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A Maternal Functional Module
in the Mammalian Oocyte-ToEmbryo Transition
Xukun Lu,1,2,3 Zheng Gao,1,3 Dandan Qin,1 and Lei Li1,2,*
Prior to zygotic genome activation, early mammalian development relies on
maternal-effect genes to orchestrate the oocyte-to-embryo transition.
Recently, a subcortical maternal complex (SCMC) was identiﬁed to be essential
for mouse preimplantation development. The SCMC integrates multiple proteins encoded by maternal-effect genes and appears to be functionally conserved across mammalian species. In addition, mutations in human SCMC
genes are associated with certain human reproductive disorders. Here, we
highlight recent advances in the biology of the SCMC and propose that this
complex may be a representative example of maternal functional modules in
mammalian oocyte-to-embryo transition. These ﬁndings may provide further
insights into the molecular regulation of mammalian early embryogenesis, with
possible implications for human early embryonic development and reproduction medicine.
Maternal Control of Mammalian Early Embryogenesis
At the beginning of mammalian life, the highly specialized oocyte is fertilized by sperm and is
remodeled into a totipotent zygote (see Glossary), paving the way for the oocyte-to-embryo
transition (Figure 1) [1]. During this process, asymmetric meiotic divisions of oocytes give way
to symmetric mitotic divisions of early embryos [1], cytoplasmic organelles undergo dramatic
redistribution [1], histone modiﬁcations and DNA methylation are dynamically reprogrammed [2–8], and the transcriptome undergoes transition from a maternal to a zygotic pattern
(Figure 1) [9–11]. Before zygotic genome activation, the oocyte-to-embryo transition occurs
in the absence of RNA transcription and initial development relies almost entirely upon
maternal-effect genes (Figure 1) [12]. These genes have been widely studied in nonmammalian species, particularly Drosophila melanogaster, for their critical roles in cell fate
determination and pattern formation [13]. However, the ﬁrst mammalian maternal-effect genes
were not identiﬁed until 2000 in mice [14,15]. Since then, dozens of maternal-effect genes have
been characterized in mammals, mainly in mouse models, and appear to have important roles
in numerous events of early embryogenesis, including the elimination of maternal mRNAs
and proteins, epigenetic remodeling in oocytes and early embryos, as well as zygotic genome
activation, all well described in other reviews [12,16,17].
Recently, a SCMC comprising multiple proteins encoded by maternal-effect genes was
identiﬁed for the ﬁrst time in mice and was found to have indispensable roles in mouse early
embryogenesis [18]. Here, we summarize the identiﬁcation and functions of the SCMC in mice,
explore the functional conservation of the SCMC across mammals, including humans, and
propose that this complex is a representative example of maternal functional modules in
mammalian early embryogenesis. We also discuss the potential research and clinical
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Trends
Apart from the mitochondria, nucleoli,
and various other individual maternal
factors in the oocyte, the SCMC has
been identiﬁed as an oocyte-toembryo-speciﬁc protein complex,
indispensable for the development of
early mouse life.
The SCMC comprises Mater, Filia,
Floped, Tle6, Zbed3, Nlrp2, and possibly Padi6 and other proteins, in mice.
All known components of the SCMC
are encoded by maternal-effect genes.
The SCMC orchestrates multiple
developmental events during the
mouse oocyte-to-embryo transition,
including zygotic genome activation,
F-actin dynamics, genome stability,
organelle organization, and DNA
methylation maintenance at imprinted
loci.
The SCMC is functionally conserved
across mammals, including humans.
Certain clinical human reproductive
disorders are associated with mutations in SCMC genes.
The SCMC acts as a representative
example of maternal functional modules, providing an opportunity to better
understand maternal control of early
embryogenesis in mammals, especially humans.
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implications and challenges of SCMC acting as a maternal functional module. This information
is timely, given the urgent need to fully understand the molecular regulation of mammalian early
embryogenesis, which could help in ﬁnding strategies to improve human clinical reproductive
health.

