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Abstract 

Background  Imprinting disorders are rare diseases resulting from altered expression of imprinted genes, which 
exhibit parent-of-origin-specific expression patterns regulated through differential DNA methylation. A subgroup 
of patients with imprinting disorders have DNA methylation changes at multiple imprinted loci, a condition referred 
to as multi-locus imprinting disturbance (MLID). MLID is recognised in most but not all imprinting disorders and is also 
found in individuals with atypical clinical features; the presence of MLID often alters the management or prognosis 
of the affected person. Some cases of MLID are caused by trans-acting genetic variants, frequently not in the patients 
but their mothers, which have counselling implications. There is currently no consensus on the definition of MLID, 
clinical indications prompting testing, molecular procedures and methods for epigenetic and genetic diagnosis, rec‑
ommendations for laboratory reporting, considerations for counselling, and implications for prognosis and manage‑
ment. The purpose of this study is thus to cover this unmet need.

Methods  A comprehensive literature search was conducted resulting in identification of more than 100 articles 
which formed the basis of discussions by two working groups focusing on clinical diagnosis (n = 12 members) 
and molecular testing (n = 19 members). Following eight months of preparations and regular online discussions, 
the experts from 11 countries compiled the preliminary documentation and determined the questions to be 
addressed during a face-to-face meeting which was held with the attendance of the experts together with four repre‑
sentatives of patient advocacy organisations.
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Background
Imprinting disorders
Imprinting disorders (ImpDis) are a group of congeni-
tal disorders caused by altered expression of imprinted 
genes, whose expression is normally restricted by their 
parent of origin [1, 2]. In each imprinted region, par-
ent-of-origin-restricted expression is regulated by an 
imprinting centre (IC) that acquires differential epige-
netic marking (including differential DNA methylation) 
in the egg and sperm. After fertilisation, differential epi-
genetic marking is essentially permanent and almost 
ubiquitous in somatic tissues, notably in the form of 
DNA methylation at differentially methylated regions 
(DMRs) [1, 3]. Differential epigenetic marking often 
spreads beyond the IC to other genes under its control; 
this includes distinctive patterns of histone modifica-
tion and non-coding RNA expression, but most notably, 
further DMRs [1]. Numerous imprinted loci exist in the 
human genome; some comprise single genes, while oth-
ers are clusters of genes whose expression is dependent 
on parental origin (Table 1).

For 13 imprinted loci, altered expression of genes under 
imprinted control is associated with clinical disorders 
[2] which, in a recent retrospective analysis, had a total 
prevalence of 5.8/100,000 [4]. Imprinting disorders have 
heterogeneous and overlapping features, which impact 
growth, development, metabolism and behaviour, and 
early diagnosis is important to implement appropriate 
management to optimise clinical outcome. Because nor-
mal expression of imprinted genes is restricted by paren-
tal origin, imprinting disorders can in principle result 
from any genetic or epigenetic change that disturbs this 
restricted pattern of expression or gene function. Causes 
of imprinting disorders include single-nucleotide variants 
(SNV) or copy number variants (CNV) of coding or in-
cis regulatory sequences, segmental or whole-chromo-
some uniparental disomy (UPD), and imprinting defects 
altering gene expression, particularly DNA methylation 
disturbance (gain-of-methylation, GOM or loss-of-meth-
ylation, LOM) of imprinted DMRs [2].

Multi‑locus imprinting disturbance (MLID)
A proportion of individuals with imprinting disor-
ders have DNA methylation disturbance not at a single 
imprinted locus, but at multiple imprinted loci across the 
genome (reviewed in [5, 6]). This phenomenon is desig-
nated multi-locus imprinting disturbance (MLID; previ-
ous terms include hypomethylation of imprinted loci: 
HIL, and multi-locus methylation disturbance: MLMD).

Most of the early studies of MLID were restricted 
both clinically and molecularly: clinically, because they 
involved research cohorts of patients with canonical 
imprinting disorders; molecularly, because they assessed 
imprinted loci associated with canonical imprinting dis-
orders (e.g. Refs. [7–16]). As the scope of molecular anal-
ysis expanded, it became clear that MLID involved loci 
beyond those clinically associated with imprinting disor-
ders (e.g. Refs. [17–23]) and most recent research studies 
include essentially all known germline DNA methylated 
regions (e.g. Refs. 24–30).

Clinically, MLID is heterogeneous: the phenotype of 
an affected person is not readily predictable from their 
imprinting disturbance [22, 26, 28, 30–34]. Many people 
with MLID have clinical features aligning with a canoni-
cal ImpDis; some have clinical features partially con-
sistent with more than one ImpDis (e.g. Refs. [35–38]); 
others have some clinical features not aligning with any 
canonical imprinting disorder (e.g. Ref. [30, 39–43]). 
The phenotype of MLID is also likely modified by the 
somatic mosaicism seen in almost all affected individuals 
(reviewed in [6]).

MLID is recognised in many but not all clinical 
imprinting disorders. It is found almost exclusively 
in patients with LOM of a given clinically relevant 
imprinted region, and seldom in patients whose ImpDis 
are caused by protein-coding SNV/CNV, CNV of cis-
acting  regulatory  sequences, or UPD (e.g. Refs. [38, 41, 
44]). As a corollary of this, some imprinting disorders 
are not currently associated with MLID, including those 
caused by protein-coding variants to imprinted genes, 
such as central precocious puberty (CPP) or Schaaf–Yang 

Results  In light of available evidence and expert consensus, we formulated 16 propositions and 8 recommendations 
as interim guidance for the clinical and molecular diagnosis of MLID.

Conclusions  MLID is a molecular designation, and for patients with MLID and atypical phenotypes, we propose 
the alternative term multi-locus imprinting syndrome. Due to the intrinsic variability of MLID, the guidelines under‑
score the importance of involving experts from various fields to ensure a confident approach to diagnosis, counsel‑
ling, and care. The authors advocate for global, collaborative efforts in both basic and translational research to tackle 
numerous crucial questions that currently lack answers, and suggest reconvening within the next 3–5 years to evalu‑
ate the research advancements and update this guidance as needed.
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Table 1  Human germline imprinted DMRs

