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Chapter 1

General introduction
Worldwide, the use of assisted reproduction technology (ART) has risen
substantially and it is estimated that around 5.5 million babies have been
born since the first IVF baby in 1978. In the latest world report, from 2006, an
estimated number of 256 668 infants were born that year (Mansour et al., 2014).
The most recent report from the European Society of Human Reproduction and
Embryology covering 2009 showed that the percentage of infants conceived
through ART varied from 0.6% of national births in Moldova to 4.5% in
Denmark, with several countries exceeding 3% (Ferraretti et al., 2013). These
figures underline that the proportion of children conceived through ART is not
negligible and will influence the coming generations. Hence, it is important to
monitor the consequences of manipulating gametes and embryos during ART.
The adverse perinatal outcome after ART is well-known. Elective single
embryo transfer (eSET) has to a large extent abolished the problems associated
with multiple pregnancies. However, eSET is not the only solution to the adverse
perinatal outcome, as growing evidence has shown that even in singletons, ART
is associated with an increased risk of preterm birth, low birthweight, very low
birthweight, hypertensive disorders of pregnancy, antepartum haemorrhage,
premature rupture of membranes, caesarean section, congenital malformations
and cerebral palsy, when compared with singletons from spontaneous
conceptions (Helmerhorst et al., 2004; Jackson et al., 2004; McGovern et al., 2004;
McDonald et al., 2009; Kallen et al., 2010a; Kallen et al., 2010b; Kallen et al., 2010c;
Sazonova et al., 2011; Pandey et al., 2012).
After all these years of ART use, the origin of this adverse perinatal
outcome is still not fully understood. It may be due to intrinsic patient factors
or to the technical procedures, including hormonal stimulation, culture media
composition, duration of embryo culture, IVF/ICSI technique and freezing/
thawing techniques. A major concern is whether the IVF techniques themselves
could have negative impacts on the ART offspring. A recent systematic review
by Pinborg et al. (2013), which aimed to elucidate why singletons conceived
after ART have this poorer outcome, demonstrated that both subfertility and
ART play an important role, although it is still not totally clear which (part of the)
technique is responsible.
From animal studies it is clear that culture medium constituents are
responsible for birthweight changes in offspring. Various culture conditions,
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mainly associated with the addition of serum, have led to the so-called large
offspring syndrome in sheep and cattle (Thompson et al., 1995; Young et al.,
1998; Numabe et al., 2000; Sinclair et al., 2000; Rooke et al., 2007; Camargo et
al., 2010) and to a reduced birthweight in mice (Khosla et al., 2001). Also other
types of in vitro stress upon the preimplantation embryo like a decrease in pH
(Zander-Fox et al., 2010), accumulating ammonium (Lane et al., 1994; Zander et
al., 2006) or different oxygen conditions (Feil et al., 2006) can result in aberrant
fetal growth in ART offspring. In human ART there is still little knowledge on the
effect of culture medium type or any other type of in vitro stress, on birthweight,
while the variation in types of culture media is large. Moreover, it is unknown
which commercially available embryo culture medium leads to the best IVF/ICSI
success rate, as was concluded in a recent systematic review after evaluation of
31 different culture medium comparisons from twenty-two RCTs (Mantikou et
al., 2013).
We wondered whether culture medium could also be one of the causes
of the adverse perinatal outcome reported after ART in humans. This has led
to our first research question, namely if in vitro culture medium for human
embryos affects perinatal outcome. In the studies described in the first part of
this thesis, we investigate the effects of culture medium on human fetal growth
and birthweight.
Furthermore, we are interested in the possible etiology. Epigenetic
marks, deposited early in development, can respond to intrinsic and
environmental stimuli and adapt accordingly throughout life. They regulate the
phenotype through the regulation of gene expression by mechanisms other
than changes in the underlying DNA sequence. At the same time ART procedures
are applied, a crucial epigenetic reprogramming takes place in the embryo.
The parental genomes undergo two waves of genome-wide demethylation
and remethylation at a vulnerable time window where stochastic and/or
environmentally (i.e. ART) induced epigenetic deregulation may occur. The first
round of epigenetic reprogramming occurs in the germ line, while the second
occurs after fertilization (see Figure 1). Imprinted genes, which are expressed in
an epigenetically induced parent-of-origin-dependent way, are protected from
reprogramming during the second round, to preserve the parental imprints in
the developing embryo (Reik et al., 2001; van Montfoort et al., 2012). Currently,
fertilization and embryo culture take place in media which are not optimized for
human embryo development, creating a suboptimal environment during this

1
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critical phase. Moreover, it is known that epigenetic modifications are sensitive
to the environment (Fraga et al., 2005; Jirtle et al., 2007). Therefore, the poorer
outcome after ART could be related to epigenetic disturbances.
Animal models have shown that preimplantation embryo culture can
induce epigenetic changes in embryos of sheep (Young et al., 2001), cattle
(Lonergan et al., 2006) and mice (Sasaki et al., 1995; Doherty et al., 2000; Khosla et
al., 2001; Mann et al., 2004; Li et al., 2005; Fauque et al., 2007; Fernandez-Gonzalez
et al., 2009; Market-Velker et al., 2010; Schwarzer et al., 2012). In the placenta,
imprinted genes are abundantly expressed and essential for normal placental
development and physiology (Frost et al., 2010). Furthermore, animal models
have shown that the placenta is much more vulnerable to preimplantation
epigenetic disturbance than embryonic tissues (Mann et al., 2004; Rivera et al.,
2008; Fauque et al., 2010). This may lead to abnormal placental development
and function. Deregulation of placentation can lead to adverse outcomes for
both mother and fetus, e.g. preeclampsia and fetal growth retardation (James
et al., 2010; Mouillet et al., 2010; Steegers et al., 2010). Altogether, this has led
to our second research question, namely whether ART has an effect on the
epigenetic regulation of the human placenta. We hypothesize that epigenetic
deregulation of the placenta may play a role in the perinatal outcome after ART.

12
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1

Figure 1 (A) Methylation reprogramming in the germ line. Primordial germ cells (PGCs) become
demethylated early in development. Remethylation begins in prospermatogonia in male germ cells,
and after birth in growing oocytes. (B) Methylation reprogramming in preimplantation embryos. The
paternal genome (blue) is demethylated by an active mechanism immediately after fertilization. The
maternal genome (red) is demethylated by a passive mechanism. Both are remethylated around the
time of implantation to different extents in embryonic (EM) and extraembryonic (EX) lineages.
Methylated imprinted genes and some repeat sequences (dashed line) do not become demethylated.
Unmethylated imprinted genes (dashed line) do not become methylated. Figure from Reik et al. (2001).
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Aims and outline
This thesis focuses on the effects of ART in humans on adverse perinatal outcome.
We wished to gain more insight into its etiology and find ways to improve the
safety of ART in the future. The first aim of the thesis is to investigate whether
in vitro culture of human embryos during the first few days of preimplantation
development affects perinatal outcome. In Chapter 2, we evaluate the effect
of in vitro culture medium on human perinatal outcome by comparing these
outcomes in singleton pregnancies after usage of two commercially available
sequential media systems. In addition, the influence of various culture media
on perinatal outcome in twin pregnancies as well as pregnancies after transfer
of frozen embryos will be studied. In Chapter 3, the impact of embryo culture
media on fetal growth patterns, with particular focus on the onset of growth
divergence, is investigated, as abnormal fetal growth patterns are a major risk
factor for the development of chronic diseases in later life.
The second aim of the thesis is to evaluate whether ART has an effect
on the epigenetic regulation of the human placenta. Chapter 4 reviews the
knowledge in the field of epigenetics in relation to placental development
and function. In Chapter 5, we investigate the possible effect of ART on the
epigenetic regulation of human placentas. The DNA methylation level of several
differentially methylated regions (DMRs) involved in parent-of-origin specific
expression of imprinted genes, will be assessed in placentas from pregnancies
conceived by ART and compared to placentas from spontaneous conception.
In case of differential methylation between the two groups, the effect on
gene expression will be assessed. To further explore the effect of ART on the
epigenetic regulation of the human placenta, in Chapter 6 we carry out a microarray analysis to investigate the pathways that are deregulated, we analyse the
gene expression of several placental growth-related imprinted genes and we
perform a quantitative allele-specific expression analysis of the differentially
expressed imprinted genes to investigate whether this differential expression
is due to loss of imprinting (LOI).

14
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Abstract
Background: We have previously shown that the medium used for culturing
IVF embryos affects the birthweight of the resulting newborns. This observation
with potentially far-reaching clinical consequences during later life, was made
in singletons conceived during the first IVF treatment cycle after the transfer
of fresh embryos. In the present study, we hypothesize that in vitro culture of
embryos during the first few days of preimplantation development affects
perinatal outcome, not only in singletons conceived in all rank order cycles but
also in twins and in children born after transfer of frozen embryos. Furthermore,
we investigated the effect of culture medium on gestational age (GA) at birth.
Methods: Oocytes and embryos from consecutive treatment cycles were
alternately assigned to culture in either medium from Vitrolife or from Cook. Data
on a cohort of 294 live born singletons conceived after fresh transfer during any
of a patient’s IVF treatment cycles, as well as data of 67 singletons conceived after
frozen embryo transfer (FET) and of 88 children of 44 twin pregnancies after fresh
transfer were analysed by means of multiple linear regression.
Results: In vitro culture in medium from Cook resulted in singletons after fresh
transfer with a lower mean birthweight (adjusted mean difference, 112 grams, P =
0.03), and in more singletons with low birthweight (LBW) <2500g (P = 0.006) and
LBW for GA ≥ 37 weeks (P = 0.015), when compared with singletons born after
culture in medium from Vitrolife AB. GA at birth was not related to the medium
used (adjusted difference, 0.05 weeks, P = 0.83). Among twins in the Cook group,
higher inter-twin mean birthweight disparity and birthweight discordance were
found. Z-scores after FET were -0.04 (± 0.14) in the Cook group compared with
0.18 (± 0.21) in the Vitrolife group (P > 0.05).
Conclusions: Our findings support our hypothesis that culture medium
influences perinatal outcome of IVF singletons and twins. A similar trend is seen
in case of singletons born after FET. GA was not affected by culture medium. These
results indicate that in vitro culture might be an important factor explaining the
poorer perinatal outcome after assisted reproduction technology (ART). Further
research is needed to confirm this culture medium-induced effect in humans
and to provide more insight into whether it is caused by epigenetic disturbance
of imprinted genes in fetal or placental tissues. Moreover, embryo culture media
and their effects need to be investigated thoroughly to select the best embryo
culture medium in order to minimize or prevent short-term risks and maybe even
long-term disease susceptibility.
22
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Culture medium influences perinatal outcome

Introduction
The first live born after IVF, frozen embryo transfer (FET) and ICSI were reported
in 1978, 1984 and 1992, respectively (Steptoe et al., 1978; Zeilmaker et al., 1984;
Palermo et al., 1992). Ever since, the use of assisted reproduction technologies
(ARTs) has risen substantially. In 2006, <30 years after the birth of the first IVF child,
the European IVF-monitoring Consortium reported 117 318 treatment cycles with
IVF, 232 844 treatment cycles with ICSI and 86 059 FETs (de Mouzon et al., 2010). In
2006, 1.0 - 4.1% of all newborns in Europe were associated with in vitro techniques
(de Mouzon et al., 2010). Therefore, it is important to monitor the consequences
of handling gametes and embryos during ART. IVF singletons, when compared
with naturally conceived singletons, are at significantly increased risk of low
birthweight (LBW), preterm birth, small for gestational age (SGA), perinatal
mortality (Jackson et al., 2004; McDonald et al., 2009) and birth defects (Rimm et
al., 2004; Hansen et al., 2005). LBW is associated with chronic diseases expressed
later in life, e.g. cardiovascular disease, hypertension and type 2 diabetes (Barker,
2004), while preterm birth is associated with increased morbidity, mortality and
diminished long-term survival and reproduction (McIntire et al., 2008; Swamy et
al., 2008). Moreover, dizygotic IVF twins have a worse perinatal outcome when
compared with naturally conceived dizygotic twins, such as increased risks of
LBW and preterm birth (Hansen et al., 2009; Kallen et al., 2010; McDonald et al.,
2010b). However, some studies did not find an unfavourable outcome in IVF
twins when they restricted their analyses to dizygotic pairs (Pinborg et al., 2004;
Boulet et al., 2008). When children born after FET are compared with those born
after fresh embryo transfer, the perinatal outcome after FET appears to be similar
or even improved, especially regarding LBW and preterm birth (Wennerholm
et al., 2009; Pelkonen et al., 2010; Pinborg et al., 2010). However, the outcome
after FET seems poorer when compared with naturally conceived singletons
(Pelkonen et al., 2010; Pinborg et al., 2010). The cause of these unfavourable
pregnancy and neonatal outcomes might be attributed to one or more aspects
of the reproductive technology itself (hormonal stimulation, in vitro culture
and embryo transfer) or to patient-related factors (Thomson et al., 2005; De
Geyter et al., 2006; Ombelet et al., 2006; Romundstad et al., 2008; Pelinck et al.,
2010). Parameters of ovarian stimulation as part of an IVF treatment (duration of
stimulation, consumption of gonadotrophins and number of oocytes retrieved)
have been studied and appear not to be associated with birthweight (Griesinger
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et al., 2008). Recently, we have shown that in IVF cycles with transfer of fresh
embryos, the culture medium used during the first 2 - 3 days affects birthweight
(Dumoulin et al., 2010). In the patients’ initial IVF treatment cycles, we found that
Vitrolife culture medium was significantly associated with increased birthweight
when compared with Cook medium (Dumoulin et al., 2010). This remarkable
finding with potentially far-reaching consequences needs to be confirmed in
a larger prospective intervention study. Therefore, a multi-centre trial has been
initiated recently. Meanwhile, we investigated this finding in a larger cohort and
other readily available groups. The aim of our present study was to investigate
in a larger cohort whether the same culture medium-dependent effect on
birthweight and possibly also on GA, occurs in live born singletons after transfer
of fresh embryos, irrespective of the IVF treatment cycle rank order. This could
be a confounder since patients not conceiving in their first treatment cycle
might consist of a selected group of patients with different characteristics when
compared with couples who do conceive. In addition, the influence of different
culture media on perinatal outcome of twin pregnancies as well as pregnancies
after transfer of frozen embryos was studied. Our hypothesis is that in vitro
culture of embryos during the first few days of preimplantation development
affects perinatal outcome, not only in singletons after transfer of fresh embryos
but also in twins and in children born after transfer of frozen embryos.

Materials and methods
Study design
In the present prospective cohort study at the Maastricht University Medical
Centre (MUMC), all treatment cycles from couples undergoing IVF or ICSI
from July 2003 to December 2006 were assigned alternately to culture media
from Vitrolife AB (Göteborg, Sweden) or Cook (Brisbane, Australia). These two
sequential culture media were commercially available and both are widely
used. By strictly alternating, treatment allocation to one of the two media was
performed on the day preceding the ovum pick up by laboratory technicians
unaware of patient characteristics. In contrast, the order of ovum pick-ups on
a certain day, which directly determined the allocation to a study group, was
planned by clinical personnel unaware of the laboratory allocation procedure.
This alternating allocation to one of the two media was part of our internal
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quality monitoring system in order to be able to identify suboptimal batches of
a particular medium. In the present analysis, results of all IVF treatment cycles
meeting the inclusion criteria and resulting in a live born child were included.
Data analysis was performed on the outcome of all singleton pregnancies
resulting from both fresh and cryopreserved embryo transfers as well as twin
pregnancies resulting from fresh embryo transfers. All participating couples
gave written informed consent for the use of their data. The local medical ethics
committee approved the collection of data for quality monitoring purposes as
part of our IVF treatment protocol.

2

Study population and data collection
During the study period, with the exception of a few cases, only patients of <40
years of age and with a BMI of <30 kg/m2, were admitted to our IVF program and
included in the study. Patients applying for preimplantation genetic diagnosis
or requiring donor oocytes were excluded from the study. Smoking habits and
parental weight and height were recorded at the start of each IVF treatment
cycle. Only data from singletons and twins born alive after the 20th week of
gestation were included in the data analysis. Furthermore, data from only one
singleton or pair of twins per couple was used in the data analysis. Thus, each
couple could contribute only one pregnancy to this study. Pregnancies lost to
follow-up were excluded from data analysis. After delivery, the obstetricians
or midwives were contacted to obtain information about complications
during pregnancy (gestational diabetes, hypertension and pre-eclampsia) and
perinatal outcomes (birthweight, GA and gender).
IVF procedures
Except for the media, exactly the same ovarian stimulation, fertilization,
culture and embryo transfer procedures were applied in both groups. Detailed
IVF procedures and embryo culture procedures have been described earlier
(Dumoulin et al., 2010). Briefly, patients received long down-regulation with
GnRH agonists and underwent ovarian stimulation with recombinant FSH.
Thirty-six hours after HCG injection, ultrasound-guided oocyte retrieval was
carried out and luteal support consisted of vaginally administered progesterone.
In case of a pregnancy, progesterone was continued until 7 weeks of gestation.
The day before oocyte retrieval, dishes containing droplets of culture medium
were prepared. In case of IVF, oocytes were inseminated in either IVF-50TM
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(Vitrolife, Göteborg, Sweden) or K-SIFM (Cook, Brisbane, Australia) medium. After
checking for the presence of pronuclei, zygotes were subsequently transferred
to either G1TM Version 3 (Vitrolife group) or K-SICM (Cook group) medium and
cultured individually. In case of ICSI, oocytes were individually cultured in either
G1TM Version 3 (Vitrolife group) or K-SICM (Cook group) medium immediately
after injection. All media from both suppliers were ready-to-use and included 5
mg/ml pharmaceutical grade human serum albumin (HSA). Culture conditions
were 37ºC, 5% O2, 6% CO2 and 89% N2. Embryo transfer was performed under
ultrasound-guidance on Day 2 or Day 3 after oocyte retrieval. A single embryo
was transferred when female age was <38 years and at least one good quality
embryo was available. In the remaining cases, two embryos were transferred.
Cryopreservation of supernumerary embryos was performed on Day 3 after
oocyte retrieval according to a conventional slow freezing protocol with
dimethylsulfoxide (Van der Elst et al., 1995). Only embryos that had reached the
8-cell stage and with a sufficient morphological quality, were cryopreserved.
Embryos were transferred in an artificial cycle created with orally administered
estradiol (E2) and vaginal progesterone. After thawing on the day of the transfer,
two embryos, if available, were transferred. In case of a pregnancy, E2 and
progesterone were continued until 12 weeks of gestation.
Definitions
GA was calculated from the day of oocyte retrieval which was defined as Day
14 of the cycle. GA in a frozen cycle was calculated from the day of embryo
transfer which was defined as Day 17 (due to cryopreservation on Day 3). Clinical
pregnancy was defined as the presence of fetal heart activity on ultrasound
performed 5–6 weeks after embryo transfer. Preterm birth and very preterm
birth were defined as delivery before 37 and 32 completed weeks of gestation,
respectively. LBW, very low birthweight (VLBW) and high birthweight (HBW)
were defined as birthweight <2500 g, <1500 g and >4500 g, respectively. SGA was
defined as birthweight below the 10th percentile for GA, whereas very SGA infants
were defined as below the 3rd percentile. Large for GA (LGA) and very LGA infants
were defined as above the 90th percentile and 97th percentile, respectively (Oken
et al., 2003). In case of a twin pregnancy, the inter-twin birthweight disparity was
calculated in grams and as a percentage. The inter-twin percentage birthweight
disparity was calculated by the difference in birthweight divided by the weight
of the larger twin and then multiplied by 100. Birthweight discordance of twins
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was defined as >25% difference in birthweight of the two children (Blickstein et
al., 2003). Congenital defects were classified as major malformations when they
caused functional impairment or required surgical correction. The remaining
congenital defects were considered minor (Bonduelle et al., 2002).
Statistical analysis
Crude differences of the primary (birthweight and GA) and the secondary
outcomes (SGA, LGA, congenital defects, birthweight disparity in case of twins)
between both study groups were tested by use of the Student’s t-test in the case
of continuous variables. For binary variables, we used the χ2-test or in case of
sample sizes lower than five observations per cell the Fisher’s exact test. When
appropriate, Yates’ correction was applied. Two-sided P < 0.05 were considered
to indicate statistical significance. A relative risk was calculated to compare the
rate of events occurring at any given point in time. In case of two quantitative
discrete variables, the relative risk could be calculated, however, not in case of
continuous variables or zero numbers. To compare singleton children born at
different GAs and from different genders, a z-score (weight of individual child
minus median weight of a reference population of children born at the same GA
and of the same gender divided by standard deviation) was assigned to each
child (Oken et al., 2003; Land, 2006). In singletons, the associations of type of
culture medium with birthweight and GA at delivery were further analysed by
use of multiple linear regression, while controlling for the following covariates:
fertilization method (IVF or ICSI), maternal and paternal height, weight, smoking
and age, gender, number of transferred embryos, day of embryo transfer (second
or third), primary or secondary subfertility, treatment cycle rank order, pregnancy
complications (gestational diabetes, hypertension and pre-eclampsia), cause of
subfertility and duration of subfertility. Where birthweight was the outcome, we
additionally controlled for GA at delivery. β is the regression coefficient. These
regression coefficients are the estimates resulting from an analysis carried out
on variables that have been standardized (so that their variances are 1) to be
able to investigate the effect of independent variables which are measured
in different units of measurement (e.g. maternal height in cm and duration of
subfertility in years). We performed checks of normality of the distributions of
residuals and of homogeneity of the variance (homoscedasticity) by means of
the Shapiro-Wilk test and White test. No Bonferroni adjustments were applied
for multiple testing (Rothman et al., 2008).

2
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Results
Patient and cycle characteristics
A total of 1432 IVF treatment cycles of which 715 were allocated to culture in
Vitrolife medium and 717 allocated to culture in Cook medium were performed
during the study period and resulted in 210 and 168 clinical pregnancies after
fresh embryo transfer respectively (Figure I). Pregnancy losses before the 20th
week of gestation (10 in Vitrolife and 10 in Cook) and stillborn children after 20
weeks of gestation (two in Vitrolife and three in Cook) were excluded. A few
couples had more than one delivery during the study period. These additional
deliveries were excluded (nine in Vitrolife versus three in Cook group). Thus,
each couple contributed only one pregnancy to this study. The outcome of one
pregnancy after transfer of fresh embryos in the Cook group was unknown. This
resulted in 189 live births in the Vitrolife group versus 151 in the Cook group.
Despite transfer of maximum two embryos, we recorded two triplet pregnancies
(one in each study group), which were excluded from all analyses as well. The
remaining pregnancies (188 in Vitrolife versus 150 in Cook) resulted in a total of
168 live born singletons and 20 twins in the Vitrolife group versus 126 singletons
and 24 twins in the Cook group.
Of the 294 live born singletons, 188 children were born after the first
IVF treatment cycle. These data have already been published (Dumoulin et al.,
2010). In the present study, we further analysed the total cohort of 294 children
conceived in all rank order cycles and the smaller subgroup of 106 children born
after fresh embryo transfer in treatment cycles 2, 3 and 4 (58 in the Vitrolife
group and 48 in the Cook group). Parent and cycle characteristics are shown in
Table I. Parental height and weight were slightly higher in the Vitrolife group.
There were more women smoking ≥10 cigarettes per day in the Vitrolife group,
while more men were smoking ≥10 cigarettes per day in the Cook group. The
rate of single embryo transfer (SET) was higher in the Cook group.
In the 44 twin pregnancies, no differences in maternal and paternal
age, height and weight and duration of subfertility were found between the
two groups (data not shown).
Transfer of thawed embryos frozen during the study period, resulted
in 67 singleton live borns (22 in Vitrolife versus 45 in Cook). Couples could
participate only once in our study, which means that all these 67 couples had
not conceived after fresh embryo transfer. In contrast with the fresh embryo
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Figure I Flow chart of the study (fresh embryo transfer).
	
  

transfer cycle characteristics, in FET cycles paternal height and weight were
slightly higher in the Cook group compared with the Vitrolife group (Table II).
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Table I Parental and cycle characteristics of singletons born after fresh embryo transfer in treatment
cycles > 1 (2 - 4) and in all cycles.
Characteristic

Cycle > 1

Vitrolife group
(n=58)
Primary indication for IVF treatment
Tubal factor
8 (13.8)
Male factor
36 (62.1)
Unexplained
12 (12.1)
Other
2 (3.4)
Duration of subfertility
4.0 ± 1.8
(years)
Primary subfertility
46 (79.3)
Cycles with ICSI
36 (62.1)
Cycles with transfer on
44 (75.9)
Day 2
Cycles with transfer on
14 (24.1)
Day 3
Single embryo transfer
28 (48.3)
(SET)
Maternal characteristics
Age (years)
33.0 ± 4.1
Age > 38 years
8 (13.8)
Height (cm)
168.0 ± 6.1
Weight (kg)
69.8 ± 9.5
Body mass index
24.7 (18.3-31.9)
(range)
Smoking > 10
10 (17.2)
cigarettes/day
Paternal characteristics
Age (years)
35.4 ± 5.9
Height (cm)
181.9 ± 7.7
Weight (kg)
87.2 ± 12.8
Body mass index
26.3 (17.9-37.5)
(range)
Smoking > 10
9 (15.5)
cigarettes/day

All cycles
Cook group
(n=48)

Vitrolife group
(n=168)

Cook group
(n= 126)

4 (8.3)
32 (66.7)
11 (22.9)
1 (2.1)
3.7 ± 2.1

18 (10.7)
107 (63.7)
36 (21.4)
7 (4.2)
3.4 ± 1.7

17 (13.5)
80 (63.5)
25 (19.8)
4 (3.2)
3.5 ± 1.9

33 (68.8)
33 (68.8)
36 (75.0)

127 (75.6)
109 (64.9)
130 (77.4)

92 (73.0)
81 (64.3)
95 (75.4)

12 (25.0)

38 (22.6)

31 (24.6)

26 (54.2)

81 (48.2)

75 (59.5)

33.4 ± 3.7
5 (10.4)
166.9 ± 7.2
67.9 ± 10.4
24.3 (18.1-31.2)

32.4 ± 4.0
13 (7.7)
169.4 ± 5.8
70.1 ± 10.5
24.4 (17.5 – 33.3)

32.6 ± 3.6
8 (6.4)
167.6 ± 7.4
67.1 ± 10.1
23.9 (18.0 – 31.4)

5 (10.4)

26 (15.5)

17 (13.5)

35.4 ± 3.9
180.7 ± 7.7
84.3 ± 9.9
25.8 (20.8-27.2)

35.4 ± 5.7
182.1 ± 7.8
86.4 ± 13.9
26.0 (17.9 – 46.0)

35.8 ± 5.0
180.9 ± 7.4
83.1 ± 11.1
25.4 (19.9 – 34.3)

7 (14.6)

29 (17.3)

25 (19.8)

Data are presented as numbers (%) or mean ± SD.

Pregnancies
The occurrence of pregnancy complications (gestational diabetes, hypertension
and pre-eclampsia), was similar in both groups after fresh embryo transfer [14
(8.3%) and 2 (10.0%) in the Vitrolife group versus 9 (7.1%) and 1 (4.2%) in the
Cook group for singleton and in twin pregnancies, respectively] as well as after
FET [1 (4.6%) in the Vitrolife group and 2 (4.4%) in the Cook group].
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The number of vanishing twins after fresh embryo transfer was two in
the Vitrolife group and one in the Cook Group. After FET, there was one vanishing
twin in the Vitrolife group and three in the Cook group.

2

Table II Parental characteristics of singletons born after frozen embryo transfer.
Characteristic

Maternal characteristics
Age (years)
Height (cm)
Weight (kg)
Paternal characteristics
Age (years)
Height (cm)
Weight (kg)
Duration of subfertility (years)

Vitrolife group
(n=22)

Cook group
(n= 45)

33.2 ± 3.8
167.9 ± 7.8
68.8 ± 11.8

33.9 ± 3.3
168.4 ± 6.7
68.8 ± 11.5

36.6 ± 5.7
179.5 ± 5.8
86.8 ± 16.0
3.1 ± 1.4

36.9 ± 4.3
184.9 ± 6.9
90.3 ± 12.8
3.8 ± 2.7

Data are mean ± SD.

Perinatal outcome
Singletons
Perinatal outcome of all singletons after fresh transfer in our study cohort,
168 in the Vitrolife group and 126 in the Cook group, is presented in Table III.
Mean difference in birthweight between Vitrolife and Cook was 183 g. Mean
birthweight as well as mean birthweight adjusted for GA and gender (z-score),
were different between the study groups when all cycles were analysed (P =
0.006 and P = 0.007). The shift in birthweight distribution between the two
media is visualised in Figure II. Furthermore, there were significantly more
singletons with LBW (P = 0.006) and also with LBW for GA ≥37 weeks (P =
0.015) in the Cook group. Even in the smaller subgroup of IVF treatment cycle
>1 (cycles 2 - 4), the frequency of LBW was statistically significantly different
between the study groups (P = 0.029). On the other hand, although statistically
not significant, five children in the Vitrolife group had a HBW compared with no
children in the Cook group. The rate of children with congenital defects was not
different between groups. Major malformations were seen in 6 singletons (2 in
the Vitrolife group and 4 in the Cook group), whereas minor malformations were
seen in 15 singletons (8 in Vitrolife and 7 in Cook).
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1 (1.7)
1 (1.7)
0
1 (1.7)
11 (19.0)
2 (3.5)
6 (10.3)
2 (3.5)

Z-score

Low birthweight (<2500g)

Low birthweight with GA > 37 weeks

Very low birthweight (<1500g)
High birthweight (>4500g)
Small for GA (<10th perc.)
Very small for GA (<3rd perc.)
Large for GA (>90th perc.)
Very large for GA (>97th perc.)

2 (1.2)
5 (3.0)
16 (9.5)
4 (2.4)
14 (8.3)
7 (4.2)

2 (1.2)

4 (2.4)

3 (2.4)
0
16 (12.7)
8 (6.4)
5 (4)
1 (0.8)

8 (6.4)

12 (9.5)

-0.265 ± 0.08

Cook group
(n= 126)
59 (46.8)
39.4 ± 0.2
8 (6.4)
3 (2.4)
3253 ± 50

0.75 (0.39-1.43)
0.38 (0.12-1.15)
2.10 (0.81-5.53)
5.25 (0.86-32.65)

0.50 (0.10-2.48)

0.19 (0.05-0.76)

0.25 (0.09-0.72)

0.56 (0.21-1.52)
0.25 (0.04-1.73)

Relative risk
(95% CI)
1.03 (0.81-1.32)

Data are presented as numbers (%) or mean ± SEM. NS, not significant. Z-score (weight of individual child minus median weight of a
reference population of children born at the same GA and of the same gender divided by standard deviation).
* P-value in a: cycle>1 and b: all IVF treatment cycles.

1 (2.1)
0
7 (14.6)
3 (6.3)
3 (6.3)
0

4 (8.3)

6 (12.5)

0.05 ± 0.08

-0.14 ± 0.15

Boys
Gestational age (GA) at birth
Preterm birth (<37 weeks)
Very preterm birth (<32 weeks)
Birthweight (g)
-0.14 ± 0.15

Vitrolife group
(n=168)
81 (48.2)
39.6 ± 0.1
6 (3.6)
1 (0.6)
3436 ± 44

Vitrolife group
(n=58)
32 (55.2)
39.6 ± 0.2
1 (1.7)
0
3384 ± 76

Cook group
(n=48)
24 (50.0)
39.4 ± 0.3
3 (6.3)
1 (2.1)
3322 ± 87

All cycles

Cycle > 1

Characteristic

Table III Neonatal outcome of live born singletons after fresh embryo transfer.

NS (a, b)
NS
NS
NS
a=NS,
b=0.006
a=NS,
b=0.007
a=0.029,
b=0.006
a=NS,
b=0.015
NS
NS
NS
NS
NS
NS

P-value
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  Figure II Birthweight distributions of live born singletons after fresh embryo transfers resulting from
embryo culture in either Vitrolife or Cook sequential media.

