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Abstract
Putative RNA-binding proteins (RBPs), zygote arrested-1 (ZAR1), and ZAR2 (also known as ZAR1L), have been identi-
fied as maternal factors that mainly function in oogenesis and embryogenesis. Despite divergence in their spatio-temporal 
expression among species, the CxxC structure of the C-terminus of ZAR proteins is highly conserved and is reported to be 
the functional domain for the activity of the RBPs of ZAR proteins. In oocytes from Xenopus laevis and zebrafish, ZAR pro-
teins have been reported to bind to maternal transcripts and inhibit translation in immature growing oocytes, whereas in fully 
grown mouse oocytes, they promote the translation during meiotic maturation. Thus, ZAR1 and ZAR2 may be required for 
the maternal-to-zygotic transition by stabilizing the maternal transcriptome in oocytes with partial functional redundancy. In 
addition, recent studies have suggested non-ovarian expression and function of ZAR proteins, particularly their involvement 
in tumorigenesis. ZAR proteins are potentially associated with tumor suppressors and can serve as epigenetically inactivated 
cancer biomarkers. In this review, studies on Zar1/2 are systematically summarized, and some issues that require discussion 
and further investigation are introduced as perspectives.

Keywords  RNA-binding proteins · Meiosis · mRNA homeostasis · Oocyte · Zygote · Maternal-to-zygotic transition · 
Tumorigenesis

Introduction

RNA‑binding proteins (RBPs)

RBPs interact with RNAs by recognizing specific structures 
or motifs and forming ribonucleoprotein complexes [1–3]. 
To date, many biological events involving RNA have been 
confirmed to be regulated by RBP interactions, such as pro-
cessing [4], alternative splicing, translation, translocation, 
and degradation [4–9], for which the specificity and affinity 
of the binding are vital.

To accurately recognize and bind to target transcripts, 
divergent functional domains are acquired, which are gener-
ally known as RNA-binding domains. An RBP commonly 
comprises more than one RNA-binding domain [10], some 
of which interact with other proteins to regulate the fate of 
transcripts. Zinc finger domains have been widely identified 

in many RBPs, which function via a Zn2+-dependent mecha-
nism. Zinc finger domains may bind to nucleic acids or pro-
teins owing to their divergent structures [11, 12], with the 
arrangement of cysteine residues being a crucial contributor 
[10, 12].

Oogenic meiosis is vital for the reproduction of animals, 
during which transcription is silenced, and physiological 
activities are determined by accumulated maternal tran-
scripts [13, 14] thus, oocytes are an ideal model to explore 
the post-transcriptional regulatory mechanisms of RBPs. 
Many RBPs have been identified in oocytes [13, 14], some 
of which are known as oocyte-specific maternal RBPs [7, 
8]. As these RBPs appear to be functionally important for 
maintaining homeostasis of the maternal transcriptome, in-
depth research on their mechanisms is needed.

Oocyte meiosis

In mammals, the biogenesis of germ cells between males 
and females is remarkably different. After sex differentia-
tion, female germ cells undergo mitotic proliferation and 
enter meiosis until they are arrested at the diploid stage of 
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prophase before birth [15, 16]. However, the male germ cell 
line maintains the ability to renew after birth [17]. Thus, 
owing to the finiteness of oocyte quantity in postnatal 
females, the quality of oocytes is considered one of a deter-
mining factors of fertility in female mammals [13, 14].

Prolonged and discontinuous meiosis occurs throughout 
oogenesis [13, 16], and oocyte development arrested at the 
prophase of the first meiotic division for decades. Thereafter, 
the meiotic-resumed oocytes continuously develop into met-
aphase of the second meiotic division and are arrested for 
the second time, but are not reactivated until fertilized [17]. 
Thus, the normal process of meiosis is one of the criteria for 
determining the developmental quality of oogenesis [18, 19].

As oocytes resume meiosis I at the beginning of ovula-
tion, ensuring normal oocyte development is important. At 
this stage, with the completion of genomic DNA methyla-
tion [20], transcriptional silencing events occur in meiotic 
oocytes; thus, the accumulation of maternal transcripts 
in growing oocytes is vital for subsequent developmental 
competence [17]. Accordingly, genes that are specifically 
expressed and functional for maternal transcriptome homeo-
stasis at this stage have been widely studied.

Maternal‑to‑zygotic transition (MZT)

The destination of oogenesis is fertilization; thus, the 
potency of embryogenesis is an important criterion for the 
quality of oocytes [17]. As transcription is silenced in mei-
otic oocytes until zygotic genome activation (ZGA) after 
fertilization, some of the maternal mRNAs transcribed in 
growing oocytes are also vital for the early stage of embry-
ogenesis [13, 21, 22]. Thus, the balance between transla-
tion and degradation of maternal transcripts is essential 

for the transition of development control from maternal 
to zygotic genes, a process called the maternal-to-zygotic 
transition (MZT).

