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PABPN1L mediates cytoplasmic mRNA decay as a
placeholder during the maternal-to-zygotic
transition
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Abstract

Maternal mRNA degradation is a critical event of the maternal-to-
zygotic transition (MZT) that determines the developmental poten-
tial of early embryos. Nuclear Poly(A)-binding proteins (PABPNs)
are extensively involved in mRNA post-transcriptional regulation,
but their function in the MZT has not been investigated. In this
study, we find that the maternally expressed PABPN1-like
(PABPN1L), rather than its ubiquitously expressed homolog
PABPN1, acts as an mRNA-binding adapter of the mammalian MZT
licensing factor BTG4, which mediates maternal mRNA clearance.
Female Pabpn1l null mice produce morphologically normal oocytes
but are infertile owing to early developmental arrest of the resul-
tant embryos at the 1- to 2-cell stage. Deletion of Pabpn1l impairs
the deadenylation and degradation of a subset of BTG4-targeted
maternal mRNAs during the MZT. In addition to recruiting BTG4 to
the mRNA 3ʹ-poly(A) tails, PABPN1L is also required for BTG4
protein accumulation in maturing oocytes by protecting BTG4 from
SCF-bTrCP1 E3 ubiquitin ligase-mediated polyubiquitination and
degradation. This study highlights a noncanonical cytoplasmic
function of nuclear poly(A)-binding protein in mRNA turnover, as
well as its physiological importance during the MZT.
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Introduction

An initial step of early embryonic development in all animals is the

process called the “maternal-to-zygotic transition (MZT)”, by which

developmental control passes from the maternal genome to the

zygotic genome: The majority of maternal RNAs and proteins are

eliminated, and the zygotic genome becomes transcriptionally active

[1]. The mechanisms that regulate the MZT have been extensively

investigated in model organisms including Drosophila, zebrafish,

and Xenopus, in which the embryos inherit large quantities of

maternal materials due to the staggering volume of ooplasm [2–5].

In these species, the MZT is accomplished when thousands of blas-

tomeres have formed, and along these lines is otherwise called the

“mid-blastula transition (MBT)” [6,7]. In mammals, however,

oocytes are relatively small in size compared with those of other

animal groups, and the MZT is “pre-blastula” and occurs as early as

the 1–4 cell stage after fertilization [8–10].

Since the maternal genome becomes transcriptionally silent

when oocytes develop to their full size in antral ovarian follicles,

the oocyte meiotic maturation, fertilization, and early embryo devel-

opment, until zygotic gene activation (ZGA), are principally regu-

lated by timely translational activation and degradation of specific

maternally derived mRNAs stored in the ooplasm [5,11,12]. Each of

these events is tightly regulated and is interceded by a myriad of

RNA-binding proteins that coat the mRNA from its birth in the

nucleus until its eventual degradation in the cytoplasm [3,13,14].

While the vast majority of eukaryotic mRNAs in somatic cells are

polyadenylated immediately after their transcription in the nucleus

[15], a large number of maternal mRNAs are stored in the growing

oocyte with a short poly(A) tail of 20 to 40 nucleotides and are

translationally repressed [16]. Upon oocyte maturation or after

fertilization, the poly(A) tail of these dormant mRNAs is elongated

to 80–250 residues and the mRNAs are translationally activated

[17]. In both cases, the elongated poly(A) tails are covered by poly

(A)-binding proteins (PABPs) [18,19].

Two structurally distinct groups of PABPs have been identified in

vertebrates. A nuclear PABP (PABPN1), present in all cells of organ-

isms, contains a single RNA recognition motif (RRM) in the central

region and a nuclear localization signal (NLS) at the C-terminus
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[20]. Conversely, a group of cytoplasmic PABPs (PABPCs) contains

four RRMs at their N-terminus and a unique C-terminal PABP

domain [21]. According to textbook models, PABPN1 modulates

polyadenylation, processing, and nuclear export of newly synthe-

sized mRNAs, whereas PABPCs stabilize poly(A) RNA in the cyto-

plasm and also enhance translation [18]. While these conventional

roles are critically important, both PABP families expanded recently

both in number and in function [22,23].

In Xenopus and mouse, an oocyte-specifically expressed cytoplas-

mic PABP, PABPC1L (also known as embryonic PAB, ePAB), stabi-

lizes maternal mRNAs and promotes their translation [24–26].

