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Assisted reproductive technologies induce temporally specific
placental defects and the preeclampsia risk marker sFLT1
in mouse
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Asha K. Dahiya1, Mary E. Putt3, Richard M. Schultz4 and Marisa S. Bartolomei1,*

ABSTRACT
Although widely used, assisted reproductive technologies (ARTs) are
associated with adverse perinatal outcomes. To elucidate their
underlying causes, we have conducted a longitudinal analysis of
placental development and fetal growth using a mouse model to
investigate the effects of individual ART procedures: hormone
stimulation, in vitro fertilization (IVF), embryo culture and embryo
transfer. We demonstrate that transfer of blastocysts naturally
conceived without hormone stimulation and developed in vivo prior
to transfer can impair early placentation and fetal growth, but this
effect normalizes by term. In contrast, embryos cultured in vitro before
transfer do not exhibit this compensation but rather display placental
overgrowth, reduced fetal weight, reduced placental DNAmethylation
and increased levels of sFLT1, an anti-angiogenic protein implicated
in causing the maternal symptoms of preeclampsia in humans.
Increases in sFLT1 observed in this study suggest that IVF
procedures could increase the risk for preeclampsia. Moreover, our
results indicate that embryo culture is the major factor contributing to
most placental abnormalities and should therefore be targeted for
optimization.
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Placenta, Preeclampsia, sFLT1

INTRODUCTION
Assisted reproductive technologies (ARTs), including in vitro
fertilization (IVF), have enabled the birth of over 8 million babies
worldwide (Adamson et al., 2012). ART use has become more
common in recent years with the number of ART cycles increasing
30% over the past decade in the USA (Centers for Disease Control
and Prevention et al., 2017). In Europe and Asia, ART use is much
higher (Dyer et al., 2016). Studies of human singleton pregnancies
demonstrate that ART is associated with abnormal placentation,

preeclampsia, small- and large-for-gestational age babies, preterm
birth, miscarriage, perinatal mortality, pregnancy complications,
and congenital disorders (Daniel et al., 1999; Haavaldsen et al.,
2012; Luke et al., 2017, 2019; Marino et al., 2014; Pandey et al.,
2012; Schieve et al., 2007; Stern et al., 2018; Wisborg et al., 2010).
Although the underlying infertility/subfertility of patients can
contribute to these risks (e.g. Hwang et al., 2018; Kobayashi
et al., 2009), numerous studies using fertile animal models suggest
ART procedures alone can induce fetal and placental growth
changes, and that these changes can result in different outcomes
dependent on culture conditions, genetic background and stage of
embryo transfer, among other variables (Bloise et al., 2014). In
mouse, IVF concepti display placental overgrowth and small- and
large-for-gestational age offspring, outcomes also observed in
some human IVF pregnancies (Bloise et al., 2012; Chen et al.,
2015a,b; Collier et al., 2009; de Waal et al., 2015; Sui et al., 2014;
Tan et al., 2016).

The placenta is essential for pregnancy. In addition to its nutrient
and gas transport function, the placenta also plays important
endocrine, metabolic, immunoprotective, sequestration and barrier
roles (Maltepe and Fisher, 2015). Placenta dysfunction restricts fetal
growth and can lead to adverse health outcomes in adulthood
(Gagnon, 2003; Maltepe and Fisher, 2015), making it imperative to
understand how factors, such as IVF, impair placentation. More
recent clinical reports demonstrate the risk of placenta previa,
placental abruption and morbidly adherent placenta is two to four
times higher in ART singletons when compared with naturally
conceived singletons (Vermey et al., 2018). The risk of placenta
accreta, a form of morbidly adherent placenta, may be as much as 13
times higher in ART pregnancies (Esh-Broder et al., 2011).
Although maternal risk factors play a clear role in the risk of
placenta accreta, embryo culture, as well as cryopreservation, are
postulated to be contributing factors (Esh-Broder et al., 2011; Kaser
et al., 2015). There is also strong clinical evidence that ART
pregnancies are at greater risk of preeclampsia, a pregnancy
complication with known placental etiology (Di Tommaso et al.,
2019; Luke et al., 2019; Pandey et al., 2012; Thomopoulos et al.,
2017; von Versen-Höynck et al., 2019). It is unknown whether and
how ART procedures induce placental defects specific to these
clinically relevant conditions and which procedures need to be
optimized to ameliorate adverse outcomes. Given that these specific
conditions are life-threatening for both mother and fetus and may
predispose offspring to adverse long-term health outcomes,
lowering the risk of these ART-associated placental abnormalities
is a major health need.

We and others have previously identified both overgrowth and
epigenetic changes in term placentas of mice generated by IVF (Chen
et al., 2015a; de Waal et al., 2015; Sui et al., 2014). The goal of the

Handling Editor: Patrick Tam
Received 16 November 2019; Accepted 18 April 2020

1Epigenetics Institute, Department of Cell and Developmental Biology, Perelman
School of Medicine, University of Pennsylvania, Philadelphia, PA 19104, USA.
2Department of Family and Community Health, Claire M. Fagin School of Nursing,
University of Pennsylvania, Philadelphia, PA 19104, USA. 3Department of
Biostatistics, Epidemiology, and Informatics, Perelman School of Medicine,
University of Pennsylvania, Philadelphia, PA 19104, USA. 4Department of Biology,
School of Arts and Sciences, University of Pennsylvania, Philadelphia, PA 19104,
USA.

*Author for correspondence (bartolom@pennmedicine.upenn.edu)

L.A.V., 0000-0002-2202-1051; E.A.R.-C., 0000-0001-8128-724X; D.K.N., 0000-
0002-2312-2567; L.N., 0000-0002-3327-4089; M.E.P., 0000-0001-7954-1288;
R.M.S., 0000-0001-5923-6825; M.S.B., 0000-0001-9410-5222

1

© 2020. Published by The Company of Biologists Ltd | Development (2020) 147, dev186551. doi:10.1242/dev.186551

D
E
V
E
LO

P
M

E
N
T

https://dev.biologists.org/content/editor-bios/#tam
mailto:bartolom@pennmedicine.upenn.edu
http://orcid.org/0000-0002-2202-1051
http://orcid.org/0000-0001-8128-724X
http://orcid.org/0000-0002-2312-2567
http://orcid.org/0000-0002-2312-2567
http://orcid.org/0000-0002-3327-4089
http://orcid.org/0000-0001-7954-1288
http://orcid.org/0000-0001-5923-6825
http://orcid.org/0000-0001-9410-5222


present study was to assess the effect of specific ART procedures on
eliciting placental abnormalities and determine which procedures
need to be optimized to ameliorate these abnormalities. Furthermore,
we hypothesized that impaired placental development is due to
underlying epigenetic perturbations incurred specifically during
embryo culture. Accordingly, we conducted a detailed
developmental analysis of naturally conceived and ART procedure
concepti, controlling for individual ART procedures: hormone
stimulation, IVF, embryo culture and embryo transfer. We assessed
concepti shortly after placental formation at embryonic day (E) 12.5,
when the placenta reaches maximal growth and fetal weight begins to
increase exponentially at E14.5, and at term: E18.5. Unexpectedly, at
mid-gestation, we found embryo transfer alone led to both impaired
placental vasculature and reduced fetal weight; improvement in fetal
weight and placental vasculature was subsequently observed by term.
Importantly, the worst fetal and placental outcomes were specifically
linked to embryo culture under current state-of-the-art conditions.
Concepti derived from transferred cultured embryos failed to achieve
normal fetal weight by term and were found to have placental
abnormalities reflective of placental overgrowth and preeclampsia –

abnormalities observed in human ART pregnancies. Importantly, all
these phenotypes were linked to loss of placental DNA methylation,
which suggests underlying epigenetic perturbations incurred during
embryo culture cause late gestational placental abnormalities and
impair placental compensatory mechanisms.

