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Abstract

Purpose Comparative analysis of multilocus imprinting disturbances (MLIDs) in miscarriages from women with sporadic
(SPL) and recurrent pregnancy loss (RPL) and identification of variants in the imprinting control gene NLRP7 that may
lead to MLIDs.

Methods Chorionic cytotrophoblast and extraembryonic mesoderm samples from first-trimester miscarriages were evaluated
in 120 women with RPL and 134 women with SPL; 100 induced abortions were analyzed as a control group. All miscarriages
had a normal karyotype. Epimutations in 7 imprinted genes were detected using methyl-specific PCR and confirmed with
DNA pyrosequencing. Sequencing of all 13 exons and adjusted intron regions of the NLRP7 gene was performed.

Results Epimutations in imprinted genes were more frequently detected (p <0.01) in the placental tissues of miscarriages
from women with RPL (7.1%) than in those of women with SPL (2.7%). The predominant epimutation was postzygotic
hypomethylation of maternal alleles of imprinted genes (RPL, 5.0%; SPL, 2.1%; p<0.01). The frequency of MLID was higher
among miscarriages from women with RPL than among miscarriages from women with SPL (1.7% and 0.4%, respectively,
p<0.01). Variants in NLRP7 were detected only in miscarriages from women with RPL. An analysis of the parental origin
of NLRP7 variants revealed heterozygous carriers in families with RPL who exhibited spontaneous abortions with MLIDs
and compound heterozygosity for NLRP7 variants.

Conclusion RPL is associated with NLRP7 variants that lead to germinal and postzygotic MLIDs that are incompatible with
normal embryo development.

Trial registration: Not applicable.

Keywords Recurrent pregnancy loss - Placenta - DNA methylation - Trophoblast - NLRP7 - Multilocus imprinting
disturbances (MLID)

Introduction

Pregnancy loss is one of the most important problems in
reproductive medicine. It has been established that 15-20%
of all clinically diagnosed pregnancies end in spontane-
ous abortion, 75-80% of which show a gestational age of
12 weeks or less. Two or more subsequent miscarriages

P4 Elena A. Sazhenova
elena.sazhenova@medgenetics.ru

Research Institute of Medical Genetics, Tomsk National
Research Medical Center of the Russian Academy
of Sciences, Ushaika str., 10, Tomsk, Russia

Siberian State Medical University, Tomsk, Russia

with a gestational age up to 22 weeks constitute recurrent
pregnancy loss (RPL) according to the WHO definition and
the American Society for Reproductive Medicine (ASRM),
which occurs in 2-5% of all married couples [1].

Genetic factors play the most significant role in disrupting
early embryonic development. Cytogenetic abnormalities are
detected in 50% of abortions on average [2]. The factors
contributing to such a high mortality rate can also include
neuroendocrine disorders and maternal infectious diseases,
age, immune conflicts between the mother and fetus, and
adverse environmental effects. However, the reasons for
pregnancy loss excluding the abovementioned factors are
unclear in 40% of women.
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The presence of a normal karyotype in an embryo
does not necessarily imply a balanced genome because of
genomic imprinting. Imprinting determines the differential
monoallelic expression of genes depending on their paren-
tal origin; it is inherited over generations and results in the
functional noncomplementarity of the maternal and paternal
genomes. The differential expression of parental genes is
determined by the DNA methylation and covalent modifi-
cation of chromatin histone's proteins. Approximately 100
imprinted loci have been found in the human genome to
date; these loci are involved in the feto-placental growth of
mammals by controlling cell proliferation and differentia-
tion, hormone metabolism, and the regulation of growth fac-
tors . Thus, they are essential for normal human embryonic
development [3].

One of the mechanisms that is generally considered to
disrupt the dose of imprinted genes in the course of early
embryonic development is the uniparental disomy (UPD) of
whole chromosomes (erroneous inheritance of both homolo-
gous chromosomes from one parent). UPD leads to func-
tional nullisomy or disomy of critical imprinted genes for
normal development. However, a series of studies searching
for UPD in spontaneous abortions have not shown a signifi-
cant contribution of this phenomenon to the etiology of early
embryonic developmental arrest [4—6]. Taking into account
the epigenetic nature of imprinting, it can be hypothesized
that the expected negative effects of imprinted gene disor-
ders in early human embryogenesis would be associated
with aberrant epigenetic chromatin modifications that do
not change the nucleotide sequence of the gene itself (epi-
mutations) rather than with chromosome segregation errors
leading to UPD. For the affected gene, the epimutation
effects would of course be functionally equivalent to the
UPD of chromosomes containing imprinted genes. Thus,
if the imprinted allele of an inactive parental homolog is
hypomethylated, it will be activated, and biallelic expres-
sion will occur. In contrast, epimutations associated with the
hypermethylation of an active allele will lead to a complete
absence of the products of the imprinted gene in a cell.

There are currently four different types of molecular
alterations that are known to potentially cause imprint-
ing disturbances: (i) gene variants that inactivate a single
expressed allele; (ii) copy number variations (CNVs) involv-
ing imprinted genes (generally microdeletions or microdu-
plications of chromosome regions containing imprinted
genes); (iii) complete or segmental UPD of chromosomes;
and (iv) epimutations, commonly comprising alterations of
5mC methylation, including either the loss or gain of meth-
ylation. These genetic variants are recorded during both
prenatal and postnatal human development. However, in
the postnatal period, CNVs predominate (53%), while in
the prenatal period, there is selection against epimutations
in imprinted genes (65%); selection acts primarily against
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regulatory and potentially reversible epigenetic modifica-
tions and not against structural abnormalities such as dele-
tions, UPD, or gene variants [7].

