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DCAF13 promotes pluripotency by negatively
regulating SUV39H1 stability during early
embryonic development
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Abstract

Mammalian oocytes and zygotes have the unique ability to
reprogram a somatic cell nucleus into a totipotent state. SUV39H1/2-
mediated histone H3 lysine-9 trimethylation (H3K9me3) is a major
barrier to efficient reprogramming. How SUV39H1/2 activities are
regulated in early embryos and during generation of induced pluripo-
tent stem cells (iPSCs) remains unclear. Since expression of the CRL4
E3 ubiquitin ligase in oocytes is crucial for female fertility, we
analyzed putative CRL4 adaptors (DCAFs) and identified DCAF13 as a
novel CRL4 adaptor that is essential for preimplantation embryonic
development. Dcaf13 is expressed from eight-cell to morula stages in
both murine and human embryos, and Dcaf13 knockout in mice
causes preimplantation-stage mortality. Dcaf13 knockout embryos
are arrested at the eight- to sixteen-cell stage before compaction,
and this arrest is accompanied by high levels of H3K9me3. Mechanis-
tically, CRL4-DCAF13 targets SUV39H1 for polyubiquitination and
proteasomal degradation and therefore facilitates H3K9me3 removal
and zygotic gene expression. Taken together, CRL4-DCAF13-mediated
SUV39H1 degradation is an essential step for progressive genome
reprogramming during preimplantation embryonic development.
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Introduction

During early preimplantation development of mammalian embryos,

genomes are highly asymmetric in epigenetic modifications of DNA

and of the associated chromatin and undergo dramatic reorganiza-

tion (Feil, 2009). These changes participate in the establishment of

stable and heritable epigenetic modifications and may occur simul-

taneously during development and cell differentiation (Smith &

Meissner, 2013; Hatanaka et al, 2015). Maternal factors involved in

the regulation of zygotic genome reprogramming have been exten-

sively studied (Ancelin et al, 2016; Zhang et al, 2016). Nonetheless,

these maternal factors are presumably downregulated sharply after

fertilization (Lee et al, 2014). Therefore, by continuing and substi-

tuting the function of maternal factors, products of early responsive

genes after zygotic gene activation also play key roles in reprogram-

ming of the genomes and in the support of early development of

normal and cloned embryos. With the help of advances in single-cell

sequencing techniques, gene expression profiles of murine and

human early embryos have been extensively studied (Hou et al,

2013; Xue et al, 2013). On the other hand, the functions and

biochemical properties of these early zygotic genes have yet to be

fully identified.

Mammalian oocytes and zygotes are different from somatic cells

in their ability to reprogram a somatic cell nucleus into a totipotent

state enabling animal cloning through somatic cell nuclear transfer

(SCNT) (Lu & Zhang, 2015). Nonetheless, the majority of SCNT

embryos fail to develop to term because of undefined reprogram-

ming defects (Niemann, 2016). SUV39H1-mediated histone H3

lysine-9 trimethylation (H3K9me3) of the donor cell genome is a

major barrier to efficient reprogramming by SCNT. Removal of this

epigenetic mark either through ectopic expression of an H3K9me3-

specific demethylase, KDM4D or KDM5B, in oocytes or through a

knockdown of the H3K9 methyltransferases (SUV39H1/2) in donor

cells not only attenuates the zygotic gene activation defect but also

greatly improves the reprogramming efficiency of SCNT (Matoba

et al, 2014; Liu et al, 2016). Nevertheless, it remains unclear how

the SUV39H1/2 activities are disabled in early embryos derived

from normal fertilization or in the process of induced pluripotent

stem cell (iPSC) reprogramming.
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CRL4 ubiquitin E3 ligase in oocytes is crucial for female fertility.

Oocyte-specific deletion of damaged DNA-binding protein 1 (DDB1)

—the linker protein of the CRL4 complex—causes rapid primordial

follicle loss and premature ovarian insufficiency (Yu et al, 2013,

2015b). CUL4, one of three founding cullins conserved from yeast to

humans, uses DDB1 as a linker to interact with a subset of WD40-

repeat-containing DDB1/CUL4-associated factors (DCAFs) that serve

as substrate receptors, forming as many as 90 E3 complexes (Lee &

Zhou, 2007). Among these, DCAF1 has been identified as a major

maternal substrate adaptor of CRL4 that maintains oocyte survival

(Yu et al, 2013). CRL4DCAF1 regulates expression of genes essential

for oocyte survival and ovulation in primordial follicles and for

paternal DNA demethylation upon fertilization, partially by modu-

lating TET1/2/3 activities through monoubiquitination of a

conserved lysine site to regulate DNA methylation levels in oocytes

(Yu et al, 2013). Nonetheless, Ddb1-null embryos have more severe

developmental defects than Tet3-null embryos (Gu et al, 2011), indi-

cating that CRL4 supports early embryonic development by addi-

tional mechanisms.

In this study, we report DCAF13 as a novel CRL4 adaptor that

is essential for preimplantation embryonic development. Dcaf13

is an early zygotic gene in both murine and human embryos and

is expressed mainly at eight-cell to morula stages. Dcaf13 knock-

out murine embryos are arrested at the eight- to sixteen-cell stage

before compaction, and this situation causes preimplantation

mortality. Mechanistically, CRL4DCFA13 directs SUV39H1/2 to

polyubiquitination and proteasomal degradation and thereby trig-

gers histone H3 lysine-9 demethylation and zygotic genome

reprogramming.

Results

DCAF13 is a conserved DDB1/CUL4-associated factor that is
specifically induced in early embryos

By analyzing the expression profile of 14 DCAFs detected in human

oocytes and early embryos by single-cell RNA sequencing (Hou

et al, 2013; Yan et al, 2013), we noticed that DCAF13, a putative

CRL4 substrate adaptor, was an early zygotic gene whose expres-

sion was specifically induced as early as the four- to eight-cell stage

(Fig 1A). Quantitative RT–PCR and data from RNA-seq datasets

(GSE70605) in mouse oocytes and early embryos both showed that

murine Dcaf13 mRNA was also transiently expressed during four-

cell to morula stages, in comparison with other DCAFs (Fig EV1A

and B). Western blot and immunofluorescence results showed that

DCAF13 was expressed as early as the four-cell stage and continued

to accumulate in morulae and blastocysts (Fig 1B and C). Moreover,

DCAF13 was mainly located in the nucleoli of blastomeres from

four-cell to blastocyst stages, as indicated by its co-localization with

well-established nucleolar marker B23 (also known as NPM1;

Fig 1C). Furthermore, DCAF13 was uniformly distributed in

trophectoderm cells and inner cells mass, which was indicated by

co-staining of CDX2 and DCAF13 in mouse blastocyst embryos

(Fig EV1C).