Discovery of the Subcortical Maternal Complex: From Molecule to Module
Floped: The Founding Member of the SCMC
Factor in the GermLine Alpha (Figla) is an oocyte-speciﬁc basic helix-loop-helix transcription
factor [19]. By investigating the functions of the downstream targets of Figla, Factor Located in
Oocytes Permitting Embryonic Development (Floped; ofﬁcial name, Ooep) was characterized
as important for mouse early embryogenesis [18]. In mice, Floped mRNAs are mainly restricted
to growing oocytes, gradually degraded during meiotic maturation, and are hardly detected in
cleavage-stage embryos [18]. However, Floped proteins are expressed in mouse early
embryos until the blastocyst stage [18]. Flopedtm/tm mice established with a gene-trapped
embryonic stem cell line have no obvious phenotype, except for female infertility (Table 1) [18].
The ovulated eggs from Flopedtm/tm female mice can be fertilized, but development of the
resulting embryos is arrested at early cleavage stages (Table 1) [18]. These data suggest that
Floped acts as a maternal-effect gene in mice, also supported by the similar results of another
gene-targeting study [20].
Investigations into the mechanisms of action of Floped identiﬁed Maternal Antigen That
Embryos Require (Mater; ofﬁcial name, Nlrp5), Filia (Latin for daughter; ofﬁcial name,
Khdc3) and Transducin-Like Enhancer of Split 6 (Tle6) as potential interacting proteins [18].
Floped, Mater, Tle6, and Filia were all precipitated in mouse ovarian lysates via rabbit antiFloped or anti-Tle6 antibodies, and the physical interactions of the four proteins were further
validated by co-expressing pairs of the four proteins with different tags in COS cells, followed by
co-immunoprecipitation and immunoblotting [18]. Notably, the four proteins largely colocalized
in the subcortex of mouse oocytes and early embryos, as evidenced by immunoﬂuorescent
staining and proximity ligation assays, the latter technology used to directly detect protein–
protein interactions in situ [18,21]. Fast protein liquid chromatography gel ﬁltration further
showed that these proteins formed a supramolecular complex with a molecular weight
between 669 kDa and 2000 kDa in mouse oocytes [18]. Lack of Floped, Mater, or Tle6 led
to the instability of other proteins and precluded the formation of the complex in mouse
oocytes, indicating that these may be founding, or core members of the complex [18,21].
Thus, the physical interactions and colocalization of these proteins, and the independence on
core members consistently point to the existence of a complex, designated the SCMC, in mice.
SCMC Proteins Are Encoded by Maternal-Effect Genes
The estimated molecular weight (669–2000 kDa) of the SCMC is larger than that of the sum of
the four proteins (255 kDa) described above [18], suggesting the existence of additional
partners in this complex. Consistent with this, Zinc ﬁnger, BED type-containing 3 (Zbed3) and
NLR family Pyrin domain-containing 2 (Nlrp2) were recently identiﬁed as novel components of
the SCMC in mice [22,23]. Based on the result obtained by tandem mass spectrometry after
immunoprecipitation with anti-Floped antibodies, Peptidyl Arginine Deiminase, type VI (Padi6)
may also participate in the SCMC [18].
The expression of all known SCMC components is predominantly restricted to the ovaries in
adult tissues [15,18,21–26]. Similar to that of Floped, the mRNAs of Mater, Filia, Tle6, Nlrp2,
Zbed3, and Padi6 accumulate in growing murine oocytes and their levels drastically decrease
after fertilization. However, the proteins persist in mouse preimplantation embryos, at least
before the blastocyst stage [15,18,21–26]. Disruption of individual SCMC genes has little effect
on ovarian function and ovulation in mice. However, loss of individual SCMC components led to