Knockout of the Pabpc1l gene in mice causes defects of oocyte meiotic

maturation and ovulation [27,28]. Subsequently, a Pabpn1-like (Pabp-

n1l) gene was identified in Xenopus, mouse, and the human genome,

with high mRNA expression in oocyte and early embryos; however,

its physiological function remained unknown [29,30].

In addition, maternal mRNA deadenylation and degradation are

the core event of the MZT and a prerequisite for ZGA. B-cell translo-

cation gene-4 (BTG4), a meiotic cell cycle-coupled MZT licensing

factor in mouse, recruits the CNOT7 catalytic subunit of CCR4-NOT

deadenylase to maternal mRNAs and triggers their degradation [31–

33]. However, BTG4 per se does not contain an RNA-binding domain

[34]. How BTG4 interacts with RNA and mediates mRNA decay

during the MZT is still unknown.

In this study, we identified PABPN1L as a poly(A) adaptor of

BTG4 and investigated the potential functional significance of these

RNA-binding proteins during the MZT. Pabpn1l null female mice

were sterile. Genetic deletion of Pabpn1l impairs the deadenylation

and degradation of a subset of maternal mRNAs during the MZT. As

a result, embryos derived from Pabpn1l�/� females arrested at the

1- to 2-cell stage after fertilization. The fact that Pabpn1l and Btg4

knockout mice phenotype each other provided in vivo evidence that

PABPN1L mediated cytoplasmic mRNA decay during the MZT by

recruiting BTG4 and CCR4-NOT deadenylase to the 3ʹ-poly(A) tail of
maternal transcripts. Collectively, this study demonstrates new

biochemical and physiological functions of poly(A)-binding proteins

during the MZT in mammals.

Results

Maternal PABPN1L is crucial for the MZT

Recent oocytic transcriptome analyses [35] have demonstrated

that the Pabpn1l transcript was abundantly expressed in mouse

oocytes, and its expression level was the highest among all PABPs

detected (Fig EV1A). The oocyte-specific high-level expression of

Pabpn1l was confirmed by quantitative RT–PCR (RT–qPCR)

(Fig 1A). In spite of the fact that Pabpn1l mRNA levels were high

in germinal vesicle (GV) oocytes, the expression of the PABPN1L

protein was detected only after meiotic resumption; this expres-

sion reached a maximal level at the MII stage and quickly

decreased after fertilization (Fig 1B). The expression window of

PABPN1L spatiotemporally overlapped with the expression pattern

of BTG4 and the MZT process [31] (Figs 1B and EV1B). To study

the in vivo function of Pabpn1l, we generated a Pabpn1l knockout

mouse strain utilizing the CRISPR-CAS9 system. This mutant line

contained a 41-nucleotide deletion in exon 2 (E2) of the Pabpn1l

gene. The deletion caused a reading-frame shift and created a

premature stop codon (Fig EV1C). The absence of PABPN1L

proteins in oocytes derived from the Pabpn1l�/� mice was con-

firmed by Western blot (Fig 1C).

Pabpn1l�/� mice were viable and healthy. Males had normal

fertility, but females were infertile (Fig 1D), although they had

normal ovarian histology (Fig EV1D and E). After superovulation

treatment, the Pabpn1l-deleted females ovulated regular numbers of

MII oocytes (Fig EV2A–D). Furthermore, the fully grown GV oocytes

isolated from Pabpn1l null females underwent normal in vitro

meiotic maturation (Fig EV2E and F). Zygotes derived from WT and

Pabpn1l�/� oocytes (Pabpn1l♀�/♂+) formed pronuclei with similar

efficiency at 24 h after hCG injection (Fig EV2G and H). However,

in contrast to the WT zygotes, Pabpn1l♀�/♂+ zygotes arrested at the

1- to 2-cell stage and failed to develop further (Fig 1E and F). These

results indicated that Pabpn1l is a novel maternal-effect gene and is

crucial for the MZT.

PABPN1L facilitates maternal mRNA clearance

To understand the role of PABPN1L during the MZT, we subjected

WT and Pabpn1l�/� oocytes, as well as the derived embryos at the

1-cell (zygote) and 2-cell stages, to global RNA-seq analyses. Gene

expression levels were assessed as fragments per kilobase of tran-

script per million mapped reads (FPKM), and the relative mRNA

copy number was evaluated using the External RNA Controls

Consortium (ERCC) spike-in. All samples were analyzed in duplicate

and showed a high correlation (Rmin = 0.88; Raverage = 0.93;

Table EV1). Compared to WT, only three and six transcripts were

increased or decreased more than 3-fold in Pabpn1l null oocytes at

the GV stage, respectively (Fig 2A; Dataset EV1). In contrast, more

transcripts were increased than decreased in Pabpn1l♀�/♂+ zygotes

▸Figure 1. Expression and function of PABPN1L during MZT.

