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The subcortical maternal complex
modulates the cell cycle during early
mammalian embryogenesis via 14-3-3

Zhuo Han1,12, Rui Wang2,3,4,12, Pengliang Chi 1,12, Zihan Zhang1,12, Ling Min1,12,
Haizhan Jiao 5, Guojin Ou 1,6, Dan Zhou2,3, Dandan Qin2,3, Chengpeng Xu2,3,
Zheng Gao7, Qianqian Qi6, Jialu Li 1, Yuechao Lu1,8, Xiang Wang 1,9,10,
Jing Chen 11, Xingjiang Yu2,3, Hongli Hu 5, Lei Li 2,3 & Dong Deng 1,9,10

The subcortical maternal complex (SCMC) is essential for safeguarding female
fertility in mammals. Assembled in oocytes, the SCMCmaintains the cleavage
of early embryos, but the underlying mechanism remains unclear. Here, we
report that 14-3-3, a multifunctional protein, is a component of the SCMC. By
resolving the structure of the 14-3-3-containing SCMC, we discover that
phosphorylation of TLE6 contributes to the recruitment of 14-3-3. Mechan-
istically, during maternal-to-embryo transition, the SCMC stabilizes 14-3-3
protein and contributes to the proper control of CDC25B, thus ensuring the
activation of the maturation-promoting factor and mitotic entry in mouse
zygotes. Notably, the SCMC establishes a conservedmolecular link with 14-3-3
and CDC25B in human oocytes/embryos. This study discloses the molecular
mechanism through which the SCMC regulates the cell cycle in early embryos
and elucidates the function of the SCMC in mammalian early embryogenesis.

Maternal-effect mutations have become a critical genetic cause of
female reproductive diseases. Since the discovery of maternal-effect
genes inmammals1,2, a growing number ofmammalianmaternal genes
have been identified3,4. Maternal-effect proteins, which accumulate
prior to fertilization, dominate early preimplantation development
until embryonic factors take over5–7. A fascinating discovery was the
identification of the subcortical maternal complex (SCMC), a multi-
protein complex originally found to be enriched in the subcortical
region of mammalian oocytes and early embryos that performs mul-
tifaceted functions8–10. Recent clinical studies revealed a strong link

between pathogenic mutations in SCMC genes and early embryonic
arrest in women experiencing recurrent reproductive failure11–13. The
SCMC comprises at least three core components, namely maternal
antigen that embryos require (MATER), transducin-like enhancer of
split6 (TLE6), and factor located in oocytes permitting embryonic
development (FLOPED). Loss of any individual core component
arrests embryos in the cleavage-stage during mouse embryonic
development1,8,14, highlighting the SCMC’s primary role in promoting
zygotes to progress beyond the first cell cycles. Notably, human
TLE6/MATERmutations are closely associatedwith embryonic lethality
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at early cleavage stage11–13. However, the molecular mechanisms
underlying the function of the SCMC in regulating the embryonic cell
cycle are almost blank.

14-3-3 proteins belong to a highly homologous family of proteins
ubiquitously expressed in all eukaryotic cells15–17. The remarkable ability
of 14-3-3 proteins to bind a wide array of functionally diverse proteins
allows them to act as pleiotropic regulators in various cellular pro-
cesses, such as the cell cycle18,19, cell apoptosis20,21, transcription22,
cytoskeletal rearrangement23 and protein trafficking24. Somatic cell
cycle regulation is regarded as one of the core functions of 14-3-3 pro-
teins because they function at multiple critical nodes to determine the
onset and timing of mitosis in diverse manners18,19. Although previous
studies have revealed an additional role for individual 14-3-3 proteins in
modulating the meiotic assumption of germinal vesicle (GV) oocytes25

and the G2/M transition in zygotes26, the role of 14-3-3 in the cell cycle
during the maternal-to-embryo transition has not been determined.

Most recently, we performed in vitro reconstitution of the mouse
SCMC and reported the cryoelectron microscopy (cryo-EM) structure
of the SCMC ternary core complex (also referred to as the “SCMCcore”

hereafter; includes MATER, TLE6, and FLOPED)27, offering another
perspective for studying the molecular function of the SCMC.

Here, we show that 14-3-3 is an SCMCbinding partner and verified
the endogenous interaction between 14-3-3 and the SCMC in oocytes.
We reconstitute the mouse SCMC in complex with 14-3-3γ and deter-
mined its cryo-EM structure at 3.0 Å resolution. Specific phosphor-
ylation sites in mouse TLE6 are pivotal for binding 14-3-3 and may
facilitate normal early embryonic development. Furthermore,we show
that the SCMC preserved the stability of the 14-3-3 protein during the
oocyte-to-zygote transition. Maternal loss of the SCMC reduced 14-3-3
protein levels, while 14-3-3 supplementation in TLE6-deficient zygotes
partially rescued the blockage of early embryonic development. In
addition, we demonstrate that 14-3-3 strengthened the molecular
connection between the SCMC and the critical cell cycle regulator
CDC25B. Loss of the SCMC decreased the protein level of CDC25B and
led to reduced activity of CDK1 during the maternal-to-embryo tran-
sition, inhibiting the onset of mitosis in mouse zygotes. Remarkably,
the addition of CDC25B also partially rescued arrest at the first cell
divisions in SCMC-deficientmouse zygotes. Finally, we prove that 14-3-
3 is also a component of the human SCMC, which establishes a con-
served molecular association with CDC25B in human oocytes/
embryos. This finding suggests an evolutionarily conserved mechan-
ism of cell cycle regulation by the SCMC in mammalian early
embryonic development. This study highlights the significance of 14-3-
3 as a component of the SCMC in regulating the early embryonic cell
cycle in mammals from a structural perspective and provides addi-
tional details for the molecular mechanism by which the SCMC
orchestrates mammalian preimplantation embryogenesis.

Results
14-3-3 is an inherent component of the SCMC in mouse oocytes
The SCMC is a MDa-level supercomplex8, and many studies have
progressively identified additional components of the SCMC beyond
the core proteins28–30. Recently, we reconstituted the mouse SCMC
containing MATER, TLE6, FLOPED, and FILIA in Sf9 cells27. Interest-
ingly, the purified SCMCproteins exhibited twoadjacent proteinpeaks
upon anion-exchange chromatography (Supplementary Fig. 1a), sug-
gesting the presence of two distinct charge states. In the peak repre-
senting more negative charge, two proteins other than MATER, TLE6,
FLOPED, and FILIA, with molecular weights ranging from 25-35 kDa,
were present. Size-exclusion chromatography further confirmed that
these two proteins comigrated with SCMC proteins, and both were
identified as 14-3-3 proteins by mass spectrometry analysis (Supple-
mentary Fig. 1b).

To investigate whether 14-3-3 is a component of the SCMC in
mouse oocytes, we incubated the purified mouse SCMCcore with

mouse oocyte lysates in vitro, and performed pull-down assay for the
SCMCcore. The result showed that the SCMCcore could bind endogen-
ous 14-3-3 (pan 14-3-3) in mouse oocytes (Supplementary Fig. 1c).
Furthermore, we performed coimmunoprecipitation (co-IP) assays
with a specific antibody to against MATER, TLE6, or FLOPED. The
results showed that endogenous 14-3-3 coprecipitated with all three
SCMCcore components in oocytes (Fig. 1a). Additionally, the immuno-
fluorescence (IF) staining results revealed that SCMCcore components
were distributed in cytoplasmandenriched in the subcortical regionof
mouse oocytes, consistent with the reported localization of Halo-
tagged TLE6 in mouse oocytes31. The 14-3-3 protein was partially
colocalized with SCMCcore components in mouse oocytes (Fig. 1b).
These results substantiate that 14-3-3 is an inherent component of the
SCMC in mouse oocytes.

The overall structure of the mouse 14-3-3-containing SCMC
There are seven known 14-3-3 paralogs in mice (denoted by the Greek
letters β/α, γ, ε, η, θ, ζ/δ, and σ, with α and δ representing phos-
phorylatedβ and ζparalogs, respectively)15–17; theseparalogs arehighly
conserved in their sequence and functionally redundant. According to
the reportedproteomic data, all seven 14-3-3 paralogs are detectable in
mouse oocytes32–34. In line with their virtually identical interaction
specificities for the ligands35–37, all seven mouse 14-3-3 paralogs bound
the SCMC to varying degrees, and 14-3-3γwas themost potent binding
partner (Supplementary Fig. 1d). Thus, we reconstituted the 14-3-3γ-
containing SCMC(also referred to as “SCMC-14-3-3γ”hereafter) in vitro
by size-exclusion chromatography. Notably, 14-3-3γ comigrated with
the SCMC, and the reconstituted SCMC-14-3-3γ exhibited mono-
disperse behavior (Fig. 1c). Furthermore, we determined the cryo-EM
structure of the SCMC-14-3-3γ at a resolution of 3.0Å (Fig. 1d and
Supplementary Figs. 2a–d and 3; Supplementary Table 1). Moreover,
2D classification during data processing also revealed the further
dimerization of the SCMC-14-3-3γ (Supplementary Fig. 2a), which is
consistent with that of the SCMC27.

The SCMC-14-3-3γ pentamer comprises MATER, TLE6, FLOPED,
and dimeric 14-3-3γ (Fig. 1d). MATER, TLE6, and FLOPED adopt similar
conformations in the SCMC-14-3-3γ and the reported structure of the
SCMCcore

27, with a root-mean-square deviation (RMSD) value of
0.768 Å (Supplementary Fig. 4a). Dimeric 14-3-3γ adopts a canonical
conformation that resembles the reported crystal structures of 14-3-3
paralogs38,39 (Fig. 1d and Supplementary Fig. 4a). The two 14-3-3γ
protomers (14-3-3γ A and 14-3-3γ B) contact the top surface of the
WD40 repeat (WDR) domain of TLE6 and the leucine-rich repeat (LRR)
domain of MATER, respectively (Fig. 1e). Notably, there are two addi-
tional densities within the ligand-binding clefts of the 14-3-3γ homo-
dimer in the SCMC-14-3-3γ (Fig. 1d). 14-3-3 paralogs are abundant
acidic proteins that assemble as homo- or heterodimers and bind
phosphorylated ligands through a conserved amphipathic cleft17.
Therefore, we speculated that two phosphopeptides from SCMC
subunits insert into the chamber of 14-3-3γ.