DMR name Other names 
frequently used in the 
literature

Associated ImpDis Location (Hg38) No. of CpGs Type1 imprint origin

PPIEL:Ex1-DMR chr1:39,558,953–
39,559,868

39 NC Oocyte_gDMR

DIRAS3:Ex2-DMR chr1:68,046,821–
68047803

88 NC Oocyte_gDMR

DIRAS3:TSS-DMR chr1:68,049,749–
68051862

39 NC Oocyte_gDMR

GPR1-AS:TSS-DMR chr2:206,202,242–
206204721

86 X Oocyte_gDMR

ZDBF2/GPR1:IG-DMR chr2:206,249,858–
206271820

439 NC Sperm_gDMR-second‑
ary_DMR

NAP1L5:TSS-DMR chr4:88,697,032–
88698086

57 NC Oocyte_gDMR

VTRNA2-1:DMR chr5:136,079,112–
136080956

76 X Oocyte_gDMR

FAM50B:TSS-DMR chr6:3,848,847–
3,850,125

90 NC Oocyte_gDMR

PLAGL1:alt-TSS-DMR PLAGL1, ZAC1, 6q24 TNDM chr6:144,006,940–
144008751

143 CA Oocyte_gDMR

IGF2R:Int2-DMR chr6:160,005,525–
160006529

74 NC Oocyte_gDMR

WDR27:Int13-DMR chr6:169,654,407–
169655522

58 X Oocyte_gDMR

GRB10:alt-TSS-DMR GRB10 MLID (ZFP57); upd[7]
mat, SRS

chr7:50,781,028–
50783615

171 CA Oocyte_gDMR

PEG10:TSS-DMR chr7:94,656,224–
94,658,648

119 NC Oocyte_gDMR

MEST:alt-TSS-DMR MEST upd(7)mat, SRS chr7:130,490,280–
130494547

226 CA Oocyte_gDMR

SVOPL:alt-TSS-DMR chr7:138,663,372–
138,664,324

74 NC Oocyte_gDMR

HTR5A:TSS-DMR chr7:155,071,008–
155071672

55 NC Oocyte_gDMR

ERLIN2:Int6-DMR chr8:37,747,473–
37,748,570

37 NC Oocyte_gDMR

PEG13:TSS-DMR chr8:140,098,047–
140100982

193 NC Oocyte_gDMR

FANCC:Int1-DMR chr9:95,313,117–
95,313,462

26 NC Oocyte_gDMR

INPP5F:Int2-DMR chr10:119,818,533–
119,819,215

52 X Oocyte_gDMR

H19/IGF2:IG-DMR & 
TSS-DMR

IC1, H19 SRS/BWS chr11:1,997,581–
2,003,510

250 CA* Sperm_gDMR

IGF2:Ex9-DMR SRS/BWS chr11:2,132,760–
2133882

63 CA secondary_DMR

IGF2:alt-TSS-DMR SRS chr11:2,147,102–
2148538

33 CA Sperm_gDMR

KCNQ1OT1:TSS-DMR IC2, KvDMR BWS chr11:2,698,717–
2,701,029

192 CA Oocyte_gDMR

RB1:Int2-DMR chr13:48,318,204–
48321627

195 NC Oocyte_gDMR

MEG3/DLK1:IG-DMR IG-DMR TS14/KOS14 chr14:100,809,089–
100811721

64 CA Sperm_gDMR

MEG3:TSS-DMR MEG3 TS14/KOS14 chr14:100,824,186–
100827641

188 CA* secondary_DMR
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syndrome (SHFYNG), and Mulchandani-Bhoj-Conlin 
syndrome (MCBS), which is associated only with upd[20]
mat. In practice, MLID is detected most frequently in 
imprinting disorders caused by LOM, such as Beck-
with-Wiedemann syndrome (BWS) with LOM of IC2 
(imprinting centre 2) and Silver–Russell syndrome (SRS) 
with LOM of IC1, rather than those caused by GOM, 

such as Kagami–Ogata syndrome (KOS14) or BWS with 
IC1 GOM.

Table  2 lists the imprinting disorders and the fre-
quency of MLID. It should be noted that the prevalence 
of MLID across imprinting disorders is not fully estab-
lished, because surveys have been done differently for 
different disorders, the disorders themselves are rare, and 

Clinically associated (CA) is a pragmatic category of loci currently included in diagnostic tests, including direct causative loci, those for upd(7)mat, and those for 
stratification of TNDM cases caused by ZFP57 mutations. The majority of germline (g) imprinted loci not in the CA group but are in the non-clinical (NC) group. 
Xgermline imprinted loci whose methylation shows further polymorphic, somatic or tissue-specific variation; DNA methylation at these loci is not interpretable in 
relation to clinical imprinting disorders. In imprinted loci with multiple CA-DMRs, the DMR most important for molecular diagnosis is marked with an asterisk (*)

Table 1  (continued)

DMR name Other names 
frequently used in the 
literature

Associated ImpDis Location (Hg38) No. of CpGs Type1 imprint origin

MEG8:Int2-DMR chr14:100,904,403–
100905082

43 X secondary_DMR

MKRN3:TSS-DMR chr15:23,561,938–
23,567,348

109 X Oocyte_gDMR-sec‑
ondary_DMR

MAGEL2:TSS-DMR chr15:23,647,277–
23,648,882

51 NC secondary_DMR

NDN:TSS-DMR chr15:23,686,303–
23687612

108 NC secondary_DMR

SNRPN:alt-TSS-DMR chr15:24,823,416–
24,824,334

19 NC secondary_DMR

SNURF:TSS-DMR SNRPN PWS/AS chr15:24,954,856–
24,956,829

113 CA Oocyte_gDMR

IGF1R:Int2-DMR chr15:98,865,266–
98,866,421

55 NC Oocyte_gDMR

ZNF597:3-DMR chr16:3,431,800–
3432388

29 NC Oocyte_gDMR

ZNF597:TSS-DMR upd(16)mat chr16:3,442,827–
3,444,463

76 NC secondary_DMR

ZNF331:alt-TSS-DMR1 chr19:53,537,255–
53,538,958

125 NC Oocyte_gDMR

ZNF331:alt-TSS-DMR2 chr19:53,553,831–
53,555,171

102 NC Oocyte_gDMR

PEG3:TSS-DMR MLID (ZFP57) chr19:56,837,124–
56,841,903

221 CA Oocyte_gDMR

MCTS2P:TSS-DMR chr20:31,546,859–
31,548,130

47 NC Oocyte_gDMR

NNAT:TSS-DMR chr20:37,520,201–
37522126

135 NC Oocyte_gDMR

L3MBTL1:alt-TSS-DMR chr20:43,513,724–
43,515,400

84 NC Oocyte_gDMR

GNAS-NESP:TSS-DMR PHP chr20:58,838,983–
58,843,557

257 CA secondary_DMR

GNAS-AS1:TSS-DMR NESP-AS PHP, upd(20)mat chr20:58,850,593–
58852978

128 CA Oocyte_gDMR

GNAS-XL:Ex1-DMR PHP chr20:58,853,849–
58,856,408

200 CA Oocyte_gDMR

GNAS-A/B:TSS-DMR GNAS A/B PHP, upd(20)mat chr20:58,888,209–
58890146

198 CA* secondary_DMR

WRB:alt-TSS-DMR chr21:39,385,583–
39,386,350

43 NC Oocyte_gDMR

SNU13:alt-TSS-DMR chr22:41,681,769–
41,682,869

63 NC Oocyte_gDMR
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individuals whose phenotype diverges from canonical 
presentations may be under-diagnosed. Accordingly, the 
prevalence of MLID in different disorders is likely to be 
higher than currently estimated.

