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Abstract Transient neonatal diabetes mellitus (TNDM)
is associated with overexpression of an imprinted locus
on chromosome 6q24; this locus contains a differentially
methylated region (DMR) consisting of an imprinted
CpG island that normally allows expression only from
the paternal allele of genes under its control. Three types
of abnormality involving 624 are known to cause
TNDM: paternal uniparental disomy of chromosome 6
(pUPDG6), an isolated methylation defect of the im-
printed CpG island at chromosome 6q24 and a dupli-
cation of 6q24 of paternal origin. A fourth group of
patients has no identifiable anomaly of 6q24. Bisulphite
sequencing of the DMR has facilitated the development
of a diagnostic test for TNDM based on ratiometric
methylation-specific polymerase chain reaction. We have
applied this method to 45 cases of TNDM, including 12
with pUPD6, 11 with an isolated methylation mutation
at 6924, 16 with a duplication of 6q24 and six of un-
known aetiology, together with 29 normal controls. All
were correctly assigned. The method is therefore capable
of detecting all known genetic causes of TNDM at 6q24,
although pUPD6 and methylation mutation cases are
not distinguished from one another. In addition, we
have carried out bisulphite sequencing of the DMR to
compare its methylation status between six TNDM
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patients with a known methylation mutation, six pa-
tients with no identifiable 6q24 mutation and six normal
controls. Whereas methylation mutation patients
showed a near-total absence of DNA methylation at the
TNDM locus, the patients with no identified molecular
anomaly showed no marked methylation variation from
controls.

Introduction

Transient neonatal diabetes mellitus (TNDM; OMIM
601410) affects approximately 1:400,000 infants.
Growth-retarded neonates present with persistent hy-
perglycaemia (Temple and Shield 2002; Temple et al.
2000). Insulin therapy is required for an average of
3 months, after which time the diabetes resolves. How-
ever, the majority of TNDM patients develop type 2
diabetes in adolescence or early adulthood.

Three genetic causes of TNDM have been identified
that together account for 49 of the 55 cases in the
Wessex cohort: paternal uniparental disomy of chro-
mosome 6 (17 probands; Temple et al. 1995; unpub-
lished), a duplication of chromosome 6q24 of paternal
origin (21 probands; Temple et al. 1996; unpublished)
and an isolated methylation defect of an imprinted CpG
island at chromosome 6q24 (11 probands; Gardner et al.
2000; unpublished). Six additional patients with a clini-
cal diagnosis of TNDM have no detectable abnormality
of chromosome 6q24. These observations indicate that
more than 85% of cases of TNDM are caused by the
overexpression of a paternally expressed imprinted gene
on chromosome 6q24 (Kamiya et al. 2000; Arima et al.
2001; Mackay et al. 2002).

The imprinted TNDM CpG island is methylated only
on the maternally inherited allele. It contains the pro-
moter and transcriptional start sites for two imprinted
transcripts: HYMAI (OMIM 606546), an untranslated
transcript of unknown function (Arima et al. 2000,
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2001), and ZAC (OMIM 603044), the major TNDM
candidate gene (Spengler et al. 1997). ZAC is widely
expressed in human tissues (Varrault et al. 1998; Ab-
dollahi et al. 1997; Kas et al. 1998) and shows in vitro
activity as a transcriptional activator, co-activator and
co-repressor and as a tumour suppressor protein (Huang
and Stallcup 2000, Huang et al. 2001; Bilanges et al.
2001; Hoffmann et al. 2003). Its expression in vitro is
inhibited by promoter methylation (Bilanges et al. 2001;
Varrault et al. 2001; Abdollahi et al. 2003).

Current protocols for the molecular diagnosis of
TNDM entail: (1) polymerase chain reaction (PCR) of
genomic DNA digested with methylation-sensitive
restriction enzymes to determine the presence or absence
of a maternal methylated allele; (2) if no methylated
allele is detected, microsatellite analysis of chromosome
6 to determine UPDG6; and (3) if a methylated allele is
detected, ratiometric PCR to detect the duplication of
6924 (Gardner et al. 2000). We have undertaken exten-
sive bisulphite sequencing of the ZAC promoter CpG
island in order to develop a single-tube diagnostic test
for TNDM and to look for subtle methylation changes
in TNDM patients in whom no mutation of 6q24 had
been found.