Glossary
Beckwith–Wiedemann syndrome:
overgrowth syndrome affecting
human infants. Children with this
syndrome are generally born with
macrosomia (larger and taller body
than their peers), macroglossia
(larger tongue), and omphalocele
(open wall of the abdomen), and
often have an increased risk of
developing certain cancers in
childhood. This syndrome is often
associated with aberrant imprinting.
Blastomeres: cells in the early
embryo produced by cleavage of the
zygote.
BrUTP incorporation: method used
to measure the transcription
competence of a cell by labeling
RNA with bromouridine 50 triphosphate (BrUTP).
Cleavage stages: the stages during
which the zygote gradually divides
into smaller blastomeres. The
cleavage stage ends with the
formation of the blastocyst.
Cytoplasmic lattices (CPLs): also
called cytoplasmic sheets, an
oocyte- and early embryo-speciﬁc
ﬁbrillar superstructure in mammals.
The identity and function of CPLs are
currently not clear.
DNA methylation: a type of
epigenetic modiﬁcation in which
methyl groups are covalently linked
to DNA.
Elimination of maternal mRNAs
and proteins: a process during
which mRNAs and proteins
accumulated during oocyte growth
are degraded after oocyte maturation
and fertilization; essential for
mammalian early embryogenesis.
F-actin meshwork: also termed Factin cloud, a cytoplasmic F-actin
structure surrounding the spindle in
the dividing oocyte and zygote that is
considered to be essential for the
positioning and migration of the
spindle.
Familial biparental hydatidiform
moles: a human maternal effect
autosomal recessive inherited
disorder in which affected women
display normal development, but
suffer from repeated pregnancy
failure due to hydatidiform moles that
contain both maternal and paternal
genomic inheritance.
Fast protein liquid
chromatography gel ﬁltration: a
liquid chromatographic method for
separation of molecules based on
their sizes and is often used to
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either sterility or subfertility in female mice (Table 1) [15,18,21–23,27,28]. For example, maternal
depletion of Mater, Tle6, or Padi6 blocked early development at the two-cell stage in mice
[15,21,27], similar to the observation in Floped-null female mice (Table 1) [18]. Lack of maternal
Filia, Zbed3, or Nlrp2 impaired preimplantation development and led to reduced fecundity in
mice (Table 1) [22,23,28]. The speciﬁc expression patterns and physiological roles of SCMC
genes in early embryonic development indicate that they all act as maternal-effect genes in
mice.
The SCMC is the ﬁrst maternal complex successfully characterized by genetic and biochemical
approaches. Given that all known components of the SCMC are encoded by maternal-effect
genes, it appears that the SCMC works as a maternal functional module at a higher regulatory
level to organize maternal-effect genes regulating mammalian early embryogenesis, at least in
mouse models.