The Dcaf13 gene is conserved from yeast to mammals, but its

function has not been identified in any species. We cloned the

mouse Dcaf13 cDNA from a mouse ovary cDNA pool (Yu et al,

2016). It encodes a highly conserved protein of 445 amino acid resi-

dues with a molecular weight of 52 kDa; this protein contains seven

WD40 repeats at the N terminus and a SOF1 domain at the C termi-

nus (Appendix Fig S1). Co-immunoprecipitation results in HeLa

cells indicated that DCAF13 interacts with CRL4 linker protein

DDB1; the DCAF13–DDB1 interaction was abrogated by WD domain

deletion but was strengthened by SOF1 domain deletion (Fig EV2A

and B).

We also examined the subcellular localization of DCAF13 in

somatic cells. Both overexpressed FLAG-DCAF13 and endogenous

DCAF13 were co-localized with B23 and were enriched in nucleoli

of HeLa cells and MEFs (Fig EV2C and D). Deletion of the SOF1

domain, but not WD40 repeats, abrogated the nucleolar localization

of DCAF13 (Fig EV2C). This result is in agreement with other

reports, which show that the SOF1 domain mediates protein–RNA

interactions in the yeast nucleolus (Jansen et al, 1993; Bax et al,

2006).

DCAF13 is crucial for early embryonic development in mice

To elucidate the function of DCAF13 in mice, we generated Dcaf13

knockout mouse strains using a TALEN-based gene targeting

approach. Two independent strains containing frame shift mutations

at an Alu I restriction site within Dcaf13 exon 2 were obtained and

analyzed (Fig EV3A and B). For both strains, when Dcaf13+/�

males and females were crossed, the ratio of newborn Dcaf13+/+,

Dcaf13+/�, and Dcaf13�/� pups was close to 1:2:0. The 8-bp dele-

tion Dcaf13 mutant strain was used in all of the following experi-

ments. We examined genotypes of the embryos from day postcoitus

(dpc) 8.5 to dpc 16.5 and did not find any Dcaf13�/� embryos

(Fig 2A). At dpc 3–4, Dcaf13 knockout embryos were identified by

DNA genotyping (Fig EV3C) and DCAF13 immunofluorescence

(Fig 2B). These embryos were morphologically normal up to the

eight-cell stage; however, they did not compact, failed to develop

into blastocysts, and died at the morula stage. Notably, the nucleo-

lar B23 signals were also weakened in Dcaf13�/� embryos (Fig 2B).

These results indicate that the Dcaf13 knockout causes early embry-

onic death.

Because Dcaf13�/� embryos were obtained in small numbers

and could not be identified for detailed analyses before processing

for genotyping, we employed an RNA interference (RNAi) approach

to assess DCAF13 function in preimplantation development, by

injecting Dcaf13-targeting small interfering RNAs (siRNAs) into the

cytoplasm of wild-type (WT) zygotes. An immunofluorescence

assay revealed that DCAF13 was greatly downregulated in siRNA-

injected embryos at the eight-cell stage (Fig 2C). Just as the

Dcaf13�/� embryos, most Dcaf13 knockdown embryos failed to

undergo compaction and showed developmental arrest at the

morula stage (Fig 2D and E).

CRL4DCAF13 regulates histone H3 lysine-9 methylation and
heterochromatin by targeting SUV39H1 for polyubiquitination
and degradation

Because murine preimplantation embryos are inconvenient for

extensive biochemical analyses, we studied biochemical functions

of DCAF13 primarily in HeLa cells and MEFs and then verified the

results in murine preimplantation embryos. The DCAF13

2 of 15 The EMBO Journal 37: e98981 | 2018 ª 2018 The Authors

The EMBO Journal DCAF13 in mouse early embryos Yin-Li Zhang et al



knockdown by RNAi inhibited proliferation and colony growth in

HeLa cells (Fig 3A). Nonetheless, these cells tested negative for

apoptotic marker cleaved caspase 3 or DNA damage marker

pH2AX, indicating that DCAF13 depletion did not cause growth

retardation by inducing programmed cell death (Fig EV4A–C).

DCAF13-depleted cells were first identified by negative DCAF13

staining (Fig 3B). They changed their shape from flat to round and

showed dense DNA staining as well as increased histone H3

trimethylation at lysine-9 (H3K9me3, a heterochromatin marker,

Fig 3B and C, circled by dotted lines). Being related to the

H3K9me3 upregulation, H3K9me2 levels were also slightly

increased, but H3K9 acetylation (H3K9ac) was only mildly

decreased after the DCAF13 knockdown (Fig EV4D–F). In contrast,

other histone modifications, for example, H2A-K119 monoubiquiti-

nation, (H2A-K119ub1) were unaffected (Fig EV4G). Interestingly,

H3K27me3 was slightly increased after the Dcaf13 knockdown

(Fig EV4H and I).

In addition to H3K9me3, both DCAF13- and DDB1-depleted cells

showed increased levels of heterochromatin protein 1a (HP1a) and
H3K9 methyltransferase SUV39H1 (Fig 3D). Going back to the

in vivo system, we also found that H3K9me3 and SUV39H1 were

remarkably upregulated and deposited clearly at the nuclear periph-

ery and nuclear particles in DCAF13 knockdown eight- to sixteen-

cell embryos (Fig 3E and F). Previous mass spectrometry results

have shown that DCAF13 interacts with SUV39H1 (Yang et al, 2015).

Therefore, we hypothesized that CRL4DCAF13 regulates histone H3K9

A

C

B

Figure 1. Dcaf13 is a gene zygotically expressed early during human and murine embryonic development.

A mRNA profiles of 14 DCAFs detected in human oocytes and early embryos by RNA-seq. The relative mRNA level in germinal vesicle (GV) stage oocytes was set to 1.0,
and fold changes at different stages are shown. TE, trophectoderm; PE, primitive endoderm.

B Western blotting of DCAF13 and DDB1 in mouse oocytes and preimplantation embryos. ERK1/2 and a-tubulin were immunoblotted as loading controls. Total protein
samples from 100 oocytes or embryos were loaded onto each lane.

C Confocal microscopic images of DCAF13 (green) and B23 (red) immunofluorescence in mouse oocytes and preimplantation embryos. DNA was counterstained with
40 ,6-diamidino-2-phenylindole (DAPI, blue). At each stage, more than 30 oocytes or embryos were examined, with similar results. Scale bar = 10 lm.

