
Published online 28 November 2019 Nucleic Acids Research, 2020, Vol. 48, No. 2 879–894
doi: 10.1093/nar/gkz1111

Characterization of zygotic genome
activation-dependent maternal mRNA clearance in
mouse
Qian-Qian Sha1,2,†, Ye-Zhang Zhu1,†, Sen Li2, Yu Jiang1, Lu Chen1, Xiao-Hong Sun2,
Li Shen1,*, Xiang-Hong Ou2,* and Heng-Yu Fan 1,3,*

1MOE Key Laboratory for Biosystems Homeostasis & Protection and Innovation Center for Cell Signaling Network,
Life Sciences Institute, Zhejiang University, Hangzhou 310058, China, 2Fertility Preservation Laboratory,
Reproductive Medicine Center, Guangdong Second Provincial General Hospital, Guangzhou 510317, China and
3Key Laboratory of Reproductive Dysfunction Management of Zhejiang Province; Assisted Reproduction Unit,
Department of Obstetrics and Gynecology, Sir Run Run Shaw Hospital, School of Medicine, Zhejiang University,
Hangzhou 310016, China

Received May 04, 2019; Revised November 02, 2019; Editorial Decision November 08, 2019; Accepted November 21, 2019

ABSTRACT

An important event of the maternal-to-zygotic tran-
sition (MZT) in animal embryos is the elimination of
a subset of the maternal transcripts that accumu-
lated during oogenesis. In both invertebrates and
vertebrates, a maternally encoded mRNA decay path-
way (M-decay) acts before zygotic genome activa-
tion (ZGA) while a second pathway, which requires
zygotic transcription, subsequently clears additional
mRNAs (Z-decay). To date the mechanisms that ac-
tivate the Z-decay pathway in mammalian early em-
bryos have not been investigated. Here, we identify
murine maternal transcripts that are degraded after
ZGA and show that inhibition of de novo transcription
stabilizes these mRNAs in mouse embryos. We show
that YAP1-TEAD4 transcription factor-mediated tran-
scription is essential for Z-decay in mouse embryos
and that TEAD4-triggered zygotic expression of ter-
minal uridylyltransferases TUT4 and TUT7 and mRNA
3′-oligouridylation direct Z-decay. Components of the
M-decay pathway, including BTG4 and the CCR4-
NOT deadenylase, continue to function in Z-decay
but require reinforcement from the zygotic factors
for timely removal of maternal mRNAs. A long 3′-
UTR and active translation confer resistance of Z-
decay transcripts to M-decay during oocyte mei-
otic maturation. The Z-decay pathway is required
for mouse embryo development beyond the four-cell

stage and contributes to the developmental compe-
tence of preimplantation embryos.

INTRODUCTION

The earliest stages of metazoan embryonic development are
controlled by maternal gene products. During the maternal-
to-zygotic transition (MZT), developmental control passes
from the maternal to the zygotic genome via a combination
of two processes: first, the majority of maternal mRNAs is
eliminated; second, the zygotic genome becomes transcrip-
tionally active. There is a complex interplay of maternal and
zygotic products in regulating both aspects of MZT, thus
ensuring timely transfer of developmental control (1–3).

During the MZT in the fruit fly, zebrafish and frog, clear-
ance of these maternal mRNAs is accomplished through the
combined action of two degradation activities, one ‘mater-
nal’ and the other ‘zygotic’ (4–6). The former is exclusively
composed of maternally encoded products whereas the lat-
ter requires zygotic genome activation to produce and/or
activate the decay machinery. A subset of RNA-binding
proteins accumulated during oogenesis as specific factors to
direct the maternal degradation machinery to its target mR-
NAs (7–9). On the other hand, small RNAs, most notably
microRNAs, have been identified as mediators of the zygot-
ically encoded mRNA degradation activity in Drosophila,
zebrafish, and Xenopus (6,10–13). In these model organ-
isms, high-level zygotic genome activation (ZGA) coincides
with lengthening and desynchronization of mitoses at the
onset of gastrulation, an event known as the ‘mid-blastula
transition (MBT)’ (2). However, in mammalian embryos,
ZGA occurs as early as the 1–4 cell stage, resulting in a
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unique ‘pre-blastula transition’ (1,14,15). For example, in
the mouse embryo, zygotic transcription is first detected at
the late 1-cell stage, whereas the majority of maternal mR-
NAs are removed by the two-cell stage (16). Gene expres-
sion profiling experiments have provided evidence for what
are probably the maternal and zygotic degradation activ-
ities: a subset of maternal transcripts is quickly degraded
following oocyte meiotic resumption, whereas others show
later decreases that coincide with ZGA at the two-cell stage.

Recent studies have indicated that the oocyte-expressed
MZT licensing factor, BTG4, mediates maternal mRNA
degradation in mouse oocytes and zygotes by recruiting
the CCR4-NOT deadenylase complex to actively translat-
ing transcripts (17–19). CNOT6L, a CCR4-NOT catalytic
subunit, is preferentially expressed in mouse oocytes, and
mediates meiosis-coupled maternal mRNA decay (20,21).
Genomic Btg4 or Cnot6l knockout mice are healthy, but
the females are infertile because zygotes derived from their
oocytes have severe MZT defects (17,20). In addition,
oocyte-derived terminal uridylyltransferases TUT4 and
TUT7 (TUT4/7) are crucial for mRNA clearance during
mouse oogenesis (22). The RNA m6A reader YTHDF2 is
required during oocyte maturation for post-transcriptional
regulation of transcript dosage for early zygotic develop-
ment (23). Collectively, these findings reveal the existence,
components and functional importance of the maternal
factor-mediated mRNA decay (M-decay) pathway in the
mammalian MZT. However, whether the zygotic decay (Z-
decay) pathway also has a key function in mammalian em-
bryo development has not been investigated.

In this study, we defined and characterized ZGA-
dependent maternal mRNA clearance during the mouse
MZT and demonstrated that the 3′-UTR length and trans-
lational activity of a given maternal transcript determines
whether it undergoes M-decay or Z-decay. YAP1- and
TEAD4-mediated zygotic transcription is crucial for acti-
vation of the Z-decay pathway in mouse embryos. In par-
ticular, TEAD4-triggered zygotic Tut4/7 expression and
mRNA 3′-oligouridylation play a key role in Z-decay, and
collaborate with the maternal mRNA deadenylation ma-
chinery including BTG4 and CCR4-NOT. Activity of this
Z-decay pathway is required for mouse embryo develop-
ment beyond the four-cell stage and contributes to the de-
velopmental potential of preimplantation embryos.

MATERIALS AND METHODS

Animals

All the used mouse strains were from a C57B6 background.
Wild type C57BL6 mice were obtained from the Zhejiang
Academy of Medical Science, China. The experimental pro-
tocols involving mice were approved by the Zhejiang Uni-
versity Institutional Animal Care and Research Committee
(Approval # ZJU20170014), and mouse care and use was
performed in accordance with the relevant guidelines and
regulations.

Oocyte culture

The 21–23-day-old female mice were injected with 5 IU of
PMSG and were humanely euthanized after 44 h. Oocytes

at the GV stage were harvested in M2 medium (M7167;
Sigma-Aldrich) and cultured in mini-drops of M16 medium
(M7292; Sigma-Aldrich) covered with mineral oil (M5310;
Sigma-Aldrich) at 37◦C in a 5% CO2 atmosphere.

Superovulation and fertilization

Female mice (21–23-day-old) were intraperitoneally in-
jected with 5 IU of PMSG (Ningbo Sansheng Pharmaceu-
tical Co., Ltd, P.R. China). After 44 h, mice were injected
with 5 IU of hCG (Ningbo Sansheng Pharmaceutical Co.,
Ltd, P.R. China). After an additional 16 h, mature oocytes
were harvested from the oviducts. To obtain early embryos,
female mice were mated with 10–12-week-old WT males.
Successful mating was confirmed by the presence of vaginal
plugs. Embryos were harvested from oviducts at the indi-
cated time points after hCG injection.

Treatment of mouse embryos with �-amanitin

Zygotes were collected from oviducts after hCG 28 h. To
inhibit transcription in early embryos, zygotes were cul-
tured in KSOM medium supplemented with �-amanitin (25
ng/�l, Sigma-Aldrich) for about 16 h. After the culture,
morphologically normal two-cell embryos were collected
for additional experiments.

EU incorporation assay

Embryos were cultured in KSOM medium with 100 �M 5-
ethynyl uridine (EU) for 2 h. Fixation, permeabilization,
and staining were performed using the Click-iT® RNA
Alexa Fluor® 488 Imaging Kit (Thermo, 48 C10329) ac-
cording to the manufacturer’s protocol. Imaging of embryos
was performed on a Zeiss LSM710 confocal microscope.

Microinjection of zygotes

All injections were performed using an Eppendorf trans-
ferman NK2 micromanipulator. Denuded zygotes were in-
cubated in M2 medium and microinjected with 5–10 pl
samples per zygote. The concentration of all microinjected
RNAs was adjusted to 500 ng/�l. After microinjection, zy-
gotes were washed and cultured in KSOM medium at 37◦C
with 5% CO2.

