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Although assisted reproductive technology (ART) has become a routine practice for human infertility treatment, the etiology of the in-
creased risks for perinatal problems in ART-conceived children is still poorly understood. Data frommouse experiments and the in vitro
production of livestock provide strong evidence that imprint establishment in late oocyte stages and reprogramming of the two germline
genomes for somatic development after fertilization are vulnerable to environmental cues. In vitro culture and maturation of oocytes,
superovulation, and embryo culture all represent artificial intrusions upon the natural development, which can be expected to influence
the epigenome of the resultant offspring. However, in this context it is difficult to define the normal range of epigenetic variation in
humans from conception throughout life. With the notable exception of a few highly penetrant imprinting mutations, the phenotypic
consequences of any observed epigenetic differences between ART and non-ART groups remain largely unclear. The periconceptional
period is not only critical for embryonal, placental, and fetal development, as well as the outcome at birth, but suboptimal in vitro cul-
ture conditions may also lead to persistent changes in the epigenome influencing disease susceptibilities later in life. The epigenome
appears to be most plastic in the late stages of oocyte and the early stages of embryo development; this plasticity steadily decreases
during prenatal and postnatal life. Therefore, when considering the safety of human ART from an epigenetic point of view, our
main concern should not be whether or not a few rare imprinting disorders are increased, but rather we must be aware of a functional
link between interference with epigenetic reprogramming in very early development and adult disease. (Fertil Steril� 2013;99:632–41.
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A large number of experiments in
the mouse and large animal
models as well as epidemiologic

studies in humans suggest that the
application of assisted reproductive
technology (ART) can perturb epigenetic
gene regulation, leading to abnormal
phenotypes (1–4). Superovulation of
oocytes with gonadotropins, in vitro
fertilization (IVF), intracytoplasmatic
sperm injection (ICSI), and in vitro
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culture (IVC) of embryos (mainly up to
the blastocyst stage) are widely used
throughout developed countries for
human infertility treatment. In vitro
culture and maturation of oocytes are
integral components of the in vitro
production of cattle and sheep, but so
far have only limited clinical utility in
humans. How and to what extent these
different in vitro manipulations of
gametes and embryos interfere with
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the normal in vivo processes remain
controversial. The temporal coincidence
of ART with crucial genome
reprogramming events (5–7) is
consistent with the view that epigenetic
dysregulation in the germline and early
embryo contributes to the various
medical problems that have been
associated with ART.

Epigenetic mechanisms control
the spatial, temporal, and parent-
specific gene expression. Different
cell types use different patterns of si-
lenced and expressed genes, which
are set during development and differ-
entiation and then stably inherited
during cell divisions. In general,
a cell in the body does not have access
to all the information stored in its
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genome, but only to a small subset (5%–10%) of genes.
Analogous to computer passwords, epigenetic mechanisms,
particularly DNA methylation, regulate the access to this
genetic information. In contrast to noncoding regions of
the genome, where most cytosine-phosphatidyl-guanine
(CpG) sites are methylated to prevent retrotransposition
activity (8), CpG islands in 50 cis-regulatory regions of
genes are usually unmethylated. Methylation of these CpG
islands during development or disease processes is associ-
ated with posttranslational histone modifications that lead
to a locally condensed inactive chromatin structure and
gene silencing (9, 10).

