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ABSTRACT

Genetic alterations significantly contribute to the aetiology of
reproductive failure and comprise monogenic, chromosomal
and epigenetic disturbances. The implementation of next-
generation sequencing (NGS) based approaches in research
and diagnostics allows the comprehensive analysis of these
genetic causes, and the increasing detection rates of genetic
mutations causing reproductive complications confirm the po-
tential of the new techniques. Whereas mutations affecting
the fetal genome are well known to affect pregnancies and
their outcome, the contribution of alterations of the maternal
genome was widely unclear. With the recent mainly NGS-
based identification of maternal effect variants, a new cause
of human reproductive failure has been identified. Maternal
effect mutations affect the expression of subcortical maternal
complex (SCMC) proteins from the maternal genome, and
thereby disturb oocyte maturation and progression of the
early embryo. They cause a broad range of reproductive fail-
ures and pregnancy complications, including infertility, mis-
carriages, hydatidiform moles, aneuploidies and imprinting
disturbances in the fetus. The identification of women carry-
ing these molecular alterations in SCMC encoding genes is
therefore essential for a personalised reproductive and genetic
counselling. The diagnostic application of new NGS-based as-
says allows the comprehensive analysis of these factors, and
helps to further decipher these functional links between the
factors and their disturbances. A close interdisciplinary collab-
oration between different disciplines is definitely required to
further decipher the complex regulation of early embryo de-
velopment, and to translate the basic research results into clin-
ical practice.

ZUSAMMENFASSUNG

Genetische Veridnderungen tragen wesentlich zur Atiologie
der Unfruchtbarkeit bei. Sie umfassen monogene Erkrankun-
gen sowie Chromosomenanomalien und epigenetische Veran-
derungen. Der Einsatz von Next-Generation-Sequenzierung
(NGS) in der Forschung und Diagnostik hat eine umfassende
Analyse der genetischen Ursachen von Reproduktionsversagen
ermoglicht, und die steigende Zahl entdeckter genetischer
Mutationen, die zu Schwierigkeiten bei der Reproduktion fiih-
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ren, bestdtigen das Potenzial dieser neuen Techniken. Es ist
zwar bekannt, dass Mutationen, die das fetale Genom beein-
flussen, sich auf die Schwangerschaft und das Schwanger-
schafts-Outcome auswirken, aber inwieweit Anderungen des
mutterlichen Genoms sich negativ auswirken, war bislang
nicht klar. Die in jlingster Zeit durch NGS ermittelten neuen
Maternal-Effekt-Varianten stellen eine neue Ursache fiir Repro-
duktionsversagen beim Menschen dar. Maternal-Effekt-Muta-
tionen beeinflussen die Exprimierung von Proteinen des sub-
kortikalen maternalen Komplexes (SCMC) aus dem miitterli-
chen Genom und verzégern damit die Oozytenreifung bzw.
die embryonale Friihentwicklung. Maternal-Effekt-Mutationen
sind die Ursache fiir ein breites Spektrum an reproduktiven
Stérungen und Schwangerschaftskomplikationen wie Un-

fruchtbarkeit, Fehlgeburten, Blasenmolen, Aneuploidien und
Stérungen der genomischen Pragung des Fetus. Die Identifi-
zierung von Frauen mit molekularen Verdnderungen in ihren
SCMC-kodierenden Genen ist daher unerlasslich fiir eine per-
sonalisierte reproduktive und genetische Beratung. Der Ein-
satz neuer NGS-basierter Nachweisverfahren in der Diagnostik
erlaubt eine umfassende Analyse solcher Faktoren und hilft
bei der Entschlisselung der Funktionszusammenhédnge zwi-
schen diesen Faktoren und der jeweiligen Stérung. Eine enge
interdisziplindre Zusammenarbeit zwischen Spezialisten ver-
schiedenster Disziplinen ist gefordert, um die komplexe Regu-
lierung der friihen Embryonalentwicklung weiter zu entschliis-
seln und die Ergebnisse dieser Grundlagenforschung in die kli-
nische Praxis umzusetzen.