RESULTS
ART procedures result in reduced fetal weight preceding
placental overgrowth
We first compared the effect of different ART procedures on fetal
and placental weight; see Materials and Methods for experimental
design, Table S1 for nomenclature for different procedures and
Table S2 for litter characteristics. Unexpectedly, at E12.5, mean
fetal weight was significantly reduced in embryo transfer (ET),
hormone stimulation (S), embryo culture (EC) and in vitro
fertilization (IVF) groups when compared with naturally
conceived controls (Fig. 1A). At E14.5, when compared with
naturally conceived controls, mean fetal weight remained
significantly reduced in S, EC and IVF, but not in ET (Fig. 1B).
A mouse fetus normally experiences exponential growth from

Fig. 1. Fetal weight, placental weight and fetal:placental ratios in a mouse model of IVF procedures at E12.5, E14.5 and E18.5. (A-I) Each data
point represents an individual conceptus from a minimum of three different litters (n=13-21 per group for ART groups, n=46-54 per group for natural control
groups). Black line represents the mean of each group. A significant (P<0.05) global likelihood ratio test of differences between groups in the mixed effects
model was followed by pairwise tests adjusted using a Holm-Bonferroni correction. Groups with different letters indicate significant differences between groups
(adjusted P<0.05); the same letters indicate no difference was detected. For E14.5 placental weight, raw P-values were used to infer pairwise among
experimental groups, acknowledging that the use of raw P-values does not strictly control the family-wise type I error rate.
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E14.5 to term (Mu et al., 2008) and all groups displayed this
dramatic increase in fetal weight (Fig. S1A-E). By E18.5, S mean
fetal weight was similar to naturally conceived controls, whereas EC
and IVF mean fetal weights remained significantly lower (Fig. 1C).
In contrast to fetal weight, mean placental weight did not differ

among any of the groups at E12.5 (Fig. 1D). By E14.5, however, S,
EC and IVF placentas were significantly larger than placentas from
naturally conceived mice (Fig. 1E). Placental growth normally
plateaus around E14.5 (Mu et al., 2008), which we observed in
placentas from naturally conceived mice (Fig. S1F). In contrast,
placental weight continued to increase in ART groups in ET, S, EC
and IVF groups when compared with naturally conceived controls at
E18.5 (Fig. 1F, Fig. S1G-J). The reduction in fetal weight and
concomitant increase in placental weight resulted in significantly
reduced fetal/placental weight ratios, a rough measure of placental
efficiency, for the ET group at E14.5 and E18.5, and for S, EC and
IVF groups at all three developmental time points (Fig. 1G-I).
Notably, EC and IVF groups had the most drastic differences in fetal
and placental weight, and were not statistically different from each
other. These weight trends were similar when statistically compared
by litter mean, with the exception of S and EC fetal weight, which
were no longer statistically different from natural controls at E18.5
(Fig. S2). Males and females were equally affected by ART
procedures (Fig. S3). These results suggest that: (1) factors related to
embryo transfer can impair early fetal growth shortly after placental
formation; (2) the ET group can undergo late gestational
compensatory fetal growth; and (3) embryo culture induces the

most drastic increase in placental weight in late gestation associated
with impaired fetal growth.

Labyrinth abnormalities are detected in ARTembryos atmid-
gestation, shortly after placental formation
The mouse placenta consists of two main tissue types: the labyrinth,
containing the maternal and fetal vasculature for nutrient and gas
exchange; and the junctional zone, which serves primarily an
endocrine function (Simmons, 2014). Given the striking difference in
fetal weight observed in all ART groups at E12.5, we assessed a
subset of placentas for labyrinth defects using immunohistochemistry
for CD34, which is a marker of fetal blood vessel endothelial cells.
We observed qualitative differences in ET, S, EC and IVF E12.5
placentas with respect to blood vessel density and organization
(Fig. 2A-E). Quantitative image analyses showed a significant
reduction in CD34-positive staining, which is indicative of fewer fetal
blood vessels, in EC E12.5 placentas when compared with natural
controls (Fig. 2F). By E14.5, no ART groups were statistically
different from natural controls, but S placentas had significantly
higher CD34-positive area relative to labyrinth area than the EC
group (Fig. 2G). By E18.5, no significant differences were observed
between any of the groups (Fig. 2H), although some individual EC
and IVF placentas displayed abnormal blood vessel organization in
focal areas of the labyrinth (Fig. S4).

To assess labyrinth trophoblast cells, we used expression
of Ctsq, Slc16a1 and Slc16a3, as cell type-specific markers of
sinusoidal trophoblast giant cells, syncytiotrophoblast layer I and

Fig. 2. Qualitative and quantitative labyrinth fetal endothelial cell analyses in a mouse model of IVF procedures at E12.5, E14.5 and E18.5. (A-E)
CD34 immunostaining counterstained with Hematoxylin was used to visualize fetal endothelial cells. Representative images of labyrinth from (A) natural,
(B) ET, (C) S, (D) EC and (E) IVF placentas at E12.5. Scale bar: 300 µm. (F-H) Fetal endothelial cell positive staining (shown here, false colored in red) was
analyzed as a percentage of total labyrinth area using ePathology software. Each data point represents an individual conceptus from aminimum of three different
litters (n=10-13/group). A significant (P<0.05) global likelihood ratio test of differences between groups in the mixed effects model was followed by pairwise tests
adjusted using a Holm-Bonferroni correction. Groups with different letters indicate significant differences between groups (adjusted P<0.05); similar letters
indicate no difference was detected.
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syncytiotrophoblast layer II cells, respectively. At E12.5, expression
of Ctsq was significantly reduced in all ART groups when compared
with controls (Fig. 3A,G), whereas Slc16a1was significantly reduced
only in EC and IVF (Fig. 3D), and Slc16a3 was significantly reduced
in S, EC and IVF. At E14.5 and E18.5, expression of Slc16a1was no
longer statistically different among groups. For Slc16a3 expression,
significant differences were observed only between the S and IVF
group at E14.5, whereas at E18.5 significant differences were only
observed between the IVF group and natural, ET and S group (Fig. 3E,
F,H,I). Significant reduction in Ctsq expression was detected only in
the EC group when compared with naturals at E14.5 (Fig. 3B), but at
E18.5, the IVF group had significantly reducedCtsq expression when
compared with natural and ET groups (Fig. 3C). Thus, with the
exception of sinusoidal trophoblast giant cells, both the histological
and molecular labyrinth phenotype of the ART groups improved
during development.

Junctional zone overgrowth is observed in late gestation
IVF placentas have an over-representation of junctional zone at term
(Chen et al., 2015a; de Waal et al., 2015; Sui et al., 2014). To better
understand how junctional zone overgrowth occurs during placenta

development, we used an in situ hybridization probe for Tpbpa, a
junctional zone marker (Fig. 4). No differences in gross morphology,
junctional zone area, labyrinth area or the percentage of the two
tissues were detected among all groups at E12.5 (Figs 4 and 5A,D).
At E14.5, finger-like projections of the junctional zone into the
labyrinth could be observed in S, EC and IVF placentas (Fig. 4), even
though junctional zone area, labyrinth area or the percentage of the
two tissues were not significantly different (Fig. 5B,E). By E18.5,
junctional zone area and the percentage of junctional zone were
significantly higher in EC and IVF placentas compared with controls
(Figs 4 and 5C,I). The border between the junctional zone and
labyrinth tissues, which are characteristic of term placentas, was less
distinct in some EC and IVF placentas, suggesting changes in cell
proliferation and migration (Fig. S4C).