As RBPs are closely related to the post-transcriptional 
regulation of RNA, they play important roles in MZT [23]. 
Zygote arrested-1 (Zar1) was first identified in Mus mus-
culus as one of the earliest discovered maternal factors 
during MZT [3, 7, 24], and Zar2 (also known as Zar1-
like, Zar1l) was found to be homologous to Zar1 [2, 3, 
25]. Both Zar1 and Zar2 are important for MZT with par-
tial functional redundancy, which may be related to their 
RNA-binding capacity [8]. ZAR proteins do not conform 
to the general definition of an RBP or a maternal factor for 
the following reasons.

(1)	 As RBPs, ZAR1 and ZAR2 lack typical RNA-binding 
domains and possess an atypical zinc finger domain, 
of which the structures are highly conserved among 
species [2, 7, 8, 24–27] (Fig. 1).

(2)	 As maternal factors, Zar1 and Zar2 are expressed as 
early as the growing stage of oogenesis, that is, oocytes 
in primary, secondary, and early antral follicles, and 
play partially redundant roles in maintaining the sta-
bility of the maternal transcriptome, subsequently 
influencing embryogenesis [2, 8, 28]. In comparison, 
the typical maternal factors regulating MZT, such as 
BTG4, CNOT6L, and PABPN1L, are stored in growing 
oocytes as mature mRNAs and are transiently trans-
lated into proteins after meiotic resumption, which is 
the final stage of oogenesis.

(3)	 The temporal expression of Zar1 and Zar2 in murine 
oocytes is highest during oocyte growth and gradually 
decreases until disappearance in 2-cell stage, which is 
unique compared to other typical maternal effectors, 
such as MSY2, BTG4, PABPN1L, or PADI6 [29–31] 
(Fig.  2). As discussed later, new genetic evidence 
reveals that ZAR1/2 are required as early as in grow-
ing oocytes instead of functioning after fertilization. 
This is consistent with their expression pattern but is 
remarkably different from other well-established mater-
nal factors.

Thus, the function of ZAR proteins needs to be clari-
fied. In this review, we summarize the research progress 
of Zar1 and Zar2 using existing studies and propose pros-
pects for further studies that have not been elucidated.

Of note, another ‘ZAR1’ (HOPZ-ACTIVATED RESIST-
ANCE 1) was discovered in Arabidopsis, which is reported 
to recognize foreign pathogens and activate immunity to 
resist invasion [32]. ‘ZAR1’ in plants completely differs 
from the vertebrate Zar1 reviewed in this article [32].

Fig. 1   Of ZAR1 and ZAR2 among species. A Phylogenetic tree, 
schematic, amino acid identity (%), and sequence alignment of 
ZAR1 and ZAR2 among species. B Sequence alignment to display 
the amino acid similarity of the C-terminus between ZAR1 and 
ZAR2. The interleaved bar plot shows the conservation of amino 
acids and zinc-finger domains between ZAR1 and ZAR2. The grey 
boxes highlight the distinguishing residues, and the red deltas indi-
cate the completely conserved residues among the chosen species. 
The protein sequences of Zar1/2 were collected from NCBI using 
the following reference sequences: Homo sapiens (NP_783318.1/
NP_001130043.1), Mus musculus (NP_777366.1/NP_001153165.1), 
Xenopus laevis (NP_001083958.1/NP_001153159.1), Bos taurus 
(NP_001069671.1/NP_001120912.1), Sus scrofa (NP_001123428.1/ 
P_020920840.1), Danio rerio (NP_919362.2/NP_001186296.1), and 
Gallus gallus (XP_003641256.4/NP_001165014.2). The phylogenetic 
tree and sequence alignment were generated in Jalview using protein 
sequences analyzed by ClustalX. A schematic was scaled in propor-
tion to the position of amino acids, and domain information was 
obtained from UniProt (Znf refers to zinc finger domain). Amino acid 
identity was calculated using Vector NTI 10

◂
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Zar1 and Zar2

History of Zar1 and Zar2

Zar1 was discovered by Wu in 2003 [24] and was defined as 
one of the first discovered oocyte-specific maternal factors 
in mice, because the deficiency of Zar1 has no effect on the 
development of mice but causes infertility in female mice, 
resulting in the arrest of zygotes at the two-cell stage [8, 24].