List of Abbreviations

AZF Azoospermia factor gene

BWS Beckwith-Wiedemann syndrome
CFTR Cystic fibrosis transmembrane regulator gene
CNV Copy number variation

GoM Gain of methylation

HYDM Hydatidiforme mole

IC/IC1 Imprinting center/imprinting center 1
KOS14 Kagami-Ogata syndrome

LoM Loss of methylation

MLID Multilocus imprinting disturbance
NGS Next-generation sequencing

POC Product of conception

PWS Prader-Willi syndrome

SCMC Subcortical maternal complex

SNV Single nucleotide variant

SRS Silver-Russell syndrome

TNDM Transient neonatal diabetes mellitus
TS14 Temple syndrome

UPD Uniparental disomy

WES Whole exome sequencing

WGS Whole genome sequencing

Introduction

Human reproductive failure is defined as the inability to conceive a
pregnancy or to carry it out to term, and it has been estimated
that only 30% of all conceptions result in the birth of a child [1]. In
fact, many types of reproductive failure can be discriminated,
ranging from parental infertility to miscarriages at any time of
pregnancy (for review: [2]). Accordingly, the causes of reproduc-
tive failure are manifold and comprise urogenital abnormalities,
genetic, endocrine and immunological disturbances, as well as
exogenic factors.

Genetic mutations significantly contribute to the aetiology of
reproductive failure: In infertile men, 4-15 % have genetic defects,
among them chromosomal aberrations, cystic fibrosis transmem-
brane regulator gene (CFTR) mutations and deletions within the

azoospermia factor gene (AZF) [3]. In females, numerous genetic
alterations with an impact on reproductive processes from ovarian
development to embryo implantation have been identified as well
(for review: [4]). The prerequisite for the identification of the ge-
netic basis of infertility and reproductive disorders is a comprehen-
sive clinical and diagnostic workup to identify the disturbed bio-
logical process as close as possible.

Methodical Progress Contributes
to the Identification of (New) Causes
of Reproductive Failure

Within the last decades, a broad range of molecular methods have
been implemented in routine diagnostics to identify the molecular
basis of congenital disorders, but with the exception of conven-
tional chromosomal analysis they mainly targeted specific mono-
genetic defects and thereby addressed only specific alterations
(e.g. CFTR mutations or AZF deletions). However, the heteroge-
neous phenotypes and causes of reproductive diseases often make
the application of these directed genetic tests difficult, therefore
the use of unbiased genomic tests (microarrays, next generation
sequencing/NGS) in the diagnostic workup has notably improved
the mutation detection rate in molecular diagnostics of male and
female infertility and pregnancy loss (for review: [4, 5, 6]).
Chromosomal disturbances identified by conventional karyo-
typing were the first genetic abnormalities which could be causally
linked to reproductive failure, like 45,X or 47,XXY in infertility.
Whereas numerical alterations are easily detectable by this ap-
proach, smaller copy number variants (<5Mb) commonly escape
detection. Therefore, molecular karyotyping (microarray analysis:
comparative genome hybridisation array or single nucleotide poly-
morphism arrays [array CGH, SNP array]) has been introduced in
diagnostics workup and has increased the detection rates in differ-
ent reproductive failure cohorts (e.g. [5, 7, 8]). In addition to their
contribution to human infertility, chromosomal abnormalities ac-
count for up to 50% of pregnancy losses [9], and mainly comprise
numerical aberrations (i.e. trisomies or monosomies). These ab-
normalities often occur sporadic, but familial chromosomal re-
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arrangements or genetic predispositions can cause recurrent preg-
nancy losses. For that reason, conventional chromosomal analysis
and molecular karyotyping of the products of conception (POC)
and/or the parents have been suggested to be included in the di-
agnostic workup of recurrent pregnancy loss, but are controver-
sially discussed (for review: [7]). In fact, the recently published
guidelines of the European Society of Human Reproduction
(ESHRE) did not recommend parental and POC karyotyping as a
routine diagnostic tool but only for explanatory purposes [10].

