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Maternal RNF114-mediated target substrate degradation
regulates zygotic genome activation in mouse embryos
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ABSTRACT
Zygotic genomic activation (ZGA) is a landmark event in the
maternal-to-zygotic transition (MZT), and the regulation of ZGA by
maternal factors remains to be elucidated. In this study, the depletion
of maternal ring finger protein 114 (RNF114), a ubiquitin E3 ligase,
led to developmental arrest of two-cell mouse embryos. Using
immunofluorescence and transcriptome analysis, RNF114 was
proven to play a crucial role in major ZGA. To study the underlying
mechanism, we performed protein profiling in mature oocytes and
found a potential substrate for RNF114, chromobox 5 (CBX5),
ubiquitylation and degradation of which was regulated by RNF114.
The overexpression of CBX5 prevented embryonic development
and impeded major ZGA. Furthermore, TAB1 was abnormally
accumulated in mutant two-cell embryos, which was consistent with
the result of in vitro knockdown of Rnf114. Knockdown of Cbx5
or Tab1 in maternal RNF114-depleted embryos partially rescued
developmental arrest and the defect of major ZGA. In summary,
our study reveals that maternal RNF114 plays a precise role in
degrading some important substrates during the MZT, the
misregulation of which may impede the appropriate activation of
major ZGA in mouse embryos.
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INTRODUCTION
The maternal-to-zygotic transition (MZT), which occurs at the
initial stage of embryogenesis and involves a variety of biological
events, transforms highly differentiated oocytes into totipotent
embryos in mammals (Vastenhouw et al., 2019). The degradation of
maternal factors and zygotic genome activation (ZGA) are the two
vital events of MZT. Maternal RNAs and proteins accumulated
during oocyte maturation are rapidly degraded once their duties
have been accomplished after fertilization (Esencan et al., 2019;

Toralova et al., 2020). Major ZGA, which occurs at the two-cell
stage in mouse embryos, takes embryos from the state of little
transcription to the condition where thousands of genes are actively
transcribed (Ko, 2016). Given that the parental genomes show a
quiescent state before ZGA, it is believed that the initial stage of
development is mainly controlled bymaternal factors (Kim and Lee,
2014). For example, maternal deletion of Imp2 (also known as
Igf2bp2) and Mater (Nlrp5) causes early embryo arrest at the two-
cell stage owing to the loss of the ability to regulate and activate
genes that are involved in major ZGA (Liu et al., 2019; Tong et al.,
2000). However, the abnormal accumulation of maternal factors
leads to the retardation of embryonic development. Embryos
derived from Btg4−/− females or following knockdown of Ago2
arrest at the one- or two-cell stage, resulting mainly from the
deficient clearance of maternal mRNAs during MZT (Lykke-
Andersen et al., 2008; Wu and Dean, 2016). Thus, there is a balance
between degradation and retention for maternal factors to regulate
subsequent development at embryogenesis (Sha et al., 2019).
However, the mechanism by which maternal factors regulate the
degradation of RNAs and proteins to drive the activation of major
ZGA has not been elucidated until now.

Ring finger protein 114 (RNF114) contains two C2H2 zinc-
finger domains and one RING-finger domain (Giannini et al.,
2008). Some relevant studies have reported that RNF114 protein
usually functions as an E3 ligase in the ubiquitin-proteasome system
and plays an important role in basic cellular processes in different
types of cells (Han et al., 2013; Lin et al., 2018, 2017; Yang et al.,
2014). Meanwhile, RNF114 was found to be predominantly
expressed in mouse oocytes but decreased gradually after
fertilization (Wang et al., 2010; Zhang et al., 2009). A previous
study demonstrated that the knockdown of Rnf114 in zygotes
significantly influenced preimplantation development, mainly
affecting the degradation of potential substrate protein TAB1
(Yang et al., 2017). However, this strategy did not reflect the role of
RNF114 as a maternal protein in mouse embryonic development.

In this study, we constructed an Rnf114 mutant mouse strain by
gene editing to further investigate the function of maternal RNF114
inMZT.We found that edited female micewere completely infertile,
whereasmalemicewere unaffected. Although no abnormalities were
found in ovulation, oocyte morphology or fertilization potential, the
zygotes derived from Rnf114-mutant oocytes led to developmental
arrest at the two-cell stage, with major ZGA failing to fully activate.
Through proteome detection, we found a potential substrate of
RNF114 in mutant oocytes, chromobox 5 (CBX5; also named
heterochromatin protein 1 alpha, HP1α), the abnormal
overexpression of which resulted in decreased major ZGA and
embryonic developmental disorder. Moreover, we also found that
TAB1, a proven substrate, was increased in two-cell embryos with
the deletion of maternal RNF114. A few embryos could reach the
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blastocyst stage and the level of some major ZGA genes increased
significantly when Cbx5 or Tab1 were knocked down in mutant
zygotes. Our study reveals that RNF114, as a maternal factor, plays
an important role in degrading specific substrates during MZT, and
thus participates in regulation of major ZGA.

RESULTS
Loss of maternal RNF114 arrests early embryonic
development beyond the two-cell stage
RNF114 protein is notably expressed in mouse oocytes, and in vitro
knockdown of Rnf114 impaired early embryonic development
(Yang et al., 2017). To examine the in vivo function of maternal
RNF114, we generated a mouse strain in which Rnf114 had 81 bp
deleted at exon 2, resulting in the destruction of the RING domain in
RNF114 (Fig. S1A). According to the gene editing strategy, we
designed three pairs of primers: P1, across the deletion region; P2,
forward primer inside the deletion region; P3, behind the deletion
region; this was done to verify editing efficiency (Fig. S1B). The
Rnf114 mutation was confirmed by RT-PCR of P2 in metaphase II
(MII) oocytes isolated from control and mutant females (Fig. S1C).
Although only partially missing, the overall levels of Rnf114
mRNA in mutant oocytes decreased significantly (Fig. S1D).
Moreover, immunoblot staining confirmed the greatly decreased
level of RNF114 protein in mutant ovaries (Fig. S1E). Thus,
we named the control group Rnf114+/− and the mutant group
Rnf114−/−. Rnf114−/− females were completely infertile when
mated with wild-type (WT) males (Fig. 1A). However, when
Rnf114−/−male mice were mated with one or two Rnf114+/− female
mice to obtain homozygous offspring, the average number of pups
was 8.5 in each litter (n=5), which indicated the fertility of
Rnf114−/− male mice was not affected. To investigate the potential
defect in female germ cell development, we prepared haematoxylin
and eosin (H&E)-stained sections of ovaries from the Rnf114+/− and
Rnf114−/− females. There were no histological defects in Rnf114−/−

