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Abstract

Background Multi-locus imprinting disturbance (MLID) with methylation defects in various differentially methylated
regions (DMRs) has recently been identified in approximately 150 cases with imprinting disorders (IDs), and deleteri-
ous variants have been found in genes related to methylation maintenance of DMRs, such as those encoding proteins
constructing the subcortical maternal complex (SCMC), in a small fraction of patients and/or their mothers. However,
integrated methylation analysis for DMRs and sequence analysis for MLID-causative genes in MLID cases and their
mothers have been performed only in a single study focusing on Beckwith-Wiedemann syndrome (BWS) and Silver-
Russell syndrome (SRS) phenotypes.

Results Of 783 patients with various IDs we have identified to date, we examined a total of 386 patients with con-
firmed epimutation and 71 patients with epimutation or uniparental disomy. Consequently, we identified MLID in 29
patients with epimutation confirmed by methylation analysis for multiple ID-associated DMRs using pyrosequencing
and/or methylation-specific multiple ligation-dependent probe amplification. MLID was detected in approximately
12% of patients with BWS phenotype and approximately 5% of patients with SRS phenotype, but not in patients

with Kagami-Ogata syndrome, Prader-Willi syndrome, or Angelman syndrome phenotypes. We next conducted array-
based methylation analysis for 78 DMRs and whole-exome sequencing in the 29 patients, revealing hypomethylation-
dominant aberrant methylation patterns in various DMRs of all the patients, eight probably deleterious variants

in genes for SCMC in the mothers of patients, and one homozygous deleterious variant in ZNF445 in one patient.
These variants did not show gene-specific methylation disturbance patterns. Clinically, neurodevelopmental delay
and/or intellectual developmental disorder (ND/IDD) was observed in about half of the MLID patients, with no asso-
ciation with the identified methylation disturbance patterns and genetic variants. Notably, seven patients with BWS
phenotype were conceived by assisted reproductive technology (ART).

Conclusions The frequency of MLID was 7.5% (29/386) in IDs caused by confirmed epimutation. Furthermore, we
revealed diverse patterns of hypomethylation-dominant methylation defects, nine deleterious variants, ND/IDD com-
plications in about half of the MLID patients, and a high frequency of MLID in ART-conceived patients.
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Background

Imprinted genes are expressed in a parent-of-origin-
specific manner according to the methylation patterns
of differentially methylated regions (DMRs) functioning
as imprinting control centers [1, 2]. Aberrant expression
of imprinted genes leads to imprinting disorders (IDs).
Most imprinted genes are strongly expressed in the pla-
centa, fetus, and brain, and therefore, patients with IDs
frequently have prenatal and postnatal growth abnormal-
ities and intellectual disability. In addition, some clinical
features overlap among different IDs, such as overgrowth
between Beckwith-Wiedemann syndrome (BWS) and
Kagami-Ogata syndrome (KOS), growth restriction
among Silver-Russell syndrome (SRS), Temple syndrome
(TS14), Prader-Willi syndrome (PWS), and transient neo-
natal diabetes mellitus (TNDM), obesity between PWS
and pseudohypoparathyroidism type 1B (PHP1B), intel-
lectual disability among KOS, Angelman syndrome (AS),
and PWS, hypotonia among SRS, TS14, and PWS, and
hormonal abnormalities among BWS, PHP1B, PWS, and
TNDM. The etiologies of IDs consist of single nucleotide
variants in the disease-causative imprinted genes, copy
number variations (CNVs) involving imprinted genes
and/or DMRs, uniparental disomy (UPD), and imprint-
ing defects of the disease-responsible DMRs without
structural abnormalities of the DMRs, namely epimuta-
tion [1]. BWS, SRS, KOS, TS14, AS, PWS, PHP1B, and
TNDM include epimutation as one of the etiologies of
each disorder. Although the pathogenetic mechanisms
of epimutations are unknown, familial cases with single
locus epimutation have not been reported, except for
twin cases [3].

Recent advances in analytical techniques have revealed
multi-locus imprinting disturbance (MLID) with aber-
rant methylation of multiple DMRs at low frequency in
IDs caused by epimutations [4]. Recently, an interim joint
statement was released for clinical and molecular diagno-
sis for MLID, such as a set of DMRs included in the defi-
nition, methylation analysis methods for detecting MLID,
and criteria for methylation disturbances in DMRs [5].
The defects in genes encoding proteins functioning for
maintenance of methylation of CpG sites in the DMRs
lead to MLID. Sex-specific DNA methylation of the CpG
sites in the DMRs is established in the gonads and pro-
tected by maternal and fetal factors from genome-wide
demethylation following fertilization [6]. The subcortical
maternal complex (SCMC), consisting of NLRP2, NLRP5,
NLRP7, PADI6, KHDC3L, OOEP, and TLES, is expressed

in oocytes and preimplantation embryos, thus func-
tioning as a maternal factor [6]. In humans, pathogenic
variants in NLRP2, NLRP5, NLRP7, PADI6, TLE6, and
KHDC3L lead to female infertility, biparental hydatidi-
form mole, and recurrent miscarriage. In mice, deletions
of Nirp2, NirpS, Padi6, Tle6, and Khdc3 result in female
infertility and early embryonic arrest [7, 8]. Moreover,
maternal loss-of-function variants of the NLRP2, NLRPS,
NLRP7, PADI6, and KHDC3L genes cause MLID in their
children [9]. Fetal factors, such as ZFP57 and ZNF445,
also play an essential role in maintaining the methyla-
tion of DMRs after fertilization. ZFP57 pathogenic vari-
ants were detected in approximately 30% of MLID cases
with TNDM phenotype (TNDM-MLID) under homozy-
gous conditions, whereas the ZNF445 pathogenic vari-
ant was reported only in one TS14-MLID case under
homozygous conditions [10, 11]. Approximately 150
cases with MLID [12-27] and familial MLID cases have
been reported [28-30]. These cases showed various clini-
cal features; some cases had ID-specific clinical features,
and others had non-specific clinical features as IDs. Sev-
eral studies reported the frequencies of MLID in BWS,
SRS, PHP1B, and TNDM. However, the frequencies of
MLID in the remaining IDs, such as TS14, KOS, PWS,
and AS, have not been reported. In addition, compre-
hensive methylation analysis and mutation screening for
known MLID-causative genes in cases with MLID and
their mothers have been reported only in a single study
targeting cases with BWS and SRS phenotypes [12].

Here, we identified 29 patients with MLID by meth-
ylation analysis for multiple ID-associated DMRs in
patients with epimutation screened from 783 patients
with various IDs and conducted comprehensive array-
based methylation analysis and whole-exome sequenc-
ing (WES). Furthermore, we evaluated the association
between their methylation disturbance patterns and their
clinical features.