ART, by its very nature, dramatically changes the
environment in which the oocyte and embryo develop. Epige-
netics provides a molecular mechanism for gene-
environment interactions (11, 12) that can permanently
alter gene expression regulation in exposed germ cells and
embryos. In the present review, we highlight how these
environmental changes, particularly in vitro culture of
oocyte and embryo, affect DNA methylation and gene
expression patterns, developmental processes, and possibly
long-term health of the resultant offspring. Although there
are considerable species differences in germ-cell and embryo
development, especially between humans and mice, the ex-
perimental findings in different animal models must be con-
sidered seriously.
IN VITRO CULTURE INTERFERES WITH
CRITICAL WINDOWS FOR EPIGENETIC
REPROGRAMMING
During gametogenesis and early embryogenesis the parental
genomes undergo two waves of demethylation and remethy-
lation. These are vulnerable time windows where stochastic
and/or environmentally (i.e., ART-) induced epigenetic de-
fects may occur. The first round of genome reprogramming
occurs in the germline. When the primordial germ cells enter
the gonadal ridge in the fetus, all methylation patterns are es-
sentially erased, restoring totipotency and an equivalent epi-
genetic state in germ cells of both sexes. Sex-specific
methylation patterns are then established during germ-cell
differentiation (6, 13). In the male mouse germline,
remethylation is initiated after prenatal mitotic arrest in
prospermatogonia and proceeds in a gene-specific manner
until the end of the pachytene spermatocyte stage (14–18).
In the female germline, methylation patterns also are
established in a gene-specific manner; however, this occurs
during later stages of oocyte development (19–22). Most
maternal imprints appear to be set by meiotic metaphase II
(MII). Nevertheless, in humans some maternal imprints may
not be completed until after fertilization shortly before
pronuclear fusion (23). These divergent time lines in the
acquisition of paternal versus maternal imprints have
important implications for ART. Overall, isolation and
manipulation of male germ cells for IVF/ICSI occur after
male-specific methylation reprogramming. Therefore, it is
plausible to assume that the aberrant methylation patterns
that have been observed in IVF/ICSI sperm (24–28) may be
due mainly to fertility problems (i.e., impaired
VOL. 99 NO. 3 / MARCH 1, 2013
spermatogenesis) of the donors, and not to ART itself. In
contrast, IVC of oocytes, superovulation, and IVF/ICSI may
well interfere with the proper acquisition of maternal
methylation imprints during oogenesis.

In the second round of genome reprogramming after fer-
tilization, the somatic methylation patterns for normal devel-
opment are created, underlying the activation and silencing
of specific genes (5, 7). Genome-wide demethylation in the
zygote and early embryo occurs in a parent-specific manner,
broadly affecting different classes of repetitive and single-
copy sequences. The germline differentially methylated re-
gions (DMRs) of imprinted genes serve as imprinting control
regions (ICRs) and are protected by an unknown mechanism
against the postzygotic demethylation waves. In contrast to
the vast majority (99%) of genes, which are reprogrammed af-
ter fertilization for somatic development and generally ex-
pressed from both parental chromosomes, imprinted genes
maintain their germline methylation marks and parent-
specific activities throughout further development. Imprinted
genes are essential for the regulation of fetal and placental
growth, somatic differentiation, and neurologic and behav-
ioral functions after birth (29, 30). In addition to the
estimated 100–200 imprinted genes, certain retrotransposon
elements, i.e., interspersed mouse intracisternal A-particle
(IAP) sequences, appear to be relatively resistant to
postzygotic demethylation, most likely to prevent genome
instability by excessive retrotransposition (31). Genome-
wide de novo methylation occurs preferentially in the inner
cell mass of mouse blastocyst embryos, establishing somatic
methylation patterns in the precursor cells of the different
embryonic lineages. Trophoblast cells that give rise to the ex-
traembryonic lineages become less heavily methylated (32).
When fertilization and early embryo development take place
in vitro, the risk for methylation reprogramming defects
associated with abnormal somatic development may be in-
creased (1–4).
EFFECTS OF ART IN HUMANS
Children born after human ART suffer from a slightly in-
creased rate of birth defects (33) and a 2–3-fold increased
rate of low birth weight (34). They have an increased risk of
preterm delivery and perinatal complications, and more fre-
quently require neonatal intensive care (35, 36) (Fig. 1). Low
birth weight is a surrogate marker for suboptimal
intrauterine development. According to the developmental
origins hypothesis, an adverse periconceptional and/or
prenatal environment can be associated with negative
health outcomes later in life, particularly increased rates for
many metabolic and cardiovascular diseases (37, 38). Low
birth weight is a risk factor for adult obesity, type-2 diabetes,
and hypertension (39, 40). Evidently, the vast majority of ART
children appear to be healthy. However, because we do not yet
have large longitudinal studies on the health of adolescents or
adults, subtle epigenetic effects of ART modulating the
susceptibilities to various complex diseases cannot be
excluded.