ovaries upon analysing the different stages of follicles and counting
the total follicle numbers (Fig. S2A,B). Moreover, the number of
oocytes from superovulated Rnf114−/− females was comparative
with that of Rnf114+/− females (Fig. S2C), and immunofluorescent
staining for α-tubulin and DNA showed normal spindles in the

mutant MII oocytes (Fig. S2D,E). We subsequently combined
Rnf114−/− oocytes with WT sperm by in vitro fertilization (IVF) to
obtain Rnf114m−z+ embryos, indicating maternal loss (m−) but
zygotic presence (z+) of the RNF114 protein (Fig. 1B). Rnf114m−z+

embryos almost arrested at the two-cell stage, compared with
Rnf114m+z+ embryos (Fig. 1C,D). These results suggested that
maternal RNF114 was essential for mouse preimplantation
development.

Maternal RNF114 depletion inhibits major ZGA
As major ZGA is one of the crucial cellular events for
preimplantation development, taking place at the two-cell stage in
mouse embryos, we explored whether major ZGAmight be impaired
in mutant embryos by following several strategies. The incorporation
of the uridine analogue ethynyl uridine (EU) (Jao and Salic, 2008),
measuring newly synthesized transcripts, revealed a conspicuously
lower detectable intensity in Rnf114m−z+ two-cell embryos than in
Rnf114m+z+ two-cell embryos (Fig. 2A,B). The phosphorylation
status of Ser2 or Ser5 on the C-terminal domain of RNA Polymerase
II is also an excellent measure of transcription initiation, as RNA Pol
II requires these serine phosphorylation events to be part of the
initiation and elongation complex, respectively (Egloff and Murphy,
2008). A significant reduction in Pol II Ser-2p (Fig. 2C,D) and Pol II
Ser-5p (Fig. 2E,F) staining in Rnf114m−z+ embryos demonstrated
that RNA Pol II is not engaged in transcription at the time of ZGA in
mutant embryos. Moreover, SIRT1, which has been proven to be a
product of early zygotic transcription (Nagaraj et al., 2017),
decreased significantly in the Rnf114m−z+ embryos (Fig. 2G,H).
Taken together, we concluded that the absence of maternal RNF114
blocked major ZGA during MZT.

To further explore the disordered transcription caused by the
absence of RNF114, we performed oocyte and embryo transcriptome
profiling. According to the time course of embryonic development,
Rnf114-deleted MII oocytes and maternal Rnf114-depleted one-cell
and two-cell embryos were collected (mutant group). Strain-matched
Rnf114+/− oocytes and Rnf114m+z+ embryos served as a control
group. Each stage had four to five replicates, and 15-20 cells were
harvested in every replicate sample (Fig. 3A; Table S1). The number
of raw andmapped reads in RNA sequencing was similar between the

Fig. 1. Maternal Rnf114 deletion
arrests early embryonic
development beyond the two-cell
stage. (A) The average number of
pups per litter from Rnf114+/− and
Rnf114−/− females mating with normal
fertile males over six months. n=9, total
of 9-13 females/group. (B) Schematic
of obtaining the Rnf114m+z+ embryo
(grey) and Rnf114m−z+ embryo (blue)
by IVF. (C) Representative differential
interference contrast images of
Rnf114m+z+ and Rnf114m−z+ embryos
at 4.5 days (E4.5). Scale bars: 100 µm.
(D) Percentage of embryos to reach
the various preimplantation embryo
stages from Rnf114m+z+ and
Rnf114m−z+ one-cell embryos. n=5,
total of 85-143 embryos/group. Data
are mean±s.e.m. ***P<0.001
(unpaired two-tailed t-test).
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control and mutant group during different cell periods (Fig. S3A).
In addition, the total genes detected in the same period had no
significant difference between the two groups, with fragments per
kilobase million (FPKM) >1 as the gene expression threshold
(Fig. S3B). Principal component analysis (PCA) showed that the
separation in two-cell embryoswas the largest in principal component
1 (PC1) and PC2, representing a wide difference between the control
and mutant group (Fig. 3B). In differential expression gene (DEG)
analysis (fold change>2, adjustedP-value<0.05; Table S2), we found
that only three genes overlapped across all stages, including Rnf114,
expression of which was reduced significantly in the mutant group
(Fig. S3C,D). As only 13 DEGs were detected in the one-cell stage
(Fig. 3C), we assessed the level of minor ZGA, which proceeds in
zygotes (Abe et al., 2018). There was no difference in the EU level
and the staining of Pol II Ser-2p and Ser-5p in Rnf114m−z+ zygotes,
compared with the control embryos (Fig. S4A-D). These results
suggested the level of transcription at minor ZGA was essentially
normal in Rnf114m−z+ zygotes.
The number of DEGs detected in the two-cell embryos was over