Results

Subjects

We included two groups in this study. Group A con-
sisted of 697 patients with IDs diagnosed by methyla-
tion analysis for multiple ID-associated DMRs, namely,
the PLAGLI:TSS-DMR (PLAGLI-DMR) on chromo-
some 6, PEGIO:-TSS-DMR (PEG10-DMR) or GRBIO:alt-
TSS-DMR and MEST:alt-TSS-DMR (MEST-DMR) on
chromosome 7, HI19/IGF21G-DMR (H19-DMR) and
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KCNQIOTITSS-DMR (KCNQIOT1-DMR) on chromo-
some 11, MEG3/DLKI1IG-DMR and MEG3:TSS-DMR
(MEG3-DMR) on chromosome 14, SNRPN:TSS-DMR
(SNRPN-DMR) on chromosome 15, and GNAS A/B:TSS-
DMR (A/B-DMR) on chromosome 20, using pyrosequenc-
ing and/or methylation-specific multiple ligation-dependent
probe amplification (MS-MLPA) analysis with the SALSA
MS-MLPA Probe-mix ME034 (MRC-Holland, Amsterdam,
Netherlands) (ME034). We also obtained their clinical infor-
mation in detail. Of 697 patients with IDs, 300 patients had
epimutations and 71 patients had no structural abnormali-
ties and were classified as epimutations or UPD due to no
parental sample. As shown in Fig. 1, the patients in group
A had BWS, SRS, TS14, KOS, PWS, AS, PHP, TNDM,
BWS+PHP, or PWS+TS14 phenotypes, or clinical fea-
tures, such as small for gestational age (SGA), overgrowth,
or hypotonia. Group B consisted of 86 BWS patients with
hypomethylation of KCNQIOT1-DMR without detailed
clinical information.

Identification of MLID

When patients with epimutation had methylation defects
in the multiple ID-associated DMRs, we used molecu-
lar diagnosis for the patients with MLID. We conducted
multi-locus methylation analysis for IDs-responsible
DMRs using pyrosequencing from 2013 to 2021. In 2022,
we changed the method of multi-locus methylation anal-
ysis from pyrosequencing to MS-MLPA (ME034). We
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used both methods for multi-locus methylation analysis
in several patients, but not all. We identified 22 MLID
patients in group A (Table 1 and Fig. 1). Therefore, the
frequency of MLID in epimutations in group A was cal-
culated at 5.9% based on the number of patients with epi-
mutation and patients classified as epimutation or UPD
and 7.3% based on the number of patients with epimu-
tation (Table 1). The frequencies of MLID in TNDM-
MLID, SRS-MLID, BWS-MLID, TS14-MLID, and
PHP1B-MLID were 25.0%-33.3%, 4.4%, 12.3%, 7.7%-9.5%,
and 2.1%-2.7%, respectively. MLID was not detected in
the patients with KOS, AS, or PWS. For patients in group
B, we conducted MS-MLPA analysis (ME034) and identi-
fied seven patients with MLID (Fig. 1). Of these, Patients
9, 12-14, 16, 18-21, and 23-25 have been previously
reported [11, 13, 14, 31, 32] (Additional file 1: Table S1).

MS-MLPA and pyrosequencing analyses

We summarized the results of methylation analyses tar-
geting multiple ID-related DMRs using pyrosequenc-
ing and/or MS-MLPA analysis in 29 patients with MLID
(Fig. 2). All patients showed methylation disturbances
in two or more ID-associated germline DMRs by MS-
MLPA and/or pyrosequencing (Fig. 2). All patients
with BWS phenotype (Patients 1-15) and all patients
with SRS phenotype (Patients 19-24) had hypometh-
ylation of the KCNQIOT1-DMR and hypomethylation
of the H19-DMR, respectively. Patient 16 with BWS and

Group A
Clinical BWS SRS TS14 KOS PWS AS PHPIB TNDM BWS+PHP PWS+TS14 SGA Overgrowth Hypotonia
Dx.(mn) 112 197 31 62 124 37 89 6 1 1 28 1 8
MLID (n) 8 6 2 0 0 0 1 1 1 1 1 1 0
Total MLID (n = 22)
Group B
KCNQI1OTI-DMR LOM MLID
BWS (n=86) n=7)
MLID
(n=29)
EPIC EPIC + WES (Pt) EPIC + WES (Trio) EPIC + WES (Pt + Mo) WES (Trio)
(n=3) (n=06) (n=18) (n=1) (n=1)

Fig. 1 Study flowchart. Dx, diagnosis; BWS, Beckwith-Wiedemann syndrome; SRS, Silver-Russell syndrome; TS14, Temple syndrome; KOS,
Kagami-Ogata syndrome; PWS, Prader-Willi syndrome; AS, Angelman syndrome; PHP1B, pseudohypoparathyroidism type 1B; TNDM, transient
neonatal diabetes mellitus; SGA, small for gestational age; MLID, multi-locus imprinting disturbance; DMR, differentially methylated region; LOM, loss
of methylation; EPIC, array-based methylation analysis using Infinium MethylationEPIC Kit (Illumina); WES, whole-exome sequencing; Pt, patient; Mo,
mother



Page 4 of 18

(2024) 16:138

Urakawa et al. Clinical Epigenetics

0z dwosowoiyd Jo ddn |eusaied 1ed(0z)adn ‘07 dwosowoayd
JO @dN [eUISIRW “JRW(0Z)AdN ‘S L SWOoSoWwoayd Jo adn [eussled 1ed(S1)AdN ‘S L SWOSOWOoYd JO QdN [eU4dleW “Jew(S L)AdN ‘&L dwosowolyd Jo adn [eussled qed(y,1)AdN ‘&L SWOSOWoIYd Jo AdN [eudalew 1ew(yL)adn
L1 dwosowoJyd Jo adn [eusaled 1ed(L 1)adN ‘11 SWOSOW0IYd Jo QdN [eusdlew 1ew(L 1)ddn ‘£ dWosowoiyd o gdn |eusared ed(£)gdn ‘£ WOsowoIyd Jo gdn [eusarew 1ew(/)ddn ‘9 dwosowoiyd Jo ddn |eussied
1ed(9)adn ‘9 awosowoiyd Jo ddn [eularew ‘lew(9)adn ‘uonejAyiaw jo ueb ‘N OD ‘uonejAyaw Jo sso| ‘N0 ‘9be |euonieisab 1oy [lews ‘YOS ‘wsiploiAyresedodAyopnasd dHd ‘@wolpuAs uewabuy ‘Sy ‘DwoipuAs

-1apeld ‘SMd ‘dwolpuAs eyeb-1webey ‘SOY DWOoIpuAs 3jdwa] ‘4| S ‘DWOIPUAS UUBWIPIIA-YNMYIDG ‘SME ‘DWOIPUAS [|9SSNY-19A|IS ‘SYS ‘SnH||SW $S319geIp [BIRUOAU Judisuel} ‘WANL ‘@dueqlnisip bunuudw

msuo_ nw ‘i ‘ueuea ssquinu £dod ‘AND ‘uonemnwids ‘1d3 :Awosip [euasediun ‘adn ‘uoiBbai pajejAyiaw Ajjeiualagip ‘YING ‘adn 40 1da + uonenwida ur @I Jo A>usnbaiyg  uoneinwids ur @riw yo Aousnbaig

