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Abstract

The term multilocus imprinting disturbance (MLID) describes the aberrant methylation of multiple imprinted loci in the
genome, and MLID occurs in patients suffering from imprinting disorder carrying methylation defects. First data indicate
that functional variants in factors expressed from both the fetal as well as the maternal genome cause MLID. Molecular
changes in such genes of the maternal genome are called maternal effect variants, they affect members of the subcortical
maternal complex (SCMC) in the oocyte which plays an important role during early embryonic development. Whereas the
contribution of variants in the SCMC genes NLRP2, NLRP5, NLRP7, and KHDC3L to the etiology of reproductive failure
and aberrant imprinting is widely accepted, the involvement of PADI6 variants in the formation of MLID is in discussion.
We now report on the identification of biallelic variants in a woman suffering from different miscarriages and giving birth to
two children with MLID. Thereby the role of PADI6 in maintaining the proper imprinting status during early development is
confirmed. Thus, PADI6 variants do not only cause (early) pregnancy losses, but maternal effect variants in this gene cause
the same spectrum of pregnancy outcomes as variants in other SCMC encoding genes, including chromosomal aberrations
and disturbed imprinting. The identification of maternal effect variants requires genetic and reproductive counseling as

carriers of these variants are at high risks for reproductive failure.

Introduction

Multilocus imprinting disturbance (MLID) is defined
as the aberrant methylation of multiple imprinted loci
in the genome. In some imprinting disorders like
Beckwith—Wiedemann syndrome (BWS), Silver—Russell
syndrome (SRS), and transient neonatal diabetes mellitus,
MLID can be identified in up to 50% of carriers of
methylation defects (epimutations) (for review: [1-3]).
Whereas the vast majority of isolated epimutations (i.e.,
disturbed methylation at only one imprinted locus) occur
sporadically, there is growing evidence that a significant
ratio of MLID cases are familiar and caused by mono-
genetic variants (e.g., [2, 4]). These genomic variants
comprise pathogenic alterations of genes expressed by the
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patients genome (e.g., ZFP57 [2]), as well as changes in
maternal genes encoding members of the subcortical
maternal complex (SCMC) in the oocyte [5]. The SCMC
plays an important role during early embryonic develop-
ment and consists of at least seven members (NLRP2,
NLRPS, NLRP7, PADI6, KHDC3L, TLE6, and OOEP).
These proteins are expressed exclusively from the maternal
genome (so-called maternal effect genes) in the oocytes
and the early embryo, and they are degraded when the
embryonic genome becomes active (for review: [5]). As a
result, functional variants in the SCMC genes are associated
with female reproductive failure (e.g., [6, 7, 4, 8]). Whereas
the contribution of maternal effect variants in the genes
NLRP2, NLRP5, NLRP7, and KHDC3L to the etiology of
hydatidiform moles, miscarriages, chromosomal aberrations
and/or MLID in the progeny of their carries is meanwhile
well established, the involvement of other SCMC factors is
in discussion. With the increasing number of studies using
whole exome sequencing (WES) approaches to identify
monogenetic causes of reproductive failure, there is grow-
ing evidence that functional variants in the SCMC gene
PADIG6 also belong to the spectrum of maternal effect var-
iants [9, 10, 4, 11-13].
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In mice, ablation of the maternal Padi6 allele causes
disrupted localization of ribosomal components in the
zygote, loss of stored mRNA, and arrest between the two-
cell and four-cell stage [14, 15]. Accordingly, early
embryonic arrest by the 4-cell stage appears to be asso-
ciated with functionally relevant variants in the human
PADI6 gene (Fig. 1). Thereby they potentially impair
proper embryonic development [9, 10, 12, 13], and might
result in infertility or early pregnancy loss. In addition,
there is increasing evidence that PADI6 variants cause
aberrant imprinting and MLID in children of maternal
effect variant carriers [4].

