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BACKGROUND: Genomic imprinting is an epigenetic gene regulatory mechanism; disruption of this process during early embryonic
development can have major consequences on both fetal and placental development. The periconceptional period and intrauterine life are
crucial for determining long-term susceptibility to diseases. Treatments and procedures in assisted reproductive technologies (ART) and adverse
in-utero environments may modify the methylation levels of genomic imprinting regions, including insulin-like growth factor 2 (IGF2)/H 19,
mesoderm-specific transcript (MEST), and paternally expressed gene 10 (PEGI0), affecting the development of the fetus. ART, maternal
psychological stress, and gestational exposures to chemicals are common stressors suspected to alter global epigenetic patterns including
imprinted genes.

OBJECTIVE AND RATIONALE: Our objective is to highlight the effect of conception mode and maternal psychological stress on fetal
development. Specifically, we monitor fetal programming, regulation of imprinted genes, fetal growth, and long-term disease risk, using the
imprinted genes IGF2/H 9, MEST, and PEG | 0 as examples. The possible role of environmental chemicals in genomic imprinting is also discussed.

SEARCH METHODS: A PubMed search of articles published mostly from 2005 to 2019 was conducted using search terms IGF2/H19,
MEST, PEGI0, imprinted genes, DNA methylation, gene expression, and imprinting disorders (IDs). Studies focusing on maternal prenatal
stress, psychological well-being, environmental chemicals, ART, and placental/fetal development were evaluated and included in this review.

OUTCOMES: IGF2/H 19, MEST, and PEG |0 imprinted genes have a broad developmental effect on fetal growth and birth weight variation.
Their disruption is linked to pregnancy complications, metabolic disorders, cognitive impairment, and cancer. Adverse early environment has a
major impact on the developing fetus, affecting mostly growth, the structure, and subsequent function of the hypothalamic—pituitary—adrenal
axis and neurodevelopment. Extensive evidence suggests that the gestational environment has an impact on epigenetic patterns including
imprinting, which can lead to adverse long-term outcomes in the offspring. Environmental stressors such as maternal prenatal psychological
stress have been found to associate with altered DNA methylation patterns in placenta and to affect fetal development. Studies conducted
during the past decades have suggested that ART pregnancies are at a higher risk for a number of complications such as birth defects and IDs.
ART procedures involve multiple steps that are conducted during critical windows for imprinting establishment and maintenance, necessitating
long-term evaluation of children conceived through ART. Exposure to environmental chemicals can affect placental imprinting and fetal growth
both in humans and in experimental animals. Therefore, their role in imprinting should be better elucidated, considering the ubiquitous exposure
to these chemicals.

WIDER IMPLICATIONS: Dysregulation of imprinted genes is a plausible mechanism linking stressors such as maternal psychological stress,
conception using ART, and chemical exposures with fetal growth. It is expected that a greater understanding of the role of imprinted genes and
their regulation in fetal development will provide insights for clinical prevention and management of growth and IDs. In a broader context,
evidence connecting impaired imprinted gene function to common diseases such as cancer is increasing. This implies early regulation of
imprinting may enable control of long-term human health, reducing the burden of disease in the population in years to come.

Key words: imprinting / ART / IGF2/H 19 / MEST / PEGI0 / fetal development / imprinting disorders / chemical exposures / maternal

psychological stress

Introduction

Genomic imprinting is a well-conserved mammalian gene regulatory
mechanism, estimated to affect ~1% (~200 genes) of the human
protein-coding genome. There are >100 known imprinted genes at
present (http://www.geneimprint.com/site/genes-by-species), but
this number is likely to increase in the near future, as methods to
validate them become more sensitive (Cordeiro et al., 2014; Kappil
etal, 2015a; Monk, 2015; Moore etal., 2015). Imprinted genes
display mono-allelic expression in a parent-of-origin-specific fashion
and play a key role in the regulation of fetal growth and placental
development (Lim and Ferguson-Smith, 2010). Silencing of one of
the alleles in a parent-specific manner is achieved by epigenetic
modifications, including differential methylation of DNA, histone
modifications (acetylation/methylation), and long noncoding RNAs
(Huang and Kim, 2009; Lambertini et al., 2012; Patten et al., 2016). In
general, these epigenetic regulatory mechanisms modify the chromatin
structure allowing control of its transcriptional activity. Differential
DNA methylation is directly applied to the DNA strand and is a widely
recognized epigenetic modification associated with imprinting and its
maintenance. When located within a gene promoter, DNA methylation
typically acts to repress gene transcription, and this is essential for
normal development.

Epigenetic modulation of gene activity is involved in a number of
processes including genomic imprinting, aging, X-chromosome inac-
tivation, and carcinogenesis. In genomic imprinting, the active and

silent alleles are determined by their methylation status, and loss
of DNA methylation leads to loss of imprinting (Koukoura et al.,
201 1; Patten et al., 2016). Most imprinted genes are only expressed
in certain tissues. In humans, imprinted genes are mostly expressed in
the placenta (~80 of the ~100 known imprinted genes), an organ that
facilitates interactions between the mother and the fetus. Imprinted
genes are also expressed in umbilical cord blood (Monk, 2015). DNA
methylation patterns that control the expression of imprinted genes
are established early in development. Alterations in the environmental
milieu during these early stages may result in imprinting aberrations
with the potential for adverse health effects later in life. For exam-
ple, conception through assisted reproductive technologies (ART)
may be associated with imprinting disorders (IDs) (Huntriss and Pic-
ton, 2008). Furthermore, maternal psychological stress during preg-
nancy can result in differential DNA methylation levels on imprinted
genes (Soubry etal., 2011; Liu etal., 2012; Vidal etal., 2014b). In
summary, DNA methylation and genomic imprinting take place dur-
ing early critical periods of development and can be affected by
stressors with possible long-term health effects. These environmen-
tal factors may also affect broader imprinting mechanisms, such as
histone modifications and recruitment of DNA methyltransferases
(DNMTs).

Here we use the word ‘stressor’ to describe common external and
internal factors that affect women of reproductive age and may be
connected to fetal growth and development via epigenetic mechanisms
including imprinting. We focus on maternal psychological stress during

220z 1snBny g, uo Jesn sonsnp Jo Juswpedaq 'S’ Ad 265 1096//22/9/GZ/a10me/pdnwiny/wod dno-olwspese)/:sdjy Wwolj papeojumoq


http://www.geneimprint.com/site/genes-by-species

In-utero stress, mode of conception and imprinting

779

Preeclampsia
Spontaneous abortions
Imprintingdisorders

Imprinting
defectsin
placenta

Maternal
psychological

stress Altered neurodevelopment

Assisted
reproductive

technologies Imprinting disorders

Chemical

exposures

L3 -

Imprinted gene defects in placenta
Altered DNA methylation in placenta and cord blood

Altered metabolic development

Imprinted gene defects in/;a]‘é“wnta
Altered DNA methylation in placenta and cord biood

Chromosomal aberrations, birth defects

Imprinted gene defects in placenta
Altered DNA methylation in placenta

\

A\

‘ Low birth weight/ intrauterine growth restriction ‘

Figure | Effects of imprinting and stressors on fetal development. Disruption of imprinting in the placenta is associated with preeclampsia,
spontaneous abortions, and IDs and can be observed in LBW pregnancies. Stressors such as maternal psychological stress, conception using ART, and
exposure to chemicals have all been found to associate with imprinting defects in placenta and altered DNA methylation patterns in placenta and/or cord
blood. In all scenarios, fetal development is affected with various consequences varying from LBW (common to all stressors) to neurodevelopmental

delays and birth defects.

pregnancy, mode of conception, and environmental chemicals. The
imprinted genes insulin-like growth factor 2 (IGF2), HI 9, mesoderm-
specific transcript (MEST), and paternally expressed gene |0 (PEG/0)
are used as examples as precise regulation of these genes is critical
for normal fetal development. The chosen stressors represent com-
monly occurring factors that can coincide in the same woman and
affect offspring health. Many women suffer from psychological stress
in their everyday life, even during pregnancy. Exposure to chemicals
is inescapable. Infertility rates are constantly increasing, with many
couples seeking help through ART, which is both a maternal and
fetal stress. Although maternal nutritional status is another well-known
stressor affecting imprinting and fetal development, we will not focus
on it in this review as it has been recently extensively reviewed
elsewhere (Lillycrop and Burdge, 201 ). Diverse cellular responses are
triggered in response to stress (Kiiltz, 2005), and the exact mechanism
depends on the type of stressor. For example, maternal psycholog-
ical stress has effects on the hypothalamic—pituitary—adrenal (HPA)
axis, and chemicals may trigger xenobiotic metabolism or function
as endocrine disruptors. A common mechanism for the three stres-
sors in our review is modulation of epigenetic patterns including
imprinting (Fig. I).

IGF2, H19, MEST, and PEG |0 have a broad developmental effect on
fetal growth, and their disruption is linked to low birth weight (LBW),
metabolic disorders, cognitive impairment, and certain types of cancer.
More specifically, IGF2 acts as a mitogenic growth factor that promotes
differentiation and metabolism, and together with H /9 they are linked
to nervous and connective tissue development. MEST is involved in
the control of embryonic and placental growth, and PEG/0 displays
a functional role in growth-promoting activities and human placenta
formation at a later stage of the first trimester. These imprinted genes
are responsive to different in-utero environments and thus may serve

as mediators of environmental signals to fetal development during
pregnancy.

