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Recently, several reports have been published that showed a
higher incidence of assisted reproductive technologies (ART) in
patients with Beckwith–Wiedemann syndrome compared with
the general population, and in most of these patients, aberrant
methylation imprints of KvDMR1 have been found. This has led
to the concern that ART might increase the incidence of
imprinting syndromes such as Beckwith–Wiedemann syn-
drome. Not much is known on environmental or genetic factors
that may interfere with the processes of imprint maintenance or
resetting. A methylation analysis of KvDMR1 was performed in
human oocytes at different stages of nuclear maturity and in
sperm cells. The results indicate that the maternal methylation
imprints were already established at the germinal vesicle stage,
whereas all sperm cells were unmethylated, thereby showing
that the KvDMR1 carries a germline methylation imprint. For
one of the oocytes analysed, an unmethylated pattern was
found, which highlights the need for further molecular studies
that consider the safety of ART.

A
small subset of genes, the so called ‘‘imprinted genes’’,

escape the classic bi-allelic expression, and are predomi-
nantly or exclusively expressed from one parental allele.1

Monoallelic expression relies on epigenetic mechanisms, and
DNA methylation of CpG dinucleotides at differentially
methylated regions (DMRs) is the best-studied epigenetic mark
so far. The epigenetic marks or ‘‘imprints’’ are reset with every
reproductive cycle. Imprint resetting involves erasure in the
primordial germ cells and the acquisition of new sex-specific
imprints during later stages of germ cell development. The
imprints of the gametes are maintained stable in the early
embryo despite overall epigenetic reprogramming.2 Deregu-
lation of imprinted genes can lead to several imprinting
syndromes, including Angelman syndrome (OMIM 105830),
Prader–Willi syndrome (OMIM 176270) and Beckwith–
Wiedemann syndrome (BWS; OMIM 130650).3 BWS is a rare
(1/13000) syndrome characterised by prenatal and postnatal
overgrowth, macroglossia, abdominal wall defects and a
predisposition to embryonic tumours. BWS is associated with
genetic and epigenetic changes in an imprinting cluster of
about 1 Mb on chromosome 11p15. This cluster includes two
imprinted domains, each controlled by an imprinting control
region (ICR), which is differentially methylated.4 The more
telomeric domain contains two reciprocally imprinted genes,
insulin-like growth factor 2 (IGF2) and H19, which are
regulated by the paternally methylated ICR1 (H19 DMR).5 6

The second, more centromeric domain, contains the maternally
expressed potassium voltage gated channel subfamily Q
member 1 gene (KCNQ1), the paternally expressed KCNQ1
overlapping transcript KCNQ1OT1 (also called LIT1) and several
other maternally expressed genes, including the cyclin-depen-
dent kinase inhibitor 1C (CDKN1C). The ICR2 of this domain is
located in a CpG island in intron 10 of the KCNQ1 gene and
contains the KvDMR1, which is maternally methylated in
somatic tissues.7–9

Recently, some papers showed a higher incidence of assisted
reproductive technologies (ART) in patients with BWS com-
pared with the general population.10–15 Molecular analysis
showed that most cases were due to epigenetic rather than
genetic changes. In all but one patient with BWS born after
ART, loss of maternal methylation at KvDMR1 was observed,
whereas imprinting mutations at KvDMR1 occur usually only
in 50% of patients with BWS. It has been hypothesised that in
vitro culture systems or hormonal stimulation of the ovaries
during ART may cause these epigenetic defects by interfering
with maternal imprint establishment during gametogenesis
and/or with imprint maintenance during the pre-implantation
period.12 14 16 Another hypothesis is that the epigenetic defects
after ART are related to the fertility problems of the couples.14 17

To clarify the timing of imprint acquisition of the human
KvDMR1, we analysed the methylation pattern in oocytes at
different stages of nuclear maturity using a bisulphite sequen-
cing technique.

MATERIALS AND METHODS
Samples
Genomic DNA was directly isolated from human blood samples
using a QIAmp Blood Maxikit (Qiagen Benelux BL, Venlo, The
Netherlands). The oocytes were donated for research by
patients of the Centre for Reproductive Medicine after they
had given informed consent, and with the approval of the
institutional ethics committee. The collected research oocytes
were immature, at the germinal vesicle or metaphase I stage on
the day of oocyte retrieval, or they spontaneously matured in
vitro to the metaphase II stage, having been left overnight in
the incubator. All the oocytes were denuded of their surround-
ing cumulus and corona cells using a combination of mechan-
ical (pipetting) and enzymatic (40 IU/ml hyaluronidase; Sigma

Abbreviations: ART, assisted reproductive technologies; BWS, Beckwith–
Wiedeman syndrome; DMR, differentially methylated region; ICR,
imprinting control region; ICSI, intracytoplasmic sperm injection; KCNQ1,
potassium voltage-gated channel subfamily Q, member 1; PCR,
polymerase chain reaction

Key points

N We performed a methylation analysis of the human
imprinted KvDMR1 in oocytes at different stages of
nuclear maturity (germinal vesicles, metaphase I and
metaphase II oocytes).