There are currently available data on epimutations of
imprinting centers and imprinted genes in human spon-
taneous abortions [8—10], intrauterine growth restriction
[11, 12], and stillbirth cases after both assisted and natural
conception [13, 14]. The analysis of these data showed that
epimutations are one of the potential mechanisms causing
genomic imprinting abnormalities that lead to pathologies
of embryonic development. Additionally, they arise with a
relatively high frequency, being found in 4-18% of miscar-
riages. Finally, some spontaneous abortions show multilo-
cus imprinting disturbances (MLIDs). At the same time,
MLIDs are not restricted solely by prenatal development.
Multiple epimutations have also been described in patients
with Beckwith—Wiedemann syndrome (BWS), Silver—Rus-
sell syndrome (SRS), pseudoparathyroidism 1B, Temple
syndrome, and transient neonatal diabetes mellitus [15].

The presence of MLID suggests the existence of variants
in genes that control imprinting in humans. This hypothesis
is supported by data on the association of epimutations in
imprinted genes with the occurrence of variants in various
genes, such as NLRP7 (NALP7), KHDC3L, NLRP5, NLRP2,
ZFP57, and PADI6 [16]. Among these genes, variants in
NLRP7, KHDC3L, NLRP5, NLRP2, and PADI6 are accom-
panied by MLIDs and fetal development arrest. NLRP7 and
KHDC3L variants have been found in familial and recurrent
biparental complete hydatidiform moles (BiHMs) accom-
panied by a global disruption of methylation establishment
among imprinted genes during oogenesis [17]. In addition,
the NLRP7, KHDC3L, NLRP5, NLRP2, and PADI6 gene
products are included in the subcortical maternal complex
(SCMC), which is a multiprotein complex that is uniquely
expressed in mammalian oocytes and early embryos and is
essential for zygote progression beyond the first embryonic
cell divisions [18].

In the context of RPL (not accompanied by hydatidiform
mole), no data on the prevalence of NLRP7 variants have
been reported to date. Therefore, the aim of this study was
to compare MLIDs in miscarriages from women showing
sporadic pregnancy loss (SPL) or RPL and to search for
genetic variants in the imprinting control gene NLRP7 that
may lead to MLID in miscarriages.

Materials and methods
Clinical samples
The study was performed using placental tissues (chorionic

cytotrophoblast and extraembryonic mesoderm) from mis-
carriages in the first trimester of pregnancy obtained from
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women showing RPL (RPL group, 120 miscarriages) or
sporadic miscarriage (SPL) (loss of only one pregnancy
in anamnesis; SPL group, 134 miscarriages). One hun-
dred induced abortions were analyzed as a control group.
Informed consent for participation in this study was received
from all couples. All the patients were Russians. The ges-
tational age of miscarriages in the compared groups was
not significantly different (Table 1). The mean maternal
and paternal ages also did not differ between the groups
(Table 1). This study was approved by the local ethics com-
mittee (Protocol # 6 from 08.11.2012).

Genetic studies

The karyotypes of the miscarriages were established using
conventional metaphase analysis or a combination of com-
parative genomic hybridization (CGH) and fluorescence
in situ hybridization (FISH) methods, as described previ-
ously [19, 20]. All miscarriages selected for the study had
a normal karyotype. The methylation status of CpG dinu-
cleotides was determined in genomic DNA extracted from
chorionic cytotrophoblasts and extraembryonic mesoderm
specimens. To increase the number of chorionic cytotropho-
blast cells, we performed maceration of chorionic villi that
were obtained after mechanical separation of the extraem-
bryonic tissues under an Axiovert 200 inverted microscope
(Carl Zeiss, Germany) and treatment with 70% acetic acid
for 3-5 min followed by three washes of the obtained cell
suspension with PBS according to a modified protocol
[21]. DNA was isolated using a standard phenol—chloro-
form extraction. This method allows the isolation of up to
900 ng of chorionic cytotrophoblast DNA. Genomic DNA
was also extracted from the peripheral blood from mothers
and fathers using the standard phenol—chloroform method.

Epimutations in the imprinted differentially methylated
regions (DMRs) of the PEGI/MEST, PEG3, PEG10, DLK1,
PLAGLI, KCNQIOTI, and GRBI0 imprinted genes were
detected with methyl-specific PCR and DNA pyrosequenc-
ing (Pyromark Q24, QIAGEN, Germany) using the primers
listed in Table S1. The number and position of each CpG in
the DMR for each imprinted gene are presented in Table S2.
For methylation analyses, bisulfite conversion of DNA was

Table 1 Characteristics of the studied groups

Group parameter RPL SPL Control

Gestational age of miscar- 79+1.12 8.1+1.21 7.6+£0.92
riages (weeks)

Mean maternal age (years) 30.2+3.41 29.7+524 26.4+2.03

Mean paternal age (years)  36.5+4.21 33.6+4.12 30.8+6.14

Note: There was no significant difference among the three groups in
the gestational age of miscarriages or the mean maternal and paternal
ages (p>0.05)

performed using the EZ DNA Methylation Direct Kit (Zymo
Research, USA) according to the manufacturer’s protocol.
The PCR samples contained a normal stabilizing buffer,
1.5 mM MgCl,, 0.2 mM of each dNTP, 1 pL forward and
reverse primers (10 pmol each), 2 units of HotStart Taq
polymerase (Qiagen), and 1 uL. DNA (after bisulfite con-
version) in a total volume of 25 pL. For pyrosequencing,
the biotinylated PCR product was subsequently purified,
and the single strand DNA was immobilized according to
the manufacturer’s recommendations. Next, 0.3 umol of the
pyrosequencing primer was added to each sample, and the
reaction was run using the PyroMark Q24 pyrosequencer
(Qiagen). The methylation index was calculated as the ratio
of methylated cytosine and the sum of methylated and non-
methylated cytosines using PyroMark Q24 software at the
CpG sites of the promoter regions of the imprinted genes.