In vitro transcription and preparation of mRNAs for microin-
jection

To prepare mRNAs for microinjection, expression vec-
tors were linearized, and subjected to phenol/chloroform
extraction and ethanol precipitation. Linearized DNAs
were in vitro transcribed using the SP6 message mMA-
CHINE Kit (Invitrogen, AM1340). Transcribed mRNAs
were added with poly (A) tails (∼200–250 bp) using the
mMACHINE Kit (Invitrogen, AM1350), recovered by
lithium chloride precipitation, and resuspended in nuclease-
free water.
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Tut4/7 mRNA depletion by siRNAs

All small RNA(siRNAs) were purchased from RIBOBIO.
We targeted each gene with a siRNA pool (two siRNAs
per gene), which on average leads to fewer off-target effects
and a higher penetrance of phenotypes compared to indi-
vidual siRNA. All small RNAs were modified with choles-
terol to increase their stability. siRNAs targeting different
genes were mixed and microinjected at a final concentra-
tion of 20 �M with 5 to 10 pl samples per oocyte. Previ-
ously published Tut4 and Tut7 siRNA sequences were used
to knockdown Tut4/7. We microinjected the Random se-
quence (control siRNA1: UGGUUUACAUGUCGACUA
ATT; control siRNA2: UGGUUUACAUGUUGUGUG
ATT) cited from a published paper (Chang et al., Nature,
2014) as a control to rule out the non-specific effects.

Poly(A) tail assay

Total RNA was isolated from 100 oocytes or embryos using
the RNeasy Mini kit (Qiagen, 74106). P1 (5′-GCGAGCTC
CGCGGCCGCGT12-3′) was anchored to oligo(dT) by T4
DNA ligase. Reverse transcription was performed using Su-
perScript IV (Invitrogen) with oligo (dT) anchored P1. The
products were used in a PCR with gene-specific primers P2
(Supplementary Table S1) and the dT anchored primer P1
(5′-GCGAGCTCCGCGGCCGCGT12-3′). The PCR con-
ditions were as follows: 30 s at 95◦C, 20 s at 58◦C, and 40 s
at 72◦C for 35 cycles. PCR products were analyzed on a 2%
agarose gel.

Oligo(U) tail assay

Total RNA was isolated from 100 oocytes or embryos using
the RNeasy Mini kit (Qiagen, 74106). Reverse transcription
was performed using the SuperScript IV (Invitrogen) with
oligo (dA12) that specifically enriched for uridylated RNA
species. Relative uridylated mRNA levels were calculated by
normalizing to the levels of encoded exogenous Gfp cDNA.
The relative expression of mRNA was reversed by the ran-
dom hexamer-primer. Relative mRNA levels were calcu-
lated by normalizing to the levels of endogenous Gapdh
mRNA (internal control). For each experiment, qPCR was
performed in triplicate. Primer sequences are listed in Sup-
plemental Table S1.

Trim-away

For prompt depletion of a target protein, a Trim-away ap-
proach was used as reported recently (24,25). Zygotes were
co-injected with in vitro transcribed Flag-Trim21 mRNA (1
�g/�l) and anti-BTG4 antibody (0.75 �g/�l) at 20 h after
hCG injection. As the control, zygotes were only injected
with Flag-Trim21 mRNA (1 �g/�l). After microinjection,
zygotes were washed and cultured in KSOM medium at
37◦C with 5% CO2.

RNA isolation and real-time RT-PCR

Total RNA was extracted using an RNeasy Mini kit (Qi-
agen, 74106) according to the manufacturer’s instructions,
and was reversely transcribed using the PrimeScript II 1st

strand cDNA Synthesis (Takara, 6210A). A random primer
(hexadeoxyribonucleotide mixture; pd(N)6;Takara,3801)
(50 �M) was used to guide the reverse transcription. Real-
time RT-PCR analysis was performed using a Power SYBR
Green PCR Master Mix (Applied Biosystems, Life Tech-
nologies) and an Applied Biosystems 7500 Real-Time PCR
System. Relative mRNA levels were calculated by normal-
izing to the levels of endogenous Gapdh mRNA (internal
control) or encoded exogenous Gfp cDNA using Microsoft
EXCEL®. The relative transcript levels of samples were
compared to the control, and the fold-changes are demon-
strated. For each experiment, qPCR was performed in trip-
licate. Primer sequences are listed in Supplementary Table
S1.

Western blot analysis

Oocytes were lysed in SDS loading buffer at 95◦C for 5
min. SDS-PAGE, membrane transfer, and antibody incu-
bation were performed following standard procedures us-
ing a Mini-PROTEAN Tetra Cell System (Bio-Rad, Her-
cules, CA, USA). The information of antibodies and dilu-
tions used in this study is provided in Supplementary Table
S2.

RNA-Seq library preparation

Embryos were collected from the mice of indicated geno-
types (10 embryos per sample). Each sample was lysed with
4.2 �l lysis buffer (including 0.2 �l 1:1000 diluted ERCC
spike-in) and was immediately used for cDNA synthesis us-
ing the Smart-seq2 method (Picelli et al., 2014). Briefly, cells
were lysed in lysis buffer, and the polyadenylated mRNAs
were captured usingby the PolyT primers. After 3 min ly-
sis at 72◦C, the Smart-seq2 reverse transcription reactions
were performed. After the first-strand reaction, the cDNA
wasis amplified using a limited number of cycles (∼13 cy-
cles). Sequencing libraries were constructed from 500 pg of
amplified cDNA using the TruePrep DNA Library Prep Kit
V2 for Illumina (Vazyme, TD503) according to the manu-
facturer’s instructions. Barcoded libraries were pooled and
sequenced on the Illumina HiSeq X Ten platform in the 150
bp paired-end mode.

RNA-Seq data analysis

RNA-Seq was performed with biological replicates for all
samples. Raw reads were trimmed to 50 bp and mapped to
the mouse genome (mm9) using Tophat v2.1.1 with default
parameters. Only uniquely mapped reads were subsequently
assembled into transcripts guided by the reference annota-
tion (UCSC gene models) using Cufflinks v2.2.1. The ex-
pression level of each gene was quantified with normal-
ized FPKM (fragments per kilobase of exon per million
mapped fragments) and was further normalized with the
ERCC spike-in. Briefly, sequencing reads were mapped to
ERCC reference to obtain the percentage of ERCC reads
in total reads. Then gene expression levels were normalized
by multiplying the raw FPKM values by a normalization
factor (normalization factor = percentage of ERCC in WT
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1Cell/percentage of ERCC rate in the sample). Samples pre-
pared in different batches were normalized by the zygote
sample in each batch. Genes with FPKM < 1 in all sam-
ples were excluded, and for the remaining genes, all FPKM
values smaller than 1 were set to 1 in subsequent analyses.
Two-tailed Student’s t-test was used to generate statistically
significant values between WT and Tut4/7-depeleted sam-
ples. A summary of RNA-seq data generated in this study
is shown in Supplementary Table S3. Other published data
sets used in this study were listed in Supplementary Table
S4.

Maternal transcript clustering

Maternal mRNAs with reliable sequence annotation and
FPKM > 2 at the GV stage were retained for further anal-
ysis. Expression level of each gene were plus one then log2
transformed in the following analysis. Cluster I-IV consists
the genes which satisfy the following two formulas:

Cluster I: Expression (GV) > Expression (Zygote) + 1;
Expression (Zygote) < Expression (two-cell) + 1.

Cluster II: Expression (GV) < Expression (Zygote) + 1;
Expression (GV) > Expression (Zygote) – 1; Expression
(Zygote) > Expression (two-cell) + 1.

Cluster III: Expression (GV) > Expression (Zygote) + 1;
Expression (Zygote) > Expression (two-cell) + 1.

Cluster IV: Expression (GV) < Expression (Zygote) +
1; Expression (GV) > Expression (Zygote) – 1; Expression
(Zygote) < Expression (two-cell) + 1; Expression (Zygote)
> Expression (two-cell) – 1.

Polyribosome-bound RNA isolation

Polyribosomes were isolated from oocytes as reported (20).
Fully grown GV oocytes are collected from PMSG-primed
(44 h) 23-day-old mice. MII oocytes were collected at 16 af-
ter cultured. 500 oocytes of every sample were lysed with
PLB (30 mM Tris–HCl at pH 7.5, 100 mM NaCl, 10
mM MgCl2, 1% Triton, 1 mM DTT, 0.25 mM Na3VO4,
20 mM beta-glycerophosphate, 40 U/ml RNase inhibitor
(Takara), 100 lg/ml cycloheximide, plus protease inhibitor
cocktail). Oocyte lysates were loaded on a 10-ml 15–50%
sucrose gradient and centrifuged at 200 000 g for 120 min at
4◦C. RNAs were precipitated adding with 1/10 volume of
NaAc and 3× volume of ethanol at −80◦C. Polyribosome-
bound RNAs were purified with RNeasy Mini kit (Qiagen,
74106). Library construction, sequencing, and analyses for
polyribosome-bound RNAs was similar to the method used
for RNA-seq.

3′-UTR analysis

The 3′-UTR sequences of mouse (mm9) were extracted
from UCSC Table Browser. The conserved sequences
UUUUAU/UUUUAAU and AAUAAA/AUUAAA were
used to identify CPEs and PASs, respectively. The lengths
of 3′-UTRs and numbers of CPEs and PASs in 3′-UTRs
were calculated using an in-house Python script.

Statistical analysis

Results are presented as means ± S.E.M. Most experiments
included at least three independent samples and were re-

peated at least three times. The results for two experimental
groups were compared using two-tailed unpaired Student’s
t-tests. Statistically significant values of P < 0.05, P < 0.01,
and P < 0.001 by two-tailed Student’s t-test are indicated
by asterisks (*), (**) and (***) respectively. ‘n.s.’ indicates
non-significant.

