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Temple syndrome in a patient with variably
methylated CpGs at the primary MEG3/
DLK1:1G-DMR and severely hypomethylated
CpGs at the secondary MEG3:TSS-DMR
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Abstract

Background: The human chromosome 14g32.2 imprinted region harbors the primary MEG3/DLKT:G-differentially
methylated region (DMR) and secondary MEG3:TSS-DMR. The MEG3:TSS-DMR can remain unmethylated only in the
presence of unmethylated MEG3/DLKT:1G-DMR in somatic tissues, but not in the placenta, because of a hierarchical
regulation of the methylation pattern between the two DMRs.

Methods: We performed molecular studies in a 4-year-old Japanese girl with Temple syndrome (TS14).

Results: Pyrosequencing analysis showed extremely low methylation levels of five CpGs at the MEG3:TSS-DMR and
grossly normal methylation levels of four CpGs at the MEG3/DLKTIG-DMR in leukocytes. HumanMethylation450
BeadChip confirmed marked hypomethylation of the MEG3:TSS-DMR and revealed multilocus imprinting
disturbance (MLID) including mild hypomethylation of the H19//GF2:1G-DMR and mild hypermethylation of the
GNAS A/BTSS-DMR in leukocytes. Bisulfite sequencing showed markedly hypomethylated CpGs at the MEG3:TSS-
DMR and irregularly and non-differentially methylated CpGs at the MEG3/DLKT:IG-DMR in leukocytes and apparently
normal methylation patterns of the two DMRs in the placenta. Maternal uniparental disomy 14 and a deletion
involving this imprinted region were excluded.

Conclusions: Such a methylation pattern of the MEG3/DLK1:1G-DMR has not been reported in patients with TS14. It
may be possible that a certain degree of irregular hypomethylation at the MEG3/DLK1:1G-DMR has prevented
methylation of the MEG3:TSS-DMR in somatic tissues and that a hypermethylation type MLID has occurred at the
MEG3/DLKTIG-DMR to yield the apparently normal methylation pattern in the placenta.
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Background differentially methylated regions (DMRs), ie, the

The human chromosome 14q32.2 imprinted region harbors
a cluster of imprinted genes, including paternally expressed
DLK1 and RTLI and maternally expressed MEG3, RTL1as,
MEGS, snoRNAs, and microRNAs [1, 2]. The parental ori-
gin dependent expression patterns of these imprinted genes
are regulated by the methylation patterns of two
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germline-derived primary MEG3/DLKI:IG-DMR and the
postfertilization-derived secondary MEG3:TSS-DMR [3].
Both DMRs are methylated on the paternally inherited al-
lele and unmethylated on the maternally transmitted allele
in somatic tissues such as leukocytes and skin fibroblasts.
In the placenta, the MEG3/DLKI1:IG-DMR alone remains
as a DMR with the same methylation pattern, and the
MEG3.TSS-DMR is rather hypomethylated regardless of
the parental origin [1, 4]. Consistent with such methylation
patterns, the unmethylated MEG3/DLKI1:1G-DMR and
MEG3:TSS-DMR of maternal origin function as imprinting
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control centers in the placenta and somatic tissues, respect-
ively. Furthermore, the MEG3/DLK1:1G-DMR acts hier-
archically as an upstream regulator for the methylation
pattern of the MEG3:TSS-DMR in somatic tissues, but not
in the placenta [4]. Thus, the MEG3:TSS-DMR can stay
unmethylated only in the presence of unmethylated MEG3/
DLKI1:1G-DMR in somatic tissues.

Maternal uniparental disomy 14 (UPD(14)mat), micro-
deletions involving paternally expressed DLKI (and
RTLI), and epimutations (hypomethylations) affecting
both DMRs of paternal origin cause a constellation of
clinical features including pre- and post-natal growth
failure, muscular hypotonia, feeding difficulties, small
hands and feet, and precocious puberty [5]. The name
“Temple syndrome” (TS14) has been approved for such
conditions affecting the 14q32.2 imprinted region [5].
Thus, the diagnosis of TS14 is primarily based on gen-
etic rather than clinical findings, although the precise
definition of TS14 has not yet been established. Import-
antly, there is no single report of an isolated epimutation
of the MEG3/DLK1:1G-DMR or the MEG3:TSS-DMR in
somatic tissues, in agreement with the hierarchical inter-
action between the two DMRs.