A major milestone of unbiased analysis of the whole genome
was achieved with the development and diagnostic use of Next-
Generation Sequencing (NGS) to target single nucleotide variants
(SNVs) and small copy number variants (CNVs): With this ap-
proach, the parallel analysis of numerous genes, or even the com-
prehensive analysis of the whole genome by NGS has become pos-
sible, and it is therefore a quantum jump in routine molecular di-
agnostics. In heterogeneous disorders with hundreds of genes
known to cause similar and overlapping phenotypes, these genes
can now be analysed within the same run and assessment pipeline.
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Additionally, in case of NGS formats addressing the whole exome
or the whole genome (WES: whole exome sequencing; WGS:
whole genome sequencing), new genetic causes of diseases can
be identified (for review: [5]). Additionally, the development of ge-
nome mapping technologies will allow to combine the detection
of SNVs with structural chromosomal variants and rearrangements
[11].

Thus, the capability of genomic NGS is enormous, but in a diag-
nostic context it should only be applied after estimating the ad-
vantages and disadvantages (for review: [12]): Despite the chan-
ces to identify even new causes of reproductive failure, the man-
agement of incidental findings as well as of genetic variants of un-
known significance has to be considered and to be discussed with
the advice seeking couple [13]. Furthermore, the rapid implemen-
tation of these new molecular tools in the diagnostic settings
makes the interpretation of diagnostic data increasingly complex.
Nevertheless, the efficient diagnosis of genetically based reproduc-
tive failure disorder can contribute to a precise management and
helps the advice seeking couple in their self-determined family
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» Fig. 1 Reproductive history in three families with pathogenic variants in SCMC proteins, illustrating the increased occurrence of miscarriages, dis-
turbed imprinting (MLID) and aneuploidy. a The two sisters were heterozygous for a NLPR2 variant, and gave birth to son with Klinefelter syndrome
and MLID (family 6 from [14]). b The mother was compound heterozygous for two PADI6 mutations, she experienced several miscarriages and had
two children with MLID (from: [15]). c In the third family, two women heterozygous for a NLRP7 variant suffered from miscarriages, but after oocyte

donation one sister gave birth to healthy child (from: [16]).
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planning. Furthermore, the identification of a causative (epi)ge-
netic alteration allows the prognosis of recurrence risks for further
family members (see pedigrees in »Fig. 1) as carriers of patho-
genic variants can be identified and reproductive counselling can
be offered, where appropriate. Examples are familial chromosomal
translocations or maternal effect variants (see below).

However, despite the power of the new comprehensive and un-
biased molecular tests, it is noteworthy to mention that the pre-
requisite of a targeted and efficient genetic test is the comprehen-
sive evaluation of the phenotype (deep phenotyping) and record-
ing of the medical history, which helps to specify the order for ge-
netic testing.

Molecular Causes of Reproductive Failure

Genetic causes of pregnancy complications and reproductive fail-
ure comprise both maternal and fetal determinants. Examples of
maternal genetic predispositions for pregnancy loss are mutations
in coagulation factors Il (F2, Prothrombin) and V (F5; e.g F5 Leiden
variant) (for review: [4, 17]).

On the fetal side, chromosomal, monogenetic and epigenetic
disturbances contribute to pregnancy diseases, as these disturban-
ces might affect the function of the placenta, the viability of the
fetus or the metabolism of the mother.

Molecular causes for disturbed placental function include chro-
mosomal trisomies, and even in case the fetus shows a normal
chromosomal complement (confined placental trisomy) placental
dysfunction might cause miscarriages. Additionally, in these cases
undetected chromosomal mosaicism in the fetus as well as uni-
parental disomy with effects on the phenotype have to be con-
sidered (for review: [18]).

Molecular alterations of the fetus himself might have a severe
impact on his viability, and might result in intrauterine death. In
addition to the well-known pathogenic nature of chromosomal
aberrations and monogenetic mutations (e.g. trisomies, homo-
zygous FGFR3 mutations), disturbed genomic imprinting is often
associated with pregnancy complications and miscarriages.