RESULTS

Patterns of maternal mRNA degradation in the mouse

To identify patterns of maternal mRNA degradation during
the MZT in mouse, we analyzed the maternal transcripts
of GV oocytes, zygotes and two-cell embryos (GSE71434
(26)). Maternal mRNAs with reliable sequence annota-
tion and fragments per kilobase of transcript per million
mapped reads (FPKM) > 2 at the GV stage were selected
and analyzed. Those with significant decreases in mRNA
levels of >2-fold between two stages were considered as de-
graded maternal mRNAs. Among the 8081 maternal tran-
scripts analyzed, 2028, 2243, 375 and 3435 transcripts were
respectively categorized into cluster I, cluster II, cluster III
and cluster IV. (Figure 1A and B). Cluster I was comprised
of mRNAs that were degraded during oocyte maturation
(from GV to zygote). In contrast, Cluster II represented
the maternal mRNAs that showed no changes in their lev-
els before fertilization but dramatically decreased from the
zygote to the two-cell stage. Maternal mRNAs that were
either continuously degraded or remained stable from the
GV to the two-cell stage were categorized into Clusters III
and IV, respectively. Since ZGA occurs at the late zygote to
two-cell stage, we suggest that the degradation of maternal
mRNAs in Clusters II and III were candidates to be ZGA-
dependent.

Usually, 40–44 h are required for the induction of ovula-
tion (hCG injection) to the formation of two-cell embryos, if
the ovulated MII oocytes are fertilized in vivo (Figure 1A) or
in vitro. Therefore, the degradation of these maternal tran-
scripts after fertilization could either be time-dependent or
fertilization-dependent, or both. The quantitative RT-PCR
(RT-qPCR) results in Figure 1C demonstrate that some
murine maternal transcripts are stable during oocyte matu-
ration and fertilization but are rapidly degraded at the two-
cell stage. We compared the levels of these maternal tran-
scripts in two-cell embryos with those in oocytes arrested at
a prolonged MII stage without fertilization. Both the two-
cell embryos and MII oocytes were collected at 43 h after
hCG injection (illustrated in Figure 1A). The levels of ma-
ternal mRNAs in these aged MII oocytes were lower than
those in MII oocytes and zygotes harvested at an earlier
time point (16 h post-hCG) but were notably higher than
those in time-matched two-cell embryos (43 h post-hCG).
This phenomenon suggested that the clearance of some ma-
ternal transcripts is partially ZGA-dependent.

To assess whether all Cluster IV transcripts remained
stable beyond the two-cell stage or whether a subset were
degraded after this timepoint, we also analyzed their lev-
els at the four-cell stage (Supplementary Figure S1A). This
analysis indicated that over a third of the Cluster IV tran-
scripts were, in fact, degraded between the two-cell and
four-cell stages (Supplementary Figure S1A). Thus, while
previous studies indicated that maternal mRNAs are mostly
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Figure 1. Dynamics of maternal mRNA clearance in mouse preimplantation embryos. (A) Illustration of the timepoints when the samples were collected
for experiments in (B) and (C). (B) Expression pattern of mouse maternal transcripts at GV, zygote, and late two-cell stages. Transcripts with FPKM >

2 in GV oocytes were selected and further analyzed. Each light blue line represents the expression level of one gene, and the middle red line represents
the median expression level of the cluster. Zygotes and two-cell embryos were collected from in vivo at 28 h and 43 h post-hCG injection. (C) RT-qPCR
results showing the relative mRNA levels of select transcripts in mouse oocytes and embryos at the timepoints indicated in (A). Error bars, s.e.m. ***P <

0.001 by two-tailed Student’s t-test. n.s.: non-significant. n = 3 biological replicates. (D) Illustration showing the treatment of mouse oocytes and embryos
for RNA-seq. Zygotes were treated with or without �-amanitin (25 ng/�l), and then cultured to the two-cell stage until 43 h after hCG injection. (E) The
degradation pattern of maternal transcripts in mouse embryos with or without �-amanitin treatment. Transcripts with FPKM (two-cell)/FPKM (zygote)
< 1/2 were selected for analyses. Each light blue line represents the expression level of one gene. The middle red line represents the median expression level
of the cluster. The green line represents the median expression level of the cluster after �-amanitin treatment. (F) RT-qPCR results showing the relative
mRNA levels in mouse zygotes and two-cell embryos, which were treated and collected as illustrated in (D). Error bars, s.e.m. ***P < 0.001 and **P <

0.01 by two-tailed Student’s t-test. n = 3 biological replicates.
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degraded by the end of the two-cell stage in mouse (1),
our new analyses show that a significant number of mater-
nal mRNAs were kept relatively stable until the late two-
cell stage, but were degraded at the four-cell stage. This
category of maternal mRNAs includes those encoding the
MZT licensing factor BTG4 and RNA deadenylases such
as CNOT7 and PAN2 (Supplementary Figure S1B).

Although we observed that maternal mRNA in cluster
IV is not degraded from the GV to two-cell stage, it is pos-
sible that some of these maternal transcripts have been de-
graded but they look like stable because they have been syn-
thesized from the embryonic genome: the transcripts from
the embryonic genome compensate for the loss of the ma-
ternal transcripts.

Identification of ZGA-dependent maternal mRNA degrada-
tion during the mouse MZT

As a subpopulation of mouse maternal mRNAs in Cluster
II and Cluster III was degraded at the late two-cell stage,
which coincides with ZGA in mouse oocytes, we further in-
vestigated whether degradation of these maternal mRNAs
was ZGA-dependent. Zygotes were treated with the RNA
polymerase II inhibitor, �-amanitin, to inhibit transcription
before ZGA (Figure 1D). �-Amanitin-treated zygotes were
able to develop to two-cell embryos but not further (14). To
confirm that drug treatment was effective, we labelled newly
synthesized RNAs with 5-ethynyl uridine (EU), which was
added to the culture medium 2 h before fixation of the two-
cell embryos. Strong EU signals were detected in the nu-
clei of control embryos but not in embryos treated with �-
amanitin (Supplementary Figure S2A). We also analyzed
two zygotic mRNAs that were identified by RNA sequenc-
ing analysis to be transcribed at the two-cell stage (Gucala
and Npl) and two key ZGA factors (Dux and Zscan4c). RT-
qPCR demonstrated that �-amanitin blocked the transcrip-
tional activation of these genes in two-cell embryos (Supple-
mentary Figure S2B and C).

Transcriptome analysis of mouse maternal mRNAs
showed that the median levels of Cluster II and III mR-
NAs were decreased by >2-fold from the zygote to the
two-cell stages. However, �-amanitin treatment blocked the
degradation of half of the transcripts in Cluster II (Fig-
ure 1E) while, in Cluster III, 199 of 375 transcripts were
stabilized during development from the zygote to two-cell
stage in the absence of ZGA (Figure 1E). By RT-qPCR, we
demonstrated that representative maternal transcripts were
degraded during development from the zygote to two-cell
stage, and �-amanitin partially inhibited the degradation of
these transcripts (Figure 1F). This observation was consis-
tent with the RNA-seq results and confirmed that degra-
dation of a subpopulation of maternal mRNAs is ZGA-
dependent in mouse.

Maternal YAP1 and zygotic TEAD4 are involved in the Z-
decay pathway of mouse embryos

In the following experiments, we aimed to identify the key
factors involved in the Z-decay of mouse embryos. We fo-
cused on two proteins: (i) Yes-associated protein-1 (YAP1),
which is a maternally and zygotically expressed transcrip-

tional co-activator of the TEAD family of transcription fac-
tors; and (ii) TEAD4, which is zygotically expressed and is
required for cell fate specification in preimplantation mouse
embryos (27). We focused on YAP1/TEAD4 because our
previous study has shown that maternal Yap1knock-out
mouse embryos exhibit a ZGA defect: they have a pro-
longed two-cell stage and develop into the four-cell stage
at a much slower pace compared to the wild-type embryos
(28). Transcriptome analyses results indicate that maternal
transcripts fail to be removed in two- to four-cell embryos
derived from maternal Yap1 knock-out mice. Therefore, we
hypothesized that maternal YAP1 is a key ZGA factor re-
quired for the Z-decay of maternal transcripts. Quantitative
RT-PCR showed that �-amanitin slightly affected zygotic
Yap1 expression at the two-cell stage (Figure 2A). The rela-
tively small decrease in Yap1 expression upon inhibition of
transcription is consistent with a previous conclusion that
maternal YAP1 plays a more important role than zygotic
YAP1 in the MZT (28). In untreated embryos, the expres-
sion level of Tead4 was low from the GV to the zygote stage
and Tead4 increased >25-fold at the two-cell stage. This zy-
gotic expression of Tead4 was blocked by �-amanitin treat-
ment (Figure 2B).