The Functions of SCMC in the Mouse Oocyte-To-Embryo Transition: One
Module, Many Possibilities
The SCMC Controls the Spindle Position by Regulating the Actin Cytoskeleton
The murine oocyte-to-embryo transition is accompanied by the shift from asymmetric meiotic
division to symmetric mitotic division, possibly under the control of the cytoplasmic F-actin
meshwork (Figure 1) [29,30]. Lack of maternal Tle6 dramatically increased the number of twocell embryos with unequal-sized blastomeres in mice (Table 1) [21]. Consistently, an off-center
spindle and malformation of the F-actin meshwork have been frequently observed in Tle6mutant zygotes [21]. Furthermore, the SCMC interacts with Coﬁlin, a key regulator of F-actin
assembly, and disruption of the SCMC was found to affect the localization and activity of Coﬁlin
in zygotes from Tle6-deﬁcient female mice [21]. These results suggest that the SCMC functions
to regulate the F-actin cytoskeleton via Coﬁlin in mouse zygotes, thus controlling spindle
position and ensuring the symmetric division of zygotes (Figure 2). Compromised cytoplasmic
F-actin cytoskeleton and off-center spindle were also observed in murine Mater-, Floped-, and
Zbed3-null oocytes and zygotes (Table 1) [21,22,31,32]. However, the localization and activity
of Coﬁlin were not overtly affected in Zbed3-null oocytes and zygotes, suggesting that the
SCMC also regulates F-actin through other pathways [22]. Thus, these data suggest that the
SCMC regulates the actin cytoskeleton to control spindle position and cell division in mouse
oocytes and zygotes (Figure 2).
The SCMC Regulates Cytoplasmic Lattice Formation
Cytoplasmic lattices (CPLs) are distributed throughout the cytoplasm of oocytes and early
embryos and have been reported in several species of mammals, including mice, rats,
hamsters, pigs, monkeys, and humans [34]. CPLs have long been speculated to be the
storage site of maternal ribosomes and RNAs, and might be involved in protein synthesis
[35]. Intermediate ﬁlaments, such as keratin, were reported to be embedded in this superstructure, leading to the notion that these lattices might be unique cytoskeletal elements in
mammalian oocytes and early embryos [36]. However, the exact identity and function of CPLs,
and how they are formed, remain enigmatic.
Recently, several studies have shown that the function and identity of CPLs are related to
SCMC. Floped, Mater (two core components of the SCMC), and Padi6 were observed to reside
in mouse oocyte CPLs [20,26,27,37]. Depletion of these proteins in genetically modiﬁed mice
resulted in disassembly of CPLs (Table 1) [20,37,38]. From these data, it was postulated that
the SCMC is identical to the CPL [20,39]. However, CPLs are also absent in Zbed3 (a non-core
component of the SCMC)-null oocytes (Table 1), where core SCMC proteins are hardly affected
and can interact with each other [22]. Thus, although the SCMC is likely closely associated to
CPLs, given the shared proteins, the data do not support the notion that the SCMC is identical
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separate diverse proteins or protein
complexes based on their molecular
weight, or to determine the molecular
weight of proteins. Proteins are
eluted in order of decreasing
molecular weight.
Female-limited sterility: infertility
phenotype caused by certain gene
(s), restricted to females.
Fragmentation: a phenomenon in
which blastomeres are broken into
debris due to failure of development.
Histone modiﬁcations: a type of
epigenetic modiﬁcation in which
certain chemical groups are
covalently linked to speciﬁc amino
acids (such as lysine and arginine) of
histones, including methylation,
phosphorylation, acetylation, and
ubiquitylation.
Hydatidiform moles: an abnormal
form of pregnancy in which the
placenta contains grapelike vesicles
that arise from ﬂuid-ﬁlled chorionic
villi.
Maternal-effect genes: genes
transcribed during oocyte maturation
that support fertilization and early
embryogenesis.
Module: discrete functional unit in
which multiple subunits are
integrated together and function
more efﬁciently.
Multi-locus imprinting
disturbances: disturbed methylation
status (often hypomethylation) at
multiple imprinted differentially
methylated regions.
Oocyte-to-embryo transition:
developmental process during which
a fully-grown oocyte undergoes
maturation and fertilization, and
enters embryonic developmental
programs.
Preimplantation embryos:
embryos in the early developmental
period from fertilization to
implantation into the uterus.
Protracted delay: preimplantation
embryos develop much slower than
normal.
Proximity ligation assays:
technology to directly and visually
detect protein–protein interactions in
situ based on primary antibodies and
oligonucleotide-conjugated
secondary antibodies that act as
probes. If the probes are in close
proximity (e.g., due to a protein–
protein interaction), the
oligonucleotides hybridize with each
other and participate in the formation
of circular DNA, which can then be
ampliﬁed by polymerase chain
reaction. When ﬂuorescent-labeled

to the CPL. It is more likely that the SCMC functions upstream of the CPL. Alternatively, the
SCMC and CPL in mice may be two interactive, but discrete modules that share certain
subunits (i.e., Mater, Floped, and Padi6).
The SCMC Is Involved in Organelle Distribution and Function
The oocyte-to-embryo transition features dynamic, functionally adaptive, organelle reorganization (Figure 1). One study revealed that oocytes from Mater-knockout female mice exhibited a
signiﬁcant elevation of mitochondrial membrane potential due to abnormally increased mitochondrial respiratory activity, which further led to increased levels of reactive oxygen species
(ROS) and decreased mitochondrial number (Table 1) [40]. Moreover, while active mitochondria
were enriched in the subcortex of normal mouse oocytes, the counterparts were dispersed in a
disorderly and unsystematic fashion throughout Mater-null ooplasm (Table 1), which might
affect signaling events associated with developmental competence [40]. In addition, the
distribution of endoplasmic reticulum (ER) was also disturbed in Mater-null oocytes (Table 1)
[32]. Furthermore, the ER abnormalities led to diminished intracellular Ca2+ stores as well as
signiﬁcantly lower ﬁrst peak amplitude and higher frequency of Ca2+ oscillations in Mater-null
metaphase II (MII) oocytes, which has been predicted to be one of the causes of the later
developmental arrest of the two-cell embryos derived from Mater-null oocytes in mice [32].
Consistently, the disorganized distributions of mitochondrial and ER were also observed in
Tle6-, Padi6- and Zbed3-null mouse oocytes [22,33]. These data suggest that the SCMC is
required for the function and distribution of organelles in mouse oocytes (Figure 2).
The SCMC might also be involved in zygotic genome activation, as evidenced by decreased
levels of BrUTP incorporation as well as of the transcription required complex (TRC),
indicators of zygotic genome activation, in Mater- or Padi6-null two-cell embryos in mice
(Table 1) [15,38]. In addition, the presence of the RNA-binding Filia-N KH-like domain in murine
Filia and Floped implies that these proteins have potential roles in RNA metabolism, such as in
modulating maternal mRNA localization and degradation [41,42]. Together, these data suggest
that the SCMC organizes maternal-effect genes into a unique functional module to control Factin dynamics, CPL formation, organelle distribution, and perhaps zygotic genome activation
and RNA metabolism in mouse oocytes and early embryos (Figure 2). The regulation of these
processes is important for the developmental competence of mouse oocytes during the
oocyte-to-embryo transition (Figure 1). However, how the SCMC and its components regulate
these processes requires further investigation.