We performed a multiple linear regression analysis with parity,
pregnancy complications, GA, characteristics of both parents (age, weight,
height and smoking habits), duration of subfertility, cause of subfertility,
fertilization method (standard IVF or ICSI), cycle rank order, day of embryo
transfer (second or third), number of transferred embryos (one or two), culture
medium and gender as possible covariates (Table IV).
Adjusted birthweight difference was 112 g in favour of the Vitrolife
medium [95% confidence interval (CI): 11 - 214 g, P = 0.03]. As pregnancy
complications may theoretically be on the causal pathway between type of
medium and lower birthweight, we also performed an analysis without this
factor. The results were very similar (change of 0.1 g). The Shapiro-Wilk test and
White test indicated that residuals were distributed normally and that there
was no important heteroscedasticity (P-values 0.12 and 0.76, respectively).
Besides the type of culture medium, GA (P < 0.0001), gender (P < 0.001), parity
(P < 0.001) and height of the mother (P = 0.008) were significantly associated
with birthweight. Mean difference in GA between Vitrolife and Cook was 0.15
weeks. Multiple linear regression with GA at birth as an outcome indicated that
there was no important difference between the two culture media (adjusted
difference 0.05 weeks, 95% CI -0.38 to 0.48 weeks) (Table IV). GA appeared to be
positively related to maternal weight (per kg) (adjusted difference 0.03 weeks,
95% CI 0.01 - 0.05 weeks, P = 0.02). Again, results were similar with or without
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Table IV Results of multiple regression analysis among live born singletons after transfer of fresh
embryos.
Variable

Birthweight
(grams)
Adjusted
95%-CI

βa
Vitrolife (versus Cook)
ICSI (versus IVF)
Maternal height (per cm)
Maternal weight (per kg)
Paternal height (per cm)
Paternal weight (per kg)
Maternal smoking (per cig.)
Paternal smoking (per cig.)
Maternal age (per year)
Paternal age (per year)
Secondary subfertility (versus
primary)
Duration of subfertility (per year)
Cause of subfertility
Male versus other
Unexplained versus other
Tubal versus other
Gestational age at birth (per week)
Child’s gender (male versus female)
No. of transferred embryos (2 versus
1)
Day of transfer (3 versus 2)
Cycle number (>1 versus 1)
Pregn. complications (yes or no)

112 11 to 214
-2 -214 to 210
12
3 to 21
5
0 to 11
3
-5 to 11
3
-2 to 8
-1
-10 to 8
0
-9 to 8
-15
-31 to 2
10
-1 to 21
220 95 to 345

P-value

Gestational age at birth
(weeks)
Adjusted
β

95%-CI

P-value

0.031
NS
0.008
NS
NS
NS
NS
NS
NS
NS
<.001

0.05 -0.38 to 0.48
-0.30 -1.19 to 0.60
-0.02 -0.06 to 0.02
0.03 0.01 to 0.05
0.02 -0.01 to 0.05
0.00 -0.02 to 0.02
0.02 -0.01 to 0.06
-0.06 -0.09 to -0.02
-0.02 -0.09 to 0.05
-0.03 -0.08 to 0.02
0.06 -0.47 to 0.59

NS
NS
NS
0.016
NS
NS
NS
<.001
NS
NS
NS

NS

0.02

-0.11 to 0.15

NS

-198 -479 to 81 NS
-165 -469 to 139 NS
-32 -349 to 285 NS
171 142 to 199 <.001
177 73 to 281 <.001
38 -63 to 139 NS

0.23
0.32
-0.01

-0.95 to 1.41
-0.96 to 1.61
-1.34 to 1.33

NS
NS
NS

0.07
-0.09

-0.37 to 0.51
-0.52 to 0.34

NS
NS

80
13
-150

0.49
-0.05
-0.53

-0.01 to 0.99
-0.51 to 0.41
-1.34 to 0.29

NS
NS
NS

5

-26 to 36

-40 to 200
-96 to 122
-344 to 43

NS
NS
NS

95%-CI, confidence interval; NS, not significant.
β (Beta) is the regression coefficient. With birthweight as an outcome, a beta of 112 for Vitrolife versus
Cook means that neonates conceived in medium from Vitrolife weighed an estimated 112 g more than
neonates conceived in medium from Cook. A β of 12 for maternal height (per cm) means that each
additional cm adds an estimated 12 g to neonatal birthweight.
a

inclusion of pregnancy complications among the covariates. There was no
heteroscedasticity according to the White test (P > 0.99), but, for this outcome,
residuals were not distributed normally (Shapiro-Wilk test, P < 0.0001). Although
linear regression is usually robust to violation of the normality assumption, we
performed an additional logistic regression analysis with the same covariates
in order to confirm our observations. As expected, the risk of preterm birth was
similar for children conceived in either medium [odds ratio (OR) 0.96, 95% CI
0.27 - 3.53 for Cook versus Vitrolife, P > 0.05].
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Since a sex-related growth difference has been found in human
blastocysts after ICSI with higher mean cell log numbers per male embryo
(Dumoulin et al., 2005), one might question whether gender or fertilization
method interacts between culture medium and birthweight. In this post hoc
subgroup analysis, no significant effect of gender was seen, although the
birthweight of boys (β= -152 g, P = 0.06) seemed to be more affected by culture
medium than that of girls (β= -71 g, P = 0.32). In a second post hoc subgroup
analysis, we investigated the potential interaction between the fertilization
method (IVF or ICSI) and the culture medium. Again, no significant interaction
was observed, but after IVF the impact of the culture medium on birthweight
seemed to be larger (β= -192 g, P = 0.06) than after ICSI (β= -38 g, P = 0.54). Both
observations need to be investigated in larger studies.
To further evaluate the possibility that differences in preimplantation
embryonic growth in both media could be a confounding factor, we performed
a post hoc analysis on a subgroup of 113 children that were born from
singleton pregnancies resulting from fresh SET at Day 2 of development.
The following embryonic growth parameters were added as covariates in the
multiple linear regression analysis model: cleavage stage and morphological
grade (1–4, with grade 4 being the best grade). In this selected group, GA (P <
0.001), gender of the infant (P = 0.047), weight of the mother (P = 0.044) and type
of culture medium (P = 0.029) were significantly associated with birthweight
(multiple correlation coefficient R = 0.689), while all other covariates including
embryonic growth parameters were not.

2

Twins
Among the 88 children from 44 twin pregnancies, in the Cook group mean
birthweight appeared lower and the number of LBW children significantly
higher than in the Vitrolife group (P > 0.05) (Table V). The inter-twin mean
birthweight disparity was significantly higher in the Cook group compared with
the Vitrolife group when calculated in grams (P = 0.045). In the Vitrolife group,
no twins were discordant for birthweight, while in the Cook group six twins
were discordant (P = 0.019), three twins of same-sex and three of opposite-sex.
Birthweight discordance is generally more common in spontaneously conceived
monozygotic twins compared with dizygotic twins (Rydhstroem, 1996). A post
hoc subgroup analysis without the two monozygotic twins in the Vitrolife group
and one in the Cook group, revealed that the number of discordant twins in
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both groups did not change (P = 0.022). Major malformations were seen in four
children (two in the Vitrolife group and two in the Cook group), whereas minor
malformations were seen in three children (one in Vitrolife and two in Cook).
Table V Neonatal outcome of live born twins after fresh embryo transfer
Characteristic
Vitrolife group
(n=20)
Monozygotic twins (n)
2 (10.0)
Gestational age (weeks)
36.3 ± 0.4
Preterm birth (n) (<37)
9 (45.0)
Very preterm birth (<32)
1 (5.0)
Low birthweight children (<2500g)
23 (58)
Very low birthweight children (<1500g) 3 (7.5)
Mean birthweight (g)
2400 ± 81
Mean birthweight disparity (g)
259 ± 32
Mean birthweight disparity (%)
10.3% ± 1.3
Birthweight discordance (disparity >
0 (0)
25%)

Cook group
(n= 24)
1 (4.2)
35.5 ± 0.3
16 (66.7)
1 (4.2)
31 (65)
1 (2)
2284 ± 68
465 ± 93
15.1% ± 2.3
6 (25)

Relative risk
(95%-CI)
2.50 (0.34-18.83)
0.68 (0.39-1.14)
1.20 (0.13-11.34)
0.89 (0.64-1.23)
3.60 (0.53-24.96)

P-value
NS
NS
NS
NS
NS
NS
NS
0.045
NS
0.019

Data are mean ± SEM or n (%). NS, not significant.

Singletons after cryopreservation
The perinatal outcome of 67 singletons born after FET was analysed (22 in
the Vitrolife group and 45 in the Cook group) (Table VI). The z-score (mean
birthweight adjusted for GA and gender) was 0.18 ± 0.21 in the Vitrolife group
compared with -0.04 ± 0.14 in the Cook group (P > 0.05). None of the other
neonatal characteristics in Table II were statistically significantly different
between the study groups. Major malformations were seen in two singletons
after FET (both in the Vitrolife group), whereas minor malformations were seen
in two singletons (one in each group).
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Table VI Neonatal outcome of singletons born after FET.
Characteristic

Boys
Gestational age (GA) at birth
Preterm birth (<37 weeks)
Very preterm birth (<32 weeks)
Birthweight (g)
Z-score
Low birthweight (<2500g)
High birthweight (>4500g)
Small for GA (<10th percentile)
Very small for GA (<3rd percentile
Large for GA (>90th percentile)
Very large for GA (>97th percentile)

Vitrolife group
(n=22)
10 (45.5)
39.3 ± 0.3
1
0
3465 ± 107
0.18 ± 0.21
0
0
1
1
1
0

Cook group
(n= 45)
23 (51.1)
39.4 ± 0.2
2
0
3394 ± 77
-0.04 ± 0.14
0
2
3
0
4
0

Relative risk
(95%-CI)
0.89 (0.50-1.45)
1.02 (0.14-7.59)

P-value
NS
NS
NS

2

NS
NS

0.68 (0.10-4.54)

NS

0.51 (0.08-3.19)

NS

NS, not significant.
Data are presented as numbers (%) or mean ± SEM. Z-score (weight of individual child minus median
weight of a reference population of children born at the same GA and of the same gender divided by
standard deviation).

Discussion
The main findings of this study are that in vitro culture of embryos in media
from Cook resulted in singletons with a lower mean birthweight (adjusted mean
difference 112 g), and more singletons with a LBW (<2500g) and LBW for GA ≥
37 weeks, when compared with singletons born after culture in medium from
Vitrolife AB. These results are consistent with our previous findings, based on
first IVF treatment cycles with transfer of fresh embryos (Dumoulin et al., 2010).
There also appears to be a trend toward LGA in the Vitrolife group, which requires
further study. GA at birth was not influenced by the culture medium used,
but appeared to be positively related to maternal weight. A decreased risk of
spontaneous preterm birth in overweight or obese women has been described
before (Hendler et al., 2005), although a meta-analysis found an opposite effect
(McDonald et al., 2010a). The negative effect of paternal smoking on GA is
difficult to interpret. Presumably, this is a false-positive finding. Although GA
is an important factor for birthweight, it was unrelated to culture medium and
therefore did not act as a confounder. Also, cycle rank order was no confounder.
Among twins in the Cook group, a trend towards a lower mean
birthweight and higher numbers of LBW children was seen. Statistical
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significance was not reached, possibly due to small numbers. Interestingly,
we found a significantly higher inter-twin mean birthweight disparity and
birthweight discordance among twins in the Cook group compared with
the Vitrolife group. It is difficult to interpret the present finding of a higher
birthweight discordance among twins in the Cook group, but fetal or placental
dissimilarity perhaps induced by culture medium could be a plausible
hypothesis. Birthweight discordance in twins is associated with adverse
neonatal outcomes, such as LBW, VLBW, neonatal intensive care unit admission
and neonatal mortality (Amaru et al., 2004). There appears to be no significant
difference in birthweight discordance between IVF and non-IVF dizygotic
twins (Suzuki et al., 2007; Kallen et al., 2010), although others found a higher
discordance rate among IVF twins (Koudstaal et al., 2000; Pinborg et al., 2004).
Birthweight discordance might be caused by sex differences. However, in our
results, discordance was seen in three opposite-sex and three same-sex twins,
which is in agreement with the findings of Pinborg et al. (2004) that the risk of
discordant birthweight in opposite-sex and same-sex IVF twins is similar.
When we compared the z-scores of the singletons born after FET (0.18
± 0.21 in Vitrolife versus -0.04 ± 0.14 in Cook, P > 0.05) with the z-scores of those
born after fresh transfer (0.05 ± 0.08 in Vitrolife versus -0.265 ± 0.08 in Cook, P =
0.007), the birthweight of the newborns appeared to be increased after FET in
both study groups, which is in agreement with the existing literature regarding
similar or even improved perinatal outcomes after FET (Wennerholm et al.,
2009; Pelkonen et al., 2010; Pinborg et al., 2010). However, also after FET, a trend
towards lower z-scores was noted in the Cook group compared with the Vitrolife
group. This was not statistically significant, probably due to the small sample
sizes in the FET group. Because a similar differential effect of these culture media
is even seen in the FET group, these findings support our hypothesis that culture
medium affects perinatal outcome.
We recognize that our study has limitations with respect to the allocation
procedure, being a strictly alternate-case, quasi-random one. However, as
allocation was performed with two-sided allocation concealment and blinding,
although not perfect, this alternate allocation to one of two media closely
approaches an optimal randomisation procedure. The single-centre nature of
our study limits generalizability, which has led to the initiation of a multi-centre
trial.
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This study enables a reliable comparison of the effects of two
commercially available embryo culture media since exactly the same ovarian
stimulation, fertilization, culture and embryo transfer procedures were applied
in both groups. Furthermore, we were not only able to investigate the influence
of embryo culture media on the perinatal outcome of pregnancies after fresh
embryo transfer, but also of pregnancies after FET. Our data show a comparable,
culture medium-dependent influence on fresh singletons, twins as well as a
similar trend in case of FET singletons. Although the effect of the type of culture
medium was not significant in all analysed subgroups, the direction of the
difference always remained consistent and never displayed a reversed effect.
To our knowledge, this study and a previous one of our group
(Dumoulin et al., 2010) have been the first to have documented the influence
of culture medium on the birthweight of IVF singletons in the human. Several
animal studies have been performed to address this issue. Different culture
conditions, mainly achieved by the addition of serum, have led to an increased
birthweight in sheep and cattle, and a decreased birthweight in mice (Khosla et
al., 2001; Rooke et al., 2007). An explanation for these culture medium-induced
effects could be that in vitro culture leads to epigenetic disturbance which in
turn might affect developmental programming of fetal and placental tissues.
Preimplantation embryo culture has been shown to affect methylation and
expression of imprinted genes in several animal models (Khosla et al., 2001;
Young et al., 2001; Mann et al., 2004; Fauque et al., 2010).
Over the past decades, mammalian embryo culture conditions have
improved, e.g. by optimizing the composition of chemically defined culture
media, investigating the role of oxygen tension, supplementation of amino
acids, addition of proteins and possibly the use of sequential media systems
to mimic the dynamic in vivo environment of early embryo development in the
oviduct (Lane et al., 2007; Biggers et al., 2008; Sepulveda et al., 2009; Hambiliki
et al., 2010; Hentemann et al., 2010; Wirleitner et al., 2010). Furthermore, culture
media containing a stable glutamine derivate and vitamins or the use of HSA
and serum substitute supplement might improve embryonic development
(Hashimoto et al., 2008) and increase implantation and live birth rates,
respectively (Meintjes et al., 2009). Despite all these developments, current
culture media used in mammalian ART remain suboptimal, given the reduced
pregnancy rates, reduced viability and growth and aberrant expression patterns
of cultured embryos when compared with in vivo-produced embryos (Ho et
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al., 1995; Walker et al., 1996; Boerjan et al., 2000; Khosla et al., 2001; Bertolini et
al., 2002; Rinaudo et al., 2004). Recently, five commercial media systems where
compared in a mouse model (Market-Velker et al., 2010). All five culture systems
had a varying, but compromised ability to maintain genomic imprinting in
comparison with in vivo-derived mouse embryos (Market-Velker et al., 2010).
In order to promote embryo growth in vitro, culture media are
supplemented with growth factors, antioxidants, cytokines and vitamins, while
full knowledge of human requirements is lacking. To date, specific concentrations
of culture media components are usually proprietary. In the light of the data
published here, we urge culture media manufacturers to take their responsibility
and disclose the exact composition of IVF culture media systems.

Conclusion and future prospects
There are unfavourable pregnancy and neonatal outcomes after ART for which
the underlying factors are still mainly undetermined. Our findings support our
hypothesis that culture medium influences perinatal outcome of IVF singletons
and twins. This finding has not been confirmed so far for singletons born after
FET, although a similar trend was seen. These results indicate that in vitro culture
might be an important factor explaining the poorer perinatal outcome after
ART. LBW is known to be associated with chronic diseases expressed later in
life. Because the influence of culture media on human birthweight can be
studied and culture media can be changed relatively easily, it is important to
investigate their effects. Therefore, validation of our results by data from other
IVF clinics is urgently needed. We are currently conducting a multi-centre trial
to further investigate the effect of culture media. To optimize embryo culture
media, it is crucial not only to determine the morphologic quality of both
fresh and frozen embryos, their subsequent implantation and live birth rates
and the perinatal outcome, but also to investigate the epigenetic effects in
fetal and placental tissues following different ART treatment modalities. This
might allow us to select the best embryo culture medium and to minimize or
prevent short-term risks and maybe even disease susceptibility in later life.
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Abstract
Study question: When does a difference in human intrauterine growth of
singletons conceived after IVF and embryo culture in two different culture
media appear?
Summary answer: Differences in fetal development after culture of embryos
in one of two IVF media were apparent as early as the second trimester of
pregnancy.
What is known already: Abnormal fetal growth patterns are a major risk
factor for the development of chronic diseases in adult life. Previously, we have
shown that the medium used for culturing embryos during the first few days
after fertilization significantly affects the birthweight of the resulting human
singletons. The exact onset of this growth difference was unknown.
Study design, size and duration: In this retrospective cohort study, all 294
singleton live births after fresh embryo transfer in the period July 2003 to
December 2006 were included. These embryos originated from IVF treatments
that were part of a previously described clinical trial. Embryos were allocated
to culture in either Vitrolife or Cook commercially available sequential culture
media.
Participants/materials, setting, methods: We analysed ultrasound
examinations at 8 (n = 290), 12 (n = 83) and 20 weeks’ (n = 206) gestation and
used first-trimester serum markers [pregnancy-associated plasma protein-A
(PAPP-A) and free β-hCG]. Differences between study groups were tested by the
Student’s t-test, χ2-test or Fisher’s exact test, and linear multivariable regression
analysis to adjust for possible confounders (for example, parity, gestational age
at the time of ultrasound and fetal gender).
Main results and the role of chance: A total of 294 singleton pregnancies
(Vitrolife group nVL = 168, Cook group: nC = 126) from 294 couples were included.
At 8 weeks’ gestation, there was no difference between crow-rump lengthbased and ovum retrieval-based gestational age (ΔGA) (nVL = 163, nC = 122,
adjusted mean difference, -0.04 days, P = 0.84). A total of 83 women underwent
first-trimester screening at 12 weeks’ gestation (nVL = 45, nC = 38). ΔGA, nuchal
translucency (multiples of median, MoM) and PAPP-A (MoM) did not differ
between the study groups. Free β-hCG (MoM) ± SEM differed significantly (1.55
± 0.19 in Vitrolife versus 1.06 ± 0.10 in Cook; P = 0.031, Student’s t-test). At 20
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weeks’ gestation, a more advanced GA, reflecting an increased fetal growth, was
seen at ultrasound examination in the Vitrolife group (n = 115) when compared
with the Cook group (n = 91). After adjustment for confounding factors, both
the difference between GA based on three biparietal diameter dating formulas
minus the actual (ovum retrieval based) GA (adjusted mean difference +1.14
days (P = 0.04), +1.14 days (P = 0.04) and +1.36 days (P = 0.048), as well as head
circumference (HC) and trans-cerebellar diameter (TCD) were significantly
higher in the Vitrolife group (HCvl 177.3mm, HCc 175.9mm, adjusted mean
difference 1.8, P = 0.03; TCDvl 20.5mm, TCDc 20.2mm, adjusted mean difference
0.4, P = 0.008).
Limitations, reasons for caution: A first-trimester (12 weeks) fetal screening
was not yet offered routinely during the study period, therefore only 28% of
women in our study participated in this elective screening programme. Although
all sonographers were experienced and specially trained to perform these
ultrasound examinations and were unaware of the randomization procedure,
we cannot totally rule out possible intra- and inter-observer variability. Despite
being indispensable in daily practice, sonographic weight formulas have a
limited accuracy.
Wider implications of the findings: According to the fetal origins hypothesis,
many adult diseases originate in utero owing to adaptations made by the fetus
to the environment it encounters. This study indicates that the embryonic
environment is already important for fetal development. Therefore, our
study emphasizes the need to investigate fetal growth patterns after assisted
reproduction technologies and long-term health outcomes of IVF children,
especially in relation to the culture medium used during the first few days of
preimplantation development.

3
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Introduction
In our previous studies, we have shown that the medium used for culturing
IVF embryos during the first few days of preimplantation development affects
birthweight of the resulting human singletons (Dumoulin et al. 2010; Nelissen et
al. 2012). Even after correction for a large range of possible confounders, such as
gestational age (GA) at delivery, fetal gender, number of transferred embryos, day of
embryo transfer (second or third), fertilization method (IVF or ICSI), parity, parental
height, weight and age, cause and duration of infertility, pregnancy related factors
and life-style factors (e.g. smoking), the significant association between human
birthweight and type of culture medium persisted (Dumoulin et al. 2010; Nelissen
et al. 2012). The time of onset of this growth difference is, as yet, unknown.
Increasing evidence indicates that pace and pathway of fetal growth is
a major risk factor for the development of chronic diseases in adult life, such as
hypertension, type 2 diabetes, coronary heart disease and stroke, often referred
to as the “fetal origins hypothesis” (Barker et al. 2009). Although the general IVF
progeny is still too young to determine the prevalence of these adult diseases,
in IVF children parameters of metabolic syndrome, like increased systolic and
diastolic blood pressures and glucose levels, are reported (Ceelen et al. 2008).
Evidence is accumulating that factors in the peri-conceptional period,
such as maternal undernutrition, can modify the fetal growth trajectories,
sometimes even with negligible effect on birthweight but nevertheless with
adverse consequences for long-term health (Bloomfield et al. 2006). This suggests
that the presence of appropriate nutrients, and other factors, in IVF culture
media will be vital for embryonic development during this high-risk period. In
the light of increasing numbers of children born worldwide after a pregnancy
established by assisted reproduction technologies (ARTs), exploration of this
topic is of pivotal importance.
The aim of the present study was to increase our insight into the
impact of embryo culture media on subsequent fetal growth patterns, with
particular focus on the onset of growth divergence. We hypothesized that the
effect of in vitro culture of embryos on fetal growth will increase during the
first trimester and will be detectable at the end of the first trimester or during
the second trimester, because these differences will be the result of modified
growth trajectories of the fetus itself after in vitro culture in different media,
rather than differences in parental or other external factors. To examine this, we
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evaluated ultrasound examinations performed at 8, 12 and 20 weeks’ gestation
in patients who participated in our previous study (Nelissen et al. 2012) and used
first-trimester serum markers [free β-hCG (fβ-hCG) and pregnancy-associated
plasma protein-A (PAPP-A)], as indicators of placental function.

Materials and methods
Study population
At the Maastricht University Medical Centre (MUMC), we studied 294 singleton
live births after fresh embryo transfer, from a previously reported comparative
study (Nelissen et al. 2012). In this cohort, IVF (or IVF with ICSI) was applied in
the period between July 2003 and December 2006 during which two widely
used commercially available sequential culture media [Vitrolife G1.3 (Göteborg,
Sweden) or Cook K-SICM (Brisbane, Australia)] were used in alternating order.
For this study, all singletons born alive after the 20th week of gestation, who
were a couple’s first child from an IVF treatment performed during the study
period, were included in the analysis. Data on pregnancy outcome including
complications, such as gestational diabetes, hypertension and preeclampsia,
and perinatal outcome, were collected from their obstetricians or midwives.
Exclusion criteria for the study were patients who applied for PGD or required
donor oocytes. All participating couples gave written informed consent for the
use of their anonymized data.

3

Culture medium allocation and IVF procedure
We strictly alternated treatment allocation to either of the two media on the
day before the ovum retrieval. This was performed by laboratory technicians
who were unaware of patient characteristics. The order of ovum retrievals on a
certain day, which determined the allocation to one of the study groups, was
planned by clinical personnel who were unaware of the laboratory allocation
procedure. This allocation to one of the two media was part of our internal
quality monitoring system in order to be able to identify suboptimal batches
of a particular medium. Except for the media, all other IVF procedures (clinical
as well as laboratory) were similar in both groups. Detailed ovarian stimulation,
fertilization, culture and fresh embryo transfer procedures have been described
previously (Dumoulin et al. 2010).
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Fetal growth data collection
GA was calculated from the day of oocyte retrieval, which was defined as Day
14 of the cycle. In the Netherlands, all pregnant women are offered ultrasound
dating during the first trimester and are counselled for fetal ultrasound
examination at 20 weeks’ gestation to have fetal biometry performed and
be screened for structural abnormalities. For the present study, the results of
ultrasonic measurements were collected retrospectively and all sonographers
were unaware of the randomization procedure and its outcome. Furthermore,
all sonographers were experienced and specially trained for these ultrasound
examinations.
In viable pregnancies, fetal crown-rump length (CRL) was measured at
7-8 weeks’ gestation in a mid-sagittal section of the embryo using transvaginal
ultrasonography with care being taken to avoid inclusion of the yolk sac. The
difference between the CRL-based GA calculated with the formula of Hadlock
(1992) minus the actual (ovum retrieval based) GA, was expressed as the
difference in days of gestation (ΔGA) (Hadlock et al. 1992).
Only a subset of women participated in (elective) first-trimester
screening for Down syndrome (information about the possibility for screening
has only been given to all pregnant women in the Netherlands since June
2004). In these cases, serum was sampled at a gestational interval ranging from
11 to 13 weeks plus 6 days (NICE et al. 2008). The concentrations of maternal
serum fβ-hCG and PAPP-A were analyzed with commercially available kits and
the AutoDELFIA analyser (PerkinElmer, Turku, Finland) at the National Institute
for Public Health and the Environment (Bilthoven, The Netherlands) during
the years 2003-2005 and at the authorized clinical chemistry laboratory of the
MUMC during the years 2006-2007. CRL and fetal nuchal translucency (NT)
thickness were obtained during abdominal ultrasonography. The values of fβhCG, PAPP-A and NT were expressed as multiples of the median (MoM) for GA
with corrections for maternal weight according to the guidelines of the national
first trimester prenatal screening programme (Schielen et al. 2003).
Furthermore, several sonographic parameters were measured during
the mid-trimester ultrasound scan at ~20 weeks’ gestation to estimate GA and
to calculate estimated fetal weight (EFW). The fetal biparietal diameter (BPD),
head circumference (HC), abdominal circumference (AC), femur length (FL) and
trans-cerebellar diameter (TCD) were measured using standardized ultrasound
procedures. BPD dating formulas of Mul et al. (#1 and #2) (1996) and Selbing
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and Kjessler (1985) were used to calculate the GA (Saltvedt et al. 2004). The
difference between GA calculated by BPD dating formulas minus the actual
(ovum retrieval based) GA was expressed in days (ΔGA). EFW was calculated
using the formulas of Hadlock I (BPD, HC, AC, FL), Hadlock III (BPD, AC, FL) and
Hadlock IV (HC, AC, FL) (Hadlock et al. 1985; Hoopmann et al. 2010).
Statistical analysis
Crude differences between study groups were tested using the Student’s t-test
for continuous variables and the χ2-test for binary variables (Fisher’s exact test
in case of less than five observations per cell). P-values of <0.05 (two-sided
testing) were considered to reflect statistical significance. Linear regression
analysis was applied in order to control for any between-group differences with
respect to other determinants of fetal growth. In one of our previous articles
(Dumoulin et al., 2010), we found a difference between study groups in height
and weight, but not BMI. Therefore, we used height and weight instead of BMI
in our multiple regression analyses. The following factors were included in all
multivariable analyses: parity, GA at the time of ultrasound, characteristics of
both parents (age, weight, height, daily number of cigarettes smoked), duration
of infertility, cause of infertility, pregnancy complications (gestational diabetes,
hypertension and pre-eclampsia), day of embryo transfer (second or third),
number of transferred embryos (one or two) and fetal gender. The residuals
were normally distributed in all regression analyses. Residual versus fitted plots
did not indicate heteroscedasticity. Furthermore, there was no evidence of
collinearity.

3

Results
A total of 294 singleton pregnancies (168 in the Vitrolife group versus 126 in the
Cook group) from 294 different couples were included. Neonatal characteristics
have been reported previously (Nelissen et al. 2012). Parental characteristics
are listed in Table I. The distribution of the confounding variables is described
in Supplementary data, Table I (available online). The rate of pregnancy
complications (such as gestational diabetes, hypertension and pre-eclampsia),
was similar in both groups (14 (8.3%) in the Vitrolife group versus 9 (7.1%) in
the Cook group).
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70.1 ± 10.5
24.4 (17.5 – 33.3)
25 (15.0)

Weight (kg)

Body mass index (range)

Smoking > 10 cigarettes/day

182.1 ± 7.8
86.4 ± 13.9
26.0 (17.9 – 46.0)
29 (17.4)

Height (cm)

Weight (kg)

Body mass index (range)

Smoking > 10 cigarettes/day

36 (21.6)
7 (4.2)

Unexplained

Other

Data are presented as numbers (%) or mean ±SD.

17 (10.2)
107 (64.1)

Tubal factor

Male factor

Primary indication for IVF treatment

35.3 ± 5.7

Age (years)

Paternal characteristics

11 (6.6)
169.4 ± 5.8

Age > 38 years

Height (cm)

32.4 ± 4.0

4 (3.3)

25 (20.3)

79 (64.2)

15 (12.2)

25 (20.3)

25.3 (19.9 – 34.3)

83.0 ± 11.2

180.8 ± 7.4

35.7 ± 4.9

17 (13.8)

23.8 (18.0 – 31.4)

66.7 ± 9.8

167.4 ± 7.3

6 (4.9)

32.6 ± 3.6

0

8 (17.8)

29 (64.4)

8 (17.8)

5 (11.1)

26.6 (4.0)

88.3 ± 14.7

182.3 ± 7.6

35.9 ± 6.9

6 (13.3)

24.3 (3.0)

69.0 ± 9.8

168.6 ± 6.2

7 (15.6)

34.0 ± 4.1

Vitrolife
Group
(n=45)

Vitrolife
group
(n=167)

Cook
group
(n= 123)

12 weeks

8 weeks

Age (years)

Maternal characteristics

Characteristic

Table I Parental characteristics of singletons born after fresh embryo transfers.

2 (5.3)

5 (13.2)

27 (71.1)

4 (10.5)

7(18.4)

25.6 (2.8)

85.2 ± 11.1

182.2 ± 7.6

37.7 ± 5.5

4 (10.5)

23.8 (3.4)

68.0 ± 12.7

168.7 ± 8.4

4 (10.5)

33.6 ± 3.4

Cook
Group
(n=38)

6 (5.2)

15 (13.0)

86 (74.8)

8 (7.0)

20 (17.4)

25.9 (3.6)

85.9 ± 13.8

181.9 ± 7.5

35.1 ± 4.9

16 (13.9)

24.6 (3.5)

70.8 ± 10.9

169.6 ± 5.8

8 (7.0)

32.4 ± 4.0

Vitrolife
Group
(n=115)

20 weeks

4 (4.4)

12 (13.2)

65 (71.4)

10 (11.0)

15 (16.5)

25.3 (2.7)

83.7 ± 10.8

181.6 ± 7.1

36.1 ± 5.2

11 (12.1)

23.8 (3.0)

66.7 ± 9.8

167.5 ± 7.5

6 (6.6)

32.6 ± 3.6

Cook
Group
(n=91)
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8 weeks’ gestation
Fetal CRL was measured around 8 weeks’ gestation (range 6 weeks and 5 days
to 9 weeks and 2 days) in 290 singleton pregnancies, 167 in the Vitrolife group
and 123 in the Cook group. Four couples were lost to follow-up. The ΔGA was
comparable in the two groups (unadjusted mean difference -0.08 days, P = 0.68,
adjusted -0.04 days, P = 0.84) (Table II).
Table II Difference in gestational age at 8 and 12 weeks’ gestation.
Vitrolife
group
(n=168)
8 weeks’ gestation -0.42 (n=167)
12 weeks’ gestation 1.80 (n=45)

Cook
group
(n=126)
-0.50 (n= 123)
1.38 (n=38)

Unadjusted P-value
mean
difference
-0.08
0.68
-0.42
0.58

Adjusted
mean
difference
-0.04
-0.59

P-value

3

0.84
0.22

Data are presented as days. Difference between crown-rump-length based gestational age (GA) minus
actual (ovum retrieval based) GA, was expressed as difference in days
of gestation (ΔGA). A negative value indicates an underestimation of the GA, while a positive value
indicates an overestimation of the GA. Unadjusted mean differences are
calculated using the Student’s t-test and adjusted mean differences using linear multivariable regression analysis.

12 weeks’ gestation
A total of 83 women chose to undergo first-trimester screening around 12 weeks’
gestation (range 11 weeks and 3 days to 13 weeks and 6 days): 45 in the Vitrolife
group (27%) and 38 in the Cook group (30%). The difference in ΔGA (adjusted
mean difference -0.59 days, P = 0.22) (Table II) and that in NT and PAPP-A was
statistically insignificant (Table III). However, fβ-hCG and fβ-hCG (MoM) in the
Vitrolife group were significantly higher than in the Cook group (P = 0.029, P =
0.031, respectively. Table III).
Table III Ultrasound examination and serum markers at 12 weeks’ gestation.

NT(MoM)
PAPP-A (MoM)
fβ-hCG
fβ-hCG (MoM)

Vitrolife group
(n=45)
0.78 ± 0.10
1.03 ± 0.09
53.5 ± 6.03
1.55 ± 0.19

Cook group
(n=38)
0.65 ± 0.03
1.05 ± 0.09
37.2 ± 3.61
1.06 ±0.10

P-value
0.237
0.874
0.029
0.031

Data are presented as mean ± SEM. NT, fetal nuchal translucency thickness; MoM, multiples of median;
fβ-hCG, maternal serum free β-human chorionic gonadotrophin; PAPP-A, pregnancy-associated plasma
protein-A.
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20 weeks’ gestation
Fetal growth parameters were measured around 20 weeks’ gestation (range 18
weeks and 2 days to 22 weeks and 1 day) in 206 pregnancies, 115 (68%) in the
Vitrolife group and 91 (72%) in the Cook group. The remaining 88 couples chose
not to have the mid-trimester fetal ultrasound scan or had this examination
elsewhere in the Netherlands. Using 3 distinct BPD dating formulas, the adjusted
ΔGA differed significantly between groups in all 3 calculations. In the Vitrolife
group, all ΔGA were more positive than in the Cook group (linear multivariable
regression analysis; P = 0.04, P = 0.04 and P = 0.048) (Table IV). This is consistent
with a more advanced GA, reflecting an increased fetal growth in the Vitrolife
group. The adjusted mean values of several other sonographic parameters
(BPD, HC, AC, FL and TCD) are shown in Table V. All these fetal sonographic
parameters are useful to assess fetal growth. HC and TCD were significantly
higher in the Vitrolife group compared with the Cook group (P = 0.03, P = 0.008,
respectively), again reflecting an increased fetal growth in the Vitrolife group.
EFW, as calculated with Hadlock formulas I, III or IV, did not differ between the
two groups at 20 weeks’ gestation (Table V).
Table IV Difference in gestational age at 20 weeks’ gestation using BPD dating formulas.

Mull et al. 1996 #1
Mull et al. 1996 #2
Selbing & Kjessler, 1985

Vitrolife
group
(n=115)
+3.28
+2.28
+6.18

Cook
group
(n=91)
+2.10
+1. 10
+4.77

Unadjusted
mean
difference
1.18
1.18
1.41

P-value Adjusted
mean
difference
0.04
1.14
0.04
1.14
0.05
1.36

P-value

0.04
0.04
0.048

Data are presented as days. Difference between GA calculated with biparietal diameter (BPD) dating
formulas minus the actual (ovum retrieval based) GA, was expressed in days (ΔGA). Unadjusted mean
differences are calculated using the Student’s t-test and adjusted mean differences using linear multivariable regression analysis.
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Table V Difference in sonographic parameters and estimated fetal weight (EFW) at 20 weeks’ gestation.

BPD
AC
HC
FL
TCD
EFW (Hadlock I)
BPD, HC, AC, FL
EFW (Hadlock III)
BPD, AC, FL
EFW (Hadlock IV)
HC, AC, FL

Vitrolife
group
(n=115)
50.2 (0.3)
152.1 (0.9)
177.3 (0.8)
32.7 (0.2)
20.5 (0.1)
350.1 (4.1)

Cook
group
(n=91)
49.8 (0.3)
151.2 (1.0)
175.9 (0.9)
32.8 (0.3)
20.2 (0.1)
347.9 (4.9)

357.3 (4.3)
346.0 (4.1)

Unadjusted
mean
difference
0.4
0.9
1.4
-0.1
0.3
2.27

P-value Adjusted
mean
difference
0.27
0.5
0.51
0.8
0.24
1.8
0.80
-0.1
0.11
0.4
0.72
2.62

P-value

0.07
0.42
0.03
0.83
0.008
0.53

354.8 (5.0) 2.53

0.70

2.83

0.51

343.6 (4.8) 2.44

0.70

2.82

0.49

3

Data are presented as mean values (mm or gram) (±SEM). BPD, biparietal diameter; HC, head circumference; AC, abdominal circumference; FL, femur length; TCD, transcerebellar diameter. Unadjusted mean
differences are calculated using the Student’s t-test and adjusted mean differences using linear multivariable regression analysis.

