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We previously identified a subcortical maternal complex (SCMC) that is essential for early embryogenesis and female fertility in

mice. However, the molecular mechanism by which the SCMC affects female fertility remains largely uncharacterized. Here, we

report that a novel maternal protein, zinc finger BED-type containing 3 (Zbed3), participates in the SCMC. Depletion of maternal

Zbed3 results in reduced fecundity of females, because of the impaired and delayed development in a proportion of mutant

embryos. The loss of maternal Zbed3 results in asymmetric zygotic division and abnormal distributions of organelles in the

affected oocytes and zygotes, similar to the phenotypes observed in females with disrupted core SCMC genes. Further investiga-

tion revealed that these phenotypes are associated with disrupted dynamics of microtubules and/or formation of cytoplasmic lat-

tices (CPLs). The stability and localization of Zbed3 depend on, but are not required for, the formation of the SCMC. Thus, our

data suggest Zbed3 as one of downstream proteins mediating SCMC functions and provide further insights into the roles of the

SCMC and CPLs in female fertility.
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Introduction

The hiatus of transcriptional activity of zygotic genome activa-

tion (ZGA) from mature gametes to early embryos and unequal

burden of gametes in early embryogenesis dictate essential

roles of maternal effect genes in animal development (Li et al.,

2010, 2013). Since the first report of the maternal effect gene

(Dorsal) in animals in the 1980s, hundreds of these genes have

been characterized for their important roles, including but not

limited to cell fate determination, body axis establishment, and

ZGA of early embryonic development in Drosophila melanoga-

ster (Stein and Stevens, 2014). In mammals, it was until 2000

when the first maternal effect gene Mater (official symbol,

Nlrp5) was reported (Tong et al., 2000). Mouse genetics have

documented that maternal effect genes function in multiple pro-

cesses, including DNA damage repair and replication, epigenetic

reprogramming, the first cell division, clearance of maternal

materials, ZGA, and cleavage stage embryogenesis (Li et al.,

2010, 2013; Gu et al., 2011; Lin et al., 2014; Yu et al., 2014,

2016; Xu et al., 2015; Liu et al., 2016). However, the molecular

events of maternal regulation in early mammalian embryonic

development have not been well established.

We previously identified a subcortical maternal complex (SCMC)

that is an oocyte–early embryo-specific protein complex critical

for mouse embryogenesis (Li et al., 2008b). This complex

includes at least four maternal proteins: Mater (official symbol,

Nlrp5), Floped (official symbol, Ooep), Filia (official symbol,

Khdc3), and Tle6 (Tong et al., 2000; Herr et al., 2008; Ohsugi

et al., 2008). The formation of the SCMC depends on Mater,

Floped, and Tle6, but not Filia, suggesting that these three pro-

teins are the core components of the complex (Yu et al., 2014).

The three core proteins bind to each other and function as a

whole to control the symmetric division of mouse zygotes by

regulating F-actin dynamics (Li et al., 2008b; Yu et al., 2014).

Disruption of SCMC core proteins in mice results in similar
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phenotypes that encompass asymmetric division of zygotes,

developmental arrest at 2-cell embryos, and female infertile

(Tong et al., 2000; Li et al., 2008b; Yu et al., 2014), while deple-

tion of Filia leads to aneuploidy of early embryos and female

subfertility (Zheng and Dean, 2009). Recently, SCMC compo-

nents were shown to be involved in the formation of cytoplasmic

lattices (CPLs) (Kim et al., 2010, 2014; Tashiro et al., 2010;

Monti et al., 2013). The SCMC is conserved in mammals includ-

ing humans (Bebbere et al., 2014; Zhu et al., 2015). The mutant

SCMC genes have been reported to be related to human repro-

ductive disorders (Parry et al., 2011; Alazami et al., 2015;

Docherty et al., 2015). Currently, the clarification of molecular

mechanisms of the SCMC represents a milestone to understand

the comprehension of maternal regulatory network and oocyte

biology in mammals (Li and Albertini, 2013; Bebbere et al., 2016).

The SCMC has a much larger molecular mass (>669 kDa)

than the summation of all known SCMC proteins (∼270 kDa) (Li

et al., 2008b), implying other proteins involved in the complex.

In this study, we identified zinc finger BED-type containing 3

(Zbed3) as a novel component of the SCMC. Zbed3 contains a

zinc finger BED domain and belongs to ZBED family of proteins

(Hayward et al., 2013). However, the physiological function of

this gene is unknown. Through established Zbed3 mutant mice,

we found that Zbed3 functions as the downstream protein of

the SCMC to regulate organelle distributions via cytoskeleton

and/or CPLs during mouse oocyte to zygote transition.

Results

Zbed3 is a novel component of the SCMC

To identify novel components of the SCMC, we collected

∼3000 GV and MII eggs for co-immunoprecipitation (co-IP) with

mouse anti-Tle6 monoclonal antibody. After separation of the

precipitated proteins using SDS-PAGE, the polyacrylamide gel

was stained with silver staining and analyzed with mass spec-

trometry (Figure 1A; Materials and methods). Based on the cri-

terion that at least two unique peptides were present in the

mouse anti-Tle6 antibody sample but absent in the control, we

identified 23 proteins including all of the four previously identi-

fied SCMC proteins and a novel protein, Zbed3 (Supplementary

Figure S1A).

To confirm these results, mouse anti-Tle6 or anti-Mater mono-

clonal antibodies were used to pull down the SCMC complex

from normal mouse oocyte lysates. Both antibodies precipitated

Zbed3, in addition to the known SCMC proteins (Figure 1B).

Immunofluorescence staining showed that Zbed3 was diffused

in the cytoplasm of GV oocytes, and gradually concentrated in

the subcortex of MII oocytes. Zbed3 partially co-localized with

Mater in both cytoplasmic and subcortical regions (Figure 1C).

To examine the physical interaction between Zbed3 and the

SCMC, we co-expressed 3× Flag-Zbed3 with four HA-tagged pro-

teins or Myc-Mater in HEK-293T cells and performed co-IP

experiments. Immunoblots showed that only Mater bound to

Zbed3 (Figure 1D and Supplementary Figure S1B). Those results

suggest that Zbed3 participates in the SCMC by interacting with

Mater. Thus, we characterized Zbed3 as a novel component of

the SCMC.