N An overall methylated pattern was found in 15 of 16
oocytes analysed. However, one oocyte had an unmethy-
lated pattern. We also verified the methylation status of
sperm cells, and an overall unmethylated pattern was
detected.

N We have shown that the human KvDMR1 is a germline
DMR, for which the maternal imprints are already
established at the germinal vesicle stage.
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Chemical Company, St Louis, Missouri, USA) methods. Special
attention was paid to the complete removal of the zona
pellucida using an acidic tyrode solution. Removing the first
polar body so that only the epialleles of the mature metaphase
II oocyte could be studied was not always successful. Oocyte
numbers 4, 5 and 12 were obtained from the same intracyto-
plasmic sperm injection (ICSI)/in vitro fertilisation cycle, as
were oocyte numbers 6 and 11. Several independent experi-
ments of single oocytes were performed for each of the three
stages, except for the metaphase I oocytes, where on one
occasion a pool of two oocytes was used (number 7). Semen
samples with normal semen parameters were obtained from
male donors at our fertility centre.

Bisulphite sequencing technique
The methylation patterns were studied by a bisulphite sequen-
cing protocol based on the chemical conversion of unmethy-
lated cytosines to uracil by the bisulphite, whereas the
methylated cytosines remained unaltered. After polymerase
chain reaction (PCR) amplification of the bisulphite-converted
DNA, the PCR products were directly sequenced or first cloned
and then sequenced. For bisulphite conversion of the single
cells, a bisulphite protocol based on low melting point agarose
beads was used.18 A specific heminested PCR protocol was
developed for the amplification of 12 CpG sites (10 CpGs that
were also studied by Cerrato et al19 and 2 CpGs directly
upstream) of the human KvDMR1 on the upper strand of the
bisulphite-converted DNA. In the first round of PCR, the
forward primer LITBisF (59-GGG GGT TTT TTA GTA TGG TTT
TTT TT-39 nucleotide position 67934–67959 in GenBank
accession number U90095) labelled with 59-indocarbocyanin
was used, together with the reverse primer LITRV (59-CAC TAC
CCA AAC CAA ACT ACA CTA C-39; 68202–68225). In the
second round of PCR, the reverse primer LITRV was combined
with the 59-indocarbocyanin-labelled forward primer LITFI (59-
GGT TTT TTT TAT TTT TTT GGG AGG GTT TG-39 68070–68098).
A PCR mix containing 0.4 mM of each primer, 0.2 mM dNTPs
(Amersham Pharmacia Biotech, Roosendaal, The Netherlands),
16PCR buffer (Applied Biosystems, Nieuwerkerk a/d IJsel, The
Netherlands), 2 mM MgCl2 (Applied Biosystems), 1.25 U
AmpliTaq DNA Polymerase (Applied Biosystems) in a total
volume of 25 ml was used. The following PCR programme was
used for genomic DNA: a denaturation step of 5 min at 94 C̊
followed by 20 cycles of 30 s at 94 C̊, 30 s at 68 C̊ and 30 s at
72 C̊, and a final extension for 5 min at 72 C̊. A volume of 3 ml
of the first round was used as DNA input for amplification in
the second round of PCR with the following programme: 5 min
of denaturation at 94 C̊ followed by 25 cycles of 30 s at 94 C̊,
30 s at 63 C̊ and 30 s at 72 C̊, and a final extension step for
5 min at 72 C̊. The PCR programme for single or a few germ
cells has an additional five cycles in the first round and ten
cycles in the second round. The PCR fragments were analysed
on an ALFExpress automated sequencer (Amersham
Pharmacia Biotech), and positive samples were directly
sequenced or first cloned using a TOPO-TA cloning kit
(Invitrogen, Merelbeke, Belgium) and subsequently sequenced
on the ABI 3130 XL (Applied Biosystems). Our bisulphite
sequencing protocol was first essayed on genomic DNA directly
isolated from human blood samples by analysis of 102 clones.
Blanks were included in each bisulphite sequencing experi-
ment, and none of them showed amplification.

RESULTS
The bisulphite sequencing protocol was optimised for the
analysis of single germ cells. In this way, we avoided the
pooling of research oocytes from different ART cycles, which
would involve loss of patient-specific information. Validation of

the protocol on genomic DNA gave an average methylation
pattern of 30.8% (377 methylated CpG sites/1223 analysed
CpGs) after several independent bisulphite sequencing experi-
ments. Thirty three of the clones had a methylated pattern and
69 had an unmethylated pattern (fig 1A).