6000 (Fig. 3C; Table S2). This meant the abnormalities mainly
occurred at the two-cell stage. Then, the DEGs were compared
against a public database of early mouse embryonic transcriptomes
(a database of transcriptome in mouse early embryos, DBTMEE)
(Park et al., 2015), where genes were categorized by specific
expression pattern (Huang et al., 2017). We observed a striking
enrichment of maternal transcript clusters (maternal RNA andminor
ZGA) and a deficiency of zygotic transcript clusters (major ZGA
and two-cell transient activation) in Rnf114m−z+ two-cell embryos
(Fig. 3D). Furthermore, time-series clustering of gene expression
showed that the two-cell DEGs belonging to the maternal RNA
cluster in the Rnf114m−z+ embryos did not decrease to the same level
as in the control samples. On the other hand, the overlapping genes
between the two-cell embryo DEGs and the major ZGA cluster were
significantly inactive in the mutant embryos (Fig. 3E). In addition,
the expression differences were validated by quantitative RT-PCR

analyses, which were performed on the samples independent
from the transcriptome. Genes pertaining to the cluster of maternal
RNA (Npm2, Uchl1, Zar1 and Zfp57) and minor ZGA (Msx1,
Wee2, Zfp352, Zscan4c and Zscan4d) showed higher expression,
whereas those subjected to the major ZGA cluster (Eif1a, Kdm5a,
Nop16, Ppp1r15b and Sirt1) were expressed at lower levels in
the Rnf114m−z+ two-cell embryos (Fig. S3E). Gene ontology (GO)
analysis of the upregulated genes revealed an enrichment of
negative regulation of transcription and multicellular organism
development, and downregulated genes were enriched for ribosome
biogenesis, RNA processing and transcription (Fig. 3F; Table S3).
In summary, RNA sequencing analysis suggested that embryos that
lost maternal RNF114 suffered serious impairment in MZT, as
judged by the abnormal accumulation of maternal transcripts and
failure to activate zygotic transcripts.

RNF114 depletion causes abnormal accumulation of CBX3
and CBX5 in oocytes
Because RNF114 is a highly expressed E3 ubiquitin ligase in
oocytes, the deletion of RNF114 may lead to abnormal protein
metabolism during oocyte maturation, thus affecting embryonic
development. Moreover, to avoid the influence of paternal origin
factors in the mutant embryos, we detected the proteome of the
MII oocytes derived from Rnf114+/− and Rnf114−/− females. There
were three replicates in each of the two groups for quantitative
proteomics analysis. A total of 5451 proteins were identified in the
proteomics analysis from Rnf114+/− and Rnf114−/− oocytes.
Quantitative analysis of the proteomics data revealed that 91
proteins were upregulated and 45 proteins were downregulated (fold
change>1.2, P <0.05, unpaired two-tailed t-test), and RNF114 was
the most significantly downregulated protein in Rnf114−/− oocytes,
compared with Rnf114+/− oocytes (Fig. 4A; Table S4). From the
analysis of the interaction network of differentially expressed
proteins, we found that two sets were enriched, one of which
gathered histone subunits and chromatin binding proteins (Fig. 4B).

Fig. 2. Loss of maternal Rnf114 inhibits major ZGA. (A) EU staining as an indicator of transcription levels. (B) Quantification of EU staining in Rnf114m+z+ and
Rnf114m−z+ two-cell embryos. (C) Phosphorylation levels of serine moieties at position 2 of Pol II for Rnf114m+z+ and Rnf114m−z+ two-cell embryos.
(D) Quantification of Ser-2p staining. (E) Phosphorylation levels of serine moieties at position 5 in Pol II. (F) Quantification of Ser-5p staining in Rnf114m+z+ and
Rnf114m−z+ embryos. (G) Representative images of SIRT1 staining showing the decreased level of transcription in Rnf114m−z+ two-cell embryos. (H)
Quantification of SIRT1 staining in Rnf114m+z+ and Rnf114m−z+ embryos. Error bars represent s.e.m. ***P<0.001 (unpaired two-tailed t-test). Scale bars: 20 µm.
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Furthermore, GO analysis of the differentially expressed proteins
revealed that the terms related to DNA and chromatin (‘nuclear
heterochromatin’, ‘site of DNA damage’, etc.) were enriched in
cellular components (CC) and molecular functions (MF), although
not gathered in biological processes (BP) (Fig. 4C).We then noticed
the proteins chromobox homologue 3 and 5 [CBX3 and CBX5,
also named heterochromatin protein 1 (HP1) isoforms HP1γ and
HP1α], associated with the GO terms of DNA and chromatin,
were accumulated in the Rnf114−/− oocytes (Fig. 4A; Table S5). To
investigate the potential relationships between RNF114 and CBX
proteins, the proteomic results were first validated by independent
analyses. Western blot analysis of CBX3 and CBX5 from the
Rnf114−/− MII oocytes confirmed their abnormal accumulation
(Fig. 4D,E).
To investigate whether RNF114 is a ubiquitin ligase for CBX

proteins, we expressed Cbx-Flag and HA-Ub in 293T cells and
co-transfected them with Rnf114-Myc vector, followed by

proteasome inhibitor MG132 treatment. The ubiquitylation level of
CBX3 was not changed in the presence of RNF114 in the
immunoprecipitation pulled down by anti-Flag beads (Fig. 5A).
However, we observed an increased ubiquitylation of CBX5 upon
RNF114 expression (Fig. 5B). As expected, increasing the
expression of RNF114 resulted in a decrease in the expression of
CBX5 but not CBX3 in the condition without MG132 (Fig. 5C,D).
In general, loss of RNF114 caused aberrant enrichment of CBX3 and
CBX5 in mouse oocytes. Further study indicated that RNF114
mediated the ubiquitylation and degradation of CBX5 but not CBX3.