Zbed3 exhibits a maternal expression pattern in mouse early

development

Quantitative RT-PCR (qRT-PCR) showed that Zbed3 mRNA was

highly expressed in mouse ovary and testis, and was also pre-

sent in other tissues (Figure 2A). However, immunoblots and

immunofluorescence staining showed that Zbed3 was restricted

to the cytoplasm of oocytes at different developmental stages in

mouse ovary (Figure 2B and C). Zbed3 transcripts were highly

abundant from the GV stage of oogenesis to 1-cell zygotes, and then

dramatically declined in 2-cell and the later stages of embryogenesis

(Figure 2D). Thus, the expression profile of Zbed3 is typical pattern

of maternal effect genes. The level of Zbed3 appeared slightly

increased after the 1-cell stage, and abruptly decreased in blasto-

cysts (Figure 2E). Immunofluorescence staining showed that Zbed3

was localized in the cytoplasm, and concentrated in the subcortex of

zygote and morula after fertilization (Figure 2F).

Maternal Zbed3 is important for early embryogenesis and

fecundity of females

To investigate the physiological function of Zbed3, we estab-

lished a line of Zbed3 knockout mice (Supplementary

Figure S2A–D; Materials and methods). We determined the fer-

tility of Zbed3Δ/Δ mice by measuring their litter sizes (mean ±
SEM, litters) following a designed mating strategy (Figure 3A

and Supplementary Figure S3A). Zbed3Δ/Δ males exhibited nor-

mal fertility, compared with that of Zbed3+/Δ males. However,

the litter sizes of Zbed3Δ/Δ females (5.4 ± 2.1, n = 36) were stat-

istically less than those from Zbed3+/Δ females (7.9 ± 2.9, n =

31), when mated with Zbed3+/Δ males (Figure 3A). Similar

results were obtained from Zbed3Δ/Δ females (5.1 ± 1.9, n = 9)

mated with Zbed3Δ/Δ males (Figure 3A). The phenotype of

decreased pups in Zbed3Δ/Δ females was not rescued (5.2 ± 0.8,

n = 6) by mating with wild-type (wt) male mice, whose sperm-

atozoa did not contribute Zbed3 to zygotes (Supplementary

Figure S3B). This result was similar to that observed in maternal

Tle6-null embryos (Supplementary Figure S3C). In our next

experiments, unless otherwise stated, control (Zbed3+/Δ) and

maternal knockout embryos from Zbed3Δ/Δ females mated with wt

(Zbed3+/+) male mice are labeled as ♀Zbed3+/Δ × ♂Zbed3+/+ and

♀Zbed3Δ/Δ × ♂Zbed3+/+, respectively (Supplementary Figure S3A).

Overall, these results demonstrate that maternal Zbed3 is important

for the fecundity of female mice.

To determine the time of embryonic loss, we compared the

number of preimplantation embryos in Zbed3+/Δ (control) and

Zbed3Δ/Δ females by mated with wt males. The numbers of

zygotes (25.44 ± 2.1, n = 9 females) and 2-cell embryos (27.75 ±
3.77, n = 8) obtained from Zbed3Δ/Δ females were comparable to

those from Zbed3+/Δ females (zygotes: 26.11 ± 3.52, n = 7; 2-cell

embryos: 26.44 ± 3.20, n = 9) at E0.5 and E1.5, respectively

(Figure 3B). However, at E2.5, fewer >8 cells morulae (10.38 ±
1.70, n = 8) were isolated from Zbed3Δ/Δ females, compared with
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Zbed3+/Δ females (16.33 ± 1.79, n = 9) (Figure 3B and C). At

E3.5, the number of embryos with blastocoel recovered from

Zbed3Δ/Δ females (7.88 ± 0.58, n = 8) was significantly less than

those recovered from the controls (15.75 ± 2.19, n = 8)

(Figure 3B and C). We then cultured 2-cell embryos from Zbed3Δ/Δ

and control females in vitro and monitored the development of

these embryos every 3 h. The results confirmed the delayed

development of maternal Zbed3-null embryos after 2-cell stage

(Figure 3D). Altogether, these data demonstrate that disruption

of maternal Zbed3 causes impaired and delayed development of

2-cell embryos.

Maternal Zbed3 deficiency increases the number of 2-cell

embryos with asymmetric blastomeres

Although the number of 2-cell embryos was comparable to

the control, we observed a large number of 2-cell embryos

recovered from Zbed3Δ/Δ females exhibited asymmetric blasto-

meres (Figure 3E). To estimate the proportion of 2-cell embryos

with asymmetric blastomeres, we stained F-actin with phalloidin

to outline the 2-cell embryos, and measured the maximum

cross-sectional areas of individual blastomeres. We defined two

blastomeres as asymmetric if the difference between their

cross-sectional areas was greater than 10% (Yu et al., 2014).

The percentage of asymmetric 2-cell embryos from Zbed3Δ/Δ

females (55% ± 5.6%, n = 112 embryos) was significantly high-

er than those from Zbed3+/Δ females (21% ± 3.9%, n = 85)

(Figure 3F). Those results imply that maternal Zbed3-null

zygotes tend to divide asymmetrically.

To determine the spindle position, we cultured mouse zygotes

to the metaphase stage and stained the spindles and chromo-

somes. We then measured the average distance between the

chromosomes and the cellular center along the long axis of the

spindle (Figure 3G). The average distance in zygotes from

Zbed3Δ/Δ females (2.80 ± 0.37 μm, n = 27) was larger than that

in the controls (1.46 ± 0.17 μm, n = 23) (Figure 3H). These

results indicate that maternal Zbed3 deficiency impairs the cen-

tral position of the spindle, resulting in asymmetric division of

mouse zygotes.