We used a Prl8a8 in situ hybridization probe, which is specific
to spongiotrophoblasts, and the distinct morphology of glycogen
cell and parietal trophoblast giant cells (P-TGCs) to determine
whether the junctional zone cell types contributed proportionally
to the late gestational junctional zone overgrowth. There was no
difference in P-TGCs at E12.5, but by E14.5, EC and IVF groups
had proportionally more P-TGCs than natural or ET placentas

Fig. 3. Gene expression of labyrinth trophoblast cell markers in a mouse model of IVF procedures at E12.5, E14.5 and E18.5. (A-I) Each data point
represents an individual placenta from a minimum of three different litters (n=10-13 per group). Black line represents the mean of each group. A significant
(P<0.05) global likelihood ratio test of differences between groups in the mixed effects model was followed by pairwise tests adjusted using a Holm-Bonferroni
correction. Groups with different letters indicate significant differences between groups (adjusted P<0.05); the same letters indicate no difference was detected.
For E12.5 Slc16a1, E12.5Slc16a3 and E14.5Slc16a3, rawP-values were used to infer pairwise differences among experimental groups, acknowledging that the
use of raw P-values does not strictly control the family-wise type I error rate.
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when accounting for the difference in total placental size
(Fig. 6A,B). By E18.5, only the EC group had proportionally
more P-TGCs than natural placentas (Fig. 6C). Although the
majority of the junctional zone comprised spongiotrophoblasts in
all groups at all time points (Fig. 6D-F), EC and IVF placentas
displayed a disproportionate increase in glycogen cells at E18.5
(Fig. 6F-K). In EC and IVF placentas, 26-30% of the junctional
zone comprised glycogen cells compared with only 13% in
controls. Because glycogen cells are known to deplete their glycogen
stores prior to term (Coan et al., 2006), we determined by Periodic
acid-Schiff staining whether glycogen cell content was abnormally
retained in IVF placentas in a subset of E18.5 IVF and control
placentas. Despite differences in the total amount and proportional
contribution of glycogen cells to the junctional zone at E18.5, IVF
placental glycogen content relative to glycogen cell area was not
significantly different from controls, suggesting that placental
glycogen stores were normally used prior to term (Fig. S5).

IVF increases sFLT1 levels, a protein implicated in causing
preeclampsia
Given the known increase in risk of preeclampsia among IVF
patients, and the observation of impaired vasculature, enlarged
junctional zone and reduced fetal size in EC and IVF groups in
our mouse model, we measured expression of the anti-angiogenic

factor, soluble Fms-like tyrosine kinase-I (sFlt1), which is the
soluble, non-membrane associated splice variant of Fms-like
tyrosine kinase (Flt1). Increased circulating maternal levels of
sFLT1 are strongly implicated in the etiology of preeclampsia
(Palmer et al., 2016). The link between sFLT1 and ART is less
clear – two studies have reported significantly increased sFLT1 in
ART pregnancies, whereas two others have reported no
differences (Côté et al., 2019; Joy et al., 2015; Lee et al., 2015;
Sanchez et al., 2012). In mice, increased sFlt1 expression or
protein, which is normally produced by the junctional zone,
induces preeclampsia-like symptoms (Bergmann et al., 2009;
Maynard et al., 2003). Compared with natural controls, we
observed a significant decrease in sFlt1 expression in EC and IVF
groups at E12.5 (Fig. 7A). At E14.5, there are no significant
differences among groups; however, at E18.5, EC and IVF
groups had significantly increased sFlt1 expression compared
with natural controls. Notably, the EC group had two individual
outliers with extremely high sFlt1 expression (Fig. S6).

To test whether this late gestational increase in sFlt1 expression
resulted in increased circulating levels of sFLT1 in maternal blood
and changes in blood pressure, we assessed a cohort of IVF dams at
E18.5. To control for litter size, IVF dams were compared with ET
controls, which exhibit sFlt1 expression and birth weight
comparable with naturals. Indeed, controlling for litter size is

Fig. 4. Representative mouse placental
sections at E12.5, E14.5 and E18.5 using
Tpbpa in situ hybridization. In situ hybridization
was performed on placenta cross-sections using
the junctional zone marker Tpbpa. Sections were
counterstained with Hematoxylin. Scale bar:
1000 µm.
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important, as our data show that circulating sFLT1 is positively
correlated with litter size (Fig. 7D). When normalized by litter size,
IVF dams had significantly increased sFLT1 serum levels by
comparison with ET controls (Fig. 7D,E). Although circulating
sFLT1 was increased in IVF dams, this increase did not result in an
observable increase in blood pressure levels (Fig. 7F).

Significant DNA methylation changes are associated with
embryo culture but are stable across placental development
In addition to placenta overgrowth, IVF placentas exhibit biallelic
expression of imprinted genes, which are normally monoallelically
expressed, concomitant with loss of allele-specific DNA
methylation of their regulatory imprinting control regions (ICRs)
(de Waal et al., 2014; de Waal et al., 2015; Rahimi et al., 2019;
Whidden et al., 2016). To ascertain whether an association exists
between these DNA methylation changes and the morphological
phenotypes over the span of placenta development, we measured
DNA methylation of the paternally methylated ICR H19/Igf2 and
three maternally methylated ICRs –Kcnq1ot1, Peg3 and Snrpn – by
bisulfite pyrosequencing. These loci were chosen due to their

known role in human imprinting disorders and known function in
placental and fetal growth (Rhon-Calderon et al., 2019; Tunster
et al., 2013, 2018). Because ICRs exhibit methylation on one
parental allele, assay of bulk DNA results in∼50%methylation. For
H19, Igf2, Kcnq1ot1 and Peg3, ICR DNA methylation levels were
significantly different between EC and/or IVF groups compared
with controls at all time points (Fig. 8A-I). For Snrpn, ICR DNA
methylation levels were significantly different for the embryo
culture group compared with natural controls at E12.5 and E18.5,
but not at E14.5 (Fig. 8J-L). ET and S groups were not significantly
different from natural controls for all ICRs and time points. Thus,
procedures that entail embryo culture were associated with ICR
methylation defects. Notably, ICR DNA methylation levels in EC
and IVF placentas were not further reduced from E12.5 to E18.5,
suggesting that mechanisms maintaining ICR methylation
specifically after placenta formation to term were intact.

We have previously shown that term IVF placentas have reduced
global DNA methylation levels at repetitive elements using the
luminometric methylation assay (LUMA) (de Waal et al., 2015). To
assess whether global DNA methylation changes are associated

Fig. 5. Percentage of placental junctional zone in a mouse model of IVF procedures at E12.5, E14.5 and E18.5. (A-C) Total junctional zone area was
measured using Tpbpa in situ hybridization probes (n=10-13/group). (A) E12.5, (B) E14.5 and (C) E18.5. Black line represents themean of each group. (D-F) Labyrinth
areawas measured using Tpbpa in situ hybridization probes (n=10-13/group). (D) E12.5, (E) E14.5 and (F) E18.5. Black line represents the mean of each group. (G-I)
Junctional zone and labyrinth area as a percentage of the total placental area, excluding the decidua and chorionic plate (n=10-13/group). Black bar represents
junctional zone percentage, white bar represents labyrinth percentage. Data are mean±s.e.m. A significant (P<0.05) global likelihood ratio test of differences between
groups in the mixed effects model was followed by pairwise tests adjusted using a Holm-Bonferroni correction. Groups with different letters denote significant
differences between groups (adjustedP<0.05); the same letters indicate no differencewas detected. For E14.5 junctional zone/labyrinth ratio, rawP-values rather than
adjusted P-values were used to infer pairwise differences among experimental groups, acknowledging that the use of raw P-values does not strictly control the family-
wise type I error rate.
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with embryo culture similar to ICR DNA methylation changes, we
conducted LUMA analysis. We determined that global DNA
methylation levels indeed were significantly reduced in EC and IVF
groups at all time points compared with controls and S groups
(Fig. 8M-O), supporting the proposal that the embryo culture drives
placental hypomethylation. The ET group displayed intermediate
DNA methylation levels that were not statistically different from
controls, EC or IVF groups.