Genetic causes of MLID
In a proportion of affected people, MLID is caused by 
pathogenic variants in genes involved in epigenetic modi-
fications during early development (reviewed in [45]). 
The first recognised example of this was pathogenic 
variants of ZFP57, which encodes a DNA-binding fac-
tor required for DNA methylation maintenance at many 
sites including imprinted regions (reviewed in [46]). 
Approximately half of transient neonatal diabetes mel-
litus (TNDM) patients with methylation disturbance 
at PLAGL1 have biallelic pathogenic variants in ZFP57, 
and have MLID involving LOM at PLAGL1, GRB10, and 
PEG3 [47–49]. Some patients have been described with 
additional loci involved in MLID, associated with an 
atypically severe phenotype [50, 51]. When TNDM with 
recessive ZFP57 variants are found in a patient, and par-
ents are heterozygous for the ZFP57 variants, subsequent 
offspring are at 25% risk of inheriting biallelic ZFP57 
variants and presenting with TNDM. Another zinc-finger 
protein with imprinting regulatory function, ZNF445, 
was homozygously inactivated in a patient with Tem-
ple Syndrome and MLID [36, 52]. For a separate group 
of individuals, MLID is associated with pathogenic vari-
ants in their mothers, in ‘maternal effect’ genes includ-
ing NLRP2, NLRP5, NLRP7, PADI6, and KHDC3L. (e.g. 

Refs. [34, 37, 40, 53–58]). These genes are very highly 
expressed from the maternal genome during oocyte mat-
uration, and the maternal effect protein products appear 
to play essential roles in the early embryo (reviewed in 
[59]), a time at which epigenetic reprogramming and 
embryonic genome activation are essential for the onset 
of development [60]. Their functions remain uncertain 
because of the difficulty of functional research in the 
early embryo, and it is possible that further maternal 
effect genes remain to be discovered.

The severity of effects on offspring varies markedly, 
even among offspring of individual mothers, ranging 
from apparently healthy persons to people with MLID, 
and nonviable reproductive outcomes including recur-
rent miscarriage, hydatidiform mole, or apparent infertil-
ity (e.g. Refs. [34, 55, 57, 58]).

Maternal effect gene variants have a well-recognised 
association with reproductive difficulties: females with 
biallelic inactivation of NLRP7 or KHDC3L experi-
ence recurrent hydatidiform mole [61, 62], reviewed in 
63). Numerous reports exist of maternal effect variants 
causing early developmental demise in women under-
going fertility treatment (reviewed in [64]). The overlap 
between maternal effect gene variants, MLID, and repro-
ductive difficulties remains to be clarified by research 
that takes into account the family as well as the proband 
(reviewed in 64, 65).

A further overlap exists between assisted reproductive 
technology (ART) and imprinting disorders. The associa-
tion between ART and increased risk of some imprinting 

Table 2  Imprinting disorders

nk, not known

*indicates the imprinting disorders and aetiological groups in whom MLID is observed References here are reviews of individual imprinting disorders. References 
specifically concerning the frequency of multi-locus imprinting disorder in each ID may be found in Sanchez-Delgado et al. [5], and only reports of MLID post-dating 
this review are cited in this table

Disorder Chr (s) Prevalence OMIM [113] % DNA methylation 
disturbance

% of MLID in 
imprinting error 
cases

References

Beckwith-Wiedemann syndrome 11p15.5 1:10,000–1:80,000 #130,650 50% KCNQ1OT1 TSS-DMR LOM*;
10% H19/IGF2 IG-DMR GOM

12.8%
Not described

[100,101]

Silver–Russell syndrome 11p15.5,
chr7

1:16,000 #180,860 28.3*–38% 5.1%
Individual cases

[75,84, 102]

Transient neonatal diabetes mel‑
litus type 1

6q24 1:15,000–1:400,000 #601,410 30%* 50% [103]

Pseudohypoparathyroidism type 
1b

20q13.3 nk #603,233 61%* (0–38%) [83]

Temple syndrome 14q32 nk #616,222 33.8*–58.8% nk [22, 104]

Kagami–Ogata syndrome 14q32 nk #608,140 26.6% Not described [105, 106]

Angelman syndrome 15q11.2 1:25,000–40,000 #105,830 2–4% 3% [107, 108]

Prader–Willi syndrome 15q11.2 1:8,000–1:30,000 #176,270 1% Rare [108, 109]

Mulchandani-Bhoj-Conlin 
syndrome

chr20 nk #617,352 Not described Not described [110–112]
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disorders is well documented [12, 17, 66–69], and a pop-
ulation-based study of three imprinting disorders, Angel-
man syndrome (AS), Prader–Willi syndrome (PWS) and 
BWS, showed a higher prevalence of parental fertility 
problems and greater maternal age than the general pop-
ulation [70]. At present, published studies in MLID are 
smaller and have given conflicting findings [10, 12, 15, 17, 
66] and further research is needed to determine unequiv-
ocally whether either ART is associated with elevated risk 
for MLID as for other imprinting disorders, and/or that 
some of the association with ART is in fact an associa-
tion with parental fertility problems related to underlying 
genetic predisposition.

Current challenges with MLID
MLID was first identified and characterised in research 
studies. However, with the increasing clinical recogni-
tion of imprinting disorders, and expanding accessibility 
of commercial diagnostic assays for imprinting, MLID is 
being increasingly recognised in diagnostic settings (e.g. 
Refs. [16, 71, 72]).

Patients, families, and health professionals need con-
sensus on the definition of MLID, clinical indications 
prompting testing, molecular procedures and methods 
for epigenetic and genetic diagnosis, recommendations 
for laboratory reporting, considerations for counsel-
ling, and implications for prognosis and management, 
all of which should be pragmatic and acceptable within 
the ethical, legal, social, and medical systems of different 
nations.

However, many features of MLID are still being actively 
researched and many questions remain unresolved. 
Because MLID is a subset within imprinting disorders 
that are themselves rare diseases, there is a need for 
international collaboration between clinical and molecu-
lar researchers, combining resources, particularly patient 
cohort data, to deliver the excellent translational research 
that will underpin robust evidence-based guidelines in 
the future.

This interim joint statement aims to meet these two 
needs with: (a) Propositions for clinical and molecular 
diagnosis of MLID, and (b) Recommendations for the 
research required to enable these interim guidelines to be 
updated in due course with a full clinical consensus for 
diagnosis and management of MLID. Propositions and 
Recommendations are presented throughout this joint 
statement, and collected in Supplementary Tables 1 and 
2, respectively.

The consensus meeting
In June 2023, a meeting in Tallinn, Estonia, brought 
together 31 expert clinicians and molecular scientists 
from eleven countries involved in clinical and molecular 

diagnosis, management, and research on human imprint-
ing, along with four representatives of patient advocacy 
organisations (PAO). Many of the participants have pre-
viously collaborated within an European Union-funded 
network on imprinting disorders, EUCID (EU Consor-
tium on Imprinting Disorders) [73]. This meeting, funded 
by the European Joint Programme on Rare Diseases (EJP 
RD), aimed to develop a ‘road-map’ of work leading to 
a consensus statement on diagnosis and management 
of MLID. Therefore, the objectives of the meeting were 
to: delineate the current molecular and clinical research 
of MLID; develop interim best practice guidelines for 
molecular diagnosis; develop an integrated road-map 
towards a future consensus statement; and plan the col-
laborative clinical and molecular studies required to 
underpin that future consensus. This paper addresses 
these objectives.

Method
A comprehensive literature search was conducted using 
PubMed and the search terms “multi-locus imprint-
ing disturbance” and “multi-locus imprinting disorder”. 
Additional relevant articles were identified by PubMed 
searches when supplementary information was neces-
sary. These > 100 articles formed the basis of discussion 
by two working groups (WG).