TS14 is associated with Silver-Russell syndrome
(SRS)-compatible phenotype and Prader-Willi syndrome
(PWS)-like hypotonia with variable expressivity and incom-
plete penetrance, in infancy to early childhood [6, 7]. In-
deed, our recent study in 32 patients with molecularly
confirmed TS14 has revealed both SRS-compatible pheno-
type and PWS-like hypotonia in ~50% of patients,
SRS-compatible phenotype alone in ~20% of patients,
PWS-like hypotonia alone in ~20% of patients, and
non-syndromic growth failure in the remaining ~10% of
patients in infancy to early childhood [8], when their infant-
ile phenotypes were assessed by the presence or absence of
clinical features utilized in the Netchine-Harbison scoring
system developed for the clinical diagnosis of SRS [9] and
by that of clinical features prompting genetic testing for
PWS [10]. From late childhood, however, TS14 patients fre-
quently exhibit truncal obesity inconsistent with SRS and
gonadotropin-dependent precocious puberty contrastive to
central hypogonadotropism in PWS [8]. Thus, the overall
phenotype would argue for TS14 being an independent
clinical entity.

Recent studies have identified variable degrees of multilo-
cus imprinting disturbances (MLIDs) in a subset of patients
with imprinting diseases (IDs) caused by epimutations [11].
Indeed, MLIDs have been detected in several patients with
TS14 caused by epimutations, although their clinical fea-
tures remain within the phenotypic spectrum of TS14 [12].
The underlying mechanism(s) leading to MLIDs is unknown
in most patients, while mutations of causative or candidate
genes for MLID have been identified in a certain fraction of
patients and/or their mothers (for review, see [13]).
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Here, we report a TS14 patient with severely hypo-
methylated MEG3:TSS-DMR and considerably methyl-
ated MEG3/DLKI1:1G-DMR, together with partial MLIDs
at several DMRs, and discuss the atypical methylation
pattern of the MEG3/DLK1:1G-DMR.

Patient and methods

Case report

Clinical findings of this Japanese girl are summarized in
Table 1. She was conceived naturally to a 35-year-old
father and a 38-year-old mother and was delivered by
cesarean section at 34 weeks of gestation because of
intrauterine growth retardation. The placenta was small
and histologically characterized by hypoplastic and
edematous villi and chorioamnionitis (Fig. 1a). At birth,
her length was 36.8 cm (- 2.9 SD), weight 1.18 kg (- 3.8
SD), and occipitofrontal circumference (OFC) 30.7 cm
(- 0.4 SD). Apgar score was seven at 1 min and nine at
5min. She was admitted to a neonatal intensive care
unit for 95 days, to receive tube feeding for feeding diffi-
culty and resulting failure to thrive. Brain magnetic res-
onance imaging, auditory brainstem response, and
echocardiography showed no abnormal findings. Routine
laboratory tests were normal, and chromosome analysis
revealed a 46,XX karyotype. Physical examination re-
vealed all the six Netchine-Harbison scoring features for
SRS (Fig. 1b) [9] and a marked hypotonia characteristic
of PWS [10]. While she received growth hormone treat-
ment for short stature born small for gestational age
from 3 years of age, she remained small with a relatively
large OFC (Fig. 1c). On the last examination at 4 years
and 5/12 months of age, her height was 85.0cm (-4.4
SD), weight 7.8kg (- 7.8 SD), and OFC 46.8cm (- 2.0
SD). She still required tube feeding and showed obvious
developmental delay with a developmental quotient of
66.

Ethical approval

This study was approved by the Institutional Review
Board Committees at National Center for Child Health
and Development and was performed after obtaining
written informed consent.

