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Abstract
Objective—To review currently available literature on the association between imprinting
disorders (Beckwith-Wiedemann syndrome [BWS], Angleman syndrome [AS] and
retinoblastoma) and assisted reproductive technologies (ART) in humans.

Design—Publications related to imprinting/epigenetic disorders including BWS, AS and
retinoblastoma with ART and articles publishing outcome of ART, including IVF and ICSI, from
July 1978 to February 2008 were identified using PubMed, Medline and EMBASE.

Result(s)—Considerable evidence in animal studies has demonstrated alteration in gene
imprinting of embryos cultured in vitro. Publications from Europe, America and Australia have
suggested an association between ART and BWS. Importantly, more than 90% of BWS in
children born after ART had imprinting defects, compared to 40–50% of BWS in children
conceived without ART. Moreover, there have been other reports suggesting an association
between AS and ART. The majority of children with AS born after ART had an imprinting defect
as the underlying etiology, specifically loss of methylation of the maternal allele. There was a
single report suggesting an increased incidence of retinoblastoma in children conceived with ART.

Conclusion(s)—Because the absolute incidence of imprinting disorders is very small (<
1:12,000 births), routine screening for imprinting disorders in children conceived with ART is not
recommended. Additional large cohort studies of children born after ART are needed to determine
whether there is a genuine association between ART and imprinting disorders.
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Introduction
In developed countries, 1–3% of births involve some form of assisted reproductive
technology (ART). Following a report by Cox, et al. in 2002 suggesting a link between
Angleman syndrome (AS) in children conceived by intracytoplasmic sperm injection (ICSI)
(1), there has been concern that imprinting disorders may be more prevalent in children born
after ART. There is biologic plausibility for such concern because in the mouse model,
embryo culture media has been shown to affect gene imprinting (2–4). To date, there are
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quite a few publications from Europe, America and Australia suggesting an association
between ART and Beckwith-Wiedemann syndrome (BWS), Angleman syndrome (AS) and
retinoblastoma.

In this review, we summarize critical animal studies showing evidences of the effect of
ovarian stimulation or embryo culture on gene imprinting. Next, we summarize current
evidence of the association between imprinting disorders (BWS, AS and retinoblastoma)
and the use of ART from July 1978, the time of birth of the first IVF baby, to February
2008. In addition, we reviewed the available registry of children born after ART for the
incidence of imprinting disorders.

Genomic Imprinting
Diploid organisms possess two copies of each autosomal gene, one from each parent. Most
autosomal genes are expressed simultaneously from both alleles; however, in a small subset
of genes, one allele is silenced in a parent-specific manner by the process called
“imprinting”. Genomic imprinting is a process of chemical modification of nucleotides in
which only one allele of specific genes is functioning and the other allele is silenced based
on the parent-of-origin. The significance of gene imprinting was first shown in mouse
nuclear-transplant studies (5–7). From these studies, mouse embryos generated by having
either two female pronuclei (biparental gynogenones) or two male pronuclei (biparental
androgenones) did not survive past mid-gestation. The androgenotes appeared to have
retarded embryonic tissue development but well-developed extraembryonic tissue while
gynogenotes appeared to have poorly-developed extraembryonic tissue with relatively
normal, though small, embryos (6–9). From these studies, it was concluded that maternal
and paternal genomes were non-equivalent in their contribution to normal embryogenesis.

There are currently more than 80 imprinted genes in mammals, of which about 40 genes are
known to be imprinted in human (10). A comprehensive list of imprinted mammalian genes
and parent-of-origin effect database can be found at www.otago.ac.nz/IGC (11). A majority
of the imprinted genes play roles in the control of embryonic and placental growth and
development. Abnormality in genomic imprints in human is known to cause 10 syndromes
(Table 1).

Mechanisms of Gene Imprinting
Gene imprinting is an epigenetic process in which there is structural adaptation of
chromosomal regions so as to register, signal or perpetuate altered activity states of specific
genes without a change in nucleic acid sequence. Imprinting is a dynamic process which is
erased and re-established according to the sex of the individual. DNA methylation and
histone modifications are 2 major mechanisms for genetic imprinting in mammals, including
humans.