To identify whether YAP1-TEAD4-directed zygotic tran-
scriptional targets participated in Z-decay, we profiled the
transcripts of GV oocytes and four-cell embryos derived
from WT and Yap1fl/fl;Gdf9-Cre female mice (GSE74344)
(28). Embryos at the four-cell stage instead of two-cell stage
were used in this experiment because: (i) our results in
Supplementary Figure S1 showed that maternal transcripts
were more completely removed at the four-cell stage than
at the two-cell stage and (ii) a large portion of maternal
Yap1-knockout embryos (designated termed Yap1♀−/♂+)
were able to pass through the two-cell stage with a slow
developmental rate but then arrested at the four-cell stage.
The oocyte transcriptome at the GV stage was not signifi-
cantly affected by the Yap1-deletion (Figure 2C). However,
the transcriptome of Yap1♀−/♂+ embryos was significantly
different from that of WT embryos at the four-cell stage:
1315 and 2117 transcripts were downregulated and upreg-
ulated in Yap1♀−/♂+ embryos, respectively (Figure 2C). We
have shown in the previous paper that the downregulated
transcripts are zygotic transcription products (28). Strik-
ingly, among the 4347 maternal transcripts being degraded
in WT embryos during the GV to four-cell transition, 3197
were stabilized after maternal Yap1-deletion (Figure 2D).
Gene set enrichment analysis of the maternal transcripts re-
vealed that 1285 of YAP1-dependent degraded transcripts
corresponded to recognized Z-decay transcripts (in Cluster
II) (Figure 2E). Moreover, two thirds (784/1285) of YAP1-
dependent Z-decay transcripts were also ZGA-dependent
Z-decay transcripts in Cluster II (a) (Figure 2F).

To further assess the role of YAP1-TEAD4 in the Z-decay
pathway, we overexpressed a dominant negative TEAD4
mutant, TEAD4�TEA, which lacks the TEA domain and
cannot bind to DNA (29), in mouse zygotes by mRNA
microinjection, and cultured these zygotes to the two-cell
stage. Overexpression of TEAD4�TEA blocked the tran-
scriptional activation of Rpl13 and Rrm2, two early zy-
gotic genes that are directly regulated by maternal YAP1
(Figure 2G), indicating that TEAD4�TEA indeed has an in-
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Figure 2. Role of maternal YAP1 and zygotic TEAD4 in the Z-decay pathway of mouse embryos. (A, B): RT-qPCR results showing the relative mRNA
levels of Yap1 (A) and Tead4 (B) in GV oocytes, MII oocytes after 16 h of hCG injection, zygotes, two-cell embryos, and �-amanitin-treated embryos. The
embryos were treated with �-amanitin (25 ng/�l), and then cultured to the 2-cell stage until 43 h after the hCG injection. Error bars, s.e.m. *P < 0.05
and ***P < 0.001 by two-tailed Student’s t-test. n.s.: non-significant. n = 3 biological replicates. (C) Scatter plot comparing transcripts between the WT
and Yap1–/– oocytes (at the GV stage) and the four-cell embryos derived from these oocytes. Transcripts decreased or increased by >2-fold in Yap1–/–

samples were highlighted in blue or red, respectively. (D) Degradation pattern of maternal transcripts in mouse embryos with or without maternal Yap1
knockout. Transcripts with FPKM (GV) > 2; FPKM (four-cell/GV) < 1/2 were selected for the analyses. Each light blue line represents the expression
level of one gene. The middle red line represents the median expression level of the cluster. The green line represents the median expression level of the
cluster after maternal Yap1 knockout. (E) Venn diagrams showing the overlap of Z-decay transcripts (FPKM (GV) > 2; FPKM (zygote/GV) ≥ 1/2;
FPKM (2-cell/zygote) <1/2) and the maternal transcripts that were significantly accumulated in four-cell embryos derived from Yap1–/– oocytes (FPKM
(4-cell/GV) < 1/2 in WT; FPKM (Yap1–/–/WT) >1 at the 4-cell stage). P = 1e–308 by two-tailed Student’s t-test. (F): Venn diagrams showing the overlap of
ZGA-dependent Z-decay transcripts (FPKM (GV) > 2; FPKM (zygote/GV) ≥ 1/2; FPKM (two-cell/zygote) < 1/2; FPKM (two-cell/zygote) ≥ 1/2 after
�-amanitin treatment) and the maternal YAP1-dependent Z-decay transcripts, i.e. the overlapping transcripts in (E). P = 1e–548 by two-tailed Student’s
t-test. (G–H) RT-qPCR results showing the relative mRNA levels of zygotic transcripts (G) and Z-decay transcripts (H) in two-cell embryos overexpressing
a dominant negative form of TEAD4 (FLAG-TEAD4�TEA) by mRNA microinjection at the zygote stage. Error bars, s.e.m. *P < 0.05, **P < 0.01 and
***P < 0.001 by two-tailed Student’s t-test. n = 3 biological replicates. (I) Illustration showing a putative TEAD-binding site (M-CAT element) of the
mouse Tut7 gene in mm9 genome. M-CAT element locates at 1025 bp upstream of Tut7 transcription start site, from 59 925 533 to 59 925 541 on the
chromosome 13.



886 Nucleic Acids Research, 2020, Vol. 48, No. 2

hibitory effect on ZGA. On the other hand, some Z-decay
transcripts were accumulated in embryos overexpressing
TEAD4�TEA (Figure 2H).

Recent studies have revealed that 3′-terminal uridy-
lyl transferase 4 and 7 (TUT4/7)-dependent mRNA 3′-
oligouridylation participate in mRNA decay and sculpts
the mammalian maternal transcriptome (22,30). The pro-
moter of the Tut7 gene contains a putative TEAD-binding
site at about 1000 bp upstream of its transcription start site
(Figure 2I). Activation of zygotic Tut4/7 in 2-cell embryos
was also blocked by TEAD4�TEA (Figure 2G). These re-
sults were consistent with those observed in Yap1♀−/♂+ em-
bryos and provided evidence that YAP1-TEAD4-mediated
zygotic transcription, including Tut4/7, is upstream of Z-
decay in mouse embryos.

Terminal uridylyl transferases (TUTs) mediate Z-decay in
mouse embryos

The loss of Tut4/7 in growing oocytes results in abnormal
accumulation of maternal transcripts and impaired mei-
otic maturation, thus preventing an evaluation of the direct
function of TUT4/7 in mRNA decay during MZT (22). RT-
qPCR showed that Tut4 and Tut7 are expressed at the GV
stage, but their transcripts are almost completely removed
during oocyte maturation (Figure 3A). Zygotic Tut4/7 mR-
NAs were re-expressed as early as the two-cell stage. While
Tut4 mRNA levels were significantly higher than those of
Tut7 at the GV stage, the mRNA level of Tut7 was 2-fold
more abundant than that of Tut4 in two-cell embryos. �-
amanitin blocked the transcriptional activation of Tut4/7
in two-cell embryos (Figure 3A). Consistent with this ob-
servation, a recent paper showed that transcript uridylation
reaches highest levels at the two-cell stage in mouse embryos
(31), coinciding with the time of zygotic Tut4/7 expression.

Based on these results, we hypothesized that TUT4/7-
dependent 3′-oligouridylation might be involved in Z-
decay. We, therefore, depleted zygotic Tut4/7 transcripts by
small-interfering-RNA (siRNA) microinjection into mouse
zygotes. The Tut4/7 mRNA levels in siRNA-mediated
Tut4/7-depleted embryos decreased to 20% of the controls
(Supplementary Figure S3A). We simultaneously depleted
Tut4/7 after fertilization, and cultured embryos to the two-
cell stage for RNA-seq. Gene expression levels were as-
sessed as FPKM, and the relative mRNA copy number
was evaluated using the External RNA Controls Consor-
tium (ERCC) spike-in. All samples were analyzed in trip-
licate and showed high correlations (average rs = 0.945;
Supplementary Figure S3B). The overall transcript abun-
dance increased in Tut4/7-depleted two-cell embryos (Fig-
ure 3B). Specifically, 3159 and 1724 transcripts were up- and
down-regulated regulated in Tut4/7-depleted embryos, re-
spectively (Figure 3C). Gene set enrichment analysis of the
transcripts revealed that 2984 of the 3159 upregulated tran-
scripts were those being degraded after fertilization in WT
embryos (Figure 3D). Among the 4329 Z-decay transcripts
detected in this experiment, 2984 (68.93%) were stabilized
in Tut4/7-depleted embryos (Figure 3E). Moreover, 1345
of TUT4/7-dependent Z-decay genes were also identified
in previous RNA-seq experiments (GSE71434) as Z-decay
transcripts (Supplementary Figure S3C). Among these,

over two-thirds (909) overlapped with the YAP1-dependent
Z-decay transcripts (Supplementary Figure S3D). More im-
portantly, 568 out of 909 (62.48%) transcripts belonged
to the previously identified ZGA-dependent Z-decay tran-
scripts (GSE71434) (Figure 3F). RT-qPCR verified that sev-
eral Z-decay mRNAs accumulated at the two-cell stage af-
ter Tut4/7 depletion (Figure 3G). In comparison, individual
depletion of Tut4 or Tut7 had a more limited effect on the Z-
decay of representative transcripts (Supplementary Figure
S3E), indicating that Tut4 and Tut7 have overlapping func-
tions in this process. Together, these results demonstrate
that YAP1-TEAD4-mediated zygotic Tut4/7 expression is
essential for Z-decay in mouse embryos.

We also used a published method to quantify the 3′-
oligouridylation levels of maternal transcripts (32). Briefly,
we reverse-transcribed the mRNAs of two-cell embryos us-
ing oligo-dA (12) primers, which have a preference for 3′-
oligouridylated mRNAs (32). Meanwhile, the total tran-
scripts of two-cell embryos were reverse-transcribed using
random hexamer primers. Therefore, the ratio changes in
RT-qPCR results obtained from the oligo-dA-mediated ver-
sus random-primer-mediated RT products reflect the 3′-
oligouridylation levels of the given transcripts (Supplemen-
tary Figure S3F). Simultaneous depletion of Tut4 and Tut7
resulted in reduced 3′-oligouridylation of the Z-decay mR-
NAs (Figure 3H). These results indicate that TUT4 and
TUT7 are involved in the 3′-terminal oligouridylation of Z-
decay mRNAs.