Discussion
The main findings of our study of a series of singletons are that the Vitrolife group
differed from the Cook group by significantly higher circulating levels of fβ-hCG
(MoM) at 12 weeks and a more advanced GA, consistent with an increased fetal
growth, at 20 weeks’ gestation. In previous studies, we observed a significant
difference in birthweight between the two study groups of singletons resulting
from culture in either Vitrolife or Cook medium (Dumoulin et al. 2010; Nelissen
et al. 2012). Although in these studies, we controlled for many maternal and
environmental co-variables specified in our analysis, theoretically it could be
possible that our results were influenced by the effect of an as yet unknown
maternal or pregnancy related confounder. It is generally assumed that during
the first half of pregnancy, the fetus’ own genetic programme is the primary
determinant of growth, while during the second half of pregnancy, many external
factors, such as maternal factors (pre-pregnancy weight or BMI, height, ethnic
background), pregnancy-related factors (gestational diabetes, hypertension
and pre-eclampsia) and environmental factors (maternal nutrition, disease,
smoking, drugs) have an increasing impact on fetal growth (Mongelli et al. 1995;
Rosenberg et al. 2005; Bergsjo et al. 2007; Boron et al. 2009; Gaillard et al. 2011).
As the results of the present study indicate that the growth differences between
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the study groups are already discernible in the second trimester of pregnancy,
our findings of the differences in birthweight between the two study groups are
more in line with our hypothesis that these differences are the result of modified
growth trajectories of the fetus itself after in vitro culture in different media,
rather than differences in parental or other external factors.
Recently, variability in first-trimester fetal growth by maternal factors
was investigated in humans (Mook-Kanamori et al. 2010). Fetal CRL appeared
positively associated with higher maternal age, parity >1, folic acid use,
negatively associated with, for example, smoking and not associated with
maternal anthropometrics (Mook-Kanamori et al. 2010). After adjustment
for these and several other confounding factors (except folic acid because of
standard use with IVF treatment), we found no significant ΔGA between groups
at 8 weeks’ gestation.
Measurement of fetal CRL using high-frequency transvaginal ultrasound
for early pregnancy dating is accurate (Verburg et al. 2008; Papaioannou et al.
2010). In our study, at 12 weeks’ gestation, no significant difference in ΔGA,
PAPP-A and NT was found between the two study groups. Bukowski et al. (2007)
found that ART pregnancies with appropriate fetal growth (ΔGA=0) in the first
trimester had lower birthweight and a higher risk of small-for-gestational age
infants than the general population (Bukowski et al. 2007). Also Conway et al.
(2011) did not find an appreciable difference in first-trimester fetal growth as
measured by CRL between spontaneously conceived and ART pregnancies.
The findings from both studies suggest that the generally reported impaired
fetal growth in ART pregnancies (Helmerhorst et al. 2004; Jackson et al. 2004;
McDonald et al. 2009), becomes only detectable after the first trimester, which
is in line with our results.
At 20 weeks’ gestation, an increased fetal growth is seen in the Vitrolife
group when compared with the Cook group, which corresponds to the also
significantly higher birthweight in this group detailed in our previous report
(Nelissen et al. 2012). After adjustment for confounding factors, ΔGA (based on
BPD dating formulas), HC and TCD were significantly higher in the Vitrolife group.
The TCD increases by ~1 mm per week between a GA of 14 and 21 weeks (ISUOG
2007). The adjusted mean difference of 0.4 mm indicates that fetal size in the
Vitrolife group was consistent with a GA of ~3 days longer than the Cook group.
The clinical relevance of these differences and the forthcoming difference in
birthweight is unknown. However, our results indicate that maintaining embryos
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in culture medium for only 2-3 days can result in a difference in fetal growth rate.
To calculate the GA, we used the BPD dating formulas of Mul et al. (#1 and #2)
(1996) and Selbing and Kjessler (1985), as these were based on measurements
in IVF pregnancies and they performed well with small systematic and random
errors at late dating (15-20 gestational weeks) in an IVF population (Saltvedt et
al. 2004). The variance in AC depends mainly on the abdominal fat tissue and
furthermore on the volume of the liver, stomach or spleen (Kehl et al. 1996). Fat
deposition begins from ~24 gestational weeks (Cunningham et al. 2010). At 20
weeks’ gestation, the amount of abdominal fat tissue is still low which could
explain why we did not find a difference in AC at this stage in fetal development.
There is no preferred formula to estimate fetal weight and
sonographic weight formulas generally show poor rates of accuracy (Dudley
2005). Nonetheless, fetal weight estimation is important for obstetric care
management. Most formulas are derived from non-linear regression analysis
using single or combined ultrasound measurements, whereas others are based
on volumetric methods. Mostly used are the formulas of Hadlock (Hadlock et al.
1985; Hoopmann et al. 2010). We used the formulas of Hadlock I, III and IV, and
showed no significant difference in EFW between groups. This was explainable
as AC and FL, which were similar between groups, have a higher contribution
in the EFW regression model of Hadlock than HC and/or BPD.
Our study has limitations with respect to the allocation procedure,
being a strictly alternate-case, quasi-random one. However, as allocation was
performed with two-sided allocation concealment and blinding, this alternate
allocation to one of two media closely approaches optimal randomisation.
Furthermore, all sonographers were unaware of the randomization procedure,
because ultrasound measurements were collected retrospectively for this study.
Although all sonographers were experienced and specially trained to perform
these ultrasound examinations, we cannot totally rule out a possible intra- and
inter-observer variability. Owing to the fact that a first-trimester (12 weeks) fetal
screening was not yet offered routinely during the study period, only 28% of
women in our study participated in this elective screening programme.
More and more studies are now investigating adverse influences in
the preimplantation embryonic stage upon fetal growth and development. It
appears that peri-conceptional undernutrition in sheep can alter fetal growth
trajectories (Rumball et al. 2009). In rats, a maternal low protein diet only during
the pre-implantation period resulted in lower cell numbers in the inner cell mass
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and trophectoderm, reduced birthweight and hypertension in the offspring
(Kwong et al. 2000) and altered expression of growth-regulating imprinted
genes (Kwong et al. 2006). A maternal low protein diet fed exclusively during
mouse preimplantation development had no appreciable effect on fetal growth
but was associated with excess post-natal growth and sustained hypertension
(Watkins et al. 2008).
Also effects on fetal development related to in vitro culture were found
in several animal models (Farin et al. 2006; Delle Piane et al. 2010). However,
not only fetal development but also placental development is affected. In
several animal models, ART has been shown to lead to a diverse set of placental
abnormalities, such as an impaired placental steroid metabolism in mice (Collier
et al. 2009), alterations in placentome morphology and blood vessels in cattle
(Farin et al. 2006) and a larger placental/fetal weight ratio in mice (Delle Piane
et al. 2010). In human, an increased risk of placental abnormalities, such as
placenta praevia, has been shown (Kallen et al. 2005; Romundstad et al. 2006).
One can postulate that these placental abnormalities may partly explain the
obstetric and neonatal complications associated with ART.
In our present series of IVF singletons, fβ-hCG (MoM) measured at around
12 weeks’gestation was found to be significantly higher in the Vitrolife than the
Cook group. hCG is a glycoprotein produced by the syncytiotrophoblast cells
(Kovalevskaya et al. 2002). Levels of hCG increase rapidly in early pregnancy
until peak levels are reached at 7 to 9 weeks, followed by a progressive decline
until around 20 weeks and then remain comparatively low and stable until
term (Kletzky et al. 1985). hCG plays a major role in early human development,
especially in the first trimester but also during the remainder of pregnancy.
For instance hCG promotes progesterone production, angiogenesis in uterine
vasculature, growth of the uterus, differentiation of growing cytotrophoblast
cells, quiescence of myometrial contractions and has a function in growth and
development of fetal organs (Keay et al. 2004; Ticconi et al. 2007; Cole 2010).
Furthermore, low first-trimester fβ-hCG levels are associated with fetal growth
restriction, gestational hypertension and gestational diabetes (Ong et al. 2000),
and with SGA (Dugoff et al. 2004; Krantz et al. 2004; Kirkegaard et al. 2011; Poon
et al. 2011). The effect of ART on first trimester fβ-hCG levels has been extensively
studied indicating increased, decreased or unaltered levels (for review see
Gjerris et al. 2012). Our increased fβ-hCG (MoM) level in the Vitrolife group is
consistent with an increased fetal growth seen in the Vitrolife group. Orasanu
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et al. (2006) investigated the effect of four different IVF culture media on serum
hCG concentrations measured on Day 15 after embryo transfer in singleton
viable pregnancies. Vitrolife G1.3 medium was associated with higher serum
hCG levels on Day 15 after embryo transfer compared with the other media.
However, the average of 3.5 embryos transferred could have led to undetected
early implantation sites (Orasanu et al. 2006).
Since the level of fβ-hCG in early pregnancy is assumed to represent the
mass of syncytial trophoblast (Almog et al. 2011), it is possible that the number
of trophoblast cells is increased after culture in Vitrolife medium compared with
Cook medium. Effects of IVF on the number of trophoblast cells in humans have
been suggested previously (Turan et al. 2010). Also, in mice and rat models,
embryo culture or a maternal low-protein diet around conception leads to
altered cell numbers in the trophectoderm and inner cell mass (Kwong et al.
2000; Watkins et al. 2007). Changes in epigenetic regulation might explain the
altered cell numbers as well as differences in hCG level and/or fetal growth as
this plays an important role in placental development and function, and can be
disturbed by ART (Nelissen et al. 2011; van Montfoort et al. 2012). From animal
studies it is known that culture medium can affect the epigenetic regulation of
imprinted genes, mainly in placental tissue, and to a lesser extent in the embryo
(Mann et al. 2004; Rivera et al. 2008; Fauque et al. 2010). A possible explanation
for our finding might be that Vitrolife G1.3 medium modulates the epigenetic
regulation of the placenta leading to increased fβ-hCG levels. However, ours is
a relatively small study and our observations need to be investigated in larger
studies before firm clinical conclusions can be drawn.

3

Conclusion and future perspective
According to the fetal origins hypothesis, many adult diseases originate in utero
owing to adaptations made by the fetus to the environment it encounters. Our
study shows that IVF culture medium has the ability to influence fetal growth
rate. This emphasizes the need for studies investigating fetal growth patterns
after ART and the long-term health outcomes of these IVF children.
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Abstract
Background: The placenta is of utmost importance for the intrauterine fetal
development and growth. Deregulation of placentation can lead to adverse
outcomes for both mother and fetus, e.g. gestational trophoblastic disease
(GTD), pre-eclampsia and fetal growth retardation. A significant factor in
placental development and function is epigenetic regulation.
Methods: This review summarizes the current knowledge in the field of
epigenetics in relation to placental development and function. Relevant studies
were identified by searching PubMed, Medline and reference sections of all
relevant studies and reviews.
Results: Epigenetic regulation of the placenta evolves during preimplantation
development and further gestation. Epigenetic marks, like DNA methylation,
histone modifications and non-coding RNAs, affect gene expression patterns.
These expression patterns, including the important parent-of-origin-dependent
gene expression resulting from genomic imprinting, play a pivotal role in
proper fetal and placental development. Disturbed placental epigenetics has
been demonstrated in cases of intrauterine growth retardation and small for
gestational age, and also appears to be involved in the pathogenesis of preeclampsia and GTD. Several environmental effects have been investigated
so far, e.g. ethanol, oxygen tension as well as the effect of several aspects of
assisted reproduction technologies on placental epigenetics.
Conclusions: Studies in both animals and humans have made it increasingly
clear that proper epigenetic regulation of both imprinted and non-imprinted
genes is important in placental development. Its disturbance, which can
be caused by various environmental factors, can lead to abnormal placental
development and function with possible consequences for maternal morbidity,
fetal development and disease susceptibility in later life.
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Introduction
From its earliest stages till the end of pregnancy, the placenta is of paramount
importance for the intrauterine development and growth of the fetus. It is
responsible for the establishment of a tight contact between mother and
conceptus, enabling the exchange of gas, nutrients and waste products. The
placenta protects the fetus from maternal immune system attacks and secretes
pregnancy-associated hormones and growth factors (Rossant et al., 2001).
Deregulation of placentation can be detrimental to both mother and
child; derailed growth can lead to invasive, sometimes malignant trophoblast
disease in the mother (Hui et al., 2005), whereas hypoplastic development is
associated with maternal hypertension (pre-eclampsia) (Cross, 2003; Fisher,
2004) and fetal growth retardation (Chaddha et al., 2004; Gluckman et al.,
2004; Monk et al., 2004). Intra-uterine growth retardation and low birthweight
(LBW) are major negative health predictors for newborns and children, and
are associated with chronic diseases expressed later in life e.g. cardiovascular
disease, hypertension and type 2 diabetes (Barker et al., 1993; Curhan et
al., 1996a; Curhan et al., 1996b; Boyko, 2000; Eriksson et al., 2003; Ross et al.,
2008). A significant factor in placental development and function is epigenetic
regulation. Imprinted genes for instance, which are epigenetically regulated,
are abundantly expressed in the placenta and usually lacking in non-placental
organisms (Reik et al., 2001b).
In the present review, we discuss the role of epigenetics in placental
development and outline the progress in both animal and human research in
recent years. Our intention is to offer the clinician insight into the consequences
of disturbed placental epigenetics and to focus on environmental effects which
may cause these disturbances.

4

Methods
To generate this review, a thorough literature search was repeatedly made in PubMed
and Medline, with a limitation for articles written in English language. Search terms
used were placenta, epigenetic, DNA methylation, histone modification, noncoding RNA, imprinting, environment. In addition, reference sections of all relevant
studies or reviews were manually searched for more information.

69

31777 Nelissen, Ewka.indd 69

14-01-15 09:54

Chapter 4

Epigenetics
Although the cells in a human body contain the same DNA sequence, the
function and phenotype differ (Reik, 2007). This implies that, apart from
genetic programming, the phenotype is regulated by another phenomenon.
This is called epi-(Greek for upon, above)-genetics. Epigenetics is defined as
the study of changes in phenotype or gene expression caused by mechanisms
other than changes in the underlying DNA sequence. The usage of the word in
scientific discourse is more narrow, referring to changes in gene function which
are heritable (over rounds of cell division and sometimes transgenerationally)
(Russo et al., 1996). During development, differentiated cells accumulate
epigenetic modifications (or marks) that differ from those of pluripotent cells,
and differentiated cells of different lineages also accumulate different marks
(Reik, 2007). Certain epigenetic marks can be removed before a cell divides or
within very few cell divisions (short-term flexibility), while other marks can be
maintained for many divisions (long-term stability and heritability). Under the
definition which strictly requires heritability, alterations that last less than one
cell cycle do not qualify as epigenetic. Bird recently discussed the restrictiveness
of this heritable view and redefined epigenetics as “the structural adaption of
chromosomal regions to register, signal or perpetuate altered activity states”
(Bird, 2007). This definition focuses not only on genes but also on chromosomes
without the constraint of heritability.
Epigenetic marks, deposited early in development, are able to adapt
themselves throughout life in response to intrinsic and environmental stimuli.
Accordingly, epigenetic disturbance may lead to different phenotypes and
diseases like cancer. Epigenetic regulation controls transcription at three levels,
which are also displayed in the placenta: DNA (DNA methylation), protein
(histone modifications) and RNA (non-coding RNAs).
DNA methylation
DNA methylation is the best-characterized epigenetic modification. Enzymes
called DNA methyltransferases (DNMTs) catalyse the addition of a methyl group
to the cytosine ring to form methyl cytosine, using S-adenosylmethionine as
a methyl donor (Herman et al., 2003). After DNA replication, DNMT1 is the
predominant mammalian DNA methylating enzyme responsible for the
restoration of hemi-methylated sites to full methylation, called maintenance
methylation. DNMT3A and DNMT3B are mainly involved in the methylation
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of new sites, called de novo methylation (Laird, 2003). DNMT3L is postulated
to play a regulatory role in DNA methylation without DNA methyltransferase
activity in itself (Okano et al., 1998). In humans and other mammals, the
post-replicative DNA modification occurs predominantly on cytosines that
precede a guanosine in the DNA sequence (the CpG dinucleotide) (Herman
et al., 2003). These dinucleotides can be clustered in small stretches of DNA
termed CpG islands, which are often associated with promoter regions. Most
CpG sites outside of CpG islands are methylated suggesting a role in the global
maintenance of the genome, while most CpG islands in gene promoters are
unmethylated which allows active gene transcription (Herman et al., 2003;
Weber et al., 2007). The importance of DNA methylation for gene expression,
and especially for transcriptional silencing, is apparent in the exceptions to the
rule that CpG islands associated with gene promoter regions are unmethylated
(Bird, 2002). These exceptions are for instance the fully methylated CpG islands
associated with the silenced alleles of some imprinted genes (see below) or on
the inactive X chromosome.

4

DNA methylation in the placenta
In mammalian preimplantation development, DNA methylation of nonimprinted genes is subject to a global reprogramming process after fertilization,
with phases of active and passive demethylation followed by de novo methylation
(Mayer et al., 2000; Horsthemke et al., 2005). This de novo methylation occurs
by the blastocyst stage, but is restricted to the inner cell mass (ICM), whereas
the trophectoderm (TE) is virtually lacking methylation (Santos et al., 2002).
An inequality is thus established between both cell lineages at the time of
differentiation into embryonic and extraembryonic lineages (Santos et al.,
2002). This epigenetic inequality with higher overall DNA methylation levels in
the embryo compared with the placenta is maintained throughout gestation
(Santos et al., 2002). Earlier investigations have also shown that hypomethylation
is maintained in all derivates of the extraembryonic lineage (Chapman et al.,
1984; Rossant et al., 1986). At term, two regulating domains in the IGF2-H19
region are for instance hypomethylated in placenta, while in neonatal blood
these regions are methylated on one of the two alleles (Guo et al., 2008). Despite
the global hypomethylation of the trophoblast lineage, DNA methylation is
indispensable for normal development of extraembryonic tissues, especially
for the invasive behaviour of trophoblast cells. Administration of a single dose
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of 5’-aza-2’-deoxycytidine (a DNA methylation inhibitor) to pregnant rats at
different stages of development, disrupts trophoblast proliferation (Vlahovic
et al., 1999; Serman et al., 2007) and in human choriocarcinoma-derived cell
lines 5’-aza-2’-deoxycytidine disrupts trophoblast migration (Rahnama et al.,
2006). Furthermore, knockout mice studies of DNA methyltransferases Dnmt1
and Dnmt3L have shown that the placentas of these homozygous mice exhibit
multiple morphological defects, like chorioallantoic fusion defects and lack of
labyrinth formation (Li et al., 1992; Bourc’his et al., 2001; Arima et al., 2006). These
effects may be mediated by a loss of imprinting (LOI) (see below) since mutant
Dnmt1 resulted in biallelic expression of certain genes in the regulating domains
Igf2, Snrpn and Peg3, while genes in the Kcnq1 domain were less sensitive to
absence of Dnmt1 (Weaver et al., 2010).
Placentation displays many similarities with tumourigenesis.Trophoblasts
proliferate, migrate and invade the uterine wall and its vasculature and escape
from immune detection, like cancer cells. Normal human cytotrophoblasts
express functional tumour-associated genes, several of which are also essential
for the development of certain malignancies (Ferretti et al., 2007; Koslowski et al.,
2007). Recent observations showed epigenetic regulation by DNA methylation
and histone modification of some tumour suppressor genes like Maspin,
RASSF1A and APC in human placentas (Dokras et al., 2006; Chiu et al., 2007;
Wong et al., 2008). In addition, Novakovic et al. investigated the extent of tumourassociated methylation in first-trimester cytotrophoblasts and term placenta, and
demonstrated a methylation-induced reduction in expression in a small subset of
genes as part of normal human placentation (Novakovic et al., 2008).
Besides a role of DNA methylation in placental morphology, it also
affects placental physiology. For instance, the tightly controlled regulation
of plasma concentrations of biologically active vitamin D is epigenetically
uncoupled in pregnancy (Novakovic et al., 2009). Biologically active vitamin D
regulates calcium homeostasis, immunomodulation, cellular differentiation
and apoptosis (DeLuca, 2004; Dusso et al., 2005; Anderson et al., 2006). In
addition, vitamin D deficiency has been linked to placental insufficiency,
e.g. pre-eclampsia (Bodnar et al., 2007; Seely, 2007). Promoter methylation
downregulates the promoter activity of vitamin D hydroxylase (CYP24A1) and
abolishes vitamin D-mediated feedback activation (Novakovic et al., 2009). This
leads to significantly elevated levels of active vitamin D at the fetomaternal
interface, suggesting a role in pregnancy progression (Novakovic et al., 2009).
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Histone modification
The nucleosome is, together with the genomic DNA, an important constituent
of chromatin. The nucleosome is a protein complex, consisting of two copies of
each of the four core histones (H2A, H2B, H3 and H4), around which the DNA is
wrapped. The N-terminal histone tail protrudes from the chromatin. Epigenetic
modifications at the N-terminal tail of nucleosomal histones involve methylation,
acetylation, phosphorylation and ubiquitinylation of selected amino acids, that
can impose either transcriptionally repressive or transcriptionally permissive
chromatin structures (Turner, 2002; Kimura et al., 2004). These modifications
are accomplished by a range of enzymes including histone methyltransferases
(HMTs), acetyltransferases (HATs), kinases and ubiquitylases, while histone
demethylases (HDMs), deacetylases (HDACs), phosphatases and deubiquitylases
are able to remove the mark from the histone tail. Proteins can recognize
and bind to these specific modifications and exert an effect on gene activity.
Polycomb Group (PcG) proteins for instance, which mutually form complexes,
are known for their transcriptional repression (Niessen et al., 2009). Furthermore,
histone acetylation usually marks active genes as does di- or trimethylation of
lysine residue 4 of histone H3 (H3K4me2, K4me3), whereas H3K9me2/3 and
H3K27me3 constitute repressive marks (Peterson et al., 2004; Sims et al., 2006).
Repressive histone modifications seem to confer short-term, flexible silencing
which is important for developmental plasticity, whereas DNA methylation is
believed to be a more stable, long-term silencing mechanism (Boyer et al., 2006;
Lee et al., 2006; Reik, 2007).

4

Histone modifications in the placenta
Like DNA methylation, histone methylation also plays a role in cell differentiation
at the blastocyst stage. H3 arginine methylation predisposes blastomeres to
contribute to the pluripotent cells of the ICM, which appears to require higher
global levels of H3 arginine methylation than the TE/trophoblast lineage (TorresPadilla et al., 2007). This epigenetic disparity, with higher histone modification
levels in the embryonic lineage compared with the trophoblast lineage, is seen
more globally. Besides in many mouse studies, this has also been described in
other mammalian species: bovine, sheep and rabbit (Manes et al., 1981; Santos
et al., 2003; Beaujean et al., 2004). Nevertheless, as with DNA methylation, again
these lower modification levels in the trophoblast lineage are indispensable
for normal extraembryonic development. H3K27 methylation for instance,
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is mediated by several protein aggregates, like PcG repressive complex
(PRC) 2 containing PcG members and HDACs (Hemberger, 2007). Mutants of
PcG members are characterized by failure of amnion and chorion formation
(O’Carroll et al., 2001; Pasini et al., 2004) or failure of invasive trophoblast giant
cell differentiation (Wang et al., 2001; Wang et al., 2002). The above described
lineage-specific DNA methylation and histone modification levels can influence
cell fate determination (Reik et al., 2003b; Torres-Padilla, 2008) and emphasize
the difference in regulatory mechanisms between embryonic and placental
tissues.
Selective activation of placental-specific genes requires specific roles for
histone modifying enzymes. The expression of the human transcription factor
GCMa for instance, necessary for regulating syncytin which mediates proper
trophoblastic fusion, depends on regulation by HDACs and HATs (Chuang et al.,
2006). Another example of histone modification-mediated placental-specific
gene regulation concerns five genes of the human growth hormone (hGH)
cluster. These are highly conserved in structure, yet are expressed selectively in
the placenta or pituitary. Placental growth hormone gradually replaces pituitary
growth hormone and these placental secretions appear to have important
implications for physiological adjustment to gestation and especially in the
control of maternal IGF1 levels (Alsat et al., 1998). The transcriptional activation
of the placental-specific and pituitary-specific hGH genes is differentially
regulated with different roles for HATs and HMTs co-activator complexes in each
of these tissues (Kimura et al., 2004).
Non-coding RNAs
In the past years, it has been discovered that the majority of the mammalian
genome is transcribed and that these transcripts mainly consist of non-coding
(nc) RNAs (Okazaki et al., 2002; Carninci et al., 2005; Katayama et al., 2005;
Engstrom et al., 2006). These ncRNAs can be classified according to their function
or length. When ncRNAs act in cis, they are able to regulate the expression of
one or more genes on the same chromosome. On the other hand when ncRNAs
act in trans, they are able to regulate the expression of one or more genes on
different chromosomes or regulate mature RNAs in the cytoplasm (Koerner et
al., 2009). Cis-acting functions have been associated with macro ncRNAs and
trans-acting functions with short ncRNAs. Macro ncRNAs can be a few hundred
to several hundred thousand nucleotides (nt) long. Examples of short ncRNAs
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are short interfering (si) RNAs (21 nt), micro (mi) RNAs (~22 nt), piwi-interacting
RNAs (26-31 nt) and short nucleolar (sno) RNAs (60-300 nt) (Koerner et al., 2009).
Well-studied mammalian macro ncRNAs are Xist (inactive X-specific transcript)
and Tsix (X-specific transcript) which are involved in X-chromosome inactivation
in female mammals.
ncRNAs in the placenta
In the placenta, repression of multiple genes in the Igf2r and Kcnq1 clusters on
the paternal chromosome depends on the macro ncRNAs Airn and Kcnq1ot1
by an unknown mechanism (Sleutels et al., 2002; Mancini-Dinardo et al., 2006;
Shin et al., 2008). There are transcription-based silencing models that do not
require the ncRNA product itself, but only its transcription which interferes
for instance with cis-regulatory activator elements or the activation of cisregulatory silencing elements. On the other hand in ncRNA-based silencing
models, ncRNAs coat the region containing silenced genes and recruit silencing
factors (Pauler et al., 2007). Recently, two studies found evidence for the ncRNAbased silencing model concerning the macro ncRNAs Airn and Kcnq1ot1.
They indicated that Airn and Kcnq1ot1 are themselves directly involved in the
repression of placental genes (Pandey et al., 2008; Terranova et al., 2008). For
the involvement of ncRNAs in placental gene clusters with parent-of-originexpression, see section on genomic imprinting.
Additionally, many epigenetic modifiers interact with one another.
For example, the acquisition of histone modifications and DNA methylation
is interdependent. They interplay with each other and also with regulatory
proteins and non-coding RNAs (Lehnertz et al., 2003; Esteve et al., 2006; Vire
et al., 2006; Januchowski et al., 2007; Delcuve et al., 2009). In the placenta, for
instance the ncRNA Kcnq1ot1 localizes to chromatin and recruits repressive
histone marks to the whole imprinted cluster (Pandey et al., 2008). Furthermore,
imprinted macro ncRNAs can serve as host transcripts for trans-acting short
ncRNAs, which suggests a functional link between the two (Koerner et al., 2009).

4

Genomic imprinting
Following experiments with maternal and paternal pronuclei, it was discovered
that both parental genomes are required in the embryo for viable development
(Barton et al., 1984; McGrath et al., 1984; Surani et al., 1984). Imprinted genes
are defined by the functional non-equivalence of the maternal and paternal
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copy resulting in monoallelic expression in a parent-of-origin dependent
manner. During the process of imprinting, the male and female germ line
confer a sex-specific mark (imprint) on certain chromosomal regions (Reik et
al., 2001b). Only one allele of the imprinted genes, the maternal or paternal, can
be active and expressed. Note that the imprints themselves can be associated
with activity or inactivity (Ferguson-Smith et al., 2006). This active or inactive
allele is epigenetically marked by the earlier described histone modifications,
DNA methylation or both (Reik et al., 2001a). Imprinted genes are not randomly
distributed in the genome, but tend to occur predominantly in clusters. Each
cluster is controlled by an imprinting control region (ICR) which usually contains
a stably maintained or developmentally changing Differentially Methylated
Region (DMR) (Wood et al., 2006; Edwards et al., 2007). The existence of these
ICRs suggests that the primary control of imprinting is not at a single gene level,
but at chromosomal level (Buiting et al., 1995). Furthermore, imprinting (parentof-origin-specific gene transcription) is tissue-specific, species-dependent and
developmentally regulated (Morison et al., 1998; Fowden et al., 2006; Monk et
al., 2006). Besides assuming imprinting as a simple pattern resulting in either
paternal or maternal expression, more complex and diverse patterns of effect
have been found (Wolf et al., 2008). The quantitative effect of an imprinted allele
not only depends on its parent-of-origin, but also on the allele it is paired with
at a locus (Wolf et al., 2008).
In addition to allele-specific methylation and histone modifications,
imprinting is regulated by non-coding RNAs (Spahn et al., 2003). The macro
ncRNAs Airn, Kcnq1ot1 and Nespas are involved in genomic imprinting control
(Koerner et al., 2009). Each imprinted gene cluster, which contains an ICR,
expresses at least one macro ncRNA gene (Edwards et al., 2007; Royo et al., 2008).
An unmethylated ICR is required for imprinted macro ncRNA expression and the
macro ncRNA is generally expressed from the other chromosome than most
imprinted mRNA genes (Koerner et al., 2009). For instance, the imprinted Igf2r
cluster contains three maternally expressed genes [Igf2r, Slc22a2 (solute carrier
family 22,a2) and Slc22a3]. The paternal unmethylated ICR expresses a macro
ncRNA named Airn, which silences paternal Igf2r, Slc22a2 and Slc22a3 expression
(Royo et al., 2008). The mechanisms by which these ncRNAs are responsible for
the induced repression in imprinted loci are still not well characterized.
After fertilization, a genome-wide DNA demethylation and
remethylation takes place in the embryo (Mayer et al., 2000; Horsthemke et al.,
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2005). However, imprinted genes escape this epigenetic reprogramming (Mayer
et al., 2000). They are protected from demethylation because it is important that
the parental imprints are preserved in the developing embryo (Tremblay et al.,
1995). Later in fetal development, when the germ cells initially enter the gonad,
genomic imprints are erased. They are newly established during later stages
of gametogenesis (paternal imprints in spermatozoa and maternal imprints
in oocytes) and maintained during post-zygotic development (Lucifero et al.,
2004a; Swales et al., 2005). Both Dnmt3a and Dnmt3L are at least required for
methylation of most imprinted loci in germ cells and are therefore implicated
in maternal and paternal imprinting (Hata et al., 2002; Kaneda et al., 2004). In
contrast, Miri and Varmuza recently proposed the ‘Mother Knows Best’ model
of genomic imprinting. Evidence is accumulating from both wild-type and
manipulated mammalian embryos indicating that genomic imprinting is a
maternal effect regulated by oocyte proteins, and acting in part during the long
first cell cycle that precedes cleavage divisions (Miri et al., 2009). In this proposed
model, the oocyte contains remodelling components which are necessary for
paternal genome epigenetic establishment just after fertilization (Miri et al
2009). In the placenta, maintenance of imprinting has been recently inferred
to depend more on repressive histone methylation and ncRNAs than on DNA
methylation (Wagschal et al., 2006; Wagschal et al., 2008). In fact, placentaspecific imprinting, in contrast to the embryo, along mouse distal chromosome
7 is largely independent of DNA methylation in its maintenance (Tanaka et al.,
1999; Lewis et al., 2004; Umlauf et al., 2004).
Genomic imprinting arose during mammalian evolution (around 150
million years ago) and might be associated with the evolution of intrauterine
development that requires formation of a placenta (Reik et al., 2001b). Therefore,
many researchers have speculated that some aspect of placentation benefits
from genomic imprinting (Coan et al., 2005; Wagschal et al., 2006; Charalambous
et al., 2007; Renfree et al., 2008). There are several theories about the purpose of
genomic imprinting. One hypothesis is that genomic imprinting is a by-product
of a self-defence mechanism against exogenous DNAs or retrotransposons
without a meaning in itself (Barlow, 1993; Yoder et al., 1997). Accumulating
evidence describes the central role of DNA methylation in repression of
retroviruses and retrotransposons, as well as genomic imprinting (Yoder et
al., 1997; Okano et al., 1999; Bourc’his et al., 2001; Hata et al., 2002; Bourc’his
et al., 2004; Kaneda et al., 2004). Also, the mammalian genome contains many
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retrotransposon-derived sequences compared with the genome of other higher
vertebrates. It has been suggested that this phenomenon has evolved over time
but this does not explain why not all imprinted genes are methylated.
Another hypothesis is based on parthenogenetic placentation, or the
ovarian time bomb hypothesis (Varmuza et al., 1994; Weisstein et al., 2002).
Parthenotes (two maternal genomes) have well-developed small embryos
which develop until early post-implantation stages, but they have almost
non-existent trophoblast. Therefore, it is hypothesized that female mammals
are protected from malignant ovarian trophoblastic disease. Viable offspring
can be generated from mice oocytes where one of the two maternal haploid
genomes has a deletion in the paternally imprinted H19 ICR (Kono et al., 2004).
This illustrates that paternal imprinting prevents parthenogenetic development
in mice. Therefore, genomic imprinting is a barrier to parthenogenesis, which
can protect female mammals from malignant trophoblastic disease. They also
demonstrated that appropriate expression of Igf2 and H19 genes is extremely
important for normal development (Kono et al., 2004). This theory does not
explain why genes which are not involved in placental development are still
imprinted.
Furthermore, the ‘complementation hypothesis’ has been proposed. It
explains the origin of imprinting arguing that it is essential for mammalian
development as a mechanism regulating complementary expression profiles
of paternal and maternal genomes because both cannot be expressed from
the same chromosomes simultaneously, even when the parental imprints are
completely erased (Lee et al., 2002; Kaneko-Ishino et al., 2003). This hypothesis
uses the mechanism of complementation under the selective pressure predicted
by the genetic conflict hypothesis.
Most popular is the conflict or ‘battle of the sexes’ theory (Moore et al.,
1991; Haig, 2004). Following this theory, the father wants maximal growth and
good health for his offspring to ensure successful survival against competition
allowing the paternal genome to be passed on to successive generations. The
mother, however, despite wanting the same outcome, also wants to be able
to reproduce again and limit the drain on her resources to maintain her own
health. This competition within the embryo and/or placenta between paternal
genes attempting to enhance growth and maternal genes trying to limit growth
is reflected in either intrauterine growth restriction (IUGR) or overgrowth in
imprinting disorder diseases. The conflict hypothesis has been challenged by
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the lack of phenotype observed in knockout mice of the maternally imprinted
Snrpn gene (Yang et al., 1998) and the growth inhibitory rather than enhancer
effect of the paternally expressed ZAC gene (Piras et al., 2000).
Imprinting controlling placental and fetal development
The importance of imprinted genes for the placenta is underlined by the many
imprinted genes that are expressed in the placenta (Reik et al., 2001b; FergusonSmith et al., 2006; Tycko, 2006; Hemberger, 2007), the distinct imprinted gene
expression profile displayed in the placenta and embryo as compared with
adult tissues (Steinhoff et al., 2009) and the fact that non-placental organisms
like fish, reptiles and chickens lack imprinting (Yokomine et al., 2001; Reik et al.,
2003a; Yokomine et al., 2005).
Why is the placenta such an important site of imprinted gene action?
Knockout (loss of expression) and transgenic (over-expression) data of
placental imprinted genes have revealed a range of (aberrant) phenotypic
patterns. Imprinted genes, such as Ascl2, Phlda2 and Peg10 (a newly discovered
retrotransposon-derived gene) appear to be indispensable for proper placental
morphology and function, while others, like Igf2, are involved in nutrient
supply regulation (Guillemot et al., 1994; Salas et al., 2004; Angiolini et al., 2006;
Ono et al., 2006). The latter was found to be a major modulator of placental and
fetal growth, as it regulates the development of the diffusional permeability
capacity in the placenta (Constancia et al., 2002; Sibley et al., 2004). Recently,
it has been demonstrated in the mouse that placental phenotype, like
morphology and diffusional exchange characteristics, depends on the degree
of Igf2 gene ablation and the interplay between placental and fetal Igf2 (Coan
et al., 2008). As described before, a number of genes are imprinted specifically
in the placenta, but genes imprinted in both the embryo and the placenta can
also be essential for placental development (Wagschal et al., 2006).
To date, more than 130 imprinted genes in mice and at least 70 in
humans have been discovered (http://www.geneimprint.com, www.mgu.har.
mrc.ac.uk, http://igc.otago.ac.nz), of which several are imprinted specifically in
the placenta. There is an extensive conservation between mouse and human
genes that are imprinted in both the embryo and extraembryonic tissues.
Conserved maternal expression was found for the imprinted genes PHLDA2,
SLC22A18, SLC22A1LS and CDKN1C (Monk et al., 2006). Genes from the IGF2R
domain showed human placental imprinting in only a minority of the samples
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(Monk et al., 2006). However, a lack of imprinting was demonstrated in the
human KCNQ1 domain and the human orthologues of the mouse placentalspecific imprinted genes Gatm and Dcn. Although maternal expression was
observed in the mouse, human expression appeared largely bi-allelic from firsttrimester trophoblast till term (Monk et al., 2006).
Although imprinting in human placentas has been increasingly studied,
the parental origin of the allele-specific expression of several human placental
imprinted genes is still unknown (Table I). Besides, placental imprinting of these
genes is a dynamic process which evolves during human pregnancy (Pozharny
et al., 2010). Especially in first-trimester placentas, several genes, in contrast to
IGF2, displayed a significantly higher rate of LOI than term placentas, although
little difference in gene expression was seen (Pozharny et al., 2010). Among
these genes is H19 with, before 10 weeks of pregnancy, bi-allelic expression in
28% of the placental tissues. After 10 weeks, only mono-allelic expression was
measured (Yu et al., 2009). These investigations demonstrate that the parentof-origin effect is not established completely in the first trimester of human
pregnancy. Instead, placental imprinting is a dynamic, maturational process.
It is postulated that these developmental changes in LOI, without necessarily
affecting the gene expression, play an important role in placental maturation
and development (Pozharny et al., 2010). Also in term placentas, the mono-allelic
expression of imprinted genes is not always very strict. Lambertini et al. (2008)
for instance analysed the expression of nine imprinted genes and found that in
apparently normal term placentas several genes showed bi-allelic expression
in some but not all placentas (Lambertini et al., 2008). For ZAC/PLAGL1, the
expression of the maternally imprinted allele accounted for only 1-3% of the
total expression of this gene. On the other hand, the maternally imprinted
IGF2 allele could account for 20-50% of the expression and the maternally
imprinted PEG3 sometimes for even more than 50%. Interestingly, H19 and
DLK1 never showed LOI (Lambertini et al., 2008). This has also been reported
in mice. In a few placentas about 20% LOI was reported for Snrpn while, just as
in human, H19 escaped LOI (Fortier et al., 2008). There are also imprinted genes
that display mono-allelic expression just in first trimester placental tissues,
like CTNNA3 (Oudejans et al., 2004; van Dijk et al., 2004). The parent-of-origin
effect of this gene is also trophoblast cell type-dependent: bi-allelic expression
in extravillous trophoblast, maternal expression in villous cytotrophoblast
and expression is lost following epithelial-mesenchymal transition (van Dijk
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et al., 2004). This trophoblast cell type-dependent imprinting of CTNNA3 is
identical to CDKN1C imprinting with respect to trophoblast cell type (villous)
and parental origin of the expressed allele (maternal). Therefore, gene dosage
compensation of both CTNNA3 and CDKN1C in the placenta is suggested to share
a conserved regulatory mechanism correlating with an early step in trophoblast
determination, i.e. differentiation into villous or extravillous trophoblast (van
Dijk et al., 2004).
Paternally expressed genes tend to enhance fetal growth while
maternally expressed genes tend to suppress it (Fowden et al., 2006). Knockout
studies of several paternally or maternally imprinted genes result in IUGR and
smaller placental size or overgrowth and hyperplasia of placenta, respectively
(Lefebvre et al., 1998; Takahashi et al., 2000; Frank et al., 2002). Furthermore,
certain maternal genes are required for proper development of the embryo,
whereas extraembryonic tissues depend on the presence of active paternal
genes. An excess of paternally derived chromosomes leads to a complete (no
maternal genome) or partial (lower amount of maternal chromosomes) mole
(Devriendt, 2005). Accordingly, hydatidiform moles are characterized by a
reduced or even lack of embryonic development and excessive trophoblastic
proliferation.