CpG islands are genomic regions containing a high frequency of CG dinucleotides. CpG
islands are in or near approximately 70% of promoters in human genes (12). DNA
methylation generally occurs on the cytosine residues of cytosine-phosphate-guanine (CpG)
dinucleotides by the action of several DNA methyltransferase (DNMT). It was demonstrated
in a murine model that mice deficient in DNA methyltransferase activity had altered
expression of imprinted genes (13). It was suggested that maintenance and de novo
methylation of DNA was under control of separate enzymes (14). DNMT1, a sequence-
independent methytransferase, has a preference toward the hemi-methylated substrate, and
thus functions mainly to maintain methylation status of DNA during DNA replication
resulting in a stable propagation of methylation pattern after each cell division (15).
DNMT3A and DNMT3B have sequence-specific de novo methyltransferases that act at
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specific stages of gametogenesis and early development to establish a methylation pattern
according to the parent-of-origin (14, 15). The regions with different methylation patterns in
male and female gametes are called differentially methylated regions (DMRs).
Approximately 80% of imprinted genes are physically linked in clusters with other
imprinted genes (16). The grouping of imprinted genes within clusters allows them to share
common DMRs and other common regulatory elements. The universal role of DNA
methylation is transcriptional repression of the methylated gene sequences (17). DNA
methylation therefore directly interferes with gene transcription by preventing the binding of
basal transcriptional factors that require contact with cytosine in the major groove of the
double helix (17). The other mechanism by which CpG methylation suppresses gene
expression is by direct exclusion of transcriptional machinery from methylated promoter
DNA (17). Also, CpG island chromatin is enriched in hyperacetylated histones and deficient
in linker histones which are essential for transcriptional competency of genes. A family of
proteins binding to methylated DNA (MBDs) has been identified and such proteins complex
with histone deacetylases leading to local deacetylation of histone tails in methylated DNA
forming a more condensed chromatin structure that is resistant to transcription (18).
However, DNA methylation can silence certain genes (H19) and activate other genes (IGF2,
IGF2R) (13). The H19 and IGF2 genes are in close proximity within an imprinted gene
cluster and are mechanically linked through a common set of transcriptional regulatory
elements (19). The H19 gene encodes a maternally expressed, un-translated RNA while
IGF2 gene encodes paternally expressed growth factor. In the absence of methylation of the
maternal DMR upstream of H19, a chromatin insulator protein called CTCF binds to this
DMR sequence altering chromatin structure of the maternal allele such that enhancer
elements are available to H19 but not to IGF2 (20, 21). In contrast, CTCF does not bind to
the methylated DMR of paternal H19 allele changing the chromatin configuration in that the
enhancer can only up-regulate the expression of IGF2 but not H19 (21).

Histones are the major protein components of chromatin acting as a core around which DNA
bound. Specifically, each nucleosome consists of 147 base-pairs of DNA wrapped around an
octamer of four core histone proteins (22). Histone proteins are subject to a large number of
convalent modifications such as methylation, acetylation, ubiquitylation and
phosphorylation. These modifications can induce either gene activation or suppression
depending on the nature of modification and the specific amino acid modified (23–26).
Histone modifications influence gene expression by changing either the chromatin structural
configuration or interactions between factors that regulate gene expression and chromatin
(22).

Cycle of Gene Imprinting
Gene imprinting is a dynamic process established during germ cell proliferation, migration,
and development and is modified after fertilization. The imprinting marks are maintained
after fertilization and propagate through each cell division for the entire life of the creature
including humans.

Germ cells have the ability to erase the imprinting marks during their development in
embryonic life. During the erasure process, there is marked and genome-wide demethylation
in germ cells which is completed by embryonic day 12–13 in both male and female mice
(16, 27, 28). The erasure of methylation imprints has been demonstrated at 12.5–13.5 days
post-coitum (dpc) in the mice germ line, one day after the primordial germ cells reach the
gonadal ridge (29, 30). After the erasure of the imprinting marks, differentiating germ cells
re-establish a de novo imprinting marks according to their sex. The re-establishment process
begins in germ lines of both sexes at late fetal stages and continues after birth (27). In
female germ cells (oocytes), reestablishment of imprinting occurs during their growth and is
not completed until just before ovulation in each ovulatory cycle over the reproductive life
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span of the female (31, 32). Unlike female germ cells, male germ cells undergo complete re-
establishment of paternal imprinting marks earlier in the process of gametogenesis, by the
round spermatid stage (33). In mouse model, remethylation begins before birth (18.5 dpc) in
both male and female mice but is not complete until after birth (29, 34). The final de novo
methylation is presumably completed during the final maturation phase in the epididymis for
sperm, and just prior to or even after ovulation for oocytes (29, 34). As oocytes do not
complete the re-methylation process until just before (or after) ovulation, assisted
reproductive technology (ART), which generally involves stimulation of oocyte growth and
retrieval of oocytes directly from the ovary prior to ovulation, could theoretically disrupt the
imprinting process in oocytes. Unlike oocytes, sperms complete their imprinting process
earlier in their development in the epididymis so ART is unlikely to affect imprinting defect
in sperms (35, 36).