Source data are available online for this figure.

ª 2018 The Authors The EMBO Journal 37: e98981 | 2018 3 of 15

Yin-Li Zhang et al DCAF13 in mouse early embryos The EMBO Journal



trimethylation and chromatin conformation changes by targeting

SUV39H1.

Co-immunoprecipitation results revealed that DCAF13 and DDB1

interacted with SUV39H1 (Fig 4A) and its homolog SUV39H2

(Appendix Fig S2A and B). Overexpression of DCAF13 or DDB1

significantly increased the polyubiquitination of SUV39H1 (Fig 4B) and

SUV39H2 (Appendix Fig S2C). Conversely, when endogenous DCAF13

or DDB1 was depleted by siRNAs, SUV39H1 polyubiquitination was

decreased (Fig 4C). We analyzed the degradation rates of SUV39H1 in

cells cultured in the presence of cycloheximide (CHX), a protein

A

C

D

E

B

Figure 2. DCAF13 is essential for murine preimplantation embryonic development.

A Genotyping results on Dcaf13+/+, Dcaf13+/�, and Dcaf13�/� mouse embryos and offspring. Note that no Dcaf13�/� embryos or pups were obtained at or after 8.5 dpc.
B DCAF13 (green) and B23 (red) immunofluorescence in embryos at E2.5, E3.5, and E4.5 collected from Dcaf13+/� female mice mated with adult Dcaf13+/� male mice.

DIC images were taken from the same batch of embryos before fixation and immunofluorescence. The embryos were genotyped after the DIC images were taken in
order to assign them as either wild type or mutant. n = 4 mice at each time point. Scale bars = 10 lm.

C DCAF13 immunofluorescence in eight-cell WT embryos, which were microinjected with Dcaf13 siRNAs (siDcaf13) or control siRNAs (siControl). n = 25 embryos for each
group. Scale bars = 10 lm.

D In vivo fertilized eggs were collected from oviducts, microinjected with siControl (n = 91) or siDcaf13 (n = 117), and then cultured for 72 h in vitro. The percentage of
embryos that reached two-cell, four-cell, eight-cell, morula, and blastocyst stages at 48, 60, 72, 84, and 96 h post-hCG (human chorionic gonadotropin) injection were
calculated and presented as developmental rate. Error bars indicate mean � SD.

E Representative images showing the development of preimplantation embryos at E4.5, with or without the Dcaf13 knockdown. Scale bars = 100 lm.
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A B

C D

E F

Figure 3. DCAF13 regulates H3K9me3 and SUV39H1 levels in HeLa cells and preimplantation embryos.

A Images of colony formation and proliferation rates of HeLa cells with or without Dcaf13 knockdown. Proliferation rates were determined by a CCK8 proliferation
assay (n = 5). Optical density at 450 nm (OD450) values was converted to cell numbers.

B DCAF13 immunofluorescence (red) in control and Dcaf13 knockdown HeLa cells co-stained with a-tubulin (green) and DAPI (blue). DCAF13-negative cells are circled
by dotted lines. Scale bar = 10 lm.

C H3K9me3 immunofluorescence in control and Dcaf13 knockdown HeLa cells. DCAF13 knockdown cells are circled by dotted lines. The white box around the nucleus
showing H3K9me3 signal was zoomed out on the right panel. Three independent experiments were conducted. Scale bar = 10 lm.

D Western blot analysis of the indicated proteins in control and Dcaf13 or Ddb1 knockdown cells. Histone H3 was immunoblotted as a loading control. Three
independent experiments were performed in HeLa cells. The intensity of SUV39H1 and H3K9me3 relative to histone H3 quantified in ImageJ software was calculated
and shown as mean � SD. **P < 0.01; *P < 0.05, calculated by two-tailed Student’s t-test.

E, F SUV39H1 (E) and H3K9me3 (F) immunofluorescence in eight- to sixteen-cell embryos, which were microinjected with control or Dcaf13 siRNA at the zygote stage.
The nucleolar protein B23 was co-stained as an immunofluorescence marker. DNA was labeled by DAPI. At least 30 embryos in each group were examined and
showed similar results. Scale bars = 10 lm.

Source data are available online for this figure.
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synthesis inhibitor. The SUV39H1 protein was mostly degraded within

8 h after CHX treatment but was stabilized in DCAF13- or DDB1-

depleted cells (Fig 4D and E). In HeLa cells transfected with a

mCherry-tagged SUV39H1, immunofluorescence assay results

suggested that mCherry-SUV39H1 and DCAF13 can be detected in the

entire nucleus, but the signal in nucleolus is much stronger than that in

the nucleoplasm (Fig 4F). Furthermore, we separated proteins in nucle-

oplasm and nucleoli and detected the presence of DCAF13 and

SUV39H1. Fibrillarin and lamin A/C were blotted as marker proteins of

nucleoli and nucleoplasm, respectively (Fig 4G). Endogenous DCAF13

and SUV39H1 were present in both fractions, but DCAF13 was more

abundant in nucleoli than in nucleoplasm (Fig 4G). Endogenous

SUV39H1 did not show an enrichment in nucleolus as the overex-

pressed mCherry-SUV39H1 detected in Fig 4F. This might be caused

by the differences in intracellular SUV39H1 abundance. These results

provide evidence that SUV39H1 is an accessible substrate of DCAF13.

CRL4DCAF13-mediated SUV39H1 degradation is necessary for
preimplantation embryonic development

Next, we tested whether impaired SUV39H1 degradation contributed

to the early embryonic death caused by Dcaf13 deletion. Microinjec-

tion of mRNAs encoding SUV39H1, but not a catalytic-activity-dead

SUV39H1 mutant (NHSC residues in the catalytic domain were

mutated to NLAA, SUV39H1AD; Rea et al, 2000), into mouse

zygotes, significantly decreased their rates of development into blas-

tocysts (Fig 4H and I). Overexpression of SUV39H1 also increased

H3K9me3 and HP1a levels in blastomeres at the eight-cell stage

(Fig 4J). These phenotypic features were similar to those caused by

DCAF13 depletion in early embryos.

Furthermore, we determine whether SUV39H1 knockdown

rescues the growth defect phenotype caused by DCAF13 depletion.