The orthologs of Zar1 have been successively identified 
among species [7, 24, 26, 27, 33, 34]. ZAR1 may function 
as a maternal RBP, which causes translation repression when 
deleted in Xenopus and zebrafish [25, 35]. According to 
Rong et al. [8], the transcriptome is dysregulated in Zar1/2 
knockout oocytes, thereby further confirming the role of 
ZAR1 as an RBP. Recently, two novel rare SNPs of ZAR1, a 
homolog of Zar1 in humans, were reported to be potentially 
associated with human zygote arrest [36].

Zar2 was first identified in bovine by Sangiorgio [25]. 
Owing to the similarity in structure between Zar1 and Zar2, 
but difference in localization on chromosome of Zar2 as 
Zar1, Zar2 was first called Zar1l. In 2013, Yamamoto et al. 
[26] formally distinguished Zar1 and Zar2 by identifying 
12 conserved amino acid differences at the C-terminus 
(Fig. 1B) and synteny [26]. Studies on Zar2 have been 
conducted on various species [2, 3, 25]. In 2010, the func-
tion of Zar2 in mice was first reported by Hu et al., which 
indicated that Zar2 is vital for embryogenesis [2]. Subse-
quently, the functional similarity between Zar2 and Zar1 in 
Xenopus revealed that Zar2 bound to mRNA and repressed 

translation in early oocytes [3, 26]. However, the results of 
in vivo experiments performed by Rong showed that Zar2 
gene knockout led to a slight downregulation of the oocyte 
development rate in mice [8].

By establishing Zar1/2 double knockout in mice, the 
in vivo functions of Zar1 and Zar2 were systematically stud-
ied, revealing that the oogenesis of Zar1/2−/− oocytes was 
impaired with abnormal spindle assembly, delayed meiosis 
resumption, and dysregulated transcriptome [8]. Thus, the 
primary notion that Zar1 is a maternal effector that functions 
after fertilization was revealed to be inaccurate.

Identity of Zar1 and Zar2

Conservation of Zar1 and Zar2

Soon after the discovery of Zar1 and Zar2, orthologs of 
these two genes were successively identified among species, 
and their evolutionary conservatism was comprehensively 
analyzed [2, 3, 24–27, 33–35]. Multiple sequence alignment 
analysis revealed that the conservation of Zar1 and Zar2 
among species was limited, which may be due to divergent 
ancestral lineages (Fig. 1). However, the C-terminus of the 
homolog of these two proteins is highly conserved among 
species [7, 24, 26], suggesting that the C-terminus of ZAR 
proteins is functionally important (Fig. 1).

Although ZAR1 and ZAR2 are homologs, the conserva-
tion between these two proteins in species is not high, with 
the C-terminus being slightly higher than the full-length 

Fig. 2   Temporal expression of Zar1/2 compared to other mater-
nal effectors in mice. The pattern of Zar1/2 and some key factors 
of oogenesis and maternal-to-zygotic transition in mice. The gradi-

ent ribbons show the protein expression patterns. The references are 
labelled below the corresponding ribbon. Zygote-E refers to early 
zygotes, and Zygote-L refers to late zygote
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proteins. These similarities and differences may explain why 
ZAR1 and ZAR2 are partially redundant.

Expression pattern of ZAR1 and ZAR2

To identify the molecular functions of ZAR1 and ZAR2 
in vivo, knowledge of their spatial and temporal distribu-
tions is important. There are similarities and differences in 
the distribution of ZAR proteins in different species, but 
among them all, ZAR proteins were found to have a con-
served ovary localization [7, 8]. In human tissue samples, 
ZAR proteins were found to be expressed in many other 
non-ovarian organs, such as the lung, spleen, and heart [25, 
27, 33, 34]. Several studies have also indicated that ZAR 
proteins are expressed in some cancer cells [37–40], sug-
gesting that they may have non-ovarian functions.

High levels of ZAR1 and ZAR2 expression are con-
served in oocytes and embryos of many mammalian and 
non-mammalian species [2, 7, 8, 24–28, 33, 34]. In murine 
oocytes, ZAR1 is preferentially located in the cortical 
region, whereas ZAR2 is evenly distributed [8, 24]. Nota-
bly, ZAR proteins showed the highest abundance in mice at 
the early stage of oogenesis, with a continuous decline, and 
ceased to be expressed before ZGA (Fig. 2). In contrast, the 
expression of ZAR proteins can persist in the blastosphere 
in cattle and pigs [8, 24], which is far beyond ZGA [21]. The 
temporal difference may be attributed to the divergent time 
nodes of ZGA among different species [33]. Furthermore, 
the diverse localizations suggest that ZAR proteins may not 
be completely redundant, which requires in-depth studies.