4

Disturbed placental epigenetics
Several researchers examined the role of epigenetic disturbance in human
placental-related pathologies like small for gestational age (SGA), IUGR, preeclampsia and gestational trophoblastic disease (GTD) (Table II).
Many cases of IUGR, in which a fetus is not able to achieve its genetically
determined potential size, are idiopathic and utero-placental insufficiency is
regarded as an important factor in these cases. SGA infants are smaller than the
10th percentile for the gestational age of pregnancy. It is clinically important
to distinguish fetal constitutional smallness from fetal growth failure to ensure
appropriate medical care, prevent unnecessary elective Caesarean sections and
premature births. An IUGR infant may or may not be SGA but it always implies a
pathological process like an underlying utero-placental insufficiency (Bamberg
et al., 2004; Maulik, 2006). Therefore, further research is conducted to discover
possible biomarkers for IUGR and to elucidate the aetiology of IUGR.
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insulin-like growth
11p15.5
factor 2 (somatomedin
A)

mesoderm specific
transcript homolog

mesoderm specific
transcript homolog
paternally expressed
3

paternally expressed
10

IGF2

MEST/PEG1
isoform 1

MEST/PEG1
isoform 2
PEG3

PEG10
7q21

19q13.4

Lambertini et al.
2008

Lambertini et al.
2008, Pozharny et
al. 2010
Pozharny et al. 2010

Pozharny et al. 2010

7q32

Apostolidou et al.
2007, Lambertini et
al. 2008
Pozharny et al. 2010

term

term

1st-trimester

term

3rd-trimester/
term
1st-trimester

term

1st-trimester

term

1st-trimester

1st-trimester

Lambertini et al.
2008, Pozharny et
al. 2010
Pozharny et al. 2010

Placental tissue

Pozharny et al. 2010

References

Apostolidou et al.
2007, Lambertini et
al. 2008
McMinn et al. 2006

7q32

14q32

delta-like 1 homolog

DLK1

Location

Name

Gene
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subset
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subset

subset
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x

x

x

x

x

x

x

x

x

x

x

Paternal

Maternal

P

P

P

P

P

P

P

P

P

P

Parental
expression
Not
(not placentalanalysed
specific) 1
P
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cyclin-dependent
11p15.5
kinase inhibitor 1C
(p57)
H19, imprinted
11p15.5
maternally expressed
transcript (nonprotein coding)

maternally expressed 14q32
3 (non-protein
coding)

pleckstrin homology- 11p15.5
like domain, family A,
member 2

CDKN1C

MEG3

PHLDA2

H19

pleiomorphic
adenoma gene-like 1

PLAGL1/ZAC
6q24-q25

15q11.2

small nuclear
ribonucleoprotein
polypeptide N

SNRPN

Location

Name

Gene

Table I continued

Lambertini et al.
2008, Pozharny et
al. 2010
Pozharny et al. 2010

term

Lambertini et al.
2008, Yu et al. 2009
Pozharny et al. 2010

1st-trimester

term

1st-trimester

1st-trimester

term

term

Pozharny et al. 2010,
Yu et al. 2009

Lambertini et al.
2008, Pozharny et
al. 2010
Monk et al. 2006

term

Diplas et al. 2009,
Pozharny et al. 2010
Pozharny et al. 2010
1st-trimester

1st-trimester

Placental tissue

Pozharny et al. 2010

References

P

x

M
M

M

x
x

x

x

yes
minor subset

yes

minor subset

M

M

x

subset

M

x

yes

yes

P

x

minor subset

P

x

x

minor subset

Maternal

yes

Paternal

Parental
expression
Not
(not placentalanalysed
specific) 1
P

Parental expression in placenta

Mono-allelic
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CD44 molecule
(Indian blood group)

catenin (cadherinassociated protein),
alpha 3

CD44

CTNNA3

TP73

solute carrier family
11p15.5
22 (organic cation
transporter), member
18 antisense
tumor protein p73
1p36.3

SLC22A18AS/
SLC22A1LS

10q22.2

11p13

11p15.5

solute carrier family
22, member 18

SLC22A18

Location

Name

Gene

Table I continued

Diplas et al. 2009,
Pozharny et al. 2010
Oudejans et al.
2004, Van Dijk et al.
2004
Diplas et al. 2009

term

subset

yes

term

yes

minor subset

large subset

subset

yes

subset

subset

yes

Mono-allelic
expression

1st-trimester

term

1st-trimester

1st-trimester

Lambertini et al.
2008, Pozharny et
al. 2010
Pozharny et al. 2010

term

term

1st-trimester

term

Placental tissue

Pozharny et al. 2010

Monk et al. 2006,
Diplas et al. 2009,
Pozharny et al. 2010
Monk et al. 2006

Apostolidou et al.
2007, Monk et al.
2006, Diplas et al.
2009
Pozharny et al. 2010

References
Paternal

x

postulated

postulated

x

x

x

x

x

x

Maternal

x

provisional
data: M

provisional
data: M

postulated: M

postulated: M

M

M

M

M

M

Parental
expression
Not
(not placentalanalysed
specific) 1
M
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catenin, delta 2
(neural plakophilinrelated arm-repeat
protein)
cysteine-rich,
angiogenic inducer,
61
distal-less homeobox
5
epidermal growth
factor receptor
pathway substrate 15

glial cell derived
neurotrophic factor
hydatidiform mole
associated and
imprinted (nonprotein coding)
interleukin 1, beta

CTNND2

GDNF

insulin

KCNQ1 overlapping
transcript 1 (nonprotein coding)

INS

KCNQ1OT1/
LIT1

IL1B

HYMAI

EPS15

DLX5

CYR61

Name

Gene

Table I continued

11p15

11p15.5

2q14

6q24.2

5p13.1-p12

1p32

7q22

1p31-p22

5p15.2

Location

1st-trimester

term

Monk et al. 2006

term

term

term

Monk et al.2006

Diplas et al. 2009

Diplas et al. 2009

Diplas et al. 2009

term

Diplas et al. 2009,
Pozharny et al. 2010
Diplas et al. 2009
term

1st-trimester

term

term

term

Placental tissue

Pozharny et al. 2010

Diplas et al. 2009

Diplas et al. 2009

Diplas et al. 2009

References

no

minor subset

yes

yes

yes

yes

yes

minor subset

yes

yes

yes

Mono-allelic
expression

x

Paternal

P

no record
P

x

x
x

P

P

no record

x

no record

postulated

M

x
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no record

x
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(not placentalanalysed
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x
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membrane
associated guanylate
kinase, WW and PDZ
domain containing 2
mitogen-activated
protein kinase 12
MEST intronic
transcript 1 (nonprotein coding)
makorin ring finger
protein 3
necdin homolog

MAGI2

SDHD

PCNA

NNAT

NGF

NDN

MKRN3

MESTIT1

proliferating cell
nuclear antigen
succinate
dehydrogenase
complex, subunit D,
integral membrane
protein

nerve growth factor
(beta polypeptide)
neuronatin

MAGE-like 2

MAGEL2

MAPK12

Name

Gene

Table I continued

Diplas et al. 2009

Diplas et al. 2009

Diplas et al. 2009

Diplas et al. 2009

Diplas et al. 2009

11q23

20pter-p12
Diplas et al. 2009

Diplas et al. 2009

20q11.2-q12 Diplas et al. 2009

1p13.1

term

term

term

term

term

term

term

term

term

3rd-trimester/
term
term

Guo et al. 2008
Diplas et al. 2009

Placental tissue

References

15q11.2-q12 Diplas et al. 2009

15q11-q13

7q32

22q13.33

7pq21

15q11-q12

Location

yes

yes

yes

yes

yes

yes

yes

yes

yes

yes

yes

Mono-allelic
expression
x

Paternal

Maternal

x

x

x

x

x

x

x

x

x

x

conflicting
data

no record

P

no record

P

P

P

no record

predicted: M

P

Parental
expression
Not
(not placentalanalysed
specific) 1
P

Parental expression in placenta
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decorin

deiodinase,
iodothyronine, type
III

DCN

DIO3

CD81

ATPase, class V, type
10A
CD81 molecule

ATP10A

Putatively placental imprinted genes

WT1

UBE3A

SNURF

SNORD108

14q32

12q21.33

11p15.5

15q11.2

11p13

15q11-q13

15q12

15q11.2

15q12

small nucleolar RNA,
C/D box 64
small nucleolar RNA,
C/D box 108
SNRPN upstream
reading frame
ubiquitin protein
ligase E3A
Wilms tumor 1

SNORD64

SGCE

solute carrier family
6q26-q27
22 (extraneuronal
monoamine
transporter), member
3
sarcoglycan, epsilon 7q21-q22

SLC22A3

Location

Name

Gene

Table I continued

McMinn et al. 2006

McMinn et al. 2006

McMinn et al. 2006

2nd/3rdtrimester
2nd/3rdtrimester
2nd/3rdtrimester

term

term

Jinno Y et al. 1994

Steinhoff et al. 2009

term

term

term

term

term

term

1st-trimester

Placental tissue

Diplas et al. 2009

Diplas et al. 2009

Diplas et al. 2009

Diplas et al. 2009

Diplas et al. 2009

Diplas et al. 2009

Monk et al.2006

References

na

na

na

na

subset

yes

yes

yes

yes

yes

yes

yes

Mono-allelic
expression
Paternal

x

Maternal

P
P
P
M
P

x
x
x
x
x

M
not imprinted
unknown
unknown

x
x
x
x

P

P

x

Parental
expression
Not
(not placentalanalysed
specific) 1
x
M

Parental expression in placenta
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1

glycine
amidinotransferase
(L-arginine:glycine
amidinotransferase)
GNAS complex locus

insulin-like growth
factor 2 receptor

potassium voltagegated channel,
KQT-like subfamily,
member 1
makorin ring finger
protein 1
protein phosphatase
1, catalytic subunit,
gamma isozyme
zinc finger, imprinted
2

GATM

IGF2R

KCNQ1

McMinn et al. 2006

Steinhoff et al. 2009

Monk et al. 2006

Steinhoff et al. 2009,
McMinn et al. 2006
McMinn et al. 2006

McMinn et al. 2006

References

19q13.4

Steinhoff et al. 2009,
McMinn et al. 2006

12q24.1-q24.2 McMinn et al. 2006

7q34

11p15.5

6q26

20q13.3

15q21.1

Location

term

2nd/3rdtrimester
2nd/3rdtrimester

term

2nd/3rdtrimester
term

term

2nd/3rdtrimester

Placental tissue

na

na

na

na

minor subset

na

na

na

Mono-allelic
expression
Paternal

x

Maternal

x

x

x

x

x

x

P

no record

no record

M

not imprinted

isoform
dependent
not imprinted

Parental
expression
Not
(not placentalanalysed
specific) 1
x
unknown

Parental expression in placenta

Searched in imprinted gene catalogues (www.geneimprint.com, http://igc.otago.ac.nz). Na, not analysed; P, paternal; M, maternal.

ZIM2

PPP1CC

MKRN1

GNAS

Name

Gene

Table I continued
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McMinn et al. (2006) analysed whether altered expression of imprinted
genes is implicated in non-syndromic human IUGR. They conducted a genomewide survey of mRNA expression in late-gestation placental samples of 14
IUGR placentas compared to 15 non-IUGR placentas. Several imprinted genes
were differentially expressed. They found for instance increased expression of
the paternally imprinted PHLDA2 and decreased expression of the maternally
imprinted MEST and PLAGL1 and paternally imprinted MEG3, GATM and GNAS in
IUGR placentas (McMinn et al., 2006). These results support the hypothesis that
placental-specific imprinted genes are deregulated in IUGR.
A recent study systematically investigated the expression levels of 74
‘putatively’ imprinted genes in human late-gestation placental samples from 10
normal and 7 IUGR pregnancies by using quantitative RT-PCR (qRT-PCR) (Diplas et
al., 2009). They found that 52 of the 74 genes were expressed in human placental
tissue of which 9 genes were significantly differentially expressed between both
groups. Five genes were up-regulated (PHLDA2, ILK2, NNAT, CCDC86, PEG10)
and four were down-regulated (PLAGL1, DHCR24, ZNF331, CDKAL1) in IUGR
placentas, without a consistent ‘parent-of-origin’ pattern. They investigated LOI
and found that 5 of these deregulated genes were not imprinted in placenta.
Assessment of 14 placental imprinted genes revealed no correlation between
expression and LOI, in both normal and IUGR placentas (Diplas et al., 2009).
Therefore, mechanisms other than LOI may be associated with the deregulated
expression in IUGR placentas. Gene expression levels may vary according to the
site of sampling. Even in uncomplicated pregnancies, intra-placenta variability
has been described (Pidoux et al., 2004; Wyatt et al., 2005). This potential bias
was also studied by Diplas et al. revealing no significant difference with respect
to sampling variations (Diplas et al., 2009).
Guo et al. investigated placentas of 20 control cases and 24 SGA with
or without IUGR cases. They postulated that alterations in epigenetic control
mechanisms leading to deregulation of growth-related imprinted genes
on chromosome 11p15 may affect placental and fetal growth and lead to
SGA/IUGR. They found that two imprinting clusters (KvDMR and H19 DMR)
maintained normal differential methylation in most SGA placentas, except for
one, which showed loss of methylation at H19 DMR. In this placenta, also LOI was
demonstrated at the H19 DMR as shown by bi-allelic expression of the H19 gene.
Furthermore, a significant decrease of IGF2 expression, mostly independent of
H19 regulation, was found in all SGA placentas (Guo et al., 2008).
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Other researchers investigated the relation between placental
imprinting and birthweight. The imprinted genes IGF2, MEST, PHLDA2 and
IGF2R, all with known roles in fetal growth, were studied in 200 normal term
placentas (Apostolidou et al., 2007). Elevated placental expression of PHLDA2 was
associated with lower birthweight. It is, however, not clear whether birthweight
in this study was within normal ranges or whether also LBW or very LBW cases
were included. Furthermore, these increased maternally expressed PHLDA2
levels were independent of LOI (Apostolidou et al., 2007). Indeed, several studies
found that placental LOI usually seems to be unrelated to gene expression levels
(Table II).
Epigenetics is also believed to be involved in the pathogenesis of preeclampsia. Several miRNAs are expressed in the human placenta (Barad et al.,
2004). Differential expression of specific placental miRNAs, among others miR210, was found in pre-eclampsia placentas compared with normal placentas
(Pineles et al., 2007; Zhu et al., 2009). Chelbi et al. suggest that an abnormal
methylation pattern may be a common mechanism leading to pre-eclampsia
(Chelbi et al., 2008). Moreover, the proximal promoter of the non-imprinted
SERPINA3 is significantly hypomethylated at specific CpG positions in preeclampsia placentas compared with normal placentas (Chelbi et al., 2007).
Lastly, up-regulation of the expression of 13 tumour suppressor and growth
regulatory genes has been identified in placentas of patients with severe early
onset pre-eclampsia (Heikkila et al., 2005).
There might also be a role for imprinted genes in the pathogenesis of
pre-eclampsia. LOI of the imprinted Cdkn1c gene in a mouse model resulted in
some of the features of pre-eclampsia, including hypertension and proteinuria
(Kanayama et al., 2002). Development of pre-eclampsia is associated with
decreased invasive capacity of trophoblasts. Since down-regulation of H19
expression is associated with development of choriocarcinoma and its highly
invasive capacity (Walsh et al., 1995; Kim et al., 2003), Yu et al. investigated
the hypothesis that alterations in paternal H19 imprinting contribute to the
pathogenesis of pre-eclampsia (Yu et al., 2009). In the placentas of patients
with pre-eclampsia associated with severe hypertension, indeed LOI of the
H19 gene was found (Yu et alResearchers have examined the role of aberrant
DNA methylation in GTD. Trophoblast hyperplasia is a common feature of
complete hydatidiform moles with the potential for malignant transformation
to choriocarcinoma (Li et al., 2002). Investigation of invasive choriocarcinoma
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M
P
M
M
M
P
M
P
P
P
M
P
M/P
M/P

CDKN1C

DLK1
GATM

GNAS

H19
IGF2

MEG3

MEST

NNAT

PEG10

PHLDA2

PLAGL1

SERPINA3
SERPINB2

IUGR

Expressed allele

Gene

Pathology
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Na
Na
Na
Na
Na
Na
Na
Na
Na
Na
Na
Na
=
Na
Na
Na
Na
Na
=
Na
Na
Na
=
Na
(KvDMR)

Methylation
(investigated region)

Table II Placental epigenetics in relation to placental-related pathologies.1
Reference2,3

McMinn et al. 2006
Diplas et al. 2009
Diplas et al. 2009
McMinn et al. 2006
Diplas et al. 2009
McMinn et al. 2006
Diplas et al. 2009
Diplas et al. 2009
McMinn et al. 2006
Diplas et al. 2009
McMinn et al. 2006
Diplas et al. 2009
McMinn et al. 2006
Diplas et al. 2009
McMinn et al. 2006
Diplas et al. 2009
McMinn et al. 2006
Diplas et al. 2009
McMinn et al. 2006
Diplas et al. 2009
McMinn et al. 2006
Diplas et al. 2009
Chelbi et al. 2007
Chelbi et al. 2007

Mono-allelic
expression (affected
number)
Na
Na
LOI (2/5)
Na
Na
Na
Na
LOI (1/5)
Na
=4
Na
=
Na
=4
Na
Na
Na
=
Na
=
Na
LOI (2/13)

Gene expression
(fold change)
 (3.3)
=
=
 (0.59)
Na
 (?)
Na
=
 (0.39)
=
 (0.52)
=
 (0.72)
=
=

=

 (1.27)

 (0.62)
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GTD

Pre-eclampsia

Lower
birthweight

SGA

Pathology

Table II continued
Expressed allele

M/P
P
M
M
P
P
M
M
P
M
M
M/P
M/P
M/P
M/P
M/P
M/P
M/P
M/P
M/P
M/P
M/P
M/P

Gene

SERPINB7
SNRPN
CDKN1C
H19

IGF2

KCNQ1OT1
PHLDA2
IGF2
MEST
PHLDA2
H19
SERPINA1
SERPINA3
SERPINB2
miR-210

miR-182
OCT4
p16
HIC-1
TIMP3
GSTP1
DSAPK
E-cadherin

Na
Na
=
LOM
(1/24))
LOM
(1/24))
=
=
Na
Na
Na
Na
Na
LOM
Na
Na
Na
Na
GOM
GOM
GOM
GOM
=
=
GOM
(KvDMR)
(KvDMR)

(H19DMR,

(KvDMR)
(H19DMR,

Methylation
(investigated region)

=
=
=
=5
=
LOI (6/13)
Nr
Nr
Nr
Na
Na
Na
Nr
Nr
Nr
Nr
Nr
Nr
Nr

=

 (0.57)
Na
Na
=
=

=

=

 (3.0)
 (3.64)
 (2.1)



Na
Na
Na


LOI (2/8)
=
LOI (1/24)

Mono-allelic
expression (affected
number)


=
Na
=

Gene expression
(fold change)

Guo et al. 2008
Guo et al. 2008
Apostolidou et al. 2007
Apostolidou et al. 2007
Apostolidou et al. 2007
Yu et al. 2009
Chelbi et al. 2007
Chelbi et al. 2007
Chelbi et al. 2007
Pineles et al. 2007
Zhu et al. 2009
Pineles et al. 2007
Zhang et al. 2008
Xue et al. 2004
Xue et al. 2004
Xue et al. 2004
Xue et al. 2004
Xue et al. 2004
Xue et al. 2004

Guo et al. 2008

Chelbi et al. 2007
Diplas et al. 2009
Guo et al. 2008
Guo et al. 2008

Reference2,3
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The effects mentioned in the table are those from the affected group compared with a control group. In
almost all studies third trimester/term placentas are investigated. Only Xue et al. 2004 and Zhang et al. 2008
investigated, respectively, first trimester and first trimester and term placentas.
2
McMinn et al. 2006 describe a microarray study and Diplas et al. 2009 analysed 74 imprinted genes. For both
studies only the imprinted genes that were differentially expressed in one of the two studies are described.
3
Zhu et al. 2009 describe a microarray analysis of miRNAs. Thirty-four miRNAs are deregulated, but only the
miRNA that was found to be affected in the study of Pineles et al. 2007 is reported.
4
LOI was reported in some IUGR placentas, but this was comparable with the LOI reported in the non-IUGR
placentas
5
LOI was reported in 8 of 42 placentas, but this was not correlated to birthweight.
GOM, gain of methylation; GTD, gestational trophoblastic disease; IUGR, intrauterine growth reduction; LOI,
loss of imprinting; LOM, loss of methylation; Na, not analysed; Nr, not relevant; SGA, small for gestational age;
‘=’, not affected as compared with control.
1

cell lines displayed altered methylation patterns consistent with a role of
methylation change in GTD (Novakovic et al., 2008). The transcription factor
Oct4, plays a crucial role in maintaining pluripotency of embryonic stem cells
and its hypermethylation is associated with the differentiation of TE cell lineage,
from which the normal placenta derives. Both methylated and unmethylated
Oct4 alleles were observed in normal placenta, while 33% of hydatidiform
moles and two choriocarcinoma cell lines displayed only methylated alleles.
Down-regulation of Oct 4 by hypermethylation implies an important role in
the pathogenesis of GTD (Zhang et al., 2008). In addition, aberrant tumour
suppressor gene methylation status has been associated with GTD, specifically
hydatidiform mole and choriocarcinoma (Xue et al., 2004).

4

Environmental effects
Increasing evidence suggests that the environment during pre- and post-natal
development can affect the risk on chronic diseases such as cancer, cardiovascular
disease, diabetes, obesity and behavioural disorders like schizophrenia by altering
epigenetic programming (Jirtle et al., 2007). A well-known example is the effect
of maternal diet on coat colour and obesity in Avy/a mice offspring (Waterland et
al., 2003). Also other environmental factors like tobacco smoke, alcohol, radiation
and chemicals have been shown to influence disease susceptibility and can even
induce transgenerational phenotypic effects (Singh et al., 2003; Feil, 2006; Jirtle
et al., 2007; Baccarelli et al., 2009). One of the best known examples in humans is
the effect of diethylstilbestrol (DES), which was given to pregnant women in the
sixties, to prevent miscarriages (Li et al., 2003). This chemical, however, leads to
uterus malformations in the offspring, caused by epigenetic deregulation (Li et
al., 2003; Bromer et al., 2009; Sato et al., 2009).
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ART

2-cell embryo
collection +
culture till
blastocyst stage

mouse
mouse
mouse
mouse
mouse
mouse
mouse
mouse
mouse
mouse
mouse
mouse
mouse
mouse

Cdkn1c
H19
Igf2
Kcnq1
Kcnq1ot1
Mkrn3
Peg3
Snrpn
Zim1
Ascl2
H19
Peg3
Snrpn
Xist

Culture

mouse

Ascl2

2-cell embryo
collection +
culture till
blastocyst stage

human
human
human

COPG2
DLK1
GNAS

mouse
mouse
mouse
mouse

H19
Igf2
Kcnq1ot1
Snrpn

At 3.5dpc

mouse

Ovulation
induction
and in vivo
development or
embryo transfer
Embryo transfer
(with embryo
culture)

H19

At 1.5 and 2.5dpc

Ethanol

Table III Environmental effects on placental epigenetics.1
Condition
Time of exposure Gene
Species

M

P

M
M
P
M
P
P
P
P
M
M
M
P
P
In females
M or P
P

M

M
P
P
P

Expressed
allele
M

=
=
=

=

LOM
LOM
Na
LOM
LOM
Na
Na
Na
Na
Na
LOM
Na
LOM
Na

LOM

=
Na
Na
=

LOM

(SnrpnDMR)

(H19DMR)

(KvDMR1)
(KvDMR1)

(KvDMR1)
(H19DMR)

(KvDMR)

(SnrpnDMR)

(H19DMR)

(H19DMR)

Methylation

Na
Na
Na

Na


Na
Na
=

LOI (1/28)
LOI (19/28)
=
LOI (6/27)
LOI (9/27)
LOI (26/28)2
LOI (8/28)
LOI (8/27)
=
LOI
LOI
LOI
LOI
LOI3

Na

 (12.5)
Na
=
 (0.4)
Na
Na
Na
Na
Na
Na
Na
Na
Na
Na
Na

LOI (22/36)
=
=
LOI (10/36)

Mono-allelic
expression
Na

Na
 (3.4)
Na
Na

Na

Gene expression

Katari et al. 2009
Tierling et al. 2010
Katari et al. 2009

Katari et al. 2009

Rivera et al. 2008
Rivera et al. 2008
Rivera et al. 2008
Rivera et al. 2008
Rivera et al. 2008
Rivera et al. 2008
Rivera et al. 2008
Rivera et al. 2008
Rivera et al. 2008
Mann et al. 2004
Mann et al. 2004
Mann et al. 2004
Mann et al. 2004
Mann et al. 2004

Rivera et al. 2008

Fortier et al. 2008
Fortier et al. 2008
Fortier et al. 2008
Fortier et al. 2008

Haycock et al. 2009

Reference4,5

Chapter 4

94

14-01-15 09:54

31777 Nelissen, Ewka.indd 95

In vitro exposure
of term
trophoblast

P

human

human
human
human
human
human

MEST

NNAT
PEG3
SERPINF1
SLC22A2
SNRPN
human
human

P

KCNQ1OT1 human

miR-93
miR-424

M

human

H19

M/P
M/P

M/P
M
P

P
P

P

human

GRB10

Expressed
allele

Species

Gene

Na
Na
Na
Nr
Na
Na
Na
Na
Na

Na
Na
Na
Na
Na
Na
Na
 (2.09)
Na
 (0.55)
=
 (1.81)
=
Na
Na



=
LOM
=
=
=
=
=
LOM
GOM
=
=
LOM
GOM
LOM
LOM
=
=
Na
Na
(3CpGs)
(2CpGs)

(KvDMR1)
(2CpGs)
(1CpG)

(4 DMRs)

Mono-allelic
expression
Na
Na
Na
Na
Na
Na
Na
Na

Gene expression

Methylation

Katari et al. 2009
Katari et al. 2009
Katari et al. 2009
Tierling et al. 2010
Donker et al.2007
Donker et al.2007

Tierling et al. 2010
Katari et al. 2009
Katari et al. 2009

Tierling et al. 2010
Katari et al. 2009
Tierling et al. 2010
Katari et al. 2009
Tierling et al. 2010
Katari et al. 2009
Tierling et al. 2010
Katari et al. 2009

Reference4,5

2

1

The effects mentioned in the table are those from the exposed group compared with a control group.
Mkrn3 displayed also severe LOI in control samples, but the LOI was more severe in placentas from cultured and transferred embryos.
3
Xist was inappropriately expressed in male placental tissue after embryo culture.
4
Katari et al. 2009 performed an array-based methylation analysis. Forty genes were different between the in vivo and in vitro group. Of these only the ones subject to
further expression analysis or the ones affected according to the study by Tierling et al. 2010 are reported here.
5
In the study by Tierling et al. 2010 chorion and amnion samples are analysed, instead of throphoblast as with the other studies.
CD, conflicting data; GOM, gain of methylation; ID, isoform dependant; IUGR, intrauterine growth reduction; LOI, loss of imprinting; LOM, loss of methylation; Na, not
analysed; Nr, not relevant; ‘=’, not affected when compared with control.