Strikingly, not only was a large subset of the Z-dependent
maternal transcripts upregulated in siTut4/7 embryos but,
in addition, over 2000 transcripts were downregulated.
Gene set enrichment analysis of the 1724 downregulated
transcripts in Tut4/7-depleted embryos revealed that 1224
(70.99%) belonged to early zygotically activated genes in
WT embryos (Figure 3I and Supplementary Figure S3G).
Thus, ZGA is impaired upon Tut4/7 depletion. Moreover,
the majority of zygotic Tut4/7-depleted embryos failed to
develop into blastocysts and were arrested at the 4–8-cell
stages (Figure 3J and K).

Together, our data show that (1) 3′-oligouridylation of
maternal mRNAs by TUT4/7 is a key mechanism of Z-
decay, and (2) clearance of these maternal mRNAs is essen-
tial for ZGA and preimplantation embryo development.

Maternal BTG4 functions during Z-decay in mouse embryos

It has been reported that the poly(A) tails of mRNAs
need to be shortened to ∼25 bp through a CCR4-NOT-
dependent mechanism before being oligouridylated by
TUT4/7 (22,33). We previously showed that BTG4 recruits
the CCR4-NOT deadenylase to translated transcripts to in-
duce M-decay. Here, we investigated whether BTG4 and
CCR4-NOT also play a role in the Z-decay process. Be-
cause maternal BTG4 proteins are present until the two-
cell stage (17), we used a Trim-away technique (24,25) to
induce rapid degradation of maternal BTG4 in zygotes
(Figure 4A). Western blots showed that this treatment not
only induced effective BTG4 degradation but also signifi-
cantly reduced the level of CNOT7, the BTG4-binding sub-
unit of the CCR4-NOT complex (Figure 4B). BTG4 and
CNOT7 Trim-away resulted in failure to clear several Z-
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Figure 3. Role of zygotic TUT4 and TUT7 in the Z-decay pathway of mouse embryos. (A) RT-qPCR results showing the relative mRNA levels of indicated
transcripts in mouse oocytes (GV and MII), zygotes, and two-cell embryos (with or without 25 ng/�l �-amanitin treatment). Error bars, s.e.m. **P < 0.01
and ***P < 0.001 by two-tailed Student’s t-test. n.s.: non-significant. n = 3 biological replicates. (B) Changes of relative mRNA copy numbers in WT
and Tut4/7-depleted embryos at the indicated stages. **P < 0.01 by two-tailed Student’s t-test. (C) Scatter plot comparing transcripts between WT and
Tut4/7-depleted two-cell embryos. Transcripts decreased or increased >2-fold in Tut4/7-depleted embryos were highlighted in blue or red, respectively.
(D) Venn diagrams showing the overlap of upregulated transcripts in Tut4/7-depleted embryos (FPKM (siTut4/7/WT) > 2 in two-cell embryos) and
the degraded transcripts from the zygote to 2-cell embryos in WT (FPKM (two-cell/zygote) < 1/3 in WT). P = 1e–1738 by two-tailed Student’s t-test.
(E) Degradation pattern of maternal transcripts in mouse embryos with or without zygotic Tut4/7 depletion. Transcripts with FPKM (2-cell/zygote) <

1/3 were selected for the analyses. Each light blue line represents the expression level of one gene. The middle red line represents the median expression level
of the cluster. The green line represents the median expression level of the cluster after zygotic Tut4/7 depletion. (F) Venn diagrams showing the overlap
of ZGA-dependent Z-decay transcripts (FPKM (GV) > 2; FPKM (zygote/GV) ≥ 1/2; FPKM (two-cell/zygote) < 1/2; FPKM (two-cell/zygote) ≥ 1/2
after �-amanitin treatment), YAP1-dependent Z-decay transcripts, and TUT4/7-dependent Z-decay transcripts. (G) RT-qPCR results showing the relative
mRNA levels of indicated Z-decay transcripts in two-cell embryos with or without zygotic Tut4/7-depletion. Error bars, s.e.m. **P < 0.01 and ***P <

0.001 by two-tailed Student’s t-test. n = 3 biological replicates. (H) Changes in RT-qPCR results obtained from oligo-(dA)-versus random primer-mediated
RT reactions reflecting the 3′-oligouridylation levels of selected Z-decay transcripts in two-cell embryos with or without zygotic Tut4/7-depletion. Error
bars, s.e.m. ***P < 0.001 by two-tailed Student’s t-test. n = 3 biological replicates. (I) Venn diagrams showing the overlap of downregulated transcripts in
Tut4/7-depleted embryos (FPKM (siTut4/7/WT) > 2 in two-cell embryos) and the zygotically activated transcripts in WT embryos (FPKM (2-cell/zygote)
> 2 in WT). P = 1e–903 by two-tailed Student’s t-test. (J, K): Developmental rates (J) and representative images (K) of preimplantation embryos after
zygotic Tut4/7-depletion. Time after hCG injection (h) and numbers of analyzed embryos are indicated (n). Error bars, s.e.m. **P < 0.01; ***P < 0.001
by two-tailed Student’s t-test. n.s.: non-significant. Scale bar, 100 �m. Arrows and hollow arrows indicate the normal and arrested embryos, respectively.
n = 3 biological replicates.
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Figure 4. Dynamics of 3′-terminal polyadenylation and oligouridylation in maternal transcripts undergoing M-decay and Z-decay. (A) Illustration of
BTG4 Trim-Away experiments. Zygotes were collected from in vivo at 20 h after hCG injection and were co-injected with Flag-Trim21 mRNA and anti-
BTG4 antibody or were only injected with Flag-Trim21 mRNA as a negative control. Microinjected zygotes were cultured for another 4 h before sample
collection for western blotting. (B) Western blot results showing the levels of BTG4, CNOT7, and TRIM21. Total proteins were collected from 100 zygotes
at 4 h after microinjection and were loaded in each lane. DDB1 was blotted as a loading control. (C) RT-qPCR results showing the relative mRNA levels
of indicated Z-decay transcripts in two-cell embryos with or without BTG4 Trimming-away. Error bars, s.e.m. ***P < 0.001 by two-tailed Student’s t-test.
n = 3 biological replicates. (D and E) Immunofluorescence (D) and quantification (E) of 5-ethynyl uridine (EU) fluorescence showing RNA transcription
in two-cell embryos with or without BTG4 Trimming-away, and in maternal Btg4 knockout two-cell embryos. Scale bar, 20 �m. Error bars, s.e.m. n.s.:
non-significant. **P < 0.01 by two-tailed Student’s t-test. (F) RT-qPCR results showing the relative mRNA levels of indicated zygotic transcripts in two-cell
embryos with or without BTG4 Trimming-away. Error bars, s.e.m. n.s.: non-significant. *P < 0.05 and ***P < 0.001 by two-tailed Student’s t-test. n =
3 biological replicates. (G) RT-qPCR results showing the relative mRNA levels of indicated transcripts in zygote and two-cell embryos with or without
BTG4 Trim-away and �-amanitin treatment. Error bars, s.e.m. n.s.: non-significant. *P < 0.05 and ***P < 0.001 by two-tailed Student’s t-test. n = 3
biological replicates. (H-I): Developmental rates (H) and Representative images (I) of preimplantation embryos after zygotic BTG4-depletion. Time after
hCG injection (h) and numbers of analyzed embryos are indicated (n). Zygotes were microinjected as in (A), and then cultured until 96 h after hCG
injection. Error bars, s.e.m. ***P < 0.001 by two-tailed Student’s t-test. Scale bar, 100 �m. Arrows and hollow arrows indicate the normal embryos and
arrested embryos, respectively.
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decay transcripts in two-cell embryos, indicating that BTG4
and CCR4-NOT is likely to play a role in the Z-decay pro-
cess (Figure 4C).

EU staining showed that the overall transcriptional acti-
vation in two-cell embryos was impaired by maternal Btg4
knockout but not by BTG4 Trim-away in zygotes (Figure
4D and E). RT-qPCR indicated that transcription of early
zygotic genes at the two-cell stage was repressed by mater-
nal Btg4 knockout but was not affected or was only mod-
estly affected by BTG4 Trim-away after fertilization (Figure
4F). �-Amanitin treatment or BTG4 Trim-away partially
inhibited but not completely blocked the degradation of Z-
decay transcripts (Figure 4G). In contrast, when we inhib-
ited ZGA and depleted maternal BTG4 simultaneously, Z-
decay of maternal transcripts was effectively abolished (Fig-
ure 4G). These results indicated that maternal BTG4 con-
tinues to mediate maternal mRNA clearance after fertiliza-
tion, and participates in the Z-decay process together with
ZGA-dependent factors.

Previous studies have demonstrated that maternal Btg4
knockout impairs M-decay and causes arrest at the one-
or two-cell stage (17). However, the zygotes with BTG4
trimmed-away developed beyond the two-cell stage but then
arrested at the 4–8-cell stage (Figure 4H and I). Collectively,
our results indicate that TUT4/7, BTG4, and the CCR4-
NOT-deadenylase mediate Z-decay, which is crucial for the
preimplantation development of mouse embryos.