In general, the highest expression in immature mouse 
oocytes, which is unusual among many maternal factors, 
such as Btg4 and Pabpn1l [15, 29], suggests that ZAR pro-
teins may play important roles in oogenesis (Fig. 2), which 
has been confirmed by Rong et al. [8].

Structure of ZAR1 and ZAR2

ZAR proteins have a conserved C-terminus in all homologs, 
which contain 12 conserved cysteine residues [8]. In 2003, 
the C-terminus of ZAR1 was initially found to contain an 
unconventional plant homeodomain (PHD), known as a 
zinc finger domain, with an H to C substitution, which is 
potentially associated with transcriptional regulation [24]. 
Thereafter, the RNA-binding competence of ZAR1 and 
ZAR2 was reported to be significantly downregulated with 
the mutation of the C-terminus [8, 26, 35], along with the 
Zn2+ dependency of the binding activity. ZAR1 and ZAR2 
putatively contain a CxxC zinc finger domain. However, as 
the CxxC domain of ZAR1 lacks a conclusive correlation 
with typical zinc finger domains, ZAR proteins may contain 
an undescribed ZAR-specific zinc finger domain [3] (Fig. 1).

In addition, in the zinc finger domains in the C-termi-
nus of ZAR proteins, there are 11 conserved residues that 
distinguish ZAR proteins into ZAR1 and ZAR2 (Fig. 1B). 
Although the residue differences between ZAR1 and ZAR2 
are significant, the biochemical properties of these alterna-
tive amino acids have not been investigated. Thus, further 
studies are needed to elucidate the relationship between the 
function and differences of residues.

The N-terminus of ZAR1 and ZAR2 is less conserved 
among species [3, 26, 35]. In 2010, Hu reported that two-cell 
embryos overexpressing ZAR2 C-terminus-EGFP could be 
arrested by dominant-negative effects [2]. Thus, structures 
other than the C-terminus of ZAR2 may also have important 
biofunctions. However, the functional domains and mecha-
nisms of the N-terminus of ZAR proteins remain unknown.

ZAR1 was reported to contain disordered domains that 
are generally found in proteins that tend to form hydrogels or 
amyloid-like aggregates [35] (Fig. 1A). In cells, some non-
membrane organelles consisting of RNA and RBPs are vital 
for post-transcriptional and translational regulation, creating 
a separate chemical environment by phase separation in the 
cytoplasm [41]. The amyloid-like structure caused by phase-
separated-protein-forming hydrogels is known to repress 
target mRNA translation during gametogenesis [42]. Zar2 
can also form foci in the cytoplasm when overexpressed in 
late 2-cell-stage embryos [2]. Thus, the structure of ZAR 
proteins indicates their phase separation properties, despite 
the need for more evidence.

Function of Zar1 and Zar2

Since the discovery of ZAR1 in 2003, studies on the func-
tions of Zar1 and Zar2 have been conducted among species 
[24]. To date, these studies have reported that ZAR proteins 
are potentially involved in the regulation of the transcrip-
tome and translation during MZT, as described below.

ZAR1/ZAR2 regulate the transcriptome in oocytes

As early as 2003, it was hypothesized that Zar1 regulates 
maternal mRNA in oocytes because of the atypical zinc 
finger domain in its C-terminus [24]. In 2019, Rong et al. 
reported that numerous differentially expressed genes were 
observed in Zar1/2−/− oocytes, in addition to their binding 
and co-localization to PADI6, MATER, and MSY2 in the 
cytoplasm of mouse oocytes, which are RBPs that maintain 
transcriptome homeostasis by assembling cytoplasmic lat-
tices (CPLs) [8, 43, 44] (Fig. 3). Accordingly, the impor-
tance of Zar1 and Zar2 in maintaining homeostasis of the 
transcriptome has been indicated [8].

Germline-specific cytoplasmic chromatoid bodies 
(C-bodies) have a structure similar to that of the processing 
body (P-body) in male germ cells [45], which may engage 
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in chromosome modification and genome stability. In 2010, 
Zar1 and Zar2 were reported to be co-localized with com-
ponents of the C-body and P-body in murine somatic cells, 
suggesting that ZAR proteins may be associated with the 
stability of mRNAs.

The detailed mechanisms by which ZAR proteins influ-
ence the maternal transcriptome remain unknown, and ZAR-
binding transcripts need to be identified. A recently devel-
oped technique, LACE-seq [46], suitable for a small number 
of oocytes, can be used to resolve this issue and to analyze 
the binding motif of ZAR proteins.