Phosphorylated TLE6 is essential for 14-3-3 recruitment
According to the unsharpened density map, we found that one pep-
tide, TLE6 (133–144) pS139, linked by the MATER-interacting helix
(MIH) of TLE6 inserts into the chamber of 14-3-3γ A (Supplementary
Fig. 4b). Interestingly, in silico analysis by 14-3-3-Pred40 revealed that
there are three putative 14-3-3 binding sites in the flexible region of the
recombinant TLE6 (48–581 aa), including TLE6 (133–144) pS139, TLE6
(203–214) pS209, and TLE6 (217–228) pS223 (Supplementary Fig. 4c).
Therefore, we hypothesized that two 14-3-3 binding peptides are
derived fromTLE6 and tentatively built two phosphopeptides of TLE6,
TLE6 (133–144) pS139 and TLE6 (203–214) pS209, in the structure
model of the SCMC-14-3-3γ (Fig. 2a–c). The positively charged residues
in the grooves of the two 14-3-3γ protomers form direct contacts with
phosphorylated Ser139 and Ser209 of TLE6 (Fig. 2a–c).
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The phosphorylation of protein is vital for 14-3-3 binding17,18.
Therefore, we introduced the mutations into TLE6 to block the phos-
phorylation and performed co-IP assays to verify the formation of
the 14-3-3-containing SCMC (Fig. 2d). We confirmed that none of the
mutations affected the stability of TLE6 and the assembly of the
SCMCcore (Fig. 2d). Interestingly, TLE6S139A and TLE6S209A weakened

the interaction between the SCMCcore and 14-3-3γ, with the TLE6S139A
having a more significant influence on the binding of 14-3-3γ (Fig. 2d).
However, TLE6S223A did not affect the 14-3-3 binding. Notably,
TLE6S139/209A and TLE6S139/209/223A also impaired but did not com-
pletely disrupt the binding of 14-3-3γ to the SCMCcore (Fig. 2d), sug-
gesting the presence of other interfaces between the SCMCcore and
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14-3-3γ. This result is consistent with the structural observation of
additional contacts among 14-3-3γ, the LRR domain ofMATER, and the
WDR domain of TLE6 (Supplementary Fig. 4d-f).

To further illustrate that the phosphorylation of TLE6 at Ser139
and Ser209 contributes to the recruitment of 14-3-3γ, we performed
isothermal titration calorimetry assays to measure the binding affinity
(Kd) between 14-3-3γ and TLE6 peptides (Fig. 2e and Supplementary
Fig. 5). The phosphopeptides, TLE6 (133–144) pS139 and TLE6
(203–214) pS209, were detected to bind to 14-3-3γ with Kd values of
55.8 ± 13.6μM and 315.3 ± 28.0μM, respectively. However, two wild-
type peptides, TLE6 (133–144) and TLE6 (203–214), and phosphopep-
tide TLE6 (217–228) pS223 cannot bind to 14-3-3γ. Of note, the mass
spectrometry analysis also identified the phosphorylated Ser139 and
Ser209 of purified TLE6 in the SCMC-14-3-3 (Supplementary Fig. 6).
These findings, together with the results of the co-IP assays, confirmed
that the phosphorylation of TLE6 at Ser139 and Ser209 of TLE6 is vital
for the binding between 14-3-3γ and SCMC (Fig. 2d). Therefore, we
confirmed the model building of SCMC-14-3-3γ.

Next, we combined Trim-Away and mRNA supplementation in
mouse zygotes to investigate whether TLE6S139/209A impacts the
development of early mouse embryos. At 24, 48, 72, and 96 h post-
microinjection (pMI), the developmental rate of zygotes was exam-
ined. 94% of the zygotes were 2-cell embryos at 24 h pMI, 93% were
8-cell embryos at 48 h pMI, 95% were morulae at 72 h pMI, and 97%
were blastocysts at 96 h pMI in the control group (Fig. 2f and Sup-
plementary Fig. 7a,b). However, TLE6 knockdown in zygotes delayed
embryonic development at all time points, with the blastocyst rate
being only 6% at 96 h pMI (Fig. 2f and Supplementary Fig. 7a,b). In
contrast, this delay in development was partially rescued after sup-
plementation of mRNA encoding wild-type TLE6, with the blastocyst
rate rebounding to 62% at 96 h pMI (Fig. 2f and Supplementary
Fig. 7a,b). The addition of TLE6S139/209A increased the blastocyst rate to
only 32% at 96 h pMI (Fig. 2f and Supplementary Fig. 7a,b). Duncan et
al. reported that TLE6 could be phosphorylated by protein kinase A
(PKA) in mouse oocytes, with Ser139 and Ser209 sites predicted as
high-confidence PKA targets41. We thus examined the effect of PKA on
the early embryonic development (Supplementary Fig. 8). In the con-
trol group, we observed that almost all embryos developed to blas-
tocyst at 120 h post-human chorionic gonadotrophin injection
(pHCGi) (Supplementary Fig. 8). In contrast, when subjected to H89, a
potent inhibitor of PKA, the progression of early embryonic develop-
ment was markedly retarded, commencing from 72 h pHCGi. Specifi-
cally, the blastocyst formation rate in the H89-treated group
plummeted to merely 30% at 120 h pHCGi, with a preponderance of
embryos halting their development at the 2-cell stage, exhibiting a
phenotypic manifestation akin to SCMC-deficient embryos (Supple-
mentary Fig. 8). While this may provide supporting evidence, the
potential off-target effects of the inhibitor and its impact on other
potential substrates of PKA cannot be ignored entirely. Additionally,
we found that compared with the microinjection of wild-type Tle6
mRNA, the microinjection of Tle6S139/209A mRNA into normal zygotes
resulted in most embryos arresting at the 2-cell stage or death

(Supplementary Fig. 7c), similar to the effect of H89 treatment on
embryonic development (Supplementary Fig. 8). Despite the potential
side effect on normal zygotes, the overexpression of TLE6S139/209A,
characterized by a markedly diminished capacity to bind with 14-3-3
proteins, may competitively impede the function of the SCMC in
maintaining early embryonic development. Taken together, these
results indicate that site-specific phosphorylation of TLE6 could pro-
mote the recruitment of 14-3-3 to the SCMC in vitro and sustain the
normal early embryonic development of mice.

The SCMC maintains early embryogenesis by stabilizing 14-3-3
According to previous reports42,43, the similar expression patterns of
three SCMCcore components and six 14-3-3 paralogs across stages
ranging from the oocyte stage to the early embryo stage indicates
strong positive correlations between SCMC and 14-3-3 expression at
the protein level throughout development. Recent proteome analysis
by Jentoft et al. revealed that the levels of five 14-3-3 paralogs are
reduced in GV oocytes from female Tle6-/- (also referred to as “Tle6Null”

hereafter; seeMethods)mice31. In linewith these results, we also found
that the protein expression level of pan 14-3-3, whichwas examined by
immunoblotting, was significantly lower in GV oocytes from female
Tle6Null mice, in comparison to those derived from normal female mice
(also referred to as control oocytes hereafter) (Fig. 3a). The IF staining
results also confirmed this observation (Fig. 3b and Supplementary
Fig. 9a). Ablation of FLOPED, another core component of the SCMC,
alsomarkedly attenuated the pan 14-3-3 levels in GV oocytes (Fig. 3c, d
and Supplementary Fig. 9b). These results suggest that SCMC main-
tains the abundance of 14-3-3 proteins in fully grown oocytes. None-
theless, depletion of the SCMC disrupts the normal cleavage of the
mouse embryo after fertilization without affecting the maturation
efficiency of the oocyte1,8,14. Hence, we tested the possible alteration in
the abundance of 14-3-3 in zygotes from female Tle6Null mice. As shown
in Fig. 3e, f and Supplementary Fig. 9c, the protein levels of 14-3-3were
significantly lower in zygotes from female Tle6Null mice than those in
control zygotes. A similar decrease in pan 14-3-3 protein levels was also
observed in zygotes derived from female Floped-/- (also referred to as
“FlopedNull” hereafter) mice (Fig. 3g, h and Supplementary Fig. 9d).
These results indicate that the scarcity of 14-3-3 caused by the loss of
maternal TLE6, or even of the SCMC, persists from the oocyte stage
through the postfertilization stage.

Subsequently, quantitative real-time PCR (qRT-PCR) was also
conducted tomeasure themRNA levels of 14-3-3 in control, Tle6Null and
FlopedNull GV oocytes. The results showed that therewas no decrease in
14-3-3 mRNA levels between normal and Tle6Null or FlopedNull GV
oocytes (Supplementary Fig. 10a), suggesting that loss of the SCMC
does not reduce the abundance of 14-3-3 proteins by downregulating
their mRNA expression. Therefore, we speculated that the mouse
SCMC could maintain the stability of 14-3-3 proteins. To support this
idea, exogenous mouse 14-3-3γ was gradually degraded in HEK-293F
cells by cycloheximide treatment, but this change was significantly
inhibited by the preloaded SCMCcore despite degradation of the
complex itself (Supplementary Fig. 10b). We also found that the

Fig. 1 | 14-3-3 exhibits as an SCMC component. a Normal oocyte lysates, before
(Input) or after immunoprecipitationwith antibody to TLE6 (top), MATER (middle)
or FLOPED (bottom)were immunoblotted andprobedwith antibodies topan 14-3-3
and TLE6,MATER, or FLOPED, respectively. IgG, normal immunoglobulin (negative
control). b Normal oocytes isolated from normal females were fixed, permeabi-
lized, and incubated with antibodies to pan 14-3-3 and FLOPED (top), MATER
(middle), or TLE6 (bottom), and with DAPI to visualize DNA. The oocytes were
imaged by confocal microscopy. Scale bar, 10μm. Colocalization of pan 14-3-3 and
FLOPED, MATER, or TLE6 was presented in the merge. c In vitro reconstitution of
mouse SCMC-14-3-3γ. The mouse SCMC quaternary complex and 14-3-3γ protein
were incubated in lysis buffer. Size-exclusion chromatography (Superose™ 6
Increase 10/300 GL) was performed to separate the SCMC-14-3-3γ (marked in dark

red box) and excess 14-3-3γ (marked in dark blue box). The SCMC-14-3-3γ is com-
posed of His-tagged MATER (1–1059 aa), Strep-tagged TLE6 (48–581 aa), Strep-
tagged FLOPED (1–164 aa), Strep-tagged FILIA (1–124 aa), and 14-3-3γ (1–247 aa).
The column was calibrated with thyroglobulin (669 kDa) and ferritin (440kDa).
dCryo-EMmapof the SCMC-14-3-3γ. 14-3-3γA and 14-3-3γ B refer to two protomers
in 14-3-3γ homodimer.MATER, TLE6, and FLOPEDare colored in light blue, salmon,
and yellow green, respectively. The homodimer of 14-3-3γ is distinguished by 14-3-
3γ A (burlywood), which is proximal to theWD40 repeat domain of TLE6, and 14-3-
3γB (gray),which is close to the leucine-rich repeatdomain ofMATER.Themapwas
shown at level 0.00679. e Two views of the cartoon presentation of the SCMC-14-3-
3γ structure. The color scheme is consistent with panel d. The SCMCcore indicates
the core complex consisting of MATER, TLE6, and FLOPED.
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decrease in the protein level of 14-3-3γ could be effectively rescued in
HEK-293F cells by incubation with the potent proteasome inhibitor
MG132, indicating that mouse 14-3-3γ undergoes proteasomal degra-
dation (Supplementary Fig. 10c). Adding Tle6 mRNA to TLE6-
knockdown zygotes also significantly protected pan 14-3-3 from
degradation (Supplementary Fig. 10d). The above results suggest that

SCMC stabilizes the 14-3-3 protein levels by preventing 14-3-3 proteins
from degradation rather than retaining their mRNA expression.