Embryos overexpressing CBX5 undergo defectivemajor ZGA
CBX proteins are not only structural components of
heterochromatin but also play a role in DNA replication, cell
cycle and gene expression (Kumar and Kono, 2020; Maison and
Almouzni, 2004). We examined the expression patterns of CBX3
and CBX5 in normal oocytes and embryos (Fig. S5A,B). The results

Fig. 3. Maternal RNA114 deletion leads to abnormal accumulation of maternal transcripts and major ZGA inactivation. (A) Schematic of collecting
samples from different periods in control and mutant group. (B) Score plot of the first two principal components for all groups using specific developmental time
points. (C) Quantification of the number of differentially expressed genes (DEGs) in each group at different time points (a fold change >2 and an adjusted P-
value<0.05). (D) Heatmap representing the log2 ratio of the number of upregulated genes to downregulated genes in the mutant group compared with the control
group at each time point, pertaining to the known cluster of DBTMEE. P-value<0.05 was displayed in the heatmap (Fisher’s exact test). (E) Time-series clustering
of DEGs derived from two-cell embryos overlapping with the maternal RNA cluster (left) and major ZGA cluster from the DBTMEE database. (F) Highly significant
GO categories of upregulated and downregulated genes in two-cell embryos. The chart represents the log10 P-value, and the size of the circle indicates the
number of genes in the category. The grey dotted line indicates FDR=0.05.
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showed that the expression level of CBX3 increased gradually with
the development of embryos. By contrast, CBX5 maintained a high
expression level during oocyte maturation, and decreased rapidly
after fertilization and remained low expression in preimplantation
embryos. In addition, CBX5 was increased in the Rnf114m−z+ two-
cell embryos (Fig. S5C,D), indicating the potential influence of

abnormally accumulated CBX5 protein on embryo development.
To examine this hypothesis, we microinjected the in vitro-
transcribed mRNA of Cbx5 into WT zygotes and evaluated the
consequences of overexpressing CBX5 on embryos. CBX3
overexpression was also monitored at the same time (Fig. 6A).
Firstly, western blot analysis confirmed the efficient overexpression

Fig. 4. RNF114 depletion causes an accumulation of CBX3 and CBX5 in oocytes. (A) Unsupervised hierarchical clustering of differential expression proteins
in Rnf114+/− and Rnf114−/− oocytes (fold change>1.2; P-value<0.05). n=3, independent replicates. (B) Protein interaction network analysis on differential
expression proteins. The colour of the dot indicates the change in protein expression and the red boxes represent protein clusters. (C) Highly significant GO
analysis on differential proteins inRnf114−/− oocytes. The colour of the line represents the log10P-value, and the size of the circle indicates the number of genes in
the category. (D)Western blot of CBX3 and CBX5 in the control and RNF114-depleted oocytes. β-Actin was used as a loading control. (E) Quantitative analysis of
CBX3 and CBX5 protein levels from D. n=3, independent replicates. Data are mean±s.e.m. *P<0.05 (the unpaired two-tailed t-test).
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of CBX proteins (Fig. 6B,C). Compared with the control embryos
which were injected with H2O, the development of zygotes
microinjected with Cbx5 mRNA was severely impaired from the
four-cell to the blastocyst stage. However, zygotes injected withCbx3
mRNA showed few changes (Fig. 6D,E). EU incorporation indicated
that the transcription level of embryos expressing exogenous CBX5
generally decreased at the two-cell stage; nevertheless, embryos with
CBX3 overexpression were not affected (Fig. 6F,G). Furthermore,
the level of genes from the major ZGA cluster according to the
DBTMEE database was reduced significantly in two-cell embryos
injected with Cbx5 mRNA but slightly changed in embryos injected
with Cbx3 (Fig. 6H). As a whole, the abnormal accumulation of

CBX5 protein in oocytes was sustained in the Rnf114 mutant
embryos. CBX5 overexpression hindered embryonic development,
mainly disturbing the activation of major ZGA, which was consistent
with the results of maternal RNF114 deletion.

Abnormal increases in TAB1 also contributes to the failure
of major ZGA
In a previous study, the mechanism of RNF114-mediated
ubiquitylation and degradation of TAB1, promoting embryonic
development, was discovered (Yang et al., 2017). In this model,
western blot analysis revealed that the level of TAB1 also increased
in the Rnf114m−z+ two-cell embryos (Fig. S6A,B). To illustrate the
relationship between the elevated TAB1 protein and major ZGA,
TAB1 was overexpressed by Tab1 mRNA microinjection into WT
zygotes. EU incorporation in the two-cell embryos derived from
treated zygotes was significantly decreased (Fig. S6C,D). The major
ZGA genes were also detected with different degrees of decline in
TAB1-overexpressed two-cell embryos (Fig. S6E).

To further confirm that the cumulative CBX5 and TAB1 gave rise
to embryonic development arrest and major ZGA abnormality in
maternal RNF114 depleted embryos, we injected Cbx5 and Tab1
siRNA into the Rnf114m−z+ zygotes to rescue the mutant embryos,
respectively (Fig. 7A). More mutant embryos injected with Cbx5
and Tab1 siRNA developed to the four-cell stage, compared with
the control embryos. Although these embryos gradually blocked
at subsequent stages, a few embryos could reach to the blastocyst
stage in the rescued group (Fig. 7B,C). Also, some major ZGA
genes were increased significantly in the treated two-cell embryos
(Fig. 7D). This phenomenon suggested that the mechanism of
embryonic retardation caused by maternal RNF114 deletion was
complicated and maternal RNF114 participated in the regulation of
multiple pathways during embryogenesis by degrading substrate
proteins, thus activating major ZGA and promoting early embryonic
development.

DISCUSSION
In mammals, major ZGA is considered to be the starting point for
embryonic characteristic acquisition, as oocyte identity is nearly
erased via the degradation of maternal factors (Svoboda, 2018).
Major ZGA is primarily regulated by maternal factors that
accumulate and store in mature oocytes during the period of
genomic transcriptional silencing (Li et al., 2010). The expression
pattern of RNF114 in oocytes and pre-implantation embryos
indicates its similarity to the maternal protein. Previously,
knockdown of Rnf114 by injection of siRNA into zygotes
resulted in the abnormal development of mouse embryos (Yang
et al., 2017). However, this strategy could not prove the maternal
role for RNF114 on mouse embryos. Therefore, we generated
Rnf114-mutant mice through gene editing techniques. Although the
deletion did not cause a frameshift mutation, the transcription and
protein levels of RNF114 were both significantly reduced. The
destruction of the RING domain in RNF114 may result in its
degradation because the key domains are important to protein
stability (Heessen et al., 2005; Liu et al., 2017). The instability of
mutant mRNAwas unexpected, although the degradation of mutant
mRNA had been previously demonstrated in some gene-edited
animals (Oo et al., 2020; Xu et al., 2020). The female mice were
completely sterile after Rnf114 editing. Further experiments
revealed that embryos fertilized by Rnf114-null oocytes and WT
sperm did not survive past the two-cell embryonic stage. These
results confirmed the maternal influence exerted through RNF114
during embryogenesis.