Regulation of translation

The 3ʹ-untranslated region (3ʹ-UTR) of mRNA is commonly 
known to regulate mRNA-related processing, including 
translation [47] (Fig. 4). Some cis-regulatory elements are 
located on the 3ʹ-UTR of mRNA and are associated with 
spatio-temporal translation, such as cytoplasmic polyade-
nylation elements [48, 49], polyadenylation signals [5, 9], 
and translational control sequence (TCSs) [50]. TCSs were 
first identified in the 3ʹ-UTR of Wee1 mRNA in oocytes 
of Xenopus laevis [50], which functions dually to repress 
translation in immature oocytes while activating translation 
in meiotic oocytes [51]. In 2012, Xenopus Zar2 was first 
identified as a trans-acting factor binding to TCSs through 
its C-terminus and was found to repress the translation of 
maternal transcripts depending on its N-terminus [3]. Later 
in 2013, the same function of Xenopus ZAR1 was revealed, 
with a markedly higher affinity than Xenopus ZAR2 to the 
TCS [26]. In 2016, the translationally repressive function 
of ZAR1 was reported in zebrafish oocytes, in which the 

expression of zona pellucida mRNA was suppressed to 
maintain oogenesis and ovarian development [35]. Some 
translational regulatory elements were also reported to be 
co-immunoprecipitated with ZAR1 in zebrafish, such as 
CPEB1 [35, 49], suggesting that ZAR1 may interact with 
other proteins to repress translation in immature oocytes. 
However, the detailed mechanisms involved have not yet 
been elucidated.

In murine oocytes, ZAR1/ZAR2 was reported to activate 
the translation of some maternal transcripts, such as Btg4 
and Wee2 [35, 49]. The contrasting results may be due to 
the different stage oocytes used in the studies. In studies 
on X. laevis and zebrafish, immature growing oocytes were 
used, and the phenomenon of promoting translation was 
mainly observed after meiotic resumption, characterized 
by germinal vesicle breakdown (GVBD) in mice. Accord-
ing to the significant reduction in maternal mRNA levels 
in Zar1/2−/− growing oocytes and fully grown oocytes, it 
is possible that some transcripts of translation-related pro-
teins fail to accumulate normally, thereby, decreasing the 
translational level. However, this hypothesis requires more 
experimental data.

In conclusion, although the involvement of ZAR1 and 
ZAR2 in translational regulation has been confirmed, the 
underlying mechanisms require further study.

ZAR1/ZAR2 regulates meiotic maturation of oocytes

As Zar1 was first identified as a maternal effect gene in 
mammals, it was reported to have no effect on oogenesis 
[24]. However, an in-depth study by Rong et al. found that 
the exact functions of Zar1 and Zar2 were executed during 

Fig. 3   Localization and role of 
Zar1/2 in mice oocytes. In Mus 
musculus, ZAR1 and ZAR2 
are distributed differently as 
ZAR1 is located in cortical 
areas, whereas ZAR2 is evenly 
distributed in the cytoplasm. 
ZAR proteins putatively interact 
with cytoplasmic lattice (CPL) 
proteins to maintain oogen-
esis. In Zar1−/− or Zar2−/− 
oocytes, meiosis is abnormal, 
and Zar2−/− mice are fertile. 
However, in Zar1/2−/− oocytes, 
meiotic maturation defects 
were much more serious than 
in Zar1−/− and Zar2−/− oocytes, 
with some oocytes arrested at 
meiosis I (MI) and exhibiting 
abnormal spindles
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meiosis rather than post-fertilization, which aligns with the 
expression window of ZAR proteins [8]. Zar2−/− female 
mice were fertile, but their GVBD rate was slightly down-
regulated and their polar body-1 (PB1) emission was 
delayed. Subsequently, the same phenotypes were found 
in Zar1−/− oocytes with more severe effects, in addition to 
mutated female infertility. However, in Zar1/2−/− oocytes, 
the process of meiosis was significantly abnormal, with a 
much lower rate of GVBD and the emission rate of PB1, in 
addition to disordered spindle assembly [8]. Some mater-
nal transcripts, such as Tpx2 and Wee2, which are associ-
ated with spindle assembly and the progression of meiosis, 
respectively, failed to accumulate in Zar1/2 null oocytes 

[8]. Thus, Zar1 and Zar2 showed partial functional redun-
dancy; the offset by Zar2 may explain why Zar1 null mice 
were first reported to have normal oogenesis [8].