To investigate whether the reductions in the levels of 14-3-3 pro-
teins are the critical cause of developmental arrest, we knocked down
14-3-3 proteins in normal mouse zygotes and examined their devel-
opment. The progression of zygote development was significantly
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delayed at all time points in the 14-3-3-knockdown group compared
with the control group, with most of the early embryos being arrested
at the 2-cell stage at 96 h pMI (Fig. 3i, j, and Supplementary Fig. 11); this
was consistent with the abnormal development of TLE6-knockdown
zygotes (Fig. 2f and Supplementary Fig. 7a,b). These results suggest
that 14-3-3 proteins are crucial for the preimplantation development of
mouse embryos.

We then investigated whether 14-3-3 supplementation could res-
cue the arrested development of early embryos from TLE6-deficient
female mice. To this end, the zygotes were isolated from Tle6Null

females mated with normal males. These zygotes were injected with
mRNA solvent for control ormixedmRNAs containing all sevenmouse
14-3-3 paralogs and were subsequently cultured for 96 hours. As
expected, control zygotes derived from Tle6Null female mice exhibited
delayed development and could not progress beyond the 4-cell stage
(Fig. 3k, l), similar to the findings of previous reports14. In contrast,
upon 14-3-3 supplementation, the proportion of 4-cell embryos from
female mice lacking TLE6 dramatically increased by 48 h pMI. Strik-
ingly, after 14-3-3 supplementation,more than 10%of the zygotes from
female Tle6Null mice reached the 8-cell stage (Fig. 3k, l). We also found
that the developmental defects were partially rescued by 14-3-3 sup-
plementation in TLE6-knockdown zygotes, with the blastocyst rate
increasing from2% to 24%at 96 hpMI (Supplementary Fig. 12). Overall,
we conclude that SCMC protects early embryonic development by
maintaining 14-3-3 protein levels.

14-3-3 enhances the binding of CDC25B to the SCMC
Oocytes from female mice lacking the SCMC can be fertilized, and the
preimplantation development of the resulting zygotes is severely
impaired1,8,14. According to our previous studies, the time to progress
from the 1-cell stage to the 2-cell stage was significantly prolonged in
zygotes from female Tle6Null and FlopedNull mice, and most of these
zygotes eventually stalled at the 2-cell stage8,14. These findings strongly
suggest that the SCMC is essential for the first cleavage of mouse
zygotes. The regulation of cell cycle modulators by 14-3-3 is crucial for
coordinating the eukaryotic cell cycle18,19. The incorporation of 14-3-3
in the SCMC provides important clues to explain the role of the SCMC
in regulating the cell division cycle in zygotes. Therefore, the SCMC
may orchestrate the functions of cell cycle factors regulated by 14-3-3.

Previous studies have carefully profiled each phase of the first
mitosis in mouse zygotes through 5-ethynyl-2’-deoxyuridine (EdU)
labeling44,45. To explore how the SCMC functions specifically in the first
zygotic cell cycle, we labeled the zygotes with EdU and then examined
DNA synthesis and the state of the nucleus in control and FlopedNull

mouse zygotes after in vitro fertilization (IVF). We considered a EdU
signal/total embryo ratio greater than 0.5 to indicate active DNA
synthesis. Overall, consistent with the findings of previous studies,
almost all the zygotes in the control group exhibited active DNA
synthesis between 4-7 h (over 90%) and 7–10 h (100%) post-IVF (Fig. 4a
and Supplementary Fig. 13a). Notably, EdU signals did not appear in

more than 96% of the control zygotes between 0 and 4 h post-IVF and
was abolished in 90% of the control zygotes between 10 and 13 h post-
IVF (Fig. 4a and SupplementaryFig. 13a). By comparison,weobserved a
delayed peak in active DNA synthesis in Floped-deficient zygotes
between 7–10 h (over 93%) and 10–13 h (100%) post-IVF (Fig. 4a and
Supplementary Fig. 13a). We further characterized in detail the timing
of active DNA synthesis in control and FlopedNull zygotes by splitting
the EdU signal peaks into hourly intervals (Supplementary Fig. 13b,c).
The results revealed a 4-hour stage of active DNA synthesis between 6
and 10 h post-IVF in control zygotes (Supplementary Fig. 13b); how-
ever, the zygotes from female FlopedNull mice showed a slightly pro-
longed duration of active DNA synthesis between 7 and 12 h post-IVF
(Supplementary Fig. 13c). Strikingly, most of the control embryos
reached the 2-cell stage between 13 and 16 h post-IVF; however, the
earliest time point at which the FlopedNull zygotes progressed to the
2-cell stage was between 22 and 25 h post-IVF (Fig. 4a and Supple-
mentary Fig. 13a–c). These findings suggest that depletion of FLOPED
leads to prolonged cell cycle, especially a markedly delayed G2/M
transition, in mouse early embryos.

Cell division cycle 25 homolog B (CDC25B) is pivotal for initiating
mitosis in mammalian cells, and its function is tightly controlled by 14-
3-318,46,47. Unlike mice lacking Cdc25a or Cdc25c48,49, Cdc25b-deficient
female mice are viable but sterile50. Previous studies suggested
that CDC25B is the primary CDC25 homolog that participates in
the resumption of meiosis50–52, the metaphase I-to-metaphase II
transition53, and centrosomal microtubule nucleation in 2-cell
embryos54. Thus, we wondered whether the SCMC and CDC25B are
linked through 14-3-3 to regulate the onset of mitosis during the
maternal-to-embryo transition. Notably, the results of proximity liga-
tion assays (PLAs) revealed in situ interactions between TLE6 and
CDC25B in GV oocytes, mature eggs, and zygotes, suggesting a link
between the SCMC and CDC25B in the maternal-to-embryo transition
(Fig. 4b). To explore whether 14-3-3 maintains this interaction, we
further performed a PLA on 14-3-3-knockdown GV oocytes. The in situ
interaction between TLE6 and CDC25B was dramatically impaired in
the 14-3-3-knockdown group compared with the control injection
group, suggesting an important role for 14-3-3 in promoting CDC25B
binding to the SCMC (Fig. 4c). Furthermore, we confirmed the binding
of the SCMCcore with CDC25B in HEK-293F cells (Fig. 4d). In contrast,
the interactions of TLE6S139A, TLE6S209A, and TLE6S139/S209A with 14-3-3
were significantly inhibited (Fig. 2d), which also compromised their
binding with CDC25B (Fig. 4d). Conversely, overexpression of 14-3-3γ
in HEK-293F cells significantly promoted the interaction between the
SCMCcore and CDC25B (Fig. 4e). Taken together, the above analyzes
reveal that 14-3-3 mediates and enhances the SCMC-CDC25B
association.

The SCMC-14-3-3 stabilizes CDC25B for mitotic entry
14-3-3 binding contributes to the cytoplasmic sequestration of
CDC25B19,46 or protects CDC25B from ubiquitination-mediated

Fig. 2 | Site-specific phosphorylation of TLE6 is important for binding 14-3-3.
a–c Interface I and II mediating the binding of two 14-3-3γ protomers to TLE6 in the
SCMC. Interface I (b, marked in red box) and Interface II (c, marked in blue box)
show the interactions of two 14-3-3γ protomers with TLE6 pS139 and pS209,
respectively. Purple triangles indicate TLE6 pS139 and pS209, respectively. pS,
phosphorylated serine. Single components are colored and labeled as denoted.
d HEK-293F cells were co-transfected with expression vectors harboring Flag-
tagged MATER (or a blank vector for negative control), Strep-tagged FLOPED, HA-
tagged 14-3-3γ and either Strep-tagged TLE6, TLE6S139A mutant, TLE6S209A mutant,
TLE6S223A mutant, TLE6S139/209A double-site mutant, or TLE6S139/209/223A triple-site
mutant as denoted. 60 h after transfection, cell lysates before (Input) or after
immunoprecipitation with anti-Flag affinity agarose gel were immunoblotted for
HA-tagged 14-3-3γ, Flag-tagged MATER, Strep-tagged FLOPED and Strep-tagged
TLE6 (or mutants). e Table for binding affinity (Kd) between His-tagged 14-3-3γ and

TLE6 wildtype peptides (TLE6 (133–144) or TLE6 (203–214)) or phosphorylated
peptides (TLE6 (133–144) pS139, TLE6 (203–214) pS209, or TLE6 (217–228) pS223).
The data represent the mean ± S.D. (standard deviation) of 3 independent experi-
ments. pS, phosphorylated serine. UD, undetectable. The minus symbol “-” indi-
cates that the peptide TLE6 (217–228) was undetermined due to insolubility.
f Schematic overview of mouse zygotes cultured for 24, 48, 72, and 96 h after co-
microinjectionwithmCherry-Trim21mRNA+ isotype IgG +mRNA solvent (control),
mCherry-Trim21mRNA + anti-TLE6 antibody + mRNA solvent (T1),mCherry-Trim21
mRNA + anti-TLE6 antibody + Tle6 mRNA (T2), ormCherry-Trim21 mRNA + anti-
TLE6 antibody + Tle6S139/209A mRNA (T3). The validation for the loss of TLE6 was
presented in Supplementary Fig. 7b. The proportions of embryos on different
stages were calculated. N = 3 independent experiments. The data are presented as
the mean ± S.D.
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degradation55. Given the 14-3-3-mediated connection between the
SCMC and CDC25B, we investigated the possible regulatory effect of
the SCMC on CDC25B during the maternal-to-embryo transition. As
shown in Fig. 5a, b and Supplementary Figs. 14a and 15a,b, the protein
level of CDC25B, as determined by immunoblotting and IF staining,
was markedly lower in Tle6Null GV oocytes than those in control GV
oocytes. A similar change in the abundance ofCDC25Bwas observed in
GV oocytes from female FlopedNull mice (Fig. 5c, d and Supplementary
Figs. 14b and 15c,d), suggesting that the SCMC rather than a single
SCMC component plays a role in controlling CDC25B content.

