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Abstract The expression of imprinted genes is
mediated by allele-speciWc epigenetic modiWcation of
genomic DNA and chromatin, including parent of ori-
gin-speciWc DNA methylation. Dysregulation of these
genes causes a range of disorders aVecting pre- and

post-natal growth and neurological function. We
investigated a cohort of 12 patients with transient neo-
natal diabetes whose disease was caused by loss of
maternal methylation at the TNDM locus. We found
that six of these patients showed a spectrum of methyl-
ation loss, mosaic with respect to the extent of the
methylation loss, the tissues aVected and the genetic
loci involved. Five maternally methylated loci wereElectronic Supplementary Material Supplementary material is
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aVected, while one maternally methylated and two
paternally methylated loci were spared. These patients
had higher birth weight and were more phenotypically
diverse than other TNDM patients with diVerent aeti-
ologies, presumably reXecting the inXuence of dysre-
gulation of multiple imprinted genes. We propose the
existence of a maternal hypomethylation syndrome,
and therefore suggest that any patient with methyla-
tion loss at one maternally-methylated locus may also
manifest methylation loss at other loci, potentially
complicating or even confounding the clinical presen-
tation.

Abbreviations
BWS Beckwith–Wiedemann syndrome
DMR diVerentially methylated region
IUGR Intra-uterine growth retardation
LOM Loss of methylation
MS-PCR Methylation-speciWc PCR
TNDM Transient neonatal diabetes mellitus
UPD Uniparental disomy
WRGL Wessex Regional Genetics Laboratory

Introduction

Imprinting is the process whereby certain chromosomal
loci are diVerentially marked in parental germlines in a
heritable fashion, resulting in diVerential gene expres-
sion in the oVspring (reviewed in Reik and Walter 2001;
Allegrucci et al. 2005). Imprinted genes comprise only a
small proportion of human genes, but many are regula-
tors of foetal or placental growth and development, or
have neurological or behavioural roles (Tycko and
Morison 2002). Deregulation of imprinted genes has
been implicated in a number of sporadic and inherited
genetic disorders (Robertson 2005). For example,
deregulation of genes at 11 p15 gives rise not only to
Beckwith–Wiedemann syndrome (BWS; Weksberg
et al. 2005), an overgrowth disorder, but to Silver–Rus-
sell syndrome (SRS; Gicquel et al. 2005; Eggermann
et al. 2005; see also Bliek et al. 2006) which is a growth
retardation disorder. Growth retardation is also charac-
teristic of transient neonatal diabetes mellitus (TNDM),
which is attributable to deregulation of the imprinted
locus at 6 q24 (Temple and Shield 2002).

Most, though not all, imprinted genes are character-
ised by diVerentially methylated regions (DMRs)
where CpG-rich regions of genomic DNA are methy-
lated typically, though not universally, on the non-
expressed allele. Recently Arima et al. (2005) showed
that some patients with TNDM and loss of methylation
(LOM) at the maternally-methylated TNDM DMR

also lacked maternal methylation at KvDMR in the
BWS locus; they hypothesised that the gene products
of the two regions formed a functional network. When
we set out to conWrm their Wndings in our own TNDM
cohort, we noticed that several of the patients with
LOM at TNDM DMR had clinical features at variance
with the rest of the cohort, particularly with respect to
birth weight. When we found that two of these patients
did manifest partial LOM at KvDMR (Mackay et al.
2006), we hypothesised that it might have arisen as part
of a general hypomethylation syndrome, and set out to
assay the epigenotypes of our patients at several
imprinted loci, by quantifying the methylation at the
DMRs.

Materials and methods

Patients

The patient cohort (a subset of that described in
Mackay et al. 2005) comprised 12 individuals with a clin-
ical diagnosis of TNDM including low birth weight and
hyperglycaemia developing within 6 weeks of birth and
resolving within 18 months. Ethical approval was
granted by the local Research Ethics Committee for this
study on TNDM patients, the patients’ DNA samples
being anonymised but remaining associated with the
clinical data given at referral. For the purposes of birth
weight calculations, only term births were included,
‘term’ being deWned as 38–42 weeks of gestation.