In contrast to Zar1−/− murine oocytes that can develop 
to be fertilized, the mutation of Zar1 in zebrafish was 
reported to cause severe developmental arrest of oocytes, 
eventually causing a female to male sex reversal [35]. 
Thus, Zar1 is functionally divergent among species, even 
within the same cell type. Further studies are needed to 
determine whether there are other mechanisms of Zar1 
in other species and whether Zar2 has similar functions.

Fig. 4   Function model of Zar1/2 among species. The function of 
Zar1/2 among species reported to date. A In Mus musculus, ZAR 
proteins were reported to activate translation and maintain homeosta-
sis of the maternal transcriptome by binding to mRNAs and interact-
ing with other proteins, such as MSY2 and PADI6, in oocytes with 
partially functional complementarity. The C-terminus is functionally 
involved in the binding of RNAs and proteins. B In Xenopus laevis 
oocytes, ZAR proteins were reported to specifically recognize the 
TCS in the 3ʹ UTR of Wee1 mRNA, which represses translation. C In 
zebrafish, ZAR1 was reported to bind mRNAs of zona pellucida (Zp) 

and repress their translation in early stage oocytes. Deletion of ZAR1 
induces endoplasmic reticulum (ER) stress, which leads to oocyte 
apoptosis and female-to-male sex transition. zZAR1 refers to ZAR1 
in zebrafish. D In humans, ZAR1 and ZAR2 were found to function in 
repressing the development of cancer cells, whereby ZAR1 represses 
cell cycles and causes lung cancer cells to arrest at the S phase. ZAR2 
binds to the bi-promoter of BRCA2 and ZAR2, thereby repressing the 
transcription of BRCA2 to repress breast cancer cells. hZAR1 and 
hZAR2 refer to ZAR1 and ZAR2 in humans, respectively
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ZAR1/ZAR2 regulate embryogenesis

The development of Zar1-deficient murine oocytes was ini-
tially reported to be normal during meiosis until arrest in 
two-cell stage [7, 8]. Thus, early studies on ZAR proteins 
were mainly focused on preimplantation embryogenesis, 
where failed pronuclei fusion and ZGA were observed [7, 8], 
while some of the totipotency genes critical for ZGA, such 
as MuERV-L [52], are not activated in mouse Zar1/2♀−/♂+ 
1-cell zygotes [8]. However, whether the zygotic abnor-
malities caused by the aftershock of the deficiency in early 
oogenesis or ZAR proteins function directly in preimplanta-
tion embryogenesis remains unknown.

Histone methylation modifications, such as H3K4 [53] 
and H3K9 [54], have divergent functions in gene expres-
sion by activating and repressing transcription, respectively. 
In 2010, Hu et al. [2] found that when C-terminus-mutated 
Zar2 was overexpressed in mouse zygotes by mRNA micro-
injection, H3K4me2/3 was significantly downregulated, 
whereas H3K9me3 was upregulated. In addition, the expres-
sion levels of Dppa2 and Dppa4 [55], which are chromatin 
modification components that might function in transcrip-
tional activation [56], were significantly downregulated in 
early embryos overexpressing mutated Zar2. In addition, 
transcription activity was also found to be significantly 
downregulated in embryos that were arrested at the 2-cell 
stage. These results suggest that ZAR2 may maintain his-
tone–demethylation-associated modifications to ensure ZGA 
[2].

Whether the same effects described above exist in Zar1 
null oocytes and whether in vivo histone modifications are 
influenced by ZAR proteins in oocytes remains unclear. 
Thus, further research is necessary to determine whether 
ZAR proteins influence DNA and histone methylation in 
oocytes. During oogenesis, prolonged transcriptional silenc-
ing events occur in fully grown oocytes within preovulatory 
follicles, for which de novo methylation of the genome is 
necessary. Thus, oocytes are the desired models for identify-
ing chromatin modifications [17].

The initiation of ZGA requires the degradation of mater-
nal transcripts as the premise [13]; thus, the regulation of 
maternal transcriptome in early embryos is important. The 
P-body and C-body are structures that might be specific 
for storing and degrading transcripts [57], of which the 
C-body is germ-line specific [58]. EIF2C1 (AGO1), EIF2C2 
(AGO2), DDX6, and LSM14A are known components of the 
P-body [58], and PIWIL1, PIWIL2, and LIN28 are compo-
nents of the C-body [56], which have been reported to co-
localize or interact with ZAR2 when ectopically expressed 
in somatic cells [2]. Thus, ZAR1 and ZAR2 may engage in 
the formation of germline-specific C-bodies in embryos to 
maintain embryo development, but the detailed mechanism 
needs to be clarified.