Fig. 5. RNF114 mediates the ubiquitylation and degradation of CBX5,
but not CBX3. (A,B) Representative immunoblots showing the ubiquitylation
levels of CBX3 (A) and CBX5 (B) with or without RNF114 overexpression.
293T cells expressingCbx5-Flag orCbx3-Flag and HA-Ubwere cotransfected
with or without the Rnf114-Myc plasmid. Cellular lysate was
immunoprecipitated using anti-Flag affinity beads, followed by western blot.
Cellular lysate was used as the input. n=3, independent replicates.
(C,D) Representative western blot showing the protein levels of CBX3 (C) and
CBX5 (D) with different expression levels of RNF114. The expression of
corresponding CBX proteins was measured. β-Actin was used as the loading
control. n=3, independent replicates. Data are mean±s.e.m. N.S., no
significance. *P<0.05, **P<0.01 compared with the control group (unpaired
two-tailed t-test).
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Transcription assays showed the failure of major ZGA in the
absence of maternal RNF114. Dysregulated maternal RNA
metabolism appeared in the mutant two-cell embryo transcriptome
at the same time, with many maternal RNAs overstocking. We
also identified DEGs at the MII and one-cell stages. As shown in
Fig. 3C, there were 138 DEGs in theMII oocytes and 13 DEGs in the
one-cell embryos. We found that these DEGs were mainly
concentrated in a range with FPKM<10 (86.76%), which is the
standard range indicating low expression (Benfeitas et al.,
2019), and these genes largely disappeared from the DEGs in the
subsequent developmental stage. These phenomena illustrated
the instability of the DEGs at low abundance. Therefore, although
the number of DEGs at MII stage was more than 100, the mutant
group was unable to be distinguished completely from the control
by PC1 or PC2 in the PCA analysis. In addition, GO analysis
was performed on the upregulated and downregulated genes in the
MII oocytes, but no GO term was enriched (FDR<0.05).
The detection of minor ZGA by EU incorporation and Pol II
Ser-2p/5p staining demonstrated a normal transcription level at the
one-cell stage. In general, this study highlights the essential role
of maternal RNF114 in initiating major ZGA during embryonic
development.

To investigate the mechanism of RNF114 blocking embryonic
development and major ZGA, proteomic analysis of MII
oocytes was performed to determine the substrates of RNF114.
Although relevant experiments confirmed that the absence of
RNF114 did not affect oocyte quality and fertilization, the
proteomic analysis results suggested that RNF114 deletion might
disrupt oocyte proteometabolism. We found that only two genes in
the transcriptome and proteome overlapped at the MII stage, Rnf114
and Kat14, both of which were downregulated. It has been reported
that Kat14 knockout affects histone acetylation, leading to cell
cycle blockade in the G2/M phase and mouse embryo arrest at
E8.5 (Guelman et al., 2009; Suganuma et al., 2008).We observed two
enriched clusters of differentially expressed proteins associated with
‘cytomembrane’ and ‘chromatin’ in an interaction network analysis.
LYZ1, the most significantly changed protein in the ‘cytomembrane’
cluster, is a marker for Paneth cells, a type of intestinal epithelial cell
(Bel et al., 2017). LYZ1 is secreted into the extracellular region to
dissolve bacteria and stabilize the intestinal environment (Yu et al.,
2020). Some proteins in the Annexin family were also identified,
including ANXA1, ANXA2, ANXA3 and ANXA11. These proteins
are mainly reported to be related to embryo implantation and post-
implantation development (Hebeda et al., 2018, 2020; Kultima et al.,

Fig. 6. Embryos overexpressing CBX5 have decreased major ZGA. (A) Overview of Cbx3 and Cbx5 mRNA overexpression. (B) Immunoblot showing the
levels of CBX3 and CBX5 in two-cell embryos after microinjecting mRNA. β-Actin was used as the loading control. n=3, independent replicates. (C) Quantification
of the grey scale from B. (D) Representative differential interference contrast images of the control and overexpressed embryos at E3.5. The arrows point to the
embryos with developmental arrest. Scale bar: 100 µm. (E) Percentage of embryos derived from overexpressed Cbx3 and Cbx5 zygotes to the preimplantation
embryo stages. n=5, total of 202-448 embryos/group. (F) The intensity of EU incorporation in the control and CBX3- and CBX5-overexpressing two-cell embryos.
Scale bar: 20 µm. (G) Quantification of EU staining from F. Error bars represent s.e.m. (H) Quantitative RT-PCR results showing the expression level of the major
ZGA genes in the control and overexpressed two-cell embryos. n=3, independent replicates. Data are mean±s.e.m. N.S., no significance. *P<0.05, **P<0.01,
***P<0.001 compared with the control group (unpaired two-tailed t-test).
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2004; Meadows and Cleaver, 2015; Wang and Shao, 2020). To date,
no evidence supports their relationship to the MZT process. On the
other hand, the structure and state of chromatin change dramatically
during embryogenesis (Fu et al., 2020). Some histone subunits were
disturbed in the RNF114-null oocytes, with abnormal accumulation of
HIST1H1E (H1F4) and H2AFV (H2AZ2) and decreased HIST1H1T
(H1F6) content. Histone 1 variants may have a compensatory effect,
whereas HIST1H1T is a specific histone in male germ cells (Nguyen
et al., 2014; Sarg et al., 2009). H2AFV, a histone 2 variant, plays a role
in regulating the formation of heterochromatin and gene transcription
in Drosophila (Giaimo et al., 2019; Swaminathan et al., 2005).
Whether the changes in several histone variants have an effect on
embryo development needs to be further investigated in the future.We
focused on CBX3 and CBX5 in the ‘chromatin’ cluster, the GO
annotations of which hinted at a potential opposite force on mouse
embryonic development. First, the relationship between RNF114 and
the CBX proteins was verified. Some studies reported that FBXW10
or RNF123 ubiquitin ligase promoted the proteasomal degradation of
CBX5 but not CBX3 in HeLa cells with mislocalization or reduced
expression of lamins (Chaturvedi et al., 2012; Chaturvedi and Parnaik,
2010). We also found that RNF114 ubiquitylated and degraded the
CBX5 protein but not CBX3 in 293T cells. In follow-up work, the
regulation of CBX5 by RNF114 needs to be verified in oocytes.
CBX5 expression has been reported to decrease rapidly after
fertilization, and its level is not re-elevated until post-implantation
(Wongtawan et al., 2011), findings verified by our experiments. In
addition, CBX5 was independently increased in mutant two-cell