Using the methylation array GoldenGate Methylation
Cancer Panel I (Illumina, USA), we previously showed
that epimutations in the imprinted genes DLKI (14q32.2),
PEG10 (7921.3), PLAGLI (6q24.2), KCNQ1OT! (KvDMR)
(11p15.5), PEG3 (19q13.43), PEGI/MEST (7q32.2), and
GRBI0 (7p12.1) selected for this study were associated with
spontaneous abortion in the first trimester of pregnancy [22].
The genes DLKI, PEGI0, PLAGLI, KCNQIOTI, PEG3,
and PEG1/MEST are expressed only by the paternal allele, in
contrast to the GRB10 gene, which is expressed in extraem-
bryonic tissues by the maternal homolog. Therefore, hypo-
methylation of the maternal allele and hypermethylation of
the paternal homolog can affect 6 of these genes. Similarly,
hypermethylation of the maternal allele and hypomethyla-
tion of the paternal homolog can be associated with epimuta-
tions of a single GRBI0 gene.

The criterion for the selection of tissue (chorionic cyto-
trophoblast and extraembryonic mesoderm) for this study
was that the cytotrophoblast of the chorionic villi (the stem
cell line of all future placental cells that gives rise to an inva-
sive trophoblast and syncytiotrophoblast) is derived from the
trophectoderm, i.e., the external blastocyst layer. However,
the stroma of the chorionic villi is layered with extraembry-
onic mesoderm cells derived from the epiblast, which in turn
descends from the inner cell mass and later gives rise to all
embryonic tissues. Therefore, the methylation index of the
DMRs of imprinted genes in spontaneous abortions from
women with sporadic miscarriages and RPL was analyzed
for chorionic cytotrophoblast and extraembryonic meso-
derm. The comparative analysis of the epimutation distri-
bution in the cytotrophoblast and extraembryonic mesoderm
tissues made it possible to identify somatic (present in only
one tissue) and germinal (present in both tissues) abnormali-
ties in the methylation pattern.

Considering the specificity of epigenetic reprogram-
ming, in the case of the hypermethylation or hypometh-
ylation of imprinted genes in only one of the examined
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tissues (cytotrophoblast or extraembryonic mesoderm), the
epimutations were considered only to have a postimplanta-
tion origin, resulting from disturbances in the maintenance
of imprinting mechanisms in embryonic somatic cells. In
contrast, the presence of epimutations in both tissues was
considered to be due to reprogramming disturbances in the
primordial parental germ cells. Therefore, such epimutations
were considered germinal. In the case of hypomethylation
at the examined locus in both tissues, it was impossible to
unequivocally determine the origin of the epimutation, as
such a methylation pattern could be established either in the
gametes of the parents or owing to the loss of stability at
differentially methylated sites for epigenetic genome repro-
gramming during cleavage divisions.

In reporting the methylation index and epimutations
of the imprinted genes, we applied recommendations for
imprinted DMRs according to the Nomenclature group
of the European Network for Human Congenital Imprint-
ing Disorders [23]. Information regarding the methylation
index of the imprinted DMRs and all CpG positions in the
genomes of the control group and in miscarriages from
women with SPL and RPL is presented in Table S2.

The spectrum of epimutations was registered according to
the following parameters and combinations thereof:

— hypo- or hypermethylation of alleles;

— presence of epimutations on chromosomes of maternal
or paternal origin;

— germinal or somatic origin of epimutations.

The epimutation frequency was determined based on
the total numbers of the examined miscarriages (134 and
120 abortions in the SPL and RPL groups, respectively),
imprinted genes (7), and 40 CpGs (ranging from 5 CpGs
in DLK1, PLAGLI, PEGI/MEST and PEG3; to 6 CpGs
in PEGI10 and KCNQIOTI; and to 8 CpGs in GRB10) in
both groups; the analysis of two tissues from each miscar-
riage; and the probability of epimutations at each locus on
chromosomes of maternal and paternal origin. Therefore,
the total number of examined CpG dinucleotides was 9600
(40%x120%2) in the RPL group and 10720 (40x 134 X2) in
the SPL group. The MLID frequency was determined based
on the total numbers of examined miscarriages (134 and
120 abortions in the SPL and RPL groups, respectively),
imprinted genes (7), and the analysis of two tissues from
each miscarriage. Therefore, the total number of examined
samples was 1680 (1207 x2) in the RPL group and 1876
(134 x7x%2) in the SPL group.

All 13 exons and the adjusted intron regions of the
NLRP7 gene were sequenced in 29 spontaneous abortions
with MLIDs from women with RPL and 7 spontaneous abor-
tions from women with sporadic miscarriage. We developed
a primer panel for the analysis of the complete sequence of
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the NLRP7 gene, transcript number: ENST00000588756.5
(Table S3). The DNA samples were amplified via long-range
PCR using the BioMaster LR HS-PCR-Color (2 X) kit (Bio-
labmix, Russia) on a SureCycler 8800 thermocycler (Agilent
Technologies, USA). Amplification was conducted accord-
ing to the following program: 94 °C for 4 min; 10 cycles of
94 °C for 20's, 57 °C for 30 s, and 68 °C for 13 min; and 20
cycles of 94 °C for 20 s, 57 °C for 30 s, and 68 °C for 13 min
(+ 10 s per cycle). The presence of amplified products was
verified using agarose gel electrophoresis.

DNA libraries were prepared using the Nextera Flex kit
(IIlumina, USA) according to the protocol recommended
by the manufacturer. Gene sequencing was carried out on a
MiSeq sequencer (Illumina, USA) according to the protocol
recommended by the manufacturer. The data obtained after
sequencing were subjected to bioinformatics processing,
which included the following key steps: evaluation of read
quality using the FastQC program, removal of adapters and
trimming of the sequence with the Trimmomatic-0.36 soft-
ware package, alignment to target sequences using Bowtie2,
conversion to BAM files, and sorting and conversion to VCF
format using a set of SAMtools utilities. The pathogenicity
of the identified variants was predicted using online tools
according to the recommendations of the genetic variant
nomenclature following Human Genome Variation Society
conventions and the American College of Medical Genet-
ics and Genomics (ACMG) for the interpretation of NGS
[24, 25]. The identified genetic variants were confirmed
by Sanger sequencing (ABI 3130XL, Applied Biosystems,
USA) using the primers indicated in Table S4. To visualize
the detected NLRP7 variants, we performed 3D modeling
of proteins using the SWISS-MODEL Repository (https://
swissmodel.expasy.org/).