Molecular mechanisms of
imprinting

Organization and regulation of imprinted
genes

Imprinted genes often aggregate in well-conserved imprinted domains
of 3—12 genes spread over a few mega bases of DNA, although single
imprinted genes can be found too (Lewis and Reik, 2006; Lambertini
et al., 2012). Each domain contains cytosine-guanine (CpG)-rich differ-
entially methylated regions (DMRs). Some of these DMRs, referred
to as imprinting control regions (ICRs), can have a regulatory role and
govern the expression of the genes in the domain. There are typically
one ICR and possibly several DMRs per imprinted domain. There are
two types of DMRs commonly found within imprinted loci: germline
DMRs (gDMRs) that are applied in the germline and their imprints are
maintained throughout development even in somatic cells, while some
loci also have somatic DMRs (sDMRs) gained after fertilization. Some
imprinted domains have secondary gDMRs or sDMRs that appear
after fertilization. There are also some imprinted domains with no
identified gDMRs/ICR, and these are possibly controlled by histone
methylation.

Accurate timing and positioning of imprinting demand a highly spe-
cialized set of molecular mechanisms. Epigenetic mechanisms con-
trol DMRs and ICRs and regulate the expression of the associated
genes including silencing of one of the alleles (Huang and Kim, 2009;
Lambertini et al., 2012; Patten et al., 201 6). Allele-specific DNA methy-
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lation of ICRs has been considered as the key molecular mecha-
nism in establishment and maintenance of imprinting (Feng et al.,
201 1). In humans, DNA methylation is regulated by DNMTs (DNMT |,
DNMT3a, and DNMT3b), which add a methyl group at the C(5)
position of cytosine in CpG dinucleotides and have distinct roles
(Carless et al., 2013). Maintenance of the inherited DNA methylation
patterns is performed by DNMT |, which preferably methylates hemi-
methylated CpGs. DNMT3a and DNMT3b are essential for de-novo
DNA methylation that occurs after embryo implantation (Moss and
Wallrath, 2007). DNMTs receive methyl groups from the cyclical cel-
lular process called ‘one-carbon metabolism’, which converts univer-
sal methyl donor S-adenosyl-methionine to S-adenosyl-homocysteine
(Jiang et al., 2012).

The DNA methylation pathway is highly dependent on nutritional
status, and many dietary micronutrients are essential for its regulation
(McKee and Reyes, 2018). These nutrients are known as methyl
donors, and they serve as cofactors for enzymes involved in one-
carbon metabolism. Imbalances in methyl donors can negatively affect
DNMTs function, S-adenosyl-methionine regeneration, and DNA
methylation (McKee and Reyes, 2018). Methyl-group donors derived
from food (such as choline, betaine, folate, vitamin B6, vitamin B12, and
methionine) and supplements (like folic acid) are necessary cofactors
for donating a methyl-group in the DNA methyl-activation cycle. They
are also crucial for the normal development of the central nervous
system (McKee and Reyes, 2018). Prenatal malnutrition in humans
can alter the supply of methyl donors and the activities of DNMTs
and subsequently disrupt the correct establishment of DNA and
histone methylation marks (Lillycrop and Burdge, 201 I; Jiang et al.,
2012; Pauwels et al., 2017).

Erasure, establishment, and maintenance of
imprinting

During human gametogenesis and early embryogenesis, two major
genome-wide epigenetic reprogramming events take place to erase
methylation marks (Reik etal, 2001). The first wave of DNA
demethylation occurs between fertilization and implantation when
many DNA methylation marks are erased (Fig. 2). A large decrease
in DNA methylation is seen between gametes and the zygote, with
a further reduction at the two-cell stage, providing support for
active DNA demethylation. Genome-wide DNA methylation studies
reveal decreasing DNA methylation levels from cleavage-stage to
blastocyst-stage embryos in the inner cell mass (Guo etal., 2014;
Smith et al, 2014). This DNA demethylation likely occurs through
passive demethylation mechanisms. Following implantation these
methylation marks are re-established, seen as a sharp increase in
methylation post-implantation. This first reprogramming event does
not include imprinted genes, which retain their methylation marks
despite otherwise global demethylation (Guo et al., 2014; Okae et dl.,
2014). Parental imprinting marks are protected from this event and
eventually reconfigure to the specific imprinting profile of each somatic
tissue as the embryo develops (Guo et al., 2014, 2015). The theoretical
level of methylation at each imprinted DMR is 50%, since one of the
alleles is methylated and the other one is not (Reik et al., 2001; Liu
et al., 2012; McCullough et al., 2015). However, imprinting methylation
marks are sensitive to adverse environmental exposures during
pregnancy that can result in hypo- or hyper-methylation of the DMRs.

A second global epigenetic reprogramming event takes place
during embryonic germ cell development and involves also erasure
of methylation marks on the imprinted genes. Male primordial
germ cells (PGCs) exhibit low methylation levels at weeks 7 and 8,
decreasing to the lowest levels at weeks 9—13, and these low levels
are maintained until week 19 (Fig. 2). In females, PGCs exhibit low
methylation levels at week 5.5, and by week 7 DNA methylation
decreases to its lowest levels, where it is maintained through to
week |I. In weeks 16 and |7 DNA methylation levels remain low
(Guo etal., 2015; Tang etal., 2015). There is, however, data that
report some differences in the methylation levels of male and female
PGCs (Gkountela et al., 2015) compared to the previously mentioned
studies. The erasure and re-establishment of the methylation marks
are achieved by a not yet completely known mechanism (Guo et al.,
2014, 2015; White et al., 2016). Human PGCs seem to be strongly
enriched with genes involved in the base excision repair (BER) pathway
(Gkountela etal., 2013, 2015; Guo etal, 2015). This finding is
compatible with the possibility that the BER pathway is involved in
the global DNA demethylation process in human PGCs, especially
in active demethylation. The established marks are then maintained
through cell divisions by DNMT | that faithfully copies the methylation
pattern from the template DNA strand to the nascent new strand
(Moss and Wallrath, 2007).

As far as the imprinted gene demethylation is concerned, the
parental-specific imprints are erased in PGCs. These imprints are re-
established during gametogenesis in accordance with the sex of the
fetus then maintained after fertilization and throughout subsequent
development (King etal., 2015). This methylation loss may also
occur by active DNA demethylation. Timing of methylation erasure
at imprinted domains in PGCs remains controversial. Current data
indicate that imprinted DNA methylation erasure follows a similar
pattern to global DNA demethylation (Fig. 2). In female week 5.5
PGCs, a subset of imprinted gDMRs contain 20-40% methylation,
indicating that some imprinted gDMRs have begun methylation
erasure (Guo etal, 2015; Tang etal., 2015). Subsequent DNA
demethylation continues, with imprinted gDMRs having 10-20%
methylation in week 7 and 9 female and male PGCs, respectively.
In week 10 PGCs through to week |6 female and week |9
male germ cells, imprinted gDMRs have low methylation levels.
In contrast to these studies, another group found delayed DNA
methylation erasure at imprinted gDMRs in PGCs, occurring weeks
after global demethylation (Gkountela et al., 2013, 2015). To explain
the possible methodology or sample differences between these
human genome-wide studies, more extensive confirmatory studies
are required.

Following erasure of methylation marks, the genome-wide epige-
netic programming involves DNA methylation acquisition. In humans,
acquisition of DNA methylation presents differences between sper-
matogenesis and oogenesis. In the male germline, the exact timing of
DNA methylation acquisition is yet unknown (White et al., 2016). In
mature sperm, methylation levels are reported to be ~54% (Guo et al.,
2014), but some studies indicate higher methylation levels (Smallwood
etal, 201 |; Okae et al., 2014). In the female germline, acquisition of
methylation occurs during folliculogenesis, when primordial follicles
grow and mature to reach the ovulatory stage. Germinal vesicles
(GVs) metaphase | and metaphase Il oocytes have ~50% of global
DNA methylation and are less methylated than sperm (White et al.,
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Figure 2 DNA methylation of human sperm, oocyte, blastocyst, post-implantation embryos, and PGCs. A genome-wide DNA
demethylation takes place after fertilization. The DNA methylation level is reduced from 54% and 48% (median level) in sperm and metaphase |l
oocytes, respectively, to 41% in the zygotes and further to 32% in the inner cell mass of blastocyst-stage embryos, but the imprinted genes escape
this first wave of DNA demethylation. Afterwards, there is a global re-methylation process shortly after implantation and the DNA methylation level
reaches 92% (gonadal somatic cells). During PGC development, there is a global DNA de-methylation process that also involves the imprinted genes.
The DNA methylation level is reduced from 92% in post-implantation embryos to 7.8% in the | Ith week of male PGCs and 6.0% in the |10th week
of female PGCs during this developmental period. DNA methylation levels remain low until week 9. In subsequent weeks and after birth, DNA
methylation levels are gradually increased until they reach the level of mature germ cells. The imprints are re-established during germ cell maturation.

Figure adapted from Guo et al. (2014).