After fertilization, early embryos undergo a genome-wide demethylation process in which
the hypo-methylated stage is retained through the blastocyst stage (29). However, the
differential methylation marks of imprinted genes are protected from this global
demethylation process resulting in the transgenerational inheritance of epigenetic states of
imprinted genes (37, 38).

Due to the very limited material, and ethical restrictions for the study of human primordial
germ cells, knowledge in genetic expression and imprinting patterns are inferred from the
pattern in the mouse model. In the human, primordial germ cells are formed in the epiblast
during week 2 of development, migrate from the yolk sac toward the gonadal ridge on week
4 and arrive the gonadal ridge at the end of week 5 (35, 39). Female germ cells enter meiosis
by 10 weeks and remain arrested in the diplotene stage of meiosis I until just before
ovulation while male germ cells continue mitosis until 16–18 weeks of gestation and then
arrest in mitosis before entering meiosis postnatally (35).

How ART might affect gene imprinting?
ART involves manipulation of many steps of conception from the stimulation of gamete
production to the ex vivo culture of embryos. These manipulations include: the use of
hormones to down-regulate pituitary function and to stimulate ovary for supernumerary
oocyte production, in vitro maturation of oocytes, the use of immature sperm, the use of
intracytoplasmic sperm injection (ICSI) with direct injection of sperm, the in vitro culture of
pre-implantation embryos before transferring back to the uterus, and cryopreservation of
either gametes or embryos. Any of these steps of ART might alter the normal imprinting
process.

Though the effect of ART on gene imprinting in humans is not well studied due to ethical
considerations, there are quite a few animal model studies suggesting that ART may have an
impact on gene imprinting. A well-known phenotype of cattle born after in vitro cultured of
embryos is large offspring syndrome (LOS). LOS is characterized by unusually high
birthweight, neonatal respiratory distress, organ overgrowth, skeletal anomalies, and an
increased incidence of neonatal sudden death (40). Large offspring syndrome was associated
with reduced fetal methylation and expression of IGF2R which could be produced in sheep
by culturing the embryos in vitro with co-culture granulosa cells and/or serum (41). A recent
study of mouse 2-cell embryos showed that methylation level of in vitro developed embryos
was significantly higher than those cultivated in vivo (2). In the same study, the authors also
demonstrated a higher degree of demethylation of male pronuclei after fertilization in the in
vivo cultivated embryos compared to the in vitro cultured embryos while methylation status
of female pronuclei was not different between groups (2). This finding supports the
hypothesis that an altered embryonic genome expression of in vitro cultured embryos could
be the result of epigenetic modification (42). Embryo culture media also has been shown to
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effect imprinting status of some imprinted genes. A study of mouse embryos demonstrated
differential expression and imprinting status of an imprinted gene, H19, when cultured in 2
different culture medias, having a loss in methylation of H19 in embryos cultured in
Whitten’s medium but not in embryos cultured in KSOM+AA medium (3). However, the
DNA methyltransferase activity and the distribution of DNMT1 protein were similar
between embryos of both groups (3). A subsequent study of mouse embryos also showed a
different degree of expression of growth-related imprinted genes including H19, IGF2,
GRB10 and GRB7 between embryos cultured in vivo, ex vivo in M16 media and ex vivo in
M16 media plus fetal calf serum (4). From these findings, it is clear that culture media could
alter gene expression and imprinting, though the degree of sensitivity of an imprinted gene
to the culture environment appears to vary depending upon the gene (3, 4).

The possible mechanisms by which embryo culture conditions affect imprinting include: i)
failure of transitory movement of Dnmt1o into the nucleus at the right stage of embryo
development in in vitro culture embryos (38); ii) altered expression of the various DNMTs of
other proteins involved in establishment and maintenance of imprint (38); iii) alteration in
cell cycle kinetics in the in vitro cultured embryos interfering with epigenetic
reprogramming (38, 43); and iv) removal or interaction of methyl group on DNA or on
histone tails with culture media (43).