Poly(A) tail shortening and increased frequency of uridylation
contribute to M-decay during oocyte maturation

We next examined the factors that direct maternal mR-
NAs into the M-decay or Z-decay pathways. In cytoplas-
mic mRNA turnover, deadenylation of poly(A) tails is the
initial and rate-limiting step (34). Results of the PAT assay
showed that M-decay mRNAs (Cpeb1, Tubb4b, Paip2 and
Padi6) had long poly(A) tails in GV stage-arrested oocytes,
but that their poly(A) tails rapidly shortened after meiotic
resumption (Figure 5A, upper panels; Supplementary Fig-
ure S4A). In contrast, Z-decay mRNAs (Ccdc69, Gm4745,
Lrrc17 and Srd5a3) had short poly(A) tails in GV oocytes,
were polyadenylated in maturing oocytes and in zygotes,
followed by deadenylation at the two-cell stage (Figure
5A, lower panels; Supplementary Figure S4A). Closely re-
lated to the changes in poly(A) tail length, mRNA 3′-
oligouridylation sculpted the mammalian maternal tran-
scriptome, including both M-decay and Z-decay mRNAs.
Oligo-(dA)-mediated RT efficacy of M-decay transcripts
was remarkably increased during the GV-MII transition
(Figure 5B, upper panels). This observation indicates that
3′-oligouridylation of M-decay transcripts occurs during
the GV-MII transition. In contrast, the 3′-oligouridylation
levels of Z-decay transcripts remained low from the GV
to zygote stages, and significantly increased at the two-
cell stage (Figure 5B, lower panels). We also performed 3′-
ligation RACE analysis of Gm4775 and Lrrc17 transcripts
in zygotes and early two-cell embryos. The RACE analysis
showed that the occurrences of the terminal uridylation in-
creased upon transition to the two-cell stage, and some tran-
scripts in two-cell embryos have longer oligo(U) tails than
those in zygotes (Supplementary Figure S4B). These results

provide further evidence for the involvement of TUT4/7
in Z-decay, and suggest that selective 3′-oligouridylation at
different stages of MZT contributes to distinct degradation
patterns of M-decay and Z-decay mRNAs.

A long 3′-UTR and active translation confer resistance of Z-
decay transcripts to M-decay

In addition to the poly(A) tail, length of the 3′-UTR is also
a factor that determines mRNA stability during MZT in ze-
brafish (35,36). By analyzing the RNA-sequencing results in
mouse, we found that M-decay transcripts possessed shorter
3′-UTRs compared to Z-decay transcripts (Figure 6A). Cy-
toplasmic polyadenylation is controlled by cis-elements in
the 3′-UTRs of mRNAs including the polyadenylation sig-
nal (PAS) and the cytoplasmic polyadenylation element
(CPE) (37,38). When multiple CPEs and PASs are present in
the 3′-UTR of mRNAs, they contribute to mRNA transla-
tion in an additive manner during oocyte maturation (39).
More CPEs and PASs were present in the 3′-UTRs of Z-
decay mRNAs than those in the 3′-UTRs of M-decay mR-
NAs (Figure 6B). Using UTR-length-controlled, non-Z de-
cay genes as control, the results showed that the increased
number of CPEs and PASs of Z-decay genes mainly de-
pend on longer 3′-UTR (Figure 6B). These observations
suggest that long 3′-UTRs and high translational activity
of Z-decay mRNAs may confer resistance to CCR4-NOT-
mediated deadenylation.

To provide direct evidence for whether Z-decay mRNAs
are actively translated during oocyte maturation, we an-
alyzed the RNA-sequencing data of polyribosome-bound
mRNAs at GV, MI and MII stages. Although zygote sam-
ples were not included in this experiment, which was per-
formed previously (GSE118564 (20)), the profiles of ma-
ternal mRNAs in MII oocytes can be used for the pur-
pose of this study. At the GV stage, significantly more M-
decay mRNAs than Z-decay mRNAs co-fractionated with
polyribosomes (Figure 6C). In contrast, significantly more
Z-decay mRNAs than M-decay mRNAs co-fractionated
with polyribosomes at the MII stage (Figure 6C). There-
fore, more Z-decay than M-decay transcripts participated in
translation during oocyte maturation, especially at the MII
stage. Using RT-qPCR, we verified the RNA-seq results for
several transcripts and demonstrated increased recruitment
of selective Z-decay transcripts to polyribosomes for ac-
tive translation during the GV-MII transition (Figure 6D).
In contrast, the binding of M-decay transcripts to polyri-
bosomes was decreased during meiotic maturation (Fig-
ure 6D). Taken together, Z-decay mRNAs were more ac-
tively polyadenylated and translated compared to M-decay
mRNAs after meiotic resumption. As a consequence, they
were more resistant to CCR4-NOT-mediated deadenyla-
tion and TUT4/7-dependent-oligouridylation compared to
M-decay transcripts during oocyte maturation.

DISCUSSION

Turnover of maternal transcripts was first reported in
mouse oocytes >20 years ago (40,41); however, little was
known regarding the degradation machinery and mecha-
nisms of specific transcript targeting until recently (1). Here,
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Figure 5. Dynamics of 3′-terminal polyadenylation and oligouridylation in maternal transcripts undergoing M-decay and Z-decay. (A) Poly(A) tail assay
results showing changes in the poly(A)-tail length tendency of indicated M-decay and Z-decay transcripts during MZT. Zyg, zygote. Experiments were
performed three times with reproducible results; a representative result is shown. (B) Changes in RT-qPCR results obtained with oligo-(dA)- versus random
primer-mediated RT reactions reflecting the 3′-oligouridylation levels of selected M-decay and Z-decay transcripts during MZT. Zyg, zygote. Error bars,
s.e.m. ***P < 0.001 by two-tailed Student’s t-test. n.s.: non-significant. n = 3 biological replicates.

we have shown that both maternal and zygotic transcript
degradation pathways function in the early mouse embryo
during MZT. The sequential actions of both pathways are
necessary for timely elimination of subgroups of maternal
transcripts, and coordinate crucial developmental events
during the MZT.

Previous studies have demonstrated the existence of
ZGA-dependent maternal mRNA decay in mice (14,42,43),
but did not describe this in detail. In this study, we inves-
tigated the mechanisms that mediate Z-decay as summa-
rized in Figure 7. These mechanisms show both similari-
ties and differences between mammals and other model sys-
tems. In zebrafish, codon usage and 3′-UTR length deter-
mine maternal mRNA stability during the MZT (35,36).
We observed a similar trend in mouse: at the whole tran-
scriptome level, the transcripts destined for Z-decay have
longer 3′-UTRs, and consequently have more cis-regulatory
elements, than those of M-decay transcripts. In maturing

oocytes, these Z-decay transcripts were highly polyadeny-
lated and bound by polyribosomes, both reflecting active
translation. Active translation may inhibit the Z-decay tran-
scripts from being targeted for degradation during oocyte
maturation. After ZGA, a transient increase in TUT4/7-
mediated 3′-oligouridylation would facilitate the clearance
of these M-decay-resistant mRNAs.

Previous studies have shown that M-decay is not a sin-
gle pathway. Svoboda et al. have outlined four specific
phases of transcript degradation during oocyte develop-
ment and MZT (44). Among these M-decay involves first
three distinct phases, while the Z-decay pathway corre-
sponds to the last phase. The three phases of M-decay in-
clude: (i) gradual transcript clearance (also called transcrip-
tome sculpting) during oocyte growth. These transcripts are
targeted by endogenous RNA inference pathway or Tut4/7-
guided exosomes during oocyte growth (22); (ii) transcripts
whose degradation is triggered or accelerated after meiotic
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Figure 6. Influence of 3′-UTR length and translational activity on the timing of mRNA degradation. (A and B) Average 3′-UTR length (A) and numbers
of CPEs and PASs (B) in the 3′-UTR of murine M-decay, Z-decay, and length-controlled non-Z decay transcripts. The box indicates upper and lower
quantiles, the purple thick line in the box indicates the median.***P < 0.001 by two-tailed Student’s t-test. n.s.: non-significant. (C) Levels of polysome-
bound M-decay and Z-decay transcripts in oocytes at the GV, MI and MII stages (two biological repeats). The expression level of each transcript was
normalized by the mCherry spike-in, which was in vitro transcribed and equally added to each sample before RNA extraction. The box indicates upper
and lower quantiles, and the line in the box indicates the median. ***P < 0.001 by two-tailed Student’s t-test. n.s.: non-significant. (D) RT-qPCR results
showing the relative mRNA levels of M-decay and Z-decay transcripts in association with polysomes at the GV and MII stages. Error bars, s.e.m. ***P <

0.001 by two-tailed Student’s t-test. n = 3 biological replicates.

resumption in fully grown oocytes. These are transcripts
whose degradation depends on 3′-tail shortening by CCR4-
NOT deadenylase (20) and 5′-end decapping (45), and is
largely accomplished by the MII stage. Many of these tran-
scripts encode ‘housekeeping’ proteins such as ribosomal
components (Cluster 1 in Figure 1B) (46); (iii) transcripts
relatively stable until ovulation whose degradation is accel-
erated upon fertilization (Cluster 2 in Figure 1B). Mecha-
nistically, these transcripts may be targeted by CCR4-NOT

with the help of its adaptor BTG4 (which only start to
accumulate after meiotic resumption) (17,39) or by some
other inadequately investigated deadenylases. Recognition
of these different components of M-decay is important for
accurate interpretation of phenotypes of different knockout
mice and functions of proteins encoded by these genes.