2016). Studies. concerning the acquisition of imprinted methylation
during spermatogenesis have shown that certain imprinted genes have
acquired methylation at the stage of adult spermatogonia (Kerjean
et al, 2000; Marques et al., 201 ). In human oogenesis, acquisition of
imprinted DNA methylation occurs from primary to preantral/antral
follicle stages and is completed in the GV, metaphase |, and metaphase
Il stages (White et al., 2016). This evidence, however, concerns only
certain imprinted genes, while earlier developmental stages have not
been studied yet. Regulation of human demethylation and remethyla-
tion processes are difficult to untangle, and further studies are needed
to decipher the complex epigenetic reprogramming of the human
germline.

In summary, imprinted genes are regulated through epigenetic mech-
anisms, mostly through DNA methylation. Proper function of DNMTs
and supply of methyl donors is essential for correct DNA methylation
establishment. Imprinting demethylation and remethylation occur in
DMRs during different stages of germ cell development. Precise regula-
tion of DMR methylation is important for establishing and maintaining
the right imprints, affecting the expression levels of the associated
genes. Many imprinted genes occur in clusters that are enriched for
growth regulators that interact to coordinate early growth. Thus,
methylation alterations at a single DMR may lead to changes in the
regulation of multiple genes with subsequent effects on growth (Liu
etal, 2012).
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Genomic imprinting, fetal
growth, and development

Imprinting in human placenta and fetal
development

The human placenta starts forming when the embryo implants in
the maternal endometrium. It is composed of a fetal and a maternal
component, and it grows throughout pregnancy, assisting in the devel-
opment of the fetus. The fetal component of the placenta originates
from the outer layer of the blastocyst, the trophectoderm, and gives
rise to placental disc, amniotic and chorionic membranes, chorionic villi,
and the umbilical cord (Caruso et al., 2012). The maternal component
of the placenta is termed the decidua; it develops from the maternal
endometrium, and its role is to support the structure and function
of the placenta as a whole (Caruso et al. 2012). Normal placental
function is indispensable for intrauterine fetal viability and growth.
As the placenta forms the interface between maternal and embry-
onic environments, it may be particularly susceptible to signals from
both the mother and the fetus (Robins et al., 201 |; Non et al., 2012.
Human placenta produces pregnancy-related hormones and supports
fetal development through numerous functions. Examples of these
functions are transport of nutrients and waste between maternal and
fetal circulations, regulation of fetal growth, and protection of the
fetus from the maternal immune system (Monk, 2015). Many imprinted
genes are expressed in the human placenta and play a central role in
the development and function of the organ. For instance paternally
expressed MEST is thought to play a role in angiogenesis in human
trophoblast tissue and deciduas, and growth factor receptor-bound
protein 10 (GRB/0) is maternally expressed in cytotrophoblast (Frost
and Moore, 2010).

Several studies focusing on the role of placenta in adverse
pregnancy outcomes such as intrauterine growth restriction (IUGR),
preeclampsia, and LBW have observed aberrant methylation levels
or loss of methylation loss of imprinting (LOI) at imprinted loci
in the placenta (Rancourt etal, 2013; Janssen etal, 2016). For
example, disruption of IGF2 DMRO methylation has been reported
in ITUGR human placentas (Diplas etal., 2009). Abnormal global
DNA methylation and H/9 gene promoter methylation were also
observed in human preeclamptic placentas (Gao et al., 201 1). Altered
methylation patterns in the placenta may affect gene expression
programs in many cell types leading to abnormal placentation and
adverse birth outcome (Fig. |) (Knerr et al., 2004; Chavan-Gautam
etal, 2011). Therefore, understanding the regulation of imprinted
genes may help comprehend human placental pathophysiology.

Identification of imprinted genes and the mechanisms controlling
their function have been subjects of intense study over recent decades.
Although imprinted genes comprise a small subset of protein-coding
genes in the human genome, they have been shown to be essential to
fetal growth and neurodevelopment (Marques et al., 2008; Doria et al.,
2010; Piedrahita, 201 I; Patten et al., 201 6). Animal studies have shown
that they also play an important role in placental adaptive responses
to external stimuli (Sandovici et al., 2012). As we learn more about
imprinted genes, it has become clear that they are critical for numer-
ous processes such as differentiation, pluripotency, and metabolism
(Janssen et al., 2016). They are involved in many aspects of devel-
opment including placental establishment and growth, embryogenesis,

postnatal adaptations, cell proliferation, and adult behaviour (Lim et al.,
2012; Janssen et al., 2015; Yang et al., 2015). Broader roles for placen-
tally expressed imprinted genes are seen in other organs through animal
studies showing roles in the development of metabolically important
organs, including the pancreas, liver, fat, pituitary, and hypothalamus
(Charalambous et al., 2007; Lambertini et al., 2012). Imprinted genes
function in various ways to regulate mammalian development. Pater-
nally expressed genes such as pleomorphic adenoma gene like |
(PLAGLI), MEST, IGF2, PEGI0, and KCNQIOT! favour fetal growth,
whereas maternally expressed genes such as H/ 9, pleckstrin homolog-
like domain (PHLDA2, family A, member 2) and cyclin-dependent
kinase inhibitor 1C (CDKNC) are growth inhibitory genes.

The imprinted genes that are in focus in this review, IGF2/H [ 9, MEST,
and PEGI0 control embryonic and placental growth. Inappropriate
DNA methylation of these genes is related to increased probability of
early spontaneous abortion and severe fetal defects such as abnormal
growth, LBW, or preeclampsia (Diplas et al., 2009; Doria et al., 2010;
Eggermann et al., 2014; Liang et al., 2014; Kappil et al., 2015b; Russo
etal, 2016). In the following chapters, we will discuss how DNA
methylation patterns of these genes can be affected by stressors with
consequences on fetal development and birth weight (Chen et al.,
2014; Vidal et al., 2014b; Vangeel et al., 2015; Mansell et al., 2016).

Regulation, expression, and function of
IGF2/H19 imprinted genes

Two of the most intensively studied imprinted genes, IGF2 and H19,
represent two oppositely expressed and functionally antagonistic genes
located adjacent to each other in part of the same imprinted domain
at the short arm of chromosome || (I1pl5.5). They share the
same ICR, and IGF2 is paternally expressed, while HI/9 maternally
expressed (Adkins et al., 2010; Biliya and Bulla, 2010; Koukoura et al.,
2011; Moore etal.,, 2015). IGF2 is located upstream of H/9 and
encodes a growth hormone that plays a major role in regulating fetal
development. H/9 encodes a nonprotein-coding RNA that exerts
its action mainly or exclusively as an RNA transcript. IGF2 and H /9
share common enhancers, located downstream of H/9; the activity of
which is regulated by a DMR upstream of the HI9 gene. Imprinted
expression of these two genes is mediated by methylation patterns at
several different DMRs that dictate long-range interactions between
enhancers and promoters (Moore et al., 2015; Mansell et al., 2016).
The IGF2/H19 ICR contains a methylation-sensitive chromatin insula-
tor, which is responsible for controlling the expression of both genes
(Fig. 3). In the paternal allele, H/9 is methylated, and binding of the
CTCF insulator protein is blocked, thus inactivating H/ 9 and promoting
IGF2 expression (Marques et al., 2008; Cordeiro et al., 2014; Moore
et al, 2015; Mansell et al., 2016). The IGF2 protein binds to insulin-like
growth factor | receptor (encoded by IGFIR), a kinase activator that
promotes cell survival and proliferation and consequently promotes
fetal growth. Conversely in the maternal allele, H/9 is unmethylated,
allowing the CTCF to bind to the DMR. This prevents access of IGF2
to the common enhancers, thus inhibiting IGF2 and promoting H/9
expression. When CTCF is bound, it allows H/9 to produce miR-675,
which has been shown to restrain growth during gestation and cause
downregulation of IGFIR (Mansell et al., 2016).

IGF2 acts as a mitogenic growth factor that promotes differentiation
and metabolism. IGF2 is a part of the IGF axis and regulates the
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Figure 3 Structure and epigenetic state of the imprinted IGF2/HI9 domain on the maternal and paternal genome. On the
maternal chromosome, the H/9 gene and the adjacent ICR are unmethylated (white lollipops) allowing H 9 expression and the binding of the insulator
CTCEF, thus preventing the enhancer to access the IGF2 gene and silencing its expression. In the presence of ICR methylation on the paternal allele
(black lollipops), binding of CTCF is prevented, allowing the enhancer activity to reach IGF2, thus effectively promoting its expression. Enhancer activity
is limited to the unmethylated IGF2 gene and the methylated H/9 gene remains silenced.

postnatal growth of somatic tissues, including the brain (Huang et al.,
2012; Perkins et al., 2012). Later in life, changes in the IGF signalling
pathway result in altered body fat composition. Lower circulating IGF2
levels have been associated with increased risk of obesity (Huang et al.,
2012). IGF2 together with H/9 have been implicated in the control
of placental and embryonic growth through cell proliferation and
apoptosis (Ying et al., 2010; Huang et al., 2012; Liu et al., 2012; Vidal
et al, 2014a). HI9 is physically and functionally linked to the IGF2 gene.
It is expressed in endoderm and mesoderm tissues during fetal life and
is strongly downregulated after birth (Marques et al., 2008; Yu et al.,
2009). HI9 regulates embryo development and growth, differentiation
of the placenta and is highly expressed in the intermediate trophoblast
and cytotrophoblast cells in human placental specimens. However, its
precise role in the regulation of fetal development is not yet fully under-
stood (Yu et al., 2009; Koukoura et al., 201 I'). On the other hand, IGF2
is expressed across the syncytium to stimulate proliferation and survival
of the underlying cytotrophoblast. This is a determining factor in the
expansion of the placental syncytium and the generation of a sufficient
exchange barrier to facilitate the oxygen and nutritional needs of the
growing fetus (Harris et al., 201 I). Although there is some conflicting
evidence regarding levels of IGF2 in IUGR placentas (Apostolidou et al.,
2007; Antonazzo et al., 2008), the majority of human studies have
shown that reduced IGF2 placental expression is associated with [UGR
(McMinn et al., 2006a; Guo et al., 2008; Cordeiro et al., 2014).