Furthermore, PIWI and AGO are both subfamily mem-
bers of the argonaute protein, and are functionally associ-
ated with maintaining the stability of the transcriptome by 
regulating transposons [46, 59, 60]. Some transposable ele-
ments, such as MT and MuERV-L, are reported to be associ-
ated with the initiation of transcription and acquisition of 
totipotency [53, 61, 62] in ZGA, which are important for 
MZT. Recently, AGO2 was confirmed to repress LTR-driven 
activation of transcription in mouse oocytes [46], whereas 
ZAR1 and ZAR2 were found to co-localize with AGO1, 
AGO2, and PIWIL2 when expressed in murine somatic cells 
and human 293 T cells, and the mRNA level of piwil2 was 
also found to be significantly downregulated in Zar2 mutated 
2-cell embryos [2], suggesting that ZAR1 and ZAR2 may 
play a role in the regulation of transposable elements in 
both oocytes and embryos, which needs further evidence 
to confirm.

ZAR1 regulates human preimplantation embryogenesis

ZAR1 is the human homolog of mouse Zar1, which was also 
detected in human ovaries [24, 38, 63] thus, the functions 
of ZAR1 were considered. In a recent etiological analysis of 
patients with recurrent zygote arrest in artificial insemina-
tion, two single nucleotide polymorphism sites (SNPs) in 
ZAR1 were detected with significant statistical differences 
compared to controls, which are both synonymous variations 
in ZAR1 [63]. Synonymous variations have been reported 
to be related to many human diseases by regulating the fate 
of mRNAs [63, 64]. Thus, these two SNPs of ZAR1 may 
be partially associated with zygote arrest, suggesting that 
ZAR1 may maintain human preimplantation embryogenesis. 
However, as research on human oocytes has not focused on 
specific genes, the mechanisms of ZAR1 and its potential 
involvement in human fertility require further elucidation.

Zar1 in non‑oocyte tissues

According to previous studies, homologs of Zar1 among 
species were found to be expressed in other non-ovarian 
organs [24, 27, 28] (Fig. 4), which suggests that the func-
tions of ZAR proteins in cell lines other than germ cells need 
to be elucidated.

ZAR1 was first reported to be specifically expressed in 
the ovaries and testes [7, 24]. However, in recent studies, the 
expression of ZAR1 was found in cancer cell lines [37–40]. 
More abnormal hypermethylation of the promoter or non-
promoter regions of ZAR1 has been reported in many cancer 
cell lines, such as melanoma [37], brain tumors [40] and 
lung cancers [38], compared to their paracancer tissues or 
benign tumors.
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ZAR1 is more highly expressed in normal lung cells than 
in other non-ovarian organs [38]. However, in lung can-
cer cell lines, ZAR1 was confirmed to be inactivated by a 
hypermethylated promoter [38]. The demethylation treat-
ment could effectively recover the expression of ZAR1 and 
inhibit tumorigenesis, and when ZAR1 was overexpressed 
in cancer cell lines, the cell cycle of cancer cell lines was 
inhibited [38] (Fig. 4D). Moreover, in the primary tissues 
of lung cancers, ZAR1 was also aberrantly methylated com-
pared to the para-carcinoma tissues, of which the methyla-
tion level was significantly higher in the primary tissues of 
non-small cell lung carcinoma than in small cell lung car-
cinoma [38].Thus, ZAR1 may not only be an epigenetically 
repressed growth inhibitory factor of lung cancer cells but 
also a hypermethylated biomarker to detect lung cancer cells 
and distinguish non-small cell lung carcinoma from small 
cell lung carcinoma.

In addition, in malignant melanomas and diffuse brain 
tumors, such as glioblastomas and pituitary adenomas, the 
off-promoters of the ZAR1 intergenic regions are frequently 
aberrantly methylated [37, 38]. However, contrary to be 
inhibited in lung cancer cells, the expression of ZAR1 is 
abnormally activated in melanomas and remains undetect-
able in glioblastomas [37, 38]. In addition, the overexpres-
sion or inhibition of ZAR1 in melanoma cells would not 
affect carcinogenesis; thus, there was no evidence that the 
extensive aberrant methylation in non-promoter regions 
was correlated with ZAR1 expression and tumorigenesis in 
these cancer cell lines [37, 38]. Nonetheless, as the abnor-
mally high levels of methylation in non-promoter-intergenic 
regions were found to occur prevalently, they could be used 
as a biomarker to identify cancers mentioned above.