A Quantitative RT–PCR (RT–qPCR) results showing relative expression levels of mouse Pabpn1l in somatic tissues, oocytes, and preimplantation embryos. n = 3
biological replicates. Error bars indicate SEM.

B Western blot results of PABPN1L, BTG4, and phosphorylated ERK1/2 (pERK1/2) in oocytes and embryos. Total protein from 400 oocytes or embryos is loaded in each
lane. DNA damage-binding protein 1 (DDB1) is blotted as a loading control.

C Western blot results of PABPN1L in MII oocytes of wild-type (WT) and Pabpn1l�/� females. DDB1 is blotted as a loading control.
D Cumulative pup numbers of WT and Pabpn1l�/� female mice. n = 5 for each genotype. Error bars, SEM. ***P < 0.001 by two-tailed Student’s t-test.
E Quantification of preimplantation embryos derived from WT and Pabpn1l�/� females when WT embryos reached the corresponding stages. The number of analyzed

embryos is indicated (n). Error bars, SEM. ***P < 0.001 by two-tailed Student’s t-test.
F Representative images of the embryos collected from the oviducts of mated WT and Pabpn1l�/� females at the indicated time points after hCG injection. Scale

bar = 100 lm.

Data information: For all Western blot results, at least three independent experiments were done with consistent results.
Source data are available online for this figure.
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(1,424 versus 5) (Fig 2A; Dataset EV1). Gene set enrichment analy-

sis of the increased transcripts at the zygote stage revealed that

1,414 of the 1,424 increased transcripts were those being degraded

in WT zygotes (Fig 2B). Furthermore, there was a substantial over-

lap between the transcripts that accumulated in Btg4♀�/♂+ and

Pabpn1l♀�/♂+ zygotes (Fig 2C), implying a collaboration between

PABPN1L and BTG4 in maternal mRNA turnover. RT–qPCR results

confirmed the RNA-seq data and indicated that previously reported

Btg4-target transcripts in the MZT also accumulated after maternal

Pabpn1l knockout (Fig 2D). To investigate the role of PABPN1L in

mRNA turnover, a poly(A) tail (PAT) assay was performed, which

recapitulates the poly(A) tail length changes in specific transcripts.

A

C

F

D E

B

Figure 1.
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The results showed the gradual shortening of poly(A) tails of the

detected maternal mRNAs during the MZT in WT oocytes and

embryos. However, the deadenylation of these transcripts was

blocked or delayed after maternal Pabpn1l knockout (Fig 2E). These

results indicated that PABPN1L is crucial for maternal mRNA

clearance during the MZT.

Maternal PABPN1L is essential for ZGA

Because maternal Pabpn1l deletion causes zygotic developmental

arrest, we further examined the potential effect of maternal

PABPN1L on ZGA. Compared to WT, 269 and 718 transcripts were

at abnormally high or low levels in Pabpn1l♀�/♂+ 2-cell embryos,

respectively (Fig 3A; Dataset EV1). Gene set enrichment analysis

revealed that there are 718 transcripts showed decreased levels in

Pabpn1l♀�/♂+ 2-cell embryos when compared with WT (WT/

Pabpn1l♀�/♂+ ≥ 3). Among these transcripts, 419 belonged to

genes that are activated during ZGA in the WT 2-cell embryos

(Fig 3B).

To evaluate global transcription activity during ZGA, we

performed 50-ethynyl uridine (EU) staining assay in which the EU

labeled newly synthesized RNAs in the 2-cell embryos. Phosphory-

lated RNA polymerase II CTD repeat YSPTSPS (pS2, also a marker

of transcription activation) was co-stained with the EU. As a nega-

tive control, some 2-cell embryos were pre-treated with a-amanitin,

an RNA polymerase II inhibitor, before ZGA (Fig 3C and D). EU and

pS2 signals were detected in the nuclei of Pabpn1l♀�/♂+ embryos

but were weaker than those in WT embryos. These results indicated

that maternal Pabpn1l deletion impairs the transcription activation

in 2-cell embryos. Results of RT–qPCR indicated that the expression

pattern of representative zygotic genes was similar to those revealed

by the RNA-seq analysis (Appendix Fig S1A).