Moreover, we detected no significant changes in the mRNA levels of
Cdc25b between normal and Tle6Null or FlopedNull GV oocytes (Supple-
mentary Fig. 16), thus ruling out the possibility that the SCMC might
regulate the transcription of Cdc25b. This indicates that the SCMC
directly regulates the stability of the CDC25B protein in fully devel-
oped mouse oocytes.

Given that the loss of the SCMC reduces the abundance of 14-3-3 in
mouse zygotes (Fig. 3e–h and Supplementary Fig. 9), we further inves-
tigatedwhether CDC25B is also altered in these zygotes. As presented in
Fig. 5e, g and Supplementary Figs. 14c and 15e,f, the protein level of
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CDC25B decreased sharply in the zygotes when maternal TLE6 was
depleted. A similar decrease in CDC25B was also observed in
zygotes from female FlopedNull mice (Fig. 5f, h and Supplementary
Figs. 14d and 15g,h). The synchronous decrease in 14-3-3 and CDC25B
protein levels in SCMC-deficient oocytes and zygotes raises the possi-
bility that the SCMC sustains CDC25B expression by stabilizing 14-3-3.
Notably, 14-3-3 knockdown in zygotes reduced the protein level of
CDC25B (Supplementary Fig. 11), thus supporting the speculation pre-
sented above. During late G2 phase, normal accumulation of the activity
of cyclin-dependent kinase 1 (CDK1)-cyclin B (namely maturation-
promoting factor, MPF) is crucial for the initiation of mitosis47,56.
CDC25B dephosphorylates CDK1 at Tyr15 and leads to robust activation
of the CDK1-cyclin B complex18,47,57,58. As shown in Fig. 5g, h, the
expression of total CDK1 were equal between control and the zygotes
from femalemice lackingTLE6or FLOPED,whereas thephosphorylation
levels of CDK1 Tyr15 in the zygotes from female mice lacking TLE6 or
FLOPEDwere significantly higher than that in control zygotes, indicating
that the SCMC regulates the CDC25B-mediated dephosphorylation of
CDK1 and activates MPF for timely G2/M transition in zygotes.

Increasing CDC25B activity in zygotes may somewhat rescue the
blockage of early embryonic development due to SCMC dysfunction.
Therefore, we injected TLE6-knockdown zygotes with wild-type
Cdc25b mRNA or loss-of-function mutant Cdc25b mRNA. The devel-
opmental delay of early embryos was significantly rescued in TLE6-
knockdown zygotes injected with wild-type Cdc25b mRNA compared
with the control and TLE6-knockdown groups (Fig. 2f and Supple-
mentary Fig. 7a,b), with the blastocyst rate increasing from 6% to 44%
at 96 h pMI (Fig. 5i and Supplementary Fig. 17a). In contrast, injection
of mutant Cdc25b mRNA did not have this effect (Fig. 5i and Supple-
mentary Fig. 17a). Of note, the development of normal zygotes was not
affected upon injection of mutant Cdc25b mRNA (Supplementary
Fig. 7c). In addition, injection of wild-type but not mutant Cdc25b into
TLE6-knockdown zygotes rescued the decrease in CDK1 activity
causedbyTLE6deficiency,whichwas reflected in significantly reduced
phosphorylation level of CDK1 (Supplementary Fig. 17b). Our results
collectively reveal that the SCMC-14-3-3 controls CDC25B and ensures
mitotic entry during the oocyte-to-embryo transition.

The human SCMC conservatively links with 14-3-3 and CDC25B
Most pathogenicmutations in human SCMCgenes are associated with
early embryonic cell cycle arrest4,27. These findings prompted us to
investigate whether the SCMC-14-3-3-CDC25B cascade also exists in
humans. As displayed inFig. 6a, the humanSCMCcore, whichconsists of
MATER, TLE6, and FLOPED, interacted with 14-3-3γ in HEK-293F cells.
IF staining revealed that 14-3-3 proteins in human zygotes were enri-
ched around the subcortical region (Fig. 6b). Human TLE6 exhibited a
colocalization pattern with human 14-3-3 (Fig. 6b).We then performed
PLA to test the in situ association between TLE6 and 14-3-3 in human
zygotes and 8-cell-stage embryo. As shown in Fig. 6c, endogenous
TLE6 and 14-3-3 had definite proximate interactions in human zygotes.

Next, the possible molecular link between human SCMC and
CDC25B was also determined. Co-IP assays in HEK-293F cells showed
that human SCMCboundCDC25B, and this interactionwas enhancedby
exogenously expressed 14-3-3 (Fig. 6d). In addition, we observed sub-
cortical colocalizationbetweenendogenousTLE6andCDC25B inhuman
zygotes (Fig. 6e). According to the PLA results, the TLE6 and CDC25B
exhibited strong proximity signals in humanGV oocytes and 2-cell-stage
embryo (Fig. 6f). Overall, we demonstrate that 14-3-3 is a common
component of both themouse and human SCMC, and that it establishes
a conserved molecular association between the SCMC and CDC25B.

Discussion
Malfunction of the SCMCcauses dysgenesis inwomen, which has been
well documented in clinical studies4,27. Predominantly accumulated in
mammalian oocytes, the SCMC is indispensable for the cleavage stage
of preimplantation embryos8,9. Despite the continual discovery of
SCMC components beyond the SCMCcore and their regulatory roles in
early embryonic development28–30, a fundamental question has not
been answered at the molecular level: how does the SCMC guarantee
the cleavage or cell cycle progression of preimplantation embryos?

14-3-3 is a sequence-conserved and functionally important general
regulator widely present in eukaryotic cells that participates in a series
of cellular processes, including the cell cycle18,19. Accumulating studies
have revealedmany client proteins that interactwith and are regulated
by 14-3-317,37. The archetypal 14-3-3 clients are prominently represented
by the CDC25 phosphatases, whose functional dynamics during cell
division are tightly regulated by 14-3-3 in a phosphor-dependent
manner59,60. Recent, two back-to-back studies have illuminated that 14-
3-3 engages with the kinase pseudopodium-enriched atypical kinase
(PEAK3), acting as a molecular switch that modulates PEAK3’s cellular
localization, scaffolding range, and interactome diversity61,62. Despite
these efforts, the upstream regulatory factors of 14-3-3 in specific
cellular contexts remain poorly understood. A recent study by Jentoft
et al. discovered through mass spectrometry analysis that the content
of 14-3-3 family proteins in the proteome of Tle6Null GV oocytes was
significantly decreased31. Consistently, our research revealed that the
protein levels of 14-3-3 are protected by the SCMC during the
maternal-to-embryo transition, signifying a uniquemode of regulation
of 14-3-3 inmammalian germ cells, although it cannot be ruled out that
14-3-3 may have feedback regulation on SCMC. In addition, studies
suggested that 14-3-3 heterodimers also represent functional
states62,63. Seven different 14-3-3 paralogs provide more significant
variability in their involvement in the SCMC, which may also indicate
the diversity of the functions of the SCMC. Furthermore, over-
expression of 14-3-3 proteins only partially rescued the phenotype of
zygotes from female Tle6Null mice and fromwild-type zygotes depleted
of TLE6 (treated with Trim-Away), which indicates that stabilizing 14-3-
3 is only one of the functions of the SCMC, although 14-3-3 proteins are
multifunctional adapters. The other unknown binding proteins of the
SCMC in mouse oocytes deserve further investigation.

Fig. 3 | The SCMC ensures the storage of 14-3-3 protein and safeguards early
embryonic development in mice. a Immunoblotting of 14-3-3 in normal control
andTle6Null germinal vesicle (GV)oocytes.b Immunofluorescence (IF) staining inGV
oocytes isolated from control or Tle6Null female mice. Scale bar, 10 μm.
c Immunoblotting of 14-3-3 in control and FlopedNull GV oocytes. d IF staining in GV
oocytes isolated from control or FlopedNull female mice. Scale bar, 10μm.
e Immunoblotting of 14-3-3 in zygotes from control and Tle6Null female mice.
Zygotes were flushed from the oviduct of female mice that underwent super-
ovulation with gonadotrophins and were mated with normal males. f GV oocytes
isolated from control or Tle6Null female mice were cultured to mature eggs and
incubated with normal sperms in vitro. After in vitro fertilization (IVF), the resulted
zygotes were collected for IF staining. Scale bar, 10μm. g Immunoblotting of 14-3-3
in zygotes from control and FlopedNull female mice. h GV oocytes isolated from
control or FlopedNull female mice were cultured to mature eggs and incubated with

normal sperms in vitro. After IVF, the resulted zygotes were collected for IF stain-
ing. Scale bar, 10μm. iRepresentative images ofmouse zygotes cultured for 24, 48,
72, and 96 h after co-microinjection with mCherry-Trim21 mRNA + isotype IgG
(control) or mCherry-Trim21mRNA + anti-pan 14-3-3 antibody. Scale bar, 50 μm.
The validation for the loss of pan 14-3-3 was presented in Supplementary Fig. 11.
j The proportions of embryos on different stages in panel i were calculated. N = 3
independent experiments. The data are presented as mean± S.D. (standard
deviation). k Representative images of zygotes cultured for 24, 48, 72, and 96 h
after microinjection with mRNA solvent (control) or mixed mRNAs of seven 14-3-3
paralogs. Zygoteswereflushed from the oviduct of Tle6Null femalemice (matedwith
normal males) at 11–13 h post human chorionic gonadotrophin injection. Scale bar,
50 μm. l, The average proportions of embryos on different stages in panel k were
calculated. N = 2 independent experiments.
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Duncan et al. reported that TLE6 is a substrate for PKA in mouse
oocytes41. Intriguingly, predictions revealed that both TLE6 Ser139 and
Ser209 are high-confidence phosphorylation sites for PKA41, which led
us to hypothesize that PKA may control the assembly of the 14-3-3-
containing SCMCby phosphorylating TLE6, and the potential dynamic
assembly of SCMC-14-3-3 during the development of oocytes and early
embryos merits further investigation. In zygotes deficient of maternal

TLE6, the addition of TLE6S139/209A compromises the ability of wild-
type TLE6 to rescue early embryonic development, indicating that the
function of the SCMCmay be dependent on the proper recruitment of
14-3-3 in mammals.