(9L/10) %9 LT (L£€/20) %6'S (00€/72) %E'L 69 801 VA 8l¢ 20) 00€ - 1\4

- - - ! (X - YmoibIan0

- - - L It - BN

- - - L (O - dHd+SMg

- - - L (1 - ¥71S1+SMd

- - - 0l - - o] 1ew(07)adn - - I SHS

- - - i - - 4 1ew(91)adn - - | SYS

- - - L - - L %E: )adn - - I SYS

- - - € - - € w(©)adn - - I SHS

(#71/0) %0°0 8¥/1) %1'C (LE/D)%LC 06 L€ Ll S %QA 2)ddN (1) € NOTHYWNA-SSLE/V SYND gldHd

- S¥/0) %00 (9/0) %00 oCl SC 6¢ 9s 1ew(S1)adn 09 INOD HINA-SSLAYNNS SMd

- /0) %00 (L1/0) %00 [4% 4 Ll 9 1ed(s1)adn 0 1L WNOTYNA-SSLHYNNS SY

- /0) %00 (81/0) %00 9 vl 14 9C red(#1)adn )81 INOD YING-SSLEDIN SO

- ) %L (12/0) %56 9s ¥ S 9C 1ew(¥1)adn (@ 1c WOTHNA-SSL:EDIWN 71SL

®) Ly NOTYNG-SSLILOLONDY SMd

(€V/L1) %S 6€ G9/8) %ETL (59/8) %ECL 801 L - 9¢ 1ed(L1)adn 8l NOD HINA-DI-Z4O1/6 L H SME

- L1/ %S 1L (SEL/9) %t v (SEL/9) % v L7l 9 - - (9) s€l NOTYWA-DIc4Dl/6 1 H SYS

- - - 4% - - a7 1euw(/)adn - - SdS

(¢/0) %0001 (#/1) %0'SC (/1) %eee 8 L L € 1ed(9)adn (e NOTHNG-SSL L9V Td NANL
(6€ 334) "|e 33 ROYIO quiw eXew |elol AND adn 4o 1d3 adn (@rnw) uoneinwidy

adlw Jo A>usnbauy (u) sadfyousn sadfyouayq

v dnoib ul adueginisip Bunuudwi sn2o-RNW pue siapiosip bunuldwi jo Aousnbalq L ajqeL



Urakawa et al. Clinical Epigenetics

(2024) 16:138

Page 5 of 18

Paien] 12 3 4 5 6 7 8§ 9 1o 1 12 13 1@ 15 16 17 18 19 20 2 2 23 2 25 2 27 8 ]
Clinicaldiagnoss| B_B_ B B B B B B B B B B B B B BP P 0 S5 S S s s s T T TN WiT 5G|
B iz | T | 7
prariass [P B B 1 L
[EPIC (3D) I I T . | I ;////%
[EPIC (CH-t
MS-N(ILPA) X, 2
GRBI0:ali-TSS  |EPIC (38D) N | [ ] V| |
S P /. | Z ,
\EsTantss [PV Wy Y, V7| V2 e | | W
: [EPIC (35D) [ | HE B I s S . Z////%
[EPIC (CH-t
Py 00 T T 7 7 | 7
PEG10:TSS [EPIC (3D) ENEE | ] - V| |
|EPIC (CH-t) V)
MS-MLPA % 2
oG PR 777 V] %y, R -----/-- |
[EPIC (3D) | | | | | -Z/%--
[EPIC (CH-t
[MS-MILPA Z
Kevorori ass [P A | _Vzzzzn vz | 7z | | | 7] | | " VZ
CIOTTSS Nepic asp) | [ B 1 || Z////%- | |
[EPIC (CH-
EGTBITG Jho
MS-MLPA %
VEGS TSS Pyro NN NN Y | V2 - | | )
MEGS [EPIC (35D) N [ .. |
[EPIC (CH-t) V.
MEGS :Tss ﬁc“'ﬂ';“; L 7 .
MS-MLPA - | || V7 2
z;‘x‘:]?gss Pyro 7777707 ] L V772
[EPIC (35D) 1 1 [ |
mcgzﬂ-n)) V)
MS-MLPA | ] %
PEG3 TSS [EPIC 3SD) %
[EPIC (CH-t) %
MS-MLPA I I = 77/
GNAS-NESPTSS g‘éesn i/ Ry, W) V7777777 V77777777777
EPIC CH-l)
MS-MLPA
GvaSssTss [PV 77277777/ | | V] 7777/ | 7777777 777772
‘ [EPIC (35D) NN BNl BN s ] / | |
[EPIC (CH-t || - ||
MS-MLPA 2
’ [EPIC (35D) | [ ] | | | %, | |
[EPIC (CH-t
MS-MLPA
Gvasapass [P iz 777, my) V21
/ i i - = i L
[EPIC (CHt

Fig. 2 Results of methylation analyses using MS-MLPA, pyrosequencing, and array-based methylation analysis. The color-coded background

in the Analysis row indicates the degree of coincidence of the locus of evaluated CpG sites in the DMR between MS-MLPA or pyrosequencing

and array-based methylation analysis using Infinium MethylationEPIC Kit (lllumina): yellow for complete coincident, light yellow for partial
coincident, and green for no coincident. DMR, differential methylated region; B, Beckwith-Wiedemann syndrome; P, pseudohypoparathyroidism
type 1B; O, overgrowth; S, Silver-Russell syndrome; T, Temple syndrome; TN, transient neonatal diabetes mellitus; W, Prader-Willi syndrome; SG, small
for gestational age; MS-MLPA, methylation-specific multiple ligation-dependent probe amplification; Pyro, pyrosequencing; EPIC (35D), array-based
methylation analysis using analysis method 1; EPIC (CH-t), array-based methylation analysis using analysis method 2

PHP1B phenotypes had hypomethylation of the A/B-
DMR in addition to the KCNQIOTI-DMR. Patient 17
with PHP1B phenotype, Patients 25 and 26 with TS14
phenotype, and Patient 27 with TNDM phenotype had
aberrant methylation levels of four DMRs in the GNAS
locus, hypomethylation of the MEG3-DMR, and hypo-
methylation of the PLAGLI-DMR, respectively. Patient
28 with some aspects of PWS and TS14 phenotypes
had hypermethylation of the SNRPN-DMR and hypo-
methylation of the MEG3-DMR. Patient 18 with over-
growth had hypomethylation of the PLAGL1-DMR and
MEST-DMR. Patient 29 with SGA had hypomethylation
of the PLAGLI-DMR, MEG3-DMR, and KCNQIOT1I-
DMR, and hypermethylation of the MEG8:TSS-DMR
(MEG8-DMR).