Samples and primers

Genomic DNA (gDNA) was extracted from fresh leuko-
cytes with FlexiGene DNA Kit (Qiagen, Hilden, Germany)
and from paraffin-embedded placenta with AllPrep DNA/
RNA FFPE Kit (Qiagen). Metaphase spreads were prepared
from lymphocytes. Total RNA was obtained from
Epstein-Barr virus-transformed lymphoblastoid cell lines
with an AllPrep DNA/RNA/miRNA Universal Kit (Qiagen),
and ¢cDNA samples were prepared with oligo (dT) primers
using Superscript III Reverse Transcriptase (Thermo Fisher
Scientific, Waltham, MA, USA) or TagMan Advanced
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Table 1 Clinical features of this patient (Continued)

This patient TS14 patients This patient TS14 patients
(n=32) (Ref. [8]) (n=32) (Ref. [8])
Genetic causes Epimutation UPD(14)mat PWS salient features prompting genetic testing < 6 years
(n=23) Hypotonia (with poor + 21/31 (68%)
Epimutation (n =6) suck)
Paternal deletion (n=3)
Global developmental + 5/26 (19%)
Sex (male to female) Female 1814 delay (> 2 years)
Karyotype 46,XX Developmental status
Pregnancy and delivery Age at head control 18 6.5 (3-10) (n=25)
Gestational age (weeks) 34 39 (30-41) (n=31) (months)
Placental weight g (%)* 195 (47) 74 (56-120) (n1=7) Age at sitting without 24 10 (6-15) (n=25)
support (months)
Medically assisted - 2/30 (7%) ) )
reproduction Age at standing with 45/12
support (years)
Paternal age at 35 33 (22-48) (n=29)
childbirth (years) Intellectual disability + 2/12 (17%)
Maternal age at 38 30 (22-42) (n=31) Speech delay +
childbirth (years) 10/DQ DQ=66 (@t 45/ 90 (53-114) (1=12)
Growth 12 years)
Birth length-SDS -29 —21(-401t0 +14) Neurological and/or - 5/32 (16%)
(h=29) emotional problems
Birth weight-SDS -38 —27 (4610 +38) Other findings
(n=31) Joint hypermobility + 10/30 (33%)
Birth OFC-SDS -04 (77,22(7*)3.9 to +14) Scoliosis _ 6/32 (19%)
n=
Recurrence otitis media -
Present age (years to 4:5 93 (0.7-62) (n=32)
months) Clinodactyly - 11/28 (39%)
Present height-SDS —44 -23(-80to+02) The data of the previously reported 32 patients with TS 14 are shown as the
(h=32) median (range) or frequency. For frequency, the denominators indicate the
number of patients examined for the presence or absence of each feature,
Present weight-SDS -78 —-15(=571t0+43) and the numerators represent the number of patients assessed to be positive
(n=32) for that feature; thus, the differences between the denominators and the
tors denote th ber of patient: luated to b tive fa
Present OFC-SDS 70 18 (7 49 to — 07) :huar??ggtz:z enote the number or patients evaluated to be negative Tor
(n=13) OFC occipitofrontal circumference
TS14 clinical features *Assessed by the gestational age-matched placental weights [23]
1Birth OFC-SDS > 1.5 above birth length-SDS and/or birth weight-SDS
Pre- and/or post-natal + 31/32 (97%) $Postnatal relative macrocephaly is found in 38% of patients
growth failure
Obesity - . . . e .
miRNA Assays (Thermo Fisher Scientific). Primers
Muscular hypotonia 21/31 (66%) utilized in this study are listed in Additional file 1:
Small hands + 29/32 (91%) Table S1.
Feeding difficulty + 19/30 (63%)
Early onset of puberty 13/17 (76%) Methylation analysis
SRS Netchine-Harbison 66 4(0-6) (1=21) Methylatlon anglyms was performed for 49 CpG sites at
scoring system criteria nine DMRs, including four CpGs at the MEG3/
Birth length and/or N 26/31 (84%) ‘DLKI:IG—.DMR and five CpGs at the MEG3:TSS-DMR,
weight < -2 SDS involved in the development of known IDs, by pyrose-
Height at ~2years € =2 + 2426 (93%) quencing with PyroMark Q24 (Qiagen), and for 753
SDS CpG sites at multiple DMRs widely distributed on the
Relative macrocephaly + 14/27 (52%)% genome, including the MEG3:TSS-DMR but not the
at birth" MEG3/DLKI:IG-DMR, with HumanMethylation450
Prominent forehead (1-  + 19/30 (63%) BeadChip (Illumina, San Diego, CA, USA), using
3 years) bisulfite-treated leukocyte gDNA samples. The data
Body asymmetry + 7/30 (23%) from 50 and 11 healthy subjects were utilized as refer-
Feeding difficulties n 19/30 (63%) ences for pyrosequencing and HumanMethylation450