Materials and methods
Patients

Patients were referred for molecular diagnosis of
TNDM from or via the Wessex Clinical Genetics Ser-
vice. Diagnosis had previously been performed by means
of microsatellite analysis, ratiometric PCR of unique
sequences in and around the ZAC locus and PCR of the
TNDM CpG island following restriction digest by
methylation-sensitive enzymes (Gardner et al. 2000). In
six cases, TNDM was diagnosed from the clinical phe-
notype of neonatal diabetes with intra-uterine growth
retardation and subsequent remission but without a
positive outcome from any 6q24 molecular test. These
patients were clinically indistinguishable from those with

Fig. 1 Diagram of the TNDM CpG island. Numbering refers to
genomic sequence accession no. AL109755. The thickened line
represents the extent of the CpG island. The sequence subjected to
bisulphite sequencing is indicated above the genomic sequence. The
region used in methylation-specific PCR is indicated below the
genomic sequence. The orientation of the common primer is
marked, as are the relative positions of the C and T primers
(specific for methylated and unmethylated allele, respectively).
Curved arrows indicate the two transcriptional start sites of ZAC

known mutations and five of them have been previously
described (Temple et al. 2000, nos. 24 and 26-29). They
were also negative for mutations in the KCNJ11 gene,
which has been shown to cause neonatal diabetes (Gloyn
et al. 2004).

Bisulphite sequencing

The TNDM CpG island spans nucleotides 52443—-53359
of genomic sequence accession no. AL109755 and in-
cludes 101 CpG dinucleotides and the transcriptional
start sites of ZAC and HYMALI (Fig. 1). Bisulphite-
treated genomic DNA was prepared from TNDM pa-
tients and controls and primers were designed to amplify
both methylated and unmethylated alleles of a sequence
encompassing 53 CpG dinucleotides at the centre of the
CpG island. The amplification products were cloned and
at least 18 clones were sequenced from each individual.
The normal methylation status of the region was deter-
mined from six controls. Six methylation-defective
TNDM patients and six patients with TNDM of un-
known aetiology were also sequenced.

Genomic DNA (2 pg) was bisulphite-treated essen-
tially by the method of Zeschnigk et al. (1997), except
that free bisulphite was removed by using a desalting
column (Wizard DNA clean-up system, Promega).
DNA was resuspended in 20 ul TE buffer (10 mM
TRIS-HClI pH 7.4, 1 mM EDTA). Templates for
sequencing were produced in two rounds of PCR by
using hemi-nested primers and conditions as detailed in
Table 1. PCR was performed with HotStar Tag and
buffer (Qiagen) with 1.5 mM MgCl,, 0.2 mM dNTP and
1 uM primers. First round PCRs contained 50 ng
bisulphite-treated genomic DNA in a 20-pl reaction
volume and second-round PCRs contained 1 pl of the
first-round product in a 20-ul reaction volume.

PCR products were cloned and transformed by using
the TOPO PCR cloning kit (Invitrogen). Minipreps were
grown and harvested with the Montage miniprep system
(Millipore), sequenced with BigDye version 1.1 (Applied
Biosystems) and analysed on a Genetic Analyser 3100 or
3730 (Applied Biosystems).

Methylation-specific PCR

By using the information on methylation status pro-
vided by bisulphite sequencing, methylation-specific
duplex PCR targeting CpG sequences between 52808
and 53005 (AL109755) was designed after the method of
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Table 1 Primers and PCR conditions (MS-PCR methylation-spe-
cific polymerase chain reaction). Numbers in column 1 refer to the
extent of the amplification product with reference to the genomic
sequence of accession no. AL109755 (y=C/T: r=A/G). Because of
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the density of CpG dinucleotides in the island, it was not possible,
in all cases, to design primers that were free of CpG. In these cases,
degeneracy was limited to the 5 region of the primer

Primer name Forward (non-selective)

Reverse (methylated/

PCR conditions

unmethylated-selective)

MS-PCR
52734-53505 cacracatctaccatttatcattcaacc
5 6-FAM
Sequencing

Ist round 52734-53248 gygagtatttaaatatttattttg

2nd round 52734-53157 gygagtatttaaatatttattttg

ttcggggaagegtttegegegttaaggtt/
ggttatgatggtgatttggggaagtgttttg

cctaaacraccttaactttacccccacc

caactccccracraaacctectectace

95°15 — [95°C 20”/60°C
107/72°C 10°]¢ — 72°C 5’