Unlike in zebrafish, zygotic miRNAs do not contribute to
MZT in mouse (6,47). Instead, early zygotic expression of
Tead4 and Tut4/7 is required for Z-decay in mouse. Zygot-
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Figure 7. A summary of maternal mRNA clearance during mouse oocyte maturation and MZT. Maternal mRNAs can be classified into four categories
based on their degradation dynamics: maternal decay (M-decay), zygotic decay (Z-decay), continuous decay, and stable throughout the MZT process. The
maternal processes are in the pink area and the zygotic events are in the blue area. M-decay transcripts usually have short 3′-UTRs and are deadenylated
by the CCR4-NOT complex during oocyte maturation. In contrast, Z-decay transcripts tend to have long 3′-UTRs, maintain long poly(A) tails, bind with
polysomes, and are actively translated in maturing oocytes. After ZGA, maternally provided YAP1, together with zygotically expressed TEAD4, induce
expression of zygotic TUT4/7, which mediate the 3′-oligouridylation and degradation of Z-decay transcripts. In addition, maternally translated BTG4
and CNOT7 continue to be required for Z-decay. Their transcripts are among those being removed as late as the four-cell stage. Blockage of Z-decay by
depleting TUT4/7 or BTG4 in zygotes caused developmental arrest of embryos at the eight-cell stage, indicating that Z-decay is an essential MZT event.

ically expressed TEAD4, together with its maternally pro-
vided cofactor, YAP1, mediate zygotic expression of Tut4/7
genes that encode the potential key effectors of Z-decay.
Maternal transcripts destined to be removed by the Z-decay
pathway, accumulate in 4-cell embryos derived from oocyte-
specific Yap1 knockout mice.

The involvement of TUT4/7-mediated 3′-
oligouridylation in maternal mRNA decay during MZT
has been reported in zebrafish and Drosophila (31). A
transient increase in mRNA 3′-oligouridylation was also
observed in mouse embryos at the two-cell stage ((31) and
this study). However, knockout of Tut4/7 in developing
oocytes severely disturbed the maternal transcriptome and
caused oocyte maturation failure (22). These phenotypes
prevented evaluation of a possible direct function for
TUT4/7 in the MZT. We have shown that maternal Tut4/7
mRNAs are removed by the M-decay pathway and then
re-expressed as early zygotic transcripts in both mice
and humans. The temporal correlations among zygotic
Tut4/7 expression, maternal mRNA 3′-oligouridylation,
and Z-decay encouraged us to hypothesize that zygotic
TUT4/7-mediated 3′-oligouridylation facilitates Z-decay
(Figure 7).

Since there were no spike-in controls in the RNA-seq
data that we used to define the four clusters (26), we did

not perform any specialized normalization steps to elimi-
nate the biases of RNA degradation. In this condition, the
transcripts in cluster IV are transcripts with average stability
from the GV stage to late two-cell stage, whereas the tran-
scripts in cluster I and cluster II are those that preferentially
degrade from the GV to zygote and from the zygote to late
two-cell stage, respectively. However, qPCR data can reflect
the absolute quantity changes of RNA, and this could ac-
count for the difference between RNA-seq and qPCR data
in Supplementary Figure S1B (GV versus two-cell).

In all these model systems, there is no distinct division of
labor between M-decay and Z-decay during MZT. When Z-
decay is inhibited by transcriptional inhibitors, the M-decay
pathway still mediates the degradation of Z-decay tran-
scripts, albeit at a much slower rate. The same phenomenon
was also observed in Drosophila, Xenopus and zebrafish em-
bryos (5,6). The components of the M-decay pathway, such
as BTG4 and CCR4-NOT complex, continue to function in
Z-decay, but they need reinforcements from zygotic factors,
such as microRNAs in zebrafish and TUT4/7 in mouse, for
the timely removal of stable maternal mRNA species.

Despite the fact that the M-decay pathway can mediate
slow degradation of Z-decay transcripts when given enough
time under experimental conditions, the Z-decay pathway is
physiologically essential for early embryo development, be-
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cause embryonic development cannot be delayed. Maternal
transcripts, particularly those functioning in meiosis, need
to be degraded in a timely manner to allow smooth mitotic
cell cycle progression. Our results demonstrate a tight link
between maternal mRNA decay and mitosis in early em-
bryos. When M-decay is impaired in embryos derived from
Btg4 null female mice, zygotes arrest at the one- to two-
cell stage (17,20). In comparison, when Z-decay is blocked
by BTG4 trim-away or zygotic Tut4/7-depletion, most em-
bryos complete the first two mitotic cycles but arrest at the
four-cell stage. These results suggest that M-decay and Z-
decay are prerequisites for the first two and the third mitosis
cycles, respectively.

DATA AVAILABILITY

RNA-seq data have been deposited in the NCBI Gene
Expression Omnibus database under accession code
GSE128283.

SUPPLEMENTARY DATA

Supplementary Data are available at NAR Online.

ACKNOWLEDGEMENTS

The authors thank Dr Howard Lipshitz for editing the
manuscripts and giving helpful suggestions.
Author contributions: H.-Y.F., L.S. and X.-H.O. conceived
the project. H.-Y.F., Q.-Q.S. and X.-H.O. designed and an-
alyzed experiments. Q.-Q.S., Y.J., L.C., Y.-Z.Z., Z.-Q.Y. and
X.-H.S. performed experiments. S.L. S.-Y.Z. and X.-H.O.
assisted in collection and analyses of human embryos. Q.-
Q.S. and H.-Y.F. wrote the paper.

FUNDING

Start-up Funding of Guangdong Second Provincial
General Hospital [YY2019-001 to Q.Q.S.]; National
Key Research and Developmental Program of China
[2017YFC1001500, 2016YFC1000600 to H.Y.F.]; Na-
tional Natural Science Foundation of China [31801245 to
S.L., 31871478 to L.S., 31930031, 31890781, 31671558 to
H.Y.F.]; Zhejiang Provincial Natural Science Foundation
of China [LR18C060001]; Key Research and Development
Program of Zhejiang Province [2017C03022]. Funding for
open access charge: National Natural Science Foundation
of China [31930031].
Conflict of interest statement. None declared.

REFERENCES
1. Sha,Q.Q., Zhang,J. and Fan,H.Y. (2019) A story of birth and death:

mRNA translation and clearance at the onset of maternal-to-zygotic
transition in mammals. Biol. Reprod., 101, 579–590

2. Tadros,W. and Lipshitz,H.D. (2009) The maternal-to-zygotic
transition: a play in two acts. Development, 136, 3033–3042.

3. Li,L., Lu,X. and Dean,J. (2013) The maternal to zygotic transition in
mammals. Mol. Aspects Med., 34, 919–938.

4. Walser,C.B. and Lipshitz,H.D. (2011) Transcript clearance during the
maternal-to-zygotic transition. Curr. Opin. Genet. Dev., 21, 431–443.

5. Bashirullah,A., Halsell,S.R., Cooperstock,R.L., Kloc,M.,
Karaiskakis,A., Fisher,W.W., Fu,W., Hamilton,J.K., Etkin,L.D. and
Lipshitz,H.D. (1999) Joint action of two RNA degradation pathways
controls the timing of maternal transcript elimination at the
midblastula transition in Drosophila melanogaster. EMBO J., 18,
2610–2620.

6. Giraldez,A.J., Mishima,Y., Rihel,J., Grocock,R.J., Van Dongen,S.,
Inoue,K., Enright,A.J. and Schier,A.F. (2006) Zebrafish MiR-430
promotes deadenylation and clearance of maternal mRNAs. Science,
312, 75–79.

7. Laver,J.D., Li,X., Ray,D., Cook,K.B., Hahn,N.A., Nabeel-Shah,S.,
Kekis,M., Luo,H., Marsolais,A.J., Fung,K.Y. et al. (2015) Brain
tumor is a sequence-specific RNA-binding protein that directs
maternal mRNA clearance during the Drosophila
maternal-to-zygotic transition. Genome Biol., 16, 94.

8. Benoit,B., He,C.H., Zhang,F., Votruba,S.M., Tadros,W.,
Westwood,J.T., Smibert,C.A., Lipshitz,H.D. and Theurkauf,W.E.
(2009) An essential role for the RNA-binding protein Smaug during
the Drosophila maternal-to-zygotic transition. Development, 136,
923–932.

9. Belloc,E. and Mendez,R. (2008) A deadenylation negative feedback
mechanism governs meiotic metaphase arrest. Nature, 452,
1017–1021.

10. Lund,E., Liu,M., Hartley,R.S., Sheets,M.D. and Dahlberg,J.E.
(2009) Deadenylation of maternal mRNAs mediated by miR-427 in
Xenopus laevis embryos. RNA, 15, 2351–2363.

11. Koebernick,K., Loeber,J., Arthur,P.K., Tarbashevich,K. and Pieler,T.
(2010) Elr-type proteins protect Xenopus Dead end mRNA from
miR-18-mediated clearance in the soma. Proc. Natl. Acad. Sci.
U.S.A., 107, 16148–16153.

12. Bushati,N., Stark,A., Brennecke,J. and Cohen,S.M. (2008) Temporal
reciprocity of miRNAs and their targets during the
maternal-to-zygotic transition in Drosophila. Curr. Biol., 18, 501–506.

13. Luo,H., Li,X., Claycomb,J.M. and Lipshitz,H.D. (2016) The Smaug
RNA-binding protein is essential for microRNA synthesis during the
Drosophila maternal-to-zygotic transition. G3 (Bethesda), 6,
3541–3551.