However, the results showed that Suv39h1 knockdown failed to

rescue the developmental arrest in preimplantation embryos after

DCAF13 depletion (Fig EV5A and B). It is conceivable that DCAF13

may have substrates other than SUV13H1 in regulating preimplanta-

tion development, such as some proteins involved in nucleolus

functions. In addition, quantitative RT–PCR results showed that the

efficiency of Suv39h1 knockdown by siRNA microinjection was

much higher in Dcaf13-depleted embryos than in control embryos

(Fig EV5C and D). Therefore, it is likely that the control level of

SUV39H1 protein is indispensable for preimplantation development

and that the developmental failure would occur when Suv39h1

siRNA efficiently eliminated SUV39H1 protein into the level much

lower than the control.

Because histone modifications are known to affect transcription

of a wide range of genes in many cell types, we analyzed the tran-

scription changes caused by DCAF13 depletion in embryos at

twelve- to sixteen-cell stages when the phenotype of the Dcaf13

knockout or knockdown becomes noticeable. To label the newly

synthesized RNAs, 5-ethynyl uridine (EU) was added to the medium

2 h before fixation of control and siDcaf13 embryos. Strong EU

signals were detected around nucleoli in control embryos (Fig 5A

and B). This observation is consistent with other reports, which

show that ribosomal RNAs are transcribed early and abundantly in

preimplantation embryos (Yan et al, 2013; Jiang et al, 2014). In

contrast, the nucleolar EU signals significantly decreased in

DCAF13-depleted (Fig 5A) and SUV39H1-overexpressing (Fig 5B;

Appendix Fig S3A) embryos. The EU signal in eight-cell embryos

with injection of mCherry-SUV39H1 was significantly decreased

compared with that in mCherry-overexpressed embryos, especially

around the nucleolus (Appendix Fig S3A–C).

To determine whether DCAF13 and SUV39H1 are involved in the

control of rDNA transcription in preimplantation embryos, we

examined the amount of 45S pre-rRNA by RT–PCR using primers

amplifying its 30-external transcriptional spacer (30-ETS). In agree-

ment with the EU staining results, pre-rRNA levels were low in both

DCAF13-depleted and SUV39H1-overexpressing embryos (Fig 5C

and D). We also used ultra-low-input native chromatin immunopre-

cipitation (ULI-NChIP; Brind’Amour et al, 2015) to test whether

DCAF13 depletion led to increased H3K9 trimethylation at the rDNA

loci. Primers targeting different regions of mouse and human rDNA

were used for RT–PCRs (Fig 5E and F, and Appendix Fig S4A). The

results showed that H3K9me3 levels in the 50-ETS, 18S, and inter-

genic spacer (IGS) loci in DCAF13-depleted embryos were signifi-

cantly higher than those in control embryos (Fig 5F). In HeLa cells,

Dcaf13 depletion also caused H3K9me3 accumulation at the H0 and

H8 locus of human rDNA region, whereas co-depletion of Suv39h1

◀ Figure 4. CRL4DCAF13 targets SUV39H1 for polyubiquitination and degradation.

A, B Co-immunoprecipitation (Co-IP) experiments showing interactions of SUV39H1 with DDB1-DCAF13 (A) and SUV39H1 polyubiquitination (B). HeLa cells transiently
transfected with plasmids encoding the indicated proteins were lysed and subjected to IP with an anti-HA affinity gel. Input cell lysates and precipitates were
immunoblotted with antibodies against FLAG, HA, and MYC.

C IP followed by Western blotting showing SUV39H1 polyubiquitination in control HeLa cells and those transfected with Dcaf13 or Ddb1 siRNAs.
D, E Cycloheximide (CHX)-chasing experiments showing SUV39H1 stability. HeLa cells transfected with control, Dcaf13 (D), or Ddb1 siRNAs (E) were treated with 100 lg/

ml CHX to inhibit de novo protein synthesis. At the indicated time points after the CHX treatment, the cells were lysed for immunoblotting. The relatively stable
proteins ERK1 and ERK2 were immunoblotted as an internal control.

F HeLa cells were transfected with expression plasmids encoding mCherry or mCherry-SUV39H1 and were fixed for immunofluorescent staining with nucleoli marker
B23 (left panels) or DCAF13 (right panels) 24 h later. Nuclei were stained with DAPI. Scale bar = 10 lm.

G The nuclei, nucleoli, and nucleoplasm of HeLa cells were isolated and subjected to immunoblot with DCAF13, SUV39H1, fibrillarin, and lamin A/C. The result shows
that both DCAF13 and SUV39H1 have nuclear and nucleolar localization.

H Representative embryo images at E4.5. Zygotes were microinjected with mRNAs encoding mCherry (as control), mCherry-SUV39H1, or mCherry-SUV39H1AD

(inactive) and cultured for 4 days. Scale bar = 100 lm.
I Developmental rates of embryos microinjected with mRNAs encoding WT or mutated SUV39H1 as in (H). The numbers of eight-cell embryos, morulae, and

blastocysts were counted at E2.5, E3, and E4.5, respectively. Error bars represent mean � SD of three independent experiments.
J Immunofluorescence of H3K9me3 and HP1a in eight-cell embryos that were microinjected with mRNAs encoding mCherry or mCherry-SUV39H1 at the zygote

stage. Scale bars = 10 lm.

Source data are available online for this figure.
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A
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F

D

B

Figure 5. DCAF13 depletion and SUV39H1 overexpression affect rDNA transcription.

A 5-Ethynyl uridine (EU) fluorescence showing RNA transcription in eight- to twelve-cell embryos that were microinjected with siControl or siDcaf13 at the zygote
stage. B23 was co-stained to label the nucleolus. n = 28 embryos. Scale bar = 10 lm.

B EU fluorescence showing RNA transcription in eight-cell embryos that were microinjected with mRNAs encoding mCherry or mCherry-SUV39H1 at the zygote
stage. n = 35 embryos. Scale bar = 10 lm.

C, D qRT–PCR showing the decreased 45S pre-rRNA transcription in Dcaf13 knockdown (C) or mCherry-SUV39h1-overexpressing (D) embryos at the eight-cell stage
relative to controls. The RNAi efficiency was monitored by detecting Dcaf13 mRNA relative levels (C, right panel); n = 3 biological replicates. Data are shown as
mean � SEM; **P < 0.01; *P < 0.05, calculated by two-tailed Student’s t-test.

E Diagrams of mouse rDNA repeat unit (GenBank: BK000964.3) with general domain and the position of ChIP-qPCR primers.
F Embryos injected with control or Dcaf13 siRNA were subjected to ULI-NChIP using H3K9me3 antibody. The enrichment of H3K9me3 on rDNA locus was determined

by qPCR with indicated primers at four positions (50ETS, 18s, 5.8s, and IGS) and normalization to 10% input DNA. One hundred eight-cell embryos were
collected for each group, and results are shown of two independent experiments. Error bars, mean � SEM. ns. P > 0.05; **P < 0.01; ***P < 0.001 by two-tailed
Student’s t-test.