In humans, it is difficult to distinguish between the ef-
fects of the technologies themselves and parental factors
633



FIGURE 1

Phenotyic effects of assisted reproductive technologies in humans and animal models.
el Hajj. Epigenetics in human reproduction. Fertil Steril 2013.
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associated with infertility. Another problem is to relate the
adverse pregnancy outcomes to specific manipulations of
the oocyte, e.g., ovarian stimulation with low or high hor-
mone levels, and the embryo, e.g., culture in different media
and for different periods of time. One study (41) reported
a trend toward lower birth weight after IVF with ovarian
stimulation compared with IVF without stimulation and
natural conception. Whether the embryo culture system
can affect the birth weight (42, 43) or not (44, 45) remains
controversial. Mainly by extrapolation from animal
experiments, superovulation and embryo culture are
assumed to be largely responsible for the increased risks
for some rare imprinting disorders in ART-conceived
children.

One of the most interesting findings in ART children is
a severalfold increased prevalence of imprinting defects
that cause Beckwith-Wiedemann (BWS) (46, 47) and
Angelman (AS) (48) syndromes. However, the absolute
risk of conceiving an IVF/ICSI child with imprinting
disorder remains low. Initially, most published cases were
reported as single case reports or small case series. Larger
epidemiologic studies in Denmark (49), Sweden (50), the
United Kingdom (51), and The Netherlands (52) have
questioned the increased risk for imprinting disorders in
ART children. It is important to note that both BWS and
AS in ART children are associated with abnormal
hypomethylation of maternally methylated DMRs, namely,
LIT1 (BWS ICR2) on chromosome 11p15 and SNRPN on
15q11–13, respectively. Some ART children with BWS
even display loss of methylation at multiple imprinted
(e.g., LIT1, SNRPN, PEG1, and PLAGL1) and
nonimprinted (e.g., IGF2R) loci (53, 54). This is consistent
634
with a problem in the establishment of maternal
methylation patterns in the oocyte or their maintenance
in the early embryo. Interestingly, Prader-Willi syndrome,
the opposite imprinting disorder to AS that is characterized
by abnormal hypermethylation of the SNRPN DMR, and
other imprinting disorders do not seem to occur more fre-
quently in ART children. However, because human imprint-
ing disorders are very rare, interpretation of such
population-based surveys is still based on relatively small
patient numbers.

Several studies analyzing gene-specific (mostly im-
printed) methylation patterns in abortions and newborns de-
rived by ART and spontaneous conception did not find
higher epimutation rates in ART samples (55–60). Other
studies revealed substantial differences at several loci,
including LIT1 (BWS ICR2), H19 (BWS ICR1), and IGF2R
(61–63). Abnormal H19 methylation imprints were also
found in ART-derived human preimplantation embryos
(64, 65). These conflicting results may be due to the
limited numbers of analyzed samples and the different
techniques used for methylation analysis. Moreover, it is
unclear whether the abnormal methylation patterns arose
in the germline or during preimplantation development.
One study (24) reported similar epigenetic abnormalities in
abortions after ART and in the paternal sperm. Genome-
wide analyses with methylation arrays reported minor but
significant methylation differences between ART and
non-ART newborns, affecting both imprinted and nonim-
printing genes (66). An increased rate of skewed X inactiva-
tion was observed in cord blood of IVF children; however,
the difference to naturally conceived controls was not sig-
nificant (67).
VOL. 99 NO. 3 / MARCH 1, 2013
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EPIGENETIC EFFECTS OF OOCYTE CULTURE
AND MATURATION
Human IVF/ICSI oocytes are usually matured in vivo after
ovarian stimulation with gonadotropins. Numerous mouse
studies have demonstrated that superovulation is associated
with reduced oocyte quality, delayed embryonal and fetal de-
velopment (68, 69), disturbances in postzygotic genome
reprogramming (70), and altered DNA methylation and
expression patterns in oocytes, embryos, fetuses, and
placentas (71–73). Similar adverse effects of superovulation
may occur in humans (48, 74–76). Here, we will focus on
the effects of oocyte culture. Although no major medical
problems have been reported in children born after in vitro
maturation (IVM), at present the worldwide numbers are too
small to draw conclusions on the genetic and epigenetic
risks of this technique (77, 78).