embryos. The abnormal accumulation of CBX5 in mutant embryos
may have adverse effects on early embryos.WT zygotes injected with
Cbx5 mRNAwere blocked from the four-cell stage, and major ZGA
was abnormally decreased. The effect of upregulated CBX5 in
maternal RNF114-deficient embryos was confirmed by the
exogenous expression of CBX5 in WT embryos.

As a member of the heterochromatin protein family, CBX5 plays
an important role in many biological events, such as DNA
replication, transcription and histone modification (Bártová et al.,
2017; Larson et al., 2017; Ryan and Tremethick, 2018). The CBX5
protein contains two conserved domains, the amino-terminal region
known as the chromodomain (CD), which interacts with methylated
lysine 9 residues on histone 3 (H3K9me), leading to the assembly of
transcription inhibition complexes (Eisert andWaters, 2011; Fischle
et al., 2005; Stewart et al., 2005). Therefore, CBX5 may function as
a gene silencer to suppress the activation of major ZGA, and the
underlying mechanisms need to be further explored. The other
domain of CBX5 is the carboxy-terminal chromoshadow domain
(CSD), which is a platform for binding certain proteins, including
CBX proteins (Eissenberg and Elgin, 2014; Richart et al., 2012).
This means that the accumulation of CBX3 in oocytes may be
indirectly caused by the formation of CBX3-CBX5 heterodimers.

Notably, the phenotype of embryos after maternal Rnf114 deletion
was more severely abnormal than that of embryos with exogenous
CBX5 overexpression. This suggested that there might be other
mechanisms interfering with embryonic development. Considering
previous work, we explored the change in TAB1 expression in

Fig. 7. KnockdownofCbx5 and Tab1 partially rescues the phenotypes inmaternal RNF114-depleted embryos. (A) OverviewofCbx5 andTab1 knockdown
in maternal RNF114-depleted embryos. (B) Representative differential interference contrast images of the treated embryos at E0.5, E2.5 and E4.5. The arrows
point to the embryos that developed into the blastocysts. Scale bar: 100 µm. (C) Percentage of embryos derived from control and treated zygotes to the
preimplantation embryo stages. n=5, total of 114-192 embryos/group. (D) Quantitative RT-PCR results showing the expression level of the major ZGA genes in
the control and knockdown two-cell embryos. n=3, independent replicates. Data are mean±s.e.m. N.S., no significance. *P<0.05, **P<0.01 compared with the
control group (unpaired two-tailed t-test).
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maternal RNF114-deletion embryos. Although TAB1 expressionwas
gently increased in Rnf114m−z+ two-cell embryos, it was not detected
in the protein profile. The reason may be insufficient detection
sensitivity of the mass spectrometry (MS) analyses. Furthermore,
TAB1 is ubiquitously expressed in murine post-implantation
embryos (Komatsu et al., 2002), whereas the expression of TAB1
is relatively low and thus difficult to detect in oocytes. The
transcriptional level in two-cell embryos overexpressing exogenous
TAB1 was decreased. In addition, knocking down Cbx5 or Tab1
partially rescued the phenotypes acquired after the deletion of
maternal RNF114 in mutant embryos. Although both TAB1 and
CBX5 are substrates for RNF114 and their overexpression affects
major ZGA and embryonic development, no association between
TAB1 and CBX5 has been reported. Whether there is a link between
the two proteins remains to be further explored.
In conclusion, RNF114 is highly expressed and exerts the effect

of a ubiquitin E3 ligase in mouse oocytes under physiological
conditions. It mediates the degradation of substrates such as CBX5
and TAB1 for subsequent major ZGA. Loss of RNF114 leads to the
accumulation of its substrates, which block the normal process
of the MZT and fails to initiate major ZGA in mouse embryos.
It is tempting to hypothesize that RNF114, as a crucial maternal
regulator, might participate in the cross-talk required for adequate
clearance of maternal proteins and activation of the early zygotic
genome.

MATERIALS AND METHODS
The generation of Rnf114 knockout mice
We used CRISPR Cas9 to construct gene-edited mice. The T7 promoter and
the guiding sequence were added to the sgRNA by PCR amplification. The
primers for sgRNA are listed in Table S6. B6D2F1 (C57BL/6 × DBA2,
RRID: IMSR_JAX: 100006) female mice and ICR mice were used as
embryo donors and foster mothers, respectively. Superovulated female
B6D2F1 mice (6-8 weeks old) were mated with B6D2F1 males, and the
fertilized embryos were collected from the oviducts. Cas9 mRNA (100 ng/
μl) and sgRNA (20 ng/μl) were injected into the cytoplasm of fertilized eggs
with well-recognized pronuclei in M2 medium (Sigma-Aldrich, M7167).
The injected zygotes were cultured in KSOM (modified simplex-optimized
medium, Millipore, MR-020P-D) at 37°C under 5% CO2 in air, and 15-25
blastocysts were transferred into the uterus of pseudopregnant ICR females.
See Table S6 for genotyping primers. Mouse experiments were carried out
according to and with the approval of the Institutional Animal Care and Use
Committee of Nanjing Medical University, China. All husbandry and
procedures involving the mice were carried out according to the Guide for
the Care and Use of Laboratory Animals (National Research Council, 2011).