Molecular genetic diagnosis of LOM at 6 q24 was
made by methylation-speciWc PCR analysis as described
in Mackay et al. (2005), and paternal UPD6 was
excluded by microsatellite analysis of chromosome 6.
Five of these patients have been reported before (Gard-
ner et al. 2000; Kant et al. 2005; Mackay et al. 2006). The
TNDM control cohort comprised other neonatal diabet-
ics, including ten with paternal UPD6 and ten with
mutations in KCNJ11 (Gloyn et al. 2005). An anony-
mised cohort of age-matched normal control samples
was drawn from the sample base maintained within
WRGL for such purposes. In addition, positive control
samples with known imprinting mutations or uniparen-
tal disomies of chromosomes 6, 7, 11, 14 and 15 were
anonymised and employed as positive controls in MS-
PCR assays. Parents of TNDM cases were routinely
included in MS-PCR experiments, partly to exclude
inherited imprinting defects, but chieXy because the
parental samples, generally obtained at the same time
and extracted in the same manner as the proband sam-
ples, provided a valuable control for variations in sample
quality in DNA from many diVerent centres.
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Bisulphite treatment

Genomic DNA derived from peripheral blood leuko-
cytes (2 �g) was bisulphite treated using the EZ DNA
Methylation kit (Zymo Research) and resuspended in
a Wnal volume of 50 �l, of which 1 �l was used in each
PCR reaction.

Methylation-speciWc PCR (MS-PCR) 
and pyrosequencing

MS-PCR reactions for chromosomes 6 and 11, and
pyrosequencing reactions for KvDMR, were per-
formed as described in Mackay et al. (2006). MS-PCR
primers for other loci were designed on the same prin-
ciples (Supplementary Table 1). Primer sequences for
GRB10 were derived from Arnaud et al. (2003); for
PEG1 from Moore et al. (2003); for PEG3 from Mur-
phy et al. (2001); for DLK1 from Wylie et al. (2000),
and for H19 from Vu et al. (2000). Primer sequences
for SNRPN are those of Zeschnigk et al. (1997).
Pyrosequencing reactions for PEG3 were performed
according to the same principles as those for KvDMR;
details of reaction conditions are available on request.

Methylation ratiometry at each maternal locus was
demonstrated by two independent methods. For
KvDMR and PEG3, MS-PCR data was conWrmed by
pyrosequencing of bisulphite-induced polymorphisms,
interrogating CpG dinucleotides in the same DMRs.
For GRB10 and PEG1/MEST, two sets of MS-PCR
primers were employed, interrogating adjacent groups
of CpG dinucleotides in the PEG1 DMR; in this way
the experiments were controlled against spurious
results arising from sequence variation in MS-PCR
primer binding-sites.

Results

We undertook further DNA methylation analysis on 12
individuals from the TNDM cohort, who had previously
been shown to exhibit total loss of maternal methylation
at the TNDM DMR on 6 q24, and for whom DNA was
available for study. In all cases, leukocyte-derived DNA
was analysed, and in some cases, DNA was also avail-
able from skin Wbroblasts or buccal swabs. MS-PCR was
performed on the maternally-methylated DMRs of
GRB10 (7 p11–12), PEG1/MEST (7 q32), KvDMR
(11 p15), SNRPN (15 q11–13) and PEG3 (19 q13), and
on the paternally methylated DMRs of H19 (11 p15.5)
and DLK1 (14 q32). Control reactions were performed
on 52 age-matched, anonymised normal control DNAs,
and on 50 samples from patients referred for TNDM

testing, but without LOM at chromosome 6 (including
10 with paternal uniparental disomy of chromosome 6
and 7 with duplication of 6 q24).

Table 1 summarises the results of MS-PCR analysis.
Out of 12 individuals with LOM 6 q24, six exhibited par-
tial or total LOM at the other imprinted loci investigated.
There are several noteworthy features of these Wndings.
Firstly, methylation change could be observed at one or
more of the GRB10, PEG1, KvDMR and PEG3 DMRs.
An example of this is patient 4, who showed partial
methylation loss at KvDMR and PEG1 (Fig. 1).
Secondly, methylation change was mosaic in those cases
where diVerent tissues were available. For example, in
patient 3, Wbroblast-derived DNA exhibited a twofold
reduction of methylation at the PEG3 DMR, whereas
blood-derived DNA exhibited almost total methylation
loss at this locus (Fig. 2). Thirdly, some patients exhibited
complete or near-complete loss of methylation at loci
other than 6 q24. As an example, PEG3 DMR methyla-
tion in patient 1 approached zero, as shown by both MS-
PCR and pyrosequencing (Supplementary Fig. 1).

