infinium
MouseMethylation-12v1–0 BeadChip (Illumina, CA) run
on an Illumina iScan System (Illumina, CA) using
the manufacturer’s standard protocol. The samples
were processed at the Center for Applied Genomics
Genotyping Core at the Children’s Hospital of Philadel-
phia. The Illumina Infinium Mouse Methylation-12v1–0
BeadChip includes 284 760 CG probes, 1352 rs probes
and 938 Ch probes (287 050 probes total) as defined
in ‘Infinium Mouse Methylation v1.0 A1 GS Manifest
File.bpm’.

Mouse data analysis

Raw IDAT files were processed with the SeSAMe R pack-
age (v1.10.4) and the MM285 array manifest file that
comes with the package (vM25). Briefly, SeSAMe sets
quality masks for probes, computes detection P-value
using out-of-band probe’s empirical distribution and pro-
duces methylation β-values, which were used for all
downstream analyses. To compare different experimen-
tal groups, two-tailed t-tests were applied for each probe.
We defined significance as probes whose nominal P-
value was less than 0.05 and methylation difference
was greater than 5%. Nearby genes were assigned to
probes based on proximity using the Rpackage annota-
tor (67). Downstream analysis was conducted using the
mm10/GRCm10 mouse genome assembly.

Because considerably fewer samples were analyzed
in the mouse studies compared with the human, we
utilized BumpHunter for the analysis. This methodology
identifies contiguous, DMRs of interest, which are all
either hypo- or hypermethylated, instead of focusing on
individual CpGs (68). 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, cut-off = 0.1, B = 100,
maxGap = 250, pickCutoffQ = 0.95). DMRs annotations
were obtained using the annotatePeaks function of
the Rpackage ChIPSeeker (69) (version 1.22.1; parame-
ter: TxDb = TxDb.Mmusculus.UCSC.mm10.knownGene).
Additional annotations and chromosomal distributions
were obtained using the Rpackage annotator (67)
modified for mouse genome analyses. GOnet (38): a
tool for interactive GO analysis was utilized for GO
analysis.

Mouse gene expression

We used 73 (24 natural, 27 fresh IVF and 22 ET frozen)
samples from our total mouse cohort to analyze gene
expression as previously described (17). Briefly, 1500 ng
of RNA was treated with 1.5 μl of DNase followed by first-
strand synthesis using Superscript III reverse transcrip-
tase (Invitrogen, CA, USA) and random hexamer primers
(Roche, Germany). All real-time PCR reactions were

performed using 10 μl reactions consisting of 5.0 μl
of SYBR green master mix (Applied Biosystems, MA,
USA), 0.2 μl of 10 μM forward primer, 0.2 μl of 10 μM
reverse primer and 4.6 μl of cDNA (final concentration:
1.09 ng/μl). CTs were detected using QuantStudio 7 Flex
Real-Time PCR System (Life Technologies, CA, USA).
Reaction efficiency (E) was estimated for each pair of
primers using a standard curve and expression levels
were quantified by measuring the CTs for each sample
using the E(-Cts) method. All samples were run in
triplicate. Relative expression was calculated using the
quantified expression from the endogenous control B2M
that had stable expression levels in mouse placentas
across multiple samples and experimental groups.

Mouse histological analysis

Placentas were kept in formalin overnight at 4
◦
C, dehy-

drated and embedded in a paraffin block with the pla-
centa oriented to obtain appropriate cross-sections. Tis-
sue sections of 4 μm thickness were mounted on glass
slides, then deparaffinized and stained with hematoxylin
and eosin, or with monoclonal antibody to PLVAP (MECA-
32) (Bio-Rad, Raleigh, NC). Aperio ImageScope software
(Leica Biosystems, Vista, CA) was used to view images,
outline each placental zone and calculate areas and
microvessel density.

Statistical analysis
All numerical data are represented as mean ± SD. All sta-
tistical analyses were performed using RStudio version
1.3.1093. GraphPad Prism version 9.1.2 was used for all
the graphical representations.

Supplementary Material
Supplementary Material is available at HMGJ online.
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