Genomic Imprinting and its Disturbances

Disturbed genomic imprinting means the altered expression of im-
printed genes which are expressed monoallelically in a parent-of-
origin specific manner. This allele-specific expression is mediated
by different molecular marks, among them DNA methylation at
specific CpG stretches. In these differentially methylated regions
(DMRs), specific cytosine residues are methylated on either the
maternal or paternal allele, and thereby regulate their neigh-
boured genes. An example is the imprinting center 1 (IC1) in
11p15.5 with the IGF2 gene. This gene is expressed solely from the
paternal allele, whereas the maternal allele is silenced. Mutations
therefore only cause aberrant phenotypes in case of paternal in-
heritance [19]. Imprinted genes are organised in clusters, and until
now 12 different imprinting disorders associated with defects of
one of these clusters have been identified (for review: [16]). Four
types of molecular alterations might affect imprinted genes: copy
number variations (CNVs: deletions/duplications), uniparental
disomies (UPD), aberrant methylation marks (epimutations), and

monogenetic mutations. Whereas CNVs, UPDs and monogenetic
mutations represent classical DNA alterations, in epimutations the
DNA sequence itself is not affected, but cytosine methylation as
its epigenetic marking has either been lost (Loss of Methylation,
LoM) on the methylated allele, or the unmethylated allele has be-
come methylated (Gain of Methylation, GoM).

Disturbances of the fine-balanced monoallelic expression of
imprinted genes are associated with imprinting disorders which
share the aforementioned types of molecular alterations (> Fig. 2)
[20]. The major clinical features of these entities affect growth,
metabolism, cognition and behaviour, and an increased risk for tu-
mour development is known for some of them. Twelve imprinting
disorders have been defined, each associated with specific im-
printed loci. In fact, several of these entities show at first glance a
more or less specific phenotype, but there is a clinical overlap be-
tween some of them (e.g. Silver-Russell syndrome [SRS] - Temple
syndrome [TS14] - Prader-Willi syndrome [PWS]). Additionally,
the increasing number of reports on patients with so-called multi-
locus imprinting disturbances (MLID) illustrates the molecular and
clinical overlap in this group of congenital disorders (for review:
[16, 21, 22]). As a result, the clinical diagnosis and decision on the
molecular testing strategy might be hindered. Due to this clinical
overlap and even a mixture of features in MLID patients, it can be
assumed that imprinting disorders are under- and misdiagnosed.

Depending on the imprinting disorder and the molecular sub-
type, first features are detectable prenatally, ranging from intrau-
terine growth retardation (e.g. in transient neonatal diabetes mel-
litus [TNDM], SRS, TS14), polyhydramnios (Beckwith-Wiedemann
syndrome [BWS], Kagami-Ogata syndrome [KOS14]), abdominal
wall defects (BWS, TNDM, KOS14) and placental mesenchymal
dysplasia (BWS). In case of BWS, one third of the mothers show
large, overstimulation-like ovaries, and they are at an increased
risk to develop preeclampsia [23]. Additionally, children with im-
printing disorders are often born pre-term.

As a result, prenatal genetic testing for imprinting disorders is
often requested in case these clinical features are detected. Prena-
tal testing might also be indicated in case of genetic constitutions
predisposing to imprinting disorders, e.g. chromosomal mosai-
cism, familial chromosomal rearrangements or familial inheritance
of imprinting mutations.

Maternal Effect Genes and Their Role
in Early Embryo Progression

The establishment, maintenance and erasure of DNA methylation
in imprinting domains underlies a so-called “life cycle of imprint-
ing” (for review: [24]): The DNA methylation at the imprinting
centres (ICs) is erased in primordial germ cells, and then re-estab-
lished in the gametes. After fertilisation, the paternal and mater-
nal genomes remain widely unmethylated, but the differential
methylation patterns of the maternal and paternal ICs are main-
tained during implantation of the zygote and during lifetime. This
temporal, spatial and parent-of-origin regulation of imprint mark-
ing is regulated by a large number of factors, and in many parts it
is not fully understood.
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Pseudohypopara-
thyroidism Ib

Mulchandani-Bhoj-
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IUGR, PNGR, ...

Kagami-Ogata syndrome

#20q13.2
#1432

#20q13.2
Parathormone resistance, ...

Transient neonatal diabetes mellitus
#6024
IUGR, abdominal wall defect,
transient neonatal diabetes, ...

Beckwith-Wiedemann syndrome
11p15
Overgrowth, abdominal wall
defect, tumor, ...

Silver-Russell syndrome
#7932, 11p15
IUGR, PNGR,
asymmetry, ...