complementary oligonucleotides are
added, the resulting ﬂuorescence
signal can be detected and viewed
with a ﬂuorescence microscope.
Silver–Russell syndrome: or Silver–
Russell dwarﬁsm. A disorder
characterized by slow growth before
and after birth. Abnormal imprinting
can be associated with this
syndrome, for example due to
hypomethylation of H19 and IGF2.
Subcortical maternal complex
(SCMC): maternal complex that
comprises several maternal-effect
gene-encoded proteins, including
Mater, Filia, Floped, Tle6, Zbed3,
Nlrp2, and possibly Padi6 in mice.
The SCMC forms during murine
oogenesis and localizes primarily to
the subcortex of oocytes and
preimplantation embryos; it is
required for mouse early
embryogenesis and might be
conserved across mammalian
species, including humans.
Transcription required complex
(TRC): a protein complex identiﬁed
during zygotic genome transition in
mice and the presence of which is
often used as a marker for zygotic
genome activation. The identity and
function of the complex remains
unclear.
Zygote: the one-cell embryo
resulting from fertilization of an
ovulated egg by a sperm.
Zygotic genome activation:
developmental event during which
the embryonic genome becomes
activated and initiates transcription at
speciﬁc stages depending on the
species, becoming the primary
regulator of development.

Functional Conservation of the SCMC Module across Mammalian Species:
Beyond Mice
SCMC Components Are Conserved in Mammals
By searching public genome databases, genomic information of almost all the known components of the SCMC (Mater, Filia, Floped, Tle6, Zbed3, Nlrp2, and Padi6) can be found in other
mammals, including monkeys, dogs, cattle, and rats (Figure 3). Main domains of individual
proteins appear to be relatively conserved based on the conserved domains annotated in the
Conserved Domain Database by sequence alignment (Figure 3). Moreover, individual components of the SCMC (MATER, FLOPED, TLE6, and FILIA) have been experimentally characterized as oocyte-embryo-speciﬁc genes in pigs, sheep, cattle, and monkeys [43–47].
Human MATER is expressed in an oocyte-speciﬁc manner and the protein accumulates during
oogenesis [48]. In addition, using reverse-transcription, FILIA was previously reported to be
present in human oocytes [49]. In fact, all SCMC proteins have human homologs that share 36–
68% identity with their mouse counterparts (Figure 3) [18]. MATER, FILIA, FLOPED, and TLE6
mRNAs are speciﬁcally expressed in human oocytes and early embryos [50]. Their proteins
colocalize in the subcortex of human oocytes and early embryos, and physically interact when
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Figure 1. The Oocyte-to-Embryo Transition in Mice and Humans. Fusion of the sperm and egg at fertilization marks the critical oocyte-to-embryo transition in
mammals, which comprises several key developmental events. At the cellular level, asymmetric meiotic division gives way to symmetric mitotic division. Meanwhile, the
distribution of organelles, such as the endoplasmic reticulum (ER) and mitochondria, is dynamically reorganized. At the molecular level, the paternal and maternal
genomes are demethylated in both active and passive patterns. Maternal mRNAs are gradually degraded around fertilization and the zygotic genome is activated after
several rounds of cleavage. Zygotic genome activation occurs at the one–two-cell stage in mice and at the four–eight-cell stage in humans. Abbreviations: E, embryonic
day; hZGA, zygotic genome activation in humans; mZGA, zygotic genome activation in mice.