The working groups focused on clinical diagnosis 
(WG1) and molecular testing (WG2), had 12 and 19 
members, respectively. During eight months of prepara-
tion, regular online discussions between WG members 
determined the questions to be addressed in the meeting 
and discussed the progress of preparatory documents for 
each working group. At the face-to-face meeting, propo-
sitions and recommendations were considered by WGs 
separately and discussed in plenary sessions; PAO rep-
resentatives participated in WG1. Where published data 
were unavailable or insufficient, the clinical experiences 
and opinions of the participants were considered. The 
minutes of the meeting, with the literature and prepared 
documentation, were combined into guideline proposi-
tions and recommendations for research, which were 
agreed in an online meeting and subsequently written 
into this joint statement. All participants read, had the 
opportunity to amend, and assented to the final form of 
this statement.

The definition of the term “MLID”
MLID as imprinting disturbance
The earliest studies of MLID were focused molecularly 
on DMRs associated with known imprinting disor-
ders, and clinically on patients with imprinting distur-
bance at these DMRs. In these studies, an imprinting 
disturbance at two or more loci was sufficient for a 
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designation of MLID without detailed consideration of 
the molecular abnormality or its clinical correlations. 
The acronym MLID was used to refer to either Multi-
locus imprinting Disturbance (a molecular definition) 
or Multi-locus imprinting Disorder (a clinical defini-
tion) (e.g. [74], versus [5]). The terms could be used 
interchangeably or were indistinguishable because of 
the shared acronym; and the distinction was not criti-
cal because MLID was sought primarily in patients who 
had a clinical imprinting disorder and investigated in 
imprinted loci known to cause imprinting disorders.

Over recent years, more imprinted regions have been 
included in diagnostic testing, including some that are 
not directly implicated in an imprinting disorder but 
act as a reliable proxy for diagnosis. Examples include 
imprinted DMRs on chr7, which act as a proxy test for 
upd[7]mat causing Silver–Russell syndrome (SRS) but 
are not directly associated with specific symptoms of 
SRS [75].

Clinical case reports and cohort studies do not cur-
rently support clear epigenotype-phenotype corre-
lations between the clinical features of people with 
MLID, and their severity and location of methylation 
disturbance. At the present time, MLID cannot be 
unambiguously identified using clinical criteria alone, 
nor can the epigenotype of an affected person predict 
their clinical history and vice versa. Therefore, at the 
present time, multi-locus imprinting disturbance can-
not be primarily a clinical diagnosis.

Multi-Locus Imprinting Disturbance (MLID) denotes 
a molecular state of affairs where a person has DNA 
methylation disturbance involving multiple germline 
imprinted loci. The designation MLID is agnostic about 
the imprinted loci involved, the nature of the imprinting 
disturbance, and any clinical consequences. Despite the 
openness of this definition, it is important to emphasise 
that MLID is not an epigenetic polymorphism or inci-
dental finding, but has potential clinical consequences for 
the affected person. Methylation disturbance in MLID 
generally takes the form of LOM, which is often mosaic.

A pragmatic diagnostic definition of MLID
We propose a pragmatic division of imprinted DMRs into 
two groups: those that are currently used in clinical diag-
nosis (clinically associated or CA-DMRs); and those that 
are not currently used in clinical diagnosis (non-clinical 
or NC-DMRs) (Table 3). Of note, these imprinted DMR 
subtypes relate to DNA from blood, which is the most 
frequently used diagnostic tissue.

CA-DMRs have established diagnostic utility and can 
be assayed in many diagnostic laboratories. Non-clinical 
DMRs cannot be tested in many routine diagnostic lab-
oratory settings, and the clinical significance of MLID 
involving these DMRs is currently not clear. For the pre-
sent, we propose that diagnostic testing and reporting 
should take into consideration CA-DMRs only.

Under this pragmatic division, many loci involved in 
molecular MLID are not included in current clinical 
care or laboratory diagnostics but remain at present the 

Table 3  Subtypes of imprinted DMRs1

These imprinted DMR subtypes relate to DNA from blood, which is the most frequently used diagnostic tissue. Non-blood tissues may have different methylation 
profiles, which should be determined using control cohorts before inclusion in diagnostic protocols. Tissue-specific (e.g. placental), transient, and polymorphically 
imprinted loci are excluded from this table. Categories are based on current understanding and may change as knowledge changes. 2, Currently available MLPA 
assays (March 2024) use secondary DMR as proxy [72]

Name Description Loci

Clinically associated DMR2 DMR where (epi)genetic changes altering expression are directly 
associated with a canonical imprinting disorder, or are used as a proxy 
to detect imprinting disturbance or stratify diagnosis2

PLAGL1:alt-TSS-DMR; H19/IGF2:IG-DMR2; 
KCNQ1OT1:TSS-DMR; MEG3/DLK1:IG-DMR2; 
SNURF:TSS-DMR; GNAS-A/B:TSS-DMR; GRB10:alt-
TSS-DMR; MEST:alt-TSS-DMR; PEG3:TSS-DMR; 
GNAS-AS1:TSS-DMR; GNAS-NESP:TSS-DMR; GNAS-
XL:Ex1-DMR

Non-clinical DMR DMR whose imprinting is not currently associated with a clinical phe‑
notype or used in diagnosis

PPIEL:Ex1-DMR; DIRAS3:Ex2-DMR; DIRAS3:TSS-
DMR; ZDBF2/GPR1:IG-DMR; NAP1L5:TSS-DMR; 
FAM50B:TSS-DMR; IGF2R:Int2-DMR; PEG10:TSS-
DMR; SVOPL:alt-TSS-DMR; HTR5A:TSS-DMR; 
ERLIN2:Int6-DMR; PEG13:TSS-DMR; FANCC:Int1-
DMR; [H19/IGF2TSS-DMR]; IGF2:alt-TSS-DMR; 
MEG3:TSS-DMR; MEG8 Int2 DMR; RB1:Int2-DMR; 
MAGEL2:TSS-DMR; NDN:TSS-DMR; SNRPN 
alt-TSS DMR; IGF1R:Int2-DMR; ZNF597:TSS-
DMR; ZNF597:3-DMR4; ZNF331:alt-TSS-DMR1; 
ZNF331:alt-TSS-DMR2; MCTS2P:TSS-DMR; 
NNAT:TSS-DMR; L3MBTL1:alt-TSS-DMR; WRB:alt-
TSS-DMR; SNU13:alt-TSS-DMR
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subject of research to discover their relevance for man-
agement and counselling.

Some loci currently deemed non-clinical are frequently 
implicated in MLID episignatures or may contribute 
to the atypical clinical features of people with MLID. 
Detailed research studies are required to assess atypical 
presenting features in people with MLID, identify asso-
ciations between these clinical features and epigenetic 
signatures of MLID, and assess whether and how such 
epigenotype-phenotype associations should be incorpo-
rated into diagnosis and management. We recommend 
that the research should be periodically reviewed to 
assess whether currently NC-DMRs are shown to be clin-
ically associated, and to update the group of CA-DMRs 
accordingly.