Source data are available online for this figure.
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relieved the effect of siDcaf13 (Appendix Fig S4B and C). The effi-

ciency of DCAF13 and SUV39H1 depletion in HeLa cells was

detected by Western blot and qRT–PCR (Appendix Fig S4D and E).

Collectively, these results indicated that DCAF13 promotes rDNA

transcription by balancing SUV39H1-mediated H3K9 trimethylation

in preimplantation embryos.

DCAF13 ensures the appropriate expression of genes essential for
cell fate commitment in preimplantation embryos

Because Dcaf13-deficient embryos failed to develop into a blasto-

cyst, we suspected that DCAF13 regulates expression of genes

necessary for cell fate commitment in preimplantation embryos.

Although major ZGA occurs at two-cell stage in mouse embryos, not

all “early zygotic genes” are started to be expressed as early as two-

cell stages. For example, Cdx2, Nanog, and Oct4 are well-recognized

to be essential early zygotic genes. Their expression was detected as

early as four-cell stage and gradually increased during the develop-

ment from eight-cell to blastocyst stage. This time frame overlaps

with the window of DCAF13 expression. Therefore, we determined

expression levels of Cdx2, Nanog, and Oct4 mRNAs in WT and

Dcaf13�/� eight-cell embryos by single-embryo RT–PCR assays.

Cdx2 was greatly downregulated in Dcaf13�/� embryos, while the

expression levels of Nanog and Oct4 were unaffected at this stage

(Fig 6A).

In addition, RT–PCR analyses of control and RNAi embryos were

performed at eight-cell and morula stages. After Dcaf13 RNAi, Cdx2

expression levels were significantly decreased (Fig 6B), but Oct4

expression was not affected. DCAF13 depletion did not affect Nanog

expression at the eight-cell stage but caused a dramatic decrease in

its mRNA levels at the morula stage (Fig 6B). Immunofluorescence

assay results suggested that CDX2 and NANOG protein levels

decreased in DCAF13 knockdown eight- to sixteen-cell embryos,

with OCT4 unaffected (Fig 6C). The levels of these three proteins

then increased in control blastocysts, but the DCAF13-depleted

embryos were arrested at eight- to sixteen-cell stages and showed

lower expression levels of these cell fate-determining factors.

Overexpression of SUV39H1 by mRNA microinjection into

zygotes also caused a significant decrease in Cdx2 mRNA expression

at the eight-cell stage, as detected by qRT–PCR (Fig 6D). Collec-

tively, DCAF13 depletion and SUV39H1 upregulation impaired the

expression of early zygotic genes that are crucial for cell fate deter-

mination, especially Cdx2.

In addition, some other genes were expressed early in preimplan-

tation mouse embryos, including Sumo2, Kdm4b, Tbx20, and

Dcaf13 itself. Significant increases in their transcription levels were

detected between four-cell and morula stages (Fig 7A–D). However,

their expression after major ZGA, particularly at eight-cell and

morula stages, was remarkably compromised by Dcaf13 depletion

(Fig 7A–D).

Discussion

In this study, we demonstrate that CRL4DCAF13 regulates SUV39H1

stability by polyubiquitination and plays a key role in the establish-

ment of pluripotency during preimplantation development. Various

studies have shown that dynamic methylation and demethylation of

histone H3 lysine-4 are essential for early embryonic development,

and H3K9me3 is a major barrier to somatic genome reprogramming

during SCNT (Chen et al, 2013; Yu et al, 2015b; Liu et al, 2016).

Several members of the KDM family of histone demethylases

remove H3K9me3 from genomic heterochromatin regions during

normal or engineered embryonic development, to ensure proper cell

fate commitment and differentiation (Chung et al, 2015; Herberg

et al, 2015). Nevertheless, it is unclear whether there are specific

zygotic factors that directly repress or remove SUV39H1 activity in

early embryos. Experimental evidence indicated that SUV39H1

depletion in donor somatic cells by RNAi significantly increased the

developmental rates of SCNT embryos (Matoba et al, 2014), indicat-

ing that there must be an endogenous factor in recipient zygotes that

downregulates SUV39H1. Our results indicate that DCAF13 is a

strong candidate for this zygotic factor that represses SUV39H1-

mediated H3K9 trimethylation.

DCAF13 is not the only factor that mediates SUV39H1 polyubiq-

uitination and degradation. It has been reported that the H3K9me3-

repressive histone conformation of p53’s target promoters is abro-

gated in response to p53 activation by transformed mouse 3T3 cell

double minute 2 (MDM2)-mediated SUV39H1 degradation (Bosch-

Presegue et al, 2011). On the other hand, p53 activity is repressed in

early blastomeres (Ziegler-Birling et al, 2009; Ma et al, 2013).

Besides, MDM2 has targets other than SUV39H1, many of them are

essential for cell survival and proliferation; activation of MDM2-

mediated protein degradation is intolerable for preimplantation

embryos (Yang et al, 2006; Zhu et al, 2009). Therefore, this

DCAF13-dependent mechanism is likely to play a major role in the

removal of SUV39H1 in preimplantation embryos.

Some reports have predicted DCAF13 as a putative CRL4

substrate adaptor (Jin et al, 2006). Nonetheless, the interaction of

DCAF13 with CRL4 core subunits has not been experimentally

demonstrated until our present study. Dcaf13 is an ancient gene that

exists in many species, from yeast to humans, and its encoded

protein sequences are highly conserved. To our surprise, the

biochemical and physiological functions of DCAF13 have never

been specifically explored. There was only one study that identified

non-synonymous polymorphisms in the Dcaf13 gene (also known

as Wdsof1) as novel susceptibility markers for low bone mineral

density in Japanese postmenopausal women (Urano et al, 2010).

Our experiments have shown that CRL4 subunits and its well-estab-

lished substrate adaptor DCAF1 are highly expressed in mouse

oocytes. A maternal Ddb1 or Dcaf1 knockout caused developmental

arrest of the zygotes immediately after fertilization (Yu et al, 2013,

2015a). In contrast, the DCAF13 expression level is low in oocytes

and zygotes, but promptly increases during the four- to eight-cell

stage in human and mouse embryos. In line with the Dcaf13 expres-

sion pattern, zygotic Dcaf13 knockout embryos showed defects as

early as the eight-cell stage (no embryo compaction) and were

arrested and died at the morula stage. On the basis of these new

findings, we added Dcaf13 to the list of essential mammalian zygotic

genes that are genetically confirmed. Notably, Dcaf13 is the only

CRL4 substrate adaptor-encoding gene that fits into this category.