pairs of them are co-expressed in HEK293T cells [50]. Thus, a human SCMC (hSCMC) might
also exist [50].
The conservation of homologs of SCMC components in other mammals and the presence of a
hSCMC raise the hypothesis that these genes function in humans and other mammals in a
similar manner as they do in mice. However, this has not been directly tested. In partial support
of this notion, disruption of maternal MATER using small interfering (si)RNA in rhesus macaques
and pigs resulted in arrested embryogenesis at the 8–16-cell and 2–8-cell stages, respectively
[43,44]. In addition, the expression of SCMC genes in sheep might be related to the developmental potential of oocytes, based on observations of delayed degradation of SCMC transcripts in early embryos derived from developmentally incompetent oocytes [45].
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Table 1. Effects of the Mutations in SCMC Genes on Mouse and Human Early Embryogenesis.
Gene

Ofﬁcial symbol in mice

Phenotype of null strains

Ofﬁcial symbol
in humans

Clinical manifestation of individuals
with mutation

Refs

Mater

Nlrp5

Reduced embryonic transcription; lack of
CPLs; increased ROS; disturbed
mitochondria distribution; defective
cytoplasmic F-actin meshwork; two-cell arrest

NLRP5

Multilocus imprinting disturbance;
pregnancy losses

[15,21,31,
32,37,40,56]

Filia

Khdc3

Chromosome instability; aneuploidy;
reduced fecundity; defective cytoplasmic
F-actin meshwork

KHDC3L

Recurrent familial biparental
hydatidiform moles

[28,31,49]

Floped

Ooep

Deferred cell cycle progression; compromised
cytoplasmic F-actin meshwork; asymmetric
cleavage; lack of CPLs; two-cell arrest

OOEP

No information

[18,20,21]

Tle6

Tle6

Asymmetric cleavage; lack of cytoplasmic
F-actin meshwork; two-cell arrest; defective
organelle redistribution

TLE6

Arrest of early embryos; delayed
cell cycle

[21,22,60]

Zbed3

Zbed3

Asymmetric cleavage; disturbed organelle
organization; lack of CPLs; reduced fecundity

ZBED3

No information

[22]

Nlrp2

Nlrp2

Abnormal oocyte morphology and follicle
maturation; subfertility

NLRP2

Imprinting disorders in
Beckwith–Wiedemann syndrome

[23,57]

Padi6

Padi6

Two-cell arrest; lack of CPLs; disturbed zygotic
genome activation; defective organelle redistribution

PADI6

Recurrent early embryonic loss;
defective zygotic genome activation

[27,33,38,
58,59]

Mutations in SCMC Genes Correlate with Human Reproductive Disorders
In recent years, mutations in hSCMC genes have been discovered and have been linked to
certain human reproductive disorders (Table 1). FILIA is the ﬁrst hSCMC gene to be identiﬁed
that, when mutated, reportedly causes familial biparental hydatidiform moles (Table 1)
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Figure 2. Involvement of the Subcortical Maternal Complex (SCMC) in the Oocyte-to-Embryo Transition in
Mice. The SCMC regulates diverse aspects of the oocyte-to-embryo transition, including the transition from asymmetric
meiosis to symmetric mitosis, the rearrangement of endoplasmic reticulum (ER) and mitochondria, RNA metabolism, and
zygotic genome activation (ZGA). Abbreviations: MI, metaphase I; MII, metaphase II.
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Figure 3. Conservation of Subcortical Maternal Complex (SCMC) Components across Mammals. The sequences of SCMC homologous proteins in
several typical mammalian species were obtained from NCBI HomoloGene (www.ncbi.nlm.nih.gov/homologene/). The main domains in individual proteins are labeled in
different colors. The identities of the homologs to mouse proteins are shown in parentheses. Domain information: DUF1103, repeat of unknown function; Pyrin-NALPs,
Pyrin Death Domain found in NALP proteins; NACHT, NTPase domain; leucine-rich repeat, a motif involved in protein–protein interactions; FILIA-N-like, FILIA-N KH-like
domain, may be involved in RNA binding; WD repeat, domain involved in protein–protein interactions; ZnF_BED, BED zinc ﬁnger, a DNA-binding domain; PAD_N,
protein-arginine deiminase (PAD) N-terminal domain, without catalytic activity; PAD_M, protein-arginine deiminase (PAD) middle domain, without catalytic activity; PAD,
protein-arginine deiminase (PAD), with catalytic activity. Abbreviation: NI, no information.