Recently, a well-designed study evaluated the impact of ovulation (superovulation versus
non-superovulation), fertilization process (in vivo versus in vitro), embryo culture process
(in vivo versus in vitro) and type of culture media (M16 medium versus G1.2/G2.2
sequential medium) on the methylation status of H19 Imprinting Control Region (ICR) and
proximal promoter of H19 (PP) in mouse embryos (44). The investigators showed that
epigenetic alteration of H19 ICR and H19 PP were influenced by the fertilization method.
The methylation defect was only seen in the in vitro fertilized subgroup and the degree of
abnormality varied according to type of culture medium, being more common in M16
compared to G1.2/G2.2 medium (44). Moreover, superovulation was shown to clearly
disrupt H19 gene expression in blastocysts but the degree of disruption of H19 gene
expression also depended on type of culture media (44). This study supported a prior finding
that in vitro fertilized mouse embryos have higher incidence of aberrant imprinting of the
IGF2/H19 imprinted gene than in vivo fertilized mouse embryos (9/23 versus 1/14) (45).

Hormonal stimulation of the ovary is a common practice at ART to obtain multiple oocytes
for fertilization and improve pregnancy success. The higher incidence of an abnormal
methylation pattern in 2-cell embryos collected from superovulated female mice compared
to non-superovulated mice suggests an adverse effect of hormonal stimulation on gene
imprinting (46). Again, recent studies suggested hormonal stimulation of the ovary altered
imprinting status of some genes in the human. There was a loss of PEG1 methylation and a
gain of H19 methylation in superovulated immature human oocytes (47). Nevertheless, the
normal methylation status in mature human oocytes was not examined in this study.
However, in this same study, the researchers demonstrated DNA methylation of the
normally unmethylated H19 DMR in superovulated mouse oocytes was similar to that seen
in superovulated human oocytes, suggesting that the changes in human H19 locus were due,
at least in part, to the superovulation procedure (47). The effect of hormonal stimulation of
the ovary on oocyte gene imprinting requires further study.

Currently, some investigators have proposed to use in vitro matured (IVM) oocytes to avoid
aggressive stimulation of the ovaries and thus life-threatening ovarian hyperstimulation
syndrome. As maternal imprint is re-established during oocyte growth and maturation, IVM
of oocytes may therefore interfere with imprint acquisition and/or maintenance. Data from a
bovine study demonstrated that there was a significant alteration in DNA methylation in
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liver and muscle of bovine fetuses conceived with the use of IVM oocytes (48). The
alteration in DNA methylation varied with the IVM protocols.47 Moreover, liver
hypermethylation was associated with fetal overgrowth and endocrine changes (48). In
human, the majority of MI-arrested oocytes exhibited an altered pattern of methylation (49).
15 of 20 IVM MII-human oocytes exhibited the normal unmethylated maternal patterns,
while the other 5 exhibited an abnormal methylated pattern of the IGF2/H19 DMR (49).
Though the number of human oocytes analyzed in this report was small, the study highlights
the need for further research. However, the susceptibility of other genes such as KvDMR1 to
imprinting defect during IVM may be different as the majority of oocytes had maternal
methylation imprints of KvDMR1 established from the germinal vesicle stage (50).

Men with a suboptimal sperm count/quality can conceive with the use of intracytoplasmic
sperm injection (ICSI). Without the use of ICSI, these men would remain infertile. A study
on H19 methylation pattern in sperm suggested an association between abnormal genomic
imprinting and hypospermatogenesis (51). It was shown that 0, 17 and 30% of men with
normozoospermia, moderate oligozoospermia and severe oligozoospermia had altered H19
methylation profile, respectively (51). This finding was supported by another study showing
14% and 20% of infertile men had abnormal paternal and maternal methylation imprints in
their sperm, respectively (52). However, there was no evidence that the use of immature
sperm for fertilization could cause an imprinting defect because normal imprinting in
spermatogenesis was completed very early in the developmental process of spermatogonia
(36).

Recent publication demonstrated that even minimal embryo manipulations involving
blastocyst collection and embryo transfer using in vivo generated blastocysts cultured in
vitro for less than 1.5 hours were associated with loss of methylation on the maternal allele
of KvDMR1 locus and consequently causing bi-allelic expression of KCNQ1OT1 in mouse
extra-embryonic tissue (53). Moreover, in vitro culture of embryos from 2-cell stage to
blastocyst further exacerbated this aberration by increasing the number of genes with
aberrant allelic expression and involve both embryonic and extra-embryonic tissue (53).

Most of the studies of imprinting defects examined DNA methylation; there is scant
evidence of an effect of ART on histone modification. A study examining the histone
modification status in murine embryos from zygote to blastocyst stage found no difference
in the histone modification patterns between in vivo and in vitro fertilized mouse embryos
though the histone modification patterns differed in different stages of development (54).