Temple syndrome
#1432
IUGR, PNGR, overlap
with PWS, SRS

Overlapping Features
» Aberrant growth

» Asymmetry

» Hypo-/hyperglycemia
» Mental retardation

» Tumor predisposition
» Abdominal wall
defects, ...

Common molecular findings
UPD, CNV, SNV, epimutations, MLID

General findings in ID
» Non-Mendelian inheritance
» Environmental contribution

Abdominal wall defects,
coat hanger rips, MR, ...

Angelman syndrome
#15q11q13
Severe MR, ataxia, ...

Precocious puberty
#15q11q13 (MKRN3)
Precocious puberty, ...

Prader-Willi syndrome
#15q11q13
IUGR, MR, hypotonia,
hyperphagia, ...

Schaaf-Yang syndrome
#15q11q13 (MAGEL2)
Neonatal hypotonia,
overlap with PWS

Birk-Barrell syndrome
#8q24.3 (KCNK9)
MR, feeding difficulties, ...

» Fig. 2 Overview on the currently known imprinting disorders and their overlapping features (IUGR: intrauterine growth retardation, PNGR:
postnatal growth retardation, MR: mental retardation, UPD: uniparental disomy, CNV: copy number variant, SNV: single nucleotide variant).

Whereas descriptions of factors maintaining the paternal im-
prints during fertilisation and zygote maturation are rare, in the
oocyte the subcortical maternal complex (SCMC) has been identi-
fied as a key structure for genomic imprinting (> Fig. 3). The
SCMC is a multiprotein complex that mediates oocyte maturation
and progress of the early zygote on different levels [25]. Its tran-
scripts are expressed in the oocyte from the maternal genome,
and degrade in the early embryonic development. As a result, em-
bryos of female knockout mice lacking some of these SCMC pro-
teins arrest in early cleavage stages (for review: [26, 27]). The
function of the SCMC includes the formation and assembly of the
meiotic and mitotic spindles as the basis for a proper chromo-
somal segregation, the rearrangement of oocyte and zygote com-
partments, regulation of metabolism of RNA expressed from the
maternal genome in the oocyte and zygote genome activation, as
well as imprinting maintenance. Due to these divers functions of
the SCMC proteins it is not surprising that genomic variants in
these factors cause a spectrum of reproductive disturbances,
ranging from hydatidiform moles (HYDM) and miscarriages to
aneuploidy and altered imprinting in the offspring (> Table 1).

784

Maternal Effect Variants in SCMC Encoding
Genes and Genomic Imprinting

Genetic variants in SCMC encoding genes exhibit a novel mode of
inheritance, as they become functionally relevant only in female
carriers. They do not affect the health of the carrier herself, but of
her reproductive outcome.

The first maternal effect variants have been reported in families
with (recurrent) HYDM and miscarriages 10 years ago, affecting
NLRP7 and KHDC3L (C6orf221) [28, 29]. Women suffering from re-
current miscarriages due to HYDM are homozygous or compound
heterozygous for mutations in these genes, and an autosomal re-
cessive mode of inheritance has been suggested. It is meanwhile
well established to screen women suffering from recurrent HYDM
for pathogenic variants in these genes, and oocyte donation has
already been shown to be a suitable tool to circumvent the risk of
miscarriage [16, 30]. With MEIT, TOP6BL/C110rf80 and REC114, fur-
ther genes have recently been suggested to be putatively linked to
HYDM [31].

Eggermann T. Maternal Effect Mutations: ... Geburtsh Frauenheilk 2021; 81: 780-788 | © 2021. The Author(s).



»Table 1 Overview on members of the SCMC and associated pregnancy complications.

Human Gene Mouse Known Functions™

Gene
NLRP2 Nirp2 = proper methylation at
(NLR Family Pyrin imprinted loci
domain-containing 2) = spindle assembly
NLRP5 Mater = Interacts with KHDC3L
(NLR Family Pyrin = Interacts with OOEP/TE6
domain-containing 5) = Spindle assembly/position
NLRP7 ** No ortho- = compensatory to NLRP2
(NLR Family Pyrin logue
domain-containing 7)
OOEP Floped = Interacts with NLRP5/TLE6
(Oocyted permitting = Spindle assembly/position
embryonic development)
TLE6 Tle6 = Interacts with NLRP5/OOEP
(Transducing-like = Spindle assembly/position
enhancer of split 6)
PADI6 Padi6 = Spindle assembly/position
(Peptidyl arginine = Rearrangement of organelles
deiminase 6)
KHDC3L Filia = Interacts with NLRP5
(KH Domain = Spindle assembly

containing 3-like
ECTA1, C60RF221)