95°8" — [95°C 30”/58°C
30”/72°C 30" — 72°C 107

95°8’ — [95°C 30"/55°C 30”36
- 72°C 15

Zeschnigk et al. (1997) in order to estimate the relative
proportions of methylated and unmethylated alleles in
patients and controls. A set of three primers was de-
signed in the region demonstrated by Dbisulphite
sequencing to show differential methylation in normal
individuals. One primer was non-selective for methylat-
ed or unmethylated DNA and was fluorescently labelled.
Two adjacent reverse primers were designed: one specific
for the methylated and one for the unmethylated allele.
A reaction containing all three primers should generate
maternal and paternal products of 175 bases and 187
bases, respectively, in a ratio reflecting that of the source
DNA. Use of a restricted number of PCR cycles and a
known quantity of input DNA kept amplification in the
linear range and ratiometry was possible.

Methylation-specific PCR (MS-PCR) was performed
in a blinded manner on 29 control samples, 12 pUPD6
TNDM cases, 11 methylation defect TNDM cases, 16
cases with paternal duplication of 6q24, six samples with
maternal duplication of 6q24 and six TNDM patients
with no identified chromosome 6 anomaly (it was not
possible to study the whole Wessex cohort by MS-PCR
becuase of the shortage of material).

PCR was carried out in a reaction volume of 10 pl in
a Tetrad thermal cycler (MJ Research) under the fol-
lowing conditions: 50-100 ng DNA, 200 uM each
dNTP, 0.5 uM each primer, 2 mM MgCl, and HotStar
Taq and buffer (Qiagen) according to the manufacturer’s
specification. Primer sequences and PCR conditions are
listed in Table 1. DNA fragments were resolved on a
Genetic Analyser 3100 (Applied Biosystems). Fragments
were analysed by using GeneScan and Genotyper soft-
ware (Applied Biosystems) and the peak height ratio T/
C or [methylated]/[unmethylated] ratio was calculated
by using peak heights taken from electropherograms;
tests giving very strong (>7000) or very weak (> 100)
peak heights were discarded, since inaccuracy in peak
height calculation would be liable to lead to incorrect
ratiometry and, in these cases, the PCR products were
reanalysed or the amplifications repeated with adjusted
template concentration. Normalised T/C ratios were
calculated for each experiment with respect to the ratios
of control PCRs.

Results
Bisulphite sequencing

Bisulphite sequencing was performed to assess the meth-
ylation of 53 CpG dinucleotides in the central portion of
the TNDM imprinted CG island; the results are repre-
sented in Fig. 2. Figure 2a shows the sequencing data
from three individuals, one control individual (A), one
with TNDM of unknown aetiology (B), and a third with
TNDM caused by methylation defect (C). The cloned
sequences are shown in each case.

At the high cycle number required for cloning and
sequencing, the PCR products of A and B are mainly
derived from CG-rich templates, indicating that the
PCR is selective for the CG-rich DNA derived from the
methylated allele.

In cases A and B, some products, which were assumed
to be derived from the paternal allele, showed demethy-
lation of every CpG dinucleotide but several sequences
showed sporadic demethylation at various CpG posi-
tions. There was no CpG position at which demethylation
was seen in a high proportion of sequences in B, as might
have been expected if isolated demethylation of any group
of CpG dinucleotides was sufficient to cause TNDM. By
contrast, the sequences derived from C had absent or
near-absent methylation at all CpG positions.

In all, the sequences from the six methylation-defec-
tive TNDM patients revealed the effective absence of
methylation across a total of 166 sequences. Data ob-
tained from six TNDM cases of unknown aetiology
totalled 172 sequences, of which 17 were of near-absent
methylation (paternal allele); the data from nine controls
totalled 177 sequences, of which 21 were of near-absent
methylation (paternal allele). In order to compare all
data from these two sample sets, the methylated allele
sequences were pooled into the two groups and the
individual incidences of sporadic demethylation were
summed across each CpG position and presented
graphically (Fig. 2b). The incidence of sporadic deme-
thylation was compared between the two groups; no
marked differences were observed.
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Fig. 2 Summary of bisulphite sequencing data. a Bisulphite sequenc-
ing of the TNDM CpG island. The three blocks represent sequence
data from a control individual (4), a TNDM patient without
identified 6q24 anomaly (B), and a TNDM patient with isolated
methylation defect (C). Numbers over the data blocks represent the
53 CpG dinucleotides sequenced (shaded squares methylated CpG,
white squares unmethylated CpG). Each row of squares represents a
single cloned sequence, except where a figure appears to the right of
the row, in which case it indicates the number of times that the
sequence was observed. Similar data were obtained from a further
five controls, five methylation mutation cases and five cases with no
known mutation. The clones with complete demethylation are
assumed to represent the paternal allele, which amplified less
efficiently than the methylated maternal allele and is therefore
represented by a smaller proportion of clones. b Sporadic demethy-
lation in TNDM CpG island in TNDM cases and controls. The x-
axis denotes CpG position, as in a. The y-axis represents the quotient
of [demethylations observed/total sequences counted] for each CpG.
Methylation-absent sequences were omitted from the calculation.
The TNDM group represents six individuals with classic clinical
TNDM but no 6q24 anomaly (total 155 sequences), whereas the
control group represents six control individuals (total 156 sequences)