To exclude population polymorphisms, an analysis was
performed on the distribution of the identified NLRP7 vari-
ants from our whole genome data on 700 population samples
assessed using HiSeq 2500 (Illumina, USA) (data are avail-
able upon request).

Statistical analysis of the data was performed using the
x* test and Fisher’s exact test.

All molecular genetic studies were performed at the
Core Facility ‘Medical Genomics’ of the Tomsk National
Research Medical Center of the Russian Academy of Sci-
ences using the resources of the biocollection ‘Biobank of
the Population of Northern Eurasia’.

Results

At the beginning of our study, the methylation status of
imprinted genes in the induced abortions (control group)
was investigated (Table 2). This analysis showed that the
methylation index of the DMRs of all analyzed imprinted
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Table 2 Methylation index of DMRs of imprinted genes in the control group
Genes Imprinted DMR name CpGs Methylation index (%)

Minimum Maximum Average
PEGI1/MEST MEST:alt-TSS-DMR 5 40.1 59.2 52.24+3.03
PEG3 PEG3:TSS-DMR 6 41.1 66.6 53.9+2.76
GRBI0 GRBI10:alt-TSS-DMR 8 44.1 67.3 53214243
PLAGLI PLAGLI:alt-TSS-DMR 5 422 58.8 52.3+2.87
MEG3/DLK1 MEG3/DLKI1:1G-DMR 5 41.1 589 51.5+£3.70
PEGI0 PEGI10:TSS-DMR 5 40.0 68.5 53.1+£3.65
KCNQ10TI KCNQI10TI:TSS-DMR 6 46.8 69.2 5524294

genes corresponded well to the expected monoallelic meth-
ylation typical for most imprinted genes. In contrast to SPL,
the methylation index of the DMRs of imprinted genes in
the spontaneous abortions from women with RPL showed a
significant decrease in the methylation indices of DMRs for
four imprinted genes: PEG3:TSS-DMR, PLAGLI:alt-TSS-
DMR, MEG3/DLKI:1G-DMR and KCNQI1OTI:TSS-DMR
(p<0.05, Table 3). These genes expressed the paternal allele
only. A decrease in the methylation index of DMRs in mater-
nally imprinted genes can lead to biparental expression, loss
of imprinting and an increase in the amount of protein prod-
uct from the moternal allele.

Overall, epimutations of imprinted genes in miscarriages
were detected more often in the RPL group than in the SPL
group. The total frequency of epimutations in the RPL group
was 7.1% per locus (681 of 9600 CpGs), whereas that in
the SPL group was 2.7% per locus (293 of 10,720 CpGs)
(p<0.01) (Table 4).

Germinal and somatic epimutations were present in
both analyzed groups. However, they were significantly
more frequent in the RPL group than in the SPL group
(Table 4). Most epimutations consisted of hypomethyla-
tion of inactive paternal or maternal imprinted alleles.
Thus, the frequency of hypomethylation among alleles of
maternal origin in the RPL group was significantly higher
than that in the SPL group (5.0% (384/32x 120X 2) and

2.1% (180/32 x 134 x 2), respectively, p<0.01) (Table 4).
The total frequency of hypomethylation among paternal
alleles was also higher in the RPL group than in the SPL
group (3.3% (64/8x120x2) and 2.2% (47/8 x 134 X 2),
respectively), but the difference was not statistically sig-
nificant (p=0.8).

Statistically significant differences in the hypermethyla-
tion of paternal alleles, which should theoretically lead to a
lack of gene expression, were also shown between the stud-
ied groups. The frequency of hypermethylation of paternal
alleles in the RPL group was 2.2% (169/32 x 120 X 2) and
that in the SPL group was 0.6% (51/32x 134 x2), p=0.005
(Table 4). Therefore, somatic hypomethylation of normally
methylated and unexpressed maternal alleles was predomi-
nantly associated with the arrest of embryonic development
among miscarriages in the RPL group.

Hypomethylation of KCNQI1OTI, PEGI, PEG3, and
GRBI10 and hypermethylation of DLKI and PEGI were
observed more frequently in the RPL group than in the
SPL group (p <0.05) (Fig. 1). In addition, KCNQIOT1 and
PEGI10 were characterized by somatic hypomethylation,
whereas DLKI and PEG1 were characterized by somatic
hypermethylation.

In 36 spontaneous abortions from the two analyzed
groups, epimutations were detected at several imprinted
loci (MLIDs). In the SPL group, 7 of 134 abortions

Table 3 Methylation index of

. . i Gene Imprinted DMR name Methylation index (%)

DMRs of imprinted genes in

spontaneously aborted tissue SPL group RPL group P

from women with sporadic

miscarriage and recurrent PEGI/MEST MEST:alt-TSS-DMR 54.01+6.04 553+11.44 0.8

pregnancy loss PEG3 PEG3:TSS-DMR 52.1+6.17 4724943 0.04
GRBI0 GRBI0:alt-TSS-DMR 51.1+4.30 51.0+9.47 0.9
PLAGLI PLAGLI:alt-TSS-DMR 50.0+4.24 45.6+5.25 0.04
MEG3/DLK1 MEG3/DLK1:1G-DMR 51.2+5.55 47.2+8.87 0.04
PEGI0 PEGI0:TSS-DMR 53.0+4.68 51.0+7.50 0.7
KCNQI10TI KCNQI10OTI:TSS-DMR 52.0+5.37 46.7+10.42 0.04

Note: The SPL group includes women with sporadic miscarriage; the RPL group includes women with

recurrent pregnancy loss
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Table 4 Frequency of epimutations of imprinted genes in miscarriages from women with recurrent and sporadic pregnancy loss

