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Abstract: Genomic imprinting is an epigenetic marking process that results in the monoallelic
expression of a subset of genes. Many of these ‘imprinted’ genes in mice and humans are involved
in embryonic and extraembryonic growth and development, and some have life-long impacts on
metabolism. During mammalian development, the genome undergoes waves of (re)programming of
DNA methylation and other epigenetic marks. Disturbances in these events can cause imprinting
disorders and compromise development. Multi-locus imprinting disturbance (MLID) is a condition
by which imprinting defects touch more than one locus. Although most cases with MLID present
with clinical features characteristic of one imprinting disorder. Imprinting defects also occur in
‘molar’ pregnancies-which are characterized by highly compromised embryonic development-and
in other forms of reproductive compromise presenting clinically as infertility or early pregnancy
loss. Pathogenic variants in some of the genes encoding proteins of the subcortical maternal complex
(SCMC), a multi-protein complex in the mammalian oocyte, are responsible for a rare subgroup ofdother f(�latein)-246(c1Nhe)ego246o7uTJ/F161 8.9664 Tf -13.652999 0 0 7(in)nof t-254(variants)-250 0 utothps://dr6 in
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Following fertilization, the genome of the mouse zygote undergoes another repro-
gramming wave (Figure 1). The timing and mode of reprogramming differ between the
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Until week 5, the genomes of PGCs are highly methylated (Figure 1), but must be repro-
grammed to give rise to functional gametes. DNA methylation reprogramming at this stage
is concomitant with the downregulation of DNMT3A, DNMT3B, and UHRF1, the DNMT1
accessory factor, and the upregulation of TET1 and TET2 [31]. The lowest DNA methylation
level in the human genome is achieved after this reprogramming at 10–11 weeks pf. At this
stage, global DNA methylation levels were reported to be 8% in male PGCs at 11 weeks
and 6% in female PGCs at 10 weeks (Figure 1) [32,33].

The timing of methylation establishment during oogenesis in humans has recently
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stored proteins and RNAs that are expressed from the maternal genome in the developing
oocyte. The genes from which these RNAs are expressed are referred to as maternal-effect
genes as they are transcribed from the maternal genome before fertilization, but their
products are essential for the developing embryo until its genome is transcribed. After
fertilization, the maternally provided transcripts and proteins gradually degrade while
ZGA (which is completed at the four to the eight-cell stage in human embryos and at the
two-cell stage in mouse embryos) encompasses the beginning of embryonic transcription,
which will gradually take over control of processes, such as cell differentiation and future
development [44–46].

DNA demethylation in the human preimplantation embryo occurs in a stepwise
manner reaching a mean DNA methylation level of 25.7% in blastocyst-stage embryos
at five to six days pf [13,19]. This is significantly lower than the median DNA methyla-
tion levels in the egg of 54.5% and sperm of 82%, indicating a significant reduction from
the highly specialized gametes to the totipotent embryo [13,19]. Generally, the oocyte
hypermethylated domains maintain intermediate methylation levels in the blastocyst [47],
but they respond differently to global demethylation based on their genomic properties.
For example, transposable elements which are hypermethylated in oocytes are drastically
demethylated in blastocysts, with the exception of SINE-VNTR-Alu (SVA) and LTR12 sub-
families, which retain high levels of residual methylation throughout the preimplantation
period [13,48]. More so than in mouse embryos, highly methylated CGIs retain substan-
tial levels of methylation in human embryos (median of methylation of these CGIs and
gDMRs in the blastocyst is 37.5% and 39.2%, respectively) [13]. The maternal genome is less
demethylated in humans than in mouse embryos during preimplantation development.
Consequently, the global methylation levels of the human blastocyst closely resemble those
of the oocyte [47].

Demethylation of the paternal genome is much faster and more profound than that of
the maternal genome in human embryos, which is more similar to the same process in the
mouse, suggesting that active demethylation is conserved between the two species [38,48].
Accordingly, the residual DNA methylation levels, in either male pronuclei or the paternal
genome domains from the 2-cell stage onward are always lower compared to those of the
maternal genome [19,38].

In addition to genome-wide demethylation events, limited de novo methylation
of active repeat elements during preimplantation development in human embryos has
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originates from ICM-derived extraembryonic mesoderm [54]. As mentioned above, during
post-implantation development the genome acquires de novo methylation. However, the
placenta maintains a general hypomethylated epigenome compared to the embryo [55].
The placental methylome is organized into partially methylated domains (PMD) and highly
methylated domains (HMD) [56]. PMDs are large domains covering about 40% of the
genome with an average DNA methylation level of 45% (compared to 80% in HMDs) and
overall lower transcription levels than the rest of the genome. The placenta is the only
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lifelong memory of parental origin into the next generation (Figure 1) [69,70]. In humans,
some gDMRs are maintained exclusively in the placenta. This phenomenon is called
placenta-specific imprinting and has not yet been observed in the mouse [47,54,71–74].
Most placenta-specific imprinted genes are transient and retain methylation of maternal
origin set in the oocyte [54,71]. Placenta-specific imprinted genes show mono-allelic
methylation on the maternal allele in placental villi, cytotrophoblasts, trophoblast, and
mesenchyme mostly become unmethylated in somatic tissues [54,71]. The incomplete
demethylation of the maternal allele during preimplantation development or incomplete
de novo methylation of the paternal allele post-implantation are proposed as mechanisms
of placenta-specific imprinting [47].