Current evidence for a relationship between imprinting disorders and ART in humans
Beckwith-Wiedemann Syndrome—Beckwith-Wiedemann Syndrome (BWS) is a rare
imprinting disorder with an estimated incidence of 1 in 13,700 live births (55). BWS is a
congenital overgrowth syndrome characterized by macroglossia, midline abdominal wall
defects, macrosomia, neonatal hypoglycemia and a number of other developmental
anomalies (56). Moreover, BWS children have an increased risk of developing embryonal
tumors such as Wilm’s tumor, rhabdomyosarcoma and hepatoblastoma (57). BWS is a
multigenic disorder. BWS and its related tumors result from dysregulation of several closely
linked genes associated with cell cycle and growth control on chromosome 11p15 (58).
Imprinted genes implicated in the etiology of BWS map to the 11p15 imprinted region
including the paternally expressed genes IGF2 and KCNQ1OT1, and the maternally
expressed genes H19, CDKN1C and KCNQ1 (Figure 1) (58). Normally, the H19 and IGF2
genes are coordinately regulated by DMR1 so that H19 is only expressed from the maternal
allele whereas IGF2 is only expressed from the paternal allele. The molecular basis of BWS
cases are shown in Table 2. The largest molecular subgroups of BWS (>50%) have
imprinting defect on chromosome 11p15 (59). Earlier findings showed an increased
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incidence of monozygotic twins among children born with BWS with the majority of cases
being discordant for BWS and having imprinting defect at KCNQ1OT1 on 11p15 (60, 61).
From these earlier findings, it was suggested that an alteration in imprinting process might
be due to the differential vulnerability to the loss of an imprinting event at a critical stage
during pre-implantation development, a stage generally manipulated during the process of
ART.

There were 3 case series reported in 2003 from BWS registries in Europe and America that
suggested an association between ART and BWS (62–64). In 2003, DeBaun et al. reported 7
cases of BWS offspring born after the use of ART (2 IVF and 5 ICSI) (62). Six of the seven
children were tested for the molecular basis of their BWS. Five of the six children tested had
abnormal imprinting of the LIT1 (also known as KCNQ1OT1) and/or H19 genes (62). In
order to ascertain the prevalence of ART in their BWS cohort, they excluded data before
2001 in which data on ART utilization was not systematically collected. The authors
reported the ART prevalence rate of 4.6% (3 of 65) in their BWS cohort compared to 0.76%
prevalence rate of ART in general population in the United States in 1999 (62). Another
review of 149 sporadic BWS cases in Birmingham, UK reported that 6 of 149 children with
BWS (4%) were born with the use of ART (3 after ICSI and 3 after conventional IVF)
which was significantly higher than 1.2 % ART utilization rates in general population (63).
In this study, all 4 children tested for uniparental disomy were negative (63). In 2 children
assessed for KvDMR1 methylation, both showed loss of methylation on the maternal allele.
Another series of 149 BWS cases in France had 6 children born after ART (64). All 6
children exhibited the same epigenetic abnormality having hypomethylation of KvDMR1
with a demethylation index varying from 72–100% (64). In this series, the prevalence of
ART was 4% in BWS cohort compared to 1.3% in general French population during that
time (64). The odds ratio of the exposure to ART and having BWS is 3.2 (95% CI 1.4–7.3)
(64).

A well-designed case-control study was performed in the State of Victoria, Australia from
data between 1983 and 2003 (65). For each BWS case, 4 live-born controls were randomly
selected from babies born within 1 month of the index case, in which parity was 1 and the
maternal age was within 1 year of the risk-set case (65). There were 37 cases of BWS and
148 non-BWS matched controls. In this study, the overall prevalence of BWS was ~
1/35,580 live births while the prevalence of BWS was ~ 1/4,000 among children born after
ART (65). There were 4 (10.81%) and 1 (0.67%) children conceived with the use of ART in
the BWS and non-BWS control group, respectively, giving an odds ratio of 17.8 (95% CI
1.8 – 432.9) (65). All 3 BWS children born after ART tested for KvDMR1/LIT1 methylation
had loss of methylation at this imprinted region compared to only 46% of BWS children
born without the use of ART (65).

In 2005, Chang et al. identified 19 children born after ART in their registry comprised of
341 BWS patients (66). The authors reviewed the laboratory data of 12 patients for whom
information on reproductive treatment was available. Ten children were born after ART (5
IVF and 5 ICSI) (66). The other 2 children were born after ovarian stimulation with
intrauterine insemination (66). The investigators did not observe any common type of in
vitro culture media or day of embryo transfer among children with BWS (66). The only
common features among the 12 children were ovarian stimulation medication (11
gonadotropin, 1 clomiphine citrate) (66).