Human IVM oocytes are usually retrieved in the germinal
vesicle (GV) stage, i.e., in metaphase I (MI), and then cultured
to complete the final steps of maturation (short-term IVM).
The immature oocytes are exposed to a culture medium con-
taining gonadotropins, which can not replace the natural fol-
licular fluid and hormonal balance. Environmental
fluctuations deviating from homeostasis, such as inconsis-
tencies in temperature can not be entirely eliminated. Im-
printed genes are a convenient model to study the
epigenetic effects of different ART (4). Since they escape post-
zygotic reprogramming, aberrant oocyte methylation pat-
terns at imprinted loci can not be corrected after
fertilization and, thus, may directly interfere with normal de-
velopment. Abnormal methylation of the normally mater-
nally unmethylated H19 DMR (BWS ICR1) and
demethylation of the normally maternally methylated LIT1
DMR (BWS ICR2) (76, 79–81), as well as reduced histone
deacetylase (HDAC1) levels and insufficient histone-3 ly-
sine-9 (H3K9) deacetylation (82), were found in cultured hu-
man oocytes (Fig. 2). Other studies (83, 84) reported normal
GTL2 and SNRPN methylation imprints after short-term
IVM. However, overall the number of analyzed human IVM
oocytes is too small to draw safe conclusions.

The conflicting results of mouse studies may be explained
in part by the different protocols and mouse strains used.
Short versus prolonged IVC of ovulated oocytes increased
and decreased Mest methylation, respectively, suggesting
that maternal imprint establishment is a highly dynamic pro-
cess (85). Several studies used long-term IVM, which starts
with the preantral follicles. Follicle culture for 12 days in
small droplets under a thick mineral oil layer resulted in
a loss of methylation at the Igf2r and Mest loci and a gain
of methylation at the H19 DMR (19) (Fig. 2). Low methyl-
donor levels in the follicle culture medium led to an increased
number of unmethylated CpG sites in theMest gene, whereas
the Snrpn, Igf2r, and H19methylation patterns remained un-
affected (86). The culture environment (e.g., toxic metabolic
compounds which are produced by follicle cells or pH alter-
ations) may affect imprinting. Improved culture conditions
in microwells under a thin oil layer with high doses of FSH
yielded competent MII oocytes with apparently normal
Snrpn, Igf2r, and H19 imprinting patterns (87, 88). Using
VOL. 99 NO. 3 / MARCH 1, 2013
similar culture conditions, another study (89) reported low
levels of abnormally hypomethylated Snrpn alleles in
mouse IVC oocytes.

Experimental evidence in both mice (90) and cows
(91–93) demonstrated that the medium, its supplements,
and other factors (e.g., the oxygen atmosphere) used for
oocyte culture and maturation can influence mRNA
expression and development of the resultant embryos.
Owing to the striking similarities to human oocyte and
embryo development, bovine oocytes may be a better model
than murine for assessing the epigenetic risks of human
ART. Approximately 30% of bovine IVM oocytes reach the
blastocyst stage upon IVF, compared with blastocyst rates
up to 60% with bovine in vivo matured oocytes (94).
Evidently, the maturation conditions play a critical role for
the acquisition of developmental competence. One study
(95) compared the methylation patterns of three imprinted
genes (PEG3, SNRPN, and H19) in in vivo and in vitro
matured bovine oocytes (Fig. 2). Two different IVM
protocols (using tissue culture medium 199 and modified
synthetic oviduct fluid medium) did not have significant
effects on these methylation imprints. Similarly, ovine
preantral follicle culture did not appear to interfere with
IGF2R, H19, and BEGAIN imprinting (96).

There are several shortcomings that should be taken into
consideration when studying epimutations in oocytes. One
often neglected problem is potential contamination of the
collected oocytes with somatic DNA (e.g., from damaged cu-
mulus cells) which would feign aberrant oocyte methylation
patterns. An additional difficulty is the limited number of tar-
get cells that are typically available for analysis. Overall, im-
printing mutations are rare events, so-called needles in
a haystack that can easily be masked in small cell pools.
Most protocols for methylation analysis use the bisulfite-
converted DNA of 100 or even fewer cells as starting material,
followed by amplification, cloning, and (pyro)sequencing of
DMRs. The degradation and low complexity of bisulfite-
converted DNA are serious challenges, because the preferen-
tial amplification of either methylated or unmethylated DNA
molecules, or the stochastic amplification of a single or only
a few molecules in the starting sample, can distort the results.
One possibility to prevent such bias is limiting dilution bisul-
fite (pyro)sequencing, which allows the analysis of methyla-
tion patterns of multiple genes in single oocytes or embryos
(89, 95, 97).