The identification of 14-3-3 as a crucial structural and functional
component of the SCMC provides essential molecular insight into the
pleiotropic effects of the SCMC in controlling early embryonic
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development9. The dimerized 14-3-3 can simultaneously bind to two
substrate proteins and therebymediate their relationship17. The notable
difference in binding affinity between the 14-3-3 dimer and the two
phosphorylated substrate peptides of TLE6 provides extensive poten-
tial for establishingmolecular connections betweenSCMCandother 14-
3-3 clients. As a case, CDC25B probably competitively binds to one 14-3-
3 protomer (14-3-3γ B) to form SCMC-14-3-3-CDC25B. According to
earlier research, 14-3-3 paralogs may differentially regulate CDC25B64.
Several studies have also revealed the specific functions of 14-3-3
paralogs in oocyte maturation25,65,66. It is worth investigating whether
the SCMC provides multifaceted control of CDC25B during the
maternal-to-embryo transition by recruiting distinct 14-3-3 paralogs.
Furthermore, both the transcription and protein activity of Cdc25b in
somatic cells are strictly controlled by complementary mechanisms to
maintain the general cell cycle46. However, until ZGA occurs, the gen-
omes of oocytes or embryos are silent, during which the SCMC may
establish a strategy to control the functional turnover of maternal
CDC25B exclusively at the protein level, through 14-3-3.

In conclusion, our study reveals that the SCMC regulates CDC25B
through 14-3-3 and thus maintains the progression of the early
embryonic cell cycle (Supplementary Fig. 18). In addition to their
involvement in cell cycle regulation, 14-3-3 proteins also play an
important role in regulating cytoskeletal organization23,67, which seems
to coincide with the role of the SCMC in controlling the symmetric
division of mouse zygotes14. In particular, the SCMC governs the for-
mation of the zygotic F-actinmeshwork through cofilin14; thus, 14-3-3, a
cofilin-binding protein, may also intervene in this process67. Moreover,
the SCMC may regulate other cellular events, such as apoptosis and
DNA methylation remodeling, by improving the stability of maternal
proteins through 14-3-3. A recent study revealed the intrinsic involve-
ment of the SCMC in cytoplasmic lattices, which are essential for the
storage of maternal proteins in mammalian oocytes31. Therefore,
whether 14-3-3 facilitates the configuration of cytoplasmic lattices and
helps preserve proteins necessary for the development of early
embryos deserves further exploration. Further investigation of 14-3-3
interacting proteins and their regulatory functions in the maternal-to-
embryo transition is highly important for obtaining a comprehensive
understanding of the molecular mechanisms by which the SCMC
regulates early mammalian embryonic development. Moreover, these
findings could lead to the development of methods for the precise
diagnosis and treatment of recurrent early embryonic arrest due to
mutations in SCMC genes during clinically assisted reproduction.

Methods
Collection of human oocytes and embryos
This studywas approved by theMedical Research Ethics Committee of
West China Second University Hospital, Sichuan University (2023
Medical scientific research for ethical approval No. 419 and 2022
Medical scientific research for ethical approval No. 291). All patients
donated the samples voluntarily and signed informed consent forms.

Human GV oocytes were isolated from fresh ovarian tissues
acquired from 2 females aged 32 years old with cervical adenocarci-
noma during the removal of ovarian cysts. The patients had regular
menstrual cycles and did not suffer from any autoimmune or genetic
disorders. These patients did not undergo ovarian surgery or hormone
or radiation therapy prior to ovarian cyst removal. Briefly, the fresh
ovarian tissue was cut into small pieces with scissors. Oocytes were
subsequently obtained by scraping away from the follicles with a 26-
gauge needle in G-MOPS plus (Vitrolife, 10130) medium. Finally, the
oocytes were fixed with 4% paraformaldehyde (PFA) (Beyotime,
P0099) for immunofluorescence (IF) staining and proximity ligation
assay (PLA).

Human embryos discarded during routine in vitro fertilization
(IVF) and in vitro culture procedures were obtained. Briefly, the
patients received ovarian stimulation with a gonadotropin-releasing
hormone agonist/antagonist. The retrieved oocytes were then ferti-
lized via regular IVF or intracytoplasmic sperm injection. The fertilized
oocytes were cultured in G1-plus medium (Vitrolife, 10128) and trans-
ferred to G2-plus medium (Vitrolife, 10132) for blastocyst culture. The
discarded embryos were fixed in 4% PFA for IF staining and PLA.

Mouse lines
All mice were maintained in compliance with the guidelines of the
Animal Ethics Committee of West China Hospital, Sichuan University
and the Institutional Animal Care and Use Committee (IACUC) of the
Institute of Zoology, Chinese Academy of Sciences. All animal experi-
ments were conducted in accordance with the guidelines and regula-
tions of Sichuan University and the Institute of Zoology, Chinese
Academy of Sciences. The experimental protocols were approved by
the Animal Ethics Committee of West China Hospital, Sichuan Uni-
versity (no. 20220929004) and the IACUC of the Institute of Zoology,
Chinese Academy of Sciences (no. IOZ-IACUC-2021-052 for mouse
experiments).

Mice were housed in ventilated cages under a controlled 12-h light/
12-hdark cycle,with ambient temperaturemaintainedwithin the rangeof
23–25 °Candhumidity levels keptwithin anarrowband rangeof40–65%.
They were provided with ad libitum access to food and water, ensuring
optimal conditions for their well-being and experimental integrity. The
FlopedNull mouse line was constructed using CRISPR/Cas9 gene editing
technology by Beijing Viewsolid Biotech. Briefly, single guide RNAs
(sgRNAs)weredesigned to target the endsof exon 1 andexon3of Floped
(sgRNA1: AAGGTTTGCATGTCTCGCTGG, sgRNA2: TTAATGTATCCTCT
CACGGGG). These sgRNAs were subsequently inserted into the eSpCas9
(1.1) plasmid. Next, Cas9/gRNA1 and Cas9/gRNA2 were coinjected into
the cytoplasm of zygotes from C57BL/6 J female mice. The genotypes of
the F0 mice were determined using polymerase chain reaction
(PCR) with specific primers (forward primer for the wild-type allele of
Floped: 5ʹ- CAGACAGCAGACGAGGCACATT -3ʹ; reverse primer for the
wild-type allele of Floped: 5ʹ- GTAGAGCACCAGAGGATTACTGACTTC -3ʹ;
forward primer for the gene-edited allele of Floped: 5ʹ- GCTTG

Fig. 4 | 14-3-3 strengthens the association between the SCMC and CDC25B.
a Representative 5-ethynyl-2’-deoxyuridine (EdU) staining of in vitro fertilization
(IVF) embryos derived from normal control and FlopedNull mouse zygotes. Mature
eggs from control or FlopedNull femalemice were incubated with normal sperms for
4 h and then were cultured in KSOMmedium. The end of IVF were defined as time
0h, and the presumptive fertilized eggs were treated with 10μM EdU for denoted
time intervals, fixed, permeabilized, and subjected to click reaction. Eggs used for
IVF were harbored from 15 normal female mice (8 and 7 for two independent
experiments) and 13 FlopedNull female mice (7 and 6 for two independent experi-
ments). DNA was visualized with Hoechst 33342. Scale bar, 10 μm. DIC, differential
interference contrast. b The in situ interaction between TLE6 and CDC25B in
germinal vesicle (GV) oocytes, mature eggs, and zygotes from normal females were
determinedbyproximity ligation assay (PLA) using antibodies to CDC25B and TLE6
or IgG for isotype control. DNAwas visualized with DAPI. Scale bar, 10μm. cMouse

GV oocytes were cultured for 5–7 h after co-microinjection with mCherry-Trim21
mRNA + isotype IgG (for control), or mCherry-Trim21mRNA + anti-pan 14-3-3
antibody. The in situ interaction of TLE6 and CDC25B were determined by PLA
using antibodies to CDC25B and TLE6 or IgG for isotype control. DNA was visua-
lized with DAPI. Scale bar, 10μm. d HEK-293F cells were co-transfected with
expression vectors harboring Flag-tagged MATER (or a blank vector for negative
control), Strep-tagged FLOPED, HA-tagged CDC25B and either Strep-tagged TLE6,
TLE6S139A mutant, TLE6S209A mutant, or TLE6S139/209A double-site mutant as
denoted. 60 h after transfection, cell lysates before (Input) or after immunopreci-
pitation with anti-Flag affinity agarose gel were immunoblotted as denoted. eHEK-
293F cells were co-transfected with expression vectors as denoted. 60 h after
transfection, cell lysates before (Input) or after immunoprecipitation with anti-Flag
affinity agarose gel were immunoblotted for HA-tagged CDC25B, HA-tagged 14-3-
3γ, Flag-tagged MATER, Strep-tagged FLOPED, and Strep-tagged TLE6.

Article https://doi.org/10.1038/s41467-024-53277-3

Nature Communications |         (2024) 15:8887 10

www.nature.com/naturecommunications


GTGTGTGCTTGTTGGTTT -3ʹ; reverseprimer for the gene-edited allele of
Floped: 5ʹ- CATAGCCTGTGGTCCTGAGTTTGG -3ʹ). The F0 Floped+/- mice
werecrossedwithwild-typeC57BL/6 Jmice togenerateF1heterozygotes,
and F1 mice were crossed to generate F2 homozygous FlopedNull mice.
Tle6Null mice have been characterized previously14. All the transgenic and
wild-type control mice were on the C57BL/6 J genetic background. The
other mice were on the ICR genetic background.

Collection of murine oocytes and embryos
For oocyte and zygote collection, 6- to 9- week-old female mice were
treated with 10 IU of pregnant mare serum gonadotropin (Nanjing
Aibei Biotechnology, M2630). After 46–48 h, GV oocytes were
obtained by scraping the follicles of the ovaries with a 26-gauge needle
in M2 medium (Sigma-Aldrich, M7167). Mature eggs and zygotes were
collected at 14–16 h (unless otherwise specified) after an additional
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treatment of 5 IU human chorionic gonadotrophin (Nanjing Aibei
Biotechnology, M2530) before or after mating.