Array-based methylation analysis using EPIC

The methylation levels in all aberrant DMRs and raw
data examined by array-based methylation analysis with
Infinium MethylationEPIC Kit (EPIC) (Illumina) using

analysis method 1 (see Methods section) are shown
in Fig. 3 and Additional file 2: Table S2, respectively.
We conducted array-based methylation analysis in all
patients except Patient 23 together with normal con-
trols. We extracted the data of methylation levels for
78 DMRs previously reported as DMRs by Monk [33]
and Joshi [34] and compared them between patients
and normal controls. Array-based methylation analy-
sis identified the methylation disturbances in two or
more clinically associated germline DMRs as with MS-
MLPA and pyrosequencing analyses. Of the 78 DMRs,
56 DMRs had methylation disturbances in at least
one patient. The median number of DMRs with aber-
rant methylation levels per patient was 17 (minimum-—
maximum: 3-27), the median number of abnormally
hypomethylated DMRs was 12 (1-23), and the median
number of abnormally hypermethylated DMRs was 4
(0-13). The most affected DMR was the SNU13:alt-TSS-
DMR (SNU13-DMR), the most observed hypomethyl-
ated DMR was the FANCC:Int-DMR (FANCC-DMR),
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and the most observed hypermethylated DMR was the
PLAGLI-DMR. Although all patients with BWS pheno-
type had hypomethylation of the KCNQ1OT1-DMR by
MS-MLPA and/or pyrosequencing analyses, the KCN-
Q10T1-DMR in Patients 2, 3, 6, and 11 were classified
as a normally methylated DMR by array-based methyl-
ation analysis despite some aberrantly hypomethylated
CpG sites on this DMR. Similarly, all patients with SRS
phenotypes had hypomethylation of the H19-DMR by
MS-MLPA and/or pyrosequencing analyses. Although
Patient 21 had some aberrantly hypermethylated CpG
sites within KCNQIOT1-DMR and several hypometh-
ylated CpGs within H19-DMR by array-based meth-
ylation analysis using analysis method 1, microsatellite
analysis for chromosome 11 using this patient’s and
parental samples showed biparental origin without
mosaic (Additional file 3: Table S3). Patients 16 and 17
with resistance to parathyroid hormone (PTH) showed
hypomethylation of the A/B-DMR, GNAS-ASI:TSS-
DMR (ASI-DMR), and GNAS-XL:Ex1-DMR (XL-DMR)
and hypermethylation of the GNAS-NESP:TSS-DMR
(NESP-DMR). Patients 11, 12, and 15 with BWS-MLID
had some SRS-like clinical features, such as feeding dif-
ficulties, hypotonia, and a protruding forehead without
methylation disturbance of the H19-DMR responsible
for SRS and the DMRs responsible for TS14 and PWS,
which have overlapping clinical features with those of
SRS. We obtained genomic DNA from the leukocytes
of monozygotic twin siblings of Patients 9 and 12 and
conducted array-based methylation analysis (Addi-
tional file 2: Table S2). Patient 9 and her twin sister had
similar methylation status. Regarding Patient 12 and his
twin brother, the DMRs with methylation defects were
almost identical, although the numbers of CpGs with
aberrant methylation in the DMRs and abnormal meth-
ylation levels in the CpG sites were more frequent and
severe in Patient 12 than in his twin brother. No spe-
cific methylation disturbance pattern was observed in
patients with neurodevelopmental delay and/or intel-
lectual developmental disorder (ND/IDD) or in those
who were conceived by assisted reproductive technol-
ogy (ART).

(See figure on next page.)
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Comparison among methylation analyses

First, we compared the methylation patterns between
DMRs targeted by MS-MLPA (ME034) and/or pyrose-
quencing and array-based methylation analysis using
analysis method 1 (see Methods section). Although CpG
sites in the DMRs targeted by MS-MLPA Probe-mix
ME034 (MRC-Holland), pyrosequencing, and array-
based methylation analysis were not identical (Fig. 2 and
Additional file 4: Table S4), over half of the DMRs with
aberrant hypomethylation were consistent across these
different methylation analysis methods. Array-based
methylation analysis more frequently identified the
DMRs showing hypermethylation, and aberrant hyper-
methylation was not consistent other than the NESP-
DMR and MEG8-DMR. Next, to evaluate the DMRs with
discrepancies in the results between MS-MLPA and/
or pyrosequencing and array-based methylation analy-
sis, we conducted both MS-MLPA and pyrosequencing
analyses in these DMRs, although we could not conduct
these analyses in Patients 16, 23, and 27 due to a short-
age of DNA samples. In addition, we re-analyzed meth-
ylation-array data applying more stringent bioinformatic
parameters (analysis method 2) (see Methods section).
Additional analyses showed decreased numbers of DMRs
with discrepancies in the results between MS-MLPA
and/or pyrosequencing and array-based methylation
analysis. In particular, the number of aberrantly hyper-
methylated DMRs in array-based methylation analysis
with discrepancies in the results of MS-MLPA and/or
pyrosequencing and array-based methylation analysis,
such as the PLAGLI-DMR, MEST-DMR, H19-DMR, and
KCNQIOTI1-DMR, decreased. Furthermore, we com-
pared two analysis methods in array-based methylation
analysis to examine the frequency-matching methylation
patterns in the DMRs between methylation analysis using
MS-MLPA or pyrosequencing and array-based methyla-
tion analysis. We evaluated a total of 351 DMRs, which
had data of methylation analysis using MS-MLPA and/or
pyrosequencing and array-based methylation analysis in
29 patients. Of 351 DMRs, methylation patterns detected
by array-based methylation analysis using analysis meth-
ods 1 and 2 were the same as those by methylation

Fig. 3 Heatmap of array-based methylation analysis using analysis method 1. The heatmap indicates 56 aberrant DMRs out of 78 examined DMRs.
Each row represents a DMR; each column represents a patient. Germline DMRs are shown on a gray background, secondary DMRs on a light
green background, and unclassifiable DMRs on a white background. Methylation disturbances of DMRs are classified into seven categories

based on the degree. B, Beckwith-Wiedemann syndrome; P, pseudohypoparathyroidism type 1B; O, overgrowth; S, Silver-Russell syndrome; TS,
Temple syndrome; TN, transient neonatal diabetes mellitus; W, Prader-Willi syndrome; SG, small for gestational age; N, neurodevelopmental delay
and/or intellectual developmental disorder; A, assisted reproductive technology; T, monozygotic monochorionic diamniotic twins; V, variants

of uncertain significance; L, likely pathogenic; DMR, differential methylated region; Chr, chromosome; MML, median methylation level of CpG sites

in the DMR; SD, standard deviation; mean, mean MML of 16 healthy controls



Urakawa et al. Clinical Epigenetics (2024) 16:138 Page 7 of 18

Patient| 1 2 3 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 24 25 26 27 28 29

BBBBBBBBBB%:POSSSSSTSTS'IN\_T_/;SG
N N N N

Clinical diagnosis B B

Clinical feature
Other features A A
Variants vV Vv \ \Y \Y LP LP LP
DMR

PPIEL :Ex1
DIRAS3 :Ex2
DIRAS3 :TSS
OBSCN
MIRI1273E
LOCI51121
PYHINI

Clorfl77
ZDBF2/GPRI 1G
NAPLILS :TSS
JAKMIP1
FAMS50B :TSS
PLAGLI :alt-TSS
IGF2R :Int2
WDR27 :Int13
GRB10 :alt-TSS
PEGI10:TSS

MEST :alt-TSS
HTR5A4 :TSS
SVOPL :alt-TSS
RPS2P32

CHD7
LOC101927815_2
ERLIN? :Int6
PEG13:TSS

>z W s
Z
>z
Z
z
z
Z

xoocooooooq\l\l\l\:\lmoxo\ax-zs-hw»—»—»—._-‘_-._._,_g
g

| [ | I
. . . | [
FANCC :Intl

[ |

S s = = .
INPPSF Int2 10 B
HI9/GF2 1G 1 ] [ | | |

IGF2 :Ex9 11
IGF2 alt-TSS 1 o |
kenororass 1 [l I S . ||

RBI :Int2

DLKI

MEG3 :TSS
MEGS Int2
PWRN4

SNRPN -Intl
SNRPN: alt-TSS
SORD

SNURF :TSS
IGFIR :Int2
MKRN3 :TSS
ZNF597 :3'
ZNF597 :TSS
ZNF331 :alt-TSS1
ZNF331 :alt-TSS2
MCTS2P :TSS
NNAT :TSS
L3MBTLI :alt
GNAS-NESP:TSS
GNAS-ASI :TSS
GNAS-XL :Ex1
GNAS A/B:TSS
WRB :alt-TSS
LIPI