Types of epimutation

Number of loci with epimutations (frequency) in miscarriages

RPL group, 120 miscarriages
all 9600 CpG dinucleotides

SPL group, 134 miscar- p
riages
all 10720 dinucleotides

Hypomethylation of maternal alleles

Number of normally methylated paternal alleles in each miscarriage

6 genes (32 CpG)
Somatic 292 (3.8%)
Germinal or somatic 92 (1.2%)
Total 384 (5.0%)

Hypomethylation of paternal alleles

Number of normally methylated paternal alleles in each miscarriage

1 gene (8 CpG)

Germinal -
Somatic 64 (3.3%)
Germinal or somatic -
Total 64 (3.3%)

Hypermethylation of maternal alleles

Number of normally methylated maternal alleles in each miscarriage

1 gene (8 CpG)

Germinal 16 (0.8%)
Somatic 48 (2.5%)
Total: 64 (3.3%)

Hypermethylation of paternal alleles

Number of normally methylated paternal alleles in each miscarriage

6 genes (32 CpG)

Germinal 39 (0.5%)
Somatic 130 (1.7%)
Total 169 (2.2%)

Frequency of epimutations

Number of normally methylated paternal and maternal alleles in each miscarriage

7 genes (40 CpG)

Germinal 55 (0.5%)
Somatic 534 (5.6%)
Germinal or somatic 92 (1.0%)
Total 681 (7.1%)

154 (1.8%) 0.005
26 (0.3%) 0.1
180 (2.1%) 0.001
47 (2.2%) 0.8
47 (2.2%) 0.8
- 0.9
15 (0.7%) 0.1
15 (0.7%) 0.1
- 0.1
51 (0.6%) 0.005
51 (0.6%) 0.005
- 0.001
267 (2.3%) 0.001
26 (0.3%) 0.005
293 (2.7%) 0.001

Note: RPL, recurrent pregnancy loss; SPL, sporadic pregnancy loss

simultaneously exhibited MLIDs at two genes. The total
frequency of MLIDs in this group was 0.37%. In the RPL
group, 29 of the 120 miscarriages showed MLID. The
detected epimutations affected 2 to 5 genes simultaneously.
The total frequency of MLIDs in this group was 1.72%.
(Table 5). Therefore, among the miscarriages from mothers
with RPL, MLIDs were recorded significantly (p=0.0001)
more often than in the miscarriages from mothers who had
experienced only one miscarriage.

MLID indicates the possible existence of special regula-
tory mechanisms that control the epigenetic status of mul-
tiple imprinted loci. In this context, we hypothesized that
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the presence of some genetic variants in the NLRP7 gene
(19q13.42) in miscarriages may be the cause of MLID,
resulting in the disruption of development in the early
stages of embryogenesis. Therefore, the NLRP7 gene was
sequenced in the samples from miscarriages showing MLID,
which included 29 spontaneous abortions from the RPL
group and 7 abortions from the SPL group.

NLRP7 variants were detected in 7 miscarriages, all from
the RPL group. The spectrum and position of the detected
genetic variants are presented in Table 6 and Fig. 2. Most
of the genetic variants were missense variants in exons 3, 6,
8, and 9, resulting in the substitution of one amino acid for
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Fig. 1 Frequency of epimuta-
tions in imprinted genes in
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another. Three of the detected substitutions (c.2324C>T:p.
P775L, rs542783229; ¢.2426T>C:p.L809P, rs754189651
and ¢.2396A>G:p.N7998, rs556133069) have been previ-
ously described as variants occurring in a normal population.
All of these genetic variants were inherited from the mother
(miscarriages # 1, 3, and 5). In addition, a single-nucleotide
deletion in exons 8 or 10 (spontaneous abortions # 4 and 6)
was revealed in two miscarriages (c.2138delA and 2484delT,
respectively). A single-nucleotide insertion in exon 10 was
also detected in one miscarriage (c.2479insT). Both deletion

PEG1 PEG10 GRBI10

and insertion genetic variants led to shortening and a change
in the NLRP7 protein conformation (Suppl. Figures 1, 2,
3). Three of the detected variants were described for the
first time: ¢.1267C T:p.L423M, ¢.655G A:p.A219T and
c.986A>T:p.R329M. All of the miscarriages with NLRP7
exhibited epimutations in at least three imprinted genes, tak-
ing the form of either hypomethylation or hypermethylation
(Table 6). Population polymorphisms of detected gene vari-
ants were excluded by whole genome data analysis available
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Table 5 Frequency of miscarriages with multilocus imprinting distur-
bancese (MLIDs)

Number of affected Miscarriages in RPL Miscarriages
imprinted genes group in SPL group
(120 total miscarriages, (134 total
two placental tissues) miscarriages,
two placental
tissues)
2/7 15 (0.89%) 7 (2.6%)
3/7 6 (0.35%) -
477 6 (0.35%) -
517 2 (0.13%) -
Total* 29 (1.72%) 7 (0.37%)
“p=0.0001

for 700 individuals from the same population (data are avail-
able upon request).

For 3 of the 7 miscarriages with NLRP7 variants, DNA
samples were available from both parents.

Miscarriage No 1. The gestational age at the time of
spontaneous abortion according to ultrasound examina-
tion was 7.5 weeks. This miscarriage showed germinal
hypermethylation at PEG/ and simultaneous somatic
hypomethylation at three imprinted genes, PEGI0,
DLKI, and PLAGLI (Tables 6, 7 and Fig. 3). All of these
imprinted genes are expressed only from the paternal
allele. In this family, the mother was 29 years old and
had a diagnosis of RPL. The father was 32 years old. The
mother had a history of three miscarriages at 6—8 weeks
of gestation. Cytogenetic analysis of the extraembry-
onic mesoderm and chorionic cytotrophoblasts showed
a normal karyotype (46,XX). The sequencing of NLRP7
revealed compound heterozygosity of missense variants

Table 6 Genetic variants in NLRP7 in miscarriages with multilocus imprinting disturbances