F-actin is disordered in maternal Zbed3-null zygotes

F-actin has been reported to be a regulator for symmetrical

division in mouse zygotes (Chaigne et al., 2016). We detected

Figure 1 Zbed3 is a novel component of the SCMC. (A) The immunoprecipitates pulled down by anti-Tle6 antibody and mouse IgG were

separated by SDS-PAGE and stained with silver staining. (B) The immunoprecipitates pulled down by anti-Tle6 antibody (α-Tle6), anti-Mater

antibody (α-Mater), or mouse IgG from normal oocyte lysates (200 eggs) were immunoblotted for detecting Mater, Tle6, Floped, and Zbed3.

The lysate of 20 eggs was used as input. (C) The GV and MII stage oocytes were examined by immunofluorescence staining for Zbed3 and

Mater. A Zbed3-null oocyte in white box is as a negative control. Scale bar, 20 μm. (D) Immunoprecipitates from co-IP performed with anti-

HA antibody on cells co-expressing 3× FLAG-Zbed3 and HA-Mater, HA-Tle6, HA-Floped, or HA-Filia were immunoblotted, respectively. pCMV-

HA with 3× FLAG-Zbed3 was used as a negative control. The bands (∼55 kDa) below HA-Filia are mouse IgG heavy chains.
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F-actin during the zygotic division progress (Figure 4A). After

nuclear envelope breakdown (NEBD), microfilaments underwent

dramatic remodeling, and a cloud of F-actin was formed around

spindle in control zygotes at metaphase, which is consistent

with previous reports (Chew et al., 2012; Yu et al., 2014).

However, in zygotes from Zbed3Δ/Δ females at the same stage

(36/36), F-actin cloud around the spindle was disorganized after

NEBD (Figure 4A). Furthermore, the bulk cytoplasmic F-actin in

the zygotes from Zbed3Δ/Δ females was loosened, rough and

formed long fibers, while the controls exhibited dense F-actin

structure (Figure 4B). The presence of disordered microfilaments

was confirmed by microinjection of GFP-Utrch mRNA, an F-actin

probe, into the live zygotes (Figure 4C). In addition, the cortical

F-actin in the zygotes from Zbed3Δ/Δ females was thinner than

that in controls (Figure 4D). These results suggest that the defi-

ciency of maternal Zbed3 impairs the F-actin network, resulting

in off-center spindles in mouse zygotes.

Disordered F-actin cloud and cytoplasmic F-actin were also

observed in Zbed3-null oocytes (Figure 4E). In maternal Tle6-null

zygotes, the cloud of F-actin is disappeared because of decreased

dephosphorylation (active form) of Cofilin, a depolymerizing fac-

tor for the microfilaments (Yu et al., 2014). However, immuno-

blots showed that the level of phosphorylated Cofilin S3 in

maternal Zbed3-null zygotes was similar to that in the controls

(Supplementary Figure S4), suggesting that Zbed3 may regulate

the formation of F-actin cloud via a different pathway.

Figure 2 Zbed3 exhibits a maternal expression profile. (A) The relative expression of Zbed3 in mouse tissues was detected by qRT-PCR. The

expression level was normalized to Gapdh. He, heart; Ki, kidney; Lu, lung; Sp, spleen; Ut, uterus; Te, testis; Ov, ovary; Li, liver; Br, brain;

Mu, muscle. (B) Mouse tissue lysates (20 μg total proteins) were immunoblotted with anti-Zbed3 and anti-GAPDH (a load control). ES,

mouse embryonic stem cells; Ov-null, ovary of Zbed3-null mice. (C) Paraffin sections of normal mouse ovary at day 14 after birth were

stained with anti-Zbed3 antibody for detecting endogenous Zbed3 (red) and with Hoechst 33342 for labeling DNA (blue). Scale bar, 100 μm.

(D) The expression of Zbed3 in mouse oocytes, eggs, and early embryos was detected by qRT-PCR. The expression level at GV stage was set

as 1.0. (E) Lysates of oocytes, eggs, and early embryos were immunoblotted with anti-Zbed3 antibody to detect endogenous Zbed3. GAPDH

was the load control. Mo, morula; Bl, blastocyst. (F) Preimplantation embryos were stained with anti-Zbed3 antibody to detect endogenous

Zbed3 (green) and with phalloidin to label F-actin (red). Scale bar, 20 μm.
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Maternal Zbed3 is required for the distributions of ER and

mitochondria in zygotes and oocytes

During meiosis, FMN2-decorated endoplasmic reticulum (ER)

polymerizes the cloud of F-actin following germinal vesicle

breakdown (GVBD) of mouse oocyte (Yi et al., 2013). To exam-

ine whether the collapse of the F-actin cloud in zygotes from

Zbed3Δ/Δ females was caused by disruption of the FMN2-

decorated ER, we injected zygotes with GFP-Fmn2 mRNA and co-

stained them with ER-Tracker. At metaphase, normal zygotes

formed a cloud of GFP-FMN2 that co-localized with ER around

the spindle (8/8). However, FMN2-decorated ER was absent in

the spindle periphery of maternal Zbed3-null zygotes (13/13)

(Figure 5A). When treated with nocodazole to inhibit microtu-

bules, normal zygotes failed to develop further due to the disin-

tegrated spindles and the condensation of chromosomes, and

exhibited the disorganized ER (Supplementary Figure S5A–C). In
those zygotes, disordered F-actin clouds were observed, sup-

porting the hypothesis that the disorganization of organelle

Figure 3 Maternal Zbed3 deficiency affects normal development of early embryos. (A) After mating females with the males of various geno-

types, litter sizes were calculated and presented as mean ± SEM. ****P < 0.0001, **P = 0.0019. (B) Embryos at E0.5, 1.5, 2.5, 3.5 were

isolated from Zbed3+/Δ and Zbed3Δ/Δ mice mated with wild-type (wt) males. Data were presented as mean ± SEM. ns, no significant. *P =

0.0302, **P = 0.0037. (C) Light field images showing the morphology of morula (>8 cell, E2.5) and blastocyst (E3.5). Red * indicates

impaired development of embryos. Scale bar, 50 μm. (D) 2-cell embryos (48 h after hCG) isolated from Zbed3+/Δ (C, control) and Zbed3Δ/Δ