SNUI3 :alt-TSS

Germline DMR |JAMML| > 3SD, mean +0.2 < MML
Secondary DMR |[AMML| > 3SD, mean +0.1 < MML < mean+0.2
|JAMML| > 3SD, mean < MML < mean+0.1
JAMML| < 3SD
|AMML| > 3SD, mean-0.1 < MML < mean
|AMML| > 3SD, mean-0.2 < MML < mean-0.1
|[AMML| > 3SD, MML < mean-0.2

Fig. 3 (Seelegend on previous page.)
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analysis using MS-MLPA and/or pyrosequencing in 281
(80.1%) and 294 (83.8%) DMRs, respectively. In aber-
rantly hypomethylated DMRs, methylation patterns
detected by array-based methylation analysis using anal-
ysis methods 1 and 2 were the same as those by methyla-
tion analysis using MS-MLPA and/or pyrosequencing in
67 (19.1%) and 47 (13.4%) DMRs, respectively. In aber-
rantly hypermethylated DMRs, methylation patterns
detected by array-based methylation analysis using anal-
ysis methods 1 and 2 were the same as those by meth-
ylation analysis using MS-MLPA and/or pyrosequencing
in 7 (2.0%) and 5 (1.4%) DMRs, respectively. In normally
methylated DMRs, methylation patterns detected by
array-based methylation analysis using analysis methods
1 and 2 were the same as those by methylation analysis
using MS-MLPA and/or pyrosequencing in 207 (59.0%)
and 242 (68.9%) DMRs, respectively.

Whole-exome sequencing (WES)

The results of the WES analysis are shown in Table 4. In
mothers of MLID patients, we identified the following
rare heterozygous variants in the genes encoding pro-
teins constituting SCMC: one NLRP2 frameshift variant,
two PADI6 frameshift variants, three NLRP2 missense
variants, one NLRP5 missense variant, and one PADI6
missense variant. Of five missense variants, the vari-
ants in NLRP2 (rs1183506640, rs142785605) and PADI6
(rs372065243) have been registered as dbSNPs (https://
www.ncbi.nlm.nih.gov/snp/) with extremely rare allele
frequencies, and the remaining two variants have not
been registered. All missense variants were predicted to
be pathogenic by at least one of the bioinformatic predic-
tion tools. According to the American College of Medi-
cal Genetics and Genomics (ACMG) guidelines [35],
these nine variants were classified as four likely patho-
genic (LP) variants and five variants of uncertain signifi-
cance (VUS). Patient 25 with homozygous pathogenic
variants in ZNF445 has been previously reported [11].
Patients 22, 23, 24, and 25 with LP variants had prena-
tal and postnatal growth failure with suspected SRS or
TS14; their mothers conceived the children without ART
(Fig. 3, Table 4, and Additional file 1: Table S1). The LP
variants in ZNF445, PADI6, and NLRP2 were observed
only in one patient, two patients, and one patient, respec-
tively. Therefore, we could not determine the association
between methylation defect pattern and genotype.

Clinical characteristics

We show the clinical characteristics of 29 patients with
MLID in Additional file 1: Table S1 and summarize
their clinical characteristics in each clinical diagnostic
category (Table 2). The clinically suspected diagno-
ses at the time referred for genetic analysis were BWS
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in 15 patients, SRS in six patients, PHP1B in a single
patient, BWS and PHP1B in a single patient, TS14 in
two patients, TNDM in a single patient, overgrowth
in a single patient, PWS and TS14 in a single patient,
and SGA infant in a single patient. Eleven patients were
male, and the remaining 18 patients were female. The
median gestational age was 37 weeks, and the median
paternal and maternal ages were 35 years and 33 years,
respectively. Seven out of 28 patients (25.0%) were con-
ceived by ART and all seven of these patients had BWS-
MLID. Namely, seven out of 14 BWS-MLID patients
were born following ART (50.0%). Over 70% of patients
were first births. Of the mothers with accessible preg-
nancy history, one mother experienced a miscarriage.
Neurodevelopmental delay and/or intellectual devel-
opmental disorder was observed in about half of the
patients with MLID. There were no patients with tumor
complications. The median BWS spectrum (BWSp)
score [36] in BWS-MLID was 7 and the median Netch-
ine-Harbison clinical scoring system (NH-CSS) [37] in
SRS-MLID was 5 (Table 3). Correlation between the
BWSp score and the number of aberrantly methylated
DMRs in patients with BWS-MLID was not observed
(r=0.48, P=0.059). Correlation between the NH-CSS
score and the number of aberrantly methylated DMRs
in patients with SRS-MLID and TS14-MLID was also
not identified (r=-0.08, P=0.867). In the compari-
son of the frequencies of clinical features, body asym-
metry, polyhydramnios/placentomegaly, and ND/
IDD were significantly higher in BWS-MLID than in
BWS with hypomethylation of the KCNQIOT1-DMR
alone (KCNQ1OT1-BWS) caused by epimutation. The
median BWSp scores were significantly higher in BWS-
MLID than in KCNQIOTI1-BWS. Similarly, protruding
forehead and ND/IDD were significantly more com-
mon in SRS-MLID than in SRS with hypomethylation
of the HI19-DMR alone (HI19-SRS) caused by epimuta-
tion. Clinical features of each patient with MLID are
shown in Additional file 1: Table S1. Patients 11, 12,
and 15 in the BWS-MLID group exhibited mild hypo-
tonia, feeding difficulties, and a protruding forehead,
respectively, which are frequently observed in SRS.
Patient 28 showed both PWS and TS14 phenotypes,
including almond-shaped palpebral fissures, small
hands, and severe hypotonia. Patient 29 presented
with a mixed phenotype of some IDs, including pre-
natal growth restriction, microcephaly, macroglos-
sia, and intellectual disability. Scoliosis was present in
two patients (Patients 1 and 12) and café-au-lait spots
in two patients (Patients 18 and 20). Round face and
brachydactyly included Albright hereditary osteodys-
trophy (AHO) features and hypocalcemia, which are
commonly observed in PHP [38], were detected only
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Table 3 Comparison of clinical features between MLID and non-MLID