EPIGENETIC EFFECTS OF EMBRYO CULTURE
Mouse geneticists have long known that IVC embryos display
a reduced viability when transferred to foster mothers (98)
(Fig. 1). Methylcytosine staining of mouse 2-cell embryos re-
vealed that suboptimal culture media and/or toxic com-
pounds in the medium can lead to genome-wide
disturbances of postzygotic methylation reprogramming, de-
velopmental arrest, and early embryo loss (70) (Fig. 3). Similar
studies in the rat (99, 100) and the rabbit (101) also
demonstrated an effect of IVC on DNA methylation
reprogramming during preimplantation development,
although timing and degree of postzygotic demethylation
635



FIGURE 2

Epigenetic abnormalities associated with in vitro culture (IVC) and maturation (IVM) of human, bovine, and murine oocytes. The schematic drawing
on the top indicates the DNAmethylation dynamics during female (red line) and male (blue line) germ-cell development. Genes with aberrant DNA
methylation patterns in cultured oocytes are marked in red, genes with normal methylation imprints are marked in black. H3K9Ac refers to
insufficient global histone-3 lysine-9 deacetylation. Arrows indicate long-term IVM starting with preantral follicles and short-term IVM starting
with GV oocytes. PGC ¼ primordial germ cell; S ¼ spermatogonia; O ¼ oogonia; PL ¼ preleptotene; L ¼ leptotene; Z ¼ zygotene; P ¼
pachytene; D ¼ diplotene; NG ¼ nongrowing oocyte; RS ¼ round spermatid; G ¼ growing oocyte; GV ¼ germinal vesicle oocyte; MII ¼
metaphase II oocyte.
el Hajj. Epigenetics in human reproduction. Fertil Steril 2013.
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are rather different between species. Immunofluorescence
staining did not detect differences in global histone-H4 acet-
ylation (H4Ac), H3 lysine-9 methylation (H3K9Me), or H3
serine-10 phosphorylation (H3S10Ph) patterns between IVC
and in vivo mouse embryos (102). However, immunofluores-
cence signals are difficult to quantify, so locus-specific and
minor global changes can not be excluded. Indeed, chromatin
immunoprecipitation showed that abnormal H19 imprinting
in embryonal stem cells derived from IVC mouse embryos
was associated with an increase of H3 lysine-4 (H3K4Me2)
methylation on the paternal and H3 lysine-9 methylation
(H3K9Me3) on the maternal chromatin (103).

Arguably, the most impressive example of the epigenetic
and phenotypic effects of embryo culture on further develop-
ment is the Agouti viable yellow (Avy) mouse model. Insertion
of a transposable IAP element into the Agouti locus creates
ametastable epiallele which is turned on or off in a probabilis-
tic manner during early embryogenesis. This labile epigenetic
state can cause a phenotypic change (variable expressivity) in
the absence of genetic heterogeneity. Depending on the de-
gree of methylation, which can be influenced by environmen-
tal factors, Avy/a offspring show a wild-type (non-Agouti), an
intermediate (mosaic), or an Agouti phenotype which is char-
636
acterized by yellow coat color and susceptibility to metabolic
diseases (104). Culture in a commercial human IVF medium,
which may be suboptimal for mouse embryos, increased the
frequency of hypomethylated Avy alleles and consequently
the Agouti phenotype (105). Similarly, suboptimal embryo
culture conditions can activate the Axin1(Fu) epiallele, which
also contains an IAP insertion in the 50 cis-regulatory region,
and cause a kinky tail phenotype (106). Once set, the epige-
netic states of IAPs appear to be more resistant to genome re-
programming than other loci and, therefore, may provide
a possible mechanism for transgenerational inheritance of
epigenetic phenotypes (31).