(Null, maternal null) females mated with wt males were cultured to blastocysts and the ratios of embryos at different stages (every 3 h)

were calculated. The embryos were classified into 3–4 cell, 5–8 cell, >8 cell (morula), and blastocyst. (E) A representative image of 2-cell

embryos from Zbed3Δ/Δ females mated with wt males. These embryos were divided into two groups: with equal-sized blastomeres (in white

dotted bordered rectangle)and with unequal-sized blasotmeres (in black dotted bordered rectangle). Scale bar, 50 μm. (F) Ratios of 2-cell

embryos with unequal-sized blastomeres were calculated in Zbed3+/Δ and Zbed3Δ/Δ females mated with wt males. Data were presented as

mean ± SEM. **P = 0.0011. (G and H) The distance between the chromosome and cell center along the spindle long axis was showed in G

and measured in H. Scale bar, 20 μm. Data were presented as mean ± SEM. **P = 0.0028.
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distribution results in disordered F-actin (Supplementary

Figure S5A–C). These results indicated that the disorder of the

F-actin cloud is caused by the misdistribution of FMN2-

decorated ER in maternal Zbed3-null early embryos.

Because the ER generally couples with mitochondria during

the remodeling of mouse oocytes (Dalton and Carroll, 2013), we

tracked mitochondria using Mito-Tracker during mitosis of

mouse zygotes. In control zygotes (9/9) from Zbed3+/Δ females,

Figure 4 Disruption of maternal Zbed3 impairs F-actin in mouse zygotes. (A) F-actin was stained with Alexa Fluor 488 Phalloidin at different

stages of mitotic zygotes from Zbed3Δ/Δ and Zbed3+/Δ females mated with wt males. The red arrow indicates the residual and broken cloud

of F-actin around spindle. (B) Cytoplasmic microfilaments (in red box) in zygotes from Zbed3Δ/Δ and Zbed3+/Δ females mated with wt males

were compared at the similar stage of mitosis. (C) GFP-Utrch mRNA was microinjected into zygotes from Zbed3Δ/Δ and Zbed3+/Δ females

mated with wt males to probe F-actin for live imaging. Chromosomes (blue) were marked with H2B-Tomato. (D) The thickness of cortical F-

actin in C was measured. Data were presented as mean ± SEM. **P = 0.0015. (E) Oocytes from Zbed3Δ/Δ and Zbed3+/Δ females were cul-

tured to GVBD, fixed, and stained with Phalloidin and Hoechst 33342 for labeling F-actin and DNA, respectively. Scale bar, 20 μm.
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the distribution of mitochondria was similar to that of ER

(Figure 5B). In zygotes from Zbed3Δ/Δ females (10/10), mito-

chondria were also located in both subcortical and peri-

pronuclear regions before NEBD. However, they accumulated at

the subcortical region, resulting in the formation of a

mitochondria-free zone in the center of the zygotes rather than

forming a cloud-like structure around spindle after NEBD

(Figure 5B). Using transmission electron microscopy (TEM), we

found that mitochondria were mainly concentrated in the central

areas of normal zygotes (3/3) at the mitotic stage. Mitochondria

in the zygotes (3/3) from Zbed3Δ/Δ females at similar stages

were diffused in the cytoplasm and the subcortex (Figure 5C).

These results indicate that Zbed3 maintains the proper distribu-

tion of organelles during mitosis in mouse zygotes.

To investigate organelle distribution in the oocytes of Zbed3Δ/Δ

females, oocytes at MII stage from controls and Zbed3Δ/Δ females

were labeled with ER-Tracker and Mito-Tracker (Figure 5D). In

control eggs (28/29), both organelles exhibited similar distribu-

tions: spreading from the spindle periphery to the cell center,

and disappearing at the contralateral vegetal pole. However, in

Zbed3Δ/Δ eggs (16/16), the organelles were concentrated in the

subcortex.

We then examined organelle distribution during meiosis by

culturing mouse oocytes in vitro (Figure 5E). In 80.3% (30/36)

of normal oocytes, the ER and mitochondria were distributed

around the early spindle 1–2 h after GVBD. However, most

Zbed3Δ/Δ oocytes exhibited a subcortical plaque-like accumula-

tion of both organelles (39/41), and a large organelle-free area

Figure 5 Zbed3 deficiency impaires distribution of organelles. (A) Zygotes at metaphase from Zbed3Δ/Δ and Zbed3+/Δ females mated with wt

males were microinjected with GFP-FMN2 mRNA and labeled with ER-Tracker (blue), and then imaged. Scale bar, 20 μm. (B) Distributions of

mitochondria in the mitotic zygotes from Zbed3Δ/Δ and Zbed3+/Δ females mated with wt males were tracked by Mito-Tracker for live imaging.

Scale bar, 20 μm. (C) Mitochondria (red arrows) at zygotic metaphase were observed via TEM. Scale bar, 5 μm. (D and E) Oocytes at MII (D)

and meiosis (E) stages from Zbed3Δ/Δ and Zbed3+/Δ females were labeled with ER-Tracker (green) and Mito-Tracker (red) for living image. sp,

spindle. Scale bar, 20 μm. (F) After GVBD, oocytes from Zbed3Δ/Δ and Zbed3+/Δ females were fixed. TEM was used to observe the distribu-

tion of mitochondria (red arrows). ZP, zona pellucida. Red arrows point to the clusters of organelles. Scale bar, 5 μm.
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around the spindle in the cytoplasm (41/41). The TEM results

confirmed the distribution of organelles in the oocytes from

Zbed3Δ/Δ females (3/3) (Figure 5F). These data indicated that

Zbed3 is necessary for the normal redistribution of organelles

during maturation of oocytes.

Zbed3 depends on, but is not required for, the formation of the

SCMC

Disruption of core components results in the loss of the SCMC

(Li et al., 2008b; Yu et al., 2014). Therefore, we examined Zbed3

in oocytes with disrupted core components of the SCMC.

Compared to the controls, the level of Zbed3 was significantly

decreased in Tle6, Mater or Floped-null oocytes at GV stages,

while Zbed3 did not significantly change in Filia-null oocytes

(Figure 6A and B). Immunofluorescence staining showed that

Zbed3 was less abundant in the cytoplasm of Tle6 or Mater-null

MII eggs than in normal and Filia-null oocytes, in which Zbed3

was still localized in the cytoplasm and subcortex (Figure 6C).