Another survey in the United Kingdom comprised of 213 families who had a child with
BWS received 83 responses (39% response rate) to a questionnaire about fertility treatments
(67). Among the responders, 79 sporadic BWS cases were included in the analysis while the
other 4 familial BWS cases were excluded. Six of 79 children with BWS conceived with the
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use of ART (1 IVF, 5 ICSI). The authors reported a 2.9% ART prevalence (using the
number of questionnaires sent excluding familial BWS cases as denominator, N= 209)
among BWS children which was significantly higher than 0.8% in the general UK
population during the same period (67). If the authors had used only the responders as the
denominator, the ART prevalence would have been as high as 7.6% (6/79). All cases of
BWS conceived after ART involved loss of maternal methylation at the KvDMR1 imprint
control region, compared to the expected 50% chance of having this molecular alteration as
the etiology of BWS in this population (67).

A large cohort study from Denmark included all Danish singletons born from January 1,
1995 to December 31, 2001 recorded in the National IVF Registry and National Birth
Registry and comprised 442,349 non-IVF and 6,052 IVF singletons (68). Among 6,052 IVF
children, 1,680 (28%) and 4,372 (72%) children were conceived with ICSI and without
ICSI, respectively. The mean follow-up times were 4.5 and 4.1 years for non-IVF and IVF
cohorts, respectively. This study was designed to assess the incidence of imprinting diseases
in children born after IVF and that of naturally conceived children. There were no cases of
BWS identified in both IVF and non-IVF cohort (68). In this study, an increased risk of the
overall imprinting diseases after IVF was not observed (68).

Another large population-based study from Sweden during the period of 1982–2001
evaluated the presence of congenital malformation based on data from the Swedish Medical
Birth Register, the Swedish Registry of Congenital Malformations, and the Swedish
Hospital Discharge Register. There were no cases of BWS identified among 16,280 children
born after ART (69).

A questionnaire-based cohort study of children conceived with ART from 2 study centers in
the United Kingdom was recently published (70). Of the total 2,492 screening
questionnaires distributed to all children born after ART between 1989 and 2003, the
response rate was 61% corresponding to data from 1,524 children (70). The questionnaire
was developed by experts in BWS and Angelman syndrome (AS) with an aim to detect
children with possible diagnosis of BWS or AS. Of 70 children identified by the
questionnaire as possibly warranting further clinical assessment, 47 (67%) accepted the
invitation for further evaluation to confirm the diagnosis. One case of BWS was identified in
this cohort of 1,524 children born after ART having hypomethylation at KvDMR1 as the
underlying molecular mechanism (70). Data from this study suggested that prevalence of
BWS in children born after ART (1 in 1,524) is higher than generally quoted (1 in 13,700) in
normal live births. However, the absolute risk of having a child with BWS from ART was
notably remote (< 0.1%).

Another nation-wide questionnaire survey in the Netherlands examined the use of ART
among children with imprinting disorders born from January 1983 until December 2003.
The authors reported no increased incidence of ART related birth of BWS, AS and PWS
children after a correction was made for infertility in parents (71). However, if the
subpopulation of 71 cases of BWS is considered, 4 children were born with the use of IVF
or ICSI resulting in a prevalence of ART among these children of 5.6% (relative risk = 6.1)
which is significantly higher than 0.92% in general Dutch population during the same period
of time (71). All 4 cases of IVF-born BWS children tested for molecular etiology had
hypomethylation at LIT1 (71).

The 7 case-series/case control/survey studies among children with BWS (Table 3),
consistently reported a higher prevalence of ART (59, 62–65, 67, 70, 71). In contrast, the
findings from cohort studies were inconsistent, 2 of the 3 cohort studies (68, 69) failed to
detect any cases of BWS among children born after ART while a third study (70) reported a
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significantly higher prevalence of BWS among ART-born children (Table 4). A large co-
operative international study will be required to compare the prevalence of BWS among
naturally conceived children and children born after ART. Moreover, as the majority of
individuals with BWS do well both physically and developmentally (59), the prevalence of
BWS may be underestimated in general population compared to the children born after ART
which are usually scrutinized for their health and development, especially in cases with mild
degree of clinical presentation. It is concerning that all reports have consistently
demonstrated that 90–100% of cases had an imprinting aberration, mainly hypomethylation
of maternal allele, as the molecular cause in BWS cases born after ART compared to the
generally reported rates of 50–60% in general BWS population (62–67, 71). However, the
increased rate of imprinting abnormality among BWS cases born after the use of ART could
be due to chance and/or bias as not all cases of BWS in each report were evaluated for their
molecular causes. Though current evidence has suggested an association between BWS and
ART, routine screening of BWS in these children is not warranted as the overall prevalence
of BWS in these children is considered too infrequent to justify screening (1:4,000) (65).