No  Reproductive history MLID Locus reference genomic sequence, Variant type Status Inheritance
M protein description
Hypermethy- Hypomethylated Exon
lated loci loci
1 3MA PEGI PEGI0,DLK]I, 6 NM_001127255.1:¢.1267C” A:p. Missense Paternal
PLAGLI L423M
9 NM_001127255.1:¢.2324C>T:p. Missense rs542783229 Maternal
P775L
2 3MA, 1 AP PEGI PEGI10, KCNQI10OTI 5 NM_001127255.1:¢.307C>G:p. Missense N/A
P103A
6 NM_001127255.1:c.986A>T:p. Missense N/A
R329M
3 3MA PEGI, KCNQIOTI, PEG3 6 NM_001127255.1:¢.655G” A:p. Missense Paternal
PEGI0 A219T
9 NM_001127255.1:¢.2426T>C:p. Missense rs754189651 Maternal
L809P
4 3MA - PEGI10, KCNQIOTI, 8 NM_001127255.1:¢.2138delA Frameshift N/A
GRB10
5 3 MA PEGI PEG10,DLK]I, 6 NM_001127255.1:c.1 845A>C:p. Missense Paternal
KCNQIO0TI, GRBIO Q615H
9 NM_001127255.1:¢.2396A>G:p. Missense rs556133069 Maternal
N799S
6 3MA, 1 AP PEGI DLKI, GRB10 10 NM_001127255.1:¢.2484delT Frameshift N/A
7 3MA - PEG3, DLKI1, PLAGLI 10 NM_001127255.1:¢.2479insT Frameshift N/A

Note: MA, missed abortions; AP, anembryonic pregnancy; c., DNA coding sequence; Ensembl accession number, http://www.ensembl.org/
Homo_sapiens/Transcript/Exons?db=core; g=ENSGO00000167634; r=19:54,923,510-54,941,750; t=ENSTO00000588756; p., amino acid
sequence. The genetic variant nomenclature follows the Human Genome Variation Society and conventions and ACMG [24, 25]

Fig.2 The positions of detected A219T

genetic variants in NLRP7
P103A

1 93 17

R329M  L423M

491

P775L c.2138delA
L809P

¢.2479insT

Q615H N799S ¢.2484delT

564 614 957  Position

NACHT M NAD
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c.1267C"A:p.L423M and ¢.2324C>T:p.P775L. The first

TE
ié z é . variant was located in exon 6 within the NACHT domain
25858 N 5 5 and was inherited from the father (Table 6, Fig. 2 and
< ¢F Suppl. Figure 4); it has not been previously reported.
8 ) E &2% The second variant was located in the leucine-rich
o 1 A . . .
8 © 4 E repeat (LRR) region and was inherited from the mother
o)
3 , . § Table 6 and Suppl. Figure 4). LRR domain-leucine-
PHEEE s%% ¢ ppl. Figure 4). LRI .
Sf| & E% m& £ = rich repeats are frequently involved in the formation of
- protein—protein interactions. The NACHT-associated
g K domain is also the physical mediator of oligomeric
é” mﬁ q“é E assembly [26]. Nucleotide replacement at this position
- has been reported in normal populations (no data on
2 2 < PR reproductive disorders) and identified as rs542783229
£ 0o a = .
& ol = =% (with a frequency of 0.01 (https://www.ensembl.org/
o= o Homo_sapiens/ Variation/Explore?db = core).
= L L
g 553 §52 Miscarriage No 3. The gestational age at the time
=) < < s < . .
= S AE  AE of this spontaneous abortion was 8 weeks of gesta-
S , +5 .5 tion according to ultrasound examination. Epimuta-
Q 2 LS 2 LS s . . . .
g §§ 222 222 tions were found in imprinted genes expressed only
* s = = from the paternal allele, including hypermethylation of
g 8 g 3 PEGI and PEG10 and hypomethylation of KCNQ10T1
g § E = and PEG3 (Tables 6, 7 and Figs. 2, 4). The mother
P 3 . , and father were 31 and 34 years old, respectively. The
- . . .
& % EE g2 8 mother was diagnosed with RPL and had a history of
N = . . .
& & mE = three miscarriages at 6—8 weeks of gestation. Cytoge-
~ 2E o 98 o 3 :
= S EY = netic analysis showed a normal karyotype (46,XY).
P L E NLRP? gor i led two he
= 5 S g SE gene sequencing revealed two heterozygous
£ , , missense variants in the compound state: ¢.655G” A:p.
4 S e .. . .
g . 28 g5 A219T and ¢.2426T>C:p.L809P. Similar to miscarriage
g ég ;&—i i;i No 1, the first variant was located in exon 6 within
m S . . .
S the NACHT domain and was inherited from the father
B3 . . . .
2 5 o (Table 6, Figs. 2 and Suppl. Figure 5). This genetic
g = g N g = = . 0’ . . .
2 § = é‘é é 2 2ge 288 variant is described here for the first time. The sec-
_§ éb gEEFS E g § g® ond variant was inherited from the mother; nucleotide
g . B . replacement at this position was previously identified
= = = .
% s . % g £ E % 5 as rs75418.9651.(Table 6 and Suppl. Figure 5) and has
E 2 E% &2 &2 &2 been described in normal populations.

5 g s wELE = = Miscarriage No 5. Embryonic development reached
=g §E, g8, E%. 7.5 weeks according to ultrasound examination. The
2 = 289 E83 E&w .
=z g B Ess Ezs Ei=m mother and father were 34 and 39 years old, respectively.
‘QE"‘ 5 g © © © © The mother showed RPL (three missed abortions in a
51|73 A L8 .28 L 2B 2 period of 7-12 weeks). A normal karyotype (46,XY)

E|5 |S|E|Es| 238 2355 288| =2

s | 2 R|E|EE|2E> & g z g E; was d'etected by the'CGH apd FISH meth.ods,. and

g - o g somatic hypomethylation was identified at 4 imprinted

: CI- S genes (PEG10, DLK1, KCNQ1OTI, and GRB10) found

L2 " I . . .

g gq g 3 9z Al only in one tissue. In contrast, PEGI showed germinal

‘2 S| < %0 5 L .