Cloning
pFastBac-1 vectors encoding His-tagged mouse MATER (UniProt ID,
Q9R1M5-4, 1–1059 aa), Strep-tagged mouse TLE6 (N-terminus-trun-
cated version, 48–581 aa), Strep-tagged mouse FLOPED (1–164 aa),
and Strep-tagged mouse FILIA (C-terminus-truncated versions,
1–124 aa and 1–256 aa) were described in our previous work27. pCAG
vectors harboring Flag- and Strep-tagged mouse MATER, Strep-
tagged mouse TLE6, and Strep-tagged mouse FLOPED were gener-
ated as described in our previous work27. pCAG vectors harboring
Flag-maltose binding protein (MBP)-tagged humanMATER (58–1200
aa), Strep-small ubiquitin-like modifier (SUMO)-tagged human TLE6
(146–572 aa), Strep-tagged human FLOPED, and HA-tagged human
CDC25B were stored in our laboratory. The full-length coding
sequences (CDSs) of seven mouse 14-3-3 and Cdc25b genes were
amplified frommouse ovarian complementary DNA (cDNA). The full-
length CDSs of all seven mouse 14-3-3 were subcloned and inserted
into pGEX-6p-1. The full-length CDS of 14-3-3γ was also subcloned
and inserted into the pET-15b and pCAG vectors. The full-length CDS
of mouse Cdc25b was subcloned and inserted into the pCAG vector
with an HA tag. Other mouse Tle6 and Cdc25b mutants were gener-
ated via a PCR-based strategy and subcloned and inserted into pCAG
vectors.

Cell culture and transient transfection
HEK-293F cells (ThermoFisher Scientific, R79007) were maintained in
SMM 293-TII ExpressionMedium (serum-free, completemedium, Sino
Biological, M293TII). HEK-293F cells were transfected with poly-
ethylenimine (linear, MW 25000; Polysciences, 23966). Sf9 cells
(ThermoFisher Scientific, 11496015) were maintained in SIM SF
Expression Medium (serum-free, Sino Biological, MSF1). To generate
baculovirus, baculovirus plasmids were transfected into Sf9 cells by
using Cellfectin™ II reagent (ThermoFisher Scientific, 10362100), fol-
lowing the manufacturer’s instructions. All cells were maintained in
thermostatic incubators with shaking.

Recombinant protein expression and purification
The SCMC was expressed and purified as described in a previous
study27. Briefly, baculoviruses harboring His-tagged MATER (1–1059
aa), Strep-tagged TLE6 (48–581 aa), Strep-tagged FLOPED (1–164 aa),
and Strep-tagged FILIA (1–124 aa or 1–256 aa) were used to infect Sf9
cells. After 60 h of incubation at 27 °C, the cells were collected by
centrifugation at 4 °C and 800 × g for 15min, suspended in lysis buffer
containing 25mM Tris, 150mM NaCl, 1mM phenylmethylsulfonyl
fluoride (PMSF; VWR Chemicals, P105539), 0.8 µM aprotinin (Sangon
Biotech, A600153), 2 µM pepstatin A (Sangon Biotech, A610583), and
5 µg/mL leupeptin (SangonBiotech, A600580) (pH8.0), and lysedwith
a high-pressure cell disrupter at 6 °C. The cell debris was removed by
centrifugation at 4 °C and 27000 × g for 30min, and the supernatant
was incubated with Ni-NTA (Qiagen, 30250). The resin was washed
with lysis buffer containing 30mM imidazole (Sigma–Aldrich, 288-32-
4) and the protein was eluted with lysis buffer containing 300mM

imidazole. The eluted proteins were subjected to ion-exchange chro-
matography (IEC, SOURCE™ 15Q, GE Healthcare, 17094705) with buf-
fer A, which contained 25mM Tris and 5mM dithiothreitol (DTT;
INALCO, 1758-9030) (pH 8.0), and buffer B, which contained 25mM
Tris, 800mM NaCl, and 5mM DTT (pH 8.0). The collective fractions
corresponding to the same peak were subjected to size-exclusion
chromatography (Superose™ 6 Increase 10/300 GL; GE Healthcare,
29091596) for further purification, and subjected to sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE). The gel strips
of additional proteins derived from the IEC peak representing a more
negative charge were analyzed by mass spectrometry. The two bands
of proteins were verified to be endogenous 14-3-3 proteins in Sf9 cells.
The fractions corresponding to theother peakwithout endogenous 14-
3-3 proteins were used for reconstituting the mouse 14-3-3-containing
SCMC. The expression and purification of SCMCcore, including His-
tagged MATER (1–1059 aa), Strep-tagged TLE6 (48–581 aa), and Strep-
tagged FLOPED (1–164 aa), were performed by the same procedure as
described above.

For the expression of glutathione S-transferase (GST)-tagged 14-3-
3 proteins, Escherichia coli (E. coli) BL21(DE3) (ThermoFisher Scientific,
EC0114) was transformed with individual pGEX-6p-1 vectors harboring
each 14-3-3 paralog and stimulated overnightwith 200μMisopropylβ-
D-thiogalactoside (BLUEPUS, 3001858) at 20 °C. The cells were col-
lected by centrifugation at 4 °C and 4000 × g for 15min, suspended in
lysis buffer containing 1mM PMSF, and lysed with a high-pressure cell
disrupter at 6 °C. The cell debris was removed by centrifugation at 4 °C
and 27000 × g for 30min, and the supernatant was incubated with
Glutathione Sepharose 4B (GE Healthcare, 17075601) for 1 h. The resin
was washed with lysis buffer and eluted with lysis buffer containing
15mM reduced glutathione (pH 8.0). The GST-tag on the 14-3-3 pro-
teins was removed by incubation with 3 C protease overnight, after
which the sampleswere further purifiedwith SOURCE 15Qasdescribed
above, and the fractions corresponding to the same peak were col-
lected and subjected to size-exclusion chromatography (Superdex™
200 Increase 10/300 GL; GE Healthcare, 28990944) for further
purification.

Pull-down and co-immunoprecipitation (co-IP)
For pull-down assays, SCMC proteins (with Strep-tagged TLE6,
FLOPED, and/or FILIA) and mouse 14-3-3 paralogs were purified from
Sf9 cells and E. coli, respectively, as described above. Lysates of normal
eggs or 14-3-3 proteins were incubated with the SCMC or an equal
volume of buffer (as a negative control). The samples were then
incubated with Strep-Tactin resin (IBA Life Sciences, 2-4030-025) at
4 °C, and the resin was subjected to extensive rinsing with washing
buffer containing 0.5% Nonidet P-40 (NP-40, Sangon Biotech,
A600385-0100). Proteins bound to the resin were eluted using elution
buffer containing 50mM biotin, and the pull-down products were
further analyzed by SDS-PAGE and/or immunoblotting.

For co-IP assays, lysates from normal eggs (1000) were pre-
cipitated with Pierce™ Protein A/G Magnetic Beads (ThermoFisher
Scientific, 88802) by using anti-MATER, anti-TLE6, or anti-FLOPED
antibodies. Isotype immunoglobulin G (IgG) was used as a negative
control: guinea pig IgG (H + L) (Sangon Biotech, D110505), rabbit IgG

Fig. 5 | The SCMC-14-3-3 promotes the stability of CDC25B for mitotic entry
during the maternal-to-embryo transition. a Immunoblotting of CDC25B in
normal control and Tle6Null germinal vesicle (GV) oocytes. b Immunofluorescence
(IF) staining of CDC25B in GV oocytes isolated from control or Tle6Null female mice.
Scale bar, 10μm. c Immunoblotting of CDC25B in control and FlopedNull GV oocytes.
d IF staining of CDC25B in GV oocytes isolated from control or FlopedNull female
mice. Scale bar, 10 μm. e, f IF stainingofCDC25B in zygotes fromcontrol andTle6Null

(e) or FlopedNull (f) female mice. Zygotes were flushed from the oviduct of female
mice that underwent superovulation with gonadotrophins and were mated with
normalmales. DNAwas visualizedwithDAPI. Scale bar, 10μm.g,h Immunoblotting

of CDC25B, CDK1, and CDK1-pY15 in zygotes from control and Tle6Null (g) or
FlopedNull (h) female mice. Zygotes were flushed from the oviduct of female mice
that underwent superovulation with gonadotrophins and were mated with normal
males. pY, phosphorylated tyrosine. i, Mouse zygotes were cultured for 24h, 48 h,
72 h, and 96 h after co-microinjection with mCherry-Trim21 mRNA + isotype IgG +
mRNA solvent (control), mCherry-Trim21mRNA + anti-TLE6 antibody + mRNA
solvent (T1),mCherry-Trim21 mRNA + anti-TLE6 antibody + Cdc25b mRNA (T2), or
mCherry-Trim21mRNA + anti-TLE6 antibody + Cdc25bC483A/E484A mRNA (T3). The
proportions of embryos on different stages were calculated. N = 3 independent
experiments. The data are presented as mean ± S.D. (standard deviation).
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(Beyotime, A7016), and mouse IgG (Beyotime, A7028). In addition,
pCAG expression vectors harboring SCMC subunits, 14-3-3γ and/or
CDC25B were cotransfected into HEK-293F cells as described above.
Cell groups that were not transfected with the bait protein were used
as negative controls. Sixty hours after transfection, the cells were
collected and washed with phosphate buffered saline (PBS; Solarbio,

P1000). Cell extracts were lysed in lysis buffer containing 1% NP-40
and clarified via centrifugation. Then, the protein extracts were pre-
cipitated with ANTI-FLAG® M2 Affinity Gel at 4 °C. After washing in
lysis buffer, the proteins were eluted with elution buffer containing
0.4mg/mL flag peptide. The co-IP products were further analyzed by
immunoblotting.
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Immunoblotting
Samples for immunoblotting were prepared with SDS sample buffer
containing 20mM DTT, separated via SDS-PAGE and subsequently
transferred to polyvinylidene difluoride membranes (Millipore). The
membranes were blocked in Tris-buffered saline containing 0.1%
Tween-20 (Sigma-Aldrich, 9005-64-5) and 5% nonfat milk powder
(TBST) and subsequently incubated with primary antibodies at 4 °C
overnight. After being subjected to extensive rinsing with TBST, the
membranes were incubated with horseradish peroxidase (HRP)-con-
jugated secondary antibodies at room temperature. The membranes
were then rinsed in TBST, and immunoreactivity was detected with a
supersensitive ECL chemiluminescent substrate (Biosharp, BL520B).
Images of the blots were acquired by using G:BOX Chemi XRQ (Syn-
gene). The primary antibodies used were as follows: rabbit anti-14-3-3
(pan) antibody (Cell SignalingTechnology, 8312, lot 4), rabbit anti-14-3-
3 pan polyclonal antibody (ThermoFisher Scientific, 51-0700, lot
XK366865), mouse anti-NLRP5 antibody (Novus Biologicals, NBP1-
76289, lot 5959-2004), anti-FLOPED antibody8, mouse anti-TLE6 anti-
body (Abmart, M034864, lot 10042800), rabbit anti-TLE6 antibody
(Abmart, PU440858, lot 10179035), mouse anti-CDC25B monoclonal
antibody (Proteintech, 67145-1-Ig, lot 10009433), rabbit anti-CDK1-
Specific polyclonal antibody (Proteintech, 19532-1-AP, lot 00109786),
rabbit anti-phospho-cdc2 (Tyr15) antibody (Cell Signaling Technology,
9111S, lot 12), rabbit anti-GAPDH antibody (Abcam, ab181602, lot
3523022348), rabbit anti-DDDDK-Tag mAb (ABclonal, AE063, lot
9100026002), rabbit anti-HA-tag pAb (ABclonal, AE036), mouse anti-
strep-tagmonoclonal antibody (Huaxingbio, HX1816, lot 620s320316),
and HRP-conjugated rabbit anti-β-Actin mAb (ABclonal, AC028, lot
3522070661). The secondary antibodies used were as follows: HRP-
conjugated goat anti-guinea pig IgG (H + L) (ABclonal, AS025), goat
anti-mouse IgG H&L (HRP) (ZenBio, 511103), and goat anti-rabbit IgG
H&L (HRP) (ZenBio, 511203).