It was shown more than 15 years ago that mouse embryo
culture can alter parent-specific activity of the imprintedH19
locus (107). Follow-up studies confirmed that different mouse
embryo culture conditions, in particular the addition of fetal
calf serum (FCS), can lead to aberrant imprinted gene methyl-
ation and expression (108, 109) (Fig. 3). Loss of imprinting
appeared to occur after the mouse 2-cell stage but before
the blastocyst stage and persisted in a tissue-specific manner,
with (trophectoderm-derived) placental tissues being more
sensitive to perturbations than the embryo itself (110, 111).
Although all tested commercial culture media seemed to
VOL. 99 NO. 3 / MARCH 1, 2013



FIGURE 3

Epigenetic (DNA methylation and histone modification) abnormalities associated with human and mouse embryo culture. The schematic drawing
on the top indicates the DNAmethylation dynamics of thematernal (red line) and paternal (blue line) genome during preimplantation development.
Genes with aberrant DNA methylation patterns in cultured embryos are highlighted in red, genes with normal methylation imprints are marked in
black. Similarly, aberrant histone modifications are highlighted in red. Solid arrows indicate beginning and end of embryo culture. Dashed arrows
indicate embryo culture to different stages in the same study.
el Hajj. Epigenetics in human reproduction. Fertil Steril 2013.
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cause a loss of methylation at both paternally (H19) and
maternally (Snrpn and Peg3) imprinted loci, in certain
systems the epigenetic states of the cultured embryos more
closely resembled the in vivo situation (112). The in vitro
culture conditions also affect embryo growth and
differentiation. Reduced Igf2 expression (associated with
H19 hypomethylation) may explain the lower fetal weight
after IVC in, e.g., M16 medium with FCS (109) or Whitten
medium (112). Importantly, these culture-induced epigenetic
changes depend on the genetic background. For example, em-
bryos derived from a B6 female and a Mus castaneus male
were more resistant to methylation changes than Cast � B6
crosses (108). A comprehensive study (113) comparing mouse
embryo responses with 13 different human ART culture pro-
tocols showed significant differences in blastocyst and fetal
developmental rates. Although this confirms the impact of
the culture system on further development, it is certainly
not possible (and was not intended) to optimize human em-
bryo culture conditions by using mouse embryo assays. The
epigenetic effects of embryo culture are not restricted to im-
printed genes. A recent study (114) demonstrated alterations
in genomic (H19 and Snrpn) imprinting and metabolic gene
(Atp1a1, Slc2a1, andMapk14) expression in fast developing
IVC embryos, compared with embryos with slower rates of
VOL. 99 NO. 3 / MARCH 1, 2013
preimplantation development. Another study (115) associated
suboptimal IVC (in medium supplemented with FCS) with
mRNA expression changes at the blastocyst stage in five of
eleven tested genes (Dnmt1, Dnmt3a, Hdac1, Kap1, and
Sox2) involved in epigenetic reprogramming and transcrip-
tional regulation, along with adverse phenotypic changes (or-
ganomegaly, glucose intolerance, and subfertility).

Consistent with the developmental origins hypothesis,
accumulating experimental evidence suggests that IVC can
have long-term, perhaps even transgenerational conse-
quences on neurodevelopment and behavior of adult mice
(116) (Fig. 1). In one study (117), embryo culture in different
media (KMSO or Whitten) without FCS was associated with
specific behavioral alterations (reduced anxiety and poor spa-
tial memory) in the adult mice. Another study (118) showed
that suboptimal IVC, particularly FCS in the medium, delayed
preweaning and neurodevelopment, reduced locomotion ac-
tivity, and led to specific behavioral alterations and memory
deficiencies. Adult IVC mice also displayed increased body
weight (more pronounced in females) and organomegaly.