DISCUSSION
A matter of increasing clinical relevance is why ART pregnancies
are at greater risk for certain pregnancy complications. Although
performed on a small number of total dams per group to
accommodate the multiple time points and experimental groups,
to our knowledge, this is the first experimental study to demonstrate
that ART procedures independent of factors related to underlying
infertility lead to placental vasculature defects and increased sFLT1,
cellular phenotypes relevant to preeclampsia in humans.
Specifically, our model suggests that factors related to embryo

transfer alone confer an initial increased risk of impairment in
placental vascularization and fetal growth shortly after placental
formation. At this time point, ET, S, EC and IVF placentas are
morphologically indistinguishable from each other. By term,
transferred embryos that were not exposed to in vitro culture show
placental vasculature improvement and fetal catch up growth.
Embryos that were cultured, however, have compromised fetal
growth throughout pregnancy that is associated with late gestational
placental overgrowth, increased sFLT1 levels and underlying
placental DNA hypomethylation.

ART procedures interfere with early placental
vascularization
A striking and unanticipated finding is that all ART experimental
groups, ET, S, EC and IVF, have reduced fetal growth shortly after
placenta formation when compared with natural controls. This
outcome is different from previous studies, which have
predominantly compared IVF concepti to S or ET controls, rather
than natural controls. The inclusion of all groups for comparison in

Fig. 6. Spongiotrophoblast and glycogen cell percentage in a mouse model of IVF procedures at E12.5, E14.5 and E18.5. (A-C) p-TGCs were
counted and normalized by placental length at E12.5, E14.5 and E18.5, respectively. (D-F) Spongiotrophoblast and glycogen cell area were measured using
spongiotrophoblast marker, Prl8a8, in situ hybridization probes and characteristic glycogen cell morphology, respectively. White and black bars represent
glycogen cell and spongiotrophoblast area, respectively, as a percentage of the total junctional zone area (n=6 per group). A significant (P<0.05) global likelihood
ratio test of differences between groups in the mixed effects model was followed by pairwise tests adjusted using a Holm-Bonferroni correction. Groups with
different letters indicate significant differences between groups (P<0.05); the same letters indicate no difference was detected. For E14.5 pTGCs, raw P-values
rather than adjusted P-values were used to infer pairwise differences among experimental groups, acknowledging that the use of raw P-values does not strictly
control the family-wise type I error rate. (G-K) Representative images of E18.5 placental sections afterPrl8a8 in situ hybridization from (G) Natural, (H) ET, (I) S, (J)
EC and (K) IVF groups. Images captured at 20× magnification. Arrowheads indicate patches of glycogen cells.
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this study aids in determining how ET and S still contribute some
effects among the various phenotypes. However, there is a caveat to
the comparison with natural concepti because of the inability to
control both the timing of implantation and overall litter size, with
an attendant impact on fetal weight and placentation results. Our
histological and molecular analyses of labyrinth cells suggest that
factors related to embryo transfer can lead to a generalized defect in
labyrinth development at mid-gestation; such defects would
presumably impair gas and nutrient exchange (Woods et al.,
2018). This outcome differs from a recent study that compared
E10.5 ET and natural concepti (Menelaou et al., 2020). This study
reported significantly smaller ET placentas compared with naturals,
with no differences in fetal weight. Together with E10.5 placental
transcriptomic analysis, the authors concluded that embryo transfer
significantly impacts placental transcriptome and growth, with signs
toward adaptive responses that would improve placental function.
This supports our observation that fetal weights early in gestation
are unaffected by factors related to embryo transfer. We postulate
that, by E12.5, as fetal growth increases, fetal weight differences
may become more apparent, noting that we cannot discount
differences in mouse strain and embryo transfer procedures to
explain the discrepancy between the studies. The overall conclusion
that ET placentas mount an adaptive response (Menelaou et al.,
2020) aligns with our results. We find no statistical difference in
fetal blood vessel density or syncytiotrophoblast cell marker gene
expression at later time points, indicating some vasculature
improvement in all ART groups. However, the cell marker for
sinusoidal trophoblast giant cells, Ctsq, remains reduced in the IVF
group. A study performed by Outhwaite et al. demonstrates the
importance of sinusoidal trophoblast giant cells in late gestation.
Ablation of 80% of the cells results in drastically impaired fetal

growth late in gestation and embryonic lethality, without impacting
placental weight (Outhwaite et al., 2015). From this result, the
authors concluded that sinusoidal trophoblast giant cells likely
maintain labyrinth structure and that the hormones they secrete are
important for fetal growth. In our study, the ET and S group show
fetal growth catch up, demonstrating that early impairment in
vascularization and a smaller starting fetal weight can be overcome.
In contrast, the EC and IVF groups do not reach fetal weights
comparable with natural controls at E18.5. This finding strongly
suggests that embryo culture procedures interfere with fetal weight
catch up mechanisms, possibly through permanent alteration to
sinusoidal trophoblast giant cells.

A question that emerges from our findings is whether ARTs
predispose embryos to early impairments in vascularization in
humans. Although there is sufficient evidence that ART procedures
contribute to increased risk for both small- and large-for-gestational
age offspring at birth, there is conflicting information regarding fetal
growth and placentation in IVF pregnancies earlier in gestation.
Most assessments are limited to crown-rump length measurements,
estimates of fetal and placental volume, and uterine artery pulsatility
index, a measure of uteroplacental perfusion. Two groups found that
first trimester placental volume is significantly reduced in fresh IVF
cycles compared with natural conceptions (Choux et al., 2019;
Rizzo et al., 2016). Another group found that a specific embryo
culture medium is associated with lower birth weight and that fetal
weight differences could be detected as early as the second trimester
(Dumoulin et al., 2010; Nelissen et al., 2012; Nelissen et al., 2013).
Many studies, however, did not find any differences in first and/or
second trimester fetal growth and none have identified any
differences in uteroplacental perfusion (Carbone et al., 2011;
Conway et al., 2011; Eindhoven et al., 2014; Sundheimer et al.,

Fig. 7. Placental sFlt1 expression, sFLT1 protein levels and maternal blood pressure in a mouse model of IVF procedures. (A-C) Placental sFlt1
levels at (A) E12.5, (B) E14.5 and (C) E18.5. Each data point represents an individual placenta from a minimum of three different litters (n=10-13 per group).
A significant (P<0.05) global likelihood ratio test of differences between groups in the mixed effects model was followed by pairwise tests adjusted using a
Holm-Bonferroni correction. Groups with different letters indicate significant differences between groups (adjustedP<0.05); the same letters indicate no difference
was detected. (D) Maternal sFLT1 protein concentration in maternal serum according to litter size. Each data point represents a single dam at E18.5 of
pregnancy: ET (gray) and IVF (black). Line represents best-fit value (P=0.010). (E) Average placental contribution to sFLT1 at E18.5. Statistical significance was
determined by Student’s t-test (*P<0.05). (F) Maternal mean arterial blood pressure in ET and IVF dams at E18.5 (P>0.05).
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2018). As live imaging technologies improve, so will the ability to
detect early differences in fetal and placental growth. The labyrinth
defects in our study, however, were observed only at the histological

and molecular levels. Because no differences in placental weight are
detected until later in development, live imaging of placental
volume may not be sufficient to detect subtler vasculature

Fig. 8. DNA methylation status in E12.5, E14.5 and E18.5 placentas after IVF procedures. (A-O) Each data point represents an individual placenta
from aminimum of three different litters (n=10-13 per group). Statistical significance of imprinted gene assays was determined for each end point using the F-ratio
test. Groups with asterisks are significantly different from groups with no asterisks (*P<0.05). A significant (*P<0.05) global likelihood ratio test of differences
between groups in the mixed effects model was followed by pairwise tests adjusted using a Holm-Bonferroni correction. Groups with different letters indicate
significant differences between groups (adjusted P<0.05); the same letters indicate no difference was detected.
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impairment, supporting the need for more sensitive non-invasive
technologies.