IGF2/H19 and birth weight variation

Most studies on IGF2/H 19 gene expression and methylation levels to
date have focused on IUGR,; since these genes are strong candidates for
birth weight variation (Adkins et al., 2010; St-Pierre et al., 2012). LBW
may function as a marker of adult health. For instance, LBW neonates
are at augmented risk of coronary heart disease, type Il diabetes,
stroke, obesity, and some adult cancers (Liu et al., 2012). While IGF2
serum levels and mRNA expression levels have been positively linked
to infant birth weight in various studies, the findings regarding IGF2/H | 9
DMR methylation and birth weight are not consistent. Such disparities,
particularly relating to methylation and expression, are not scarce in the
literature. However, recent studies positively correlate both IGF2/H 9
methylation and expression with birth weight variation, indicating the
role of these genes in fetal development (Table I).

Experimental evidence has shown that for every 1% decrease in
methylation of the IGF2 DMR located upstream of exon 3, there is
a two-fold increase in IGF2 transcription, theoretically equivalent to
what would be observed if the IGF2 maternal allele was aberrantly
active (Murphy et al., 2012). This association was observed in women
smokers compared to nonsmokers. It is presently unclear how small
methylation shifts at imprinted DMRs alter the imprinting status of
the related genes and affect developmental outcomes and risk of
chronic diseases. Disturbances in IGF2 and H /9 imprinted genes are
known to cause IDs, such as Beckwith—Wiedemann (BWS) and Silver—
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Table | Studies investigating the relationship between IGF2/H19 and birth weight.

Study Genes/Tissues studied

Kappil et al., 2015b Expression and methylation of imprinted
genes.
Placental tissue

Bouwland-Both et al., 2013 IGF2 and HI9 methylation.

Umbilical cord blood in SGA and controls

Wu etal., 2013 IGF2 methylation. Nervous tissue, lung

tissue, placental tissue from stillborn fetuses

IGF2/H 19 methylation and IGF2 expression.
Placental tissue and umbilical cord blood

St-Pierre et al., 2012

Hoyo et al., 2012 IGF2 methylation and protein

concentrations. Umbilical cord blood

Koukoura et al., 201 | IGF2 expression and methylation. Placentas

from FGR and normal pregnancies

Tobietal., 2011 IGF2 DNA methylation.

Peripheral blood in SGA and control cases

IGF2, H19, MEST, PEG 0 expression.
Normal and I[UGR human placentas

Diplas et al., 2009

Guo et al., 2008 IGF2 and HI9 expression and methylation.

Placental tissue and umbilical cord blood in
SGA and control cases

Apostolidou et al., 2007 IGF2, MEST expression and methylation.

Parental blood and term placentas

BW; Birth Weight, SGA; Small for Gestational Age, FGR; Fetal Growth Restriction

Russell (SRS) syndromes (Russo et al., 2016). Combining current data,
it appears that abnormal IGF2/H[9 methylation and/or expression
influences birth weight and affects fetal development and health.

Apart from IGF2 and HI9, MEST and PEGI0 imprinted genes also
have a broad developmental effect on fetal growth and birth weight
variation. MEST is a paternally expressed imprinted gene that has
recently been implicated in adipogenesis (Karbiener et al., 2015). It
is located on chromosome 7q@32, and it is involved in the control
of embryonic and placental growth (Zechner et al., 2010; Huntriss
et al, 2013). MEST encodes an a/b-hydrolase family of proteins and
is expressed in the mesoderm of developing embryos (Vidal et al.,
2014a). There are two different MEST isoforms. Isoform | appears
to be expressed in a monoallelic fashion in most tissues like brain,
skeletal muscle, kidney, adrenal gland, tongue, heart, skin, and placenta
(Riesewijk et al., 1997; McMinn et al., 2006b). Initial reports described
isoform 2 as being biallelic in blood lymphocytes (Kosaki et al., 2000).

BW relation

Yes

Yes

Yes

Yes

Yes

Results/Conclusions

Identified known and novel imprinted genes (IGF2/H 19,
MEST) related to birth weight.

Expression of imprinted genes is crucial for appropriate fetal
growth

Lower IGF2 DNA methylation in SGA children.

IGF2 and HI9 methylation related to fetal and infant growth
Increased IGF2 DRMO methylation was positively linked to
increased risk of neural tube defects

Higher methylation of IGF2 DMRO and DMR2 was linked to
higher infant birth weight and decreased IGF2Z mRNA
expression.

IGF2/H 19 DNA methylation as a modulator of fetal growth
and birth weight that links birth weight and fetal metabolic
programming of late onset obesity

IGF2 hypomethylation resulted in increased IGF2 transcription
and higher birth weight/

IGF2 DNA methylation is functionally relevant to the
production of IGF2

Significant loss of imprinting in growth restricted placentas.
Non-significant decrease in IGF2 mRNA levels not related to
birth weight

No association between IGF2 DMR methylation and SGA

IGF2 downregulation, PEG 0 upregulation and loss of
IGF2/H 19 imprinting in placentas of children with [IUGR.
Regulation of imprinted genes in placental development plays
an important role in determining fetal growth

IGF2 placenta hypomethylation, but no significant differences
between SGA children and normal controls. IGF2 mRNA
decreased in SGA placentas.

Human | Ip15 imprinting cluster regulates growth of placental
and fetal tissues

No correlation between IGF2 and MEST levels and birth
weight and no loss of imprinting

Subsequent reports have indicated that in certain tissues, including
breast and placenta, isoform 2 may in fact be imprinted (Pedersen
et al, 2002; McMinn et al., 2006b; Nelissen et al., 2013). Isoform 2
has been observed to be preferentially paternally expressed in fetal
placenta, kidney, and fibroblast lines, but it is biallelically expressed in
other fetal tissues and lymphoblastoid cell lines (Nakabayashi et al.,
2002). Epigenetic regulation of MEST has been related to male infertility
and poor sperm parameters (Houshdaran et al., 2007; Marques et dl.,
2008; Hammoud et al., 2010; Poplinski et al., 2010). It may also con-
tribute to obesity predisposition throughout life and other metabolic
disorders. Itis scientifically supported that there is a positive correlation
between MEST methylation percentage in chorionic villus and rates of
early spontaneous abortion: the higher the methylation percentage, the
greater the chance of early miscarriage (Zheng et al., 201 | a).

The imprinted gene PEGI0 was first identified on the basis of its
location in an imprinted domain on human chromosome 7q21. It is
paternally expressed and maternally silenced (Ono et al., 2001; Chen
etal, 2012) and is a functional retrotransposon derived gene but
contains no long terminal repeat sequences (Smallwood et al., 2003;

220z 1snBny g, uo Jesn sonsnp Jo Juswpedaq 'S’ Ad 265 1096//22/9/GZ/a10me/pdnwiny/wod dno-olwspese)/:sdjy Wwolj papeojumoq



In-utero stress, mode of conception and imprinting

785

Lux etal., 2010). PEGI0 is expressed in a wide variety of human
tissues, such as brain, lung, testis, kidney, and placenta. It is suggested
to display a functional role in growth-promoting activities and human
placenta formation. PEG 0 affects trophoblast proliferation, differenti-
ation, and invasion (Metsalu et al., 2014; Chen et al., 2015) and is highly
expressed in the placenta at ~|1—12 weeks of gestation, implying
that it is a requirement for placental development towards the end of
the first trimester. Moreover, clinical studies have reported aberrant
PEG 10 expression in multiple pregnancy complications, such as spon-
taneous miscarriages, fetal death, [IUGR, and preeclampsia, indicating
that PEG /0 is a critical player during gestation (Liang et al., 2008; Doria
etal, 2010; Liang etal., 2014). PEGI0, together with PHLDAZ and
CDKNIC, control placental hormone production, including placental
lactogens, known to induce physiological changes in pregnant women
(John, 2013). However, its precise role in the regulation of gestation
and in placental development is still poorly understood (Chen et al.,
2015).