Hypoxia

Table III continued
Condition
Time of exposure
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There are several studies which investigated the relationship between
environmental effects and placental epigenetics (Table III). Haycock et al. used
a mouse model to investigate whether disruption of imprinting control at the
H19 ICR may be a mechanism of ethanol-induced growth retardation in the
event of ethanol exposure during fetal development (Haycock et al., 2009).
Ethanol exposed midgestation placentas and embryos were severely growth
retarded when compared to controls. DNA methylation was unaffected in
embryos, although the paternal alleles were significantly less methylated in
ethanol exposed placentas. Data showing a relationship between placental
weight and ethanol treatment suggested that this was partially dependent
on DNA methylation at the CCCTC-binding factor (CTCF) site on the paternal
allele in placentas (Haycock et al., 2009). Unfortunately, gene expression was
not analysed.
Unlike most cells, placental cytotrophoblasts proliferate in response to
hypoxia (Adelman et al., 1999). An important regulator of the responses of a cell
to oxygen tension is the hypoxia-inducible factor 1 (HIF1) (Maltepe et al., 2005).
For normal trophoblast differentiation, crosstalk between the HIFs and HDACs
is crucial, which links HIF function with epigenetic regulatory mechanisms
(Maltepe et al., 2005). Donker et al. (2007) investigated in vitro the effect of varying
oxygen levels on miRNAs in term human trophoblasts during differentiation
and in hypoxic environment. In hypoxic trophoblasts, the expression of miR93 was up-regulated, whereas the expression of miR-424 was down-regulated.
These results indicate that the miRNA biosynthetic pathway is functional even
in a hypoxic environment, and that hypoxia regulates the expression level of
miRNAs in these cells (Donker et al., 2007).
Assisted reproduction technologies (ART) are increasingly used
worldwide in animals and humans to achieve (higher) pregnancy and life-birth
rates in subfertile patients. ART in humans have been associated with LBWs, SGA,
preterm deliveries (Helmerhorst et al., 2004; Jackson et al., 2004; McGovern et al.,
2004) and birth defects (Rimm et al., 2004; Hansen et al., 2005; Lie et al., 2005).
Furthermore, several groups have raised concerns about a possible association of
rare imprinting diseases with ART. Analysis of affected ART children have shown
methylation defects at the DMRs of SNRPN (Angelman Syndrome), KCNQ1OT1
(Beckwith-Wiedemann Syndrome) and PEG1/MEST (Silver-Russell Syndrome)
(Cox et al., 2002; DeBaun et al., 2003; Gicquel et al., 2003; Maher et al., 2003;
Halliday et al., 2004; Kagami et al., 2007). In women undergoing ART, the risk of
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pre-eclampsia, stillbirth and placenta praevia is significantly increased (Jackson
et al., 2004). Several aspects of ART, such as ovulation induction and embryo
culture, have been investigated as a possible cause of imprinting disturbance.
Induction of ovulation with high doses of gonadotrophin is used
to obtain multiple mature oocytes. This treatment may force oocytes to
undergo the growth and maturation phases too rapidly or rescue oocytes
already selected for atresia, possibly leading to inadequate establishment or
maintenance of the parent-of-origin effect (Fortier et al., 2008). The timing of
imprint establishment in human adult oogenesis is mostly unknown, but in
mice it starts post-natally, during the oocyte growth phase, in a locus-specific
manner with some genes achieving their full methylation status only very late
in oocyte growth (Bao et al., 2000; Obata et al., 2002; Lucifero et al., 2004b).
According to earlier mouse studies, ovulation induction results in delayed
embryo development, decreased implantation rates and increased postimplantation loss (Fossum et al., 1989; Ertzeid et al., 1992, 2001; Van der Auwera
et al., 2001). Also, the effect of ovulation induction on DNA methylation and
imprinting was investigated. One study in both mouse and human oocytes
showed no difference in imprint establishment following ovulation induction
in the maternally imprinted DMRs of MEST, KCNQ1OT1 and ZAC/PLAGL1 (Sato et
al., 2007). Surprisingly, increased DNA methylation was found at the paternally
imprinted H19 DMR in superovulated oocytes, which is normally unmethylated
in oocytes (Sato et al., 2007). Ovulation induction also induces aberrant
expression of the imprinted H19 gene in mouse blastocysts (Fauque et al., 2007)
with a normal methylation pattern at its regulatory sequence. Contradictory,
in individual blastocyst stage mouse embryos, ovulation induction perturbed
methylation in both maternally and paternally imprinted DMRs (loss of Snrpn,
Peg3, Kcnq1ot1; gain of H19 methylation) (Market-Velker et al., 2010). Aberrant
imprinted methylation was also dose-dependent, being more frequent at
higher hormone dosages (Market-Velker et al., 2010). These studies altogether
suggest that ovulation induction might interfere with imprint establishment as
well as with imprint maintenance after fertilization. Whether the possible effect
of ovulation induction is still present in placental tissue is less well investigated.
Indeed, one study reported bi-allelic expression of H19 and Snrpn, and biallelic expression of H19 in 9.5dpc placentas after ovulation induction/in vivo
development and ovulation induction/3.5dpc embryo transfer, respectively
(Fortier et al., 2008). There was normal mono-allelic expression of these genes
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in the embryo. These results suggest an apparently primary effect of ovulation
induction on the expression of imprinted genes in the placenta when compared
with the embryo. The expression of Igf2, an important placental growth factor,
was increased following ovulation induction despite retaining mono-allelic
expression (Fortier et al., 2008). Earlier in this review, we discussed that the
placenta displays lower overall methylation levels compared with the embryo.
Fortier et al. also noted that the overall levels of methylation at the DMRs of
both Snrpn and H19 were lower in placentas than in embryos, without an effect
on the mono-allelic expression of these genes (Fortier et al., 2008). This could
suggest again that imprint maintenance in the placenta is regulated primarily
by histone modifications instead of by DNA methylation.
The role of oxygen tension during embryo culture was studied in
both animal and human studies. In preimplantation mouse embryos, culture
in 20% oxygen resulted in far greater perturbations in the global pattern of
gene regulation than culture in 5% oxygen, when compared with embryos
that developed in vivo (Rinaudo et al., 2006). In humans, such perturbations
might be the cause of the less optimal embryo development (Kovacic et al.,
2008; Waldenstrom et al., 2009) and lower rates of live birth implantation and
live births (Meintjes et al., 2009; Waldenstrom et al., 2009) after culture in an
atmospheric (19-21%) oxygen environment. Preimplantation culture of embryos
can also influence birthweight in a negative and positive manner through
changes in culture condition. Recently, research in humans has indicated that
the type of medium used for culturing IVF embryos during the first few days
after fertilization significantly affects the birthweight of the resulting human
newborns (Dumoulin et al., 2010). Overgrowth abnormalities, collectively
referred to as ‘large offspring syndrome’, are frequently seen in sheep and cattle
(Thompson et al., 1995; Sinclair et al., 2000). Preimplantation embryo culture has
been shown to affect methylation and expression of imprinted genes in several
animal models. In sheep, in vitro culture with serum until the blastocyst stage,
gives rise to fetuses that show aberrant methylation and lack of expression
of a well-known imprinted locus Igf2r leading to large offspring (Young et al.,
2001). The addition of fetal calf serum to M16 medium for mouse embryonic
culture, also alters the expression of imprinted genes but contrarily reduces the
birthweight (Khosla et al., 2001). Not all imprinted genes were affected (Doherty
et al., 2000; Khosla et al., 2001), but especially H19 seems to be vulnerable for
culture medium-induced aberrations of methylation and expression (Sasaki et
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al., 1995; Doherty et al., 2000; Mann et al., 2004). Only a subset of individual
cultured mouse blastocysts were affected (Mann et al., 2004). Moreover, proper
imprinted expression for the most part was preserved in the embryo, while
placental tissues displayed activation of the normally silent allele for H19,
Ascl2, Snrpn, Peg3 and Xist (Mann et al., 2004). Embryo transfer, with or without
embryo culture, also led to LOI in placental tissue but not in the embryo (Rivera
et al., 2008). This indicates that appropriate imprinting is not restored during
post-implantation development of the placenta. The findings of Mann et al.
and Rivera et al. parallel the findings of Haycock et al. (ethanol) and Fortier et
al. (ovulation induction) suggesting that tissues of TE origin are more sensitive
to preimplantation epigenetic disturbance than embryonic tissues.
Very recently, the complete placental transcriptome after ART in mice
was analysed, revealing a substantial alteration of placental gene expression
at 10.5 days post-fertilization (Fauque et al., 2010). About 6% of placental
transcripts were altered at the 2-fold threshold, with most genes being downregulated, after IVF and embryo culture compared with placentas of embryos
produced in vivo. Conversely, imprinted genes, as well as X-linked genes, were
overall more up-regulated than the rest of the transcriptome (Fauque et al.,
2010). Interestingly, analysis of some imprinted genes showed that paternally
expressed genes were primarily up-regulated. Moreover, genes involved in
cellular proliferation and cell cycle pathways were induced, whereas genes
involved in angiogenic signalling and the immune system were reduced
(Fauque et al., 2010). These findings, although in mice, may explain future
placental problems, e.g. pre-eclampsia, as seen after ART in humans (Jackson
et al., 2004).
So far, few studies have been conducted to examine the effect of ART on
human placental epigenetics. Recently, Gomes et al. reported a higher incidence
of hypomethylation of the KvDMR1 in clinically normal children conceived by
ART. They investigated blood samples and found aberrant hypomethylation in
3 ART children (3/18) and in none of the 30 non-ART newborns (Gomes et al.,
2009). Interestingly, each of these three children had a dizygotic sibling with
discordant methylation. Also placental tissue was obtained. Unfortunately, no
placental samples were collected after birth of the hypomethylated children.
Katari et al. performed an array-based methylation analysis in placenta and cord
blood of 10 ART and 13 non-ART children (Katari et al., 2009). Moderate but
significant methylation differences were observed between groups with the
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ART children displaying lower mean methylation levels at specific CpG sites in
placenta and higher mean methylation levels in cord blood (Katari et al., 2009).
In contrast, Tierling et al. found no significant methylation difference at 10
DMRs in amnion/chorion tissue and umbilical cord blood of 185 phenotypically
normal children, comprising 77 children conceived by ICSI, 35 by IVF and 73
spontaneously (Tierling et al., 2010). However, the latter studies both found
that MEST was hypomethylated in placental cells compared with umbilical cord
blood.

Conclusion and future prospects
In recent years, there has been an explosion of knowledge in the field of
epigenetics. Epigenetics is gradually recognized as having an important role
in placental development and functioning. Proper epigenetic regulation
of imprinted genes in particular, but also of non-imprinted genes is crucial
in the placenta. This epigenetic regulation evolves during preimplantation
development and further gestation. Environmental effects can disturb
placental epigenetics and herewith placental development and function, with
possible downstream consequences for maternal morbidity, fetal development
and disease susceptibility in later life (summarized in Figure I). Especially
since several animal studies have suggested that placental tissues are more
sensitive to preimplantation epigenetic disturbance than embryonic tissues
and ART are increasingly used worldwide, this emphasizes the need for further
investigations in human placentas. Placental tissue sampled after placentalrelated pathologies and from pregnancies resulting from ART, can be used to
screen for epigenetic disturbances, instead of being discarded as a meaningless
by-product. Early screening using this tissue may lead to earlier intervention or
better surveillance of children who may be at risk later in life. With epigenetic
marks being reversible, epigenetic therapy may eventually provide promising
new challenges. This also implies the need for more fundamental research to
investigate the involvement of histone modifications and ncRNAs in placental
gene regulation.
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4
Figure I The role of epigenetics in placental development and the possible consequences of its
disturbance which can be caused by environmental effects.
Arrows indicate relationships between the different steps. Bold arrow indicates the importance of imprinted genes for placental development. Dashed arrows indicate the effect of environment on placental disturbance. ncRNAs, non-coding RNAs; ART, assisted reproduction technologies; GTD, gestational
trophoblastic disease; PE, pre-eclampsia; IUGR, intrauterine growth restriction; LBW, low birthweight;
SGA, small for gestational age.
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Abstract
Study question: Does IVF/ICSI have an effect on the epigenetic regulation of
the human placenta?
Summary answer: We found a reduced DNA methylation level at the H19
and MEST differentially methylated regions (DMRs), and an increased RNA
expression of H19 in placentas from pregnancies conceived by IVF/ICSI when
compared with placentas from spontaneous conception.
What is known already: Changes in fetal environment are associated with
adverse health outcomes. The placenta is pivotal for intrauterine environment.
Animal studies show that epigenetic regulation plays an important role in these
environment-induced phenotypic effects. Also, the preimplantation embryo
environment affects birthweight as well as the risk of chronic adult diseases.
Epigenetic processes are sensitive to the environment, especially during the
period around conception.
Study design and participants: Placental tissue was collected from 35
spontaneously conceived pregnancies and 35 IVF/ICSI (5 IVF, 30 ICSI) derived
pregnancies. We quantitatively analysed the DNA methylation patterns of a
number of consecutive CpGs in the core regions of DMRs and other regulatory
regions of imprinted genes, since these are involved in placental and fetal
growth and development.
Methods: By using pyrosequencing, the DNA methylation at seven germlinederived primary DMRs was analysed quantitatively. Five of these are maternally
methylated (MEST isoform α and β, PEG3, KCNQ1OT1 and SNRPN) and two are
paternally methylated [H19 DMR and the intergenic region between DLK1 and
MEG3 (IG-DMR)]. The post-fertilization-derived secondary DMRs, IGF2 (DMR0
and 2) and IG-DMR (CG7, also called MEG3 DMR), and the MEG3 promoter region
were examined as well. In case of differential methylation between the two
groups, the effect on gene expression was assessed by quantitative real-time
PCR.
Main results and the role of chance: Both the promoter region of MEST isoform
α and β and the 6th CTCF binding site within the H19 DMR were significantly
hypomethylated in the IVF/ICSI group. The phenomenon was consistently
observed over all CpG sites analysed and not restricted to single CpG sites. The
other primary and secondary DMRs were not affected. Expression of H19 was
increased in the IVF/ICSI group, while that of IGF2 and MEST remained similar.
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Limitations, reasons for caution: In the IVF/ICSI group, mostly ICSI
pregnancies were investigated. The ICSI technique or the male subfertility
could be a confounding factor . Therefore, our results are less generalizable to
IVF pregnancies.
Wider implications of the findings: The clinical effects of the observed
placental hypomethylations on the developmental programming of the IVF/
ICSI progeny, if any, are as yet unknown. Whether the hypomethylation is an
adaptation of the placenta to maintain fetal supply and ameliorate the effects
of environmental cues, or whether it is a deregulation leading to deranged
developmental programming with or without increased vulnerability for
disease, consistent with the developmental origins of health and disease
(DOHaD) hypothesis, needs further investigation.
Study funding/competing interest(s): Partly funded by an unrestricted
research grant by Organon BV (now MSD BV) without any role in study design,
data collection and analysis, or preparation of the manuscript. No conflict of
interests to declare.
Trial registration number: Dutch Trial Registry (NTR) number 1298

5

115

31777 Nelissen, Ewka.indd 115

14-01-15 09:54

Chapter 5

Introduction
The developmental origins of health and disease (DOHaD) hypothesis proposes
that the origin of diseases manifesting in later life can be traced back to early
development. This hypothesis is based on the association between disease risk
and fetal and infant growth, first reported by Barker and colleagues (Barker et
al., 1989, Barker, 2004). The causal relationship between the mother’s nutrition
and the future health of her offspring confirms that the environment in the
womb underlies the aetiology of diseases such as hypertension (Campbell et al.,
1996, Shiell et al., 2001). Through a phenomenon known as “fetal programming”
the fetus responds to malnutrition or other changes in the environment by
permanently changing the structure of its body and adjusting its physiology
and metabolism to this environment (Gluckman et al., 2007). These changes
put an extra burden on the organs and tissues, which, especially when there is a
mismatch between the perceived intrauterine environment and the subsequent
extrauterine environment, lead to chronic diseases in later life.
The mechanistic role of the placenta in the process of fetal programming
is gaining attention. The size and shape of the placental surface at birth is related
to the lifespan of men (Barker et al., 2011) and their risk for coronary heart
disease (Eriksson et al., 2011). Religious fasting or a period of famine during
gestation has an effect on the size and functioning of the placenta (Alwasel
et al., 2010, Roseboom et al., 2011). The reduced efficiency creates a nutritiondeprived environment that might program the fetus towards a susceptibility
for hypertension, coronary heart disease, schizophrenia and other long-term
diseases reported after in utero exposure to famine (Kyle and Pichard, 2006).
Since genetic mutations are not indicated to underlie the modulation
of programming as a reaction to the environment, it has been hypothesized
that changes in the expression of genes by epigenetic regulation is involved.
Among other phenomena, epigenetic processes regulate tissue-specific gene
expression and expression of imprinted genes by for instance the modification
of histones and/or methylation of DNA at differentially methylated regions
(DMRs) (Reik and Walter, 2001). Imprinted genes are expressed in a parent-oforigin specific way and play an important role in the placenta by regulating
embryonic, fetal and placental growth and development (Nelissen et al.,
2011a,b). The epigenetic modifications are sensitive to the environment (Jirtle
and Skinner, 2007) and by nature are intensively reprogrammed during gametoand early embryogenesis (Reik et al., 2001, van Montfoort et al., 2012).
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Evidence emerges that not only the fetal period, but also the period
around conception is highly sensitive to epigenetic programming. When rats
are fed a low protein diet during the few days around conception only, the
offspring had a lower birthweight and developed hypertension (Kwong et al.,
2000). In these rats, also a sex specific effect on the expression of the imprinted
genes H19 and Igf2 was seen in blastocysts and fetal liver (Kwong et al., 2006).
Similar effects of maternal diet around conception on for instance birthweight,
blood pressure, vascular function and behaviour in mice (Watkins et al., 2008,
Watkins et al., 2010) and fetal growth, blood pressure, glucose tolerance,
postnatal weight and DNA methylation in liver of sheep (MacLaughlin et al.,
2005, Sinclair et al., 2007, Todd et al., 2009) have been found.
The fact that the very early environment is important for programming
might put children conceived after IVF/ICSI at risk. Indeed, a difference in
birthweight was found when two different commercially available embryo
culture media were used in a human IVF/ICSI program (Dumoulin et al., 2010,
Nelissen et al., 2012). Embryos were cultured in these media for two or three
days, and had a significant difference in birthweight, even after correction for
several confounding factors. Further, a lower birthweight (Helmerhorst et al.,
2004) as well as characteristics of metabolic syndrome like vascular dysfunction,
increased systolic blood pressure and fasting glucose level and skin fold thickness
(Ceelen et al., 2007, Ceelen et al., 2008, Sakka et al., 2010, Scherrer et al., 2012)
have been reported in human IVF/ICSI progeny, resembling the effects seen after
mouse embryo culture (Fernandez-Gonzalez et al., 2004, Watkins et al., 2007).
Little is known on the effect of IVF/ICSI on epigenetic regulation in fetal and
placental tissue in human. An increased risk for an imprinting defect in IVF/ICSI
offspring with Beckwith-Wiedemann or Angelman syndrome has been reported
(Manipalviratn et al., 2009, van Montfoort et al., 2012), as well as DNA methylation
differences at single CpG sites of imprinted and non-imprinted genes in placental
tissue and umbilical cord blood (Gomes et al., 2009, Katari et al., 2009).
To investigate differences in DNA methylation in IVF/ICSI and nonIVF/ICSI derived placentas in more detail, we quantitatively analysed the DNA
methylation patterns of a number of consecutive CpGs in the core regions of
DMRs and other regulatory regions of imprinted genes, since these are involved
in placental and fetal growth and development. Subsequently, we assessed
whether differences had an effect on the expression of these genes.

5
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Methods
Study population and sample collection
IVF/ICSI patients were recruited at the IVF centre of the Maastricht University
Medical Centre (MUMC) after a positive ultrasound examination of an intact
intrauterine singleton pregnancy at 7 weeks of gestation. Only pregnancies
resulting from a fresh embryo transfer after standard IVF or ICSI procedures
were included. IVF and ICSI treatments were performed as described previously
(Dumoulin et al., 2010). For all culture procedures in the current study G1™
version 5 Vitrolife medium (Göteborg, Sweden) was used.
Non-IVF/ICSI pregnant controls were recruited at the obstetric
outpatients’ clinic of the MUMC (34%) or at a cooperating midwife practice
(66%) and were defined as having conceived spontaneously without the use
of any kind of hormones, other medication or assisted reproductive treatment.
Also in this group only singleton pregnancies were included. The couples were
asked to fill out a short questionnaire about their height and weight before
pregnancy and the smoking and drinking habits of the woman before and
during pregnancy.
Within thirty minutes after delivery, placental tissue was collected by
the gynaecologist, nurse, or midwife. The biopsies (~5mm3) were taken from
the fetal side, rinsed in cold, sterile PBS to remove blood and stored in RNAlater®
(Ambion, USA). Together with a copy of the delivery report, containing data
on pregnancy outcome, including complications such as gestational diabetes,
hypertension and pre-eclampsia, and perinatal outcome, the samples were
sent to our laboratory. After receiving the samples, the amnion and chorion
membranes were removed and the villi were stored until further use at -20°C
according to the guidelines provided by the RNAlater® manufacturer. All
deliveries were after the 37th week of gestation.
This study was approved by the Ethical Review Board of the MUMC.
Genomic DNA extraction from placental tissue
DNA was extracted by using the Gentra PureGene tissue kit (Qiagen, Venlo, The
Netherlands) according to the manufacturer’s guidelines.
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Bisulfite conversion and pyrosequencing
Quantitative DNA methylation analysis was performed by pyrosequencing
of bisulfite treated DNA (Tost and Gut, 2007). One μg of DNA was bisulfite
converted using the EpiTect 96 Bisulfite kit (Qiagen, Venlo, The Netherlands)
according to the manufacturer’s instructions. Regions of interest were amplified
using 30 ng of bisulfite treated human genomic DNA and 5 - 7.5 pmol of
forward and reverse primer, one of them being biotinylated. Sequences for
oligonucleotides for PCR amplification and pyrosequencing are given in Table
I of the supplementary data (available online). Reaction conditions were 1x
HotStar Taq buffer supplemented with 1.6 mM MgCl2, 100 µM dNTPs and 2.0
U HotStar Taq polymerase (Qiagen, Venlo, The Netherlands) in a 25 µl volume.
The PCR program consisted of a denaturing step of 15 min at 95°C followed by
50 cycles of 30 s at 95°C, 30 s at the respective annealing temperature and 20
s at 72°C, with a final extension of 5 min at 72°C. Ten µl of PCR product were
rendered single-stranded as previously described (Tost and Gut, 2007) and 4
pmol of the respective sequencing primer were used for analysis. Quantitative
DNA methylation analysis was carried out on a PSQ 96MD system with the
PyroGold SQA Reagent Kit (Qiagen, Venlo, The Netherlands) and results were
analyzed using the Q-CpG software (V.1.0.9, Biotage AB, Uppsala Sweden).

5

RNA isolation from placental tissues
Total RNA was isolated using Trizol reagent (Invitrogen, Carlsbad, USA) according
to the manufacturer’s instructions with some minor adaptations. After adding
800 µl Trizol with 10% β-mercapto-ethanol, the samples were ground using a
pestle and a mini beadbeater (Biospec, USA). RNA was precipitated with isopropyl
alcohol for 2 h and the RNA pellet was washed three times with 75% ethanol. Total
RNA was resuspended in 20 µl RNAse free water and stored at -80°C. RNA quantity
and quality were determined using the Nanodrop ND-1000 spectrophotometer
(Nanodrop Technologies, Wilmington, USA) and RNA integrity was measured
using the Bioanalyzer 2100 (Agilent technologies, Palo Alto, USA).
cDNA synthesis
After a Dnase I treatment (Invitrogen, Carlsbad, USA), 2 µg total RNA was
converted to cDNA by using the High Capacity cDNA Reverse transcription
kit (Applied Biosystems, Foster City, USA) according to the manufacturer’s
instructions.

119

31777 Nelissen, Ewka.indd 119

14-01-15 09:54

Chapter 5

Quantitative Realtime-PCR (qPCR)
After cDNA synthesis, each cDNA sample (50 ng/µl) was diluted 500 times. All
assays were run in triplicate in a reaction mixture containing 1 µl of the diluted
sample, 5 µl reaction buffer of mesa green qPCR MasterMix plus for SYBR assay
(Eurogentec, Seraing, Belgium), 1 µl of each primer ([1µM]), 1.9 µl nuclease-free
water and 0.1 µl Uracil-N-Glycosylase (UNG, Eurogentec, Seraing, Belgium). The
primers are listed in the supplementary data (Table SII) and were chosen to span
an exon-exon barrier where possible. qRT-PCR amplification was performed
using an ABI Prism 7900HT sequence detection system (Applied Biosystems,
California, USA) with the following thermal cycler conditions: 2 min at 50°C for
UNG treatment, 10 min at 95°C to activate Taq polymerase and 40 cycles of
denaturation at 95°C for 15 s and annealing and elongation at 60°C for 1 min.
A dissociation curve analysis was performed to verify the absence of genomic
DNA contamination and to check the primers specificity.
The expression of H19, IGF2, MESTα and β was related to the expression
of a combination of reference genes as described previously (van Montfoort et
al., 2008). Briefly, the GeNorm program (Vandesompele et al., 2002) was used to
determine the most stably expressed reference genes. 18S, GAPDH, YWHAZ, TBP
and SDHA have previously been analysed as reference genes in placental tissue
(Meller et al., 2005, Murthi et al., 2008) and were selected for evaluation in the
present study. In 22 samples, run in four different experiments, the variation in
expression of SDHA, YWHAZ and TBP was the most stable. These genes were
subsequently used as reference genes for the genes of interest (for primers
see Table II in the supplementary data, available online). Relative expression
of the genes in IVF/ICSI versus control samples was calculated using the ΔΔCt
method (Livak and Schmittgen, 2001).
Statistical analysis
Statistical analysis was performed using SPSS software for windows version 16.0
(Statistical Package for Social Sciences, USA). To compare the characteristics
between the IVF/ICSI and control group, Student’s t-test was used. Birthweight
SD scores (SDS) were calculated according to gestational age and gender by
using the Oken reference curves as described previously (Dumoulin et al., 2010,
Oken et al., 2003). Mean methylation, methylation per CpG site and relative
gene-expression in both groups were compared by using a Mann-Whitney
U test. The association between DNA methylation and IVF/ICSI was further
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analysed by multiple linear regression analysis, while controlling for maternal
age. P < 0.05 was considered significant.

Results
Subjects
The IVF/ICSI children were conceived after conventional IVF (n=5) or ICSI (n=30).
The indications for IVF/ICSI were male factor (n=28), tubal factor (n=2), treatmentresistant polycystic ovary syndrome (n=1) and unexplained subfertility (n=4). In
the control and IVF/ICSI group 14 and 18 newborns were male and 21 and 17
female, respectively. All were singletons born after 37 weeks of gestation. The
characteristics of the parents were similar in both groups, except for the older
age in the IVF/ICSI group. Regarding the pregnancy complications, there were
none in the control group and two (1 hypertension and 1 HELLP syndrome
(characterised by haemolysis, elevated liver enzymes and low platelets)) in the
IVF/ICSI group (not significant, Fisher’s Exact test).
DNA Methylation at different DMRs in placental tissue
Seven germline-derived DMRs were analysed of which 5 are maternally
methylated (MEST (Mesoderm-specific transcript, a.k.a. paternally expressed
gene 1 (PEG1)) isoform α and β, PEG3, KCNQ1OT1 and SNRPN) and 2 are paternally
methylated (H19 DMR and the intergenic region between DLK1 and MEG3 (IGDMR)). Within the H19 DMR (also known as H19/IGF2 ICR1) we analysed the
3th and the 6th CTCF binding site and within IG-DMR two CpG islands, CG4 and
6, were analysed (Kagami et al., 2008, Kagami et al., 2010). Further the postfertilization-derived secondary DMRs in IGF2 (DMR0 and 2) and IG-DMR (CG7,
also called MEG3 DMR), and the MEG3 promoter region were subjected to
pyrosequencing.
In Figure I the average methylation of the analysed regions is depicted for
the IVF/ICSI and control group. The location of these regions within chromosomal
context is shown in Figure II. IVF/ICSI placentas were relatively hypomethylated
in the CTCF6 region of H19 DMR and the promoter regions of MEST isoform α and
β and MEG3 (Figure I). For both MEST isoforms, maternal age was no confounder,
since after adjustment for maternal age by linear regression analysis the group
was still significantly associated with DNA methylation (P<0.05). When using
the average methylation of the H19 CTCF6 region, the association between
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group and DNA methylation disappeared after adjustment for age. However,
when using the average methylation of the differentially methylated CpGs only
(see Figure II), the association remained significant (P<0.05). MEG3 promoter
methylation was maternal age related, and therewith not significantly different
after correction. In the other regions, the methylation level was similar in both
groups, although often slightly lower in the IVF/ICSI group. Methylation levels
between the DMRs ranged from 27-64%, suggesting a different distribution of
cells with non-, mono- or biallelic methylation for each DMR. The variation from
the average level of methylation differed significantly in 9 out of the 14 analysed
regions (Mann-Whitney U test). In all these regions (IGF2 DMR 2.2, IGF2 DMR 2.1,
H19 CTCF3, IG-DMR CG6, MEG3, MEST α and β, PEG3 and KCNQ1OT1), the variation
was lowest in the IVF/ICSI group.
One sample in the control group had outlying high methylation levels
for maternally methylated MEST isoform β (88.1%), PEG3 (61.5%) and KCNQ1OT1
(86.3%), and outlying low methylation levels for SNRPN (9.6%). The methylation
level of the paternally methylated regions was within the range of the other
samples. This sample had hardly any effect on the comparison between IVF/
ICSI and control samples, since after excluding this sample, the difference in
DNA methylation at H19 DMR and both MEST DMRs was still significant. The
difference in variation between both groups disappeared for MEST β and PEG3,
and became lower but still significant for KCNQ1OT1 when this sample was
excluded. In this child, no congenital malformations were reported at birth.
The methylation level per CpG within the DMRs analysed is shown
in Figure II. Within the 6th CTCF binding region of H19 DMR (Figure IIA) the
methylation level in the IVF/ICSI group is systematically lower per CpG. For all
the other paternally methylated CpGs, methylation was similar. The methylation
level of the secondary DMR CG7 (MEG3 DMR) is lower compared with the other
analysed primary CpG regions within IG-DMR, but at the same level as the MEG3
promoter, which is also methylated post-fertilization.
Regarding the maternally methylated DMRs (Figure IIB), the methylation
level of all CpGs within both isoforms of MEST are hypomethylated in the IVF/
ICSI group (most, but not all significant). In both groups, the methylation level
of the α isoform is higher than that of the placenta specific β form. For the
other DMRs, methylation levels at all CpGs are similar in both groups. The
methylation of KCNQ1OT1 seems distinct in both groups, but as the variation
in the control group (described above) is relatively high, this does not reach
statistical significance.
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Figure I Average methylation (and SEM) of the analysed regions in placental tissue obtained from
naturally conceived (control; n=35) and IVF/ICSI conceived (IVF/ICSI; n=35) pregnancies. All regions,
except MEG3, are known to be methylated in a parent-of-origin specific manner. The location of the
regions in relation to the genes is shown in Figure 2. DMR, differentially methylated region; CTCF, CTCF
binding site; CG, CpG island; IG-DMR, intergenic region between DLK1 and MEG3; β and α, isoforms of
MEST. * P<0.05 (Mann-Whitney U-test).
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Figure 2 Average methylation per CpG within the analysed regions in placental tissue obtained from
naturally conceived (control; n=35) and IVF/ICSI conceived (IVF/ICSI; n=35) pregnancies. (A) Paternally
imprinted regions and MEG3, (B) maternally imprinted regions. In the upper parts, the genes with their
transcription start sites (arrows) and the location of the analysed methylated regions (lollipops) are
depicted (not on scale). The position of the lollipops and the arrows indicates the parental methylation
and expression, respectively (P, paternal; M, maternal). In the upper part of the graphs, the analysed
CpGs (black circles) and their relative position are indicated. The methylation level at these CpGs in the
control (black) and the IVF/ICSI (grey) group is expressed as mean percentage ± SEM. For the sake of
clarity, a dashed line is drawn between the circles. The CpGs that are marked with ‘x’ differ in methylation
between IVF/ICSI and control, P < 0.05, Mann-Whitney U-test.
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Gene expression of H19 and MEST in placental tissue
Since MEST and H19 DMR are significantly hypomethylated in the IVF/ICSI group,
we assessed whether this has an effect on the gene expression of the DMRregulated genes. Expression of both MEST isoforms was not affected, neither
was the expression of IGF2. Only H19 showed a significant change, a 1.3 fold
increase in expression in the IVF/ICSI group (Figure III).