Methylation loss was seen only in maternally-methy-
lated loci; there was no evidence of methylation change
in the paternally-methylated H19 or DLK1 DMRs in
any case or control sample; nor, interestingly, was it
observed at the maternally-methylated SNRPN locus
(Table 1). No methylation change was observed in the
parents of the probands, nor among 52 age-matched
controls, nor among 50 other referrals for growth retar-
dation and neonatal diabetes (Table 1).

The phenotypes of the cohort are summarised in
Table 2. The mean birth weight of the patients with
multiple LOM (excluding the multiple birth) is slightly
higher than that of the remainder of the cohort, but the
diVerence was not statistically signiWcant (P = 0.71).
However, these patients did have higher average birth
weight than TNDM patients of other aetiologies. A
combined cohort of patients with UPD6 (n = 10) and
duplication of 6 q24 (n = 7) had mean birth weight
1963 § 297 g, median 1,850 g. The birth weight diVer-
ence between patients with multiple LOM and other
TNDM patients was 500 g and narrowly achieved sta-
tistical signiWcance (P = 0.0498). Interestingly, the
median birth weight of all the LOM6 q24 patients
(excluding multiple and preterm births) was 2,260 g,
410 g higher than the non-LOM TNDM patients, and
was signiWcant at P = 0.02 (Fig. 3).

Discussion

We found evidence of a spectrum of maternal hypome-
thylation at imprinted loci in six out of 12 patients with
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TNDM and loss of maternal methylation at TNDM
DMR. This is the Wrst report of a hypomethylation syn-
drome aVecting more than two loci, and we hypothesise
that similar hypomethylated epigenotypes may be iden-
tiWed among other patient cohorts. In the cohort
described here, the primary presentation was TNDM,
with total LOM at 6 q24 and partial or total LOM at
other loci. It therefore seems plausible that any individ-
ual with maternal LOM (for example, a BWS patient)
may exhibit a similar spectrum of methylation change.

Patients exhibiting maternal hypomethylation had
signiWcantly higher median birth weight than TNDM
patients of other aetiologies, and, intriguingly, this
diVerence was present both in patients with multiple
LOM and in all TNDM patients with LOM6 q24. We
therefore hypothesise that other imprinted loci, as yet
unidentiWed, contribute to the phenotypes of this
whole cohort, and we are currently working to develop
further imprinting assays in order to investigate these
individuals further.

There was evidence that methylation loss at multiple
loci modiWed the clinical presentation of TNDM in
individual patients. For example, the two individuals in
this cohort with the most marked LOM at KvDMR

(patients 1 and 4) are also those with anterior abdomi-
nal wall defect, a clinical feature of BWS (Mackay
et al. 2006). We propose that in patients with other
hypomethylation syndromes, methylation loss at addi-
tional loci may modify the primary clinical presenta-
tion. However, TNDM is perhaps unusual in that
LOM, when detected, is always complete; this epigeno-
type may present a unique and extreme backdrop for
the presentation of other methylation changes. Only
further investigation of other disease cohorts will
resolve this question.

In no case did we detect methylation loss at the H19,
DLK1 or SNRPN DMRs. The former two are pater-
nally-methylated loci, and their sparing suggests that
the defect in these individuals is one of maternal meth-
ylation only. The sparing of the maternal methylation
of SNRPN DMR is more surprising. It may be a chance
occurrence in this relatively small cohort, or reXect the
ascertainment bias of these individuals. Alternatively,
the mechanism(s) responsible for this demethylation
may discriminate between the SNRPN mark and the
others described here; El-Maarri et al. (2001) have pro-
posed that SNRPN methylation develops later than
other marks in oocyte development, though Lucifero

Table 1 Results of methylation-speciWc PCR of imprinted loci

Numbers presented represent unme/me ratios as exempliWed in Fig. 1, and represent duplicate results obtained in at least two experi-
ments each for two independent bisulphite treatments, and conWrmed by the use of two MS-PCR primer sets or MS-PCR corroborated
by pyrosequencing