Role of MEST and PEGI10 in growth control

Recent data indicates that MEST and PEG/0 are important factors in
regulating somatic differentiation and size at birth. According to Kappil
et al., MEST has the strongest association with fetal growth, with its
increased expression linked to large for gestational age infants (Kappil
et al., 2015b). Increased MEST methylation and lower expression levels
among small for gestational age (SGA) infants were also observed.
Another study reported decreased MEST expression in [UGR placentas
compared to normal term placentas, although this was not accompa-
nied by changes in DNA methylation within a MEST DMR (McMinn
et al, 2006a). Further, the first study to quantitatively survey the
expression levels of the vast majority of imprinted genes in human pla-
centa found PEG 1 0, among other imprinted genes, to be upregulated in
IUGR placentas, compared to normal pregnancies (Diplas et al., 2009;
Piedrahita, 201 I). In a recent study, PEG | 0 was found to be significantly
downregulated in umbilical cord samples of LBW babies. The reduced
expression correlated inversely with increased DMR methylation likely
occurring at the normally unmethylated paternal allele. The authors
also suggested a role for PEG/0 in regulating human fetal growth,
perhaps through an effect on placenta development. Finally, their data
demonstrate that even modest changes in PEG/0 expression levels
are associated with significant changes in human prenatal growth (Lim
et al., 2012). Combining all this data, it seems that normal expression
of MEST and PEGIO0 is essential for fetal growth and disturbances in
their regulation associate with birth weight variation, which should be
elucidated further in future studies.

Imprinted genes in disease

The importance of genomic imprinting is reflected by the numerous IDs
and other diseases caused by aberrant DNA methylation (epimutation)
or other disruptions of imprinted genes. IDs are a group of congenital
diseases characterized by molecular changes in imprinted genes and
adverse clinical features associated with growth, development, and
metabolism (Table Il). Typically, disturbances of imprinted genes may
alter their regulation (epigenetic mutation) and expression but rarely
their genomic sequences (genetic mutation). Types of disruptions
found in IDs vary, but the majority of them are associated with

Table Il Basic characteristics of IDs.

General findings

I Non-mendelian inheritance

2. Environmental contribution

| (Epi)mutations

2. Multi-locus methylation defects

|. Cognitive impairment
2. Aberrant growth, asymmetry
3. Developmental delay

4. Facial features, etc

ID; imprinted diseases

uniparental disomy (UPD), chromosomal imbalances (duplication and
deletion), and genomic mutations (Ishida and Moore, 201 3; Eggermann
et al, 2015). Epimutation at ICRs is frequent in IDs and could occur
after a defect is introduced either during gametogenesis (causing failure
of imprint erasure and re-establishment), or post-fertilization due to
unsuccessful imprint maintenance. There are also studies implying that
IDs are more frequent in children conceived through ART than in
spontaneous conceptions (Manipalviratn et al., 2009; Hiura et al., 2012;
Tee et al., 2013; Hiura et al., 2014; Mussa et al., 2017).

Although IDs are rare, with a collective prevalence less than one
per 12000 births (Manipalviratn et al., 2009), they are often severe,
highlighting the necessity for normal expression of this small subset
of imprinted genes for normal human development (Table Ill). For
example, accurate DNA methylation of the IGF2/H[9 locus is indis-
pensable for appropriate human growth, and IDs caused by disruption
of DNA methylation in this region are associated with phenotypes
of altered growth (Huang et al., 2012). Up to now, human genetic
diseases linked to various IDs include BWS, SRS, Prader—Willi (PWS)
and Angelman (AS) syndromes (Rabinovitz et al., 2012; Choufani et al.,
2013; Azzi etal.,, 2014), transient neonatal diabetes mellitus type |
(Temple and Shield, 2010) and pseudohypoparathyroidism type Ib
(Mantovani, 201 1). Furthermore, DNA methylation changes in ICRs
of imprinted genes have been implicated in many other diseases
(Table V). The functional outcome in each ID is the unbalanced expres-
sion of imprinted genes and often primarily growth and/or neurological
development defects, but the clinical phenotypes are diverse and
depend on the parental allele affected by the mutation. Despite limited
information about aetiology, the molecular defects behind most known
IDs are well understood as they are associated with molecular disrup-
tions in specific loci. Undoubtedly, the number of IDs will increase in
the future as we learn more about imprinted genes and their role in
physiology.

To conclude, imprinted genes are essential to placental and fetal
development, involving a variety of processes. Their disruption can lead
to IDs and other diseases with molecular and clinical consequences.
IGF2/H19, MEST, and PEGI0 imprinted genes seem to be regulatory
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Table Il General features and molecular changes in so far identified IDs.

Disorders Affected imprinted genes

Beckwith-Wiedemann
syndrome

IGF2, CDKNIC, KCNQIOT! (I 1p.15.5)

IGF2/H19, CDKNIC

MEST, GRBI0

upd(7) mat (7q32, | Ipl5)

Various imprinted genes on chromosome
I5, upd(15)mat

Silver-Russell syndrome

Prader-Willi syndrome

(I5ql1-q13)
Angelman syndrome UBE3A, upd(|5)pat
(15ql1-q13)

Maternal transmission of inactive GNAS
mutations, upd(20) pat (20q13.2)

PLAGL!, HYMAI, paternal duplication of

Pseudohypoparathyroidism

Transient Neonatal Diabetes

Mellitus Type | 6q24, upd(6) pat (6q24)
Temple syndrome (14932)

[upd(14)mat]

Kagami-Ogata syndrome (14932)

[upd(14)pat]

Characteristics

Overgrowth, tumour and cancer predisposition, macroglossia, etc

Asymmetry, growth failure, adult-onset diseases, facial features, etc

Hypotonia, infertility, mental disorders, etc

Abnormal behaviour with excessive laughter, intellectual disability, ataxia, etc

Resistance to parathyroid hormone, obesity, osteodystrophy

Diabetes, congenital abnormalities

Growth retardation, hypotonia, obesity, mental disorders, etc

Polyhydramnios, developmental delay, placentomegaly, intellectual disability

Upd()mat; uniparental disomy (chromosome affected) maternally inherited Upd()pat; uniparental disomy (chromosome affected) paternally inherited

Table IV Diseases caused by methylation changes in ICRs of imprinted genes.

Study

Astuti et al., 2005

Kuerbitz et al., 2002

Moon et al.,, 2010

Ribarska et al., 2014

Cui et al., 2002/ Ito et al., 2008
Pedersen et al., 1999

Murphy et al., 2006/ Feng et al., 2008
Wallace et al.,, 2010

Marsit et al., 2012

Perkins et al., 2012

Liang et al., 2014/ Doria et al., 2010

Smolarek et al., 2010

Movassagh et al., 2010

Disorder

Neuroblastoma

Acute myeloblastic leukemia
Uterine leiomyoma

Prostate cancer

Colorectal carcinoma

Breast cancer

Ovarian cancer

Diabetes

Neurobehavioral development
Obesity

Pregnancy failure and complications

Hypertension

Cardiovascular disease

factors during fetal growth and development, but further studies are

needed to decipher their role.

Effect of stressors on imprinting

In general, epigenetic mechanisms can be influenced by various external
factors ranging from depression, cigarette smoke, and diet to toxic
chemicals (Hoyo et al., 2014; Kappil et al., 2015a; Vidal et al., 2015).
Epigenetic mechanisms play key roles in many cellular processes and
are absolutely critical for development, differentiation, and adaptation
to the environment, and thereby their disruption may contribute to

Imprinted locus affected

DLKI-MEG3 imprinted domain

Hypermethylation of the imprinted NNAT locus

Overexpression of PEG | /MEST

Deregulation of an imprinted gene network

Hypomethylation of HI/9 and IGF2/IGF2 DMRO hypomethylation
PEG I /MEST loss of imprinting

IGF2/H 19 epigenetic alterations/ARHI and PEG3 down-regulation
DLK/-MEG3 imprinted region

Deregulation of an imprinted gene network

Methylation of IGF2/H19 locus

Downregulation of PEG [0/ Different expression of IGF2, PEGI0,
CDKLNIC, PHLDA2

Global DNA methylation changes

Differential DNA methylation

disease risk throughout life. Intrauterine life is a sensitive window
of development during which external factors can influence organ
development, homeostasis, and epigenetic processes, including DNA
methylation, permanently altering epigenetic patterns and subsequent
development (Ollikainen et al., 2010; Antonelli et al., 2017). During
early life stages, development shows high plasticity and many biological
systems are susceptible to environmental stressors (Harris and Seckl,
2011; Griffiths and Hunter 2014). According to the fetal program-
ming theory, exposures during fetal development and early life have
more profound effects on the establishment and/or maintenance
of epigenetic marks than exposures in adulthood. This may lead to
permanently altered disease susceptibility (King et al., 2015). Adverse
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conditions during gestation may induce LOI that does not manifest
phenotypically or functionally at birth, due to developmental plas-
ticity, but results in chronic diseases decades later (Ollikainen et al.,
2010). Herein, we aim to evaluate the effect of three important
environmental stressors (mode of conception, maternal prenatal psy-
chological stress and chemical exposure) on fetal development and
imprinting (Fig. I).

Genomic imprinting and mode of
conception

The use of ART procedures is steadily increasing worldwide; >7
million infants have been born so far. However, many questions remain
unanswered concerning the long-term health consequences of ART.
A series of investigations dating from 2002 have suggested that ART-
born children carry a potential higher risk of chromosomal aberrations,
perinatal complications, IUGR, pre-term birth (PTB), LBW, IDs, and
birth defects (Cox et al., 2002; Hansen et al., 2002; Schieve et al., 2002;
Gicquel et al.,, 2003; Lambert, 2003; Ceelen et al., 2008; Lim et dl.,
2009; Manipalviratn et al., 2009; Sakka et al., 2010; Savage et al., 201 I;
Davies et al., 2012; Pandey et al., 2012; Wen et al., 2012; Kochanski
et al, 2013; Pinborg et al., 2013a; Hyrapetian et al., 2014; Mussa et al.,
2017). The causes of the poorer perinatal outcome in ART-conceived
children are probably muiltifactorial and are still under investigation
(Pinborg et al., 2013b).