Exclusions from the definition of MLID
It should be noted that methylation disturbance at multi-
ple imprinted loci is not equivalent to MLID when:

	(i)	 the DMRs involved are in the same imprinting 
cluster, and are subject to co-ordinated imprinting 
disturbance (e.g. the 14q32 imprinted cluster);

	(ii)	 DNA methylation disturbance involves contigu-
ous DMRs, or DMRs on the same chromosome 
or chromosomal segment, when it is secondary 
to UPD or a CNV (however, MLID in addition to 
UPD is a documented ultra-rare phenomenon (e.g. 
Refs. [38, 41]));

	(iii)	 uniparental diploidy is present.

Propositions

P1. Multi-locus imprinting disturbance (MLID) is a 
molecular state of affairs where a person has DNA 
methylation disturbance involving multiple (non-
contiguous) germline imprinted loci.
P2. For clinical reporting, MLID is designated as 
DNA methylation disturbances at ≥ 2 clinically 
associated (non-contiguous) DMRs
P3. MLID is not constituted by imprinting distur-
bances of contiguous DMRs under co-ordinated con-
trol, or by apparent imprinting disturbances second-
ary to UPD or CNV.

Recommendation for Research

R1. The group of clinically associated DMRs should 
be periodically reviewed and updated as necessary, 
based on ongoing clinical research.

Clinical considerations in diagnosis of MLID
First‑line or second‑line MLID testing
Individuals referred for molecular diagnosis of an 
imprinting disorder normally fulfil clinical criteria war-
ranting referral, or have phenotypic features or a clinical 
history giving rise to a clinical suspicion of an imprint-
ing disorder. However, individuals with MLID may have a 
phenotype closely consistent with a single imprinting dis-
order, with more than one imprinting disorder, or with no 
single imprinting disorder (Sect.  "Multi-locus imprint-
ing disturbance (MLID)"); or testing may be warranted 
by detection of MLID in a family history (Sect. "Genetic 
causes of MLID"). Because of its clinical heterogeneity, 
the diagnostic pathway for MLID can take variable forms. 
MLID diagnostic testing may be requested as a second-
line test after a positive diagnosis of an imprinting disor-
der, or as first-line testing when explicitly warranted by 
the clinical or counselling situation (see also Sect.  "The 
diagnostic decision tree for MLID"; Fig. 1).

Second‑line testing for MLID following molecular diagnosis 
of an imprinting disorder
Second-line testing for MLID is additional testing that 
follows a positive molecular diagnosis of an imprint-
ing disorder. MLID is chiefly associated with a sub-
set of imprinting disorders, and a subset of molecular 
aetiologies of imprinting disorders (Sect.  "Multi-locus 
imprinting disturbance (MLID)"; Table  2). MLID is a 
consideration for patients within these subsets, whereas 
patients outside these subsets have a very low likelihood 
of MLID.

After positive diagnosis of an imprinting disturbance 
for which MLID is a consideration, the patient infor-
mation should be evaluated by an expert. If this evalua-
tion identifies clinical and/or family features suggestive 
of MLID, or otherwise determines that MLID testing is 
warranted, the patient should undergo second-line test-
ing for CA-DMRs. (Note that for the purposes of these 
guidelines, an “expert” is a healthcare professional, clini-
cal or otherwise, with expertise in imprinting disorders/
MLID as evidenced by professional qualifications such as 
clinical genetics training, research publications, or exten-
sive experience in a relevant healthcare setting.)

Molecular testing for MLID as a first‑line test
When expert clinical assessment gives rise to a suspi-
cion of MLID, first-line diagnostic testing for MLID 
may be requested. Table  4 lists clinical features in 
patients or families which have prompted suspicion of 
MLID in published literature, but clinical translational 
research is necessary to establish the phenotypes that 
are most useful for this purpose. At present, DNA 
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methylation analysis of CA-DMRs and NC-DMRs, 
genome-wide DNA methylation analysis, and genetic 
testing of causative genes are not recommended as 
first-line testing, unless in exceptional circumstances 
and under referral of a clinician expert in imprinting 
disorders.

Prenatal testing for MLID
MLID testing is not recommended for prenatal testing, 
unless in exceptional circumstances and under referral of 
a clinician expert in imprinting disorders, because: (a) cli-
nicians can request diagnostic testing of individual loci; 
(b) the DNA methylation of prenatal tissues is not always 

Fig. 1  Flow chart for investigation of MLID in the context of imprinting disorder diagnosis. Solid black lines are followed when clinical suspicion 
of an imprinting disorder prompts testing as per consensus guidelines, and subsequent expert evaluation prompts second-line MLID testing (Sect. 
“Second-line testing for MLID following molecular diagnosis of an imprinting disorder”). When suspicion of MLID prompts expert referral for first-line 
testing of clinically associated differentially methylated regions (CA-DMRs), dashed black lines are normally followed. Dashed green lines are 
followed when diagnosis of MLID prompts further investigation in an expert centre or research setting, such as epigenome-wide DNA methylation 
analysis (Sect. “Molecular testing for MLID as a first-line test”), or genetic testing (Sect. “Genetic testing in MLID”). 1, Imprinting disturbances relevant 
for MLID include disorders and disturbances indicated in Table 2 and include any MLID detected during first-line multi-locus testing; P, proposition; 
HCP, health care professional 



Page 10 of 19Mackay et al. Clinical Epigenetics           (2024) 16:99 

comparable with those of blood-derived DNA, so that 
control ranges for prenatal testing must be established 
using appropriate tissues; (c) prenatal samples can be 
technically harder to test than postnatal samples; (d) cur-
rent commercial, diagnostically familiar MLID tests have 
fewer probes for each locus which are correspondingly 
more technically demanding to interpret; (e) interpreta-
tion of prenatal testing can be challenged by mosaicism 
[76–78]. Taking these factors into consideration, the 
consensus members were not in favour of recommend-
ing MLID testing in general diagnostic practice, while 
acknowledging that some expert centres may perform it 
and some situations may require it.

Clinical value of a diagnosis of MLID
Expert assessment and counselling is required for 
patients diagnosed with MLID and their families, 
because MLID may have implications for clinical man-
agement, genetic counselling or both, and implications 
for the affected person or their wider family.

Implications for clinical management
A MLID diagnosis may alter the management or prog-
nosis for the affected person. Some patients with MLID 
have clinical features of more than one imprinting dis-
order at presentation, and therefore their management 
takes account of this altered clinical situation and is 
informed by the molecular diagnosis. In some patients, 
the MLID diagnosis indicates a prognostic risk that 
additional clinical features might emerge in the future 
(for example, features of pseudohypoparathyroidism 

in a person with GNAS imprinting defect [79], or early 
puberty in a child with 14q32 imprinting defect [80]); 
surveillance for such potential complications should be 
included in their management plan. Some patients have 
clinical features that are atypical for any specific imprint-
ing disorder but sufficiently suggestive of imprinting dis-
turbance to prompt referral for MLID testing; in these 
cases, a positive diagnosis may give guidance for ongoing 
management and also has value in bringing an end to the 
diagnostic odyssey.

The general view of participants was that only CA-
DMRs should be tested in a diagnostic setting, because 
the relevance of ‘non-clinical’ loci for clinical manage-
ment is currently unknown, and their interpretation 
may be challenging for labs with limited experience in 
imprinting, which might result in unrequested, uninter-
preted results being returned to clinicians or families.