In vitro–produced lambs and calves often exhibit over-
growth abnormalities of fetus and placenta that are associated
with an increased rate of pregnancy loss and an increased
perinatal mortality (119) (Fig. 1). This large offspring
637
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syndrome (LOS) in ruminants, which is somewhat reminiscent
of BWS in humans, has been linked to IVM conditions (120)
and extended embryo culture, particularly media containing
FCS (121). In vitro– versus in vivo–produced sheep and cow
embryos differed in their DNA methylation and gene expres-
sion patterns (122, 123). Both phenotypic and epigenetic
effects appear to be protocol and tissue specific (120). In
particular, aberrant hypomethylation and reduced
expression of the imprinted IGF2R gene have been
associated with LOS in sheep (124). In this context, it is
interesting to note that IGF2R is not imprinted in humans
(125) and, therefore, may be less susceptible to epigenetic
malprogramming. This is one possible explanation for the
low absolute risk for BWS in ART children compared with
the LOS problem in ruminants. Hypomethylation of LIT1 in
the bovine BWS ICR2 was also found in calves with LOS
(126). Thus, similarly to BWS and AS in ART children, LOS
in ruminants may be largely due to abnormal loss of
methylation at maternal germline DMRs. In contrast to the
paternal epigenome, the maternal epigenome appears to be
more susceptible to ART. One study (127) reported increased
expression of X-linked genes in in vitro–produced bovine
embryos, suggesting that IVC can interfere with the
epigenetic process of X inactivation.
CONCLUSION AND OUTLOOK
To the extent of present knowledge, human ART is not asso-
ciated with a dramatic increase of medically relevant epimu-
tations and imprinting disorders in the resultant children.
However, there may be statistically significant differences
in the methylation patterns between ART and non-ART
groups. Although the observed differences were usually
within the normal range of methylation variation among in-
dividuals, ART or factors associated with parental infertility
can have effects on the epigenome of the offspring (56, 66).
Because epigenetic changes are estimated to occur 100–
1,000 times more frequently than genetic DNA mutations
(128, 129), their contribution to phenotypic variation and
disease susceptibility is largely underestimated.

Currently, there are at least two black boxes in human
ART. First, we do not know how many ART attempts fail
due to epigenetic problems in the germ cell(s) or early embryo.
Clearly, chromosome abnormalities are not the only cause for
early embryo and fetal loss. Second, it is increasingly clear
that early life conditions can have long-lasting effects on
the health of the individual. Individuals who were conceived
during a famine period showed methylation changes in the
imprinted growth factor IGF2 and other medically relevant
genes more than 60 years later (130, 131). At the same time,
these individuals suffered from increased risks for obesity,
coronary artery disease, accelerated cognitive aging, and
schizophrenia (132–134). If the maternal diet in the
periconceptional period has such long-lasting phenotypic
consequences, we cannot neglect possible effects of ART on
disease susceptibilities later in life. Long-term epidemiologic
studies of metabolic, cardiovascular, neurodevelopmental,
behavioral, and other complex diseases/phenotypes in ART-
conceived children, adolescents, and adults are urgently
638
needed. In this light, it is important that medical records
also include information on parental infertility, mode of con-
ception, and, in the case of ART, which protocols have been
used.

In humans it is difficult to estimate the contribution of
parental infertility versus ART to the known risks (i.e., low
birth weight) for ART newborns/children. It is even more dif-
ficult to define which specific techniques and culture condi-
tions are better or worse. The many elegant studies in
different animal models and the temporal coincidence with
maternal imprint establishment suggest that IVC of oocytes
and superovulation can have effects on the epigenome of
the derived embryos/offspring. In contrast, epimutations in
spermmay be largely associated with impaired paternal fertil-
ity. Again, animal experiments and the coincidence with cru-
cial reprogramming processes after fertilization argue in favor
of adverse effects of suboptimal embryo culture. From an epi-
genetic point of view, manipulation of oocyte and embryo
should be restricted to a minimum, or the advantage of a spe-
cific technique (e.g., selection during embryo culture and
blastocyst transfer) must outweigh negative epigenetic effects
(e.g., during extended embryo culture). Unfortunately, so far
many decisions in human ART cannot be based on evidence,
because conclusive studies are missing.

Last but not least, it is important to mention that much of
our current knowledge is based on studies of a handful of im-
printed genes, which are obvious candidates for embryonal,
placental, and fetal development (4). However, alterations in
nonimprinted genes may be equally important and frequent
(66). A recent genome-scale study (135) using reduced-
representation bisulfite sequencing demonstrated that apart
from imprinted genes the oocyte contributes a much larger
set of maternal DMRs, including many gene promoters, into
the zygote and that during preimplantation development
the embryonic methylation patterns more closely resemble
the epigenome of the oocyte than that of the sperm. Hope-
fully, genome-wide methods for methylation analysis, based
on next-generation sequencing and microarrays, will also
provide a better picture as to the extent and implications of
ART-induced changes.
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