Ratiometric MS-PCR

The sequencing information was used to design primers
for MS-PCR, which, in normal individuals, were pre-
dicted to reside within highly methylated (CpG 10-13)
or completely unmethylated (CpG 13-18) sequences

(Fig. 2a). MS-PCR generated two products in a ratio
reflecting that of methylated and unmethylated alleles of
the genomic DNA. Figure 3 shows examples of product
quantitation of MS-PCR.

To permit inter-assay comparisons, the methylat-
ed:unmethylated peak height ratio was calculated for
normal controls and test data were normalised to this
ratio. To estimate inter-assay variability, DNA from
three individuals (maternal duplication, paternal dupli-
cation and control) were subjected to five separate PCRs
on different occasions by using DNA derived from two
bisulphite reactions performed on different occasions.
With this method, the peak height ratios from paternal
and maternal duplication and normal control approxi-
mated reliably to 0.5, 2.0 and 1.0, respectively (Table 2).

MS-PCR was performed in a blinded manner on a
total of 81 samples, comprising 29 controls, 17 paternal
duplications, 6 maternal duplications, 11 with a meth-
ylation defect, 12 with paternal UPD6 and 6 TNDM
cases of unknown aetiology. The results of these deter-
minations are presented in Table 3. The peak height
ratios from paternal UPD6 cases and methylation-
defective cases were zero, reflecting the absence of a
methylated DNA product. In the TNDM patients of
unknown aetiology, the peak height ratio approached
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Fig. 3 Electropherogram of amplification products of MS-PCR.
The x-axis scale represents the calculated product size (in bp),
whereas the y-axis indicates peak height, as do the numbers under
each peak. The ratio (C/T) was calculated as the peak height ratio
of methylated versus unmethylated amplification products

1.0, viz. no methylation changes were detected. In
paternal and maternal duplication, peak height ratios
approximated to 0.5 and 2.0, respectively. In all cases,
genotype was correctly predicted, with one interesting
exception. One additional sample was also tested that
was derived from a fibroblast cell line from a patient
with paternal duplication; the ratio for this patient, 1.02
(not included in Table 3), approximated that of normal
controls.

On the assumption that a similar methylation pattern
prevailed throughout the CpG island, primers were de-
signed for MS-PCR of its proximal and distal portions
(5248052637 and 53051-53247, respectively) and the
patient samples blind-tested as described above. Essen-
tially identical patterns were observed for all three MS-
PCRs (data not shown).

Table 2 Inter-assay variation of MS-PCR. Five independent deter-
minations of the T/C ratio were made for a maternal 6q24 dupli-
cation, paternal 6q24 duplication and normal sample. The means
and SD of the means are indicated bottom

Maternal Paternal Control
duplication duplication
1 1.74 0.48 0.96
2 2.12 0.66 0.99
3 2.02 0.46 1.01
4 1.80 0.43 1.07
5 1.87 0.52 1.10
Mean 1.91 0.51 1.03
SD 0.16 0.09 0.06

Discussion

By using this method, bisulphite treatment and a single
PCR produces a genetic diagnosis of TNDM, with fur-
ther testing being necessary only to distinguish UPD6
and the methylation anomaly. This represents a con-
siderable improvement over current methods, which re-
quire at least two rounds of genotyping and include
restriction enzyme digestion. Such methods have also
been developed for diagnosis of UPDI11, UPDI14 and
UPD7 (Fisher et al. 2002; Kosaki et al. 1997, 2000;
Murphy et al. 2003, Moore et al. 2003). We note the
additional benefit gained by quantifying amplification
products: this enables diagnosis not only of paternal
UPD6 and methylation mutation cases, but also of
duplications of 6q24. Moreover, this quantified method
clearly distinguishes between duplication of maternal
and paternal origin. Identification of maternal duplica-
tion of 6q24 is not of diagnostic value to the proband,
since TNDM is not caused by maternal duplication but
is of value to the proband’s family, since it indicates the
origin of the inherited duplication and thereby directs
the referring clinician to the branch of the extended
family that requires further testing.