5
Figure III Relative gene expression of the two MEST isoforms, IGF2 and H19 in placental tissue derived
from spontaneous pregnancies (control; n=35) and IVF/ICSI pregnancies (IVF/ICSI; n=35). Control group
is set at one and IVF/ICSI is related to the control. Error bars represent SEM. * P < 0.05

Neonatal characteristics
Mean birthweight and birthweight SDS ± SD were 3386g ± 516 and -0.23 ± 1.0
for the control group and 3378g ± 445 and -0.22 ± 0.9 for the IVF/ICSI group,
respectively (not significant). The mean gestational age was 39.8 weeks in
both groups. The hypomethylation of H19 DMR and MEST and the increased
expression of H19 are not linearly related to changes in birthweight, birthweight
SDS or gestational age as assessed by linear regression analysis.
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Discussion
From the seven analysed DMRs of imprinted genes, the primary paternally
methylated H19 DMR (CTCF6) and maternally methylated MEST α and β promoter
were relatively hypomethylated in IVF/ICSI derived placentas compared with
placentas from spontaneous conception. Both the average methylation level
of the analysed region as well as the methylation level of most of the individual
CpGs differed significantly. The RNA expression of H19 was increased in the
IVF/ICSI group, while MEST was similarly expressed in both groups. Secondary
imprint regions were not affected.
The specific methylation pattern for each DMR is maintained for each
sample, and also between the control and IVF/ICSI group, notwithstanding
the lower level for some DMRs. This suggests a strict regulation of DNA
methylation. The variation in methylation significantly differs in several of the
regions analysed, and was lower in the IVF/ICSI group. This is in contrast to
what was reported by Turan et al. (2010), who found a higher variation in DNA
methylation in IVF placental tissue. The higher variation evolved out of a lower
number of trophoblast stem cells from which the IVF placenta was derived.
This was calculated using the distribution of methylation scores of two different
regions (X chromosome and H19 DMR) in 5 sections of each placenta from
all the individuals in the two groups. To conclude that in our study the lower
variation in the IVF/ICSI group originates from a higher number of trophoblast
stem cells is a bit premature, considering our confined analysis. However, on
the other hand it seems unlikely that if there would be a higher variation in
DNA methylation within our IVF/ICSI group, by chance only those samples are
selected that regarding the level of DNA methylation are closely related to each
other.
The hypomethylation of the MEST DMR in the IVF/ICSI group corresponds
to the hypomethylation reported after IVF in nine single CpGs within this DMR
in placental tissue (Rancourt et al., 2012) and in two single CpGs within this DMR
in both placental tissue and umbilical cord blood (Katari et al., 2009). In another
study, in which the majority of IVF pregnancies concerned twins, no difference
was reported (Tierling et al., 2010). The two isoforms of MEST differ with respect
to the tissue-specific imprinting. The long downstream isoform α is imprinted
in all tissues, while shorter upstream isoform β is not imprinted in several nonplacental tissues. McMinn et al. (2006) reported that isoform β is imprinted in
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the placenta, but that the inter-individual variation in DNA methylation of the
maternal allele was larger than that of isoform α or other imprinted genes. This
is in contrast with our data where the variation is similar in both MEST regions,
although the methylation level in the CpG island of the short isoform (β) is
lower than that of the longer α isoform. Further, it is interesting to note that
Mest is methylated rapidly, only at the very late stage of oogenesis (late antral
follicle stage), when ovarian stimulation takes place, in contrast to Snrpn and
Peg3 where methylation starts already at the early growing stage (pre-antral
follicles) (Lucifero et al., 2002).
The hypomethylation of the H19 DMR is region specific, in that only the
IGF2 and H19 expression regulating domain CTCF6 is affected (Takai et al., 2001)
and not CTCF3, which might explain the conflicting data reported so far in IVF
derived placental tissue [hypomethylation (Rancourt et al., 2012, Turan et al.,
2010); no difference (Katari et al., 2009, Tierling et al., 2010, Wong et al., 2011)].
In human preimplantation IVF embryos, a hypomethylation of H19 DMR has
been reported in 18.7% of the embryos (Chen et al., 2010)2010. Even in goodquality cryopreserved blastocysts donated for research, a lower-than-expected
methylation level (when compared with methylation in sperm samples from
fertile men) was reported (Ibala-Romdhane et al., 2011), suggesting that H19
is a labile region. In mice studies, designed to validate epigenetic regulation in
response to IVF/ICSI, H19 is most frequently involved. After ovulation induction
(Fortier et al., 2008) or embryo culture (Mann et al., 2004, Rivera et al., 2008) a loss
of methylation and/or an increase in biallelic expression was found specifically
in the placenta, while fetal tissues were not affected.
The cause of the reported hypomethylation in MEST and H19 DMR
might be found in the IVF/ICSI technique or in an intrinsic heritable factor of
the subfertile patients. Since our population consisted mainly of male subfertile
patients applying for ICSI, an intrinsic male factor might play a role. However,
an incomplete remethylation in one of the two gametes would result in a
complete demethylation in all cells and not in the hypomethylated pattern
that we see now. Although hypomethylation is often reported in spermatozoa
from oligozoospermic patients, transmission of these defects to viable offspring
has never been reported (van Montfoort et al., 2012). The transmittance via a
paternal or maternal cellular effect (i.e. regulatory RNAs) is possible, although
they mainly seem to affect transposons and other repeat sequences (Daxinger
and Whitelaw, 2012). In sperm from mice on a low-protein diet transmitting
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hepatic effects to their offspring, differences in RNAs and chromatin packaging
have been identified (Carone et al., 2010). Effects on imprinted genes were,
however, not reported. Therefore, at the moment, the reduced methylation is
most likely due to a lack of maintenance of methylation after fertilization, and
thus the IVF/ICSI technique itself. The culture medium in combination with the
hormonally primed uterus might play a role. In mice, transferring an embryo
from a hormonally primed to a non-stimulated uterus reduced the ovarian
stimulation effects on imprinting (Fortier et al., 2008). Culture medium has been
extensively shown to affect epigenetic regulation in several animal species
(Fauque et al., 2010a,b, Khosla et al., 2001, Market-Velker et al., 2010, Young et
al., 2001). In the human, this has not been directly investigated, although an
effect of culture medium on birthweight (Dumoulin et al., 2010, Nelissen et al.,
2012) and on the placental production of free-βhCG at 12 weeks of gestation
has been reported (Nelissen et al., 2011b). Also an effect of the ICSI technique
per se cannot be ruled out since our IVF/ICSI population mainly consists of
ICSI pregnancies. However, we noted no difference in methylation between
IVF and ICSI although IVF numbers were very small (data not shown), there is
no convincing evidence that ICSI elevates the risk of epigenetic abnormalities
when compared with IVF, and imprinting disorders occur after both IVF and ICSI
(van Montfoort et al., 2012).
The level of the reduction in methylation found in this study is consistent
with the hypo- or hypermethylation levels reported after other periconception
changes of environment. People exposed periconceptionally to the Dutch
famine show significant changes in DNA methylation, ranging from 0.5 to
5%, >55 years later (Heijmans et al., 2008, Tobi et al., 2009). In ewes, restricting
the supply of B vitamins in the periconceptional diet led to a 4% reduction of
overall methylation in the offspring, together with an increase in body weight,
insulin resistance and blood pressure (Sinclair et al., 2007). The culture of mouse
embryos in different culture media led to methylation differences in blastocysts
ranging from a few percent to >10% (Fauque et al., 2010a,b, Market-Velker et
al., 2010).
The clinical effects of the observed placental hypomethylations on
the developmental programming of the IVF/ICSI progeny, if any, are as yet
unknown. The altered MEST methylation did not affect MEST expression of the
corresponding isoform, suggesting that either a certain threshold has to be
overcome or equally likely, that other epigenetic regulatory mechanisms like

128

31777 Nelissen, Ewka.indd 128

14-01-15 09:54

DNA methylation in IVF/ICSI conceived placentas

histone modifications are involved as well (Riclet et al., 2009). Mest deficient
mice show a reduced fetal growth, a smaller placental size (Lefebvre et al., 1998)
and an impaired angiogenesis (Mayer et al., 2000). No reports exist on long-term
outcome of Mest-reduced placentas. H19 is widely expressed in the placenta. A
deletion in mice leads to placentomegaly and fetal overgrowth resulting from
a cis effect on loss of imprinting and biallelic expression of Igf2 (Eggenschwiler
et al., 1997). Placental efficiency, as well as placental permeability, is reduced,
suggesting that growth-control adaptations are made in order to reduce
nutrient supply to the overgrowing fetus (Fowden et al., 2011). The degree of
hypomethylation in our samples was accompanied by an overexpression of
H19, but no effect on IGF2 expression or fetal growth was found, in contrast to
what is reported in mice (Gabory et al., 2009).
The clinical significance of our findings remains unknown. Whether the
hypomethylation is an adaptation of the placenta to maintain fetal supply and
ameliorate the effects of environmental cues, or whether it is a deregulation
leading to deranged developmental programming with or without increased
vulnerability for disease, consistent with the DOHaD hypothesis, needs further
investigation.
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Abstract
Study question: Is gene expression in placental tissue of IVF/ICSI patients
altered when compared with a spontaneously conceived group, and are these
alterations due to loss of imprinting (LOI) in the case of imprinted genes?
Summary answer: An altered imprinted gene expression of H19 and Pleckstrin
homology-like domain family A member 2 (PHLDA2), which was not due to
LOI, was observed in human placentas after IVF/ICSI and several biological
pathways were significantly overrepresented and mostly up-regulated.
What is known already: Genomic imprinting plays an important role in
placental biology and in placental adaptive responses triggered by external
stimuli. Changes in placental development and function can have dramatic
effects on the fetus and its ability to cope with the intrauterine environment.
An increased frequency of placenta-related problems as well as an adverse
perinatal outcome is seen in IVF/ICSI derived pregnancies, but the role of
placental epigenetic deregulation is not clear yet.
Study design and participants: In this prospective cohort study, a total of
115 IVF/ICSI and 138 control couples were included during pregnancy. After
applying several exclusion criteria (i.e. preterm birth or stillbirth, no placental
samples, pregnancy complications or birth defects), respectively, 81 and 105
placentas from IVF/ICSI and control pregnancies remained for analysis. Saliva
samples were collected from both parents.
Methods: We quantitatively analysed the mRNA expression of several growthrelated imprinted genes [H19, insulin-like growth factor 2 (IGF2), PHLDA2,
cyclin-dependent kinase inhibitor 1C (CDKN1C), mesoderm-specific transcript
homolog (MEST) isoform α and β by quantitative PCR] after standardization
against three housekeeping genes [Succinate dehydrogenase A (SDHA), YWHAZ
and TATA-binding protein (TBP)]. A quantitative allele-specific expression
analysis of the differentially expressed imprinted genes was performed to
investigate LOI, independent of the mechanism of imprinting. Furthermore, a
microarray analysis was carried out (n = 10 in each group) to investigate the
expression of non-imprinted genes as well.
Main results and the role of chance: Both H19 and PHLDA2 showed a
significant change, respectively, a 1.3-fold (P = 0.033) and 1.5-fold (P = 0.002)
increase in mRNA expression in the IVF/ICSI versus control group. However,
we found no indication that there is an increased frequency of LOI in IVF/ICSI
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placental samples. Genome-wide mRNA expression revealed 13 significantly
overrepresented biological pathways involved in metabolism, immune
response, transmembrane signalling and cell cycle control, which were mostly
up-regulated in the IVF/ICSI placental samples.
Limitations, reasons for caution: Only a subset of samples was found to be
fully informative, which unavoidably led to lower sample numbers for our LOI
analysis. Our study cannot distinguish whether the reported differences in the
IVF/ICSI group are exclusively attributable to the IVF/ICSI technique itself or to
the underlying subfertility of the patients.
Wider implications of the findings: Whether these placental adaptations
observed in pregnancies conceived by IVF/ICSI might be connected to an
adverse perinatal outcome after IVF remains unknown. However, it is possible
that these differences affect fetal development and long-term patterns of gene
expression, as well as maternal gestational physiology.
Study funding/competing interest(s): Partly funded by an unrestricted
research grant by Organon BV (now MSD BV) and GROW School for Oncology
and Developmental Biology without any role in study design, data collection
and analysis or preparation of the manuscript. No conflict of interests to declare.
Trial registration number: Dutch Trial Registry (NTR) number 1298.
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Introduction
The placenta is a highly specialised and adaptive organ, which supports fetal
growth and development. Changes in placental development and function can
have dramatic effects on the fetus and its ability to cope with the intrauterine
environment. Placental adaptive responses that are triggered by in- or extrinsic
factors may have long-lasting consequences, as intrauterine growth and size at
birth are critical determinants for the successful adaptation to post-natal life.
The origin of chronic diseases in later life, such as hypertension, type 2 diabetes,
coronary heart disease and stroke, can be traced back to intrauterine growth,
according to the developmental origins of health and disease (DOHaD) concept
(Barker et al., 2009).
In human IVF/ICSI offspring, a lower birthweight (Pandey et al., 2012)
as well as characteristics of metabolic syndrome, such as vascular dysfunction,
increased systolic blood pressure, fasting glucose level and skin fold thickness
(Ceelen et al., 2007; Ceelen et al., 2008; Sakka et al., 2010; Scherrer et al., 2012),
have been reported. An important role for the placenta herein is plausible as
an increased frequency of placenta-related problems is observed in IVF/ICSI
derived pregnancies, such as an increased risk of hypertensive disorders of
pregnancy, placenta praevia, abruption and third trimester vaginal bleeding
(Pandey et al., 2012). Recently, a higher placental weight/birthweight ratio
among pregnancies conceived by assisted reproduction technologies (ART)
compared with spontaneous pregnancies was found, which persisted after
adjustment for length of gestation, offspring birthweight, parity, fetal sex,
maternal age, pre-eclampsia and diabetes (Haavaldsen et al., 2012).
Genomic imprinting plays an important role in placental biology and in
the placental adaptive responses (Sandovici et al., 2012). Imprinted genes, which
are expressed in a parent-of-origin-dependent way, are abundantly expressed
in the placenta and are indispensable for proper placental morphology and
function (Kawahara et al., 2009; Nelissen et al., 2011). Transcription of either
the paternal or the maternal gene is regulated by epigenetic marks, such as
DNA methylation, histone modifications or non-coding RNAs (Nelissen et al.,
2011). Around conception, genome-wide epigenetic reprogramming takes
place but imprinted genes are protected to preserve the parental imprints
in the developing embryo (Reik et al., 2001; van Montfoort et al., 2012). This
period of epigenetic reprogramming is known to be sensitive to epigenetic
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disturbances (Fraga et al., 2005; Jirtle et al., 2007), which might potentially make
ART treatment a risk.
An important question is whether IVF/ICSI induces epigenetic
deregulation of imprinted genes in placental tissue. Indeed, animal models have
shown that for instance preimplantation embryo culture can affect methylation
and expression of imprinted genes (Mann et al., 2004; Fauque et al., 2010; MarketVelker et al., 2010). Moreover, animal studies suggest that placental tissues are
more sensitive to preimplantation epigenetic disturbance of imprinted genes
than embryonic tissues (Mann et al., 2004; Rivera et al., 2008). This can lead to
abnormal placental development and function with possible consequences for
the developing fetus.
In humans, several studies performed in the oocyte, pre-implantation
embryo, peripheral blood, umbilical cord blood, amniotic membrane, cord and
buccal smears have shown conflicting data about epigenetic deregulation
(Geuns et al., 2003; Sato et al., 2007; Tierling et al., 2010; Feng et al., 2011; Hiura
et al., 2012; Oliver et al., 2012; Puumala et al., 2012; Huntriss et al., 2013). However,
these studies, although of great value, cannot easily be compared with each
other and transferred to placenta biology because genomic imprinting can
be tissue-specific, especially in extra-embryonic tissues (Tabano et al., 2010;
Prickett et al., 2012).
Only a few studies have focused on the epigenetic deregulation after IVF/
ICSI in human placenta. DNA methylation differences of imprinted genes and the
H19/IGF2 imprinting control region (H19 ICR1) have been reported (Katari et al.,
2009; Turan et al., 2010; Rancourt et al., 2012). In a previous study, we identified
aberrant DNA methylation at some differentially methylated regions (DMRs),
which in some cases did (H19) and some cases did not (MEST) lead to aberrant
gene expression (Nelissen et al., 2013). Therefore, it is important to not only
investigate DNA methylation, but also to focus on placental gene expression.
Furthermore, it is currently unknown whether the reported changes
in imprinted gene-expression are the result of loss of imprinting (LOI), i.e.
expression from the normally silenced allele. There is evidence that histone
methylation and non-coding RNAs rather than DNA methylation might be
important for imprinting maintenance in the mouse placenta (Lewis et al.,
2004; Wagschal et al., 2006; Pandey et al., 2008; Wagschal et al., 2008; Redrup et
al., 2009). Therefore, we investigated LOI, independently of the mechanism of
imprinting, using an allele-specific expression analysis.
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Besides imprinted genes, also non-imprinted genes are important for
placental development (Nelissen et al., 2011). Katari et al. found that in vitro
conception-associated DNA methylation differences are associated with gene
expression differences at both imprinted and non-imprinted genes (Katari et
al., 2009). Furthermore, it is known that gene expression changes in placental
transporter systems can be induced by intrinsic (i.e. genetic and developmental)
and extrinsic (i.e. environmental) factors (Sandovici et al., 2012).
Our hypothesis is that epigenetic aberrations occur in placental
tissue of IVF/ICSI patients compared with placental tissue of spontaneous
pregnancies. Therefore, we carried out a microarray analysis to investigate
genome-wide which pathways are deregulated in IVF/ICSI placentas. Regarding
the importance of imprinted genes in placental function, special attention was
given to several growth-related imprinted genes (H19, IGF2, PHLDA2, CDKN1C,
MEST isoform α and β) by analysing the expression in a larger number of samples
using quantitative real-time PCR (qPCR) after standardisation against three
housekeeping genes (SDHA, YWHAZ and TBP). Finally, a quantitative allelespecific expression analysis of the differentially expressed imprinted genes was
performed to investigate LOI, independent of the mechanism of imprinting.

Material and Methods
Study population and sample collection
In this prospective cohort study, IVF/ICSI patients were recruited at the IVF
centre of the Maastricht University Medical Centre (MUMC), The Netherlands,
after an ultrasound examination of a viable singleton pregnancy at 7 weeks’
gestation in the period between May 2008 and October 2009. Only pregnancies
resulting from fresh embryo transfers after standard IVF or ICSI procedures were
included. Excluded were patients who had performed PGD or required donor
gametes. IVF and ICSI treatments were performed as described previously
(Dumoulin et al., 2010), with the exception that in this study only Vitrolife G1.5
medium (Göteborg, Sweden) was used.
Non-IVF control pregnant couples were recruited during their
pregnancy in the period between April 2008 and July 2009 at the obstetric
outpatients’ clinic in the MUMC (52%) and at cooperating midwife practices

140

31777 Nelissen, Ewka.indd 140

14-01-15 09:55

Gene expression in IVF/ICSI conceived human placentas

(48%), and were defined as having conceived spontaneously without the use
of any kind of hormones, other medication or ART. Also in this group only
singleton pregnancies were included.
In both groups, saliva samples were collected from both parents for
genomic DNA extraction using the Oragene® DNA Self-Collection kit (DNA
Genotek Inc., Ottawa, Canada). Participants were not allowed to eat, drink,
smoke or chew gum for half an hour before producing the saliva sample (2 mL).
The couples were asked to fill in a short questionnaire about their height and
weight before pregnancy and the smoking and drinking habits of the woman
before and during the pregnancy.
Placental tissue was collected within 30 minutes after delivery of the
placenta by the gynaecologist, nurse or midwife according to a standardized
protocol. The biopsies (~5 mm3) were taken from the fetal side near the
umbilical cord insertion point, rinsed extensively in cold phosphate-buffered
saline to remove blood and stored in RNAlater® (Applied Biosystems/Ambion,
USA). The samples were sent to the department of Obstetrics & Gynaecology at
the Maastricht University Medical Centre together with a copy of the delivery
report. After receiving the samples, the amnion and chorionic membranes
were removed (which also served as an extra verification that the biopsies were
taken from the fetal side) and the villi were stored until further use at -20°C
according to the guidelines provided by the RNAlater manufacturer. Samples
from deliveries before 37 weeks’ gestation were excluded from analysis. Also
samples from patients with pregnancy complications, such as gestational
diabetes, hypertension and pre-eclampsia, or from children with birth defects,
were excluded.
This study was approved by the Ethical Review Board of the Maastricht
University Medical Centre and all participants gave written informed consent.

6

RNA isolation from placental tissues
Total RNA was extracted using Trizol reagent (Invitrogen, Carlsbad, USA)
according to the manufacturer’s instructions with some minor adaptations.
After adding 800 µL Trizol with 10% β-mercaptho-ethanol, the samples
were ground using a pestle and a mini bead beater (Biospec, USA). RNA was
precipitated with isopropyl alcohol at room temperature for 2 h and the RNA
pellet was washed three times with 70% ethanol. Total RNA was resuspended
in 20 µL RNAse free water and stored at -80°C. RNA quantity and quality were
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determined using a Nanodrop ND-1000 spectrophotometer (Nanodrop
Technologies, Wilmington, USA) and RNA integrity was measured using a
Bioanalyzer 2100 (Agilent technologies, Palo Alto, USA).
cDNA synthesis
After a DNAse I treatment (Invitrogen, Carlsbad, USA), total RNA was converted
to cDNA using the High Capacity cDNA Reverse transcription kit (Applied
Biosystems, Foster City, USA) according to the manufacturer’s instructions.

Quantitative PCR
Each cDNA sample was diluted 500 fold. All assays were run in triplicate in a
reaction mixture containing 1 µL of the diluted sample, 5 µL reaction buffer
of mesa green qPCR MasterMix plus for SYBR assay (Eurogentec, San Diego,
USA), 1 µL of each primer ([1µM]), 1.9 µL nuclease-free water and 0.1 µL UracilN-Glycosylase (UNG, Eurogentec). The investigated genes of interest were H19,
IGF2, PHLDA2, CDKN1C, MEST isoform α and β, which are all growth-related genes.
The primers are listed in Supplementary data, Table SI and were chosen to span
an exon-exon barrier wherever possible. qRT-PCR amplification was performed
using an Applied Biosystems Prism 7900 sequence detection system with the
following thermal cycler conditions: 2 min at 50°C for UNG treatment, 10 min
at 95°C to activate Taq polymerase and 40 cycles of denaturation at 95°C for 15
s and annealing and elongation at 60°C for 1 min. A dissociation curve analysis
was performed to verify the absence of genomic DNA contamination and to
control whether the reaction was specific for one PCR product.
The expression of each gene was related to the expression of a
combination of reference genes as described previously (Nelissen et al., 2013).
The mean of the Ct values of the reference genes SDHA, YWHAZ and TBP was
used as a normalisation factor and subtracted from the Ct values of the genes of
interest to obtain normalized Ct values (ΔCt). The fold change in expression of
each gene of interest was analyzed using the ΔΔCt method (Livak et al., 2001).
Microarray analysis
Two hundred nanogram of total RNA was amplified using the Ambion WT
Expression Kit (Life technologies, Carlsbad, CA, USA). The Affymetrix WT
Terminal Labeling Kit was used for fragmentation and labeling (Affymetrix, Santa
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Clara, USA). Hybridization was performed using 5 micrograms of biotinylated
target, which was incubated with the GeneChip® Human Gene 1.0 ST array
(Affymetrix) at 45⁰C for 16–18 h, covering 36,079 transcripts. After hybridization,
nonspecifically bound material was removed by washing and specifically bound
target was detected using the GeneChip Hybridization, Wash and Stain kit, and
the GeneChip Fluidics Station 450 (Affymetrix). The arrays were scanned using
the GeneChip Scanner 3000 7G (Affymetrix) and raw data were extracted from
the scanned images. The samples were processed in two separate batches of
both IVF/ICSI and control samples (4 IVF/ICSI + 2 controls and 6 IVF/ICSI + 8
controls).
Genomic DNA extraction from placenta and saliva
DNA from placental tissue was extracted using the Gentra PureGene tissue kit
(Qiagen, Venlo, the Netherlands) according to the manufacturer’s guidelines.
The AutoGenFlex STAR (Autogen, Holliston, USA) was used for fully automated
extraction of DNA from saliva samples according to the manufacturer’s
instructions.
Allele-specific expression analysis
Single Nucleotide Polymorphisms (SNPs) were used to distinguish between the
parental alleles of H19 and PHLDA2. Genotyping of SNPs in genomic DNA of
placental tissue and saliva samples from both parents, was done by PCR and
sequencing according to the Sanger (chain-termination) method. The PCR
primers, which contained an M13 tail for sequencing, and the analysed SNPs are
listed in Supplementary data, Table SII. PCR amplification of H19 was performed
using an initial denaturation step at 94°C for 3 minutes followed by 35 cycles
of denaturation at 94°C for 30 s, annealing for 40 s at 61°C and elongation at
72°C for 1 min. The program ended with a final extension step at 72°C for 10
min. For PHLDA2, the thermal cycling conditions were the same except for the
annealing temperature of 55°C, an elongation time of 3 min and 45 cycles of
amplification. DNA sequencing of the PCR products after amplification was
performed by using the Big Dye terminator cycle sequencing ready reaction
mix in combination with M13 primers and an ABI 3730 DNA Analyser (Applied
Biosystems).
In placental samples that were informative (i.e. the parental alleles
could be distinguished), the parent-of-origin-specific expression of imprinted
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genes was determined quantitatively by pyrosequencing of cDNA. All allelespecific expression analyses were performed in triplicate. Regions of interest
were amplified using 20 ng of cDNA, and 5 pmol of forward and reverse
primer, one of them being biotinylated. Sequences for oligonucleotides for
PCR amplification and pyrosequencing are given in Supplementary data, Table
SIII. Reaction conditions were 10X HIFI Platinum Taq buffer supplemented
with 25 mM MgCl2, 10 mM dNTPs and HIFI Platinum Taq (Life Technologies)
in a 25 µL volume. The PCR program consisted of a denaturing step of 4 min
at 95°C followed by 50 cycles of 30 s at 95°C, 30 s at the respective annealing
temperature and 15 s at 72°C, with a final extension of 4 min at 72°C. Ten µL of
PCR product was rendered single-stranded as previously described (Tost et al.,
2007) and 4 pmol of the respective sequencing primer was used for analysis.
Quantitative allelic expression analysis was carried out on a PSQ 96MD system
with the PyroGold Q96 Reagent Kit (Qiagen) and results were analyzed using
the PyroMark MD software (V1.0., Qiagen).
Statistical analysis
Statistical analysis was performed using SPSS software for windows version 20.0
(Statistical Package for Social Sciences, USA). To test differences, Student’s t-test
was used for continuous variables and the Chi-Square test was used for binary
variables. The difference in relative gene expression between both groups, as
analyzed by qPCR, was tested with the non-parametric Mann-Whitney U test. P
< 0.05 was considered significant.
Microarray data analysis was performed using the R statistical software
(http://cran.r-project.org/). A variety of established array specific quality control,
visualization, normalization and statistical methods were combined into one
workflow at the BiGCaT department (Eijssen et al., 2013). Additionally, we
corrected for batch as a possible covariate. Linear modelling using the limma
package was conducted to compute the genes that were significantly changed
between experimental groups, as defined by a p-value smaller than 0.05. These
genes were mapped to biological pathways using PathVisio (van Iersel et al.,
2008; Kelder et al., 2011). Using the statistics function in PathVisio, an ordered list
of Z-score ranked pathways was generated based on the overrepresentation of
member genes that were significantly changed between experimental groups.
All pathways with a Z-score higher than 1.96 were included in the biological
interpretation, which is comparable to a significance level of 0.05.
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Outlier detection for allele-specific expression was performed by using
tests available in the Outliers and the Extreme values packages developed for
the R statistical software (http://cran.r-project.org/). Several methods of outlier
detection were performed since they all have advantages and disadvantages.
The Grubb test (Grubbs, 1969) which is based on the assumption of normality
and the Dixon test (Dixon, 1950) which is distribution-free have been used
to detect individual outliers. Identified outliers were removed from the data
and the test was iterated until no further outliers were detected. However, the
iteration process can be prematurely stopped if one outlier masks a second
outlier (masking effect). The generalized Extreme Studentized Deviate (gESD)
test (Rosner, 1983) and the Loo tests (van der Loo, 2010) are designed to detect
one or more outliers simultaneously among data that follow an approximately
normal distribution. Samples exhibiting a modified Z-score (Iglewicz et al.,
1993) with an absolute value greater than 3.5 have been labelled as potential
outliers, as suggested by the authors.

Results
Sample collection and group comparison
A total of 115 IVF/ICSI and 138 control couples were included in the study after
having signed an informed consent (Figure I). In the IVF/ICSI group 34 couples
were excluded because either no biopsies were taken (n=29), samples were
collected after a stillbirth (n=1) or from patients with pregnancy complications
(n=2, hypertension and HELLP syndrome) or a preterm delivery (<37 weeks,
n=2), resulting in 81 placenta samples for analysis. The control group contained
only term deliveries and no patients with pregnancy complications. However,
in 32 cases no biopsies were taken and in one case there was a birth defect
(trisomy 18), which resulted in 105 placentas for analysis. In Table I parental
and neonatal characteristics from both groups are shown. With the exception
of the age of the parents, all characteristics are similar. During pregnancy, there
were two women (one in either group) who used alcohol sporadically and two
women in the IVF group who used recreational drugs on one occasion (data
not shown).
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IVF/ICSI
pregnancies
n=185
(May 2008 –
October 2009)

EXCLUDED
Twins, n=18
Abortion, n=31
PGD, n=5
PESA, n=1
EUG, n=1

Control
pregnancies
n=176
(April 2008 –
July 2009)

Declined to participate
n=14
Inclusions, n=115

Declined to participate
n=38
Inclusions, n=138

No samples, n=29

Samples, n=86
(65x icsi, 21x ivf)

No samples, n=32

Samples, n=106

Pregnancy
complications, n=2

Pregnancy
complications, n=0

Gestational age<37wk,
n=2

Gestational age<37wk,
n=0

Stillbirth, n=1

Birth defect, n=1

Selected
samples, n=81

Selected
samples, n=105
Failed quality control
qPCR, n=7
LOI, n=2

qPCR, n=74
LOI, n=79
Microarray, n=10

Failed quality control,
qPCR, n=13
LOI, n=12
qPCR, n=92
LOI, n=93
Microarray, n=10

Figure I Flowchart

Microarray analysis
Ten IVF/ICSI (6 males, 4 females) and 10 control (4 males, 6 females) samples
were randomly selected for microarray analysis. All indicators of sample
quality, hybridization quality, signal comparability and array correlation met
the quality control criteria, so that no array needed to be excluded from
the dataset. We corrected for batch as possible covariate. The number of
significantly differentially expressed genes (DEGs) between IVF/ICSI and
control placentas was calculated. There were 839 (47.5%) upregulated and 927
(52.5%) downregulated DEGs, which was comparable. Most DEGs showed a
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Table I Neonatal and parental characteristics
Birthweight (g)
Gestational age (weeks)
Z-score
Boys
Mother
Age (years)
BMI
Primipara
Smoking during pregnancy
0-9 cigarettes/day
≥10 cigarettes/day
Father
Age (years)
BMI

Control (n=105)
3501 ± 445
39.7 ± 0.9
-0.002 ± 0.95
54 (51.4)

IVF/ICSI (n=81)
3460 ± 576
40.0 ± 1.3
-0.12 ± 1.11
42 (51.9)

P-value
NS
NS
NS
NS

31.1 ± 4.6
24.1 ± 4.4
55 (52.4)
11 (10.5)
9 (8.6)
2 (1.9)

33.9 ± 4.1
23.9 ± 3.3
54 (66.7)
7 (8.6)
4 (4.9)
3 (3.7)

<0.001
NS
NS
NS

33.5 ± 5.1
25.2 ± 3.7

36.3 ± 5.8
25.8 ± 3.6

0.002
NS

Data are presented as numbers (%) or mean ± SD. NS; not significant. Student’s t-test.

fold change between -1.5 and +1.5. The number of DEGs >1.5 fold upregulated
or <1.5 fold downregulated was, respectively, 14 and 6.
Pathway analysis of the DEGs in placental tissue from IVF/ICSI and
spontaneous pregnancies revealed 13 significantly overrepresented biological
pathways, for instance the miRNA Regulation of DNA damage response,
cholesterol biosynthesis, one-carbon metabolism and electron transport chain
pathway. All 13 pathways and their calculated Z-scores are summarized in
Table II.

6

Gene expression analysis
The investigated genes of interest were H19, IGF2, PHLDA2, CDKN1C, MEST
isoform α and β, which are all growth-related genes. After quality control of
the qPCR results as described in the methods section, we excluded another 7
samples in the IVF/ICSI group and 13 in the control group (Figure I). The relative
expression levels of H19, IGF2, PHLDA2, CDKN1C, MEST isoform α and β were
obtained in 166 placental samples (92 in the control group and 74 in the IVF/ICSI
group) after standardisation against the housekeeping genes SDHA, YWHAZ
and TBP. Both H19 and PHLDA2 showed a significant increase in expression in
the IVF/ICSI versus control group, respectively 1.3-fold (P = 0.033) and 1.5-fold
(P = 0.002) (Figure II). Additionally, we performed a linear regression analysis per
imprinted gene with group (IVF/control), maternal and paternal age as possible
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covariates. Only group was significantly associated with gene expression of H19
and PHLDA2, while parental age was not.
Table II Pathways significantly overrepresented in the differentially expressed genes (DEGs) list
Pathway
RB in Cancer

Positive (r) Measured (n) Total
25

%

Z-score

98

104 25.51

6.58

Gastric cancer network I

8

26

29 30.77

4.37

One Carbon Metabolism

6

24

51 25.00

3.14

Heme Biosynthesis

3

8

28 37.50

3.13

DNA replication

8

40

50 20.00

2.88

Electron Transport Chain

15

96

118 15.63

2.87

Oxidative phosphorylation

10

56

69 17.86

2.81

Type III interferon signalling

3

10

11 30.00

2.61

Statin Pathway

6

29

46 20.69

2.59

Cholesterol Biosynthesis

4

16

33 25.00

2.56

12

80

106 15.00

2.41

Fluoropyrimidine Activity

6

31

44 19.35

2.40

TFs Regulate miRNAs related to cardiac
hypertrophy

3

12

16 25.00

2.22

miRNA Regulation of DNA Damage Response

miRNA; microRNA; RB; retinoblastoma protein; TF; transcription factors.

Allele-specific expression analysis
Next, we investigated whether the significantly increased expression of H19
and PHLDA2 in the IVF/ICSI placental samples was the result of LOI leading to
expression of the silent paternal allele. Pyrosequencing has a detection limit of
5% (Ogino et al., 2005). Therefore, we considered any result below 5% as technical
noise. For SNP rs10840159 the observed background signal was higher and the
threshold was set to 10%.
For the investigation of the imprinting status of PHLDA2, genomic DNA
from 172 placental samples was tested for heterozygosity at SNP rs1056819
(A/G); 46 samples were found to be informative. Saliva samples from the
corresponding 46 parent-couples were tested of which 21 appeared informative
(9 control and 12 IVF/ICSI). Quantitative allele-specific expression analysis of the
cDNA from 21 placental samples revealed LOI in 11 placental samples (52.4%),
varying from 6% to 13.6% paternal expression (Figure IIIA and IIIC). The mean
rate of paternal expression in the control group (n=5) was 10.1% compared with
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Figure II Relative gene expression of imprinted genes in placental tissue from spontaneous (control;
n=92) and IVF/ICSI pregnancies (n=74). Control group is set at one. * P < 0.05, ** P < 0.01.

11.2% in the IVF group (n=6), which was not significant (Mann-Whitney U-test).
According to the LOO I outlier detection method, two samples (242 and 103)
displayed abnormal paternal expression (Supplementary data, Table SIV). Both
samples belong to the IVF group.
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Figure III Allele-specific expression of PHLDA2 and H19 in term placental samples
The x-axis indicates the placental samples; percentage expression from each allele is indicated on the y-axis. Light gray bar indicates percentage of maternal expression; dark gray bar represents percentage of paternal-specific expression. PHLDA2 (A) was investigated at the SNP (rs1056819) and H19 (B) at four SNPs (rs2839701,
rs2839702, rs10840159 and rs217727). Black line represents the detection limit of 10% at SNP H19-rs10840159 and 5% at the other SNPs. C, controls; i, IVF/ICSI. In the
table (C), the total number of informative samples, samples with LOI and the mean percentages of paternal expression are shown (not significant, Mann-Whitney U
test).
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For the H19 LOI analysis, the placental genomic DNA was tested for
heterozygosity at four SNPs (C/G,rs2839701; G/T,rs2839702; A/G,rs10840159;
C/T,rs217727), 90 samples were found to be informative for at least one
SNP. Saliva samples from 180 parents were tested for heterozygosity and 52
sample-couples were informative. Quantitative allele-specific expression
analysis revealed differences among the investigated SNPs (Figure IIIB and
IIIC). LOI was observed in 18/23 (78.3%) samples at SNP rs2839702 (5.1% to
36.4% paternal expression) and in 30/33 (90.9%) samples at SNP rs10840159
(11.5% to 30.9% paternal expression). LOI was less common at SNP rs217727
(12/26, 46.2%) and rs2839701 (16/34, 47.1%), with paternal expression rates
ranging from 5.1% to 23.5% and 5.8% to 34.2%, respectively. Although the
mean rate of paternal expression appeared slightly higher in the IVF group at
three of the five investigated SNPs, the difference was not significant (Figure
IIIC). Supplementary data, Table SIV displays the summary of the outlier search
using univariate methods. Most tests defined sample 185 (IVF) and 214 (control)
as outlying samples. It is interesting to note, that sample 185 was defined as an
outlier at all informative SNPs (2/2) and 214 at two out of three SNPs (Figure
IIIB). In the 3rd SNP (rs2839702) of sample 214, the paternal expression was also
among the highest. Sample 218 (control) was only informative at one SNP, but
was found in several outlier tests. The characteristics of the LOI outliers were also
compared with the characteristics of the non-outliers (Table III), which revealed
no differences. Altogether, there is no evidence that there is more LOI in IVF
placental samples.

6

151

31777 Nelissen, Ewka.indd 151

14-01-15 09:55

Chapter 6

Table III Characteristics of loss of imprinting outliers in comparison with the non-outliers
Birthweight (g)
Range
Gestational age (weeks)
Range
Z-score
Range
Mother
Age (years)
Range
BMI
Range
Father
Age (years)
Range
BMI
Range

Outliers
3296 ± 442
2650 - 3860
39.5 ± 0.9
38.1 - 40.9
-0.40 ± 0.81
-1.440 - 0.598

Non-outliers
3507 ± 517
2360 - 5185
39.8 ± 1.1
37.0 - 41.9
-0.01 ± 1.04
-2.576 - 2.576

P-value
NS

34.3 ± 6.1
22 - 39
22.6 ± 2.3
20 - 26

32.0 ± 5.2
21 - 42
24.0 ± 4.0
18 - 43

NS

34.0 ± 5.5
25 - 38
24.7 ± 2.1
22 - 29

34.6 ± 5.6
20 - 58
25.5 ± 3.6
18 - 39

NS

NS
NS

NS

NS

Data are presented as mean ± SD. NS; not significant. Student’s t-test.