Implications for genetic counselling
Investigation of MLID has counselling implications 
for the affected person and family members. Expert 
advice should be offered to the patient and their fam-
ily, to help the family understand the testing performed 
and its results; to understand any changes in progno-
sis and potential changes in clinical management, with 
any specialist referrals required; to understand risks of 
recurrence and testing options for the wider family; and 
to make informed decisions about future reproductive 
choices.

If genetic testing is performed and identi-
fies an underlying trans-acting pathogenic variant, 

Table 4  Atypical clinical features observed in individuals with MLID

CMA chromosome microarray; CES clinical exome sequencing; WGS whole genome sequencing; LOM loss-of-methylation; IC imprinting centre

Clinical feature References

Sibling(s) with imprinting disorder, particularly with different imprinting disorders [51, 53–56]

Overlapping clinical features of more than one imprinting disorder [35–39, 80, 114]

Atypical clinical features of imprinting disorder [25, 30, 40–43]

Molecular diagnosis of BWS-LOM-IC2, SRS-LOM-IC1, TNDM, TS14, sporadic PHP1B [4, 8, 9, 13, 14, 18, 19, 23, 25, 26, 32, 
33, 35–37, 47, 49–51, 79, 85, 115]

Mother with probably pathogenic variant(s) in any maternal effect gene OR proband with pathogenic variants 
in trans-acting imprinting control gene

[34, 36, 37, 47, 49, 53, 54, 56–58, 116]

Parental history of large number (> 3) miscarriages [34, 55, 58, 117]

Conception involving ART​ [10, 12, 15, 17, 66, 67]

Imprinting Disorders (not MLID) 
in relation to ART: [68, 69, 118, 119]

Placental abnormalities such as placental mesenchymal dysplasia [120, 121]

Monozygotic twinning [14, 55, 122, 123]

Intellectual disability remaining undiagnosed after at least a complete work-up including CMA, CES/WGS, karyo‑
typing, etc.

[124, 125]

Birth weight > 2SD above or below norm with any additional clinical feature [35]

Current height or weight > 2SD above or below norm with any additional clinical feature [43, 55]
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implications for the family include transmission of the 
variant itself and, in the case of maternal effect variants 
(MEV, see Sect. "Maternal effect variants") a potentially 
separate risk of MLID and/or reproductive problems 
in family members. Detection of MLID (potentially 
including CA-DMRs and NC-DMRs) in family mem-
bers of a proband may help assign pathogenicity to a 
detected variant. Family members undergoing cascade 
testing may require expert counselling to understand 
potential genetic causes, and clinical implications, 
including the potential for MLID in offspring or repro-
ductive difficulties for parents.

Use of the term MLID in the clinical setting
Many people with MLID have clear clinical features of 
one imprinting disorder (their ‘presenting’ disorder); in 
these situations, a dyadic term (such as BWS-MLID) 
may be used to indicate both the primary diagnosis and 
the additional molecular finding. Some patients’ clini-
cal features are inconsistent with a single presentation 
or are atypical for any ‘classic’ imprinting disorder, and 
this clinical situation has occasionally been referred to 
as MLID (multi-locus imprinting disorder). MLID is 
a molecular designation and should not be used as a 
clinical designation for patients with MLID and atypi-
cal or idiosyncratic phenotypes. For these patients we 
propose the alternative term multi-locus imprinting 
syndrome (MLIS), which is related to but distinct from 
the term MLID, and which indicates the underlying 
causal relationship between patients whose phenotypic 
and epigenetic syndromic presentations may be distinct 
[81].

Propositions

P4. Diagnostic MLID testing following positive 
diagnosis of a relevant imprinting disorder should 
be offered on the basis of evaluation of the patient 
and family.
P5. MLID testing as a first-line referral should nor-
mally be offered on the basis of evaluation by an 
expert in imprinting disorders.
P6. MLID testing should not be offered as prenatal 
testing.
P7. Clinical management of MLID should take 
into consideration only methylation disturbance 
at loci directly associated with clinical imprinting 
disorders.
P8. Expert counselling is required for the family if 
MLID is identified.

Recommendation for Research

R2. There should be periodic review and update of 
the clinical indications for first-line MLID testing.
R3. There should be periodic evaluation of guide-
lines for laboratory testing of MLID, assessing 
whether any clinical indications or molecular 
diagnoses should directly trigger second-line MLID 
testing.
R4. There should be a periodic review of the clini-
cal designations of individuals with MLID.

Molecular diagnosis of MLID
The distinction between multi‑locus testing in diagnosis 
and testing for MLID
In ImpDis diagnostics, there is an important distinc-
tion between “testing for MLID” and “applying multi-
locus testing” (MLT). For example, SRS is caused by 
genetic and epigenetic changes to chr11 and chr7, and 
overlapping phenotypes are associated with changes to 
imprinted loci on chr14, 20 and others. The SRS con-
sensus guidelines [75] recommend MLT of chr7 and 11 
as first-line diagnostic testing for SRS, and this is per-
formed in many laboratories. Some laboratories per-
form MLT of all CA-DMRs in the diagnostic workup 
of SRS referrals, to maximise detection of all imprint-
ing disturbances [72]. Thus, MLT is performed in first-
line testing for some imprinting disorders and does not 
itself constitute MLID testing.

The diagnostic decision tree for MLID
An outline decision tree is presented in Fig.  1. It pre-
sumes clear distinctions between.

(a)	 Diagnostic first-line testing, which may in some 
cases employ MLT;

(b)	 Diagnostic CA-DMR testing;
(c)	 Global MLID testing, which normally takes place in 

the context of research;
(d)	 Genetic testing, which would normally be per-

formed and/or interpreted only in expert or 
research centres;

(e)	 Research.

Note that for the purposes of these guidelines, an 
expert centre is a clinical or laboratory centre with 
expertise in imprinting disorders/MLID. Expertise 
is evidenced by staff with publications and experi-
ence in the field, and/or quality assurance manage-
ment, according to the DIN ISO 1589 which represents 
the international standard of quality management in 
genetic diagnostic testing. Additionally, the current 
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turnover numbers of samples should be sufficient to 
cover all types of molecular disturbances observed in 
imprinting disorders.

The decision tree presumes the consensus statements 
for BWS, SRS and other imprinting disorders that are 
current at the time of writing, in which MLID testing is 
not recommended; these recommendations may change 
as the state of knowledge evolves.

The decision tree must be viewed in the context of local 
practice. Different countries and laboratories have vari-
ations in their legal and regulatory structures, processes 
for testing, costing models of testing, expectations for 
returning results to patients, access to clinical counselling 
and management, and relationships between diagnostic 
and research activity; any or all of these may modify the 
approach to MLID testing.