ART procedures, independent of infertility, induce cellular
behavior in late gestation reflective of human placental
pathologies associated with ART
As noted in previous studies, the late gestational placenta
overgrowth phenotype in mouse is relevant to human IVF
placentas that also display overgrowth and increased thickness
(Choux et al., 2019; Daniel et al., 1999; Haavaldsen et al., 2012; Joy
et al., 2012; Zhang et al., 2011). Here, we demonstrate that embryo
culture from the 1-cell to blastocyst stage results in the most
dramatic increases in placental weight and differences in junctional
zone cell composition, suggesting that the embryo culture procedure
is the largest driver of placental overgrowth observed in humans.
Although the molecular mechanisms that lead to morbidly

adherent placentation in humans remain unclear, there is evidence
that evasion of growth suppression, activation of invasion, sustained
proliferation, resistance to cell death, local pro-angiogenic
environment, reprogramming of energy metabolism and evading
immune destruction need to occur (Bartels et al., 2018). Notably, a
number of these hallmarks are evident in EC/IVF mouse placentas
that exhibit continuous growth from E14.5 to E18.5, a time when
placenta growth normally ceases and junctional zone cells show
invasive finger-like projections into the labyrinth. Both phenotypes
suggest evasion of growth suppression and activation of invasion.
Indeed, sustained proliferation in IVF placentas when compared
with ET controls has already been demonstrated by Bloise et al.
(Bloise et al., 2012). Furthermore, loss of the defined border
between junctional zone and labyrinth tissues in EC/IVF placentas
suggests disruption of cellular signals that keep the tissue layers
distinct from one another. Retention of glycogen cells in EC/IVF
mouse placentas at E18.5, a time after glycogen cells are known to
normally undergo apoptosis (Bouillot et al., 2006), suggests cell
death resistance. EC/IVF placentas also display improved fetal
blood vessel density at time points coinciding with junctional zone
overgrowth/invasion into the labyrinth, suggesting a local pro-
angiogenic environment within the labyrinth is present.
Our analysis of sFlt1 provides new insight into the increased risk

of preeclampsia with ARTs. We observed a modest, but significant
increase in sFlt1 expression in EC and IVF placentas, and identified
two concepti with abnormally high sFlt1. Our analysis of serum
sFLT1 levels indeed supports the observation that IVF placentas
produce significantly more sFLT1 protein and there is marked
variability among dams in the IVF group when compared with
the ET group. Increased sFLT1 in IVF pregnancies has been noted
in clinical studies (Lee et al., 2015; Sanchez et al., 2012).
Importantly, our study suggests that some of that sFLT1 increase
is independent of underlying infertility factors and can be
specifically attributed to embryo culture. Although there is a well-
established link between IVF and preeclampsia in humans, to date,
very few clinical studies have assessed circulating sFLT1 levels in
IVF pregnancies and none has assessed sFlt1 expression or protein
levels in the placenta. In the rodent model, there is more variability
in sFLT1 levels among IVF individuals than the ET control group,
suggesting a stochastic response to IVF procedures. Indeed, an
increase in variability is observed in many of the morphological and
epigenetic end points we assessed. Understanding the mechanisms
underlying this stochasticity may explain why preeclampsia occurs
with some IVF pregnancies but not others. Although we do not
observe a significant increase in blood pressure, we believe this to be
a limitation of the mouse model. Owing to use of non-surgical

embryo transfer, ET and IVF mouse pregnancies have anywhere
between 31 and 92% fewer pups than those expected for natural
pregnancies. Thus, circulating sFLT1 levels are under the threshold
levels needed to result in preeclampsia-like increased blood pressure
in dams. We do not discount the possibility that other factors related
to infertility or maternal predisposition may play a considerable role
in preeclampsia development in humans. Currently, it is unclear
why sFlt1 expression is significantly lower in E12.5 EC and IVF
placentas compared with controls, as there are no obvious
differences in placenta weight or proportion of junctional zones
where sFlt1 is expressed. Nonetheless, these findings suggest that
there can be a dynamic change of factor expression over the course
of placental development. Thus, in future studies, it will be
important to determine the role of sFLT1 and other anti-angiogenic/
angiogenic factors not only in late gestation ART pregnancies, but
also at earlier developmental time points.

Embryo culture causes placental epigenetic changes
concomitant with the most dramatic term outcomes
Our study demonstrates that embryo culture causes the most
dramatic fetal and placental outcomes by term. Importantly, our
assessment of both global levels of DNA methylation and at
imprinting control regions support the observation that, although
placental DNA methylation is reduced by the embryo culture
procedure, it is stable throughout placenta development. Previous
studies have shown that DNA methylation loss during embryo
culture is already detectable at the blastocyst stage in both mice and
humans (Doherty et al., 2000; Fauque et al., 2007; Mann et al.,
2004; White et al., 2015). Our results support the hypothesis that
loss of DNA methylation occurs specifically during the embryo
culture period through failure to maintain DNA methylation during
preimplantation embryo development. However, once embryos are
transferred to the uterine environment and the placenta is formed,
DNA methylation levels are faithfully maintained and there is no
further loss. How embryo culture results in loss of DNAmethylation
is poorly understood. Rabbit embryos cultured in two different
media exhibited a reduction in Tet1 and Tet2 expression, genes that
encode enzymes involved in active demethylation. No differences in
Dnmt1, Dnmt3a or Dnmt3b genes, coding for enzymes involved in
maintenance and de novo DNA methylation, were detected
(Salvaing et al., 2016). A study using human embryos observed
abnormalities in DNMT3B levels and localization in poorer quality
embryos compared with high-quality embryos (Petrussa et al.,
2014). Because all human embryo data come from individuals
undergoing some form of ART, these studies lack a non-ART
control group, making it impossible to assess the full extent of ART
effects. With regards to the placental phenotype, several imprinted
gene knockout or overexpression mouse models provide a clear link
between the loss of imprinted gene regulation and placental
phenotypes similar our ART model (John, 2013). Whether and
how epigenetic differences resulting from embryo culture directly
drive these robust replicable phenotypes in the late gestation
placenta remains to be determined.

The morphological and epigenetic changes that occur in mouse
placenta in response to ART procedures are robust. Why otherwise
normal term IVF pregnancies in humans do not display such
pronounced phenotypes is unclear, but the differences are likely due
to several factors, including reduced genetic variation, short
duration of gestation, and controlling for age, fertility and
environmental conditions in the mouse model. Furthermore,
human studies are often confounded by supra-physiological
hormonal levels in the recipient, which in both human and mouse
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studies induce a smaller placenta phenotype (e.g. Mainigi et al.,
2013; Rizzo et al., 2016). This cumulative effect could mask
placental abnormalities in humans.
The mouse ART model provides an excellent opportunity to

interrogate how ART procedures result in placental defects and the
compensatory mechanisms that exist to facilitate fetal growth under
insult. Our results indicate that ART procedures can induce
placental vasculature defects, overgrowth and increased sFLT1
levels – cellular phenotypes that are clinically relevant to placental
abnormalities observed with ART in humans. Our study also
suggests that embryo culture causes the most severe placental
phenotypes among the individual IVF procedures and is associated
with reduced fetal growth. Thus, future research to improve
embryo culture may ameliorate adverse outcomes due to
abnormal placentation in humans.

MATERIALS AND METHODS
Animals
Breeding stocks of CF1 female mice (Envigo, Wilmington, MA, USA),
B6SJLF1 (The Jackson Laboratory), and CD-1 (Charles River,
Indianapolis, IN) male mice were maintained in a pathogen-free facility.
All animals were housed in polysulfone cages containing drinking water and
chow (Laboratory Autoclavable Rodent Diet 5010, LabDiet) ad libitum. All
animal work was conducted with the approval of the Institutional Animal
Care and Use Committee and the University of Pennsylvania.