With the identification of biallelic variants in PADI6 in a
family with recurrent miscarriages, MLID, and triploidy, we
now confirm that altered PADI6 is associated with aberrant
imprinting marks, among them loss of methylation (LOM)
of the imprinting center 2 (IC2, KCNQIOTI:TSS-DMR) in
11p15.5 as a typical finding in BWS.
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Case reports

A 38-year-old German woman was referred for genetic
counseling after experiencing three failed pregnancies and
the birth of two children with MLID (Fig. 2) from the same
father. Her first child (II-1) was born at gestational week
(gw) 33 + 3. The boy died immediately after birth; medical
documentation was not available. The second pregnancy
ended at gw 11, and a 69,XXY karyotype (II-2) was
reported by an external lab, further data were not available.
Karyotyping in a further miscarriage (II-4) showed a normal
karyotype.

The first living daughter (II-3) was born by Caesarean
section at gw 29 4 2 induced because of pathological car-
diotocography and decreased fetal movements (APGAR 6/
7/9). Birth parameters were in the normal range (weight
1240 g (0.00 z), length 39 cm (0.15 z), head circumference
28 cm (0.34 z)). An umbilical hernia was noted. Further
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clinical data were not available, at the age of 6 years the
mother described her development as normal.

The second living child (II-5) was born small for gesta-
tional age (gw 34 + 6, weight: 1980 g (—1.11 SDS), length:
44 cm (—1.06 SDS), head circumference: 30.5cm (—1.23
SDS)). The patient showed a prominent forehead. However,
BWS was diagnosed as the patient exhibited placental
mesenchymal dysplasia and macroglossia. These features
are regarded as key features (two points each) of BWS
according to the recently consented diagnostic BWS
guidelines [16]. Three additional signs (one point each)
suggestive for BWS were present comprising transient
hypoglycemia, ear pits, and a small omphalocele which
could be reponed. In summary, the patient showed the
clinical picture of BWS with a clinical score of >4.

Molecular studies and results

Blood samples of the two girls were referred for molecular
diagnostics of BWS and testing by methylation-specific
multiplex ligation-dependent probe amplification was carried
out (MS MLPA; assays MEO030, MEO032, MEO034,
MRC Holland, Amsterdam, The Netherlands), addressing 11
imprinted loci on 7 chromosomes (PLAGLI:alt-TSS-DMR
(6924), GRB10:alt-TSS-DMR (7p12), MEST:alt-TSS-DMR
(7q32), HI9/IGF2IG-DMR (11pl5), KCNQIOTI:TSS-
DMR (11pl5), MEG3:TSS-DMR (14q32), SNURF:TSS-
DMR (15ql1), PEG3:TSS-DMR(19q13.43), GNAS-NESP:
TSS-DMR (20q13), GNAS-ASI: TSS-DMR (20q13), and
GNAS-XL: Ex1-DMR (20q13). MS MLPA revealed LOM
at several imprinted loci on different chromosomes, thus
indicating a MLID in both children (Fig. 3). In fact, the MS
MLPA hybridization patterns indicated a mosaic occurrence
of LOM at some loci. In both girls, LOM affected the
KCNQIOTI:TSS-DMR in 11pl5.5, which is typically
affected in BWS.

In patient II-3, LOM, additionally, of the following
differentially methylated regions (DMRs) was observed:
PLAGLI:alt-TSS-DMR(6q24), GRB10:alt-TSS-DMR (7p12),
MEST:alt-TSS-DMR  (7q32), HI19/IGF2:1G-DMR (11p15),
GNAS-ASI:TSS-DMR, and GNAS-XL:Ex1-DMR. For GNAS-
NESP:TSS-DMR (20q13) gain of methylation was observed.

MLID testing in patient II-5 revealed additional LOM at
the loci GRB10:alt-TSS-DMR (7p12), MEG3:TSS-DMR
(14932), and SNURF: TSS-DMR (15q11).

Methylation analysis in the mother (I-2) was
hegative

For WES of the mother (I.2), the IDT xGen Exome Research
Panel (v2.0) was used. The enriched libraries were
sequenced on a NextSeq500 Sequencer with 2 x 75 cycles

on a high-output flow cell. FastQ-files were generated using
bcl2fastq2 (Illumina, San Diego, CA, USA). The automated
SeqMule pipeline (v1.2.6) 7 was used for alignment and
variant calling (GATKLite, 2.3-99. Average depth of cov-
erage was 153x with 97.1% >20x for the target region.
Annotation and bioinformatic prioritization of variants was
performed using KGGSeq (v1.1, 07/Feb./2019). Variants
with a minor allele frequency higher than 0.75% in public
databases (i.e., gnomAD (http://gnomad.broadinstitute.org/),
EXAC, 1000 GP, ESP) and synonymous variants were
excluded. In total, all OMIM (https://www.ncbi.nlm.nih.
gov/omim) annotated genes were analyzed for variants with
putative functional relevance, with a specific focus on genes
encoding members of the SCMC (NLRP2, NLRP5, NLRP7,
PADI6, KHDC3L, TLE6, and OOEP).