Angleman Syndrome—Angleman syndrome (AS) is a rare neurogenetic disorder
characterized by severe mental retardation, seizures, frequent smiling and laughter and
abnormal gait (72). The molecular cause of AS is a deficiency of maternal gene expression
of the UBE3A gene, located within the imprinting cluster at chromosome 15q11 to 15q13, in
the brain (Figure 2) (72, 73). Loss of maternal gene expression of the UBE3A gene can
result from a deletion, a mutation, a paternal uniparental disomy, or an imprinting defect of
the maternal allelles. The prevalence of AS was estimated at 1:12,000 in general population
(74); however, imprinting abnormalities are the etiology responsible for AS in less than 5%
of all cases, accounting for ~ 1:300,000 newborns (1).

The first publication to suggest an association between AS and ICSI reported 2 children with
AS born after the use of ICSI indicated by male infertility (1). Both children had significant
hypomethylation of chromosome 15q11 to 15q13 analyzed by Southern blotting using a
SNRPN probe (1). This report raised alarm for an association between imprinting disorders
and ART because the incidence of AS due to an imprinting defect is extremely rare in
general population (~ 1:300,000).

Another publication in the following year reported a third case of AS in a girl conceived
after ICSI (75). The molecular analysis revealed normal chromosome 15 of biparental origin
with a complete absence of a methylated maternal pattern for the SNRPN locus. However,
this girl had an intact AS imprinting center (IC). Unlike the other 2 girls in the earlier study
(1) whose fathers had male infertility, this girl was born to a father who had normal sperm
but had a mother and maternal grandmother with a history of reproductive difficulties,
discounting the possibility that the imprinting defect could be related to male infertility (75).

A third recent study demonstrated that 20% of AS patients were born to subfertile couples
(76). Among 16 AS cases born to a subfertile couple with or without infertility treatment, 4
cases (25%) had an imprinting defect (76). Three children were born after ICSI and one of
these children had an imprinting defect (76). Assuming that an imprinting defect accounts
for 4% of AS patients, the relative risk of imprinting defect in AS children born to couples
with subfertility was 6.25 (95% CI 1.68–16.00) and the relative risk of imprinting defect in
AS children born to untreated couples with subfertility was identical to that of those treated
by ICSI or by hormonal stimulation alone (RR=6.25; 95% CI, 0.70–22.57) (76). The relative
risk was twice as high in subfertile couples who had received treatment (RR=2.5; 95% CI,
1.40–45.13) (76). Data from this study suggested that subfertile couples had an increased
risk of conceiving a child with an imprinting defect causing AS. The authors also suggested
that imprinting defects and subfertility may have a common cause, and that superovulation
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rather than ICSI may further increase the risk of conceiving a child with an imprinting defect
(76).

A British survey of 384 families with a child with AS had found that among 75 responders
with sporadic AS, 3 children were born after assisted conception. However, only one child
was born with the use of IVF and this child appeared to have imprinting abnormality (67).
The other 2 cases were conceived with the use of artificial insemination using donor sperm
(67). Assuming there were no more cases of assisted conception in the non-responders, this
would indicate a minimum of 0.26% IVF births among these children.

A nation-wide survey in the Netherlands recently reported that 12 of 63 AS children (19%)
were born to families with fertility problems compared to 5.6% of children born to families
with fertility problem in general Dutch population during the same period (RR = 3.4, p <
0.001) (71). Three children (4.8%) were born with the use of ovulation induction medication
compared to 0.39% among Dutch population (RR = 12.3, p < 0.001) (71). However, no
children with AS were born with the use of IVF/ICSI (71). The data from this study
suggested that a higher percentage of AS children were born to parents with fertility
problems who used ovulation induction medication. This information supported the earlier
study of Ludwig et al (76).

In the most recent survey of 2,492 children born after ART in the United Kingdom among
1,524 responders, there were no cases of AS reported (70). Nevertheless, as the incidence of
AS caused by imprinting defects in this population was estimated at ~ 1:750,000, this small
study cohort may not have detected a 50-fold increased risk (70).

A small prospective study analyzed DNA-methylation patterns at chromosome 15q11-q13 in
92 children born after ICSI and showed a normal methylation pattern in all children (77).
However, as the incidence of AS caused by imprinting defect is very rare (~ 1:300,000), the
number of children analyzed in this study was too small to detect an increased prevalence of
imprinting abnormalities of AS among children born after ICSI.