These results revealed that the stability and localization of Zbed3

depend on the SCMC in mouse oocytes.

We then examined the formation of the SCMC in Zbed3-null

oocytes. Immunoblots showed that the levels of SCMC core proteins

were similar in the controls and Zbed3-null oocytes (Figure 6D).

Immunofluorescence staining showed that the localizations of SCMC

core proteins were similar to those of the controls (Figure 6E).

Furthermore, co-IP experiments showed that the interactions between

the SCMC proteins were not significantly affected in Zbed3Δ/Δ oocytes

(Figure 6F). Thus, Zbed3 is not required for formation of the SCMC.

Figure 6 Zbed3 depends on, but is not required for, the formation of the SCMC. (A) Protein levels of Zbed3 were detected by immunoblots

with mouse oocytes from females with a disrupted SCMC. β-actin was the load control. (B) Quantification of the protein levels of Zbed3 in A.

The values in heterozygous oocytes were defined as 100%. (C) Oocytes from females with a disrupted SCMC were stained with anti-Zbed3

antibody (green). Scale bar, 20 μm. (D) The levels of SCMC proteins in Zbed3+/Δ and Zbed3Δ/Δ oocytes were detected. GAPDH was the load

control. (E) The SCMC core components were labeled in Zbed3+/Δ and Zbed3Δ/Δ oocytes. Scale bar, 20 μm. (F) The interactions among the

core components were detected by co-IP of ovarian lysates from Zbed3-null and Tle6 mutant females.
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Zbed3, as a downstream protein of the SCMC, regulates

the distribution of ER and mitochondria via microtubules

Zbed3 depends on, but is not required for the formation of

the SCMC, which suggests that Zbed3 might function as a down-

stream protein of the SCMC. To test this hypothesis, we exam-

ined the distribution of ER and mitochondria in oocytes and

zygotes after disruption of the genes encoding SCMC core pro-

teins. Zygotes and oocytes from Tle6tm//tm and Matertm//tm

females had similar defects with those from Zbed3Δ/Δ females

(Figure 7A and B). These results suggested that the impaired

distributions of ER and mitochondria in maternal SCMC-null

oocytes and zygotes may result from the loss of Zbed3.

The inhibition of microtubule dynamics using pharmacological

reagents impacted the normal cloud of ER and mitochondria

around the spindle in normal mouse oocytes (Supplementary

Figure S5). We then examined whether the assembly of microtu-

bules was normal after GVDB, when disordered distributions of

ER and mitochondria were observed in oocytes with disrupted

Zbed3. In the controls, a ball of microtubules was present

around the chromosomes following microtubule organizing cen-

ter congressing, consistent with previous report (Schuh and

Ellenberg, 2007). In normal oocytes, the α-Tubulin pool in cyto-

plasm exhibited the decreased α-Tubulin signals at the spindle

periphery where the extending astral-like microtubules of spin-

dle were terminated. However, in Zbed3Δ/Δ and Tle6tm/tm

oocytes, the α-Tubulin pool in cytoplasm was significantly

extended in the subcortical region where elongated astral-like

microtubules were terminated, rather than at spindle periphery

(Figure 7C). The extent of extending α-Tubulin pool in the

oocytes was calculated by the ratio of its area to that of the

whole cell. Our results showed that the ratio in oocytes with dis-

rupted Zbed3 (0.628 ± 0.036, n = 10 oocytes) or Tle6 (0.434 ±
0.027, n = 18) was much larger than that in the controls (0.163

± 0.022, n = 10) (Figure 7D). By staining oocytes with Mito-

Tracker and α-Tubulin-FITC, we observed that the subcortex of

decreased α-Tubulin signals was the main location of mitochon-

dria in oocytes with disrupted Zbed3. The plus-ends of elon-

gated microtubules were observed to be co-localized with the

subcortical mitochondria (Figure 7E). These results implied that

deficiency of Zbed3 or the SCMC might exclude organelles to

subcortex by affecting the dynamics of microtubules in cyto-

plasm and spindle of mouse oocytes. In addition, acetyl-α-
Tubulin, a marker of microtubule dynamics and stability, was

significantly decreased in oocytes from Tle6tm/tm and Zbed3Δ/Δ

females (Figure 7F). Altogether, our data indicate that the SCMC

or Zbed3 control the distributions of ER and mitochondria by

regulating the cytoskeletal dynamics in mouse oocytes.

Zbed3 is involved in the formation of CPLs in mouse oocytes

Similar to Mater and Padi6 (Yurttas et al., 2008; Kim et al.,

2010), Zbed3 was resistant to extraction with Triton X-100

(Figure 8A and B). After extraction, Zbed3 was partially co-

localized with Mater in mouse oocytes (Figure 8C). Mater and

Floped, two SCMC core proteins, have been shown to regulate

the formation of CPLs, oocyte specific fibrous structure that is

essential for microtubules and organelle distributions (Kan

et al., 2011; Kim et al., 2014). Using TEM, we observed the dis-

appearance of CPLs in Zbed3-null oocytes (Figure 8D).

In addition, we found that the distribution of CPLs was non-

uniform in normal mouse oocyte cytoplasm: the area with the

fewest organelles had the most CPLs (Figure 8E and F).

Immunofluorescent staining of Zbed3 and mitochondria showed

that mitochondria was not co-localized with, but nested in

Zbed3 signals in cytoplasm of normal mouse oocytes, and the

Zbed3 signal was very weak in the periphery of the spindle

where organelles were abundant (Figure 8G). We also found

that the cluster of organelles was embedded in the honeycomb-

like CPLs, using TEM (Figure 8H). Altogether, these data suggest

that Zbed3 is involved in CPL formation that may be related to

the regulation of organelle distributions.