4. Global Loss of Imprinting Results in Hydatidiform Molar Pregnancies

The two waves of DNA methylation reprogramming in the germline and the early
embryo are important for normal development. In particular, the establishment and mainte-
nance of imprints have been shown to be crucial for the maintenance of a healthy pregnancy.
Therefore, the loss of imprinting results in a variety of developmental abnormalities [21,75].
The most severe form is the hydatidiform mole (HM), which is a gestational abnormality
characterized by trophoblast overgrowth and the absence of embryo development [76].
In most cases, HM pregnancies occur sporadically and are the result of an androgenetic
embryo that has two paternal genome copies and is lacking the maternal copy. The lack
of the maternal copy consequently means that all maternal imprints are missing, while
the paternal imprints are fully methylated, which is thought to be the main factor driving
the HM phenotype. In mice, androgenetic pregnancies lacking maternal imprints show
similarities to the HM phenotype in that they are characterized by trophoblast overgrowth
and abnormal development of the embryo proper [77,78]. The lack of imprinting results in
the imbalance of imprinted gene expression. In a recent study using bipaternal mice, this
imbalance of expression was corrected at seven imprinted loci, which resulted in the birth
of live pups, highlighting the importance of mono-allelic expression of imprinted genes for
normal pregnancies [79].

In rare cases, HM are recurrent, and in most such instances, this coincides with a
biparental genome. These are termed biparental complete hydatidiform mole (BiCHM). The
majority of BiCHM pregnancies have been associated with mutations in the maternal-effect
genes NLRP7 (~75%) and KHDC3L (~5–10%) [25]. Recently, a patient with a PADI6 mutation
was identified [80]. In contrast to androgenetic HMs, BiCHM has a maternal copy of the
genome. Their phenotype is associated with widespread loss of methylation at (almost) all
maternal gDMRs in patients with disease variants in NLRP7 and KHDC3L [22,81–84]. Given
that only the maternal and not paternal gDMRs appear to be affected, it was suggested
that the loss of methylation originates in the oocyte. Indeed, a recent study assessing DNA
methylation in oocytes of a patient with a KHDC3L mutation showed that global DNA
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and regulates several essential cellular processes during the egg-to-embryo transition, such
as spindle assembly, chromosome alignment, and symmetric cell division in cleavage-stage
embryos [86,87]. The SCMC has since also been detected in other mammalian species,
including humans [85,88]. In humans, seven genes have, so far, been described to encode
proteins of the SCMC: NLRP5 (MATER), OOEP (FLOPED), TLE6, NLRP2, NLRP7, KHDC3L
(C6ORF221), and PADI6 [85,89–91].

The SCMC is localized in the subcortical region of the cytoplasm just below the cell
membrane or cortex of the oocyte and persists throughout preimplantation development
until the blastocyst stage, where it is excluded from regions with cell-cell contact. The
cytoplasmic localization of the SCMC makes a potential role in imprinting regulation all
the more intriguing. As discussed above, mutations in NLRP7, KHDC3L, and, potentially,
PADI6 are associated with BiCHM pregnancies. Other genes, including NLRP5, NLRP2,
NLRP7, PADI6, and OOEP, have been associated with MLID and miscarriages [22,27,28,92].
MLID is thought to occur from failure of gDMR maintenance in preimplantation embryos
because, in contrast to BiCHM, only a variable subset of gDMRs is affected in MLID.
The cause of the high frequency of miscarriages in some women with SCMC mutations
is unknown [22,27,28]. One possibility is that the number of imprinted genes affected
varies between offspring, and only milder cases develop to term. Another gene frequently
mutated in MLID is ZFP57 [66] which, together with DNMT1 and TRIM28, encodes
part of the DNA methylation maintenance machinery of gDMRs during preimplantation
development [93]. How the SCMC members impact the maintenance machinery remains
to be resolved. One possibility is that the SCMC functions as a regulator of cellular
organization and through that can regulate the localization of proteins involved in DNA
methylation, such as DNMTs. Indeed, knockout of Nlrp2 in mice disrupts the subcellular
localization of DNMT1, but not DNMT3A [94]. Immunofluorescence showed that DNMT1,
which was enriched in the cortex together with other SCMC proteins in control oocytes and
preimplantation embryos, had a more diffuse cytoplasmic rather than cortical localization
in maternal knockout zygotes [94]. This would suggest an involvement of NLRP2 in
DNA methylation maintenance, which fits with the association of NLRP2 with MLID in
humans [28,92]. Mid-gestation embryos and neonates from Nlrp2
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independent of imprinting disorders [100–104]. It has been proposed that there might be a
causal link between the SCMC, DNA methylation, and genome integrity, as imprinting
aberrations have been associated with aneuploidies in the embryos of patients with SCMC
mutations [21,22,28,75]. A role for the SCMC in ploidy is also supported by a mouse study,
in which maternal ablation of Khdc3 caused abnormal spindle assembly, chromosome
misalignment, and spindle assembly checkpoint inactivation during the early embryo



Genes 2021, 12, 1214 10 of 33

Table 1. Summary of familial and singleton variants within SCMC genes causing early embryonic lethality, MLID, and BiCHM.
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DAPIN (Domain in Apoptosis and Interferon response) domain. Protein arginine
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