To date, there are 7 reported cases of AS born after IVF or ICSI and 5 of these children
appeared to have imprinting defect as the etiology (Table 5) (1, 67, 75, 76). Though the
number of cases are small due to the rarity of disease, the proportion of children with
imprinting defect as a cause of AS, 71% (5/7), is higher than in general population
suggesting an association between ART and AS. It remains unclear whether IVF/ICSI or
ovulation induction is the cause of this imprinting defect and further study is needed.

Retinoblastoma—Retinoblastoma is a childhood malignant tumor of retina with an
incidence of ~ 1 per 17,000 livebirth (78). Retinoblastoma is commonly caused by mutation
of one allele of the tumor suppressor gene RB1 combined with chromosomal loss or deletion
of the other allele (38). However, hypermethylation of RB gene that inactivates its tumor
suppressor function was demonstrated to play a role in the development of retinoblastoma
(79, 80). There was an alarming report from the Netherlands of 5 children with
retinoblastoma, conceived between November 2000 and February 2002 by ART, suggesting
a significant increased risk of 4.9–7.2 (81). Among these 5 children, one patient had a
mutation as the etiology of retinoblastoma. However, in that report, the imprinting status of
RB gene was not evaluated. There have been no subsequent publications to suggest an
association between retinoblastoma and ART. A large cohort study from Denmark including
all Danish singleton born from January 1, 1995 to December 31, 2001 using National IVF
Registry and National Birth Registry reported no cases of retinoblastoma among 6,052 IVF
singleton with the mean follow-up time of 4.1 years (68).
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Conclusion
Several case reports, case series and cohort studies have suggested an association of ART
usage with offspring born with imprinting disorders, mainly BWS and AS. There is biologic
plausibility for concern because embryo manipulations and ovarian stimulations associated
with ART have clearly been shown to cause imprinting disorders in animals. Moreover, the
proportion of BWS and AS caused by imprinting defects in children born after ART is much
higher than those conceived naturally, supporting the notion that ART might cause the
imprinting disorders. As the incidence of imprinting disorders is very rare, conclusions from
the current literature are tempered by limitations in study design. Though limited by study
design and sample sizes, case series/case-control studies from different populations all
suggested an association between BWS and ART, specifically hypomethylation of maternal
allele. AS caused by sporadic imprinting defects is very rare, therefore 5 cases of these
children born after ART may be cause for concern.

Large prospective, multi-center, cohort, studies are needed to assess growth and
development of children born after ART in order to definitively answer the question of
whether ART may cause an increased prevalence of imprinting disorders. Moreover,
whether underlying infertility etiology, ovulation induction or IVF/ICSI procedure is the
true cause for the increased prevalence of imprinting disorders with ART remains to be
determined.
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Figure 1.
Diagram showing epigenetic alteration of imprinted gene cluster at chromosome 11p15.5 in
BWS. A: normal, B: BWS caused by DMR2 loss of methylation (most common etiology of
BWS in children born after ART), C: BWS caused by DMR1 gain of methylation.
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Figure 2.
Diagram showing epigenetic alteration of imprinted gene cluster at chromosome 15q11-13
in AS. A: normal, B: AS caused by SNRPN DMR loss of methylation.
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Table 1

Human phenotypes associated with imprinted genes (10).

Syndrome Chromosome location

□ Beckwith-Wiedemann syndrome 11p15

□ Prader-Willi syndrome 15q11-q12

□ Angelman syndrome 15q11-q12

□ Silver-Russell syndrome 7p11-p13, 7q31-qter

□ Transient neonatal diabetes mellitus 6q24

□ PHP1b, Albright hereditary osteodystrophy, McCune-Albright syndrome 20q13

□ Familial nonchromaffin paraganglioma 11q13

□ Maternal and paternal UPD14 syndromes 14
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Table 2

Molecular basis of Beckwith-Wiedemann syndrome (59).

Molecular subgroup Approximate percentage

Epigenetic error on chromosome 11p15

 Loss of methylation at DMR 2 (KvDMR1 located within KCNQ1 gene) 50%

 Gain of methylation of DMR1 2–7%

Paternal uniparental disomy 20%

Chromosomal alterations

 Paternal duplication < 1%

 Chromosome 11 inversions and translocation < 1%

Mutation in the gene CDKN1C 10%

Unknown etiology 10%
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Table 5

Number of cases of AS conceived after IVF/ICSI

Reference Number Type of study
No. of case(s) of AS in children born after

ART
No. of case(s) having imprinting defect as a

cause

1 Case series 2 ICSI 2 (100%)

75 Case report 1 ICSI 1 (100%)

76 Survey 3 ICSI 1 (33.3%)

67 Survey 1 IVF 1 (100%)
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