Effect on fe- HYDM  Miscarriages Aneuploidy ~ MLID in
male sterility offspring
yes yes yes
yes yes
yes yes yes yes
yes
yes
yes yes yes yes yes
yes yes yes

* Only some physiological functions are listed; ** Human NLRP7 is highly homologous to NLPR2 and its evolutionary origin from this gene has been
suggested. HYDM: hydatidiform mole; MLID: multilocus imprinting disturbance

The first evidence for a role of SCMC proteins (i.e. NLRPs [Nucleo-
tide-binding oligomerization domain, Leucine rich Repeat and
Pyrin domain containing]) in the maintenance of maternal im-
printing marks was obtained from a family with two children suf-
fering from BWS due to LoM of the IC2 in 11p15.5 [32]. Meyer et
al. reported for the first time that homozygosity for a NLRP2
frameshift variant in the mothers causes recurrent imprinting dis-
turbances. NLRPs (also called NALPs) are types of NOD-like recep-
tors, and commonly involved in the innated immunity. Autosomal-
dominant mutations in NLRP3 are responsible for different inborn
diseases associated with inflammation (e.g. familial cold autoin-
flammatory syndrome), whereas NLRP7 variants have first been re-
ported to cause HYDM (see before). NLRPs have first been identi-
fied to play a role in innate immunity, but their role for a proper
maintenance of imprinting in the oocyte and early embryo is ob-
vious. Up to now, maternal effect variants causing aberrant im-
printing marks have been identified in two other members of the
NLRP family, NLRP5 and NLRP7[33, 34, 14, 35, 36]. Though the
precise functional link between maternal effect variants and dis-
turbed imprinting is currently unknown, the physiological interac-
tions between the different SCMC members and putative compen-
sation mechanisms (i.e. of NLRP2 and NLRP7 in humans) make
their implementation in imprinting maintenance plausible
(> Fig. 3, » Table 1). NLRP proteins play a key role in inflammation
by aggregating components of the inflammasome, and it might
be discussed whether the reproductive complications in women

Eggermann T. Maternal Effect Mutations: ... Geburtsh Frauenheilk 2021; 81: 780-788 | © 2021. The Author(s).

carrying genetic SCMC variants might be triggered by inflamma-
tion processes.

Though the majority of MLID associated maternal effect var-
iants have been identified in NLRP genes so far, the availability of
exome and genome wide NGS-based assays allows the increasing
detection of maternal effect variants in other SCMC genes, inter-
acting with NLRP proteins (» Table 1). In fact, accumulating data
on PADI6 variants strongly indicate that PADI6 disturbances also
contribute to the clinical spectrum of SCMC-associated pregnancy
complications [37, 38, 39], among them MLID [14, 15, 40]. Addi-
tionally, the first identification of variants in KHDC3L and OOEP in
MLID further confirms that disturbed imprinting belongs to the
spectrum of SCMC associated disorders [14, 41].

In fact, HYDM, miscarriages and MLID are obvious features of
reproductive failure linked to genetic disturbances of the SCMC,
but three reports indicate that chromosomal aberrations should
be added to this spectrum: Up to now, aneuploidies have been re-
ported in families with NLRP2, NLRP7 and PADI6 variants [14, 15,
42]. It is currently unclear whether the coincidental occurrence of
aneuploidies and maternal effect variants is incidental, or whether
it is due to a common mechanism. Due to the central role of SCMC
proteins in the formation and positioning of the meiotic/mitotic
spindle apparatus a causative link is conceivable (e.g. [41]).

The hypotheses on the functional role of the SCMC and his
members in human oocyte maturation and early embryonic devel-
opment are partially based on the identification of maternal effect
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» Fig. 3 Factors of the SCMC and function of the SCMC in oocyte maturation and early zygote.

mutations, but the major insights have been obtained from mouse
models. Numerous studies in mouse oocytes and embryos from
knock-out mice lines have been published, and excellent reviews
on DNA methylation reprogramming in development are available
(e.g. [24, 27, 43]). As the detailed description of these studies
would go beyond the scope of this paper, the reader is kindly
asked to read such overviews.