14. Abe,K.I., Funaya,S., Tsukioka,D., Kawamura,M., Suzuki,Y.,
Suzuki,M.G., Schultz,R.M. and Aoki,F. (2018) Minor zygotic gene
activation is essential for mouse preimplantation development. Proc.
Natl. Acad. Sci. U.S.A., 115, E6780–E6788.

15. Abe,K., Yamamoto,R., Franke,V., Cao,M., Suzuki,Y., Suzuki,M.G.,
Vlahovicek,K., Svoboda,P., Schultz,R.M. and Aoki,F. (2015) The
first murine zygotic transcription is promiscuous and uncoupled from
splicing and 3′ processing. EMBO J., 34, 1523–1537.

16. Schier,A.F. (2007) The maternal-zygotic transition: death and birth of
RNAs. Science, 316, 406–407.

17. Yu,C., Ji,S.Y., Sha,Q.Q., Dang,Y., Zhou,J.J., Zhang,Y.L., Liu,Y.,
Wang,Z.W., Hu,B., Sun,Q.Y. et al. (2016) BTG4 is a meiotic cell
cycle-coupled maternal-zygotic-transition licensing factor in oocytes.
Nat. Struct. Mol. Biol., 23, 387–394.

18. Liu,Y., Lu,X., Shi,J., Yu,X., Zhang,X., Zhu,K., Yi,Z., Duan,E. and
Li,L. (2016) BTG4 is a key regulator for maternal mRNA clearance
during mouse early embryogenesis. J. Mol. Cell Biol., 8, 366–368.

19. Pasternak,M., Pfender,S., Santhanam,B. and Schuh,M. (2016) The
BTG4 and CAF1 complex prevents the spontaneous activation of
eggs by deadenylating maternal mRNAs. Open Biol, 6.
doi:10.1098/rsob.160184.

20. Sha,Q.Q., Yu,J.L., Guo,J.X., Dai,X.X., Jiang,J.C., Zhang,Y.L.,
Yu,C., Ji,S.Y., Jiang,Y., Zhang,S.Y. et al. (2018) CNOT6L couples the
selective degradation of maternal transcripts to meiotic cell cycle
progression in mouse oocyte. EMBO J., 37, e99333.

21. Horvat,F., Fulka,H., Jankele,R., Malik,R., Jun,M., Solcova,K.,
Sedlacek,R., Vlahovicek,K., Schultz,R.M. and Svoboda,P. (2018)
Role of Cnot6l in maternal mRNA turnover. Life Sci. Alliance, 1,
e201800084.

22. Morgan,M., Much,C., DiGiacomo,M., Azzi,C., Ivanova,I.,
Vitsios,D.M., Pistolic,J., Collier,P., Moreira,P.N., Benes,V. et al.
(2017) mRNA 3′ uridylation and poly(A) tail length sculpt the
mammalian maternal transcriptome. Nature, 548, 347–351.

23. Ivanova,I., Much,C., Di Giacomo,M., Azzi,C., Morgan,M.,
Moreira,P.N., Monahan,J., Carrieri,C., Enright,A.J. and O’Carroll,D.
(2017) The RNA m(6)A Reader YTHDF2 is essential for the

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkz1111#supplementary-data


894 Nucleic Acids Research, 2020, Vol. 48, No. 2

post-transcriptional regulation of the maternal transcriptome and
oocyte competence. Mol. Cell, 67, 1059–1067.

24. Clift,D., McEwan,W.A., Labzin,L.I., Konieczny,V., Mogessie,B.,
James,L.C. and Schuh,M. (2017) A method for the acute and rapid
degradation of endogenous proteins. Cell, 171, 1692–1706.

25. Clift,D., So,C., McEwan,W.A., James,L.C. and Schuh,M. (2018)
Acute and rapid degradation of endogenous proteins by Trim-Away.
Nat. Protoc., 13, 2149–2175.

26. Zhang,B., Zheng,H., Huang,B., Li,W., Xiang,Y., Peng,X., Ming,J.,
Wu,X., Zhang,Y., Xu,Q. et al. (2016) Allelic reprogramming of the
histone modification H3K4me3 in early mammalian development.
Nature, 537, 553–557.

27. Yagi,R., Kohn,M.J., Karavanova,I., Kaneko,K.J., Vullhorst,D.,
DePamphilis,M.L. and Buonanno,A. (2007) Transcription factor
TEAD4 specifies the trophectoderm lineage at the beginning of
mammalian development. Development, 134, 3827–3836.

28. Yu,C., Ji,S.Y., Dang,Y.J., Sha,Q.Q., Yuan,Y.F., Zhou,J.J., Yan,L.Y.,
Qiao,J., Tang,F. and Fan,H.Y. (2016) Oocyte-expressed
yes-associated protein is a key activator of the early zygotic genome in
mouse. Cell Res., 26, 275–287.

29. Anbanandam,A., Albarado,D.C., Nguyen,C.T., Halder,G., Gao,X.
and Veeraraghavan,S. (2006) Insights into transcription enhancer
factor 1 (TEF-1) activity from the solution structure of the TEA
domain. Proc. Natl. Acad. Sci. U.S.A., 103, 17225–17230.

30. Lim,J., Ha,M., Chang,H., Kwon,S.C., Simanshu,D.K., Patel,D.J. and
Kim,V.N. (2014) Uridylation by TUT4 and TUT7 marks mRNA for
degradation. Cell, 159, 1365–1376.

31. Chang,H., Yeo,J., Kim,J.G., Kim,H., Lim,J., Lee,M., Kim,H.H.,
Ohk,J., Jeon,H.Y., Lee,H. et al. (2018) Terminal uridylyltransferases
execute programmed clearance of maternal transcriptome in
vertebrate embryos. Mol. Cell, 70, 72–82.

32. Pirouz,M., Du,P., Munafo,M. and Gregory,R.I. (2016)
Dis3l2-Mediated decay is a quality control pathway for noncoding
RNAs. Cell Rep., 16, 1861–1873.

33. Yi,H., Park,J., Ha,M., Lim,J., Chang,H. and Kim,V.N. (2018) PABP
Cooperates with the CCR4-NOT Complex to promote mRNA
Deadenylation and block precocious decay. Mol. Cell, 70, 1081–1088.

34. Winkler,G.S. and Balacco,D.L. (2013) Heterogeneity and complexity
within the nuclease module of the Ccr4-Not complex. Front. Genet.,
4, 296.

35. Bazzini,A.A., Del Viso,F., Moreno-Mateos,M.A., Johnstone,T.G.,
Vejnar,C.E., Qin,Y., Yao,J., Khokha,M.K. and Giraldez,A.J. (2016)
Codon identity regulates mRNA stability and translation efficiency
during the maternal-to-zygotic transition. EMBO J., 35, 2087–2103.

36. Mishima,Y. and Tomari,Y. (2016) Codon usage and 3′ UTR length
determine maternal mRNA stability in zebrafish. Mol. Cell, 61,
874–885.

37. Reyes,J.M. and Ross,P.J. (2016) Cytoplasmic polyadenylation in
mammalian oocyte maturation. Wiley Interdiscip. Rev. RNA, 7, 71–89.

38. Belloc,E., Pique,M. and Mendez,R. (2008) Sequential waves of
polyadenylation and deadenylation define a translation circuit that
drives meiotic progression. Biochem. Soc. Trans., 36, 665–670.

39. Dai,X.X., Jiang,J.C., Sha,Q.Q., Jiang,Y., Ou,X.H. and Fan,H.Y.
(2018) A combinatorial code for mRNA 3′-UTR-mediated
translational control in the mouse oocyte. Nucleic Acids Res., 47,
328–340.

40. Paynton,B.V. and Bachvarova,R. (1994) Polyadenylation and
deadenylation of maternal mRNAs during oocyte growth and
maturation in the mouse. Mol. Reprod. Dev., 37, 172–180.

41. Alizadeh,Z., Kageyama,S. and Aoki,F. (2005) Degradation of
maternal mRNA in mouse embryos: selective degradation of specific
mRNAs after fertilization. Mol. Reprod. Dev., 72, 281–290.

42. Fan,X., Zhang,X., Wu,X., Guo,H., Hu,Y., Tang,F. and Huang,Y.
(2015) Single-cell RNA-seq transcriptome analysis of linear and
circular RNAs in mouse preimplantation embryos. Genome Biol., 16,
148.

43. Zeng,F., Baldwin,D.A. and Schultz,R.M. (2004) Transcript profiling
during preimplantation mouse development. Dev. Biol., 272, 483–496.

44. Svoboda,P., Franke,V. and Schultz,R.M. (2015) Sculpting the
transcriptome during the Oocyte-to-Embryo transition in mouse.
Curr. Top. Dev. Biol., 113, 305–349.

45. Ma,J., Flemr,M., Strnad,H., Svoboda,P. and Schultz,R.M. (2013)
Maternally recruited DCP1A and DCP2 contribute to messenger
RNA degradation during oocyte maturation and genome activation
in mouse. Biol. Reprod., 88, 11.

46. Su,Y.Q., Sugiura,K., Woo,Y., Wigglesworth,K., Kamdar,S.,
Affourtit,J. and Eppig,J.J. (2007) Selective degradation of transcripts
during meiotic maturation of mouse oocytes. Dev. Biol., 302, 104–117.

47. Suh,N., Baehner,L., Moltzahn,F., Melton,C., Shenoy,A., Chen,J. and
Blelloch,R. (2010) MicroRNA function is globally suppressed in
mouse oocytes and early embryos. Curr. Biol., 20, 271–277.