Fertility assessment and ovarian histology analysis
For fertility assessment, Rnf114+/− and Rnf114−/− females were mated with
WT males at a ratio of 2:1 over 6 months. Ovaries from 8-week-old female
mice were fixed in 4% paraformaldehyde overnight at 4°C, embedded in
paraffin, serially sectioned at 5 µm using amicrotome (RM2235, Leica), and
stained with haematoxylin and eosin (H&E). The total number of follicles at
various developmental stages was counted using a double-blind method.
The morphology of the follicles and the follicle-containing method have
been previously described (Hu et al., 2020).

Superovulation, in vitro fertilization and culture embryos
Female mice at 6-8 weeks of age were intraperitoneally injected with 5 IU
pregnant mare serum gonadotropin (PMSG), and 5 IU human chorionic
gonadotropin (HCG) was injected 46-48 h later. The cumulus-oocyte
complexes were harvested from the ampullae of oviducts with M2 medium
at 13-14 h post-HCG. The number of oocytes was counted after cumulus
removal by digestionwith hyaluronidase (Sigma-Aldrich, H3506). For in vitro
fertilization, cumulus-oocyte complexes were collected with human tubular
fluid (HTF; Irvine Scientific, 90125) as described above. The sperm fromwild

mouse epididymis capacitated in HTF medium. The sperm were added to the
HTF, containing cumulus-oocyte complexes, which were then cultured for 4-
6 h in a humidified atmosphere of 5% CO2 at 37°C and then transferred to
KSOM for further cultivation. Embryos weremanipulated at the indicated time
points after insemination: one-cell, 10-12 hours post insemination (hpi); two-
cell, 30-32 hpi, as previously described (Aoki et al., 1997).

Real-time PCR
Total RNA was isolated from oocytes using the RNeasy Mini kit (Qiagen,
74034), followed by reverse transcription using a PrimeScript RT Reagent
Kit (Takara, RR036A). Quantitative real-time PCR was performed
using Power SYBR Green PCR Master Mix (Vazyme, Q711-02) to
test the expression of the corresponding genes. We used 18S rRNA as
internal control and the relative changes in gene expression were calculated
by 2−ΔΔCT method. Specific primers are listed in Table S6.

Immunofluorescence staining
Oocytes and embryos were fixed in 4% paraformaldehyde (Sigma-Aldrich,
P6148) in PBS for 30 min at room temperature, permeabilized for 15 min in
0.5% Triton X-100 in PBS, blocked with 5% bovine serum albumin (BSA)
for 1 h at room temperature, and incubated in primary antibodies overnight
at 4°C. Next, the samples were washed three times with washing buffer
(PBS with 0.1% Triton X-100), incubated in secondary antibodies for 1 h at
room temperature, and stained with Hoechst 33342 (Invitrogen, H21492)
for 5 min at room temperature. The images were obtained using a confocal
laser scanning microscope (LSM 800, Carl Zeiss), and fluorescence
intensity was quantified using ZEN 2012 Bule Edition (Carl Zeiss). The
antibodies used are listed in Table S7.

Transcription assays
Embryos were cultured in KSOM with 1 mM EU for 2 h and fixed in 4%
paraformaldehyde in PBS for 30 min at room temperature. EU incorporation
into the RNA was detected using the Click-iT RNA Alexa Fluor 594
Imaging Kit (Invitrogen, C10330) according to the manufacturer’s
instructions. Fluorescence was detected using confocal laser scanning
microscopy (LSM 800, Carl Zeiss).

Western blot
One hundred embryos and mouse ovaries were lysed in RIPA lysis buffer
(CWBio, CW2333) containing protease inhibitor cocktail (CWBio,
CW2200) and phosphatase inhibitor cocktail (CWBio, CW2383). For the
mouse ovaries and 293T cells, the lysate was sonicated five times for 3 s each
time. Samples were incubated on ice for 30 min, centrifuged at 16,000 g for
30 min, mixed with protein loading buffer (FDBio, FD002) and boiled for
5 min. Western blotting was carried out using standard procedures as
previously described (Zhang et al., 2018). The lysate was separated by 4-20%
SDS-PAGE and transferred onto PVDFmembranes (Millipore, IPVH00010).
Afterwards, the membranes were blocked in 5% skimmed milk for 2 h at
room temperature and then incubated overnight in primary antibody at 4°C.
After three washes in 200 mM Tris-HCl, 3 M NaCl, 0.1% Tween 20,
pH 7.2-7.5 (TBST), the membranes were incubated with the corresponding
secondary antibody for 2 h at room temperature and detected using a
horseradish peroxidase (HRP)-enhanced chemiluminescence kit (FDBio,
FD8020). Densitometry of the western blot bands was performed using
ImageJ software. The indicated antibodies are listed in Table S7.

Construction of plasmids
For the construction of expression vectors for the ubiquitylation assay,
mouse Rnf114 was subcloned into pCMV6-Entry, which has a Myc tag. In
addition, Cbx3-Flag and Cbx5-Flag were cloned into the pCMV6-Entry
vector. Ubiquitin cDNA with an HA tag was cloned into the pcDNA3.1+
vector. For in vitro transcription, mouse Cbx3, Cbx5 and Tab1 were cloned
into the pCS2+ vector.

In vitro transcription
The expression vectors were linearized by KpnI and purified using a
QIAquick PCR purification kit (Qiagen, 28104). The linearized DNAs were
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transcribed in vitro by the Sp6 message transcription kit (Invitrogen,
AM1340). The capped mRNAs were purified using the RNeasy cleanup kit
(Qiagen, 74204) and dissolved in nuclease-free water up to 1000 ng/µl.