Discussion
Genome-wide mRNA expression analysis in placentas from IVF/ICSI derived
pregnancies and spontaneously conceived pregnancies revealed 13 significantly
overrepresented biological pathways. These pathways can be roughly clustered
according to their function into metabolism, immune response, transmembrane
signalling and cell cycle control as indicated by the cancer pathways. In the RB
in Cancer pathway, the BRCA1, CDK1 and CCNA2 genes were all upregulated
in the placental samples from the IVF/ICSI group. These genes play a role in
maintaining genomic stability and cell cycle control. Also in the Gastric Cancer
Network, DNA replication and miRNA Regulation of DNA damage response
pathway, all differentially expressed genes were upregulated and again
important for cell cycle control. This could imply that ART manipulations or the
parental subfertility lead to enhanced cell cycle control mechanisms, although
the cell cycle pathway itself was not significantly upregulated according to the
pathvisio analysis (10 out of the 100 genes in this pathway were significantly
altered between IVF and control placentas, z-score=0.81). Other affected

152

31777 Nelissen, Ewka.indd 152

14-01-15 09:55

Gene expression in IVF/ICSI conceived human placentas

pathways play a role in metabolism. In the cholesterol biosynthesis and heme
biosynthesis pathways, all differentially expressed genes were upregulated in
placental samples from the IVF/ICSI group. Cholesterol is of vital importance
for fetal development as a key constituent of cell membranes, precursor of
steroid hormones and metabolic regulators. The placenta regulates maternalfetal cholesterol transport and a disturbed regulation can lead to atherogenic
programming in the offspring (Palinski, 2009). Hemes are involved in oxygen
transport, detoxification and signal transduction processes (Ryter et al., 2000).
Most of the DEGs in the electron transport chain pathway (drives ATP synthesis)
and in the one-carbon metabolism pathway are also upregulated: the latter is
important for the production of purines and pyrimidines (required for synthesis
of DNA and RNA) as well as S-adenosylmethionine (substrate for e.g. DNA
methylation). Furthermore, the statin pathway and oxidative phosphorylation
pathway have DEGs that are both up- and downregulated. According to all these
altered metabolism pathways, an altered metabolic activity in placentas of IVF/
ICSI pregnancies might be an adaptive mechanism to ART-imposed stress or a
subfertility-induced deregulation, which potentially leads to a poorer outcome
in ART pregnancies. Our results are however still too preliminary to elucidate
these questions.
A small study by Zhang et al. (2010) investigated global gene
expression in three term placentas from IVF pregnancies compared with three
placentas from spontaneous pregnancies. They found 18 DEGs and classified
them according to their role in biological processes in immune response,
transmembrane transport, metabolism, oxidative stress, cell differentiation
and other processes. These pathways are strikingly comparable to those found
in our study. Furthermore, an extensive study on the placental transcriptome
after ART in mice also revealed comparable results. IVF techniques in mice
triggered the induction of genes involved in cellular proliferation and cell cycle
pathways and an alteration of gene expression involved in apoptotic pathways
(Fauque et al., 2010). They also observed a decrease in expression of genes
involved in the angiogenic signalling and immune response.
Subsequently, we analysed the gene expression of several placental
imprinted genes (H19, IGF2, PHLDA2, CDKN1C, MEST isoform α and β) in a
larger sample size (n=166) by qPCR. We chose to investigate these particular
genes as they are all growth-related genes and IVF children are known to
have a significantly lower birthweight (Pandey et al., 2012). MEST and IGF2 are
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paternally expressed genes, which favour placental and fetal development. In
contrast, H19, PHLDA2 and CDKN1C are maternally expressed and are growth
inhibitory genes (Tycko et al., 2002; Tycko, 2006). Both H19 (a non-coding RNA)
and PHLDA2 (the pleckstrin homology-like domain, family A, member 2 gene)
showed a significant increase, respectively of 1.3-fold and 1.5-fold, in expression
in the IVF/ICSI group. PHLDA2 expression was also upregulated according to our
microarray analysis (fold change 1.2; data not shown). Not entirely unexpected,
two growth inhibitory genes were upregulated in placental samples from
IVF/ICSI derived pregnancies. In human studies, an increased (1.3 to 2.8-fold)
PHLDA2 expression was found in the placenta of intrauterine growth restricted
(IUGR) babies (McMinn et al., 2006; Diplas et al., 2009; Kumar et al., 2012), and
an association between elevated placental PHLDA2 expression levels and low
birthweight was described (Apostolidou et al., 2007). However, it is important
to note that we did not find any significant differences in birthweight between
the groups. Additionally, Turan et al. found significantly lower transcripts of
both IGF2 and H19 in placentas from the in vitro group (Turan et al., 2010).
Several studies on epigenetic deregulation in placentas after IVF/
ICSI treatments focussed on DNA methylation as a possible cause for altered
gene expression of imprinted genes. In mice, a loss of H19 methylation and/
or an increase in the biallelic expression of H19 was found specifically in the
placenta after ovulation induction (Fortier et al., 2008) or embryo culture (Mann
et al., 2004; Rivera et al., 2008). Katari et al. investigated genes with methylation
differences in placental samples of in vitro or in vivo conceived children and
found that MEST and SERPINF1 showed a higher average transcript level in the
in vitro group (Katari et al., 2009). In our previous study, we found a reduced DNA
methylation level at the H19 and MEST DMRs, and an increased H19 expression
in placentas from pregnancies conceived by IVF/ICSI (Nelissen et al., 2013). A
correlation between H19 hypomethylation and increased expression was also
reported by Rancourt et al. (2012) in placentas from pregnancies achieved with
ovulation induction and/or IVF.
Next, we investigated whether the significantly increased expression of
H19 and PHLDA2 in the IVF/ICSI placental samples was the result of LOI leading
to expression of the silent paternal allele. To the best of our knowledge, LOI has
never been investigated in human IVF/ICSI placental samples before. LOI was
common at two SNPs of H19 (90.9% and 78.3% of placental samples showing
LOI) and less common at the other SNPs of H19 and PHLDA2 (46.2-52.4%).
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Although the mean LOI appeared slightly higher in the IVF group at three of
the five investigated SNPs, there was no difference in mean LOI between the
control group and the IVF group (non-parametric test). Our study shows that
LOI is common in placental samples (whether or not conceived via IVF) which
is in agreement with two previous reports (Lambertini et al., 2008; Rancourt
et al., 2013). Lambertini et al. found a wide range of LOI in human placenta
varying from 0 to 96% (with 25% of the informative polymorphisms showing
LOI>3%), depending on the gene (i.e. H19, IGF2, MEST) and additionally the
type of pregnancy complications (i.e. pre-eclampsia or IUGR). Rancourt et al.
(2013) found LOI of H19 in placentas of phenotypically healthy individuals,
while complete maintenance of IGF2 mono-allelelic expression was observed
in all these placental samples. Although there was a slightly higher mean LOI
in the IVF/ICSI placental samples, there are currently no indications that the
significantly increased expression of H19 and PHLDA2 in the IVF/ICSI placental
samples is related to a higher expression of the silent paternal allele. Possibly,
the smaller sample size in our LOI analysis, being dependant on the number of
informative heterozygous SNPs, could have influenced the significance of the
results. Certainly, this needs further investigation. The outlier analysis showed
no difference between the IVF/ICSI group and the control group.
How the differences in gene expression are regulated, what exactly
causes these differences and what the clinical relevance is, remains so far
unknown. The molecular mechanisms that underlie placental adaptations in
vivo are mostly unknown and are a challenge to study given the complexity
of the maternal-placental-fetal interactions. Placental adaptations may either
affect fetal development directly, or indirectly by changing the maternal
gestational physiology, for instance through an effect on maternal appetite or
maternal disease such as gestational diabetes and pre-eclampsia (Sandovici et
al., 2012). Even though we analysed the fetal side of the placenta that is derived
from trophoblast cells which have surrounded the in vitro exposed embryonic
cells, our study cannot distinguish whether the reported gene expression
differences in the IVF/ICSI versus control group are exclusively attributable to
the IVF/ICSI technique itself or to the underlying subfertility of the patients.
A shortcoming of our study is that only a subset of samples was
found to be fully informative for LOI analysis. Although comparable to another
study (Apostolidou et al., 2007), this implies less samples for LOI analysis and
therefore less conclusive power. Another issue is that there was no difference in
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birthweight between IVF/ICSI children and spontaneously conceived children,
and that placental related problems, i.e. pre-eclampsia and hypertension, were
excluded from our study. This could possibly explain the subtle differences
between groups and perhaps we have missed more severe differences with
this selection.
In conclusion, an altered gene expression occurs in placental tissue
of IVF/ICSI patients when compared with placental tissue of spontaneous
pregnancies in both non-imprinted and imprinted genes: the latter was
not due to LOI. Furthermore, several biological pathways were significantly
overrepresented and mostly upregulated in the IVF/ICSI placental samples.
Whether these are adaptations or deregulations, and whether these are
connected to the adverse perinatal outcome after IVF remains unknown.
However, it is imaginable that these differences have the potential to affect fetal
development either directly or indirectly by changing the maternal gestational
physiology. Altogether, these changes may lead to long-term patterns of fetal
gene expression that might be associated with an increased risk for (late onset)
diseases.
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General Discussion
Although multiple studies have associated singletons conceived after ART with
an adverse perinatal outcome (as described in the introduction), the underlying
etiology of this association is as yet unknown. We hypothesized that culturing
human embryos during the first few days of preimplantation development
influences the perinatal outcome. Hereafter, we investigated whether ART has
an effect on the epigenetic regulation of the human placenta.
The effect of culture medium on perinatal outcome
From animal studies it is clear that culture medium constituents are responsible
for birthweight differences in offspring (as described in the introduction).
However, in human ART there is still little knowledge of the effect of culture
media on birthweight.
In the first part of this thesis, we investigated whether in vitro culture
medium for human embryos during the first few days of preimplantation
development affects perinatal outcome. We confirmed that the type of
culture medium used had a significant effect on fetal development and mean
birthweight (adjusted mean difference between two commercially available
media, 112g). Our studies imply that ART-procedure related factors may be,
at least in part, the cause of the adverse perinatal outcome. Following our
studies, eight other groups compared different commercially available culture
media of which three also found a difference in birthweight (Eaton et al., 2012;
Vergouw et al., 2012; Carrasco et al., 2013; Eskild et al., 2013; Hassani et al., 2013;
Lin et al., 2013; Lemmen et al., 2014; Zhu et al., 2014a). Carrasco et al. (2013) is
the only study that compared the same media as we did. The difference was
not significant, but points in the same direction as in our study, namely that
in vitro culture in medium from Cook resulted in singletons with a lower mean
birthweight adjusted for gestational age and gender. Three studies reported
a difference in birthweight (Eskild et al., 2013; Hassani et al., 2013; Zhu et al.,
2014a). A large Norwegian retrospective population based cohort study
compared three different culture media (Medicult Universal, Medicult ISM1 and
Vitrolife G1TM PLUS) and investigated birthweight of singletons born after IVF
using the different culture media types consecutively during the study period,
whilst birthweight changes in the general population over time were taken
into account (Eskild et al., 2013). A small prospective randomized study from an
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Iranian group showed significant higher birthweights in singletons conceived
after culture in Medicult ISM1 compared with Vitrolife G1TM v5 (Hassani et al.,
2013). Recently, a Chinese group found that the protein source in culture medium
influenced z-scores but not absolute birthweights in IVF singletons (Zhu et al.,
2014a). This retrospective study investigated two types of medium which were
used alternately: Vitrolife G1TM v5 supplemented with 5mg/ml pharmaceutical
human serum albumin solution versus the ready-to-use Vitrolife G1TM PLUS
v5. Other studies comparing culture in, respectively, Vitrolife G1TM v3/Global/
G1TM v5 media, HTF/Sage Quinn’s advantage protein plus media, Vitrolife G1TM
v3/Cook K-SICM/Medicult ISM1, Vitrolife G5TM/Global/Sage Quinn’s advantage
media and Cook K-SICM/Medicult Embryoassist media did not show any
significant differences in mean birthweight between singletons cultured in the
different media (Eaton et al., 2012; Vergouw et al., 2012; Carrasco et al., 2013; Lin
et al., 2013; Lemmen et al., 2014).
The results of all these studies should be taken with care since all,
including ours, have limitations. First of all, so far no adequate RCT has been
performed. Our study was an RCT with quasi-random sequence generation, as
alternate allocation to one of two media was performed with two-sided allocation
concealment and blinding, which closely approaches optimal randomization.
All other studies had a retrospective, non-randomized design, except for the
small prospective studies of Hassani et al. (2013) and Carrasco et al. (2013). Only
the latter study randomized between two culture media identical to our study,
but their sample size was established to investigate clinical pregnancy rates
(Carrasco et al., 2013). Secondly, different culture medium types have been
compared and they were often used separately in time, which does not allow
correction for changes in population characteristics or birthweight trends over
time unless there is a control population. Thirdly, to detect small differences
in birthweight, studies with large sample sizes are needed. A sample size
calculation indicates that to be able to demonstrate a birthweight difference of
only 100g with a standard deviation of 565 g, a power of 80% and a significance
level of 0.05, an RCT including at least 4000 couples resulting in 1000 children
considering an average IVF pregnancy rate of 25% per cycle, is necessary. Such
an RCT is time consuming and costly. Last but not least, the focus of attention,
also in our study, is often directed towards birthweight and preterm birth.
These are feasible endpoints to assess the effect of ART on short and long term
morbidity. However, birthweight is a surrogate marker that can be influenced by
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numerous factors, thus requiring multiple regression analysis to control for all
known possible confounders, like parity, BMI, maternal weight gain, smoking,
alcohol consumption, pre-existing maternal disease, and duration and etiology
of subfertility. The disadvantage of the retrospective study designs is that
often not all of these parameters are recorded and thus cannot be corrected
for. Unfortunately, in the Netherlands data about maternal weight gain during
pregnancy, which is associated with fetal growth, are rarely recorded. On top of
this, humans are genetically very diverse which makes comparisons even more
difficult than for instance in genetically identical mouse models. Theoretically,
preterm birth can also have an iatrogenic cause via more rigorous obstetric
interventions in “precious” ART pregnancies. This however does not seem to be
the case (Romundstad et al., 2009). Low birthweight is related to gestational age
and as such also associated with prematurity. The fetal growth trajectory may
be a more informative endpoint. We have shown an effect of culture medium
on fetal growth rate (Chapter 3). However, this endpoint includes sonographic
parameters measured during pregnancy with possible intra- and interobserver
variability and sonographic weight formulas are known to have a limited
accuracy (Dudley, 2005). A more direct marker which measures the adverse
effect of culture medium and ART on perinatal outcome in humans so far is
lacking.
However, despite these limitations, there are more studies indicating
that ART-procedure related factors are at least partially responsible for the
adverse outcome in ART singletons. As described in the introduction, subfertility
plays a significant role in this adverse perinatal outcome. Nevertheless, even in
the same mother an ART singleton has a poorer outcome than its non-ART sibling,
indicating a risk attributable to ART per se (Pinborg et al., 2013). Interestingly,
singletons born after FET have a better perinatal outcome compared with
singletons born after fresh embryo transfer regarding low birthweight and
preterm birth, but a worse perinatal outcome compared with singletons born
after spontaneous conception. Singletons born after FET have an increased
risk of being large for gestational age (LGA), exceeding that of singletons born
after spontaneous conception (Sazonova et al., 2012; Nakashima et al., 2013;
Wennerholm et al., 2013). Even when one singleton sibling is born after fresh
transfer and the other after FET, the higher mean birthweight in singletons born
after FET remained even after adjustment for maternal age and birth order
(Henningsen et al., 2011). This implies that the cryopreservation techniques
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in combination with other patient-unrelated factors like minimal ovarian
stimulation or favourable endometrial effects, play a role in the developmental
potential of the embryo and the further intra-uterine growth. Concerning the
IVF/ICSI technique, a lower risk of preterm birth or low birthweight is seen in
ICSI versus IVF singletons (Pinborg et al., 2013), which could however be related
to more fertile mothers in ICSI cases when compared with IVF cases. Another
potential factor is the influence of the number of culture days. While there
is currently no culture medium available which is truly optimized for human
embryo development, it is fair to reason that culturing embryos for 5-6 days
until the blastocyst stage should incur a greater risk than culturing them for
2-3 days. In a recent large Canadian ART register analysis, the risk of preterm
birth (<37 weeks) was significantly increased in singletons after extended
embryo culture (blastocyst stage transfer on Day 5/6) compared with cleavage
stage (Day 3) transfer (Dar et al., 2013). These findings are in agreement with
two previous Swedish and American large cohort studies (Kallen et al., 2010;
Kalra et al., 2012). Other recent studies found a significant effect of prolonged
embryo culture (5-6 days) on birthweight and Z-scores of singletons (Makinen
et al., 2013; Zhu et al., 2014b). These large studies support our findings although
the effects of prolonged culture time might also be induced by other culture
conditions like oxygen level, mineral oil, culture dish etcetera.
In humans experimental designs are limited compared with animal
models for ethical reasons. For example, it is difficult to isolate the contribution
of specific ART-procedure related factors, for instance the effects of hormonal
stimulation from the effects of the IVF laboratory procedures, to the overall
risk of an adverse perinatal outcome after ART. Therefore, some factors related
to the ART itself remain inconclusive. For instance, hormonal stimulation
leads to multiple follicular maturation and corpus lutea which modifies the
endocrine profile, and may have a possible negative downstream effect on the
endometrium (Pelinck et al., 2010). Singletons after ovulation induction with IUI
appear to have a better outcome than IVF singletons, which can be attributed
to more aggressive ovarian stimulation regimens or again to a negative impact
of the IVF laboratory procedures (Wang et al., 2002; De Sutter et al., 2005).
Moreover, fresh embryo transfer after IVF with ovarian stimulation resulted in
a significantly lower birthweight compared with IVF in a modified natural cycle
or FET, both with less ovarian stimulation (Pelinck et al., 2010; Nakashima et al.,
2013; Pinborg et al., 2013). It appears that hormonal stimulation has a role in the
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adverse perinatal outcome after ART. In contrast to this, several studies found
no association between the total dose of gonadotrophins or the number of
oocytes retrieved and obstetric outcome (Chung et al., 2006; Griesinger et al.,
2008; Sazonova et al., 2011). Possibly, hormone levels during ART, for instance
estradiol, are more relevant than total dose of gonadotrophins or number of
oocytes. Imudia et al. (2012) found that elevated peak serum E2 levels on the
day of hCG administration during COH was associated with greater odds of
developing pre-eclampsia and a SGA infant in singleton pregnancies, while
there was no difference in the total dose of gonadotrophins (Imudia et al., 2012).
In conclusion, our studies along with other studies have shown that
ART-procedure related factors, beside subfertility, play a role in the adverse
perinatal outcome in ART singletons. The causes of the poorer outcome in ART
singletons are probably multifactorial with culture medium being at least one
of the factors responsible.
The role of epigenetic deregulation of the placenta in the adverse perinatal
outcome after ART
In the second part of the thesis, we investigated in humans whether ART has
an effect on the epigenetic regulation of the placenta, which might be an
explanation for the reported adverse perinatal outcomes. Chapter 4 highlights
the importance of the placenta for intrauterine growth and development
and the requirement of a proper epigenetic regulation of both imprinted and
non-imprinted genes. We found a reduced DNA methylation level at the H19
and MEST differentially methylated regions (DMRs), and an increased RNA
expression of H19 and PHLDA2 in placentas from pregnancies conceived by
IVF/ICSI when compared with placentas from spontaneous conception. These
are all placental growth-related genes. However, there was no indication for
more LOI in IVF/ICSI placental samples according to our quantitative allelespecific expression analysis. Furthermore, genome-wide mRNA expression
analysis revealed 13 significantly overrepresented biological pathways, which
are involved in metabolism, immune response, transmembrane signalling and
cell cycle control. Most were upregulated in the IVF/ICSI placental samples.
Our studies have shown that human placentas display epigenetic
disturbances after ART when compared with placentas from spontaneous
pregnancies. It is unknown whether our found epigenetic effects are caused
by culture medium as we investigated placentas from ART and spontaneous
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pregnancies. However, in our culture medium study (Chapter 3) fβ-hCG
measured at around 12 weeks’ gestation was found to be significantly higher
after culture in Vitrolife medium than in Cook medium. As hCG is produced
by the syncytiotrophoblast cells, the reported birthweight difference could be
caused by a placental effect.
Besides our studies, only a few others have focused on epigenetic
deregulation after ART in the human placenta. In placentas after ART
treatments, DNA methylation differences have been reported of imprinted
and non-imprinted genes (Katari et al., 2009; Rancourt et al., 2012) and at the
H19/IGF2 imprinting control region (H19 ICR1) (Turan et al., 2010). A correlation
between H19 hypomethylation and increased expression was, as in our study,
reported by Rancourt et al. (2012), but not by Turan et al. (2010). Katari et al.
(2009) showed that several of the genes whose expression differed between
the in vitro and in vivo groups are known to affect adipocyte development and
differentiation, insulin signalling, and obesity. A qualitatively poor study found
no differences in gene expression of several imprinted genes (Katagiri et al., 2010).
Furthermore, another small study found an altered global gene expression in
three term placentas after ART compared with three placentas of spontaneous
pregnancies (Zhang et al., 2010). They found 18 differentially expressed genes
and classified them according to their role in biological processes in immune
response, transmembrane transport, metabolism, oxidative stress, cell
differentiation and other processes. These pathways are strikingly comparable
to those found in our study. Although our findings are in agreement with the
findings of these studies, it is difficult to translate these epigenetic alterations
to their clinical significance, as often no reduced birthweight was found. Other
placental epigenetic studies, not involving ART, have shown that an increased
PHLDA2 expression was found in the placenta of intrauterine growth restricted
(IUGR) babies (McMinn et al., 2006; Diplas et al., 2009; Kumar et al., 2012), and
an association between elevated placental PHLDA2 expression levels and low
birthweight was described (Apostolidou et al., 2007).
The epigenetic alterations in the placenta can be seen as placental
adaptations to withstand environmental cues without compromising fetal
supply or as a deregulation leading to adverse developmental programming of
the fetus. Placental deregulation may either directly affect fetal development or
indirectly by changing the maternal gestational physiology, for instance through
an effect on maternal metabolism or gestational disease like gestational diabetes
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and pre-eclampsia (Sandovici et al., 2012). More and more, it has become clear
that the placenta is not just a passive organ mediating maternal-fetal exchange,
it is able to adapt to intrinsic and extrinsic factors.
In humans, an increased frequency of placenta-related problems is
observed in IVF/ICSI derived pregnancies, such as an increased risk of hypertensive
disorders of pregnancy, placenta praevia, abruption and third trimester vaginal
bleeding (Pandey et al., 2012). Also, enlarged placentas and high placental
weight in relation to birthweight, which persisted after adjustment for length of
gestation, offspring birthweight, parity, fetal sex, maternal age, pre-eclampsia
and diabetes (Haavaldsen et al., 2012), and a significantly higher mean placental
thickness was found among pregnancies conceived by ART compared with
spontaneous pregnancies (Joy et al., 2012). By using transmission-electron
microscopy, a small study revealed a mild alteration of the placental barrier in
ART-derived placentas (Zhang et al., 2011). They found degenerative alterations
of the terminal villi, mainly in syncytiotrophoblasts, including a thicker placental
barrier, decreased apical microvilli and increased multiple vacuoles, which may
suggest an effect on transplacental transports and exchanges.
Other human studies performed in a variety of tissues, i.e.
preimplantation embryo, umbilical cord blood, amnion membrane, cord,
buccal smear and peripheral blood from ART infants, have shown conflicting
data with respect to ART induced alterations in methylation and expression
of genes (Geuns et al., 2003; Tierling et al., 2010; Feng et al., 2011; Hiura et al.,
2012; Oliver et al., 2012; Puumala et al., 2012; Huntriss et al., 2013). It is possible
that the ART offspring is developmentally programmed by subtle epigenetic
aberrations, which may be hard to detect due to normal variation unless very
large groups are investigated. In none of these studies, an association between
epigenetic disturbances and birthweight was found. This is not strange as
birthweight is a surrogate marker for outcome, as explained earlier, and it does
not exclude the possibility of developmental programming in ART offspring.
Also, a recent study showed that mice fetuses displayed a rapid catch-up growth
during the second half of gestation and no birthweight difference were seen
between IVF and control animals, while in the IVF group a modified placental
transport was found (Bloise et al., 2012). This again indicates that birthweight is
a poor marker for the adverse effect of ART. A more direct marker of epigenetic
disturbance which truly denotes an adverse effect of ART in humans would be
crucial. However, such a marker needs yet to be discovered. Moreover, there
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are some methodological and biological limitations. These include varied
methylation assays (sometimes limited to 1–2 CpGs), non-allelic analyses,
missing controls, small sample sizes, oocyte, embryo, and tissue pooling, the
use of discarded/failed human reproductive samples (non-fertilized oocytes,
fragmented embryos or chorionic villus samples of human abortions and
stillbirths), age (preimplantation, midgestation, term and childhood), and type
of tissue (i.e. embryo, placenta and peripheral blood cells), type of infertility,
as well as patient characteristics (parental age, smoking, and obesity). Lastly,
accumulating evidence has shown the importance of histone methylation and
non-coding RNAs rather than DNA methylation in imprinting maintenance in
the mouse placenta (Lewis et al., 2004; Wagschal et al., 2006; Pandey et al., 2008;
Wagschal et al., 2008; Redrup et al., 2009). Also in human placental development,
emerging evidence suggests that non-coding RNAs act as important gene
regulators (Fu et al., 2013; Buckberry et al., 2014).
How can culture medium cause epigenetic alterations? A possible
explanation could be through an in vitro culture-induced effect upon the cell
metabolism of the embryo. For instance, Banrezes et al. found that the postnatal growth rates of mice could be increased or decreased by experimentally
manipulating the redox potential and mitochondrial activity after fertilization
in 1-cell embryos (Banrezes et al., 2011). This suggests that a disturbed cell
metabolism may lead to epigenetic reprogramming with postnatal phenotypic
effects. Interestingly, a recent study showed that slower developing embryos
were most similar to in vivo controls, while faster embryos displayed a greater
embryo volume, cell number and a deregulation of imprinted en metabolic
gene expression (Market Velker et al., 2012).

7

Wider implications
There is a growing concern about the safety of ART. According to the
developmental origins of health and disease (DOHaD) hypothesis, exposure to
an abnormal environment in pregnancy (or even during the preimplantation
period) can predispose the individual to chronic diseases later in life, such as
hypertension, type 2 diabetes, coronary heart disease and stroke (Barker et al.,
2009). A plausible explanation for DOHaD is epigenetic deregulation, which can
lead to adverse developmental programming of the fetus. Epigenetic changes
can even be transmitted to future generations in animal models (Skinner et al.,
2010). This may imply a serious health risk for ART offspring worldwide.
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Studies have shown that in utero exposure to religious fasting or a
period of famine, such as during the Dutch Hunger Winter, can influence the
size and efficacy of the placenta (Alwasel et al., 2010; Roseboom et al., 2011)
and can cause persistent epigenetic differences in individuals conceived during
the famine (Heijmans et al., 2008). Indeed, evidence is accumulating in several
species that both the fetal growth trajectory and its adaptive responses to
the prenatal and postnatal environment may already be determined in the
period around the time of conception (Kwong et al., 2000; MacLaughlin et al.,
2005; Bloomfield et al., 2006; Rumball et al., 2009). Also, in the liver of both rats
and sheep epigenetic alterations were seen after periconceptional maternal
undernutrition (Kwong et al., 2006; Sinclair et al., 2007). Characteristics of the
metabolic syndrome like vascular dysfunction, increased systolic blood pressure,
increased fasting glucose level and skinfold thickness, have been reported in
both human (Ceelen et al., 2007; Ceelen et al., 2008; Sakka et al., 2010; Scherrer
et al., 2012) and mouse ART progeny (Fernandez-Gonzalez et al., 2004; Watkins
et al., 2007; Scott et al., 2010). Furthermore, ART induces vascular dysfunction in
normal mice and also a shortened life span when challenged with a high-fat diet
compared with control animals (Rexhaj et al., 2013). They used culture media
commonly used during ART in humans and culture time needed to obtain 2-cell
embryos was sufficient to cause these changes. Progeny of male ART mice also
exhibited vascular dysfunction and arterial hypertension suggesting underlying
epigenetic modifications (Rexhaj et al., 2013). Altogether, this suggests that the
composition of IVF culture media is crucial during this sensitive period, as well
as maternal nutrition during conception in spontaneous pregnancies.
In animals, phenotypic differences after ART are often more pronounced
after in vitro culture, for instance the large offspring syndrome seen in sheep and
cattle. In humans, these phenotypic differences, such as birthweight, appear less
pronounced. However, the apparently normal newborn infants after ART might
be carrying lifetime health risks. We found that the effect of culture medium
during the first few days after fertilization on fetal growth and birthweight
persisted during the first 2 years of life (Kleijkers et al., 2014). We believe it is the
responsibility of the IVF practitioners to inform patients of the potential risks.
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Conclusion and future prospects
Worldwide, the number of IVF children increases every year, while the etiology
of the adverse perinatal outcome of singletons conceived after ART is still
incompletely understood. Subtle epigenetic alterations may account for the
phenotypic differences, such as birthweight, or possibly long-term health risks.
Safety of ART is of vital importance, however research in this field has been
very limited so far. In order to promote embryo growth in vitro, commercial
culture media are supplemented with growth factors, antioxidants, cytokines
and vitamins, while full knowledge of human embryo requirements is lacking.
Furthermore, the exact composition of commercial IVF culture media systems
is usually proprietary. Culture media manufacturers need to disclose the exact
composition of their media, including concentrations of components, to enable
comparison of culture media. All IVF clinics need to consider the safety of
future changes to culture media composition and laboratory protocols before
introducing them into the clinical setting. Also, they should further investigate
the effects of those already introduced. Most importantly, we believe that ART
patients and their offspring should be fully informed of the potential risks.
Further research should focus on the comparison of culture media in
terms of embryo viability, pregnancy rates and especially perinatal and longterm outcome. Currently, a multi-centre RCT is carried out in the Netherlands
to further investigate the role of culture medium in human ART with respect to
the above outcome parameters. However, the primary outcome of this RCT is
live birth rate which means that this RCT is not powered to detect differences in
birthweight (or even long-term side effects). Large RCTs are therefore needed
to investigate commercially available culture media and possible additives (like
growth factors) in order to prove their safety with regard to perinatal outcome
and epigenetic modifications. To investigate epigenetic modifications, placental
tissues from both humans and animals can be obtained from pregnancies
after fresh and frozen embryo transfer, and compared with placentas from
spontaneous pregnancies. In humans, these placentas can even be compared
with placentas from spontaneous pregnancies in subfertile couples. An
interesting alternative comparison group includes siblings conceived with and
without ART. As fetal (trophoblast) DNA and mRNA is present in maternal blood,
this could provide another research tool to investigate epigenetic aberrations
in ART pregnancies. Herewith, high risk pregnancies could perhaps be detected
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and monitored more closely in view of the adverse perinatal outcome. More
fundamental research, which requires trophoblast cell lines and animal models,
is needed to elucidate the involvement of histone modifications and non-coding
RNAs in placental gene regulation. The molecular mechanisms that underlie
placental adaptations in vivo are mostly still unknown and are a challenge to
study given the complexity of the maternal-placental-fetal interactions. Also,
further research of epigenetic regulation in gametes and preimplantation
embryos is necessary. Finally, long term follow up studies of all children born
after ART are needed to investigate the true risks for chronic diseases in later life.
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Why is this thesis relevant?
In this valorisation paragraph, I want to consider the potential impact of our
research and to valorise what is of societal and economic value.
Relevance
The number of IVF children increases every year, while the etiology of the
adverse perinatal outcome of singletons conceived after assisted reproduction
technology (ART) is still incompletely understood. In humans, these phenotypic
differences, such as birthweight, appear less pronounced than in animals.
However, the apparently normal newborn infants after ART might be carrying
lifetime health risks. Safety of ART is of vital importance, however research in
this field has been very limited so far. We have shown that the type of culture
medium used has a significant effect on fetal development and birthweight.
Moreover, human placentas display epigenetic disturbances after ART when
compared to placentas from spontaneous pregnancies.
Although ART has led to substantial knowledge of human embryology,
it has also turned into a multi-million dollar industry. Worldwide, ART is mainly
provided in the private health care sector. IVF clinics want to deliver as many
healthy babies as possible. But as in some countries success rates of IVF clinics are
published, ranking ART clinics according to their success rates in league tables
could increase the pressure to use the latest technology in order to achieve
the best results. IVF patients are very www-literate, so ART clinics may also be
under strong pressure from patients to go ahead with innovations if expected
benefits were already set out on the web or in the press. In ART there are many
examples of new technologies and methods which have been introduced in
clinical practice without appropriate evidence-base to show that the procedure
is safe and beneficial to the patient, that it is cost-effective, and that its benefits
outweigh its potential harms, for instance DHEA administration to ‘rejuvenate’
old eggs, time-lapse monitoring of embryo development, endometrial
‘scratching’, assisted hatching, in vitro maturation, blastocyst transfer, vitrification
and preimplantation genetic screening (PGS) (Harper et al., 2012). Furthermore,
changes to culture media composition (supplementation with growth factors,
antioxidants, cytokines and vitamins), stimulation regimens and laboratory
protocols are often established internationally without adequate validation.
“Assisted reproduction has been technologically driven rather than evidence
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based. Treatment tends to be empirical, and existing evidence can be ignored
in favour of novel interventions” (Bhattacharya et al., 2001).
Target groups
The results of this thesis are interesting for IVF professionals, culture medium
manufacturers, pharmaceutical and other industries, health economists and
health care providers/insurers, politicians and the European Society of Human
Reproduction and Embryology (ESHRE). Together we need to determine what
the best course of action is. Above all, our research results are of interest to
patients. What do patients want? Why do they accept or even insist on receiving
treatments without any evidence? Are patients aware of the adverse outcome
after ART or of the possible long-term health effects? Do they care? Infertility
couples belong to a very vulnerable group. They will do everything to achieve
their goal, a baby. They should not be exploited.
Activities/innovation
All our results have been published in high-ranking scientific research journals. We
have had the opportunity to discuss our findings nationally and internationally to
gain more attention for this important topic. This has led to more and more research
groups worldwide investigating the effect of culture medium on human perinatal
outcome. In the Netherlands, a multi-centre trial has been initiated comparing
two commercially available culture media with respect to live birth rate and
perinatal outcome. We played a role in the formation of the ESHRE working group
on culture media with members from the special interest groups Embryology,
Safety and Quality in ART, and Genetics. This working group held meetings with
the largest ART culture media producers to encourage constructive co-operation
over transparency, composition and quality control parameters. Regular expert
meetings for instance organised by ESHRE, should raise global awareness and the
development of recommendations and official guidelines.
The possibility that media and other culture conditions are partly
responsible for an adverse perinatal outcome in IVF children should not
be ignored. The extend of this adverse outcome however is still uncertain.
Therefore, larger studies are required to investigate the etiology of this adverse
perinatal outcome. Culture media manufacturers need to disclose the exact
composition of their media, including concentrations of components, to enable
a better comparison of culture media.