In the mother (I-2), compound heterozygosity for two
basepair substitutions in the coding sequence of PADI6
could be identified (NM_207421.3:c.[1114A>G];[2069G>])
(Fig. 2). The variant NM_207421.3:c.1114A>G is a missense
variant (p.(Thr372Ala)) and has already been listed in public
databases with a low frequency (dbSNP (https://www.ncbi.
nlm.nih.gov/projects/SNP/) (151): rs374615037; ESP6500-
SIV2: Eur. Am.: G =0.01%—Afr. Am.: G =0.00%). It was
classified as rather benign by bioinformatic prediction
tools (CADD = 10.6; Alamut Visual v.2.15.0). The missense
variant c.1114G>A is localized in the protein-arginine dei-
minase domain in which the majority of the currently known
functional variants are localized (Fig. 1; for review: [13]).

The second variant NM_207421.3:¢.2069G>A leads to a
premature stop codon (p.(Trp690*)) and showed a higher
CADD score (18.03) than the variant NM_207421.3:
c.1114A>G (p.(Thr372Ala)). It has not yet been reported but
it has been submitted to LOVD (https://databases.lovd.nl/sha
red) (Genomic variant #0000665756). It affects the protein-
arginine deiminase domain as well and is localized close to
other already published variants (Fig. 1).

By Sanger sequencing, the inheritance of the variant
NM_207421.3:¢.2069G>A (p.(Trp690*)) could be confirmed
in the first daughter (patient II-3), whereas, the second
daughter (patient II-5) was heterozygous for the variant
NM_207421.3:c.1114A>G (p.(Thr372Ala)).

Discussion

In contrast to the widely accepted association between
maternal effect variants in NLRP genes, reproductive fail-
ure, and disturbed imprinting/MLID, the pathologic effects
of PADI6 variants are still in discussion. Several functional
studies and case reports indicated that embryonic develop-
ment arrest is linked to pathogenic PADI6 variants [9-13],
but there is only one study suggesting their putative impact
on disturbed imprinting and MLID: Begemann et al. [4]
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described PADI6 variants in four mothers of MLID carriers,
but the pathogenicity of these variants was difficult to
estimate as the variants either occurred in heterozygote state
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the pathogenicity of maternal effect variants is due to the
difficulty to conduct functional assays for PADI6 variants in
a suitable cell system and model organism, and to the
incomplete reliability of bioinformatic prediction tools. In
particular, genomic variant databases do not record infor-
mation on fertility or the reproductive outcome, and
maternal effect variants are often listed in variant databases
with higher frequencies than expected for pathogenic
alterations because they appear apathogenic in men and in
women without reproductive history. Therefore, database
searches are only of limited value to evaluate maternal
effect variants. The latter becomes obvious for the variant
NM_207421.3:c.1114A>G (p.(Thr372Ala)) in our family
which is classified as rather benign by bioinformatics tools,
and is reported in public databases with a very low fre-
quency. However, due to its localization in the gene and the
biallelic occurrence of a second potentially damaging
PADI6 variant, as well as to the reproductive history and
occurrence of MLID in two children, the pathogenic nature
of the variant NM_207421.3:c.1114A>G (p.(Thr372Ala)) is
highly probable.

The identification of biallelic variants in a woman suffering
from different miscarriages and giving birth to two children
with MLID now strengthens the suggestion that PADI6 var-
iants do not only cause (early) pregnancy losses, but that
maternal effect variants in this gene cause the same spectrum
of pregnancy outcomes as variants in NLRP genes, including
chromosomal aberrations and disturbed imprinting. The broad
spectrum of reproductive failure and pregnancy outcome
of women with maternal effect is not yet fully understood.
In fact, PADI6 variants are rather associated with early
embryonic arrest, but as reports on variants in other genes
encoding other SCMC members show that the functional
consequences can be broad and are influenced by the type of
variant, its localization, and zygosity [6].