The periconceptional period is subject to genome-wide epigenetic
reprogramming including imprinting and therefore is crucial for proper
development and future health (Gillman, 2005). Major epigenetic
events take place in the embryo both during pre-implantation
development and post-implantation when imprints in the PGCs in
the embryo are reset. Periconception is therefore a dynamic period
of reprogramming that could be sensitive to environmental stressors
leading to epigenetic disturbances (Reik et al., 2001; Jirtle and Skinner,
2007; van Montfoort et al., 2012; Huntriss et al., 201 3; Desplats, 2015).
Manipulations and processes during ART, including ovarian stimulation,
in-vitro maturation of gametes, isolation and handling of gametes, in-
vitro fertilization (IVF), intracytoplasmic sperm injection (ICSI), and
in-vitro culture of early embryos represent artificial interventions,
which coincide with critical windows for epigenetic reprogramming
and imprinting (Fig. 2). These procedures expose the developing
epigenome to stress factors that could affect the establishment and
maintenance of genomic imprints and thereby influence implantation,
establishment of placenta, and fetal development (Maher et al., 2003;
Horsthemke and Ludwig, 2005; Haaf, 2006; Santos et al., 2010; van
Montfoort et al., 2012; El Hajj and Haaf, 2013; Anifandis et al., 2015;
Canovas etal.,, 2017). Oocyte imprints are acquired during follicle
growth and maturation, and ART procedures employ hormones to
artificially stimulate the growth and maturation of supernumerary
ovarian follicles, which could carry improper methylation marks.
Further, these hormones may function as potential imprinting
disruptors, affecting oocyte and embryo imprint acquisition (Sato
et al, 2007; Santos et al, 2010; Obata et al., 201 |; Denomme and
Mann, 2012; Anifandis et al., 2015).

Concerns have also been raised regarding the impact of extended
embryo culture time and embryo cryopreservation on methylation
patterns and imprinting, since these procedures are employed dur-
ing the crucial period of the first embryo divisions. In-vitro culture

conditions, culture media composition, and day of embryo transfer
(namely how many days the embryos are cultured) are very impor-
tant factors that may have a negative impact on the ART offspring
and exert alterations in embryo metabolism and DNA imprinting
(Dumoulinet al., 2010; Kallén et al., 2010; Ibala-Romdhane et al., 201 [;
Sazonova et al., 201 1; Fernando etal, 2012; Nelissen et al., 2012;
Nelissen et al., 2013; Kleijkers et al., 2014; Shi et al., 2014). Suboptimal
embryo culture conditions expose embryos to environmental stress
(subtle temperature variations in the incubators, exogenous chemical
compounds, light exposure, O, and CO; levels, etc) and can generate
morphologically normal but epigenetically compromised blastocysts
that fail to implant (El Hajj and Haaf, 2013; Anifandis et al., 2015;
Canovas et al., 2017).

Cryopreservation of gametes and embryos has become increasingly
important in recent years and has raised questions regarding the safety
and long-term consequences of these procedures. Studies comparing
children born after frozen embryo transfer (FET) with those born
after fresh embryo transfer have revealed that the neonatal clinical
outcomes appear to be similar or even improved after FET, especially
regarding LBW, SGA, and PTB (Wennerholm et al., 2009; Pelkonen
et al, 2010; Pinborg et al., 2010; Wennerholm et al., 2013; Berntsen
etal, 2019). The reason for these improved outcomes with FET is
still not clear. It might be associated with the absence of ovarian
stimulation, which may affect endometrial receptivity and the implan-
tation of the embryo into the uterus during fresh IVF cycles. Another
possible explanation is that cryopreservation enables only the good
quality embryos to survive (Pinborg et al., 2013a). On the contrary,
poorer clinical outcomes appeared when comparing FET with naturally
conceived embryos, probably due to patient-related factors or ART
aspects (Pelkonen et al., 2010; Pinborg et al., 2010; Sazonova et al.,
2012; Wennerholm et al., 2013). Finally, accumulating data show that
FET singletons have a higher risk of macrosomia and being large for
gestational age compared with fresh transferred embryos (Pelkonen
et al, 2010; Pinborg et al., 2010; Sazonova et al., 2012; Wennerholm
etal, 2013), as well as with the general population (Pinborg et al.,
2010; Sazonova et al., 2012; Wennerholm et al., 2013; Pinborg et al.,
2014). Future research should elucidate possible cryoinjuries caused
by ice crystals and any potential cytotoxic effects of cryoprotec-
tants on embryo quality, and clarify whether long-term storage of
oocytes and embryos is safe and does not cause adverse methylation
alterations.

However, the impact of ART on DNA methylation cannot easily
be evaluated because patients under ART treatments may differ
both genetically and demographically from the general population;
usually, they have lower fertility and increased reproductive loss
rates. They also encounter different fertility problems, which may
contribute variously to imprinting (Chiba et al., 2013; El Hajj and
Haaf, 2013; Hiura et al., 2014; Pinborg et al., 2016). Furthermore,
ART protocols are not harmonized and therefore vary between
clinics. Due to this variation and the inability to control for all
the variables involved, large cohort studies are needed to assess
whether a causal relationship between ART and increased prevalence
of imprinting defects exists. No definitive conclusions have been
drawn yet, since it remains unresolved whether the use of ART
treatments or the underlying subfertility per se is the causal factor
of the higher prevalence of complications and epimutations in
ART-conceived children (Zhu et al., 2006; Doornbos et al., 2007,
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El Hajj and Haaf, 2013; Pinborg et al., 2013a; Pinborg et al., 2013b;
Hyrapetian et al., 2014; Kéllén et al., 2010; Simpson, 2014; Berntsen
et al, 2019). In summary, the literature concerning the safety of these
techniques is too limited to draw any firm conclusions regarding health
outcomes.

The effect of ART on imprinted gene regulation

Although current knowledge on the mechanisms controlling fetal devel-
opment is still limited, it seems that acquisition of imprinting errors
during placental and early embryo development may predispose to
diseases and gene expression abnormalities in the offspring (Nelissen
etal, 201 1; Zhenget al., 201 I b; Shi et al., 2014; Monk, 2015). Stability
of DNA methylation and expression of imprinted genes have been
intensively investigated in placenta, oocytes, and embryos in relation
to ART processes. Altered gene expression was observed in placental
tissue of [IVF/ICSI patients and several biological pathways playing a role
in metabolism, immune response, and transmembrane signalling were
upregulated (Nelissen et al., 2014). It is assumed that these differences
can potentially affect fetal development and lead to an increased risk
for late-onset diseases. Specific epigenetic changes observed at DMRs
in placentas and umbilical cord blood of ART newborns suggest that
the conditions during fertility treatments may affect DNA methylation
and lead to IDs (Pinborg et al., 2016; Canovas et al., 2017). Such
epigenetic disruptions were first recorded in a number of studies
focusing on the impact of ART on the regulation of imprinted genes
and the risk of developing BWS, AS, and SRS IDs (Cox et al., 2002;
DeBaun et al., 2003; Maher et al., 2003; Kagami et al., 2007; Lim et al.,

2009; Manipalviratn et al., 2009; Hiura et al., 2012; Hiura et al., 2014;
Mussa et al., 2017). However, a small increase in the incidence of
IDs after ART cannot easily be evaluated because the prevalence of
these diseases is very low in the general population (El Hajj and Haaf,
2013; Uyar and Seli, 2014). This could explain why some studies have
failed to support a link between IDs and ART procedures (Doornbos
et al., 2007; Odom and Segars, 2010; Chiba et al., 2013; Vermeiden
and Bernardus 2013; Uyar and Seli, 2014; Pinborg et al., 2016). Many
studies, however, have still found support for a trend of increased
imprinting defects in ART-conceived children (meta-analysis of Cortes-
sis et al., 2018; Berntsen et al., 2019). These data call for caution and
further studies.

As far as imprinted genes are concerned, several studies performed
in oocytes, preimplantation fresh or frozen embryos, peripheral blood,
umbilical cord blood, amniotic membranes, chorionic villi, and placenta
samples have presented contradictory data about the effect of ART on
the regulation of IGF2/H 9, MEST, and PEG |0 among other imprinted
genes (van Montfoort et al., 2012; Uyar and Seli, 2014). Some studies
have observed disrupted patterns of DNA methylation and/or gene
expression in cord blood, chorionic villi, placenta (Turan et al., 2010;
Zechner et al., 2010; Nelissen et al., 2013; Nelissen et al., 2014; Sakian
etal., 2015), and preimplantation embryos (Huntriss et al., 2013; Shi
et al., 2014) compared to respective samples of spontaneously con-
ceived children. However, others have reported no detectable alter-
ations in DNA methylation and gene expression after ART treatments
(Wong et al., 201 1; Zheng et al., 201 la; Zheng et al., 201 I b; Oliver
et al.,, 2012; Puumala et al., 2012; Camprubi et al., 2013; El Hajj et al.,
2017). Furthermore, although a few studies have revealed small differ-
ential DNA methylation or altered expression of a subset of imprinted
genes (including PEG/0 and MEST) in cord blood, peripheral blood,

and placental samples, they have concluded that the general imprinting
and expression pattern were stable in ART-conceived children (Gomes
et al, 2009; Tierling et al, 2010; Feng et al., 201 I; Shi etal., 201 1;
Rancourt et al., 2012; Vincent et al., 2016).