Some caveats should be noted. First, if no maternal
methylated allele is seen in methylation-sensitive PCR,
microsatellite analysis is required to distinguish pUPD6
from the 6q24 methylation defect, although in either
case, a genetic diagnosis of TNDM is indicated. Second,
cytogenetic analysis is of value in duplication cases, since
some cytogenetically visible duplications cause mild
mental retardation in addition to TNDM (Zneimer et al.
1998). Third, approximately 10% of patients have a
clinical diagnosis of TNDM but no identified genetic
cause and this method, like other methods, does not
yield a diagnosis in these cases. Fourth, the DNA sample
derived from a cell line gave abnormal results, suggest-
ing that such samples should not be used in this assay.

This study was undertaken partly to search for subtle,
hitherto unrecognised changes in the methylation of the
TNDM CpG island that might be causing disease in
patients with no known 624 mutation. Six such patients
were analysed, all of whom had a clinical course of
disease indistinguishable from patients in which 6q24
mutations had been identified. We performed bisulphite
sequencing of 53 CpG dinucleotides from the centre of
the CpG island in DNA from controls and TNDM
patients. We found sporadic demethylation of isolated
CpG dinucleotides in every individual studied but these
demethylations did not appear either more marked or
distinctly localised in the TNDM patients of unknown
aetiology. In this, they contrast with methylation-
defective TNDM samples, which show essentially com-
plete demethylation of all CpG sequences.

The patients of unknown aetiology could have been
mosaic for completely demethylated maternal alleles.
With regard to the bisulphite sequencing protocol, a
comparison of the relative number of unmethylated al-
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Table 3 MS-PCR of TNDM

patients and controls. The ratio Control Paternal Paternal Methylation Maternal Unknown
T/C or [methylated]/ (n=29) duplication UPD6 defect (n=11) duplication aetiology
[unmethylated] was calculated (n=16) (n=12) (n=06) (n=06)
by using peak heights taken
from e]ectropherograms and 0.97 0.56 0.00 0.00 2.31 0.88
then was normalised as 1.02 0.56 0.00 0.00 2.03 0.98
described. The ratios presented ~ 0.95 0.53 0.00 0.00 1.83 0.88
were determined in a blinded 1.00 0.438 0.00 0.00 2.44 0.99
manner. The means and SD are  1.23 0.59 0.00 0.00 2.17 0.97
presented bottom 0.78 0.66 0.00 0.00 2.02 1.05

0.93 0.42 0.00 0.00

0.91 0.58 0.00 0.00

1.05 0.55 0.00 0.00

1.14 0.58 0.00 0.00

1.00 0.55 0.00 0.00

1.19 0.64 0.00

0.96 0.44

1.00 0.66

0.92 0.57

1.06 0.48

0.96

1.06

0.96

0.90

1.16

1.02

0.94

1.08

1.07

0.95

1.11

0.84

0.94

Mean 1.02 0.56 0.00 0.00 2.19 0.96

SD 0.13 0.08 0.00 0.00 0.24 0.07

leles in the control group and in the TNDM cases of
unknown aetiology is not possible because of the bias of
PCR amplification towards methylated sequences and
the large number of PCR cycles required. However, MS-
PCR analysis shows no evidence of an increase in
umethylated sequences in DNA from blood, the meth-
ylation ratios of the cases of unknown aetiology being in
the same range as those of the controls (Table 2). We
assume therefore that the completely demethylated al-
leles seen upon bisulphite sequencing represent the
paternal allele.

Nevertheless, some TNDM patients might still have
had mosaic or tissue-specific methylation changes that
were not detected in the blood samples available for
study. Alternatively, they may have had mutations in
different genes. Mutations in KCNJ11 have been de-
scribed in cases of neonatal diabetes but none have been
found in the six patients of unknown aetiology described
above. It should also be noted that extensive molecular
study of these patients has revealed no point mutations
or subtle deletions/duplications of the TNDM locus
(D. Mackay, unpublished).

In summary, we have developed a new rapid method
for the molecular diagnosis of TNDM. However, we
have been unable to identify any significant changes in
methylation profile in those TNDM cases that do not
have any of the three known TNDM mutations.
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