Microinjection of zygotes
For microinjection, mouse zygotes were harvested in M2 medium at 6 hpi.
Approximately 5-10 pl samples were microinjected into each zygote. Then,
the microinjected zygotes were cultured in prewarmed KSOM at 37°C with
5% CO2. The sequences of siRNA are listed in Table S6.

Ubiquitylation assay
HEK293T cells were grown in DMEM (Gibco, 11995065) supplemented
with 10% foetal bovine serum and 1% penicillin streptomycin solution at
37°C in a 5% CO2 in air atmosphere. After transfection with various
mixtures of plasmids as indicated, the 293T cells were treated with MG132
(5 μM) for 4 h to inhibit proteasome activity. The cells were lysed in RIPA
lysis buffer (Beyotime, P0013K) supplemented with a 1 mM protease
inhibitor cocktail (Bimake, B14001), sonicated five times for 3 s each time
and rocked gently at 4°C for 30 min. After centrifugation for 60 min at
18,000 g at 4°C, the supernatant was immunoprecipitated by anti-Flag
affinity beads (Smart Life Sciences, SA042001) and eluted with acid elution
(0.1 M glycine-HCl, pH 3.0). Then, samples were analysed with western
blot. Ubiquitylation analysis was carried out using tag antibodies (Table S7).
The total lysate was used as the input. For the experiment of substrate
degradation, the 293T cells, which were transfected with various mixtures of
plasmids, were cultivated at 37°C in a 5% CO2 in air atmosphere without
MG132 treatment. Then, samples were lysed in RIPA lysis buffer and
analysed with western blot.

RNA sequencing and analysis
Oocytes and embryos were collected at the time point as described in
Table S1. The RNA-seq libraries for the harvested samples were generated
based on Smart-seq2 (Picelli et al., 2014). Sequence libraries were
constructed using the KAPA HyperPlus Prep Kit (KK8514) according to
the manufacturer’s instructions. All libraries were sequenced on an Illumina
HiSeq2500 with paired-end 150-bp sequencing. The RNA-seq experiments
are deposited in NCBI GEO under accession number GSE164532. The read
quality was controlled using fastqc and trim_galore. Clean reads were
aligned to the mouse genomemm10 using HISAT2with default parameters.
The read counts were quantified using featureCounts. Differential
expression testing was performed using the R package DESeq2. Genes
with adjusted P-value<0.05 and a fold change>2 were marked as DEGs. GO
analysis was performed using DAVID. Major ZGA and maternal gene
clusters were obtained fromDBTMEE database. The significant P-values of
log2 (upregulated genes/downregulated genes) in control group versus
mutant group were determined using Fisher’s exact test. Heatmaps were
prepared using the R package heatmap. Other plots were prepared using the
R package ggplot2.

Mass spectrometry
Oocytes were harvested from the Rnf114+/− and Rnf114−/− mice. The
proteins were reduced, and trypsin was digested and desalted as described
previously (Wang et al., 2015). For TMT labelling, purified peptides were
reconstituted in 200 mM triethylammonium bicarbonate (TEAB) and
labelled using TMT 6-plex (Thermo Fisher Scientific, 90066) according
to the manufacturer’s instructions (Fan et al., 2020). All labelled peptide
samples were combined, purified using an OASIS HLB Vac cartridge and
lyophilized. Then, the mixed TMT-labelled peptides were separated by
high-pH reversed-phase (HP-RP) fractionation technology based on the
ACQUITY UPLC M-class system (Waters) with a BEH C18 column
(300 μm×150 mm, 1.7 μm; Waters), and 30 fractions were collected and
lyophilized as previously described (Li et al., 2020).

For liquid chromatograph mass spectrometer (LC-MS) analyses, peptides
were resuspended in 0.1% formic acid and analysed using an LTQ Orbitrap
Fusion Lumos mass spectrometer (Thermo Fisher Scientific) coupled to an
Easy-nLC 1200 (Thermo Fisher Scientific). The trap column (75 μm×2 cm,
Acclaim® PepMap100 C18 column, 3 μm, 100 Å; DIONEX) effluent
was transferred to a reverse-phase microcapillary column (75 μm×25 cm,

Acclaim® PepMap RSLC C18 column, 2 μm, 100 Å; DIONEX). The
Orbitrap Fusion Lumos mass spectrometer was operated in the data-
dependent mode. A full survey scan was obtained for the m/z range of 350-
1500, and the resolution of HCD MS/MS was 15,000. Raw files were
searched against the mouse protein sequences obtained from the Universal
Protein Resource (UniProt) database by MaxQuant software (version
1.6.2.10) (Tyanova et al., 2016). Carbamidomethyl (C) on cysteine was
fixed modifications with TMT reagent adducts on lysine and peptide amino
termini as fixed modifications for the TMT data. Variable modifications
included oxidation (M) and acetylation (protein N-term). False discovery
rate (FDR) cut-offs were set to 0.01 for proteins, peptides and sites.

Differential proteins were determined using the unpaired two-
tailed Student’s t-test. A P-value less than 0.05 and fold change of
Rnf114−/−/Rnf114+/− of more than 1.2 or less than 0.833 were considered
significant, as shown by the protein-protein interaction networks using the
STRING and Cytoscape software. Enrichment analysis of gene ontology,
including biological process, cellular component and molecular function
terms, was carried out using the clusterProfiler R package (Yu et al., 2012).
The proteomics data have been deposited in the ProteomeXchange
Consortium via the proteomics identifications (PRIDE) database
(Identifier PXD023458).

Statistical analysis
Comparisons between two groups were analysed using unpaired two-tailed
t-tests in GraphPad Prism 7.0. The statistical significance was as follows:
N.S., not significant, P>0.05; *P<0.05; **P<0.01; ***P<0.001.
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