BeadChip, respectively. In HumanMethylation450
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BeadChip analysis, each CpG site was interpreted as ab-
normally methylated when the |AB| was >3 SD and >
0.05, and each DMR was assessed as abnormally methyl-
ated when >20% of CpGs within the DMR showed ab-
normal methylation levels, as employed previously [12].
These analyses were not performed for placental gDNA
because of a lack of reference data. Furthermore, bisul-
fite sequencing was carried out for six CpGs at the
MEG3/DLK1:1IG-DMR and seven CpGs at the
MEG3:TSS-DMR using leukocyte and placental gDNA
samples. Of the 49 CpGs examined by pyrosequencing,
only four CpGs (CpGl4, CpGl5, and CpGI18 at the
PEG10:TSS-DMR; and CpG45 at the GNAS A/
B:TSS-DMR) were included in the list of HumanMethy-
lation450 BeadChip, whereas all nine CpGs at the
MEG3/DLK1:1G-DMR and MEG3:TSS-DMR were ana-
lyzed by bisulfite sequencing. The detailed methods have
been described previously [4, 6, 14].

UPD and deletion analyses

We performed microsatellite analysis for seven loci on
chromosome 14, genome-wide array comparative genomic
hybridization (aCGH) and single-nucleotide polymorphism
(SNP) array using SurePrint G3 ISCA CGH + SNP Micro-
array Kit (catalog number G4890, 4 x 180 K format) (Agi-
lent Technologies, Santa Clara, CA, USA), aCGH using a
custom-build dense oligo-microarray for chromosome
14q32.2—-q32.3 (Design ID 032112, Agilent Technologies),
and fluorescence in situ hybridization (FISH) for the
MEG3/DLKI:IG-DMR and MEG3:TSS-DMR, as reported
previously [1, 14].

Expression analysis

We performed quantitative PCR analysis using TagMan
real-time PCR Assay. cDNA samples were subjected to
an ABI PRISM 7000 (Thermo Fisher Scientific) with
probe-primer mixtures (catalog assay No: Hs00262142
for H19, Hs04188276 for IGF2, Hs00171584 for DLK1,
Hs00292028 for MEG3, and Hs00419701 for MEGS;
assay ID: 477901_mir for miR134-5p; and custom assay
ID: AJ70MG9 for GNAS-A/B) (Thermo Fisher Scien-
tific). Data were normalized against GAPDH (catalog
No: 4326317E), except for miR134-5p which were nor-
malized against miR361-5p (assay ID: 478056_mir)
(Thermo Fisher Scientific).

Whole exome sequencing

Whole-exome sequencing was carried out for the patient
and her parents with SureSelect Human All Exon V5
(Agilent Technologies). Captured libraries were se-
quenced with a HiSeq 1500 (Illumina) with 101-base
pair (bp) paired-end reads, as reported previously [12].
Reads from each sample were trimmed by removing
adapters and low-quality bases at ends using cutadapt
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1.7.1 and were mapped to the hs37d5 (GRCh37) refer-
ence sequence using the BWA 0.7.12. PCR duplicates
were removed by Picard 1.83. Multi-sample calling for
single-nucleotide and short indel variations was per-
formed by GATK 2.8. Common variants were excluded
on the basis of 1000 genomes project data [15] and
Human Genetic Variation Database [16].