Discussion

The absence of a single core protein (Mater, Floped or Tle6)

prevents the formation of the SCMC, and complicates investiga-

tions of the roles of individual proteins in mutant phenotypes (Li

et al., 2008b; Yu et al., 2014). In this study, we identified Zbed3

as a novel component of the SCMC. Mutant Zbed3 female mice

exhibit a mild reproductive phenotype and provide an excellent

model to define the specific roles of the SCMC in female repro-

duction. The major defects observed in SCMC-null mice are also

present in Zbed3-null mice, and include: asymmetrically divided

zygotes, off-centered metaphase spindles, misdistributions of the

ER and mitochondria, disorganized microfilaments and microtu-

bules and the disruption of CPL formation (Li et al., 2008b;

Fernandes et al., 2012; Kim et al., 2014; Yu et al., 2014).

Furthermore, Zbed3 depends on, but is not required for the form-

ation of the SCMC, which indicates that the SCMC regulates the

development of mouse oocytes and early embryos by stabilizing

downstream Zbed3. Thus, our results suggest that Zbed3, as a

downstream protein of SCMC, regulates the distribution of orga-

nelles through controlling cytoskeletal dynamics and/or CPL

formation.

CPLs are fibrous structure restricted in mammalian oocytes

and early embryos. However, the components, formation, and

function of CPLs are still poorly understood since it was discov-

ered (Hadek, 1966). Eptidylarginine deiminase 6 (Padi6) is

located in CPLs and required for the formation of CPLs (Yurttas

et al., 2008; Kan et al., 2011; Liu et al., 2017). The disruption of

Padi6 leads to the absence of CPLs and the defects of organelle

distributions, implying CPLs take a role in organelle distributions

(Yurttas et al., 2008; Kan et al., 2011). Recently, increasing evi-

dences have shown that both of the SCMC and CPLs are closely

related (Kim et al., 2010, 2014; Tashiro et al., 2010; Monti

et al., 2013). The SCMC proteins, Floped and Mater are also

localized in the CPLs. Depletion of them results in the absence

of CPLs in mouse oocytes (Kim et al., 2010; Tashiro et al.,

2010). The abnormal redistribution of organelles was also

observed in Mater-null oocytes (Kan et al., 2011; Fernandes

et al., 2012; Kim et al., 2014). Here, we find that the absence of

CPLs is correlated with the disorganized distributions of
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Figure 7 Zbed3 maintains proper dynamics of microtubules in oocytes. (A and B) ER and mitochondria were labeled with ER-Tracker (green)

and Mito-Tracker (red) in zygotes or oocytes from Tle6tm/tm or Matertm/tm females (mated with wt males for zygotes). Scale bar, 20 μm. (C)

Microtubules were stained with anti-α-Tubulin-FITC in control, Zbed3-null, and Tle6-null oocytes. White arrows point to the astral-like micro-

tubules from spindle in upper panels. Scale bar, 20 μm. Bottom panels are heat maps for white boxes in upper panels. The inner area of the

dashed line was defined as α-Tubulin pool, and the dotted line was the outer edge of the cell. Scale bar, 5 μm. (D) The extent of extending

α-Tubulin pool in C was measured by dividing the area of α-Tubulin pool by total cellular area in oocytes from control, Zbed3Δ/Δ, or Tle6tm/tm

females. Data were presented as mean ± SEM. ****P < 0.0001. (E) Oocytes from Zbed3+/Δ and Zbed3Δ/Δ females were cultured to GVBD in

medium with Mito-Tracker (red), fixed, and then stained with anti-α-Tubulin-FITC antibody (green). White arrows indicate potential interac-

tions between mitochondria and the plus end of microtubules. Scale bar, 20 μm. (F) The acetyl α-Tubulin at Lys40 and α-Tubulin were

detected by immunoblots with oocytes from Zbed3-null and Tle6 mutant females.
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Figure 8 Zbed3 is involved in the formation of CPLs. (A) Normal oocytes extracted in a buffer with 1% Triton X-100 were immunobloted. (B)

The quantification of protein levels in A. The values in untreated oocytes were defined as 100%. (C) Oocytes were co-stained with anti-

Zbed3 (green) and anti-Mater (red) antibodies. Scale bar, 20 μm (top) and 5 μm (bottom). (D) CPLs in oocytes from Zbed3+/Δ and Zbed3Δ/Δ

females were observed by TEM, respectively. White arrows point to CPLs. Scale bar, 500 nm. (E) Distributions of CPLs in the areas of few

and abundant organelles were showed. The areas with few and abundant organelles were circumscribed with black and white dotted line.

White arrows point to CPLs. Scale bar, 500 nm. (F) The number of CPLs was quantified. The pictures (∼9.3 μm2) with few or abundant orga-

nelles were selected from 5 normal oocytes. Data were presented as mean ± SEM. ****P < 0.0001. (G) Normal oocytes in meiosis were

labeled with Mito-tracker (red), fixed, and then stained with anti-Zbed3 antibody (green). White arrows point to mitochondria. Scale bar,

20 μm. (H) Clusters of mitochondria and CPLs in wt oocyte were observed by TEM. Scale bar, 500 nm.
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organelles in the Zbed3-null oocytes. Thus, these results sug-

gest that Zbed3 or the SCMC regulates organelle distributions

through CPLs.

How CPLs control the distribution of organelles is still unclear

(Kan et al., 2011). In current study, we find that CPLs are not

uniformly distributed in the cytoplasm of mouse oocytes. CPLs

are rarely distributed in the areas of abundant organelles, and

typically enriched in organelle-free regions (Figure 8E and F).

Thus, CPLs might form a specific structure surrounding the orga-

nelles (Figure 8G and H), which suggests that the CPLs may

function as a honeycomb-like or barrier structure to maintain

the locations of single organelle or clusters of them in mouse

oocytes. Consistent with this hypothesis, mitochondria in

Zbed3-null oocytes are observed to be accumulated as plaque-

like structures (Figure 5E and F), similar to that around the spin-

dle of normal oocytes (Figure 8G), in which the CPLs might be

accompanied with the cytoskeleton and reorganized (Li et al.,

2008a). The disappearance of CPLs may increase the probability

of organelle accumulation and movement.

Studies have revealed that skeleton components, F-actin,

microtubules, and intermediate filaments were detected in CPLs

(McGaughey and Capco, 1989; Gallicano et al., 1994; Kan et al.,

2011), implying CPLs may function coupling with the skeleton

dynamics in several key developmental stages of oocyte and

embryo (Jackson et al., 1980; McGaughey and Capco, 1989).