Clinical features  Group A P value in group A Previous report [ref 12]
BWS-MLID  KCNQ10T1- SRS-MLID H19-SRS®" BWS- SRS-MLID vs SRS BWS-MLID  SRS-MLID
BWS** MLID vs
BWS
GA (weeks:days) 36:5[23-41] 3614 [24:0-40:5] 37:2[30:2-37:6] 37:1[29:0-41:6] 0.882 0.630 36.1 (mean) 35.5 (mean)
median [min-
max]
BL (SDS) 16+13 10+12 -32+1.1 -33+10 0.180 0.689 0.51 -2.8
BW (SDS) 25+1.1 20+1.1 -34+08 -34+£10 0.191 0.980 0.5 -26
Macroglossia 100% (15/15)  100% (29/29) 0.999 87.5% (14/16)
Exomphalos 417% (5/12)  42.9% (12/28) 0.999 42.9% (6/14)
Body asymmetry  46.7% (7/15)  8.3% (2/24) 0.015 1.5% (8/13)
Overgrowth 733% (11/15) 55.6% (15/27) 0.330 154% (2/13)
at birth
Facial naevus 333% (5/15)  37.9% (11/29) 0.999 83.3% (10/12)
simplex
Polyhydramnios/  63.6% (7/11)  23.1% (6/26) 0.028 60.0% (9/15)
Placentomegaly
Ear creases/pits 53.3% (8/15)  78.6% (22/28) 0.162 60.0% (9/15)
Hypoglycemia 42.9% (6/14)  37.0% (10/27) 0.747 43.8% (7/16)
Nephromegaly/ 6.7% (1/15) 20.0% (5/25) 0.381 7.1% (1/14)
Hepatomegaly
Umbilical hernia/  71.4% (10/14) 57.1% (16/28) 0.505 40.0% (6/15)
Diastasis recti
BWSp scores 7[3-11] 6 [3-8] 0.041 7[2-13]
median [min-
max]
SGA 83.3% (5/6) 98.1% (54/55) 0.189 87.5% (7/8)
Postnatal growth 100.0% (6/6) 94.1% (48/51) 0.999 75.0% (6/8)
failure
Relative Macro- 100.0% (6/6) 87.5% (42/48) 0.999 71.4% (5/7)
cephaly
Protruding fore- 100.0% (6/6) 51.0% (26/51) 0.030 85.7% (6/7)
head
Body asymmetry 66.7% (4/6) 44.2% (23/52) 0402 75.0% (6/8)
Feeding difficulty 33.3% (2/6) 43.8% (21/48) 0.999 42.9% (3/7)
NH-CSS median 51[4-5] 4 [2-6] 0.063 4[2-5]
[min-max]
ART 50.0% (7/14)  23.1% (6/26) 0.0% (0/6) 18.6% (8/43) 0.155 0.571 37.5% (6/16)  12.5% (1/8)
ND/IDD 41.7% (5/12)  0.0% (0/29) 60.0% (3/5) 14.3% (6/42) 0.001 0.042 35.7% (5/14)  50.0% (3/6)

" We collected clinical features in KCNQTOT1-BWS and H19-SRS from the attending physicians of the patients who received genetic diagnoses in our laboratory
(unpublished data). ® BWS with loss of methylation at the KCNQ1OT1:TSS-differentially methylated region alone. ® SRS with loss of methylation at the H19/IGF2:1G-
differentially methylated region alone. BWS, Beckwith-Wiedemann syndrome; MLID, multi-locus imprinting disturbance; SRS, Silver-Russell syndrome; BWSp,
Beckwith-Wiedemann spectrum; SGA, small for gestational age; NH-CSS, Netchine-Harbison Clinical Scoring System; ART, assisted reproductive technology; ND/IDD,
neurodevelopmental delay and/or intellectual developmental disorder; GA, gestational age; BL, birth length; BW, birth weight; SDS, standard deviation score. Bold

means P<0.05

in Patients 16 and 17. Two patients with SRS-MLID,
two patients with TS14-MLID, and one patient with
PWS +TS14-MLID underwent growth hormone treat-
ment. Patients 8, 9, and 12 with BWS-MLID were born
as monozygotic monochorionic diamniotic twins. In
all three patients, their twin siblings had no BWS phe-
notype (BWSp score: 0), although the twin brother of
Patient 12 had mild intellectual disability.

Discussion

We conducted comprehensive molecular and clinical
analyses in 29 MLID patients with various ID-associ-
ated phenotypes detected by pyrosequencing and/or
MS-MLPA and revealed the following findings. First,
our study consisting of patients with eight IDs caused
by epimutation showed that the frequency of MLID
ranged from 5.9% to 7.3%. Ochoa et al. reported that
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21 of 76 (27.6%) cases only with BWS, SRS, PHP1B,
and TNDM caused by epimutation were detected with
MLID by ImprintSeq using a custom targeted meth-
ylation sequencing panel (Table 1) [39]. These findings
suggest that differences in target IDs, analysis methods,
and definitions of MLID result in different frequencies
of MLID. Recently, an interim joint statement for clini-
cal and molecular diagnosis of MLID has been published
[5]. Based on this agreement, further accumulation of
cases with MLID and progress in research on MLID
are expected. Focusing on the results of each ID, MLID
was detected in approximately 12% of patients with
BWS phenotype and approximately 5% of patients with
SRS phenotype, but not patients with KOS, PWS, or AS
phenotypes. Consistent with this, MLID has been most
frequently reported in cases with BWS and SRS [12, 13,
15, 17-22, 24-30]. On the other hand, MLID has been
reported in only one case with PWS and AS and none
with KOS [2, 40]. The frequency of epimutation differs
in each ID. Epimutation has a higher frequency in etiolo-
gies of BWS and SRS, but a lower frequency in KOS, AS,
and PWS. Furthermore, patients with MLID had more
aberrantly hypomethylated DMRs than hypermethylated
DMRs. A higher frequency of MLID in BWS and SRS
may be associated with these matters.

Second, our study revealed a high frequency of ART-
conceived patients. All ART-conceived patients had
BWS-MLID and seven of 14 (50.0%) patients with BWS-
MLID were ART-conceived patients. The frequency of
ART-conceived livebirths in the general population of
Japan in 2021 was 8.6% [http://www.mhlw.go.jp/toukei/
list/81-1.html, https://www.jsog.or.jp/]. Previously, our
group reported that the frequency of ART-conceived
cases was 25.8% of cases with BWS caused by epimuta-
tion [32]. In this report, four of 31 cases with BWS had
MLID, and three cases with BWS-MLID were natural
pregnancies. In brief, seven of the 27 cases with single
locus epimutation (25.9%) were ART-conceived cases.
These findings suggest that ART increases the risk of
development of BWS-MLID, and KCNQIOTI-DMR is a
DMR with susceptibility to the development of methyla-
tion defects by ART, as previously reported [12]. Regard-
ing the history of miscarriage, only a single mother
(6.3%) experienced miscarriage (Table 2), but she had
no pathogenic variant in MLID-causative genes. In the
previous report, a history of miscarriage was detected in
20.8% of the mothers of MLID cases, and 40% of them
had candidate variants in MLID-causative genes [12]. In
our study, the mothers with rare variants in the genes
encoding proteins that are maternal factors had no his-
tory of miscarriage or use of ART. We assumed that the
variants detected in the mothers did not cause infertil-
ity. To date, approximately 60 candidate variants in the
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MLID-causative genes have been identified in the moth-
ers of the cases with MLID [9, 28, 41], and only a single
mother had a pathogenic variant and needed ART for
conception [28]. When women with pathogenic variants
in MLID-causative genes require ART for pregnancy,
more severe phenotypes, such as early embryonic arrest,
but not MLID, may occur.