[49]. Accumulating clinical evidence shows that mutations in FILIA, as well as in NLR family pyrin
domain containing 7 (NLRP7) might be speciﬁc for biparental hydatidiform moles, because
no correlation has been found to date between FILIA or NLRP7 mutations with diploid
androgenetic hydatidiform moles, partial moles, or triploid moles, or with other human reproductive complications [51–55]. Recently, maternal-effect MATER mutations were identiﬁed in
ﬁve out of 33 multi-loci imprinting disturbance imprinting disorder pedigrees (Table 1) [56].
Notably, apart from imprinting-disordered reproductive outcomes, such as Beckwith–Wiedemann syndrome and Silver–Russell syndrome, women with MATER mutations have
reported periods of pregnancy losses, including molar pregnancy (Table 1) [56]. A homozygous
frameshift mutation in NLRP2 was also reported in a mother of two children with Beckwith–
Wiedemann syndrome, implying the potential involvement of NLRP2 in imprinting maintenance
in humans (Table 1) [57]. In addition, mutation of PADI6 has been found to be the cause of some
cases of human early embryonic arrest with resulting sterility, partially due to impaired zygotic
genome activation (Table 1) [58,59]. These data suggest that mutations of individual SCMC
genes are correlated with human reproductive disorders, including pregnancy losses, molar
pregnancies, and/or imprinting disorders.
By exploiting the information from consanguineous families for recessively acting genes that
lead to embryonic lethality in humans, one report identiﬁed two families with female-limited
sterility resulting from a single mutation in TLE6 (Table 1) [60]. Similar to the observations in
Tle6-knockout mice, mutation of TLE6 in humans has little effect on ovulation and fertilization
[60]. However, protracted delay and fragmentation are frequently observed in TLE6- mutant
zygotes during the cleavage stage [60]. The impairment of human fertility by a TLE6 mutation
was further shown to be related to abrogated TLE6 phosphorylation by Protein Kinase A (PKA),
which might be critical for oocyte maturation [61]. In addition, TLE6 mutation also led to
compromised protein binding to other components of the hSCMC, such as FILIA and FLOPED
[60]. These data suggest that interactions between the SCMC proteins are also important for
human early embryonic development.
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Overall, relative to murine ﬁndings, it is possible that the SCMC module is conserved in various
mammalian species, with similar and/or essential functions during early embryonic development. However, extensive and robust research in various mammalian species, including
humans, will be required to fully validate this hypothesis.

How Many More Maternal Functional Modules Exist in the Mammalian
Oocyte-to-Embryo Transition?
Many important cellular and molecular processes, such as vesicular trafﬁcking, signal transmission, DNA replication, DNA damage response and repair, and RNA synthesis and degradation, are conducted by highly coordinated functional modules [62]. For mammalian oocytes
and early embryos, apart from common functional modules shared with other systems {e.g.,
the Replication protein A (RPA) complex required for the DNA damage response [63,64] and
the CCR4-NOT complex involved in RNA degradation [65–68]}, speciﬁc maternal modules
might be present in these cells to facilitate the regulation of the oocyte-to-embryo transition.
The zona pellucida (ZP) is a well-established example of a functional module in mammalian
oocytes and preimplantation embryos. The ZP is a glycoprotein complex that comprises maternal
gene-encoded Zp1, Zp2, and Zp3 in mice, and ZP1, ZP2, ZP3, and ZP4 in humans [69,70]. It
protects oocytes and early embryos, mediates species-speciﬁc gamete recognition, and blocks
polyspermy, ensuring successful fertilization and development [71]. Another example is the
aforementioned CPLs, which are consistently and speciﬁcally observed in the cytoplasm of
oocytes and early embryos in various mammalian species [34]. Presently, the identity and
functions of these ﬁbrillar superstructures are largely unclear; however, we speculate that the
CPL may be one more discrete module and share some subunits (Mater, Floped, and Padi6) with
the SCMC [20,37,38]. Thus, the SCMC appears to be one representative example of numerous
maternal functional modules that may have important roles in the oocyte-to-embryo transition.
The characterization and function of these modules in mammals remains to be fully dissected.