Two genome-wide studies (Katari et al., 2009; Melamed et al., 2015)
identified a number of affected imprinted genes in cord blood and
placental samples of IVF children, but due to small sample sizes these
results need to be interpreted with caution. A meta-analysis of |8 stud-
ies showed an association between ART and IDs compared to children
conceived naturally but reported no evidence of DNA methylation
changes in imprinted genes (Lazaraviciute et al., 2014). However, in
many cases the amount of data was heterogeneous and limited; thus,
more controlled studies are needed. Finally, a recent study comparing
human blastocysts derived from nonvitrified embryos with vitrified
ones demonstrated that vitrification on Day 3 did not significantly alter
the DNA methylation pattern of the IGF2/H 19 DMR (Derakhshan-
Horeh et al., 2016), suggesting that cryopreservation does not affect
imprinting of this locus. In summary, the present state of knowledge
does not allow for solid conclusions regarding the mode of conception
and fetal genomic imprinting. Further studies are needed to decipher
the consequences of ART interventions on DNA methylation, IDs, and
regulation of imprinted genes. Since imprints are maintained not only by
DNA methylation but also by histone modifications and long noncoding
RNAs, these mechanisms should also be considered as a possible
explanation to differing results between studies. As the number of
people seeking ART treatments will probably continue to rise in the
years to come, long-term evaluation of children conceived through
ART methods is necessary for understanding the potential risks and the
impact of these technologies on birth outcomes and long-term health
in the offspring.

Maternal psychological stress and offspring
health

There is now an extensive body of literature from human studies
showing significant associations between maternal prenatal psycho-
logical stress, fetal development, and postnatal health (Khashan et al.,
2009; Harville et al, 2010; Dancause et al., 2012; King et al., 2012;
Dancause et al., 2013; Cao-Lei et al., 2014; Lee, 2014; Walder et al.,
2014; Harville et al., 2015; Yong Ping et al., 2015; Saulnier and Brolin,
2015; Liu et al., 2016; Cai et al., 2017; Isgut et al., 2017; Van den Bergh
et al, 2017; MacKinnon et al., 2018). Prenatal traumatic exposures that
have been linked to altered child outcome vary from severe traumas,
such as bereavement (Khashan et al., 2008), to mild events, such as
daily hassles. They also include exposure to acute external disasters
(Laplante et al., 2008), the September | | attacks (Yehuda et al., 2005),
Chernobyl (Huizink et al., 2008), natural disasters (Kinney et al., 2008;
Laplante et al., 2008) and war (Kleinhaus et al., 2013). However, it is
difficult to adjust for confounders in the context of natural disasters,
since, for example, stress and malnutrition often occur simultaneously
under these circumstances and are inter-related (Lucassen et al., 2013).
Various studies report that maternal psychological stress during
gestation, such as symptoms of anxiety and/or depression, can lead
to fetal growth restriction, PTB, and LBW (Graignic-Philippe et al.,
2014). It can also cause adverse health outcomes later in life, includ-
ing susceptibility to metabolism-related diseases, neurodevelopmen-
tal delay, learning difficulties, behavioural problems, cognitive impair-
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ment, cardiovascular and respiratory diseases, neural tube defects, and
depressive symptoms (Rondo et al., 2003; Van den Bergh et al., 2005;
Grote et al., 2010; Tegethoff et al., 2010; Zhu et al., 2010; Class et al.,
2011; Grigoriadis et al., 2013; Ding et al., 2014; Guxens et al., 2014;
Slykerman et al., 2015; Janssen et al., 2016; Lee et al., 2016; Gentile,
2017; Lee et al., 2017). The effects have been shown to continue at
least until early adulthood (Pearson et al., 2013; O’Donnell et al., 2014;
Capron et al.,, 2015; Kingsbury et al., 2016), while further long-term
studies are still being conducted.

Mechanisms mediating stress effects on fetal development
The biological mechanisms through which maternal psychological stress
affects the developing fetus are not yet fully understood. It is suggested
that maternal-fetal psychological stress transfer is a combination of
numerous transfer mechanisms that may act together in a synergistic
way (Fig. 4). One possible underlying mechanism concerns glucocor-
ticoids secreted by the mother’s HPA axis, which plays a fundamental
role in the regulation of homeostasis and stress response (van Bode-
gomet al., 2017; McGowan and Matthews, 2018). Development of the
HPA axis and brain sections involved in its regulation is tremendous
during the prenatal period and continues after birth. Therefore, envi-
ronmental insults can have fundamental effects on the fetal developing
brain. Many studies have focused on concentrations of cortisol, the end
product of the HPA axis, as a marker of stress and anxiety (Bergman
etal, 2010; Davis and Sandman, 2010; Rothenberger et al., 2011).
Maternal prenatal exposure to stressful events can result in increased
transplacental transfer of maternal circulating glucocorticoids to the
fetal compartment (Kingsbury et al., 2016). The placenta is involved
in HPA development through the activity of placental-expressed genes
that regulate the cortisol pathway. There are documented associations
between prenatal psychological stress and altered placental function
both in animal models (Mairesse et al., 2007; Jensen Pena et al., 2012)
and in humans (O’Donnell et al., 2012; Blakeley et al., 2013; Reynolds
et al, 2015), which may lead to adverse infant outcomes. Glucocor-
ticoids are essential for fetal development and maturation of vital
organs and tissues during pregnancy, and normally ~3% of the maternal
cortisol is transferred to the fetal circulation (Stirrat et al., 2018).
However, excessive exposure to the maturing human brain can impair
normal development and dysregulate the hippocampus and the HPA
axis, with long-term consequences for offspring’s neurobehavioural and
cardiometabolic health (Reynolds et al., 2013a, 2013b; Glover, 2014;
Appleton et al., 2015; Provencal and Binder, 2015; Vaiserman, 2015;
Kingsbury et al., 2016; Lin et al., 2017). Furthermore, prenatal expo-
sure to exogenous glucocorticoids can alter genomic programming
indirectly by altering placental transport and subsequently the avail-
ability of different methyl donors (O’Neill et al., 2014). Malnutrition
and in-utero lack of methyl donors may modify fetal DNA methylation
patterns and lead to functional alterations throughout the life course, as
mentioned above. The fetus is protected from high levels of maternal
cortisol by molecular mechanisms in the placenta, such as the activation
of the barrier enzyme |1 B-hydroxysteroid dehydrogenase type 2
(I'1 B-HSD-2) and the NR3C| gene, that prevent excess catecholamines
and glucocorticoids from reaching the fetus. However, their function
may be downregulated under psychological stress (O’Donnell et al.,
2012; Cottrell et al., 2014; Togher et al., 2014).

In addition to cortisol, there is emerging evidence that several other
factors released during acute maternal psychological stress, such as

catecholamines, cytokines, and serotonin, act together in a synergistic
manner and can transmit maternal psychological stress to the fetus
(Rakers et al., 2017). For example, serotonin produced by human
placenta is critical for fetal brain development (Bonnin et al., 201 1).
It has been suggested that stress-induced changes in serotonin levels
could contribute to fetal programming and brain development leading
to long-lasting mental health outcomes (Bonnin et al., 201 |; Blakeley
et al., 2013; St-Pierre et al., 2016).

To conclude, the mechanisms that underlie fetal programming by
maternal psychological stress have not yet been clarified. Accumulating
evidence has well established that the impact of maternal psychological
stress on child outcomes does not depend solely on genetic factors.
In a study by Rice et al., IVF babies who were genetically related to
their mother were compared with babies born after gamete/embryo
donation (Rice et al., 2010). This study showed an association between
maternal psychological stress in pregnancy and conduct disorder in
both groups. This observation supports the idea that the association
between psychological stress and child conduct disorder is not based
on genetics only but is also affected by the environment. Furthermore,
studies assessing the consequences of natural or man-made disasters,
such as the Canadian Ice Storm and/or terror attacks, on child out-
comes have proved, by assessing levels of objective stress, that the
effects are not caused by pre-existing maternal problems or genetic
influences (Yehuda et al., 2005; Huizink et al., 2008; Laplante et al.,
2008; Kinney et al., 2008; Kleinhaus et al., 2013; Saulnier and Brolin,
2015).