Third, we characterized several clinical presenta-
tions in patients with MLID and identified a higher fre-
quency of ND/IDD complications. Even though ND/
IDD is not a primary feature of IDs other than PWS,
AS, or KOS [2], we identified ND/IDD in 48.0% (12/25)
of MLID cases, as in the previous study detecting ND
in 35% of BWS-MLID and 50% of SRS-MLID [12]. Of
our MLID patients with ND/IDD, Patients 4 and 28
showed aberrant methylation of the DMRs in the PWS/
AS imprinted region, which can lead to ND/IDD. How-
ever, the remaining patients showed normal methylation
levels of these DMRs. Aberrant methylation of DMRs
regulating the imprinted genes with unknown functions
may be relevant to ND/IDD. When the cases with IDs
having no ND/IDD, such as BWS and SRS, show ND/
IDD, we need to consider the possibility of MLID. The
median BWSp score in BWS-MLID was significantly
higher than that in KCNQI1IOTI-BWS, and body asym-
metry and polyhydramnios/placentomegaly were signifi-
cantly higher in BWS-MLID than in KCNQ1OTI-BWS,
as in the previous study (Table 3) [12]. Aberrant meth-
ylation of DMRs other than the KCNQIOTI-DMR may
contribute to body asymmetry and polyhydramnios/
placentomegaly, although candidate DMRs are unclear.
Three patients in the BWS-MLID group exhibited clini-
cal features frequently observed in SRS, but they had no
abnormal methylation of the DMRs associated with SRS
phenotype, including hypomethylation of the H19-DMR,
hypomethylation of the MEG3-DMR, and hypermethyla-
tion of the SNRPN-DMR. On the other hand, Patient 29,
having atypical clinical features of various IDs, including
SGA, postnatal normal growth, macroglossia, micro-
cephaly, and ND/IDD, showed hypomethylation of the
PLAGLI-DMR leading to growth restriction and hypo-
methylation of the KCNQIOTI-DMR leading to a BWS
phenotype. The association between methylation distur-
bance of DMRs and clinical features remains to be com-
pletely elucidated. Hypomethylation of the A/B-DMR
causes PHP1B, leading to resistance to PTH in almost
all cases and AHO features in some cases. In our study,
only two of six patients with hypomethylation of the A/B-
DMR detected by array-based methylation analysis had
resistance to PTH and some AHO features. Methylation
levels of the A/B-DMR in these two patients were much
lower than in the remaining patients without PTH resist-
ance (Additional file 2: Table S2) as well as in previous
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studies [12, 27]. Hypomethylation of the A/B-DMR below
a certain threshold may result in PTH resistance in MLID
cases. No tumor complications have been reported in
MLID cases, as in our study. Although BWS has the risk
of tumor complications, KCNQ1OTI1-BWS has a rela-
tively low risk [36]. BWS-MLID with hypomethylation
of the KCNQ10OT1-DMR may have a low risk of tumor
complications.

Fourth, we identified the characteristics of meth-
ylation disturbances in 29 patients with MLID. Aber-
rant hypomethylated DMRs were more common than
aberrant hypermethylated DMRs in MLID cases. In
methylation analysis using pyrosequencing and/or
MS-MLPA and array-based methylation analysis, the
aberrant hypomethylated pattern was more consist-
ent than the aberrant hypermethylated pattern (Fig. 2,
Fig. 3, and Additional file 2: Table S2). Comparison
of two analysis methods in array-based methylation
analysis for the frequency-matching methylation pat-
terns in the DMRs between methylation analysis using
MS-MLPA or pyrosequencing and array-based meth-
ylation analysis showed that method 1 had high sensi-
tivity, and analysis method 2 using the more stringent
bioinformatic parameters had high specificity. In fact,
the number of aberrantly hypermethylated DMRs in
array-based methylation analysis with discrepancies in
the results of MS-MLPA and/or pyrosequencing and
array-based methylation analysis, such as the PLAGLI-
DMR, MEST-DMR, H19-DMR, and KCNQIOTI-DMR,
decreased in analysis method 2. These differences in
the methylation pattern of DMRs among the differ-
ent methylation analysis methods may depend on the
differences in the targeted CpGs within the DMR and
definitions of aberrant methylation among methyla-
tion analyses (Additional file 4: Table S4). To determine
MLID, we need to pay attention to the differences in the
methylation analysis methods. In array-based methyla-
tion analysis, the SNU13-DMR and FANCC-DMR most
frequently had methylation disturbance similar to other
studies [12, 39]. Patients with different clinical pheno-
types showed aberrant hypermethylation or hypometh-
ylation in the SNU13-DMR and FANCC-DMR. These
findings suggest that these DMRs are susceptible to
methylation defects, and methylation defects in these
DMRs are not associated with their clinical features.
Patients 8, 9, and 12 in our study were monochorionic
diamniotic twin cases and had a BWS phenotype. Their
twin siblings had a normal phenotype, although the
methylation disturbance patterns in leukocytes were
similar between cases and twin siblings (Additional
file 2: Table S2). Previously reported monochorionic
diamniotic twin cases with BWS-MLID had similar
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methylation disturbance patterns of the DMRs [12].
All three twin siblings had a normal phenotype. Two
offered their genomic DNA samples from leukocytes
and had aberrant methylated DMRs similar to the twin
patients with MLID. These findings suggest that hemat-
opoietic stem cells with aberrantly methylated DMRs
derive from the common yolk sac, and other tissues
obtain methylation patterns in each twin after twining.
Unfortunately, we could not obtain tissues other than
leukocytes in twin patients and siblings (Table 4).

Lastly, in this study, nine MLID families had MLID
candidate variants. A single mother of the patient and
two mothers had frameshift variants in NLRP2 and
PADI6, respectively. One of these families had no his-
tory of miscarriage, although the remaining two fami-
lies had no information about pregnancy history.
These three patients showed hypomethylation of the
HI19-DMR; however, other previously reported fami-
lies with truncating frameshift variants (three cases
with NLRP2 variants and three with PADI6 variants)
showed no hypomethylation at the H19-DMR [9, 28,
42]. These findings suggest no specific methylation
disturbance patterns of DMRs based on variants of
MLID-causative genes, and methylation disturbance
occurs stochastically. The PADI6 variant (p.Ile416Thr)
detected in Case 19 has been reported as a homozygous
pathogenic variant in a case of early embryonic arrest
[43]. The mother with this variant in the heterozygous
condition delivered healthy children with a different
father, so we classified the PADI6 variant as VUS. We
assessed pathogenicity according to ACMG guide-
lines. Because pathogenic variants of genes coding pro-
teins constituting the SCMC are detected in mothers
but not necessarily in offspring, pathogenicity may be
underestimated according to ACMG guidelines [27].
It is difficult to assess the pathogenicity of variants in
MLID-causative genes without a family history of ID
and miscarriage or in cases with an unknown mother’s
reproductive history, as well as in our study. Further
accumulation of MLID cases is required.

Conclusion

Our study detected MLID in approximately 7% of
patients with various IDs caused by epimutation. Clini-
cal analysis in 29 patients with MLID revealed a high
frequency of ART-conceived patients and ND/IDD
complications. Nine rare variants in MLID-causative
genes did not show gene-specific methylation distur-
bance patterns and phenotypes. This study should
contribute to future MLID research and enhance the
diagnosis and management of MLID cases.
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Methods

This study was approved by the Institutional Review
Board Committee at the National Center for Child
Health and Development.