Imprinted loci to be tested during MLID diagnosis
In research studies to date, the loci included in MLID 
testing have varied, depending on factors including the 
clinical features of the patient, additional features in the 
family history, the tests available in the testing centre, 
the funding for the testing performed, and the research-
informed understanding of imprinted loci with clinical 
relevance [See Sect. "Multi-locus imprinting disturbance 
(MLID)"]. At the time of writing, the majority of diagnos-
tic laboratories employ commercial MS-MLPA (meth-
ylation-specific multiplex ligation-dependent probe 
amplification [82] for ImpDis diagnosis [72], using kits 
containing probes for multiple CA-DMRs. As noted 
above (Sects.  "A pragmatic diagnostic definition of 
MLID" and "Implications for clinical management"), only 
CA-DMRs should be tested in diagnostic settings.

For the specific purposes of MLID testing, it is not nec-
essary to include all DMRs within each imprinted locus; 
this differs from diagnosis of some ImpDis where analysis 
of multiple DMRs can discriminate molecular aetiologies 
(e.g. PHP1B/iPPSD3 [83]).

Comprehensive MLID analysis (including ‘non-clini-
cal’ loci) should be performed in expert centres and on 
a research basis, and not in routine diagnostics. Trans-
lational research analysis of MLID is essential to: (a) 
verify the DMRs to be included in clinical definition of 
MLID to optimise clinical diagnosis; (b) determine any 
further epimutations that should be analysed in cases 
that elude diagnosis using current testing, which uses 
a limited number of CpGs as a proxy for entire DMRs; 
(c) determine clinical correlations or genetic counselling 
relevance of loci currently understood as ‘non-clinical’; 
(d) clarify the relationship between MLID and causative 
trans-acting variants, including MEV (See Sect. "Genetic 
testing in MLID"). As stated above (Sect.  "A pragmatic 
diagnostic definition of MLID") this research may in 

due course change the designated group of CA-DMRs 
included in clinical MLID testing.

Tissues to be tested during MLID diagnosis
The vast majority of published studies, and the vast 
majority of standard-of-care tests, use blood-derived 
DNA. Normal control ranges and variability are well 
established for blood DNA compared with many other 
tissues. A small number of studies looking at multiple 
tissues in MLID patients have observed involvement of 
different loci and different methylation levels in different 
tissues (e.g. Refs. [84, 85]). If tissues other than blood are 
tested, normal methylation ranges must be established.

Threshold levels of methylation disturbance to be achieved 
for positive MLID diagnosis
Diagnosis of many ImpDis is complicated by their inher-
ent mosaicism. It is well recognised that some patients 
elude diagnosis because their methylation disturbance 
is not detectable in the tissue tested (normally blood) 
(reviewed in [86]). Currently there is no consensus 
on thresholds for a positive diagnosis, even in widely 
adopted methods like MS-MLPA.

Moreover, because assays vary in their biochemical 
bases and the DNA sequences analysed, the analytical 
protocols and analytical sensitivity correspondingly vary. 
In practice, laboratories pragmatically accept this inter-
assay variation, and use inter-laboratory comparison to 
validate their testing and support their interpretation 
(such as [87]). National and international quality assess-
ment schemes (such as those offered by EMQN [88]) for-
malise this cross-comparison and support harmonisation 
of testing and interpretation.

Different centres and health systems currently have 
different approaches to testing and reporting DNA 
methylation disturbance in patients. Diagnostic quality 
management guidelines recommend that methylation 
abnormality should be reported when methylation is out-
side lab-defined normal ranges, but the guidelines do not 
require specification of abnormal methylation indices. 
Some diagnostic labs with low sample throughput may 
have insufficient samples or experience to quantify and 
interpret methylation change. These laboratories must 
ensure suitable quality measures (e.g.  analysis of con-
trol samples with different (epi)genotypes, participation 
in external quality assessment schemes) to demonstrate 
their capacity to identify the full spectrum of molecular 
alterations including mosaicism.

Methylation disturbance in MLID can vary between 
tissues, although in a given tissue the methylation 
appears stable across time (e.g. Refs. [8, 15, 85, 89]). 
This variation between tissues means that a numerical 
statement of methylation levels in a given tissue, such 
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as blood, may suggest a biological precision that is at 
odds with the actual state of affairs in the affected per-
son. As a result, diagnostic laboratories report meth-
ylation disturbance in different ways, e.g. referring to 
hypomethylation or hypermethylation, to partial or 
complete methylation changes, or to a numerical meth-
ylation level.

The degree of methylation change can provide cir-
cumstantial evidence towards the molecular aetiology 
of an imprinting disturbance and its clinical conse-
quences; e.g. partial LOM at an imprinted locus sug-
gests an elevated likelihood of MLID, compared with 
total LOM, which can be associated with a cis-acting 
genetic change (e.g. Refs. [90–92). In some ImpDis, 
partial LOM is associated with different or milder 
clinical features than complete LOM. For example, 
complete LOM at the SNRPN imprinted region is asso-
ciated with AS, but patients with partial LOM do not 
have some of the cardinal features of AS and may elude 
clinical diagnosis [93, 94]; therefore, in patients where 
MLID involves SNRPN (e.g. Refs. [39, 42]), the level of 
methylation disturbance may indicate vigilance for dif-
ferent emerging clinical features.

Translational research is required, potentially in the 
format of a pilot quality assessment scheme, to determine 
(a) the loci to be included in testing, (b) the DMRs and 
CpGs that most reliably reflect the status of the whole; 
(c) the control methylation ranges for these regions; (d) 
thresholds for reporting abnormal methylation; (e) the 
statistical methods to be used to define normal versus 
abnormal methylation. These findings can then be incor-
porated into future recommendations for testing. Qual-
ity assessment for MLID testing may be established using 
the community’s experience of existing QM schemes for 
imprinting disorders.

Laboratory reporting of MLID
Practices for genetic reporting vary between countries: 
for example, in some healthcare systems genetic reports 
are returned to patients, and in others to their refer-
ring clinicians. While laboratory reports should follow 
context-dependent practices, they should also follow 
international reporting guidelines, including informa-
tion such as the patient demographics, results, interpre-
tation of results, recommendations for counselling and 
management, and the validation status and limitations 
of the technique(s) used. Sequence variants should be 
interpreted using standards and guidelines for interpre-
tation [95] and the internationally recognised standards 
for variant description should be employed [96]. Partici-
pants considered that laboratory reports should normally 
include the data in BOX 1.

BOX 1: Data to be included in laboratory reports

•	 The rationale of testing, i.e., whether it is diagnostic 
or research-based;

•	 the imprinted loci tested (chromosome and genomic 
position). Internationally agreed nomenclature 
should be used instead of/in addition to local nomen-
clature. The clinical relevance of the loci should be 
clear (i.e., clinically associated/nonclinical loci);

•	 the tissue type of the sample tested (e.g., blood, saliva, 
etc.);

•	 the detection level of the assay used in the tissue 
tested;

•	 an indication of the level of methylation disturbance 
at each affected locus, including a statement of the 
laboratory’s policy on the level of precision in report-
ing DNA methylation (see below);

In the case of positive reports:

•	 Statement of the imprinting syndromes associated 
with the loci involved in MLID;

•	 Recommendation to refer to an expert centre;
•	 Recommendation to discuss the report with a health-

care professional expert in imprinting disorders; this 
is particularly important in health systems where 
genetic reports are directly returned to families;

•	 Reference to existing imprinting disorder consensus 
guidelines and recommendation to follow consensus 
guidelines where available;

•	 Recommendation to consider genetic testing, if rel-
evant.