Impact of prenatal psychological stress on imprinted genes

In-utero exposure to maternal psychological stress could result in
epigenome alterations, which further impact on the adaptation and
physiology of the offspring throughout childhood and even adulthood
(Nemoda etal., 2015; Cao-Lei etal, 2017). Imprinted genes may
respond to in-utero maternal psychological stress through changes in
their epigenetic patterns and affect infant growth and neurobehavioural
development (Green etal, 2015; Isgut etal, 2017). It is possible
that aberrant placental imprinted gene expression results in impaired
placental function and mediates the association between maternal
psychological stress and adverse infant outcomes. Several studies
provide preliminary evidence that maternal mental health during
pregnancy can result in differential methylation levels of imprinted
genes in the offspring (Liu et al., 2012; St-Pierre et al., 2012; Chenet al.,
2014; Ding et al., 2014; Non et al., 2014; Vidal et al., 2014b; Vangeel
etal, 2015; Janssen et al., 2016; Mansell et al., 2016). For example, it
has been shown that maternal prenatal depression and anxiety can have
a widespread effect on genome-wide DNA methylation of newborns
(Non et al., 2014). Maternal depressed mood during pregnancy and
birth weight were examined in a study of LBW newborns. It was
observed that infants from mothers with depression had significantly
higher cord blood DNA methylation levels at the MEG3 DMR, while
LBW infants had lower methylation at the IGF2 and PLAGLI DMRs
(Liu etal, 2012). Cord blood methylation levels of MEST were
positively correlated with maternal self-reported psychological stress
during pregnancy in a recent study of 79 mother—infant pairs (Vidal
et al, 2014b). In addition, offspring IGF2 and HI9 methylation has
been shown to be influenced by maternal mental health. Increased
cord blood and placental methylation of the ICR located upstream
of HI9 has been reported in infants born to mothers with high
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Figure 4 Possible mechanisms of maternal-fetal psychological stress transfer.Maternal prenatal psychological stress can result in increased
transplacental transfer of maternal circulating glucocorticoids to the fetal compartment, which can lead to impaired hippocampus and HPA axis
development with long-term consequences for the offspring’s neurobehavioural and cardiometabolic health. The availability of methyl donors can also
be affected and result in altered DNA methylation patterns. Other factors released during acute maternal psychological stress, such as catecholamines,
cytokines, and serotonin act together and can transmit maternal psychological stress to the fetus. These changes can impact on brain development and

have long-lasting mental health outcomes for the fetus.

perceived stress and anxiety (Chen et al., 2014), whereas decreased
methylation of the IGF2 DMRO has also been found (Vangeel et al.,
2015). Contrary to Chen et al.’s findings (2014), Mansell et al. (2016)
provided compelling evidence of an association between maternal
anxiety and decreased IGF2/H 19 ICR methylation at the major CpG
sites (Mansell etal, 2016). Interestingly, these data confirm and
strengthen previous reports that link maternal anxiety and decreased
infant IGF2/H19 ICR methylation with an increased risk of PTB and
LBW (St-Pierre etal, 2012; Ding etal, 2014). Although there are
still limited studies focusing on maternal psychological stress and
regulation of imprinted genes, the abovementioned findings suggest
a relationship between maternal prenatal psychological stress and
adverse birth outcomes mediated through impaired imprinted gene
methylation.

Environmental chemicals and imprinting

In addition to psychological stress, chemical stress can affect
fetal development, DNA methylation, and imprinting. Exposure
to industrial chemicals is ubiquitous. For example, polychlorinated
biphenyls, organochloride pesticides, fluoroalkyl compounds, phenols,
polybrominated diphenyl ethers, and perchlorate can be found in
virtually all Americans including pregnant mothers (Crinnion, 2010;
Woodruff etal, 2011). The fetus is directly exposed too, since
chemicals can pass to umbilical cord blood, fetal tissues, and amniotic
fluid (Morello-Frosch et al., 2016; Mamsen et al., 2019).

Documented associations between gestational chemical stress and
adverse fetal growth are many. For example, tobacco smoke, air
pollution, and heavy metals in ground water associate with smaller
birth weight in cohort studies (Abbott and Winzer-Serhan, 2012;
Pedersen et al.,, 2013; Edwards, 2014), as do maternal serum levels
of dichlorodiphenyldichloroethylene, polychlorinated biphenyls, and
perfluorooctane sulfonate (Casas et al., 2015; Robledo et al., 2015;
Lenters et al., 2016). Dysregulation of DNA methylation and genomic
imprinting could be one mechanism connecting chemical stress to
lower birth weight. For example, Zhao et al. have shown that maternal
urinary levels of certain phthalates associate with significant changes
in global DNA methylation as well as to specific changes in methy-
lation of IGF2 gene in human placenta and infant birth weight (Zhao
etal., 2015, 2016). Phthalates are a large group of synthetic industrial
chemicals used for instance in food wrappings, personal care products
and children’s toys. More than 8 billion kg of phthalates are used
worldwide each year and humans are repeatedly and continuously
exposed (Heudorf et al., 2007; Hogberg et al., 2008).

Another chemical with documented effects on DNA methylation,
imprinting, and birth weight is bisphenol A (BPA), a high production
volume industrial chemical used in the manufacture of plastics and
resins. In humans, concentration of BPA in placenta correlates nega-
tively with birth weight and positively with global DNA methylation:
higher BPA levels in placenta associate with lower birth weight and
increased DNA methylation levels (Troisi et al., 2014; Nahar et al.,
2015). The effects can be mimicked in mice, where exposure to low
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level BPA during preconception and early gestation leads to abnormal
placental growth and dysregulation of genomic imprinting of Igf2 in
particular in the placenta (Susiarjo et al., 2013). Alarmingly, BPA affects
imprinting already during oocyte growth as well. Treatment of mouse
ovarian follicles with low level BPA during in-vitro follicle growth leads to
hypo-methylation of maternally imprinted genes as well as a decrease
in histone methylation marks in the oocytes (Trapphoff et al., 2013).
Dysregulated imprinting in germ line could lead to transgenerational
inheritance of the defective phenotype, emphasizing the importance
of environmental factors in health and disease on the individual level as
well as on a population level.

In summary, several lines of evidence show that mode of
conception, maternal psychological stress during pregnancy and
chemical exposure represent environmental stressors that can affect
fetal development and postnatal health. Although these factors
have different mechanisms of action, they are often inter-related,
affect epigenetic mechanisms, and commonly affect women of
reproductive age. There is preliminary data supporting that these
stressors can cause also disruptions in the DNA methylation patterns
of imprinted genes. However, this hypothesis needs to be further
investigated.

Discussion

Genomic imprinting has a central role in human development and
is essential to placental functions that regulate normal fetal growth.
Genes that are subject to genomic imprinting are expressed in a parent-
of-origin-specific manner and may influence fetal growth through
effects on placental function and nutrient metabolism. Dysregulation
of imprinted gene methylation has been repeatedly proposed as
a key molecular mechanism linking developmental exposures with
adverse health outcomes later in life. DNA methylation can be
regarded as an epigenetic memory of previous exposures and its
alterations have consequences in subsequent growth, development,
and behaviour. Abnormal birth weight predisposes to altered postnatal
growth trajectory and disease susceptibility, demonstrating that in-utero
fetal development is a period of primary importance in defining the
health in adulthood. Several recent studies have elucidated the role of
imprinted genes, including IGF2, HI 9, MEST, and PEG 1 0, in determining
birth weight and growth, and found support for the importance
of genomic imprinting in fetal development. Impaired methylation
and expression of imprinted genes are associated with adverse fetal
growth, PTB, and birth weight variation. Given the multitude of genetic
and environmental factors known to affect DNA methylation during
in-utero development, dysregulation of imprinted genes provides a
plausible mechanism through which genes and environment interact to
affect fetal growth.

The literature indicates that imprinted genes are responsive to
environmental factors during specific windows of development, sug-
gesting the potential of these marks to serve as environmental sensors.
Maternal prenatal psychological stress is one of the factors appearing
to influence imprinted gene methylation, along with smoking, antide-
pressant use, and exposure to chemicals. Exposure to environmental
chemicals has been connected to fetal growth restriction in several
cohort studies, and evidence from animals demonstrate that environ-
mentally relevant exposure levels can affect establishment of imprints
in the placenta and germ line. As chemicals are an unavoidable part

of life in modern society, the impact of exposures on human genomic
imprinting and subsequent health should be carefully investigated. The
role of the prenatal environment on cognitive and emotional devel-
opment of the fetus has become clearer in recent years, and effects
of maternal mental health on the structure and function of the infant
HPA axis in particular have been implicated. Exposure to stressors
during gestation has a major impact on fetal growth and can lead
to long-term diseases in offspring, causing physical and mental health
problems.

The role of ART in epigenetic stability is under investigation.
Methylation differences observed in ART-conceived children have
usually been within the normal variation range; however, IDs are still
reported at higher rates. This could suggest that additional imprinting
mechanisms should be considered. The results indicate that ART
can have effects on the epigenome of the offspring. Furthermore
the variations in ART protocols used in different clinics complicate
the interpretation of these studies and may lead to inaccurate
conclusions. Large international databases should be compiled in order
to enable better studies. It is necessary to understand health risks
and underlying molecular mechanisms of ART interventions, for the
purpose of increasing the safety of these techniques and enable couples
contemplating ART to be fully informed about the possible health
consequences.

To conclude, many factors can affect the DNA methylation profile
in general as well as the methylation patterns on imprinted genes,
which could constitute an adaptation mechanism to environmental
conditions including stressors that can lead to adverse birth outcome
and increased risk of disease (Fig. I). Data suggesting a causal role
for imprinting in common diseases such as cancer, diabetes, and neu-
rodevelopmental perturbations are increasing, highlighting the broad
impact of imprinted genes in human health. Deeper understanding of
the role of imprinted genes and their regulation in fetal development
will allow development of strategies to prevent or ameliorate these
effects and provide early effective interventions for preventing poor
health outcomes.
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