Both yeast and human DCAF13s are nucleolar proteins. The

conserved SOF1 domain at DCAF13’s C terminus mediates the

nucleolar localization (Jansen et al, 1993; Bax et al, 2006). We

found that the SOF1 domain deletion not only caused DCAF13

translocation to the cytoplasm but also strengthened the binding
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between DCAF13 and DDB1. This result indicates that the CRL4–

DCAF13 interaction is dynamic and affected by DCAF13 location.

The potential role of CRL4 in the nucleolus has never been reported.

Among the core CRL4 subunits, CUL4A is mainly a cytoplasmic

protein, whereas CRL4B, DDB1, and ROC1 are enriched in the

nucleus in most cell types being studied (Pan et al, 2013; Hannah &

Zhou, 2015; Jia et al, 2017). Within the nucleus, these three CRL4

subunits are distributed in both the nucleolus and nucleoplasm.

Figure 6. DCAF13 and SUV39H1 regulate Cdx2 and Nanog expression in preimplantation embryos.

A Single-embryo qRT–PCR analysis of selected genes (Dcaf13, Cdx2, Nanog, and Oct4) in WT and Dcaf13�/� embryos at eight-cell stages. Each dot represents a signal
embryo. Data are shown as mean � SEM. Significance was calculated by Student’s t-test: ***P < 0.001; **P < 0.01.

B qRT–PCR analysis of selected genes (Dcaf13, Cdx2, Nanog, and Oct4) in eight-cell embryos and morulae that were microinjected with control or Dcaf13 siRNAs. The
mRNA relative levels were normalized to Gapdh and are shown as mean � SEM. Fifty embryos were collected for each time point. Significance was calculated by
Student’s t-test: **P < 0.01; *P < 0.05.

C Immunofluorescence of CDX2, NANOG, and OCT4 in control and siDcaf13 embryos at E2.5, E3.5, and E4.5, which is the time point that the control embryos develop to
eight-cell, morula, and blastocyst stages. At least 30 embryos were observed in each experimental group and three independent experiments were conducted. Scale
bars = 10 lm.

D qRT–PCR analysis of Dcaf13, Cdx2, Nanog, and Oct4 in eight-cell embryos overexpressed mCherry or mCherry-SUV39H1. The relative mRNA levels were normalized to
Gapdh, which is used as an internal control. Data are shown as mean � SEM. Significance was calculated by Student’s t-test. *P < 0.05.
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Therefore, it is spatially possible for DCAF13 to form a complex

with CRL4 and recruit some nucleolar proteins for polyubiquitina-

tion and degradation.

DCAF13 depletion did not lead to DNA damage and apoptosis

as did the knockdown of DDB1 or other well-known CRL4 adap-

tors (DCAF1 and DCAF2, for example; Pan et al, 2013). Instead,

SUV39H1 and histone H3K9me3 levels increased in the DCAF13-

depleted cells. There are strong connections between nucleolar

functions and SUV39H1-mediated histone modifications. It has

been reported that in cell lines, the nutrient-dependent or energy-

dependent rDNA transcription is controlled by SUV39H1-mediated

H3K9 trimethylation (Murayama et al, 2008). SUV39H1 has been

found to be localized to the periphery, or within the nucleolus,

and to participate in the formation of the nucleolar boundary.

The fully grown oocyte and zygotes contained a transcriptionally

inactive and structurally distinct nucleolar precursor body (NPB;

A B

C

E

D

Figure 7. DCAF13 is required for the expression of selective early zygotic genes during preimplantation embryo development.

A–D Quantitative RT–PCR result of Dcaf13, Kdm4b, Sumo2, and Tbx20 expression in mouse preimplantation embryos after microinjection of siControl or siDcaf13 at the
zygotic stage. Expression levels at each developmental stage were normalized to Gapdh, which served as an internal control. The relative mRNA level in zygote was
defined as 1.0. The indicated fold changes at each developmental stage are presented as mean � SD (n = 3; 30 embryos were collected at each time point).

E A working model explaining how DCAF13 affects establishment of pluripotency during early embryonic development. In preimplantation embryos, SUV39H1 is
polyubiquitinated by CRL4DCAF13 and destabilized. This mechanism leads to maintenance of H3K9me3 at a low level in specific genomic loci. Active transcription
subsequently ensures successful development from the eight-cell to blastocyst stage and establishment of pluripotency. When DCAF13 was knocked out, SUV39H1
could not be polyubiquitinated and became stabilized, resulting in high levels of H3K9me3 in genomic loci and transcription repression. Consequently, pluripotency
establishment failed and arrest of the early embryonic development took place.
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Fulka & Langerova, 2014). The zygotic NPB undergoes structural

and functional transition to form somatic nucleoli during preim-

plantation development (Vogt et al, 2012; Fulka & Aoki, 2016).

Particularly, the perinucleolar heterochromatin rings are tightly

associated with NPBs in oocytes and zygotes, as demonstrated by

the staining of DNA and epigenetic markers such as HP1 and

H3K9me3 (Hamdane et al, 2017). Therefore, DCAF13-regulated

SUV39H1 stability and H3K9me3 levels may be intimately

involved in nucleolus-associated functions. Indeed, rDNA genomic

regions showed increased H3K9me3 deposition, and pre-rRNA

transcription was repressed in DCAF13-depleted embryos. Because

early zygotic rRNA transcription is crucial for preimplantation

development, we believe that compromised nucleolar function is

one of the major reasons for developmental arrest of Dcaf13

knockout embryos.

The RNA transcription activity in both nucleolus and nucleo-

plasm decreased in eight-cell embryos after Dcaf13 depletion or

Suv39h1 overexpression (EU staining results in Fig 5), indicating

that Dcaf13 is required for general transcription of the embryonic

genome. In agreement with this observation, RT–PCR and

immunofluorescence staining results in Figs 6 and 7 showed that

the expression of key early zygotic genes related to cell linage speci-

fication, including Cdx2, Nanog, and Kdm4b, was affected in

Dcaf13-depleted embryos. Furthermore, because rRNA transcription

was repressed by Dcaf13 depletion, global protein synthesis in blas-

tomeres after ZGA may also be decreased. These combining molecu-

lar changes underline the developmental arrest phenotype of Dcaf13

KO embryos. Although our current study strongly suggests that the

increased H3K9me3 level caused the repression of genome tran-

scription activity in preimplantation Dcaf13 KO embryos, DCAF13

may be involved in transcriptional regulation by targeting other

unidentified CRL4 substrates.