In vitro fertilization (IVF)
IVF was conducted as previously described68. Briefly, sperm were col-
lected from the caudal epididymides of male C57BL/6 J mice aged 7 to
12 weeks and capacitated in modified Krebs-Ringer bicarbonate med-
ium (TYH; Nanjing Aibei Biotechnology, M2030) at 37 °C in a 5% CO2

incubator. Mature eggs were washed in human tubal fluid medium
(HTF; Nanjing Aibei Biotechnology, M1130) and then incubated with
sperm after capacitation for 4–6 hours in HTF medium in humidified
5% CO2 in air at 37 °C. The presumptive fertilized eggs were washed
with KSOM (Nanjing Aibei Biotechnology,M1430)medium three times
and cultured in KSOM medium for analysis.

Immunofluorescence (IF) staining and confocal microscopy
Oocytes and embryos were fixed with 2% PFA at 37 °C for 30min fol-
lowed by permeabilization in 0.5% Triton X-100 (Sigma–Aldrich, 9036-
19-5) overnight at 4 °C after washing with PBST (PBS containing 0.1%
Triton X-100). The samples were blocked with 3% BSA (Biofroxx,

4240GR025) for 5 h at room temperature (RT), and then incubated
with primary antibodies overnight at 4 °C. The embryos were washed
three times in PBST and incubated with specific fluorophore-
conjugated secondary antibodies for 1 h at RT. After washing in PBST
three times, the samples were stained with DAPI (Beyotime, C1006),
and images were taken with a Zeiss LSM 980 (Carl Zeiss) and an
Olympus FLUOVIEW FV3000. The primary antibodies used were as
follows: rabbit anti-14-3-3 pan polyclonal antibody (ThermoFisher
Scientific, 51-0700, lot XK366865),mouse anti-NLRP5 antibody (Novus
Biologicals, NBP1-76289, lot 5959-2004), anti-FLOPED antibody8,
mouse anti-TLE6 antibody (Abmart, M034864, lot 10042800), rabbit
anti-TLE6 antibody (Abmart, PU440858, lot 10179035), mouse anti-
CDC25Bmonoclonal antibody (Proteintech, 67145-1-Ig, lot 10009433),
rabbit Cdc25B Polyclonal Antibody (ThermoFisher Scientific, PA5-
17759, lot ZD4309764), and rabbit anti-phospho-CDK1 (Tyr15) poly-
clonal antibody (Beyotime, AF5761, lot 091223240529). The secondary
antibodies used were Alexa Fluor® 488-AffiniPure goat anti-mouse IgG
(H + L) (Jackson ImmunoResearch, 115-545-062, lot 152087) and Rho-
damine Red-X-AffiniPure Goat Anti-Rabbit IgG (H + L) (Jackson Immu-
noResearch, 111-295-144, lot 91274). The mouse anti-NLRP5 antibody
(Novus Biologicals, NBP1-76289), anti-FLOPED antibody8, and rabbit
TLE6 antibody (Abmart, PU440858) were conjugated to Alexa Fluor®
647 using the Apex™Alexa Fluor™ 647 Antibody Labeling Kit following
the manufacturer’s instructions (ThermoFisher Scientific, 10359016).
The mouse anti-CDC25B monoclonal antibody (Proteintech, 67145-1-
Ig) and Cdc25B Polyclonal Antibody (ThermoFisher Scientific, PA5-
17759) were conjugated to Alexa Fluor™ 488 using Alexa Fluor® 488
Antibody Labeling Kit following the manufacturer’s instructions
(ThermoFisher Scientific, A20181).

Cryo-electron microscopy sample preparation and data
collection
The purified SCMC-14-3-3γ was thawed, applied to glow-discharged
200-mesh alloy grids (Quantifoil Au200, R1.2/1.3) and subsequently
vitrified using Vitrobot Mark IV. The movie stacks were collected in
counted-Nanoprobe mode on a 300 kV Titan Krios Gi3 electron
microscope (ThermoFisher Scientific) equipped with a Gatan K3
Summit detector and a GIF Quantum energy filter. All movie stacks
with 50 frames were collected using SerialEM software at a nominal
magnification of 105,000×, a pixel size of 0.85 Å, and a defocus range
from −1.2μm to −1.8μm. Each movie stack was for 3.5 s in length with
0.07 s of exposure per frame, for a total dose of 56.15 e-/Å2.

Single-particle data analysis
A total of 2218 movies were collected and processed in RELION 3.169.
After correction of the beam-induced motion by MotionCor270, con-
trast transfer function parameters were estimated by Gctf71. A total of
1917346 particles were autopicked using the LOG method and
extracted at a pixel size of 1.70Å. A referencemap was generated after
one round of 2D classification, initialmodel generation, and one round

Fig. 6 | The human SCMC interacts with 14-3-3 and establishes conserved
molecular association with CDC25B. a HEK-293F cells were co-transfected with
expression vectors harboring Flag-MBP-tagged hMATER (or a blank vector for
negative control), Strep-SUMO-tagged hTLE6, Strep-tagged hFLOPED, and HA-
tagged 14-3-3γ. 60 h after transfection, cell lysates before (Input) or after immu-
noprecipitation with anti-Flag affinity agarose gel were immunoblotted for HA-
tagged 14-3-3γ, Flag-MBP-tagged hMATER, Strep-SUMO-tagged hTLE6, and Strep-
tagged hFLOPED. hMATER, humanMATER. hTLE6, human TLE6. hFLOPED, human
FLOPED. b Human zygotes were fixed, permeabilized, and incubated with anti-
bodies to TLE6 and pan 14-3-3. The zygotes were imaged by confocal and differ-
ential interference contrast (DIC) microscopy. Scale bar, 10μm. Colocalization of
hTLE6 and pan 14-3-3 was presented in themerge. c The in situ interaction between
hTLE6 andpan 14-3-3 in humanzygotes and 8-cell-stage embryowasdeterminedby
proximity ligation assay (PLA) using antibodies to TLE6 and pan 14-3-3 or IgG for

isotype control. Scale bar, 10μm. d HEK-293F cells were co-transfected with
expression vectors harboring Flag-MBP-tagged hMATER (or a blank vector for
negative control), Strep-SUMO-tagged hTLE6, Strep-tagged hFLOPED, HA-tagged
hCDC25B, and either HA-tagged 14-3-3γ or blank vector as denoted. 60 h after
transfection, cell lysates before (Input) or after immunoprecipitation with anti-Flag
affinity agarose gel were immunoblotted for HA-tagged hCDC25B, HA-tagged 14-3-
3γ, Flag-MBP-tagged hMATER, Strep-SUMO-tagged hTLE6, and Strep-tagged
hFLOPED. hCDC25B, human CDC25B. e Human zygotes were fixed, permeabilized,
and incubated with antibodies to TLE6 and CDC25B. The zygotes were imaged by
confocal and DIC microscopy. Scale bar, 10μm. Colocalization of hTLE6 and
hCDC25B was presented in the merge. f The in situ interaction between hTLE6 and
hCDC25B in human GV oocytes and embryos was determined by PLA using anti-
bodies to TLE6 and CDC25B or IgG for isotype control. Scale bar, 10μm.
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of 3D classification. Using the map as a 3D reference for autopicking,
1441737 particles were picked and extracted at a pixel size of 1.70Å. A
total of 366691 particles were screened out after one round of 3D
classification. The selected particles were re-extracted at an original
pixel size of 0.85Å, and one round of 3D classification without align-
ment was performed with a mask on the complex. A total of 41406
particles were finally subjected to 3D refinement after CTF refinement
and particle polishing, yielding a density map with a 3.0 Å resolution.

Model building and refinement
The initial model of the SCMC-14-3-3γ was generated by rigid docking
of the SCMCcore structure (ProteinData Bank, PDB: 8H96) and the 14-3-
3γ homodimer structure (PDB: 2B05) into the cryo-EM map using
ChimeraX72. Themodelwas further refinedusing real-space refinement
tool of PHENIX73 and manually adjusted using COOT74. After refine-
ment, additional densities were observed within the highly conserved
binding pockets of 14-3-3γ.

For the identification of phosphopeptide TLE6 (133–144) pS139,
themain chain was de novo built by referencing the unsharpenedmap
to ensure clear continuity with surrounding residues. In addition,
phosphorylation of Ser139 was identified by mass spectrometry
analysis.

For the building of phosphopeptide TLE6 (203–214) pS209, initial
model buildingwas challenging due to the discontinuity of this density
in this region. To accurately build the model, a combined approach
utilizing in silico prediction by 14-3-3-Pred (https://www.compbio.
dundee.ac.uk/1433pred/), co-IP, isothermal titration calorimetry (ITC),
and mass spectrometry analysis was employed. In addition, previous
study showed that PKA-mediated phosphorylation of TLE6 is essential
for mouse oocyte maturation41, and phosphorylation of Ser209 on
TLE6 was well confirmed by mass spectrometry analysis.

Following the phosphorylated peptides identification and model
adjustments, the final stages of real-space refinement were performed
in PHENIX73 using a B-factor sharpened map. The cryo-EM maps and
the refined atomic coordinates of the SCMC-14-3-3γ complex have
been deposited in the Electron Microscopy Data Bank (EMDB: EMD-
38369) and the Protein Data Bank (PDB: 8XI3), respectively. Statistics
for data collection and structural refinement are shown in Supple-
mentary Table 1. The illustrated figures were generated using
ChimeraX72.