Generation of natural, ET, S, EC and IVF concepti
All CF-1 female mice were sexually mature and used between 2 and
3 months of age. Naturally conceived concepti were generated by mating
naturally cycling CF1 females to B6SJLF1 males. The day a vaginal plug
was detected was denoted as embryonic day (E) 0.5 and development
occurred in vivo without blastocyst transfer. ET concepti were generated by
mating naturally cycling females to B6SJLF1 males and blastocysts were
flushed from both uterine horns on E3.5 using warm HEPES-buffered
minimum essential media (MEM) and immediately transferred to a CF1
2.5 day pseudopregnant recipient using non-surgical embryo transfer
(NSET) devices (Paratechs). S concepti were generated by superovulating
CF1 females using standard gonadotropin protocols and mating them to
B6SJLF1 males (Behringer et al., 2014a). Blastocysts were flushed and
transferred as performed for the ET group. EC concepti were generated by
superovulating and mating CF1 females identical to the S group. One-cell
embryos were flushed from the oviducts using MEM and cultured in
EmbryoMaxKSOMmedium (1×) containing ½AminoAcids (KSOM+AA,
EMDMillipore) in an incubator under optimized conditions (37°C, 5%CO2,
5%O2, 90%N2) (Behringer et al., 2014b). Blastocysts were transferred from
the KSOM+AA culture droplet and washed through four droplets of MEM
for a few seconds prior to transfer. IVF concepti were generated according to
optimized protocols recommended by the Jackson Laboratory (Behringer
et al., 2014c). Briefly, eggs from superovulated CF1 females were fertilized
in EmbryoMaxHuman Tubal Fluid (1×)media (HTF, EMDMillipore) using
capacitated B6SJLF1 sperm collected from the cauda epididymides and vas
deferens. After 4 h, eggs were washed in HTF media and KSOM+AA
media before culturing in KSOM+AA. Blastocysts were transferred from the
culture droplet and briefly washed inMEMprior to transfer. Pseudopregnant
recipients (2.5 days post-copulation) were generated by mating CF1
females with CD-1 vasectomized males. Use of 2.5 dpc pseudopregnant
females is considered optimal over 3.5 dpc because manipulated embryos
have time to catch up developmentally (Nagy et al., 2003). Each
pseudopregnant recipient received ten ET, S, EC or IVF blastocysts. Day
of blastocyst transfer was defined as E3.5 and concepti were collected at
E12.5, 14.5 and 18.5 (+9.0, 11.0 and 15.0 days after transfer, respectively).
All groups were generated concurrently and CF1 females were randomly
assigned as a natural, ET, S, EC, IVF or pseudopregnant recipient. Males
were randomly assigned as male sire or IVF sperm donor. The same male
sires used to generate natural concepti were used to generate ET, S and EC
concepti.

Tissue collection
Concepti were collected at E12.5, E14.5 or E18.5. Naturally mated females
or pseudopregnant recipients were euthanized and fetuses and placentas
were dissected. Fetal and placental wet weights were recorded (Fig. 1,
Figs S2 and S4). Fetal tissue was snap frozen in liquid nitrogen and used for
sex genotyping. Placentas were cut in half through the umbilical cord
attachment site. Half of the placenta was snap frozen in liquid nitrogen and
stored at −80°C for DNA and RNA isolation. The other half of the placenta
was fixed in 10% phosphate-buffered formalin. Fixed tissues were then
processed through an ethanol dehydration series and xylenes prior to
embedding in paraffin wax. Tissue sections (5 µm) were prepared for
histological analyses. A minimum of 11 concepti per experimental group
per timepoint from a minimum of three different dams were analyzed for all
histological and molecular assays, with representation from all litters.
Eleven concepti per group provides the power to detect significant
differences in fetal weight, placental weight and loss of imprinting based
on our previous observations, with an α=0.05. In litters of two or more
concepti, one female and one male were selected for analysis if possible.
After considering sex, concepti with values closest to the litter mean for
placental weight were selected to avoid potential selection bias for litters of
three or more concepti.

Sex genotyping
Sex was determined by reverse transcriptase PCR using primers for Kdm5c
andKdm5d using genomic DNA isolated from fetal tissue of each conceptus
as previously described (SanMiguel et al., 2018).

In situ hybridization
Antisense and sense control in situ hybridization probes were designed,
synthesized and hybridized as previously described (Bany and Simmons,
2014) (probe information is detailed in Table S4). Antisense in situ
hybridization probe was thermally denatured at 65°C for 5 min and applied
to tissue sections (100 µg probe in 75 µl of hybridization buffer per section),
while sense in situ hybridization probe control was added to a negative
control slide. Sections were covered with glass coverslips, sealed with
rubber cement and incubated overnight at 65°C in humid chambers. Anti-
DIG-AP Fab fragments (Sigma-Aldrich) (1:1000) were applied to sections
for 1 h at room temperature. Slides were counterstained with Harris
Hematoxylin and mounted using ImmunoHistoMount (Sigma-Aldrich).
Slides were imaged using an EVOS FL Auto Cell Imaging System and
software (Life Technologies) at 20× magnification. The junctional zone
(Tpbpa-positive), spongiotrophoblasts (Prl8a8-positive), glycogen cells
( junctional zone Prl8a8-negative cells with glycogen cell morphology) and
whole placenta area, excluding residual decidua, were measured using FIJI
(ImageJ v2.0.0, National Institutes of Health) or Adobe Photoshop by
measurers blinded to the experimental group. The percentage of junctional
zone present was calculated as the total junctional zone area/whole placenta
area (excluding decidua) ×100. Percentage of spongiotrophoblasts present
in the junctional zone was calculated as the total spongiotrophoblast area/
junctional zone area ×100. The percentage of glycogen cells was calculated
as the total glycogen cell area/junctional zone area ×100.

Immunostaining
Placental sections were passed through xylenes, followed by a graded
ethanol rehydration series and phosphate-buffered saline (PBS). Antigen
retrieval was performed by pressure cooking slides submerged in Antigen
Unmasking Solution (Vector Laboratories) for 20 min. Sections were
washed in tap water and quenched with 30% hydrogen peroxide/methanol
solution. Sections were washed in PBS and 15% normal goat serum was
applied to tissue sections for 1 h at room temperature. CD34 primary
antibody (Abcam, ab81289) was applied to tissue sections at a dilution of
1:400 for 1 h at room temperature, then overnight at 4°C. For negative
control slides, 15% normal goat serum was re-applied without CD34
primary antibody. The next day, slides were washed with PBS, secondary
goat anti-rabbit antibody (Vector Laboratories) was applied to all slides at
1:1000 for 1 h and the Ready-to-use Vectastain Universal ABC kit and
Vector NovaRED Peroxidase (HRP) Substrate Kits were used according to
manufacturer’s instructions (Vector Laboratories). Robust positive staining
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was observed in fetal endothelial cells of the labyrinth, as previously
reported (Parchem et al., 2018). Slides were counterstained with Harris
Hematoxylin, dehydrated in a graded ethanol series and xylenes, and
mounted with glass coverslips using Permount mounting medium. Slides
were imaged using an EVOS FL Auto Cell Imaging System and software
(Life Technologies) at 20× magnification. Labyrinth area and whole
placenta area excluding decidua were measured using FIJI (ImageJ v2.0.0,
National Institutes of Health) or Adobe Photoshop by measurers blinded to
experimental group. Labyrinth area was calculated as the total junctional
zone area/whole placenta area (excluding decidua) ×100.

Fetal endothelial cell histological analyses
Placental sections stained with CD34 primary antibody were scanned and
digitized using the Aperio Scanscope CS-O slide scanner at the Children’s
Hospital of Philadelphia Pathology Core Laboratory. Aperio Imagescope
software was used to outline the labyrinth area and the Aperio Microvessel
Analysis algorithm was performed. Area was traced by individuals blinded
to experimental group. Algorithm macros were optimized for the algorithm
to accurately detect CD34-positive vessels using manufacturer’s guidelines.
Data are the algorithm-measured areas of CD34-positive staining relative to
labyrinth area. Individual data points are the average of two separate
placental sections: one section taken from within the first 50 µm from the
center of the placenta, and the other section taken >50 µm from the first
analyzed section.