This study highlighted the mechanism where CRL4DCAF13 medi-

ates SUV39H1 degradation and ensures genome reprogramming in

preimplantation embryos, as illustrated in Fig 7E. It is conceivable,

however, that the dysregulation of SUV39H1/2 and H3K9me3 is an

important, but not the ONLY mechanism that causes preimplanta-

tion lethality of Dcaf13 KO embryos. Some people may argue that

the deletion of DCAF13 has much broader general effect on cell

physiology. Nevertheless, this opinion is not a justified reason to

prevent us from investigating the regulation of H3K9me3 by

DCAF13 in preimplantation development. In fact, the “broader

general effect on cell physiology” is contributed by multiple specific

biochemical events, including the epigenetic changes that we eluci-

dated in this study. CRL4DCAF13 may have other substrates in early

embryos. As an evolutionarily conserved nucleolar protein, DCAF13

may also have CRL4-independent functions. For example, we

observed that the nucleolar localization of endogenous B23

decreased in DCAF13 knockout blastomeres. These are important

open questions that are worthy of follow-up studies.

Materials and Methods

Mice

Wild-type ICR strain mice were obtained from the Zhejiang

Academy of Medical Science, China. All mutant mouse strains had

an ICR background. Mice were maintained under SPF conditions in

a controlled environment of 20–22°C, with a 12/12-h light and dark

cycle, 50–70% humidity, and food and water provided ad libitum.

Animal care and experimental procedures were conducted in accor-

dance with the Animal Research Committee guidelines of Zhejiang

University. The experiments were randomized and were performed

with blinding to the conditions of the experiments. No statistical

method was used to predetermine sample size.

Construction of transcription activator-like effector nuclease
(TALEN) expression vectors targeting mouse Dcaf13

A target site was identified using the online software published

by Cermak et al (http://boglabx.plp.iastate.edu/TALENT/help.

php; Cermak et al, 2011). Nucleotide-recognizing TALE single

unit vectors and TALEN expression vectors were kind gifts from

Bo Zhang (Peking University). TALE repeat arrays and TALE

nuclease expression vectors were constructed as described (Qiu

et al, 2013).

In vitro transcription and preparation of mRNAs
for microinjections

To prepare mRNAs for microinjection, expression vectors were line-

arized and subjected to phenol/chloroform extraction and ethanol

precipitation. The linearized DNAs were transcribed using the SP6

mMessage mMachine kit (AM1450; Invitrogen) according to the

manufacturer’s instructions. mRNAs were recovered by lithium

chloride precipitation and resuspended in nuclease-free water.

Microinjection

Mouse zygotes were obtained by superovulation of 7- to 8-week-old

females mating with males of the same strain. All injections were

performed using an Eppendorf TransferMan NK2 micromanipulator.

Denuded zygotes were injected with 5–10 pl samples per zygote.

After injection, zygotes were washed and cultured in KSOM (Milli-

pore) at 37°C with 5% CO2.

For Dcaf13 knockout, 40 ng/ll mRNA of each TALEN pair was

injected into the cytoplasm of zygotes with well-recognized pronu-

clei, in M2 medium (Sigma). Injected zygotes were transferred into

pseudopregnant FVB/N female mice (15–25 zygotes per mouse)

after 2 h recovery culture in KSOM.

Founder identification, TA cloning, and sequencing

Tail clips were subjected to standard DNA extraction procedures.

For identification of Dcaf13 mutated founders, the extracted DNA

was amplified using GT-F and GT-R primers (Appendix Table S1)

flanking the target sites to produce amplifications of 451 bp. The

amplified DNA fragments were digested with Alu I, and those

resistant to Alu I digestion were subjected to TA cloning and

sequencing.

To identify exact genomic DNA modifications in founders, PCR

products from each mutated founder were cloned using a TA

cloning kit (Takara) according to the manufacturer’s instructions. At

least six colonies were picked from each transformation and

sequenced.
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The founder mice were crossed to WT mice for three generations

to avoid potential off-target effects due to TALEN-mediated DNA

editing. The Dcaf13 null allele was effectively passed between gener-

ations.

Superovulation and fertilization

For superovulation, 21- to 23-day-old female mice were intraperi-

toneally injected with 5 IU of pregnant mare serum gonadotropin

(PMSG; Ningbo Sansheng Pharmaceutical Co., Ltd., P.R. China).

After 44 h, mice were injected with 5 IU of human chorionic gona-

dotropin (hCG; Ningbo Sansheng Pharmaceutical Co., Ltd., P. R.

China) and mated with adult males. Successful mating was con-

firmed by the presence of vaginal plugs. Embryos were harvested

from oviducts at the indicated times post-hCG injection.

Confocal microscopy for mouse oocytes and embryos

Oocytes and embryos were fixed in PBS-buffered 4%

paraformaldehyde (PFA) for 30 min at room temperature, followed

by permeabilization with 0.2% Triton X-100. After blocking with

1% BSA in PBS, oocytes were incubated with primary antibodies

diluted in blocking solution at room temperature for 1 h. After

three washes with PBS, oocytes were labeled with secondary

antibodies for 45 min, and then counterstained with 5 lg/ml of

40,6-diamidino-2-phenylindole (DAPI) or propidium iodide (PI;

Molecular Probes�; Life Technologies, Corp., Carlsbad, CA, USA)

for 10 min. Oocytes were mounted on glass slides using

SlowFade� Gold antifade reagent (Life Technologies) and exam-

ined under a confocal laser scanning microscope (Zeiss LSM 710;

Carl Zeiss AG, Germany).

Cell culture, plasmid transfection, and immunoprecipitation

HeLa cells were from American tissue culture collection and grown

in DMEM (Invitrogen) supplemented with 10% fetal bovine serum

(FBS; HyClone) and 1% penicillin–streptomycin solution (Gibco) at

37°C in a humidified 5% CO2 incubator. Cells were in healthy condi-

tions but were not tested for mycoplasma contamination.

Mouse Dcaf13 cDNAs were PCR-amplified from a mouse ovarian

cDNA pool and cloned into pCS2- or pcDNA-based eukaryote

expression vectors. SUV39H1 clone was picked out from the ORF

library of human and cloned into an N-terminal MYC- or mCherry-

tag vector. The AD (NHSC to NLAA) mutant of SUV39H1 was

generated by mutagenesis PCR and confirmed by sequencing. The

lentivirus-based plasmids employed for iPS cell derivation include

doxycycline-inducible TetO-FUW-Oct4, Sox2, Klf4, c-Myc, and Cre

plasmids, and the packaging plasmids ps-PAX-2 and pMD2G. Lenti-

virus was prepared by co-transfection of TetO-FUW plasmids with

ps-PAX-2 and pMD2G into 293T cells, and viral supernatant was

harvested at 48 h after transfection.