Results

Methylation analysis

Pyrosequencing analysis showed extremely low methyla-
tion levels of five CpGs at the MEG3:TSS-DMR and
variable but grossly normal methylation levels of four
CpGs at the MEG3/DLKI:IG-DMR with a relatively
hypermethylated CpG and a relatively hypomethylated
CpG, as well as normal methylation levels of most CpGs
at the remaining seven DMRs (Fig. 2a). The methylation
level of each CpG was well reproduced by four times of
independent analyses with a variation in the methylation
index within 2%. HumanMethylation450 BeadChip ana-
lysis also revealed marked hypomethylation of nearly all
CpGs at the MEG3:TSS-DMR accompanied by a hyper-
methylated CpG at the MEGS-DMR [12], together with
mild hypomethylation of 30% of CpGs at the HI19/
IGF21G-DMR and mild hypermethylation of 64% of
CpGs at the GNAS A/B:TSS-DMR, in addition to a few
of hypo- or hypermethylated CpGs at several DMRs
(Fig. 2b) (for details, see Additional file 1: Table S2 and
its footnotes). The Beadchip analysis was performed once.
For the H19/IGF2:1G-DMR, the CpGs around CpG19-22
examined by pyrosequencing were shown to be normally
methylated by HumanMethylation450 BeadChip analysis;
for the GNAS A/B:TSS-DMR, the CpGs around CpG43—
49 examined by pyrosequencing were found to be hyper-
methylated by HumanMethylation450 BeadChip analysis.
(Additional file 1: Figure S1). Bisulfite sequencing dis-
closed markedly hypomethylated CpGs at the
MEG3:TSS-DMR and rather irregularly (non-differen-
tially) methylated CpGs at the MEG3/DLKI:IG-DMR in
leukocytes and apparently similar methylation patterns of
the MEG3/DLKI:1G-DMR and MEG3:TSS-DMR between
placentas of this patient and a control subject (Fig. 2c).

UPD and deletion analyses

UPD (14) mat and a deletion involving the 14q32.2
imprinted region were excluded (Additional file 1: Table
S3 and Additional file 1: Figure S2).

Expression analysis

Quantitative PCR analyses showed increased expression of
MEG3 and miR134-5p regulated by the MEG3:TSS-DMR,
increased expression of HI9 controlled by the H19/
IGF2IG-DMR, and decreased expression of GNAS A/B
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Fig. 1 Clinical findings. a Histological finding of the placenta. b Facial photos at 4 years of age. ¢ Growth chart of this patient. She receives
growth hormone (GH) therapy (0.23 mg/kg/week) for short stature born small-for-date from 3 years of age

regulated by the GNAS A/B-DMR (Fig. 2d). IGF2, DLK1,
and MEGS expression was not detected.

Whole exome sequencing

No pathogenic variant was identified in causative or can-
didate genes for MLID, such as ZFP57, NLRP2, NLRP?,
KHDC3L, NLRPS, TRIM28, PADI6, OOEP, UHRFI, and
ZARI [13], of this patient and the parents. Additionally,

because no c¢SNP was identified in MEG3, miR134-5p,
and HI19, biparental expression of these genes was not
demonstrated.

Discussion

We  identified an  epimutated (hypomethylated)
MEG3:TSS-DMR in leukocyte gDNA of a 4-year-old girl
with typical SRS features and PWS-like marked hypotonia.
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Fig. 2 The results of methylation and expression analyses. a Methylation indices (Mls, the ratios of methylated CpGs at each CpG site) obtained
by pyrosequencing for 49 CpGs. Black circles represent the mean Mls calculated after four times of analyses in this patient, and gray vertical bars
indicate the reference ranges (minimum-maximum) obtained from 50 control subjects. b Heatmap indicating the A values for 753 CpG sites
examined by the HumanMethylation450 BeadChip. A single row indicates a single CpG site. The methylation levels of CpG sites are classified into
nine categories based on A values. For the formal nomenclature of examined DMRs/loci, see Monk et al. [22]. ¢ Bisulfite sequencing analysis for
the MEG3/DLKT1G-DMR (CG4) and MEG3:TSS-DMR (CG?7). Each line indicates each clone, and filled and open circles represent methylated and
unmethylated cytosines at the CpG dinucleotides, respectively. The four CpGs at the MEG3/DLKT:1G-DMR and five CpGs at the MEG3:TSS-DMR
highlighted in orange have also been examined by pyrosequencing. Since the CG4 region contains a G/A SNP (rs12437020), genotyping data for
this SNP are also shown; the leukocytes and placental samples are derived from different control subjects as indicated by different genotyping
data. d Quantitative real-time PCR analysis using immortalized lymphocytes. Shown are relative mRNA expression levels of MEG3, H19, GNAS-A/B,
and miR134-5p (mean =+ SE). The expression studies were performed three times for each sample