Periodic acid-Schiff staining
Periodic acid-Schiff (PAS) staining was performed using a PAS staining
kit according to manufacturer’s guidelines (EMD Millipore). Briefly,
placental sections were passed through xylenes, followed by a graded
ethanol rehydration series and distilled water. Slides were passed through
periodic acid solution for 5 min, sulfite water three times for 2 min each,
tap water for 3 min and rinsed in distilled water, then passed through
Schiff’s reagent for 15 min, tap water for 3 min and rinsed in distilled
water. Slides were counterstained with Gill II Hematoxylin, rinsed in tap
water, dehydrated in a graded ethanol series and xylenes, and mounted
with glass coverslips using Permount mounting medium. Slides were
scanned and digitized using the Aperio Scanscope CS-O slide scanner at
the Children’s Hospital of Philadelphia Pathology Core Laboratory.
Aperio Imagescope software was used to outline intact glycogen cell area
and the Aperio Color Deconvolution Analysis algorithm was performed.
Areas were traced by individuals blinded to experimental group.
Algorithm macros were optimized for the algorithm to accurately detect
PAS-positive staining using manufacturer’s guidelines. Data are the
average intensity of PAS-positive staining relative to glycogen cell area.
Individual data points are the average of all glycogen cells from two
separate placental sections: one section taken from within the first 50 µm
of the center of the placenta; the other section taken more than 50 µm from
the first analyzed section.

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

Quantitative qPCR for labyrinth cell markers
cDNAwas synthesized from isolated RNA as previously described (deWaal
et al., 2014). Real-Time quantitative PCRwas performed using QuantStudio
7 Flex Real-Time PCR System (Life Technologies) using the Power SYBR
Green master mix (Applied Biosystems) with 0.37 µM primer
concentrations. For each primer set (primer information is detailed in
Table S5), the reaction efficiency (E) was estimated using a standard curve
and expression levels were quantified by measuring the cycle threshold (Ct)
for each sample using the E(−Ct) method. All samples were run in triplicate
and performed by individuals blinded to experimental group. Relative
expression was calculated using the quantified expression from the
endogenous control, B2m, which was chosen because of its stable
expression level in mouse placenta across multiple samples and
experimental groups.

Blood pressure analyses
Blood pressure analyses were performed by the Mouse Cardiovascular
Physiology Core at the University of Pennsylvania. Briefly, invasive blood
pressure measurements were performed on E18.5 pregnant dams under
isoflurane (1-4%) anesthesia. Mean arterial pressure was measured by
inserting Millar catheter probe (SPR-1000) into the carotid artery.
Measurements were taken using a Millar MPVS ULTA and
ADInstruments LabChart for ∼5 min after catheter insertion. Animals are
euthanized by exsanguination and bilateral pneumothorax immediately after
blood pressure measurements, and blood and urine samples were collected.
Data were analyzed by Core technicians blinded to experimental group of
each mouse. A consistent section of aortic pressure was selected and
analyzed using the ADInstruments LabChart program.

sFLT1 enzyme-linked immunosorbent assay (ELISA)
Serum was isolated and stored at −20°C following blood collection after
euthanasia. Serum was diluted 1:25 and ELISAwas performed in duplicate
by individuals blinded to experimental group usingMouse sVEGFR1/FLT1
DuoSet ELISA and DuoSet ELISA Ancillary Reagent Kit 2 (DY471,
DY008, R&D Systems) according to manufacturer’s instructions.

Bisulfite pyrosequencing assay
DNA methylation at H19, Igf2, Kcnq1ot1, Peg3 and Snrpn ICRs was
measured using bisulfite pyrosequencing of bisulfite-treated DNA as
previously described (de Waal et al., 2014) and performed by individuals
blinded to experimental group.

Luminometric methylation assay
Global DNA methylation at repetitive elements was measured using
luminometric methylation assays of bisulfite-treated DNA as previously
described (de Waal et al., 2014) and performed by individuals blinded to
experimental group.

Statistical analyses
For fetal weight, placental weight, fetal placental ratio, all histological
analyses and gene expression outcomes, as well as luminometric
methylation assays, we fit a mixed effects model to the data, including
ART procedure group as the fixed effect and dam as the random effect. The
model was refit without ART procedure group, and a likelihood ratio test
used to ‘globally’ assess evidence for differences in means among the ART
procedure groups. If the global test yielded a P-value less than the type I
error rate of 0.05, we then used pairwise contrasts of the model coefficients
to identify pairs of groups with different means. The pairwise tests were
adjusted for multiplicity using a Holm-Bonferroni correction in order to
strictly maintain the family-wise type I error rate at 0.05. With five groups
and ten possible pair-wise comparisons, some outcomes demonstrated
evidence of an effect using the global test, but no pairwise contrasts yielded
significance for the adjusted P-values. We considered the possibility that
this discordance reflected reduced power in the pairwise comparisons due to
the strict adjustment for multiplicity. In these cases, we used the unadjusted
P-values to infer differences among groups, acknowledging that this method
does not strictly control the family-wise error rate. The approach used is
noted in each figure legend. Mixed effects models were fitted using
package(nlme) in R v 3.6.2 (R foundation for Statistical Computing; www.
R-project.org/). Differences in serum sFLT1 levels and mean arterial blood
pressure between ET and IVF dams were assessed using Student’s t-test.
Because previous studies have shown that only a subset of samples exhibit
differences at specific imprinted loci (de Waal et al., 2012), variance ratio
tests were used to determine evidence that the variance in DNAmethylation
from bisulfite pyrosequencing assays differed among groups. t-tests and
variance ratio tests were performed using GraphPad Prism version 8.2.1 and
groups were noted as statistically significant if P<0.05.
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Fig. S1. Fetal and placental growth from E12.5 to E18.5 among the different IVF procedure groups. 
Each data point represents an individual conceptus from a minimum of three litters (n=13-22 per 
group for ART groups, n= 39-45 per group for natural control groups). These are the same individuals 
shown in Figure 1. 
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Fig.S2. Fetal and placental weight after IVF procedures at E12.5, E14.5, and E18.5 averaged by 
litter. Each data point represents the mean for all conceptus from a single litter (n=3-9 per group). 
Statistical significance was determined for each end point by one-way ANOVA (p<0.05) with Tukey’s 
multiple comparisons test. Groups with different letters denote significant differences between groups 
(p<0.05); similar letters indicate no difference.  
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Fig. S3. Fetal and placental weight in male and female ART concepti at E12.5, E14.5, and E18.5. 
Each data point represents an individual conceptus from a minimum of three different litters (n=13-
45/group), then separated based on sex. Black circles=male concepti, white circles=female concepti.  
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Fig. S4. Representative E18.5 placentas from EC and IVF groups. CD34 immunostaining 
counterstained with hematoxylin was used to visualize fetal endothelial cells. Examples of the range 
of labyrinth fetal endothelial cell morphology. 20x magnification. Scale bar=300 um. Black arrows 
indicate areas of uneven distribution of CD34-positive fetal endothelial cells within CD34-negative 
labyrinth trophoblast cells. Red arrow points to area of junctional zone/labyrinth border, where border 
is less distinct. 
 
 

 
Fig. S5. Placental glycogen content in Natural and IVF placentas. Placental glycogen content was 
measured in a subset of Natural and IVF placental sections stained with Periodic Acid-Schiff reagents 
(n=6) from a minimum of three different litters. Statistical significance was determined for each time 
point by Student’s t-test (p>0.05). Bars represent SEM. 
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Fig. S6. E18.5 placental s Flt1 expression including outliers. Each data point represents  
the sFlt1 expression normalized to housekeeping gene, B2m. Statistical significance was determined 
for each end point by one-way ANOVA (p<0.05) with Tukey’s multiple comparisons test. Groups with 
different letters denote significant differences between groups (p<0.05); similar letters indicate no 
difference. 
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Table S1. Control and ART Procedure groups 
 Procedure 

 Hormone 
stimulation 

Fertilization Development Embryo 
transfer 

  In Vitro In Vivo In Vitro In Vivo  

Natural   +  +  

ET   +  + + 

S +  +  + + 

EC +  + +  + 

IVF + +  +  + 

ET= embryo transfer; S=Hormone stimulation; EC=embryo culture; IVF= in vitro fertilization. 
 