During mitosis, the organelles are excluded from the spindle,

which is required for assembly of chromosomes (Lu et al., 2009;

Smyth et al., 2012; Schlaitz et al., 2013; Maddox and

Ladouceur, 2015; Schweizer et al., 2015). The process is regu-

lated by ER-related proteins (such as REEP3/4and STIM1) and

microtubule-related proteins (such as EB1) in a microtubule-

dependent manner (Smyth et al., 2012; Schlaitz et al., 2013). We

find that the microtubules extending from the spindle are always

terminated at the edge of the organelle cloud in normal mouse

oocyte, suggesting the organelles are excluded from the spindle

in mouse oocytes. In oocytes with mutant Zbed3 or disrupted

the SCMC, excessively elongated microtubules and cytoplasmic

α-Tubulin pool occupy greater area than in the control and

exclude ER and mitochondria into the subcortex. In addition, the

decreased acetyl-α-Tubulin suggests that cytoplasmic microtu-

bules are unstable. Zbed3 has been reported to bind directly to

Axin1, forming a complex with APC, a well-known regulator of

microtubule plus-ends in somatic cells (Behrens et al., 1998; Farr

et al., 2000; Chen et al., 2009; Preitner et al., 2014). Thus, the

cytoplasmic distribution of Zbed3 may maintain the proper distri-

bution of organelles in the cytoplasm by regulating the dynamics

of CPLs or microtubules.

Although the maturation and fertilization of Zbed3-null

oocytes are almost normal (Supplementary Figure S6), the CPLs,

cytoskeleton, and distributions of the ER and mitochondria are

disorganized. Furthermore, the ratio of 2-cell stage mutant

embryos with unequally sized blastomeres is increased and few-

er mutant embryos develop into blastocysts. These findings sug-

gest that mouse oocytes and early embryos are tolerant to the

defects in organelle distribution, CPLs, and cytoskeleton. The

adverse effects of disordered organelles, or impaired cytoskele-

tons and CPLs may not be sufficient to affect oocyte survival,

ovulation, and fertilization. Accompanying the development, the

damages might be accumulated and lead to delayed or impaired

developmental potential in maternal Zbed3-null early embryos.

Except for the arrested 2-cell embryo stage, most of phenotypes

of Zbed3 knockout mice were also observed in females with

depletion of core SCMC components, implying that the SCMC or

its core components may affect other factors that are essential

for development beyond the 2-cell stage.

Materials and methods

Mouse maintenance, establishment of Zbed3 knockout mouse,

and collection of oocytes and preimplantation embryos

All mouse lines were kept in compliance with the guidelines

of the Animal Care and Use Committee of the Institute of

Zoology at the Chinese Academy of Sciences. To establish

Zbed3 knockout mouse, the gene targeting vector from the

International Mouse Phenotyping Consortium (IMPC) was linear-

ized and electro-transformed into mice ES cells. After selection

with G418, the positive clones were identified through long PCR

amplification with specific primers (Supplementary Table S1,

Figure S2A and B). To identify correct recombination, the pro-

ducts of long PCR amplification between homologous arms and

the original genome or loxPs were sequenced. The targeted cells

were microinjected into mouse blastocysts which were subse-

quently transplanted into surrogate mothers for birth. After

germline transition, the heterozygous males and females were

mated to obtain Zbed3F/F mice. To delete exon 2 of Zbed3,

Zbed3F/F females were mated with Zp3-Cre males, and their off-

spring were termed Zbed3+/Δ. Zbed3 mutant mice were geno-

typed using DNA of mouse tails as templates for PCR reaction

with three oligo-primers, which produced the wild-type (+,
189 bp) and mutant alleles (Δ, 317 bp). The collection of mouse

oocytes and preimplantation embryos was performed as

described previously (Yu et al., 2014; Xu et al., 2015). To isolate

oocytes, CD1 female mice (5–7 weeks old) were stimulated with

PMSG (5 IU). After 46–48 h, ∼80 μm diameter oocytes at the GV

stage were isolated from ovarian follicles. MII eggs were col-

lected about 12–14 h after additional hCG (5 IU) stimulation.

Preimplantation embryos at the zygote, 2-cell, morula, and

blastocyst stages were recovered from the plugged females at

24, 48, 72, and 96 h after hCG stimulation, respectively.

Oocyte co-IP, silver staining, and mass spectrometry

For oocyte co-IP, ∼3000 GV and MII eggs were lysed in lysis

buffer (25 mM Tris, 150 mM NaCl, 1 mM EDTA, 1% NP-40, 5%

glycerol, Roche 1× Complete Protease Inhibitor Cocktail, pH 7.4)

on ice for 15–30 min. The lysates were centrifuged at

12000 rpm for 15 min at 4°C. The supernatants were cleared

using 15 μl agarose protein G beads (Santa Cruz, sc-2002) 4°C
for 1 h. Mouse anti-Mater antibody, anti-Tle6 antibody (Yu

et al., 2014), or IgG (1:100, Santa Cruz, sc-2025) was added,

and the resulting mixtures were incubated at 4°C for 2 h. The

mixtures were then incubated with 15 μl agarose protein G
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beads at 4°C overnight. After washing, the beads were re-

suspended in 1× SDS loading buffer and incubated at 95°C for

5 min. The precipitates were separated in 10% SDS-PAGE gel.

Because the infrequent distinct protein bands were distinguished

after the gel was stained using the silver stain kit (Sigma,

PROTSIL1), we removed the light and weight chains of IgG to pre-

vent their interference and collected all proteins on the gels as a

sample for mass spectrometry (NanoLC-LTQ-Orbitrap XL, Thermo

Finnigan).

mRNA extraction and quantitative RT-PCR

mRNAs were extracted from oocytes, early embryos, and tis-

sues using a Dynabeads mRNA Direct Micro Kit (Ambion,

61021), and dissolved in RNase-free water. Reverse transcrip-

tion of mRNA was performed using PrimeScript RT Reagent Kit

(Takara, RR037A). Quantitative RT-PCR was performed using

EvaGreen qPCR MasterMix (Applied Biological Materials,

MasterMix-LR) with primers of either Zbed3 or Gapdh as a refer-

ence (Supplementary Table S1). The results were calculated on

the basis of 2−ΔΔCt values.