Patients

Out of patients referred to our laboratory for genetic
testing of IDs, 697 patients had methylation disturbances
of DMRs related to IDs detected by combined bisulfite
restriction analysis, methylation-specific PCR, pyrose-
quencing, or MS-MLPA analysis using the SALSA MS-
MLPA Probe-mix ME028, ME030, MEO032, MEO31,
or ME033 (MRC-Holland) (group A). The methods of
combined bisulfite restriction analysis and pyrosequenc-
ing were previously reported [44, 45], and MS-MLPA
analysis was conducted according to the manufacturer’s
protocol. For all patients with IDs, we conducted multi-
locus methylation analysis for ID-related DMRs by MS-
MLPA analysis and/or pyrosequencing (see below) and
identified 22 patients with MLID. In addition, we iden-
tified seven patients with MLID identified by MS-MLPA
analysis using the SALSA MS-MLPA Probe-mix ME034
in group B consisting of 86 BWS patients with hypo-
methylation of the KCNQIOTI-DMR. Finally, we exam-
ined these 29 patients with MLID in the study (Fig. 1).
We collected detailed clinical findings of all patients
from their attending physicians using a comprehensive
questionnaire.

Identification of MLID

To detect MLID, we conducted MS-MLPA using ME034
Probe-mix and/or pyrosequencing for multi-locus IDs-
related DMRSs, as previously reported [46]. For DMRs
without consistent methylation pattern between MS-
MLPA and/or pyrosequencing and array-based methyla-
tion analysis, we conducted methylation analysis using
both MS-MLPA and pyrosequencing, although we could
not conduct additional analyses in Patients 16, 23, and 27
due to a shortage of genomic DNA samples.

Array-based methylation analysis using EPIC

We conducted genome-wide methylation analysis using
EPIC and obtained [ values indicating the methylation
levels for 842 CpGs on 78 imprinted DMRs as previously
reported [11]. We defined aberrantly methylated DMR
based on previous reports [12, 39] (analysis method 1).
In brief, the median B value for each CpG within a DMR
was determined as the MML (median methylation level)
of the DMR. An aberrantly methylated DMR was defined
as [IMML|>3 SD obtained from the mean of MML in 16
healthy child controls. The aberrantly methylated DMRs
were further classified as mild (AMML <0.1), moderate
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(0.2>AMML >0.1), and extreme (AMML>0.2) accord-
ing to the difference between the MML of each patient
and the mean of MML in the controls. In addition, we re-
analyzed methylation-array data applying more stringent
bioinformatic parameters using the Crawford-Howell
t-test [47] and defined the aberrantly methylated DMRs.
In brief, we considered a probe as differentially methyl-
ated, with an absolute value of AP (JAB|)>0.1 and a false
discovery rate<0.05. When we detected two or more
consecutive probes differentially methylated levels within
a DMR (including at least four probes), we defined the
DMR as aberrantly methylated (analysis method 2).

WES

We conducted trio WES in Patients 1-3, 9, 11-13, 15,
16, 18, 19, 21-26, 28, and 29. Because we could not
obtain the parental samples, we carried out WES only
in Patients 4, 10, 14, 17, 20, and 27 and only in Patient
8 and the mother. We used SureSelect Human All Exon
V6 (Agilent Technologies) for WES. Captured libraries
were sequenced by NextSeq 500 (Illumina) with 150-bp
paired-end reads. Processing of exome data, variant call-
ing, and variant annotation were conducted following
previously established procedures [48]. We searched for
a variant(s) of reported MLID-related genes (NLRP2,
NLRPS5, NLRP7, PADI6, KHDC3L, ZFP57, and ZNF445)
and other candidate genes (OOEB ZAR1, TLE6, ARID4A,
UHRF1, NLRPI14, DPPA3, DNMT3A, DNMTS3B,
DNMT3L, DNMTI, SETDB2, TRIM28, and WHSCI).
We extracted rare variants with minor allele frequen-
cies of <0.01 in public databases and in-house database
as previously reported [11]. We also searched for other
causative genes for genetic diseases other than IDs. We
evaluated pathogenicity of identified rare variants using
the following in silico analyses: (1) CADD (http://cadd.gs.
washington.edu/), (2) PP2_HVAR (http://genetics.bwh.
harvard.edu/pph2/), (3) SIFT (http://sift.jcvi.org/), and
(4) MutationTaster (http://www.mutationtaster.org/).

Statistical analysis

The statistical significance of the median, mean, and fre-
quency of data obtained from patients with MLID and
patients with epimutation only in ID-associated DMR(s)
was examined using the Mann—Whitney U test, Stu-
dent’s t-test, and Fisher’s exact probability test. P<0.05
was considered significant. To evaluate the correlation
between the BWSp score and the number of aberrantly
methylated DMRs in patients with BWS-MLID and
between the NH-CSS score and the number of aberrantly
methylated DMRs in patients with SRS-MLID and TS14-
MLID, we used Pearson’s correlation coefficients. The R
environment was used for these analyses.
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A/B GNAS A/BTSS

ACMG American College of Medical Genetics and Genomics

AHO Albright hereditary osteodystrophy

ART Assisted reproductive technology

AS Angelman syndrome

AST GNAS-AST:TSS-DMR

BWS Beckwith-Wiedemann syndrome

BWSp BWS spectrum

CNV Copy number variation

DMR Differentially methylated region

EPIC Array-based methylation analysis using Infinium Methyla-
tionEPIC Kit (Illumina)

FANCC FANCC:Int

H19 H19/IGF2:1G

H19-SRS SRS with hypomethylation of the H719-DMR alone

D Imprinting disorder

KCNQ10T1 KCNQ1OT1:TSS

KCNQ1OT1-BWS  BWS with hypomethylation of the KCNQTOT1-DMR alone

KOS Kagami-Ogata syndrome

LP Likely pathogenic

MEG3 MEG3TSS

MEG8 MEG8:TSS

MEST MEST:alt-TSS

MEQ034 SALSA MS-MLPA Probe-mix ME034 (MRC-Holland, Amster-

dam, Netherlands)

MLID Multi-locus imprinting disturbance

MML Median methylation level

MS-MLPA Methylation-specific multiple ligation-dependent probe
amplification

NESP GNAS-NESP:TSS-DMR

ND/IDD Neurodevelopmental delay and/or intellectual develop-
mental disorder

NH-CSS Netchine-Harbison clinical scoring system

PEG10 PEG10:TSS

PHP1B Pseudohypoparathyroidism type 1B

PLAGL1 PLAGL1:TSS

PTH Parathyroid hormone

PWS Prader-Willi syndrome

SCMC Subcortical maternal complex

SGA Small for gestational age

SNRPN SNRPN:TSS

SRS Silver-Russell syndrome

SNU13 SNU13:alt-TSS

UPD Uniparental disomy

TNDM Transient neonatal diabetes mellitus

TS14 Temple syndrome

VUS Variant of uncertain significance

WES Whole-exome sequencing

XL GNAS-XL:Ex1-DMR
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