Thus, PADI6 represents the fourth SCMC member in
which maternal effect variants have a severe impact on the
proper genomic imprinting of the reproductive outcome.
PADI6 does not only share the localization in the oocyte
with NLRP2, NLPRS, and NLRP7 and mediate the proper
cleavage in early embryogenesis by altering the spindle
microtubule assembly [17], but PADI6 is probably also
involved in methylation at imprinted loci. Pathogenic
PADI6 maternal effect variants can therefore result in
altered imprinting marks. However, it is currently unclear
how members of the SCMC contribute to the proper
methylation of imprinted loci. It has been suggested that
NLRP7 and KHDC3L are rather involved in the establish-
ment of maternal imprinting marks, whereas NLRP2 and
NLRP5 might account for maintenance mechanisms (for
review: [18]). The finding that the aberrant (mosaic)
methylation in our family with PADI6 variants affects both
paternally and maternally methylated DMRs indicates that

PADI6 also has an impact on imprinting maintenance.
Nevertheless, it currently remains unclear whether variants
in SCMC factors indirectly affect the methylation at
imprinted loci by disturbing the integrity of the SCMC [19]
as a spatial prerequisite for the methylation machinery, or
directly by impaired recruitment of factors which are
essential for imprinting maintenance.

As the methylation results in the two children in our
family show, the pattern of altered methylation are arbitrary,
but it appears that the KCNQIOTI:TSS-DMR in 11p15.5 is
particularly prone as it is hypomethylated in both children
exhibiting BWS features. This assumption corresponds to
the findings from other MLID reports showing that BWS
patients with IC2 LOM present the major group of MLID
carriers: This locus is affected in a significant proportion of
patients suffering from imprinting disorders, whereas a
common aberrant methylation pattern at other imprinted
loci is not obvious despite the same clinical features.

Corresponding to these common molecular observations,
the reproductive outcomes associated with PADI6 variants
and those of NLRP variant carriers are comparable. With the
proof of MLID in our PADI6 family, the whole clinical
spectrum associated with NLRP variants is also present in
PADI6 associated families. Furthermore, it is conceivable
that a correlation exists between the severity of the repro-
ductive failure and its genetic basis, i.e., homozygosity/
compound heterozygosity and heterozygosity for NLRP7
variants [6], or modifier genes with an impact on the phe-
notypic outcome [8]. In fact, the phenotype of children with
MLID born to mothers with maternal effect variants is
difficult to predict as the pattern of aberrant imprinting in
the same family can vary considerably and cannot be
foreseen [6]. Probably due to the mode of ascertainment, the
majority of reported MLID carriers appear to exhibit
symptoms specific for single imprinting disorders (e.g.,
BWS, SRS), but as the children from our family show this
phenotype might be less specific or overlapping with fea-
tures of different imprinting disorders (patient II-5: clinical
signs of BWS, but SGA and protruding forehead as features
of SRS [2]).

The family reported here confirms that functional variants
in genes encoding SCMC members cause recurrent and
severe complications in human reproduction. It is, therefore,
necessary to identify women carrying maternal effect variants
to avoid a long history of reproductive failures and diagnostic
odysseys. Thus, physicians, gynecologists, and genetic
counselors should be aware of the molecular link between
infertility, miscarriages, aberrant chromosomal constitutions
and imprinting disorders. A careful documentation of the
reproductive and family history as well as molecular and
(histo)pathological studies of the reproductive outcomes of
these patients are required and might help to identify the
molecular bases.

SPRINGER NATURE
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In case pathogenic maternal effect variants are identified,
genetic and reproductive counseling should be offered as
carriers of these variants are at high risks for further repro-
ductive wastages. Furthermore, the clinical picture of the
progeny of maternal effect carriers can hardly be predicted,
due to the mosaic distribution and heterogeneity of imprinting
disturbances (e.g., [6]). To circumvent these imponderability,
oocyte donation should be discussed and has already been
proven as a feasible option (for review: [20]).
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