Oocytes at different stages of nuclear maturity (germinal
vesicles stages, metaphase I and metaphase II stage oocytes)
were analysed for their methylation status at the KvDMR1.
The amplification efficiency of the specifically developed
single-cell protocol was 25% (16 of 64 oocytes amplified).
An overall methylated pattern was found in 15 of 16 oocytes
analysed (fig 1B). However, an aberrant unmethylated
pattern was detected in one of the metaphase I oocytes
(number 11).

To verify whether paternal unmethylated patterns were
present in mature male germ cells, a methylation analysis
was carried out on four pools of ten sperm cells from
ejaculates with normal semen parameters. An unmethylated
pattern was found in all the sperm samples analysed
(fig 1C).

DISCUSSION
In this work, we studied the methylation status of the human
KvDMR1 in oocytes at different stages of nuclear maturity and
in sperm cells using a bisulphite sequencing technique, which
was optimised for analysis of single cells. The use of fresh
oocytes from natural cycles was circumvented by using donated
oocytes from ART cycles. Therefore, the influence of fertility
problems or environmental factors inherent to the ART
procedure cannot be excluded.

Validation of the bisulphite sequencing protocol on genomic
DNA showed that about one third of the clones are methylated,
the other two thirds being unmethylated. These results are in
agreement with the paper of Cerrato et al,19 where an
overlapping region was studied, and 26–35% of the clones
had methylated CpGs. Although similar results were obtained
after bisulphite sequencing with distinct PCRs, a more balanced
ratio would have been expected and it cannot be ruled out that
preferential amplification of the unmethylated molecules
occurred during PCR.

Our results of an overall methylated pattern at the KvDMR1
in 15 of the 16 oocyte samples analysed indicate that the
maternal methylation imprints have already been established at
the germinal vesicle stage. The finding of opposite methylation
patterns at the KvDMR1 in male and female gametes indicates
that this methylation imprint is a germline imprint. However,
one oocyte failed to complete the cycle of imprint resetting. This
unmethylated metaphase I oocyte (number 11) and the
completely methylated germinal vesicle (number 6) were
notably from the same ICSI cycle, the fifth cycle for a couple
with male factor infertility. Interestingly, in this ICSI cycle,
several immature oocytes (four in the germinal vesicle and two
in the metaphase I stages) were retrieved and only four mature
metaphase II oocytes were suitable for ICSI. Two embryos were
transferred to the 36-year-old woman, but no pregnancy
followed. A high number of dysmorph, immature oocytes was
consistently found in all previous cycles; further details were
not available.

Disruptions at several stages in the imprinting cycle could
have caused the unmethylated status of the KvDMR1 in this
metaphase I oocyte. Firstly, the imprint acquisition could have
failed because of a developmental delay in this oocyte that
prevented imprint establishment at the right time. Another
possibility is that the ovarian hormonal stimulation inherent to
the infertility treatment could have interfered with the imprint
acquisition.14 Also, imprint maintenance may be disturbed
owing to influences of hormonal stimulation or in vitro culture.
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In mice, in vitro culture systems have been shown to alter the
methylation pattern of imprinted genes in the embryo.20 21 In
vitro maturation of human oocytes also altered the methylation
pattern of the imprinted H19 gene22; however, this is less
probable as this metaphase I oocyte was not matured in vitro,
but was just kept in culture between the time it was picked up

and the time it was used. In light of the reports of patients with
BWS born after ART, certain aspects of this procedure (eg
hormonal stimulation14 or in vitro culture system20–22) or the
couple’s fertility problem17 itself may have interfered with the
process of imprint establishment, but no conclusions can be
drawn as it was not possible to analyse oocytes from natural
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Figure 1 Methylation analysis of the KvDMR1 in (A) genomic DNA isolated from blood, (B) oocytes and (C) sperm cells. The 12 CpG dinucleotides
analysed are given in the top row of the graph (1–12). Samples were directly sequenced (direct) after polymerase chain reaction or cloned before
sequencing. The total number of clones analysed is mentioned, and clones with the same pattern are grouped. White boxes, unmethylated CpGs; black
boxes, methylated CpGs; GV, germinal vesicle; MI, metaphase I; MII, metaphase II.
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cycles. Fertilisation of an oocyte unmethylated at KvDMR1
through ART may lead to a BWS syndrome patient.7 8

In summary, we showed that KvDMR1 is a germline
differentially methlylated region for which the maternal
imprints are already established at the germinal vesicle stage.
However, one oocyte had an aberrant methylation pattern.

In light of the recent findings about an association between
ART and imprinting syndromes, more molecular studies are
needed to consider the safety of ART procedures.
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The journal apologises for a number of errors
that have occurred within this electronic letter.
The online version of this electronic letter has
been replaced with a corrected version avail-
able at http://www.jmedgenet.com/cgi/content/
full/43/12/e56
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