B blood; MB mouthbrush; FIB Wbroblast
a Normal control cohort of 52 anonymised age-matched individuals
b Neonatal diabetes cohort of 50 individuals referred for TNDM testing with a clinical diagnosis of neonatal diabetes and intrauterine
growth retardation, including 10 with uniparental disomy of chr6 and 7 with paternal duplication of 6 q24
c Control data drawn from previous publications; Mackay et al. (2005, 2006)

Patient number Tissue ZAC 
6 q24

GRB10 
7 p21

PEG1 
7 q32

KvDMR 
11 p15

PEG3 
19 q13

SNRPN 
15 q11

H19 
11 p15

DLK1 
14 q32

1 B 1 1 2 4 1 1 1 1
MB 1 1 2 1 1 1 1 1

2 B 1 1 2 1 2 1 1 1
FIB 1 1 5 1 5 1 1 1

3 B 1 1 1 2 2 1 1 1
FIB 1 25 1 1 13 1 1 1

4 B 1 1 4 3 1 1 1 1
MB 1 1 3 3 1 1 1 1

5 B 1 1 1 1 1 1 1 1
6 B 1 1 5 1 1 1 1 1
7 B 1 1 1 1 1 1 1 1
8 B 1 1 1 1 1 1 1 1
9 B 1 1 1 1 1 1 1 1
10 B 1 1 1 1 1 1 1 1
11 B 1 1 1 1 1 1 1 1
12 B 1 1 1 1 1 1 1 1
Normal controlsa 

(mean § SD)
B 1.00 § 0.16c 1.00 § 0.21 1.00 § 0.20 1.00 § 0.17c 1.00 § 0.22c 1.00 § 0.16 ND 1.00 § 0.30

Neonatal diabetesb 
controls (mean § SD)

B 1.00 § 0.17 1.00 § 0.14 1.00 § 0.08 1.00 § 0.16 1.00 § 0.20
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et al. (2002) do not observe this distinction. We are
continuing to investigate these possibilities.

In all cases, methylation loss was complete at 6 q24,
reXecting the clinical presentation of the patients.

Beside 6 q24, hypomethylation was mosaic in almost
all cases where multiple samples were available, and in
general was more marked in non-leukocyte samples
than leukocyte samples. From eight cases where only

Fig. 1 Methylation-speciWc PCR of PEG1 DMR and KvDMR:
patient 4, showing loss of methylation at two loci. In this Wgure, as
in all the MS-PCR Wgures, a common layout is used. X-axis scale
represents calculated product size (bp), Y-axis indicates peak
height (arbitrary units), as do the Wgures under each peak. Peaks
corresponding to methylated and unmethylated products are
identiWed under the bottom panel of each Figure, as is the DMR
template. The ratio (unme/me) was calculated as the peak height
ratio of unmethylated versus methylated ampliWcation products,
therefore, in all Wgures, numbers greater than 1 indicate loss of
maternal methylation, with an inWnite ratio indicating loss of all

detectable maternal methylation. Ratios were normalised to the
average of at least six control samples per experiment, though for
the purposes of the Wgures presented, not all the controls are
shown and the ratiometry is therefore approximated. All DNA
templates are blood-derived unless otherwise stated. Electro-
pherograms are representative examples of results obtained for at
least two duplicated experiments on at least two independent bi-
sulphite reactions. a PEG1 DMR; b KvDMR. a, b First panel the
mother of patient 4; second panel patient 4; third panel normal
control

Mother of 4 

Patient 4

Control

Mother of 4 

Patient 4 

Control

PEG1 Pat
(unmethylated)

PEG1 Mat
(methylated)

KvDMR Mat
(methylated)

KvDMR Pat
(unmethylated)

 2.67 1

Unme/me    Normalised 
   ratio a   ratio

10.56 4

2.14 1

0.25 1

0.78 3

0.37 1

Unme/me    Normalised 
   ratio   ratiob
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leukocyte DNA was available, methylation change was
seen in only two. It is perfectly possible that other tis-
sues from any of these individuals would have mani-
fested further methylation changes. The generally less
marked variations in leukocyte DNA may reXect ongo-
ing clonal selection in this lineage.