8
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Schedule and implementation
IVF professionals need to consider the safety of future changes to culture
media composition, stimulation regimens and laboratory protocols before
introducing them into the clinical setting. New technologies should be
evaluated for effectiveness, safety and cost-effectiveness. Also, they should
further investigate the effects of those technologies that have already been
introduced. We need more relevant preclinical testing, preferably using a more
appropriate test than the mouse embryo assay. Subsequently, human embryos
should be made available for research, and research should be performed on
human eggs/sperm or embryos donated for research. This should be followed by
large clinical trials with follow-up of IVF pregnancies and children. Innovation is
important, however we need to be critical before introducing these innovations
in human ART.
According to EU regulations, culture media intended for use in the IVF
process to support the growth and/or storage of embryos are generally to be
considered as Class III medical devices (EU Manual, 2014). These medical devices
must meet certain essential requirements that are set out in the Medical Devices
Directive 93/42/EEC and further explained in an EU Guideline (2014). In these
guidelines it is stated that culture media must be CE (European Conformity)
marked and that pre-clinical testing (including tests for genotoxicity,
carcinogenicity and reproductive toxicity) should be performed in order to
evaluate the risk due to the IVF product (e.g. culture media). Furthermore,
manufacturers of such medical devices must perform pre-clinical and clinical
evaluations and should plan a post-market clinical follow-up programme in
order to provide the clinical safety and performance data on the use of the
culture medium in clinical practice.
In view of the results described in this thesis, we hope to achieve
more awareness for the existing legislation and most importantly its clinical
implementation. Tighter regulation of the production of IVF culture media via
national and European legislation is required to eventually disclose the exact
composition of media.
Lastly, we believe that ART patients and their offspring should be fully
informed of the adverse outcome after ART and the possible long-term health
effects. A patient-preference investigation could enhance our knowledge on
what patients want with regard to this very important topic.
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Summary
Chapter 1 provides a general introduction, as well as the outline of this thesis.
The etiology of the adverse perinatal outcome of singletons conceived after
assisted reproduction technology (ART) is still incompletely understood, even
after all these years of ART use. In humans, these phenotypic differences, such
as altered birthweight, appear less pronounced than in animals. However, the
apparently normal newborn infants after ART might be carrying lifetime health
risks. Although safety of ART is of vital importance, research in this field has
been very limited so far. This thesis focuses on the effects of ART in humans on
adverse perinatal outcome. We wished to gain more insight into its etiology
and find ways to improve the safety of ART in the future. The first aim of the
thesis was to investigate whether in vitro culture of human embryos during
the first few days of preimplantation development affects perinatal outcome.
The second aim of the thesis was to evaluate whether ART has an effect on the
epigenetic regulation of the human placenta.
In Chapter 2, we evaluated the effect of in vitro culture medium on human
perinatal outcome by comparing these outcomes in singleton pregnancies
after alternative usage of two commercially available sequential media systems.
Data on a cohort of 294 live born singletons conceived after transfer of fresh
embryos during any of a patient’s IVF treatment cycles, as well as data of 67
singletons conceived after frozen embryo transfer (FET) and of 88 children
of 44 twin pregnancies after fresh transfer were analysed. In vitro culture in
medium from Cook resulted in singletons after fresh transfer with a lower
mean birthweight (adjusted mean difference, 112 grams, P = 0.03), and in more
singletons with low birthweight (LBW) <2500g (P = 0.006) and LBW for GA ≥ 37
weeks (P = 0.015), when compared with singletons born after culture in medium
from Vitrolife AB. Gestational age at birth was not related to the medium used
(adjusted difference, 0.05 weeks, P = 0.83). Among twins in the Cook group,
higher inter-twin mean birthweight disparity and birthweight discordance were
found. Our findings supported our hypothesis that culture medium influences
perinatal outcome of IVF singletons and twins. A similar trend was seen in case
of singletons born after FET. These results indicate that in vitro culture might
be an important factor explaining the poorer perinatal outcome after assisted
reproduction technology (ART).
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In Chapter 3, the impact of embryo culture media on fetal growth patterns,
with particular focus on the onset of growth divergence, was investigated in
a previously described cohort of singletons conceived after fresh transfer, as
abnormal fetal growth patterns are a major risk factor for the development
of chronic diseases in later life. We analysed ultrasound examinations at 8 (n
= 290), 12 (n = 83) and 20 weeks’ (n = 206) gestation and used first-trimester
serum markers [pregnancy-associated plasma protein-A (PAPP-A) and free
β-hCG]. At 8 weeks’ gestation, there was no difference between crown-rump
length-based and ovum retrieval-based gestational age (ΔGA) (nVL = 163, nC =
122, adjusted mean difference, -0.04 days, P = 0.84). At 12 weeks’ gestation,
ΔGA, nuchal translucency (multiples of median, MoM) and PAPP-A (MoM)
did not differ between the study groups. Free β-hCG (MoM) ± SEM differed
significantly (1.55 ± 0.19 in Vitrolife versus 1.06 ± 0.10 in Cook; P = 0.031). At 20
weeks’ gestation, a more advanced GA, reflecting an increased fetal growth, was
seen at ultrasound examination in the Vitrolife group (n = 115) when compared
with the Cook group (n = 91). After adjustment for confounding factors, both
the difference between GA based on three biparietal diameter dating formulas
minus the actual (ovum retrieval based) GA (adjusted mean difference +1.14
days (P = 0.04), +1.14 days (P = 0.04) and +1.36 days (P = 0.048), as well as head
circumference (HC) and trans-cerebellar diameter (TCD) were significantly
higher in the Vitrolife group (HCvl 177.3mm, HCc 175.9mm, adjusted mean
difference 1.8, P = 0.03; TCDvl 20.5mm, TCDc 20.2mm, adjusted mean difference
0.4, P = 0.008). In conclusion, differences in fetal development after culture of
embryos in one of two IVF media were apparent as early as the second trimester
of pregnancy. This study indicates that the embryonic environment is already
important for fetal development.
Chapter 4 reviews the knowledge in the field of epigenetics in relation to
placental development and function. Studies in both animals and humans
have made it increasingly clear that proper epigenetic regulation of both
imprinted and non-imprinted genes is important in placental development. Its
disturbance, which can be caused by various environmental factors, can lead to
abnormal placental development and function with possible consequences for
maternal morbidity, fetal development and disease susceptibility in later life.

9

187

31777 Nelissen, Ewka.indd 187

14-01-15 09:55

Chapter 9

In Chapter 5, we investigated the possible effect of ART on the epigenetic
regulation of human placentas. Placental tissue was collected from 35
spontaneously conceived pregnancies and 35 IVF/ICSI (5 IVF, 30 ICSI) derived
pregnancies. We quantitatively analysed the DNA methylation patterns of
a number of consecutive CpGs in the core regions of several differentially
methylated regions (DMRs) involved in parent-of-origin specific expression of
imprinted genes, since these are involved in placental and fetal growth and
development. Both the promoter region of MEST isoform α and β and the 6th
CTCF binding site within the H19 DMR were significantly hypomethylated
in the IVF/ICSI group. The phenomenon was consistently observed over all
CpG sites analysed and not restricted to single CpG sites. The other primary
and secondary DMRs were not affected. Expression of H19 was increased in
the IVF/ICSI group, while that of IGF2 and MEST remained similar. The clinical
effects of the observed placental hypomethylations on the developmental
programming of the IVF/ICSI progeny, if any, are as yet unknown. Whether the
hypomethylation is an adaptation of the placenta to maintain fetal supply and
ameliorate the effects of environmental cues, or whether it is a deregulation
leading to deranged developmental programming with or without increased
vulnerability for disease, consistent with the developmental origins of health
and disease (DOHaD) hypothesis, needs further investigation.
To further explore the effect of ART on the epigenetic regulation of the human
placenta, in Chapter 6 we carried out a microarray analysis (n=10 in each
group) to investigate genome-wide which pathways are deregulated in IVF/
ICSI placentas. The study revealed 13 significantly overrepresented biological
pathways involved in metabolism, immune response, transmembrane
signalling and cell cycle control, which were mostly up-regulated in the IVF/
ICSI placental samples. Further, regarding the importance of imprinted genes
in placental function, special attention was given to several growth-related
imprinted genes (H19, IGF2, PHLDA2, CDKN1C, MEST isoform α and β) by analysing
the expression in a larger number of samples using quantitative real-time PCR
(qPCR) after standardisation against three housekeeping genes (SDHA, YWHAZ
and TBP). For the genes that were differentially expressed, a quantitative allelespecific expression analysis was performed to investigate loss of imprinting
(LOI), independent of the mechanism of imprinting. In this prospective
cohort study, respectively, 81 and 105 placentas from IVF/ICSI and control
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pregnancies remained for analysis after applying several exclusion criteria
(i.e. preterm birth or stillbirth, no placental samples, pregnancy complications
or birth defects). Saliva samples from both parents were used to distinguish
parental alleles. Both H19 and PHLDA2 showed a significant change in gene
expression, respectively, a 1.3-fold (P = 0.033) and 1.5-fold (P = 0.002) increase
in mRNA expression in the IVF/ICSI versus control group. However, we found
no indication that this increased expression is due to an increased frequency
of LOI in IVF/ICSI placental samples. Whether these epigenetic alterations in
placentas from pregnancies conceived by IVF/ICSI might be connected to an
adverse perinatal outcome after IVF remains unknown. However, it is possible
that these differences affect fetal development and long-term patterns of gene
expression, as well as maternal gestational physiology.
Chapter 7 presents a discussion of the findings of this thesis within the context
of recent literature. Conclusions of this thesis, wider implications and future
prospects are given.
Chapter 8 provides a valorisation paragraph to consider the potential impact of
our research and to valorise what is of societal and economic value.
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Samenvatting
Hoofdstuk 1 geeft een algemene inleiding alsook een overzicht van het
proefschrift. De etiologie van de slechtere perinatale uitkomst van eenlingen
verwekt na geassisteerde voortplanting (ART) is nog onvolledig bekend, zelfs na
al die jaren van toepassing. Bij de mens lijken de fenotypische verschillen, zoals
een veranderd geboortegewicht, minder uitgesproken dan bij dieren. Echter
de ogenschijnlijk normale pasgeborenen na ART, dragen mogelijk levenslange
gezondheidsrisico’s met zich mee. Hoewel de veiligheid van ART van groot
belang is, is onderzoek op dit gebied tot nog toe zeer beperkt. Dit proefschrift
richt zich op de rol van ART in de slechtere humane perinatale uitkomst. We
wilden meer inzicht krijgen in de etiologie en manieren vinden om de veiligheid
van ART in de toekomst te verbeteren. Het eerste doel van dit proefschrift was
om te onderzoeken of in vitro kweek van humane embryo’s tijdens de eerste
paar dagen van pre-implantatie ontwikkeling een effect heeft op de perinatale
uitkomst. Het tweede doel van dit proefschrift was om te onderzoeken of ART
een effect heeft op de epigenetische regulatie van de humane placenta.
In hoofdstuk 2 werd het effect geëvalueerd van in vitro kweek medium op de
humane perinatale uitkomst door de uitkomsten van eenling zwangerschappen
te vergelijken na alternerend gebruik van twee commercieel verkrijgbare
opeenvolgende mediasystemen. Data van een cohort van 294 levend geboren
eenlingen verwekt na terugplaatsing van een vers embryo tijdens de IVFbehandeling, evenals data van 67 eenlingen verwekt na terugplaatsing van een
ingevroren embryo (FET) en van 88 kinderen van 44 tweelingzwangerschappen
na terugplaatsing van een vers embryo, werden geanalyseerd. In vitro kweek
in medium van Cook resulteerde na terugplaatsing van verse embryo’s in
eenlingen met een lager geboortegewicht (gecorrigeerd gemiddeld verschil,
112 gram, P = 0.03), in meer eenlingen met een laag geboortegewicht <2500g (P
= 0.006) en een laag geboortegewicht voor de zwangerschapsduur ≥ 37 weken
(P = 0.015), in vergelijking met eenlingen geboren na kweek in medium van
Vitrolife AB. Zwangerschapsduur ten tijde van de geboorte was niet gerelateerd
aan het gebruikte medium (gecorrigeerd verschil, 0.05 weken, P = 0.83).
Onder tweelingen in de Cook groep, werd een hoger verschil gevonden in het
gemiddelde geboortegewicht tussen de tweelingen en meer geboortegewicht
discordantie (>25% verschil). Onze bevindingen ondersteunden onze hypothese
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dat kweekmedium de perinatale uitkomst van IVF eenlingen en tweelingen
beïnvloedt. Een soortgelijke trend werd gezien bij eenlingen geboren na FET.
Deze resultaten geven aan dat in vitro kweek een belangrijke verklarende factor
zou kunnen zijn voor de slechtere perinatale uitkomst na ART.
In hoofdstuk 3 werd de invloed van embryo kweekmedium op foetale
groeipatronen onderzocht in het eerder beschreven cohort eenlingen verwekt
na terugplaatsing van verse embryo’s, met speciale aandacht voor het begin van
de groei divergentie, omdat abnormale foetale groeipatronen een belangrijke
risicofactor zijn voor de ontwikkeling van chronische ziekten op latere leeftijd.
We analyseerden echo onderzoeken tijdens een zwangerschapsduur van 8 (n
= 290), 12 (n = 83) en 20 weken (n = 206) en gebruikten eerste trimester serum
markers [pregnancy-associated plasma protein-A (PAPP-A) and vrij β-hCG]. Bij
een zwangerschapsduur van 8 weken, was er geen verschil tussen de op crownrump lengte-gebaseerde en op eicelpunctie-gebaseerde zwangerschapsduur
(ΔGA) (nVL = 163, nC = 122, gecorrigeerd gemiddeld verschil, -0.04 dagen, P = 0.84).
Bij een zwangerschapsduur van 12 weken was er tussen de studiegroepen geen
verschil in ΔGA, nekplooidikte (multiples of median, MoM) en PAPP-A (MoM).
Echter het vrije β-hCG (MoM) ± SEM was significant verschillend (1.55 ± 0.19 in
Vitrolife versus 1.06 ± 0.10 in Cook; P = 0.031). Bij een zwangerschapsduur van
20 weken werd bij het echo onderzoek in de Vitrolife groep (n = 115) een meer
gevorderde zwangerschapsduur gezien overeenkomend met een toegenomen
foetale groei, in vergelijking met de Cook groep (n = 91). Na correctie voor
confounders was zowel het verschil tussen de zwangerschapsduur gebaseerd op
3 biparietale diameter daterings formules minus de werkelijke (op eicelpunctiegebaseerde) zwangerschapsduur (gecorrigeerd gemiddeld verschil, +1.14
dagen (P = 0.04), +1.14 dagen (P = 0.04) en +1.36 dagen (P = 0.048), alsook de
hoofdomtrek (HC) en trans-cerebellaire diameter (TCD) significant hoger in de
Vitrolife groep (HCvl 177.3mm, HCc 175.9mm, gecorrigeerd gemiddeld verschil
1.8, P = 0.03; TCDvl 20.5mm, TCDc 20.2mm, gecorrigeerd gemiddeld verschil 0.4,
P = 0.008). Concluderend waren de verschillen in foetale ontwikkeling na het
kweken van embryo’s in twee IVF media reeds aanwezig in het tweede trimester
van de zwangerschap. Deze studie geeft aan dat de embryonale omgeving al
belangrijk is voor de foetale ontwikkeling.
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Hoofdstuk 4 beschrijft de kennis op het gebied van epigenetica in relatie tot
de placentaire ontwikkeling en functie. Studies bij zowel dieren als mensen
hebben steeds meer inzicht verschaft in het feit dat adequate epigenetische
regulatie van zowel geïmprinte als niet-geïmprinte genen belangrijk is voor de
ontwikkeling van de placenta. Verstoring van de epigenetische regulatie kan
veroorzaakt worden door verschillende omgevingsfactoren, wat kan leiden tot
een abnormale placentaire ontwikkeling en functie met mogelijke gevolgen
voor maternale morbiditeit, foetale ontwikkeling en ziektegevoeligheid op
latere leeftijd.
In hoofdstuk 5 werd de mogelijke invloed van ART op de epigenetische
regulatie van humane placenta’s onderzocht. Placenta weefsel van 35 spontane
zwangerschappen en 35 IVF/ICSI (5 IVF, 30 ICSI) zwangerschappen werd
verzameld. De DNA methylatie patronen van een aantal opeenvolgende CpG’s
in de kernregio’s van verschillende differentieel gemethyleeerde regio’s (DMRs)
die betrokken zijn bij de ouderspecifieke expressie van geïmprinte genen
werden kwantitatief geanalyseerd, omdat deze betrokken zijn bij de placentaire
en foetale groei en ontwikkeling. Zowel de promoter regio van MEST isoform
α en β en de 6e CTCF bindingsplaats binnen de H19 DMR waren significant
gehypomethyleerd in de IVF/ICSI groep. Dit verschijnsel werd consistent
waargenomen op alle geanalyseerde CpG plaatsen en was niet beperkt tot enkele
CpG plaatsen. De andere primaire en secundaire DMRs werden niet beïnvloed.
De expressie van H19 was verhoogd in de IVF/ICSI groep, terwijl de expressie
van IGF2 and MEST vergelijkbaar was. De eventuele klinische effecten van de
waargenomen placentaire hypomethylatie op de ontwikkelingsprogrammering
van de IVF/ICSI nakomelingen zijn nog onbekend. Of de hypomethylatie een
aanpassing is van de placenta om de foetale toevoer te handhaven en het effect
van omgevingsfactoren te verbeteren, of dat het een deregulering is die leidt
tot een gestoorde ontwikkelingsprogrammering met of zonder verhoogde
kwetsbaarheid voor ziekte, in overeenstemming met de developmental origins
of health and disease (DOHaD) hypothese, dient verder onderzocht te worden.
Om het effect van ART op de epigenetische regulatie van de humane placenta
verder te onderzoeken, werd in hoofdstuk 6 een micro-array analyse (n = 10
in elke groep) uitgevoerd om genoombreed te onderzoeken welke paden
gedereguleerd zijn in IVF/ICSI placenta’s. De studie onthulde 13 significant
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oververtegenwoordigde biologische paden betrokken bij de stofwisseling,
immuunrespons, transmembraan signalering en controle van de celcyclus,
en die waren grotendeels up-gereguleerd in de placenta monsters van de
IVF/ICSI groep. Verder werd gezien het belang van geïmprinte genen voor
de functie van de placenta, speciale aandacht gegeven aan verscheidene
groeigerelateerde geïmprinte genen (H19, IGF2, PHLDA2, CDKN1C, MEST
isoform α en β) door de expressie in een groter aantal monsters te
onderzoeken middels kwantitatieve real-time PCR (qPCR) na standaardisatie
ten opzichte van 3 huishoudgenen (SDHA, YWHAZ and TBP). Voor de genen
die een verschil in expressie lieten zien, werd een kwantitatieve allel-specifieke
expressie analyse uitgevoerd om verlies van imprinting (LOI) te onderzoeken,
onafhankelijk van het mechanisme van imprinting. In deze prospectieve cohort
studie konden respectievelijk 81 en 105 placenta’s van IVF/ICSI en spontane
zwangerschappen onderzocht worden na toepassing van enkele exclusie
criteria zoals vroeggeboorte, intra-uteriene vruchtdood, het ontbreken van
placenta monsters, zwangerschapscomplicaties of aangeboren afwijkingen.
Speeksel monsters van beide ouders werden gebruikt om de ouderlijke allelen
te onderscheiden. Zowel H19 alsook PHLDA2 liet een significante verandering
in genexpressie zien, respectievelijk een 1.3-voudige (P = 0.033) en 1.5-voudige
(P = 0.002) toename in mRNA expressie in de IVF/ICSI groep versus de controle
groep. Echter, we vonden geen aanwijzingen dat deze verhoogde expressie
te wijten was aan een verhoogde frequentie van LOI in de IVF/ICSI placenta
monsters. Of deze epigenetische veranderingen in placenta’s van IVF/ICSI
zwangerschappen verband houden met de slechtere perinatale uitkomst
na IVF blijft onbekend. Het is echter mogelijk dat deze verschillen de foetale
ontwikkeling en langdurige patronen van genexpressie beïnvloeden, evenals
de maternale fysiologie van de zwangerschap.
Hoofdstuk 7 geeft een algemene bespreking van de resultaten uit dit proefschrift
in het kader van de recente literatuur. Conclusies van dit proefschrift, klinische
implicaties en aanbevelingen voor toekomstig onderzoek worden besproken.

9

Hoofdstuk 8 biedt een valorisatie paragraaf om de mogelijke impact van dit
proefschrift te overwegen en om de maatschappelijke en economische waarde
te valoriseren.
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Promoveren is samenwerken. Ik heb dit enerverende traject tot een succesvol
einde kunnen brengen dankzij mijn inspirerende promotor en co-promotoren,
een solide basis van familie en vrienden en vele anderen, die ik wil bedanken
voor hun enthousiaste inzet.
Allereerst een woord van dank aan alle zwangere vrouwen en hun partners die
hebben deelgenomen aan de studies beschreven in dit proefschrift. Zonder
jullie deelname was het onderzoek niet mogelijk geweest.
Prof. dr. J.L.H. Evers, geachte promotor, beste Hans. Eindelijk is het moment daar
dat ik u officieel kan bedanken voor alles wat u de afgelopen jaren voor me hebt
betekend! Ik kon altijd bij u terecht voor goed wetenschappelijk advies. Artikelen
werden zeer vlot gereviseerd. Uw kritische blik zorgde er voor dat de kwaliteit
van de stukken hoog gehouden werd. Daarnaast was u oprecht geïnteresseerd
in de voortgang van het proefschrift en merkbaar trots bij behaalde resultaten.
U gaf me alle vrijheid en veel vertrouwen gedurende mijn promotietraject. Ik
ben trots op het eindresultaat. Bedankt voor alles.
Dr. J.C.M. Dumoulin, beste John. Jij was vanaf het prille begin betrokken.
Dankzij jouw goede ideeën, wetenschappelijke ervaring en enorme
doorzettingsvermogen is dit promotie onderzoek van de grond gekomen. Wat
heb ik geboft met jou als mijn co-promotor. Ondanks je drukke agenda, stond
je deur stond altijd open. Je behulpzaamheid en nauwkeurigheid ten aanzien
van dBase was ongeëvenaard. Ook ken ik niemand die zo vriendelijk doch
constructief feedback kan geven, helaas wel zonder gebruik te maken van de
mogelijkheid om wijzigingen bij te houden in Word. Je was het niet altijd eens
met mijn ideeën, maar meestal vonden we toch samen een oplossing om het
geheel naar een hoger niveau te tillen. Dank voor dit leerzame traject.
Dr. A.P.A. van Montfoort, beste Aafke. Dankzij jouw enorme betrokkenheid,
jouw positieve instelling en je enthousiasme, kon ik niet anders dan doorzetten.
Het was een grote uitdaging voor ons beiden om het placenta onderzoek op
te zetten. Van een methode om de placenta biopten af te nemen, te versturen
en te bewerken tot het ontwikkelen van primers, niets was te gek. Dank voor je
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vertrouwen in het onderzoek en in mij. Je begreep altijd precies wat ik bedoelde.
Onze fantastische samenwerking, soms tot in de late uurtjes, was altijd erg
nuttig en ook nog eens gezellig. Dank voor jouw vele op- en aanmerkingen. Ik
heb veel van je geleerd.
Verloskundigenpraktijk Sittard, verloskundigenpraktijken rondom Maastricht,
AIOS en verpleegkundigen van het Maastricht Universitair Medisch Centrum,
Atrium Medisch Centrum te Heerlen en het Orbis Medisch Centrum te Sittard,
bedankt voor jullie bijdrage aan het afnemen van de placenta biopten. Het was
niet makkelijk voor jullie om dit na de bevalling ook nog te doen naast jullie
drukke werkzaamheden.
Dear Jörg Tost, thank you for your great commitment and the reliable
international cooperation. Sending our precious samples by post to France, was
very exciting in the beginning. Although we have never met in person, it was a
great pleasure working with you.
Aan alle mede auteurs: bedankt voor jullie inzet en commentaar.
Marij Janssen en Marion Meijs, bedankt voor al jullie administratieve
ondersteuning van het onderzoek. Marijke Bras, Inge Schreurs, Sander Kleijkers,
Roel Thijssen, Erika Timmer en Bieke Vanherle, dank voor jullie assistentie bij
het verwerken van de samples. Trudy Sagis, je bent een goede en gezellige
secretaresse. Dat we een vechtsport gemeen hebben, is toch wel heel bijzonder.
Geachte leden van de beoordelingscommissie (Prof. dr. C.E.M. de Die-Smulders,
Prof. dr. J.J.H.M. Erwich, Prof. dr. S. Repping, Prof. dr. M.E.A. Spaanderman en Prof.
dr. L.J.I. Zimmermann): ik dank jullie hartelijk voor het lezen en beoordelen van
het proefschrift.
Ferdinand van Nispen, dank voor de mooie lay-out van mijn proefschrift.
Collega’s van de afdeling IVF en het IVF-lab (Germaine, Laurence, Carla, Cecile,
Marie-José, Erna, Tonny, Sylvia, Daniëlle, Katinka, Edith, Josien, John, Aafke,
Sander, Marijke, Marij, Inge, Edith, Roel, Marion, Myriam, Sabina en PGDafgevaardigden Marion D. en Jos), wat een fantastische ervaring om in zo’n
hecht team te werken. We hebben lief en leed gedeeld en vaak krom gelegen
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van het lachen. Ook al borgen jullie de chocolade na werktijd vaak goed op in
de kast, meestal wist ik het toch te vinden en dat betekende niet veel goeds.
Het waren mooie jaren waar ik regelmatig aan terugdenk.
Cèline Lardenoije, onze samenwerking op de IVF was heel kort, maar erg
gezellig. Kim van Kaam, we hebben langer samengewerkt en zelfs menig ESHRE
congres samen bezocht. Met z’n drieën (Aisha, jij en ik) in een te hete kamer in
Rome vlak na mijn honeymoon was even wennen, maar we hebben wel flink
gelachen. Wat goed dat je je hart gevolgd hebt en de switch hebt gemaakt naar
de klinische genetica.
Lieve Aisha, mijn IVF buddy. In die 4 jaar hebben we veel meegemaakt. Naast
de ups en downs op werkgebied, privé alsook in het onderzoek, genoten we
enorm van onze tijd op de IVF. We behaalden destijds 4 keer achter elkaar de
beste resultaten van Nederland. We konden veel zelf regelen en deden dat
ook graag. Onze samenwerking was vanaf het begin erg goed, waardoor we
een sterk team vormden dat elkaar aanvulde. We konden niet tegen elkaar
uitgespeeld worden, want we wisten precies wat de ander gezegd had. Bedankt
voor deze mooie tijd! Ik ben blij dat je mijn paranimf wil zijn. Jouw boekje komt
er ook. Dat weet ik zeker. Hou vol!
Beste Dr. G.A.J. Dunselman, wat heb ik veel van u geleerd tijdens de ‘5-uurs show’
en ook daarbuiten. U bent een zeer betrokken en deskundige gynaecoloog
voor patiënten, maar ook voor mij als persoon had u altijd oog. Bedankt voor
alle steun en adviezen.
Beste Jacques Maas, ik was altijd erg onder de indruk van je enorme
gedrevenheid om kennis over te dragen en je kritische blik. Daarnaast ben je
erg humoristisch en gezellig. Dat je met opgeheven blote benen achter het IVF
bureau lag, als bijdrage aan de video voor onze bruiloft, was erg hilarisch en zal
ik nooit vergeten.
Beste Ron van Golde, we hebben maar kortdurend samengewerkt op de IVF. Ik
had samen met mijn collega Aisha de eer om je in te werken. Je hebt een warme
persoonlijkheid en bent een enorme aanwinst voor de IVF.
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Beste Janneke den Hartog, op de IVF hebben we net niet meer samengewerkt,
wel toen je reeds gynaecoloog was. Ik heb je leren kennen als gedreven,
nauwgezet, hartelijk en oprecht geïnteresseerd in mensen.
Onze opvolgers op de IVF, Celine Eggen, Guusje de Krom, Desiree Pattinaja en
Heleen Zandstra, heel veel succes met alles en de meesten natuurlijk ook met
jullie proefschrift. Zet hem op!
Gynaecologen en arts-assistenten van het Maastricht Universitair Medisch
Centrum, bedankt voor de leerzame tijd, voor jullie interesse in mijn onderzoek
en voor de schrijfstage van 3 maanden hetgeen een flinke sprong vooruit
betekende. Collega AIOS, wat was het vaak gezellig in de assistentenkamer. De
ene blunder was nog hilarischer dan de andere waardoor we vaak veel te laat
naar huis gingen.
Maatschap gynaecologie en verloskunde van het Orbis Medisch Centrum
te Sittard, bedankt voor het fijne opleidingsklimaat en jullie interesse in mij
als persoon. Wat heb ik al ontzettend veel geleerd van jullie en ik ben ervan
overtuigd dat dit nog veel meer wordt de komende tijd!
Collega-assistenten en oud-assistenten van het Orbis Medisch Centrum,
Natascha, Lieke, Marjolein, Jonas, Violet, Fleur, Susanne, Rogier, Anouk, Nele en
Anneloor, wat is het fijn om met jullie te werken in de kliniek. Iedereen werkt
hard en is erg behulpzaam. Ook is er geregeld tijd voor gezelligheid en wordt
soms tot in de late uurtjes of ’s ochtends veel te vroeg bijgepraat op de app.
Verloskundigen, verpleegkundigen, polidames, fertiliteitsarts, POK- en OKassistenten van het Orbis Medisch Centrum, dank voor de fijne werksfeer.
Studie vriendinnen van geneeskunde (‘de geraniums’): lieve Annelieke, Esther,
Lieke, Linda, Marieke, Reggy, Suzanne en Quirine bedankt voor de altijd gezellige
feestjes, borrels, etentjes, uitstapjes en weekendjes weg. Het overlijden van
Quirine heeft ons allemaal erg aangegrepen. Hierdoor proberen we zoveel
mogelijk te genieten van elke dag. We zien elkaar niet zo vaak als we zouden
willen wegens onze drukke werkzaamheden en uitbreidende gezinnetjes, maar
als we afspreken is het altijd heerlijk bijpraten met chocolade als onmisbaar
ingrediënt.
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Mijn andere vriendinnen, Anouk, Jacqueline en Pauline, dank voor de gezellige
momenten.
Lieve Nicole, mijn beste vriendin, bedankt dat ik met alles bij je terecht kan.
We kennen elkaar al zo’n 24 jaar (wordt tijd voor een jubileumfeestje) door en
door. We hebben al flink wat reisjes gemaakt samen naar de meest vreemde
bestemmingen en iedere keer weer is het enorm gezellig. Zo kan zelfs het
missen van het vliegtuig of overnachten op een bank op het vliegveld onze
pret niet drukken. Ik zal de duo-massage die je voor ons regelde in Krakau
nooit vergeten, maar voortaan kies ik toch liever zelf wie mijn masseur wordt.
Ik verheug me op nog meer avonturen met jou nu het proefschrift af is. Bedankt
dat je mijn paranimf wil zijn.
Lieve Inga en Dalida, mijn sisters, wat een genot was het om samen met jullie op te
groeien. Zoveel gezelligheid en ook enige competitie onderling heeft het beste
uit ons allemaal gehaald. Jullie waren altijd geïnteresseerd in de vorderingen
van het boekje en wilden zelfs praatjes voor internationale congressen met me
oefenen, ook al kostte het jullie soms moeite om te begrijpen waar het over
ging. Nu het klaar is, is er weer meer tijd voor leuke dingen samen.
Lieve mama en papa, wat ben ik ontzettend dankbaar voor jullie
onvoorwaardelijke liefde en steun! Jullie hebben me geleerd om hard te werken
en je doelen na te streven. Daarnaast hadden jullie altijd een luisterend oor en
het volste vertrouwen in alles wat ik deed en doe. Bedankt voor alles.
Lieve Francesco, mijn held. We zijn al zo lang bij elkaar dat ik bijna niet eens
meer weet hoe het leven was zonder jou. Wat hebben we al ontzettend veel
moois gezien en meegemaakt samen. Ook al had je soms het idee dat de laptop
op de eerste plaats kwam tijdens het promotietraject, je hebt me altijd enorm
gesteund. Door jouw humor, behulpzaamheid en relativeringsvermogen
hebben we alle hordes samen overleefd. Ik ben ontzettend trots en blij dat
we nu ons eerste kindje verwachten. Het getrappel in mijn buik tijdens het
afronden van het proefschrift was erg speciaal. We gaan volop genieten van
de toekomst.
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Curriculum Vitae
Ewka Nelissen werd geboren op 14 februari 1979 te Sittard. In 1998 behaalde
zij haar VWO-diploma aan het College Sittard. Hetzelfde jaar begon ze aan
de studie Gezondheidswetenschappen aan de Universiteit van Maastricht.
Na 2 jaar, in 2000, stapte ze na inloten over naar de studie Geneeskunde aan
de Universiteit van Maastricht. In haar derde jaar volgde zij keuzeonderwijs
Obstetrie in het Mount Hope Maternity Hospital, St. Augustine, Trinidad &
Tobago. Tijdens haar co-schappen volgde zij een wetenschapsstage met als
onderwerp ‘Risk profiling of Lichen Sclerosus by methylation’ bij de vakgroepen
Gynaecologische oncologie en Pathologie. Tevens volgde zij een keuze coschap Obstetrie en Gynaecologie in het St. Francis’ Hospital, Katete, Zambia.
In 2006 behaalde zij Cum Laude haar artsexamen. Hierna werkte zij
enkele maanden als arts-assistent niet in opleiding bij de afdeling gynaecologie/
obstetrie in het Maastricht Universitair Medisch Centrum. Van november 2006
tot en met april 2011 werkte zij als IVF-arts/onderzoeker in het Maastricht
Universitair Medisch Centrum. Tijdens deze periode startte zij met het
promotieonderzoek, waarvan het resultaat voor u ligt, binnen het Maastrichtse
onderzoeksinstituut GROW - School for Oncology & Developmental Biology,
afdeling Obstetrie en Gynaecologie. Van mei 2011 tot en met december 2011
werkte zij als arts-assistent niet in opleiding bij de afdeling gynaecologie/
obstetrie in het Orbis Medisch Centrum te Sittard. Vanaf januari 2012 is zij in
opleiding tot gynaecoloog. De opleiding werd gestart in het Orbis Medisch
Centrum te Sittard (opleider Dr. G.L. Bremer) en vanaf januari 2013 voortgezet
in het Maastricht Universitair Medisch Centrum (opleiders Prof. dr. R.F.P.M.
Kruitwagen, Dr. G.A.J. Dunselman). In juli 2014 keerde zij terug voor de opleiding
naar het Orbis Medisch Centrum te Sittard.
Ewka is getrouwd met Francesco Cremers op 28 mei 2010. De geboorte
van hun eerste kind wordt enkele weken na de verdediging van dit proefschrift
verwacht.
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