Propositions

P9. Multi-Locus Testing (MLT) is distinct from 
MLID testing. 
P10. MLID testing should be performed with consid-
eration of the decision pathway.
P11. Comprehensive MLID analysis (including ‘non-
clinical’ loci) should be performed only in expert 
centres and on a research basis.
P12. MLID diagnosis should normally use blood-
derived DNA. Other tissues should normally be 
tested in expert centres, and normal ranges should 
be determined.
P13. Methylation disturbance in MLID should be 
validated and quality-assured in the same way as 
for imprinting disorders.
P14. Diagnostic reports for MLID should follow 
international reporting guidelines
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Recommendations for Research

R5. Comprehensive MLID analysis should include 
as many imprinted DMRs as fully as possible, 
including all DMRs in loci with multiple DMRs.
R6. Epigenotype-genotype–phenotype correlations 
should be collated to update the loci included in 
standard of care MLID testing for clinical and/or 
genetic counselling purposes.
R7. Trans-national and cross-platform compari-
son should be performed to assess whether / how 
DNA methylation disturbance in MLID should be 
reported numerically.

Genetic testing in MLID
Many papers describe massively parallel sequenc-
ing (gene panel, clinical exome or whole genome) to 
detect trans-acting gene variants associated with MLID 
(reviewed in [45]). Screening for trans-acting SNVs has 
often employed trio sequencing of probands and both 
parents. While some health systems have implemented 
genetic testing for relevant cases in expert centres, 
potentially causative variants may also be identified 
through commercial exome testing in clinical genetics 
or reproductive medicine.

There is an urgent need for translational research and 
information sharing to address the current uncertain-
ties about trans-acting genetic causes of MLID; but 
despite these uncertainties, there is a need for interim 
guidance on genetic testing in MLID.

ZFP57
Biallelic ZFP57 variants cause TNDM with MLID, with 
a characteristic DNA methylation signature of LOM 
of PLAGL1, GRB10 and PEG3. Current ISPAD (Inter-
national Society for Pediatric and Adolescent Diabe-
tes) clinical practice consensus guidelines recommend 
ZFP57 sequencing in individuals with TNDM when 
hypomethylation of PLAGL1 is detected, without 
requiring MLID testing to confirm the distinctive DNA 
methylation signature [97].

ZNF445
Pathogenic variants in ZNF445 have been reported in 
a single individual with Temple syndrome (TS14) and 
MLID (TS14-MLID, [36]). Further research is required 
to assess the contribution of ZNF445 to clinical MLID 
and thus its inclusion in diagnostic testing.

Maternal effect variants
In the mothers of probands with MLID, pathogenic 
maternal effect variants (MEVs) have been reported 

in maternal effect genes, including NLRP2, NLRP5, 
NLRP7, PADI6, OOEP and KHDC3L. These are genes 
highly expressed from the maternal genome during 
oocyte maturation, whose products appear to play 
essential roles in the early embryo [59]. Unlike ZFP57, 
there seems to be no clear DNA methylation signature 
associated with these MEVs [45].

Biallelic MEVs have been identified in families with 
clear clinical evidence of MLID, such as siblings affected 
by MLID [53–56, 98]. Because of this, a strong clinical 
suspicion of multiple affected offspring warrants familial 
genetic testing for maternal effect variants.

Offspring of a mother with biallelic penetrant MEV are 
at approaching 100% risk for experiencing MLID, which 
may involve imprinting disturbance of both CA- and 
NC-DMRs.

There is increasing evidence of patients with MLID 
whose mothers have heterozygous variants in mater-
nal effect genes (reviewed in [45]); in these situations, it 
is particularly difficult to interpret variant pathogenic-
ity and recurrence risk for mothers. Heterozygous MEV 
may be over-reported in research studies due to ascer-
tainment bias. On the other hand, variant interpretation 
guidelines (particularly the ACMG guidelines [95] or 
constraint metrics such as those calculated in GnomAD 
[99] are designed for penetrant Mendelian genes and 
rarely attribute pathogenicity to MEVs; therefore MEVs 
remain unreported by laboratories, which in turn means 
they remain uncollected in the literature and databases.

MEV would normally go undetected in standard 
genetic diagnostics because: (a) diagnostic laboratories 
do limited MLID testing, if any, therefore underestimate 
prevalence of MLID; (b) under-recognition of MLID 
leads to under-referral for genetic testing; (c) the poor 
fit of interpretation guidelines for MEVs leads to under-
reporting of pathogenicity and consequent under-recog-
nition of their role in MLID.

There is an urgent need for comprehensive trans-
national research studies and data sharing to clarify the 
pathogenicity of MEVs and their role in MLID. Except 
for the most severe and clear clinical cases, MEV testing 
may currently be regarded as translational research, and 
therefore there should be a low threshold for recruiting 
families for research into MLID. Families where MEVs 
are not detected should be further investigated for the 
possibility to discover new genetic or environmental 
causes of MLID.

Propositions

P15. In the case of TNDM with LOM of PLAGL1, 
recessive ZFP57 variants should be investigated and 
counselling given, following ISPAD guidelines.
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P16. In families with siblings with MLID and/or 
reproductive history strongly suggestive of maternal 
effect variants, genetic testing of trans-acting genes 
should be considered.

Recommendation for research

R8. Cases of MLID should be collected trans-nation-
ally to determine the penetrance and expressivity of 
MEV in MLID, and identify new causative genes, 
supporting the implementation of diagnostic testing 
as appropriate.

Outlook and conclusion
MLID presents unique challenges for affected individu-
als, their families and their healthcare providers. It is 
phenotypically, epigenetically, and genetically intrinsi-
cally heterogeneous. Healthcare professionals need to be 
aware that the presence of MLID can modify a patient’s 
clinical presentation, management, long-term well-being, 
and familial risk of recurrence, in potentially unique 
ways.

The propositions presented here represent interim 
guidance on clinical and molecular diagnosis of MLID, 
based on published evidence and expert opinion. Because 
of the inherent variability of MLID, the guidelines 
emphasise the value of experts, including clinicians and 
allied healthcare professionals, for confident diagno-
sis, counselling, and care. It is hoped that these guide-
lines will encourage both a broadening of collaboration 
between local and expert practitioners (including inter-
national co-operation) and a deepening of clinical and 
molecular expertise across the community.

Despite the inherent heterogeneity of MLID, its con-
nection with canonical imprinting disorders must be rec-
ognised. The authors hope that consensus guidelines for 
relevant imprinting disorders (including iPPSD3, BWS, 
and SRS) will in due course incorporate information and 
appropriate guidance about MLID.

The authors call for international, collaborative, basic 
and translational research to address many important 
questions that are currently unanswered. The required 
studies, as outlined in the Recommendations of this 
document, include investigation of the pathology, preva-
lence, and clinical features of MLID, the biology of mater-
nal effect genes, and most importantly, the international 
collection of detailed clinical histories that is essential 
to guide confident diagnosis and underpin the develop-
ment of clinical management guidelines. The authors rec-
ommend that within 3–5 years this expert group should 

re-convene to assess progress in research and update this 
guidance where appropriate.
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