In two cases, we observed loss of all detectable
methylation at a site other than TNDM DMR, in one
case at PEG1 DMR and in another at PEG3 DMR.
The individuals concerned did not present as infants
with radically diVerent clinical features from the rest of
the cohort, except that their birth weights were the two
highest of the whole TNDM cohort. The published

data concerning knockout mice suggest that mutations
at these loci may have behavioural more than physical
phenotypes (Lefebvre et al. 1998; Li et al. 1999). To
our knowledge no data exist concerning loss of methyl-
ation at PEG1 or PEG3 DMRs in liveborn humans
(though it has been described in hydatidiform moles;
El-Maarri et al. 2003; Judson et al. 2002). Further
investigations will be required to determine the pheno-
types, if any, associated with these epigenotypes.
Regarding the eVects of the less dramatic methylation
changes found in some patients, clearly somatic mosai-
cism exerted some eVects over the phenotype seen,
limiting the clarity of the phenotypic picture; it should

Fig. 2 Methylation-speciWc PCR of PEG3 DMR: patient 3,
showing mosaic loss of methylation in blood-derived and Wbro-
blast DNA. Top panel, patient 3, blood-derived DNA; second

panel, patient 3, primary Wbroblast-derived DNA; third panel,
mother of 3; fourth panel, normal control

UNME/ME    NORMALISED
    RATIO           RATIO 

a. 1.55 2

b. 11.0 13

c. 0.76 1

d. 0.90 1

Peg3 Mat
(methylated)

Peg3 Pat
(unmethylated)

Patient 3 blood

Patient 3 fibroblast

Mother of Patient 3 

Control

Table 2 Phenotypic characteristics of TNDM patients

Regarding clinical features, the table indicates the number of individuals in which each given feature was observed, and the number for
which those data were recorded at referral

LOM noted at multiple loci LOM noted at 6 q24 only

N 6 6
Mean term birth weight (N = term single births) 2342 § 420 g (5) 2060 § 273 g (3)
Median term birth weight 2,350 g 2,253 g
Multiple births 1/6 1/6
Macroglossia 4/6 1/4
Anterior abdominal wall defects 2/6 0/4
Reported placental defects 2/6 1/4
Reported developmental delay 2/6 1/4
Reported growth delay 1/6 0/4
Reported maternal age > 35 year 3/6 0/4
Reported maternal infertility or IVF 1/6 1/4
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also be remembered that some of these patients had
placental trauma or insuYciency, so imprinting
changes may also have been present in placenta. We
anticipate that other patients with atypical presenta-
tion of a methylation disorder will manifest a spectrum
of methylation changes, and indeed that novel syn-
dromes may be described arising from this epigenetic
spectrum.

The underlying cause of this syndrome is not clear.
The mosaicism of these cases is consistent with a fail-
ure of maintenance methylation in the early zygote,
similar to the stochastic epigenetic mutations described
by Howell et al. (2001) on disruption of Dnmt1o activ-
ity in mice. In humans, failure of maintenance methyla-
tion has been proposed to underlie discordant
monozygotic twinning in BWS (Weksberg et al. 2002;
Bestor 2003), and the presence of two sets of discor-
dant multiple births in this cohort also is highly sugges-
tive of a mechanistic link; by contrast, discordant
twinning has not been described as a feature of Angel-
man syndrome.

However, a maternal-eVect mutation may also be
postulated. Arnaud et al. (2006) used a mouse model
to demonstrate stochastic and mosaic maternal methyl-
ation in the progeny of Dnmt3L-knockout mothers,
indicating that this gene, which is active at the repro-
gramming of germ cells, can manifest its eVects at post-
fertilisation stages. In this context it should be noted
that two of the mothers in this cohort were known to
have experienced a period of infertility, which is sug-
gestive of problems with oocyte number or maturation;
additionally, maternal age over 35 years was noted in
three cases, suggesting that oocyte maturation may

have been aVected in these women for genetic or
purely environmental reasons. Given the observed
connection between diet and imprinted methylation at
some loci (Waterland et al. 2006) it also remains possi-
ble that the maternal imprinting was compromised by
dietary deWciency at oocyte maturation, or even at
germline development.

To conclude, we describe a series of patients with a
spectrum of maternal methylation loss at multiple
imprinted loci. We will broaden our investigations to
survey further imprinted loci, and also explore other
patient cohorts, to determine the prevalence and the
phenotypic consequences of these anomalies.
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