Mass spectrometry (MS) analysis
To identify the copurified proteins in the SCMC, the samples were
subjected to SDS-PAGE, and two additional protein bands were
excised. The excised gel strip samples underwent reduction, alkyla-
tion, and enzymatic digestion, followedbydesalination. Subsequent to
these procedures, samples were analyzed through the Q Exactive Plus
mass spectrometer. The raw mass spectrometry files of the proteome
were searched using Maxquant (v1.6.2.3), referring to the Spodoptera
frugiperda database (updated in May 2021; 28,456 sequences). Pre-
cursor ions were allowed a mass deviation of up to 10 ppm, while
fragment ions were limited to a mass deviation of 0.02Da. The max-
imum allowable count of missed cleavage sites was set at 2. Fixed
modifications included cysteine carbamido methylation and methio-
nine oxidation. Both peptide and protein false discovery rates were
maintained below 1%. Peptides were required to consist of at least 6
amino acids, with a maximum peptide molecular weight of 12,000Da.

To identify the phosphorylation of the SCMC, 50μg of the protein
solution underwent reduction and alkylation. The protein solutionwas
precipitated using a methanol/chloroform/water mixture, and the
resulting precipitate was dissolved in 50mM triethylammonium
bicarbonate (Sigma), followed by enzymatic digestion and desalina-
tion. Desaltedpeptideswere analyzedbyan EASY-nanoLC 1200 system
coupled with a Q Exactive HF-X mass spectrometer. The flow rate of

the analytical columnwas 330 nl/minwith a 65mingradient from8% to
100% buffer B (80% ACN and 0.1% formic acid). For the full MS scans,
ions with m/z ranging from 350 to 1800 were acquired under data-
dependent acquisitionmodebyorbitrapwith a resolution of 30,000at
m/z = 200. For the MS2 scans, the top 20 most intense parent ions
were selectedwith an isolationwindowof 1.6m/z and fragmentedwith
stepped NCE values of 25% and 27%. The proteomics data were sear-
ched against the mouse protein sequence database (updated in July
2019; 17,019 sequences). The proteolytic enzyme was trypsin, or α-
Lytic Protease and two missed cleavage sites were allowed. Oxidation
of methionine and acetylation of the protein N terminus were set as
variable modifications. Cysteine carbamidomethylation was set as a
fixed modification. Phosphorylation at S, T, or Y residues was also set
as a variable modification. The maximum peptide mass was set to
5000Da, and the minimum amino acid length was set to 6. The pre-
cursor mass tolerance was set to 10 ppm, and the fragment mass tol-
erance was set at 0.02Da.

Isothermal titration calorimetry (ITC)
The binding affinity between 14-3-3γ and wild-type TLE6 peptides
(TLE6 (133–144) or TLE6 (203–214)) or modified peptides carrying
phosphorylated TLE6 Ser139/209/223 (TLE6 (133–144) pS139, TLE6
(203–214) pS209, or TLE6 (217–228) pS223) was measured using a
MicroCal ITC200 instrument (Malvern) at 25 °C. His-tagged 14-3-3γwas
prepared in buffer containing 25mMHEPES and 150mMNaCl (pH 7.5).
All TLE6 peptides were dissolved in the same buffer mentioned above.
TLE6 (133–144) or TLE6 (133–144) pS139 (1.3mM) was titrated into
50μM 14-3-3γ protein. TLE6 (203–214) or TLE6 (203–214) pS209
(2.5mM)was titrated into 70μM14-3-3γprotein. TLE6 (217–228) pS223
(1.3mM) was titrated into 50μM 14-3-3γ protein. The data were nor-
malizedbydilutionheat, andprocessedwith PEAQ-ITCOrigin software
(MicroCal) for curve fitting and determination of the equilibrium dis-
sociation constant (Kd). All titrations were repeated three times. The
data represented mean± S.D. (standard deviation) of 3 independent
experiments.

In vitro transcription andmicroinjection of oocytes and zygotes
The CDSs of Trim21, Tle6, seven 14-3-3 paralogs, and Cdc25b were
inserted into the Pcs2 vector and transcribed according to the
instructions of the SP6 message mMACHINE Kit (ThermoFisher Sci-
entific, AM1340). The in vitro-transcribedmRNAswere resuspended in
nuclease-free water via the lithium chloride precipitation method. For
GV oocyte microinjection, GV oocytes were incubated in M2 medium
supplemented with 0.2mM isobutylmethylxanthine (GLPBIO,
GC11730) to inhibit spontaneous germinal vesicle breakdown.

For Trim-Away assays, Trim21 mRNA mixed with an anti-TLE6
(Abmart, M034864) or anti-pan 14-3-3 antibody (Cell Signaling Tech-
nology, 8312) was injected into mouse GV oocytes or zygotes before
the PN2 stage, and comicroinjection of Trim21mRNA and isotype IgG
(ZenBio, 511103) was used as a control. Then, the GV oocytes or
embryoswere cultured in IVM (Nanjing Aibei Biotechnology,M2115) or
KSOM, respectively, for the following analysis. For mRNA supple-
mentation, mixed mRNAs encoding seven 14-3-3 paralogs were
microinjected into zygotes from female Tle6Null mice. For the combi-
nation of Trim-Away and mRNA supplementation, when the zygotes
were treated with Trim-Away, they were simultaneously injected with
mRNAs encoding TLE6, seven 14-3-3 paralogs, or CDC25B. After
microinjection, the zygotes were cultured in KSOM for the following
analysis.

Inhibitor treatment
To block PKA, zygotes were collected and cultured in KSOM medium
containing 20μM H89 (Selleck, S1582). Zygotes cultured in KSOM
medium with DMSO were used as control.
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Proximity ligation assay (PLA)
The PLA was performed using Duolink® PLA Fluorescence (rabbit
Plus probe DUO92002, mouse Minus probe DUO92004, detection
reagents DUO92014, washing buffer DUO82049) according to the
manufacturer’s protocol (Sigma-Aldrich). The steps prior to detection
of the PLA probes were the same as that used for IF staining. The
oocytes and zygoteswerecollected andfixedwith 4%PFA for 30min at
RT. Then, the samples were permeabilized with 0.5% Triton X-100 in
PBS for 30min at RT and blocked with Duolink® Blocking Solution for
60min at 37 °C in a humidified chamber. The embryos were incubated
with primary antibodies in Duolink® Antibody Diluent at 4 °C over-
night, and washed with PBSA (PBS containing 0.1% BSA) the next day.
Subsequently, the samples were transferred to the probe mixture in a
37 °C-humidity chamber for 1 h. After washing step with 1×Duolink®
washing buffer A, ligation attached to the PLA probes was performed
for 30min at 37°C, followed by amplification for 100min at 37°C in the
dark. After a series of washes with 1×Duolink® washing buffer B and
0.01×Duolink® washing buffer B, the embryos were counterstained
with DAPI and imaged with a Zeiss LSM980 (Carl Zeiss) or Olympus
FLUOVIEW FV3000 microscope.

RNA isolation and quantitative real-time PCR (qRT-PCR)
As described previously75,76, oocytes (30 oocytes per sample) were
transferred to 12.6μl of lysis buffer, containing 0.2% Triton X-100,
dNTPs (TIANGEN, CD111-03), oligo-dT primers and an RNase inhibitor
(Sangon Biotech, B600478) and lysed at 72 °C for 30min. cDNA was
synthesized according to the manufacturer’s instructions using Easy-
Script® One-Step gDNA Removal and cDNA Synthesis SuperMix
(Transgene, AE311-03). RT-qPCR was carried out with ChamQ SYBR®
qPCR Master Mix (Vazyme, Q311-02) and a CFX Connect™ Real-Time
PCR Detection System (Bio-Rad). The sequences of the primers for
mouse Cdc25b and Gapdhwere as follows: Cdc25b (GenBank Accession,
NM_023117.4 and NM_001111075.4), forward primer: 5ʹ-GTGATCCGAC
CCATCCTCAAG-3ʹ and reverse primer: 5ʹ-TGTTTGCCATCCACGGTCTG-
3ʹ; Gapdh (GenBank Accession, NM_001289726.2), forward primer: 5ʹ-
GTGTTCCTACCCCCAATGTGT-3ʹ and reverse primer: 5ʹ-
ATTGTCATACCAGGAAATGAGCTT-3ʹ. The primers for the seven
mouse 14-3-3 paralogswere designed as previously described25. Relative
mRNA levels were normalized to endogenous GapdhmRNA levels, and
the experiment was repeated for four independently obtained samples.

Measurement of DNA synthesis in embryos
DNA synthesis in 1-cell embryos was measured via 5-ethynyl-2’-deox-
yuridine (EdU) staining using a BeyoClick™ EdU Cell Proliferation Kit
with Alexa Fluor 488 (Beyotime, C0071). Briefly, mature eggs were
incubated with sperm for 4 h according to the IVF protocol. Here,
we defined the end of IVF as hour 0. The presumptive fertilized eggs
were treated with 10μM EdU at 37 °C in a 5% CO2 incubator for the
indicated intervals and then fixed in 4% PFA for 30min, followed by
permeabilization in 0.5% Triton X-100 for 30min at RT. After being
washed with PBST, the embryos were transferred to click reaction
solution and incubated for 30min in the dark at RT. Next, the embryos
were counterstained with Hoechst 33342 for 30min and finally viewed
with an Olympus FLUOVIEW FV3000.

Statistics and reproducibility
For quantitative analyzes, at least three replicateswereperformed, and
the data are expressed as the mean ± S.D. GraphPad Prism (GraphPad
Software, Inc., La Jolla, CA, USA) was used to carry out statistical ana-
lysis, and analysis of variance (ANOVA) or a two-tailed unpaired Stu-
dent’s t-test was used to compare differences between two groups.
Statistical significance is indicated as follows: *P <0.05, **P <0.01, and
***P <0.001; ns indicates P > 0.05. The IF staining and immunoblotting
assays were performed at least two or three independent repetitions
with similar results.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
All data generated or analyzed in this study are included in the paper
and its Supplementary information files. The cryo-EM densitymap and
corresponding atomic coordinate have been deposited in the Electron
Microscopy Data Bank under accession code EMD-38369 and the
Protein Data Bank (PDB) under accession number 8XI3, respectively.
Initial models used for model building were PDB ID codes 8H96 and
2B05. The mass spectrometry data have been deposited to the Pro-
teomeXchange Consortium via the iProX77,78 partner repository with
the dataset identifier PXD055498. Source data are provided with
this paper.
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