§ ~ o she 3 S = hypermethylation inherited from the father (Tables 6, 7
] =1 . .

5 e 2 & moa 2|2 and Fig. 5). NRLP7 gene sequencing showed two com-

Bz = % g 29 g s & pound heterozygous variants: ¢.1845A”C:p.Q615H and

S |z . A= = 3 .

2 g §§% %g?\f %é@ ‘é c.2396A>G:p.N799S (Table 6 and Suppl. Figure 6).

BE s | 9FF g EgsE s Both variants were located in LRR domains. The first

~ . . . )

K s variant was inherited from the mother and has previously

21858z - S
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Fig.3 Methylation indices of imprinted genes in spontaneous abortion No. 1. Hypermethylation of PEG! (a); simultaneous hypomethylation of
imprinted genes PEG10 (b), DLK1 (¢), PLAGLI (d); and methylation of all studied imprinted loci (e)

been identified as rs556133069. The second variant was
inherited from the father.

Thus, all NLRP7 variants detected in this study can
change the conformation of the corresponding protein. Sec-
ond, among the examined couples with RPL experiencing

@ Springer

a miscarriage showing MLID for whom parental DNA was
available, it was shown that both spouses harbored NLRP7
gene variants in the heterozygous state. The inheritance of
these variants in a compound heterozygous state can lead
to prenatal developmental arrest and, thus, miscarriage.
In addition, the NLRP7 variants inherited from the father
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have not been previously described. This is in contrast to
the mothers, in whom variants of this gene were described
in databases recommended for the interpretation of NGS
data. Third, germinal hypermethylation of paternal alleles
was detected in the PEGI genes of three miscarriages. All
of these findings suggest that the presence of NLRP7 vari-
ants during both oogenesis and spermatogenesis can cause
MLID in an embryo and disrupt prenatal development.

Discussion

Genomic imprinting is an epigenetic phenomenon that
causes monoallelic gene expression from one of the paren-
tal chromosomes. Imprinted genes play an important role
in embryonic development. The result of epimutations in
these genes is either doubled expression (upon hypometh-
ylation) or a lack of expression (upon hypermethylation).
In either case, this leads to a disturbance of the normal
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function of the imprinted genes. In this study, we showed
that epimutations contributed to the arrest of embryonic
development and were found at a higher frequency in mis-
carriages from the group of women with RPL than in mis-
carriages from the group of women with SPL (7.1% and
2.7%, respectively, p < 0.001).

The frequency of MLID was also higher among miscar-
riages of women with RPL than among those of women
with SPL (1.72% and 0.37%, respectively, p=0.0001). The
reported frequency of MLID among spontaneous abortions

@ Springer

is approximately 3.6% according to other authors [12, 13].
This is consistent with our data. Approximately 20% of all
clinically diagnosed pregnancies end in spontaneous abor-
tion, among which 75-80% end within 12 weeks of gesta-
tion. Half of these miscarriages have a normal karyotype
[1]. Therefore, the population frequency of MLID among
miscarriages was approximately 0.16% in the RPL group
and 0.035% in the SPL group. MLID is also observed in
live-born individuals with SRS and BWS, as are (less fre-
quently) transient neonatal diabetes mellitus and sporadic
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pseudoparathyroidism 1B. The population frequencies of
MLID for SRS and BWS cases are 1:263,158 (0.0004%)
and 1:109,600 (0.0009%), respectively [15]. These fre-
quencies were significantly lower than the frequency of
MLID among miscarriages (0.16% in the RPL group and
0.035% in the SPL group in our study). Thus, natural
selection acts against MLID during prenatal development.

Several hypotheses have been proposed to explain the
appearance of genomic imprinting in evolution, the best
supported of which is Haig’s “sex conflict hypothesis”
[27]. Under this hypothesis, functional haploidization of
imprinted sites in the genome limits the involvement of
maternal genes and increases the role of paternal genes in
the formation of placental structures. Indeed, we observed
the predominant hypomethylation of maternal alleles and
hypermethylation of paternal alleles among placental tis-
sues from miscarriages of women with RPL in the present
study. According to the “sex conflict hypothesis”, such
epigenetic disturbances could result in an increase in sup-
pressors and a decrease in factors stimulating embryonic
development.

MILD indicates the possibility of the existence of reg-
ulatory mechanisms controlling the epigenetic status of
multiple imprinted loci. Therefore, we hypothesize that the
presence of genetic variants in NLRP7 among miscarriages
may be the cause of MLIDs, which are responsible for the
regular arrest of embryonic development without BiHM.
In our study, the results of NLRP7 sequencing revealed
nucleotide variants in 7 miscarriages, only from women
with RPL. Among all of the spontaneous abortions with
variants in NLRP7, epimutations were found in at least
three imprinted genes, taking the form of either hypometh-
ylation or hypermethylation. The present findings support
our hypothesis that the presence of NLRP7 variants in the
heterozygous state in both spouses can lead to the inherit-
ance of the compound heterozygous state in an embryo.
This leads to multiple epimutations at imprinted loci and
consequently the arrest of embryonic development. In
addition, the genetic variants identified in all analyzed
miscarriages that were inherited from the fathers were not
previously detected, whereas all identified known variants
had a maternal origin. Three miscarriages taken in the
analysis also showed germinal hypermethylation of pater-
nal alleles of the PEG1 gene. All of these findings suggest
that the existence of NLRP7 variants during both oogen-
esis and spermatogenesis can affect the epigenetic status
of imprinted loci in the embryo and lead to the arrest of
embryonic development. Thus, genetic variants in this
gene can not only exert an indirect influence through the
maternal genome but can also directly disrupt methylation
at several imprinted loci in the embryo itself. Previous
research has established an association between homozy-
gous or compound-heterozygous maternal effect variants

in the NLRP7 gene and recurrent diploid BiHM [28, 29].
In contrast, the present findings support the hypothesis that
heterozygous NLRP7 variants from parental carriers result
in an increased risk of reproductive wastage without the
BiHM phenotype. The identification of heterozygous vari-
ants in NLRP7 has been documented in other reports (in
which the presence of NLRP7 gene variants was not exam-
ined in the father or fetus) [30, 31]. The women included
in these studies had a history of miscarriages with MLID
and embryonic development arrest. These data support our
hypothesis that parental heterozygous NLRP7 variants are
associated with reproductive problems without BiHM in
a patient’s medical history and lead to MLIDs in the off-
spring and reduced embryonic survival. Thus, it makes
sense to search for mutations in the NLRP7 gene in both
spouses if a woman has RPL without the BiHM phenotype.