Notably, the MEG3:TSS-DMR alone was found to be se-
verely hypomethylated by the different methylation analysis
methods, while mildly hypo- or hypermethylated CpGs
were also detected in other DMRs by HumanMethyla-
tion450 BeadChip analysis. On the basis of the definitive
genetic aberration at the 14q32.2 imprinted region and the

presence of both SRS-compatible phenotype and PWS-like
phenotype, we made the diagnosis of TS14 in this patient,
although the diagnosis of SRS with an aberrant 14q32.2
imprinted region would also be acceptable at this age [8].
The MEG3/DLKI:IG-DMR showed confounding
methylation patterns which were inconsistent with the
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markedly hypomethylated MEG3:TSS-DMR in leukocyte
gDNA and obvious placental hypoplasia. Indeed, pyrose-
quencing indicated variable but grossly normal methyla-
tion levels for the four CpGs at the MEG3/
DLKI:IG-DMR in leukocytes, and bisulfite sequencing
showed a considerable degree of irregular (non-differen-
tial) methylation pattern in leukocytes and apparently
normal methylation pattern in the placenta. Although
the methylation levels obtained by pyrosequencing are
known to be higher for the MEG3/DLK1:1G-DMR than
for the MEG3:TSS-DMR in patients with TS14 [6, 12],
such methylation patterns with grossly normal methyla-
tion levels at the MEG3/DLK1:1G-DMR have not been
reported in patients with TS14. Furthermore, variable
methylation levels ranging from an apparently normal
level to a severely skewed level at different DMRs of a
single imprinted region have been described only for
GNAS-DMRs in patients with sporadic pseudohypopar-
athyroidism type Ib [17]. Since the grossly normal
methylation levels indicated by pyrosequencing were
found to be due to irregular methylation rather than to
differential methylation by bisulfite sequencing, this im-
plies that normal methylation levels do not necessarily
represent a differential methylation pattern.

The underlying factor(s) leading to the atypical
methylation patterns of the MEG3/DLKI1:1G-DMR
remains to be clarified. However, the MEG3/
DLKI:IG-DMR are more methylated than the
MEG3:TSS-DMR in leukocytes of patients with TS14,
as described above [6, 12]. Furthermore, Kota et al.
have reported that the unmethylated Meg3/
DIkI:1IG-DMR of maternal origin harbors bidirection-
ally expressed cis-acting relatively short (mostly <500
bp and up to 750bp) non-coding RNAs (IG-DMR
RNA) that exerts enhancer-like functions on the Meg3
promoter and protects the Meg3:TSS-DMR from de
novo methylation in mice [18]. Thus, it may be possible
that a certain degree of irregular hypomethylation at
the MEG3/DLKI1:1G-DMR, as observed in this patient,
can prevent methylation of the MEG3/DLK1:1G-DMR
in leukocytes (somatic tissues) by producing a reduced
but functionally sufficient amount of IG-DMR RNAs.
In this case, the methylation pattern of the MEG3/
DLKI:1G-DMR in the placenta may be explained by as-
suming that the MEG3/DLKI1:IG-DMR was once hypo-
methylated to produce placental hypoplasia and,
subsequently, subjected to hypermethylation type
MLID in a relatively late developmental stage. However,
it may also be possible that methylated clones were
preferentially amplified because of the poor quality of
gDNA samples extracted from the paraffin-embedded
placenta. In addition, this hypermethylation type MLID
might have taken place to a lesser degree in leukocytes
(somatic tissues) than in the placenta.
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MLID was identified in several DMRs of this patient
by HumanMethylation450 BeadChip analysis. The MLID
may be involved in the phenotypic development of this
patient. Indeed, hypomethylation of the HI19/
IGF21G-DMR and hypermethylation of the GNAS A/
B:TSS-DMR are frequently associated with SRS somatic
features including compromised body and placental
growth [9, 19]. Since quantitative PCR analysis revealed
not only increased expression of MEG3 and miR134-5p
but also elevated expression of H19 and decreased ex-
pression of GNAS A/B, it is likely that the MLID re-
sulted in altered expression of relevant imprinted genes,
contributing to the development of SRS phenotype with
persistent severe growth failure unresponsive to growth
hormone treatment and postnatal relative macrocephaly
which is infrequent in TS14 [8]. In addition, since pa-
tients with MLIDs are frequently associated with devel-
opmental delay [13], MLID may also be relevant to the
obvious developmental delay of this patient.