Maternal Effect Mutations:
Translation into Clinical Practice

Though the functional links between maternal effect variants in
SCMC encoding genes and the resulting pregnancy complications
is widely unknown, their disease-causing potential is obvious. The
features resulting from SCMC gene variants comprise hydatidiform
moles/HYDM, recurrent miscarriages, and (multilocus) imprinting
disturbances in the offspring. Furthermore, SCMC variants might
be associated with numerical chromosomal aberrations.

However, the contribution of single SCMC members is currently
unclear, and requires further enlightenment. In fact, maternal ef-
fect mutations in KHDCL3 and NLRP7 definitely cause (recurrent)
HYDM, and the causative role of NLRP2, NLRP5, NLRP7 and PADI6
for MLID in offspring of female carriers is obvious.

Therefore, in the genetic diagnostic workup in families with ful-
minant pregnancy failures, the analyses of the aforementioned
SCMC genes has to be conducted. With the implementation of
comprehensive NGS-based assays (e.g. WES) these factors can be
easily targeted in one assay. Additionally, rare genetic variants and
even new candidate genes are detectable by NGS approaches,
though contribution of these alterations to reproductive failure
has to be proved before they are implemented in routine genetic

testing. A major prerequisite to determine the clinical relevance of

these novel variants and genes is the detailed clinical documen-

tation, including information on family history, infertility, miscar-

riages, pregnancy complications, and congenital malformations

and dysmorphisms in the offspring. The molecular and cytoge-

netic workup of the POCs might be extremely valuable and helpful

to estimate the pathogenic potential of novel variants and factors.
Based on the current data, molecular testing should already

now be advised to women

= experiencing multiple miscarriages, among them hydatidiform
moles and aneuploidies,

= recurrently delivering offspring with disturbed imprinting,

= with a reproductive and/or family history comprising all these
features (> Fig. 1).

In case a maternal effect variant in a SCMC encoding gene is de-

tected, the patient should be informed about the following issues:

= The risk of miscarriages and offspring with aberrant imprinting
and|or aneuploidy is increased.

= Prenatal testing targeting disturbed imprinting and aneuploidy
is principally possible, but prenatal imprinting analysis is not re-
liable in any case. Even an altered imprinting is detected, this
result can hardly be used to predict the phenotype of the off-
spring (e.g. [33], as only selected tissues are analysed in prena-
tal context (e.g. amniocytes), and mosaic distribution of aber-
rant methylation (e.g. variable degree of disturbed imprinting
marks in different tissues) is common in imprinting disorders.

= For several imprinting disorders, preterm delivery is a common
feature. Additionally, an increased risk for pregnancy-associ-
ated hypertension has been reported at least for BWS [23].
Therefore, women with an increased risk for disturbed imprint-
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ing in their offspring due to maternal effect mutations should
be closely monitored during pregnancy.

= Oocyte donation has been suggested as therapeutic option
and might therefore be discussed with families carrying mater-
nal effect variants obviously affecting the reproduction history
[30, 33]. Of course, the national legal regulations for oocyte
donation have to be followed.

= For genetic counselling, it has to be considered that the pheno-
type only occurs in case women are carriers, thus a variant
might be transmitted through the paternal germ line without
detection.

Conclusion

Pathogenic variants affecting the function of SCMC factors in oo-
cyte and early embryo progression cause a broad range of repro-
ductive failures and pregnancy complications. Therefore, the iden-
tification of women with molecular alterations in SCMC encoding
genes is required as the basis of a personalised reproductive and
genetic counselling. The diagnostic application of new genome-
wide NGS-based techniques allows the comprehensive analysis of
these factors, and helps to further decipher these functional links
between the factors and their disturbances. A close interdiscipli-
nary collaboration between molecular biologists, human geneti-
cists, bioinformatics scientists, reproduction medicines, gynaecol-
ogists and paediatricians is required to further decipher the com-
plex regulation of early embryo development, and to translate the
basic research results into clinical practice.
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