NLRP7 (NALP7, NALP7/PYPAF3, OMIM 609661, locus
19q13.42) contains PYD, NACHT-NAD, and LRR repeats.
NLRP7 is a member of the CATERPILLAR protein family,
a negative regulator of inflammation and apoptosis, and an
inhibitor of the secretion of interleukin 1-beta mediated by
caspase-1 activation. NLRP7 is expressed in all human tis-
sues except for the heart, brain, and skeletal muscle. There
is no ortholog of human NLRP7 in the mouse genome, and
it is thought to have originated via the duplication of Nlrp2
during evolution. Using RNA interference, it was found
that the knockdown of Nlrp2 in mice does not affect oocyte
maturation but leads to the arrest of embryonic development
at the two-cell stage [32]. In humans, genetic variants in
NLRP?2 accompanied by MLID have been associated with
BWS [33] and idiopathic recurrent miscarriage [34]. The
NLRP7 sequence is rich in Alu repeats, which account for
48% of intron regions and can lead to Alu-mediated dele-
tions and rearrangements within a gene, which occur 180
times more often than all other known genetic variants in
humans on average. These repeats were probably embedded
in the Nlrp2/7 gene of the Primate ancestor. Such variants in
NLRP7 can lead to miscarriage in women [35].

Deveault and coauthors found that patients with NLRP7
genetic variants were unable to establish an appropriate
inflammatory response to different antigens [36]. Conse-
quently, androgenetic blastocysts consisting completely of
allograft material can be implanted and develop without
being rejected in such women. It is possible that androge-
netic blastocysts form spontaneously de novo with some fre-
quency. However, in women with an active immune system,
androgenetic cells are more likely to die or stop developing
and go undetected.

Furthermore, Okada found that the knockdown of NLRP7
by RNA interference resulted in reduced growth of a carci-
noma cell line, indicating that this gene may play a crucial
role in cell proliferation [37]. In addition, the NLRP7 pro-
tein can directly affect the methylation status of imprinted
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regions by binding to the YY1 epitope of transcription fac-
tors in imprinted differentially methylated regions [38].

Interestingly, the NLRP7 gene product is included in
SCMC. During the period of follicular development in mam-
mals, oocytes accumulate significant amounts of maternal
RNAs and proteins that are needed before the beginning
of zygotic genome activation. This activation occurs at the
two-cell stage in mice and the 4-8-cell stage in humans. In
addition to NLRP7, SCMC includes the KHDC3L (mouse
homolog, Filia), NLRP5 (mouse homolog, Mater), OOEP (a
factor located in oocytes allowing embryonic development
(mouse homolog Floped)), and Tle6 proteins. The expres-
sion of the genes encoding this protein complex is neces-
sary for oocytes and early mammalian embryos to develop
a zygote at the first cell divisions [39—41]. Within this large
complex, Floped, Mater, and Tle6 interact with each other,
and Filia independently binds to Mater. Although the tran-
scripts encoding these proteins degrade during oocyte mat-
uration and ovulation, SCMC proteins persist in the early
embryo until the blastocyst stage. Mating, oogenesis, ovula-
tion, and fertilization in Filia-null female mice are normal,
but their fertility is reduced by approximately 50%, which is
associated with a delay in embryonic development. Embryos
exhibit hyperploidy because of the asymmetric cell division
during meiosis. The null variant of the Mater, Floped, or
Tle6 gene in mice leads to embryonic developmental arrest
and female infertility [40]. We have shown that NLRP7
variants affect the LRR and NACHT domains, which are
involved in the formation of protein—protein interactions
or the physical mediation of oligomeric assembly [26].
Imprinted genes are mainly protein-coding genes and are
important for embryo development. In the studied miscar-
riages, it is possible that NLRP7 variants lead to the accu-
mulation of MLID in the embryo, which disrupts the nor-
mal monoallelic expression of many imprinted genes and
leads to disruption of embryonic development during the
first trimester of pregnancy rather than in the first stages of
preimplantation development.

In most studies conducted to date, only the maternal
effect of NLRP7 variants has been investigated [42], and
the paternal contribution to the disturbance of embryonic
development has been considered insignificant. In the pre-
sent study, we show that not only maternal but also paternal
NLRP7 contributes to normal embryonic development.

From a practical point of view, two diagnostic strategies
are possible for families with a history of RPL. The first is
direct sequencing of the NLRP7 gene in both the mother and
father to detect genetic variants that may be associated with
abnormalities in imprinted gene methylation and pregnancy
loss. The second strategy can be applied if the placental or
embryo tissues of miscarriage are available for DNA meth-
ylation analysis of the imprinted genes. In this case, prelimi-
nary detection of MLID will increase the chance of finding
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NLRP7 variants with pathogenic or potentially pathogenic
significance in embryos as well as in maternal or paternal
genomes.

In summary, we detected variants in the NLRP7 gene only
among miscarriages with MLIDs of imprinted genes from
women with recurrent miscarriages, which suggests that car-
rying these genetic variants in a heterozygous state at parents
can be considered a risk factor for RPL.
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tary material available at https://doi.org/10.1007/s10815-021-02312-z.
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