Several matters should also be pointed out with regard
to the MLID. First, the MLID remained relatively mild
and occurred at several CpGs at each affected DMR in
the absence of a mutation in causative or candidate
genes for MLID. This implies that the MLID has taken
place as an incidental posy-zygotic event. Second, the
mild hypomethylation of the HI19/IGF2:1G-DMR and
hypermethylation of the GNAS A/B:TSS-DMR were in-
dicated by HumanMethylation450 BeadChip analysis,
but not by pyrosequencing analysis, as reported previ-
ously [12], although HumanMethylation450 BeadChip
analysis was performed just once. In this regard, the
number of examined CpGs is much larger in Human-
Methylation450 BeadChip analysis than in pyrosequenc-
ing analysis, and the methylation level of each CpG is
evaluated by the AP value in HumanMethylation450
BeadChip analysis and by the comparison with the nor-
mal range (within the normal range or not) in pyrose-
quencing analysis. These factors would explain why
HumanMethylation450 BeadChip analysis is more
powerful for the detection of abnormal methylation
levels than pyrosequencing. Third, MLID occurred not
only as a hypomethylation type but also as a hyperme-
thylation type. Such MLIDs with both hypomethylated
and hypermethylated DMRs in the absence of a gene
mutation have been identified in multiple patients (Add-
itional file 1: Figure S3). Although the examined CpGs
and the utilized methylation analysis methods are vari-
able among patients, the data imply that hypomethyla-
tion is more prevalent than hypermethylation and that
hypomethylation primarily occurs at various primary
DMRs whereas hypermethylation primarily takes place
at several specific secondary DMRs such as the ZDBF2/
GPRI:IG-DMR, ZNF597:TSS-DMR, MEGS8:Int2-DMR,
GNAS-NESP:TSS-DMR, and GNAS A/B:TSS-DMR.



Kagami et al. Clinical Epigenetics (2019) 11:42

Thus, it might be possible that defective methylation
maintenance of primary DMRs occurs incidentally in the
post-zygotic period, followed by hypermethylation of
specific DMRs that are hypermethylated when adjacent
primary DMRs are hypomethylated, as has been re-
ported for the above secondary DMRs [11, 12, 20, 21].
However, this notion remains purely speculative and
awaits further investigations.

Conclusion

We identified a considerably methylated MEG3/
DLKI:IG-DMR  and  severely = hypomethylated
MEG3:TSS-DMR in a patient with typical TS14
somatic and placental phenotype. These data will
help clarify the hierarchical interaction between the
two DMRs in somatic tissues and the biological
function of the primary DMR in the placenta.

Additional file

Additional file 1: Table S1. Primers utilized in this study. Table S2.
Methylation levels (3-values) of each CpG site in leukocyte DNA samples.
Table S3. The results of micosatellite analysis. Figure S1. Methylation
analyses of the H19/IGF21G-DMR, MEG3:TSS-DMR, and GNAS A/BTSS-DMR,
using leukocyte gDNA samples. Figure S2. Lack of UPD (14) mat and
microdeletion in this patient. Figure S3. Representative data in patients
with both hypomethylation-type and hypermethylation-type of MLID in
the absence of a mutation in causative or candidate genes for MLID.
(PDF 1007 kb)
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