Protein–protein interactions in vitro

To examine protein–protein interactions in vitro, the CDSs of

Tle6, Floped, Mater, and Zbed3 were cloned into pCMV-HA and

p3×FLAG-CMV10 expression vectors with specific primers

(Supplementary Table S1). The recombinant plasmids were puri-

fied from E.coli using a TIANpure Midi Plasmid kit (TIANGEN,

DP107-02), dissolved in double-distilled water and stored at

−20°C. HEK-293T cells were cultured in DMEM (Gibco,

C11995500BT) containing 10% fetal bovine serum at 37°C with

5% CO2. Before transfection, the cells were plated in 60 mm

dishes at 80%–90% confluence. Based on the manufacturer’s

instructions for Lipofectamine 2000 Transfection Reagent

(Invitrogen, 11668-027), ∼8 μg total vector (pCMV-HA-Tle6/

Mater/Floped/Filia: 5 μg, p3×FLAG-CMV10-Zbed3: 3 μg) were

co-transfected per dish. After 36 h, the transfected cells were

harvested and lysed in 500 μl buffer (25 mM Tris, 150 mM NaCl,

1 mM EDTA, 1% NP-40, 5% glycerol, Roche 1× Complete

Protease Inhibitor Cocktail, pH 7.4). Mouse anti-HA antibody

(1:200, Abmart) was used for co-IP experiments as described

above. Approximately 5% cell lysates were directly incubated at

95°C for 5 min as the input.

Oocyte and embryo vital staining

For organelles staining, oocytes or zygotes were cultured in

M2 medium or KSOM medium with Mito-Tracker Red CMXRos

(1:10000, Invitrogen, M7512) and ER-Tracker Blue-White DPX

(1:5000, Invitrogen, E12353) for 1 h at 37°C, with 5% CO2. To

determine the effects of cytoskeletal disruption on organelle

distribution in oocytes, nocodazole (1 μM, Sigma, m1404) or

latrunculin A (1 μg/ml, Sigma, L5163) were added following

GVBD. After incubation, oocytes or zygotes were washed and

transferred to glass-bottom dishes. Live confocal microscopy

(Carl Zeiss, LSM510) was used to acquire digital images which

were progressed further using Volocity 3D Image Analysis

Software.

Immunoblots and immunofluorescent staining

The samples for immunoblots were separated by SDS-PAGE

and transferred to PVDF membranes (Millipore, IPVH00010). The

membranes were blocked in PBS/0.1% Tween-20 (PBST) with

5% milk for 1 h at RT. The membranes were then incubated

with primary antibodies overnight at 4°C, washed three times

with PBST, and incubated with HRP-conjugated secondary anti-

bodies (1:5000, ZSGB-BIO) at RT for 1 h. Protein bands were

detected by immune-reactivity using a ChemiDoc XRS+ System

(Bio-Rad) and the resulting images were edited using Quantity

One software (Bio-Rad).

Immunofluorescence staining was conducted using a modified

version of our previously reported protocol (Yu et al., 2014). For

F-actin or α-Tubulin staining, oocytes or zygotes (in vitro: cul-

tured; in vivo: directly recovered) were fixed in buffer (130 mM

KCl, 25 mM HEPES pH 7.0, 3 mM MgCl2, 4% paraformaldehyde,

0.15% glutaraldehyde, 0.2% Triton X-100) for >2 h at RT, per-

meabilized in PBS with 0.5% Triton X-100 for 30 min, blocked

with 1% BSA at RT for 1 h, and incubated with Alexa Fluor 488

Phalloidin or 546 Phalloidin (1:200, Invitrogen), or mouse anti-

α-Tubulin antibody conjugated with FITC (1:200, Sigma) for 2 h

at RT. For staining of other proteins, the samples were fixed

with 4% PFA in PBS, and incubated with primary antibodies for

1.5–2 h at RT, and with secondary antibodies (1:200,

Invitrogen) at RT for 1 h. Images were acquired using an LSM

780 confocal microscope and processed using ZEN 2012 soft-

ware. The comparative fluorescence intensities were imaged

under the same laser power.

The primary antibodies used in our experiments are listed in

Supplementary Table S2.

Transmission electron microscopy

About 15 oocytes (1–2 h after GVBD) and zygotes at meta-

phase (1 h after NEBD) were fixed in 0.1 M Na-cacodylate with

4% PFA and 2.5% glutaraldehyde for 2 h at RT, embedded in 4%

agar, and stored in the fixation buffer. The samples were sent to

the electron microscope facility at China Agricultural University

for processing. After dehydration through an alcohol gradient,

the samples were embedded in LX112 resin and sectioned. The

resulting grids were observed by TEM (Jeol, JEM-1230).

Microinjection experiment

Microinjection was performed as described previously (Yu et al.,

2014). Briefly, the CDS of genes were cloned into pCS2-6×Myc

vector. The mRNAs were transcribed from linearized vectors using

a mMESSAGE mMACHINE Kit (Ambion, AM1340) according to the

manufacturer’s instructions. Oocytes or zygotes were injected

using micromanipulator system (Nikon), and then cultured until

specific time points.
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Extraction of oocytes

The extraction protocols were conducted using a modified

version of previously reported protocol (Capco et al., 1993).

Mouse oocytes were extracted in a buffer (100 mM NaCl, 3 mM

MgCl2, 10 mM EGTA, 10 mM HEPES, 1% Titron X-100 and

Complete Protease Inhibitor Cocktail, pH 7.5) for 20 min, and

then washed three times with 0.1% BSA/PBS. Oocytes were col-

lected for immunofluorescence staining or western blotting.

Statistical analysis

Quantitative analyses were performed based on at least three

independent biological samples. Data were represented as

mean ± SEM. GraphPad Prism software was used to conduct

Student’s t-tests to determine the statistical significance of dif-

ferences between two groups exhibiting Gaussian distributions.

P < 0.05 was considered to indicate statistical significance.

Supplementary material

Supplementary material is available at Journal of Molecular

Cell Biology online.
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