Transient plasmid transfection was done using Lipofectamine

2000 (Invitrogen). Cells were lysed in lysis buffer (50 mM Tris–

HCl, pH 7.5, 150 mM NaCl, 10% glycerol, and 0.5% NP-40;

protease and phosphatase inhibitors were added prior to use) at

48 h after transfection. After centrifugation at 12,000 g for 10 min,

the supernatant was subjected to immunoprecipitation with dif-

ferent affinity gels (Sigma) for 4 h at 4°C and washed three times

with lysis buffer. SDS sample buffer was added to the beads, and

the eluates were used for Western blot analysis. Nucleoli isolation

from HeLa cells was conducted as described previously (Andersen

et al, 2002).

RNA isolation and real-time RT–PCR

Total RNA was extracted using RNeasy Mini kit (Qiagen) accord-

ing to the manufacturer’s instructions. Real-time RT–PCR analysis

was performed using a Power SYBR Green PCR Master Mix

(Applied Biosystems, Life Technologies) and an Applied Biosys-

tems 7500 Real-Time PCR System. Relative mRNA levels were

calculated by normalizing to the levels of endogenous b-actin
mRNA (internal control) using Microsoft Excel�. The relative

transcript levels of samples were compared to the control, and the

fold changes are demonstrated. For each experiment, qPCR reac-

tions were done in triplicate. Primer sequences are listed in

Appendix Table S1.

Single-embryo RT–PCR

This method is modified from the RNA Smart-seq protocol reported

previously (Picelli et al, 2014). Briefly, eight-cell embryos were

collected from oviducts of Dcaf13+/� female mice crossed with

adult Dcaf13+/� male mice. Each embryo was lysed in 2 ll lysis
buffer (0.2% Triton X-100 and 2 IU/ll RNase inhibitor) followed

by reverse transcription with the SuperScript III reverse transcrip-

tase and amplification by PCR for 10 cycles. The PCR products

were diluted and used for the templates of RT–PCR. Primer

sequences are listed in Appendix Table S1.

In vivo ubiquitination assays

FLAG-SUV39H1, MYC-DCAF13, MYC-DDB1 or siRNAs for Dcaf13 or

Ddb1 were co-expressed with HA-ubiquitin in HeLa cells for 48 h.

Lysates were prepared with complete cell lysis buffer (2% SDS,

150 mM NaCl, 10 mM Tris–HCl, pH 8.0, 2 mM Na3VO4, 50 mM

NaF), followed by addition of dilution buffer (10 mM Tris–HCl, pH

8.0, 150 mM NaCl, 2 mM EDTA, 1% Triton). Lysates were immuno-

precipitated with FLAG-M2 beads and analyzed by Western blot

with anti-HA antibody. Sequences of control siRNA and siRNAs

targeting Dcaf13 or Ddb1 are described in Appendix Table S1.

ChIP assay

A modified ultra-low-input ChIP (ULI-NChIP) protocol was followed

as previously reported (Brind’Amour et al, 2015). Briefly, one

hundred eight- to twelve-cell embryos were used per reaction, and

two replicates were performed for each treatment. Zona pellucida

was removed from embryos in acidic Tyrode’s solution (Sigma).

One microgram of rabbit IgG (PP6421-K; Millipore) or histone

H3K9me3 antibody (ab8898; Abcam) was used for each immuno-

precipitation reaction. About 10% of whole cell lysis was taken out

for input, and the remaining was for ULI-NChIP. The input and

immunoprecipitated DNA fragments were purified and subjected to

RT–PCR. The status of H3K9me3 on rDNA loci after ChIP was repre-

sented as enrichment relative to 10% input. The ChIP assay in HeLa

cells was performed using the simple ChIP Enzymatic Chromatin IP
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kit (CST) according to the manufacturer’s protocol. The indicated

primer sequences and the detailed information of kit used are listed

in Appendix Tables S1 and S2, separately.

Western blot analysis

Oocytes or embryos were lysed with SDS sample buffer (100 oocytes

or embryos per sample) and heated for 5 min at 95°C. Total oocyte

proteins were separated by SDS–PAGE and electrophoretically trans-

ferred to PVDF membranes (Millipore Corp., Bedford, MA, USA),

followed by blocking in TBST containing 5% defatted milk (BD,

Franklin Lakes, NJ, USA) for 30 min. After probing with primary

antibodies, the membranes were washed in TBST, incubated with

an HRP-linked secondary antibody (Jackson ImmunoResearch Labo-

ratories) for 1 h, followed by three washes with TBST. Bound anti-

bodies were detected using the SuperSignal West Femto Maximum

Sensitivity Substrate (Thermo Fisher Scientific Inc., Waltham, MA,

USA). The primary antibodies and dilution factors used are listed in

Appendix Table S2.

CCK-8 assay

Cell proliferation was determined by cell counting-8 (CCK-8) kit

(Dojindo, Kumamoto, Japan) according to the manufacturer’s proto-

col. Briefly, 3,000 cells per well were seed into a 96-well plate with

100 ll DMEM with 10% FBS and cultured for 1–5 days. At indicated

time, 10 ll CCK-8 was added into each well and cells were further

incubated for 1 h. After incubation, absorbance of OD450 was

measured by a microplate reader. By seeding a series of numbers

(2000, 4000, 8000, 16000, 32000, 46000) of HeLa cells and measur-

ing OD450 at 6 h once cells adhered to the plate, a standard curve

of cell numbers was plotted. The cell number was converted by the

OD450 using the standard curve.

EU incorporation assay

Control embryos or embryos injected with siRNAs or mRNAs at

indicated time points were cultured in KSOM with 100 lM 5-ethynyl

uridine (EU) for 2 h. Fixation, permeabilization, and staining were

performed according to the manufacturer’s protocol of Click-iT�
RNA Alexa Fluor� 488 Imaging kit (C10329; Thermo Fisher Scien-

tific Inc.). Imaging of embryos was acquired on a Zeiss LSM710

confocal microscope.

Statistical analysis

Results are given as means � SEM. Each experiment included at

least three independent samples and was repeated at least three

times. Results for two experimental groups were compared by two-

tailed unpaired Student’s t-tests. Statistically significant values of

P < 0.05, P < 0.01, and P < 0.001 are indicated by asterisks (*),

(**), and (***), respectively.

Expanded View for this article is available online.
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