 
 
Table S2. Litter characteristics 
 

 Group Individuals 
(litters) 

Mean litter 
size1 

Litter size 
range 

Live pups 
(%)2 

Number of 
resorptions3 

 

E12.5 

Natural 54 (4) 12.75  0.48 12-14 -- 1 

ET 21(5) 4.20  1.07 2-8 42.00% 12 

S 17 (4) 4.25  2.02 1-10 42.50% 0 

EC 17 (8) 2.13  0.58 1-6 21.25% 29 

IVF 18 (5) 3.60  0.75 1-5 36.00% 21 

       

E14.5 

Natural 54 (4) 13.50  1.32 10-16 -- 6 

ET 15 (3) 5.00  2.31 1-9 50.00% 1 

S 14 (4) 3.50  1.19 1-6 35.00% 2 

EC 17 (5) 3.40  1.17 1-7 34.00% 16 

IVF 15 (6) 2.50  1.12 1-8 25.00% 10 

       

E18.5 

Natural 46 (4) 11.50  1.19 8-13 -- 3 

ET 13 (6) 2.16  0.54 1-4 21.67% 1 

S 16 (4) 4.00  1.00 1-5 40.00% 3 

EC 14 (5) 2.80  1.11 1-6 28.00% 19 

IVF 16 (7) 2.44  0.44 1-4 22.86% 20 

1 Mean litter size  SEM 
2 Number of live pups/number of blastocysts transferred x 100 
3 Number of visible implantations that were not viable concepti 
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Table S3. Individual outcomes at E12.5, E14.5, and E18.5 for EC and IVF concepti 

  

 
Group 

Pup 
ID 

F:P 
ratio 

CD34 
Labyrinth trophoblast marker 

expression JZ 
pTGC 
count 

sFLT1 
expression 

ICR DNA methylation 
LUMA 

S-TGCs SynT I SynT II H19 Kcnq1ot1 Peg3 Snrpn 

E12.5 

EC A-1      --    -- -- -- -- 
EC A-2     -- --        
EC B-1  --    --    --  --  
EC B-2    --  --   -- --  --  
EC C-1    -- -- --        
EC C-2 --     --    -- --   
EC D-1    -- -- --    -- -- --  
EC D-2  --  --  --    -- -- --  
EC E-1 -- -- -- -- -- --  -- --   --  
EC F-1 --   -- -- --  --     -- 
EC F-2     -- --      -- -- 

               
IVF A-1    --  -- --     -- -- 
IVF B-1  --    -- --     --  
IVF B-2  --  --  -- --      -- 
IVF B-3    -- -- --   --  -- -- -- 
IVF C-1    --  -- --     --  
IVF C-2    -- -- -- --     --  
IVF D-1  --  -- -- -- --   -- --   
IVF D-2     -- -- --  -- -- --   
IVF E-1  --    -- --  -- --  --  
IVF E-2  --    -- --  -- --  --  
IVF E-3    -- -- -- --    -- --  
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Group Pup 

ID 
F:P 
ratio CD34 

Labyrinth trophoblast marker 
expression JZ pTGC 

count 
sFLT1 

expression 
ICR DNA methylation 

LUMA 
S-TGCs SynT I SynT II H19 Kcnq1ot1 Peg3 Snrpn 

E14.5 

EC A-1  -- -- -- -- -- -- -- -- -- -- --  
EC B-1  --  -- -- --  --  --  -- -- 
EC B-2  -- -- --    --    -- -- 
EC B-3  -- --  --   --  -- -- -- -- 
EC B-4  --  --  -- -- --  --   -- 
EC C-1  --   -- --  -- --   --  
EC C-2  --  --  -- -- --    --  
EC C-3  --  -- -- --  -- -- -- -- -- -- 
EC D-1  --   --   -- -- --  -- -- 
EC D-2   -- -- -- -- -- --      
EC D-3 -- -- -- -- --  -- --  --  -- -- 

               
IVF A-1  -- --  -- --  -- --   -- -- 
IVF A-2  -- -- -- --   --    -- -- 
IVF A-3  -- -- -- --       --  
IVF A-4 -- --  -- --   -- --     
IVF B-1  --  -- -- --  -- --   -- -- 
IVF C-1  --  -- --  -- --  --   -- 
IVF C-2  -- -- -- -- -- -- --     -- 
IVF D-1  -- -- -- -- -- -- --  -- -- --  
IVF E-1  --  -- -- -- -- --  --  -- -- 
IVF F-1  -- -- -- -- --  -- -- -- -- --  
IVF F-2    -- --   --  --  -- -- 
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Arrow direction determined using range of Natural individuals: Down arrow () and up arrow () denote 
individual had a value lower than lowest Natural value and higher than highest Natural value, 
respectively. Dashes (--) denote individual was within Natural range. Gray boxes denote experimental 
group was not statistically different from Naturals for that specific phenotype/timepoint. Black boxes 
denote that the analysis was not performed for that phenotype/timepoint. 

 

 Group 
Pup 
ID 

F:P 
ratio CD34 

Labyrinth trophoblast marker 
expression JZ pTGC 

count 
sFLT1 

expression 
ICR DNA methylation 

LUMA 
S-TGCs SynT I SynT II H19 Kcnq1ot1 Peg3 Snrpn 

E18.5 

EC A-1  -- -- -- --  -- -- -- --  -- -- 
EC B-1 --  -- -- --    -- --  --  
EC B-2    -- --   -- -- --  -- -- 
EC B-3  -- -- -- --   -- -- -- --  -- 
EC B-4   -- -- --  -- -- -- -- -- --  
EC C-1  -- -- -- --  -- -- -- --  -- -- 
EC D-1  -- -- -- --   --      
EC E-1  -- -- -- --   --  -- -- -- -- 
EC E-2  -- -- -- --    -- --   -- 
EC E-3  -- -- -- --    --     
EC E-4  --   --  -- --     -- 

               
IVF A-1  -- -- --   -- --  --  -- -- 
IVF A-2  -- --  --  -- -- -- --  -- -- 
IVF B-1  -- -- -- --     --  --  
IVF C-1  -- -- --   -- -- -- -- -- -- -- 
IVF D-1  --  -- -- -- -- -- -- --  --  
IVF E-1    -- --  --  -- --  --  
IVF E-2  --  --   -- -- -- --  -- -- 
IVF F-1  --  -- --   -- --    -- 
IVF F-2  -- --  --    --     
IVF G-1  --  -- -- --  -- -- --  -- -- 
IVF G-2  --   --  -- -- -- --  -- -- 
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Table S4. In situ hybridization primers 
 
 
 
 
 
 

 
 
 
Table S5.  Real-time PCR primers  
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Gene Primer Sequence Reference 

Prl8a8 
Forward TCCTGCTGCTACTGTTGTCAAACT 

This study 
Reverse ATCCACCTAAGGTCACGCAGA 

Tpbpa 
Forward TGAAGAGCTGAACCACTGGA 

This study 
Reverse CAATTTGCCTTCACAAAACCTGA 

Gene Primer Sequence Reference 

B2m 
Forward CTCGGTGACCCTGGTCTTTC 

(1) 
Reverse GGATTTCAATGTGAGGCGGG 

Ctsq 
Forward GTGATCTGAGGCAGTAGTGGT  

This study 
Reverse TGACAGGATTCCCAAGCACA  

Slc16a1 
Forward TCCTAGGGCCACCACTTTTAG 

This study 
Reverse TGATGAGGATCACGCCACAA 

Slc16a3 
Forward AGCACACCATTTGTGGAGAGA  

This study 
Reverse GGCTGCTTTCACCAAGAACT  

sFlt1 
Forward AGGTGAGCACTGCGGCA 

(2) 
Reverse ATGAGTCCTTTAATGTTTGAC 

Development: doi:10.1242/dev.186551: Supplementary information

D
ev

el
o

pm
en

t •
 S

up
pl

em
en

ta
ry

 in
fo

rm
at

io
n