Concluding Remarks
The SCMC was ﬁrst identiﬁed in mice as a speciﬁc maternal protein complex for integrating
multiple maternal-effect genes to modulate zygotic genome activation, cell division, and
organelle rearrangement during the mouse oocyte-to-embryo transition. Of relevance, the
SCMC appears to be conserved among mammals, including humans. Thus, we posit that the
existence of the SCMC, as well as its putative function, might be further extended to most
mammalian species, eliciting the notion that the SCMC might serve as a representative
functional module in the mammalian oocyte-to-embryo transition. However, as a module
for maternal regulation in mammals, why and how the multiple functional subunits interact
with each other to work together is yet to be revealed (see Outstanding Questions and Box 1).
Additionally, despite limited information regarding the functions of individual subunits of the
SCMC, detailed molecular and functional insights into this maternal module and how it
orchestrates oocyte-to-embryo transition in mammals remain lacking.

Outstanding Questions
How is the SCMC organized? Do other
components exist that contribute to
the maternal functional module in the
oocyte-to-embryo transition? How do
members of the SCMC interact with
and functionally affect each other?
What is the structure of the SCMC?
What are the exact functions of the
SCMC and its speciﬁc components
during the mammalian oocyte-toembryo transition and what are the
underlying molecular mechanisms?
How does the SCMC regulate zygotic
genome activation, F-actin dynamics,
and organelle organization?
What is the relationship between the
SCMC and the CPLs? Does SCMC
function upstream of the CPLs, or
are they two interactive but discrete
modules?
Do some clinical human reproductive
disorders correlate with mutations of
other SCMC components (such as
FLOPED and ZBED3) and how is the
pathogenesis of these diseases
impacted by dysfunction of the SCMC
or its individual constituents?
How informative are studies of the
SCMC in mice for human reproductive
medicine? What are the differences
and correlations between murine and
human mutants of SCMC genes?
How many more maternal functional
modules of the oocyte-to-embryo
transition exist in mammals? What is
their identity and function?

To answer these questions, reconstitution of the SCMC in vitro coupled with structural biology
techniques to solve the structure of the SCMC might help to understand the stoichiometry and
interaction patterns between proteins in this module. Also, transplantation of the SCMC into other
cell types, such as embryonic stem cells, may be a feasible way to conﬁrm the module notion and
gain new insights into its function. Moreover, genetic manipulation of the SCMC genes, for
example using the efﬁcient and powerful CRISPR/Cas9 system in larger mammals, especially
in nonhuman primates, may be necessary to provide functional and mechanistic clues to the
SCMC module in mammals, particularly humans. We encourage and foresee in-depth investigations of the SCMC module, which would signiﬁcantly promote our understanding of the
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Box 1. Clinician’s Corner
Human reproductive disorders and recurrent embryo loss frequently occur, even during the very early stages of
embryogenesis, for unexplained reasons. Mounting evidence has provided clues that maternal factors (FILIA, NLRP7,
MATER, TLE6, and PADI6) might contribute signiﬁcantly to these cases.
Similar to the SCMC in mice, a hSCMC comprising MATER, FILIA, FLOPED, and TLE6 that might also associate with
other maternal factors (NLRP2, ZBED3, and PADI6) was recently identiﬁed and characterized in human oocytes and
preimplantation embryos [50].
Certain human reproductive disorders have been associated with mutations of SCMC genes. Mutation of FILIA causes
familial biparental hydatidiform moles. MATER and NLRP2 mutations correlate with multi-locus imprinting disturbance and imprinting disorders in Beckwith–Wiedemann syndrome, respectively. Mutations (and, hence, dysfunction) of TLE6 or PADI6 could lead to a more severe early embryonic arrest phenotype in humans.
A better understanding of human SCMC and the characterization of novel components in this maternal complex might
help explain a subset of human clinical reproductive disorders.
Disintegration of the SCMC as a result of compromised interactions between core components can impair early
embryogenesis in mice. Based on this feature, the regions or sites that mediate interactions between core components
in the hSCMC might be attractive targets for further research in reproductive medicine.

maternal regulation of mammalian early embryogenesis at a molecular level, with the aim of gaining
new insight into human early embryonic development and the pathogenesis of certain female
reproductive diseases, such as early recurrent embryo loss and imprinting disorders.
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