The transcription of ZAR2 and BRCA2 is initiated by 
a bidirectional promoter, and ZAR2 was found to repress 
breast cancer cells by binding to the bidirectional promoter, 
thereby partly silencing the expression of BRCA2 in the G0/
G1 stage of the cell cycle [39] (Fig. 4D). In general, ZAR 
proteins are potentially associated with tumor suppressors 
and can serve as epigenetically inactivated cancer biomark-
ers [37, 38, 40]. However, whether ZAR proteins are vital 
for repressing tumorigenesis remains unknown and requires 
further investigation.

Perspectives

Zar1 was initially identified in mouse oocytes as a maternal 
factor that causes the arrest of 2-cell embryos when mutated, 
whereas Zar2 was first identified as a homolog of Zar1. ZAR 
proteins have been confirmed to be expressed in many other 
species with partially conserved protein structures. Accord-
ingly, the functions of these two proteins were further stud-
ied in mice, X. laevis, and zebrafish (Fig. 4). However, many 

gaps in our understanding of these functions remain, which 
are as follows:

(1)	 Maternal factors are defined as genes whose products 
are accumulated in growing oocytes, but have little 
effect on oogenesis and fertilization, and specifically 
function in embryogenesis. However, it has been dem-
onstrated in both mouse and zebrafish that ZAR pro-
teins play an earlier and more important role in mei-
otic maturation than in preimplantation embryogenesis, 
which coincides with their expression window. Thus, 
it is inaccurate to identify Zar1 as a maternal effector. 
Further research is needed to determine the detailed 
mechanisms by which ZAR proteins regulate oogen-
esis.

(2)	 Zar1 and Zar2 are conserved among vertebrate species 
(Fig. 1). However, the spatiotemporal distribution of 
ZAR proteins among the species studied showed diver-
gence. Non-oogenesis developmental functions in non-
ovarian tissues and different mechanisms of transla-
tional regulation have been reported. Thus, comparative 
studies of ZAR proteins among species and cell types 
are needed to further understand their functions.

(3)	 The structures of ZAR1 and ZAR2 are noteworthy, 
because their C-termini are highly conserved. Although 
the CxxC domain of ZAR proteins has been reported 
to be functionally Zn2+-dependent, there are no typi-
cal zinc finger structures to define it, which is poten-
tially a ZAR-protein-specific zinc finger domain with 
a unique function. In addition, the N-terminus of ZAR 
proteins is partially conserved among species; however, 
the existence of specific functional domains remains 
to be determined. Thus, the protein structures of ZAR 
proteins need to be clearly identified for in-depth func-
tional elucidation.

(4)	 Transcriptome regulation at the early stage of oogen-
esis and the RNA-binding activity of Zar1/2 have been 
reported. However, whether the stability of the tran-
scriptome is directly or indirectly influenced by Zar1/2 
remains unknown. Thus, the transcripts that directly 
interact with ZAR1 need to be identified. ZAR1/2 in X. 
laevis prefers to bind the TCS of transcripts; however, 
whether there are binding specificities of ZAR1 and 
ZAR2 in other animals remains unknown. To address 
this, techniques for identifying RBP-interacting RNAs, 
such as RIP-seq and LACE-seq [46], should be used in 
future investigations.

(5)	 Zar1 and Zar2 are reported to be partially redundant 
in mouse oocytes as double knockout of these two 
genes causes more serious phenotypes than single 
knockouts. In addition, ZAR1 was reported to be spe-
cifically located in the cortical cytoplasm beneath the 
cell membrane in mouse oocytes, which co-localizes 
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with MSY2, a known component of CPL, whereas 
ZAR2 was reported to be distributed evenly in the 
oocytes (Fig. 3). Furthermore, in combination with the 
large protein amount and specific expression frame of 
ZAR1/2 in growing and fully grown oocytes, ZAR pro-
teins potentially act as RNA translocators by binding 
transcripts in a one-to-one ratio, which also implies that 
these two proteins have different assignments. Thus, 
further research is needed to determine the functional 
differences between Zar1 and Zar2.

In summary, Zar1 and Zar2 synergistically play roles 
in both oogenesis and preimplantation embryogenesis as 
atypical maternal factors while maintaining meiosis via 
partial redundancy. Thus, Zar1 and Zar2 might be mater-
nal factors that function simultaneously as maternal RBPs, 
which maintain homeostasis of the transcriptome during 
oogenesis by interacting with other proteins to form com-
plexes and bind to maternal mRNAs, ultimately influenc-
ing oocytes and embryos. Oocytes are one of the most 
ideal models for determining the fate of mRNAs owing 
to the existence of transcriptional silencing and recovery 
transition during MZT, coupled with highly regulated and 
synchronized meiotic and mitotic cell cycles. Thus, fur-
ther research using oocytes and early stage embryos is 
required to clarify the detailed functional mechanisms of 
ZAR proteins.
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