Previous studies showed that a large number of retrotransposons

are expressed as a feature of 2-cell embryos undergoing ZGA

A

B

D

C

E

Figure 2. Transcriptome analyses in Pabpn1l-deleted oocyte and embryos during the MZT.

A Scatter plot comparing the transcripts of GV oocytes and zygotes from WT and Pabpn1l�/� females. Transcripts that increased or decreased by more than 3-fold in
Pabpn1l-deleted GV oocytes or zygotes are highlighted in red or blue, respectively.

B Venn diagrams showing the overlap in transcripts that are significantly degraded during the MZT (FPKM[GV/zygote] > 3) of WT oocytes and transcripts that are
accumulated in this process after Pabpn1l knockout (FPKM[Pabpn1l♀�/♂+/WT] in zygote) > 3).

C Venn diagrams showing the overlap in transcripts that are stabilized during the MZT in Pabpn1l♀�/♂+ and Btg4♀�/♂+ zygotes (FPKM[GV/zygote] > 3 in WT, but < 3 in
KO).

D RT–qPCR results for relative expression levels of the indicated maternal transcripts in oocytes and zygotes from WT and Pabpn1l�/� females. n = 3 biological
replicates. Error bars, SEM. *P < 0.05, **P < 0.01, and ***P < 0.001 by two-tailed Student’s t-test.

E Poly(A) tail assay results showing poly(A)-tail length of indicated transcripts in WT and Pabpn1l-deleted oocytes and embryos. The poly(A) tails of Actin are used as an
internal control. Each sample was prepared from 100 oocytes or embryos. Plots show the averaged relative signal intensity (y-axis) and length of the PCR products
based on mobility (x-axis).
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[36,37]. At the 2-cell stage, the murine endogenous retrovirus with

a leucine tRNA primer (MuERV-L) element was transiently tran-

scribed at the 2-cell stage in WT embryos but was transcribed at a

remarkably lower level after maternal Pabpn1l deletion

(Appendix Fig S1B). Similarly, transcription of MuERV-L target

genes, including Guca1a, Tead4, Tdpoz1/4, and Zfp352, was also

blocked after maternal Pabpn1l deletion (Appendix Fig S1B). We

also microinjected zygotes (WT and Pabpn1l♀�/♂+) with the

MuERV-L::tdTomato reporter plasmid (MuERV-L 50-long terminal

repeat (LTR) promoters upstream of the red fluorescent protein

tdTomato) as previously described [36,38] and monitored the

expression of tdTomato during culture. TdTomato expression was

observed in WT 2-cell embryos but not in Pabpn1l♀�/♂+ embryos,

which arrested at the 1- to 2-cell stage (Fig 3E and F). In contrast,

Gfp mRNAs co-injected with the MuERV-L 5ʹ-LTR reporter were

equally expressed in all embryos (Fig 3F).

In summary, these results indicated that maternal PABPN1L-

mediated biochemical processes, most likely maternal mRNA turn-

over, are a prerequisite for ZGA in mouse early embryos.

PABPN1L binds both RNA and BTG4 and is involved in
deadenylating maternal mRNAs

Based on these results, we hypothesized that PABPN1L may func-

tion as an RNA-binding adapter of BTG4 during the MZT. Thus,

BTG4-RNA immunoprecipitation (RIP) assays were performed in the

presence and absence of PABPN1L. Since it was technically chal-

lenging to perform extensive biochemical experiments in oocytes

due to their low number, we co-expressed PABPN1L and BTG4 in

HeLa cells, which do not endogenously express these proteins, and

in line with oocytes/zygotes, the PABPN1L possesses cytoplasm

distributed characteristic in HeLa cells (Figs EV3A and EV1B). The

results showed that representative transcripts, which were

commonly targeted by BTG4 and PABPN1L according to RNA-seq

results, effectively interacted with BTG4 only in the presence of

PABPN1L (Fig 4A). As a negative control, mRNAs were not

enriched by the RRM-deleted or Arg-171 (an essential RNA-binding

residue in the RRM, discussed below)-mutated PABPN1L in the RIP

assay (Figs 4A and EV4B).

PABPN1L co-immunoprecipitated with full-length BTG4 (Fig 4B

and C). Deletion of the C-terminal domain instead of the BTG

domain abolished the BTG4-PABPN1L interaction (Fig 4B and C).

Based on intrinsically disordered region (IDR) prediction by

IUPRED2 [39], the C-terminal region of BTG4 could be divided into

two domains (termed Cter1 and Cter2) (Fig EV3B). Co-IP results

indicated that the BTG4-PABPN1L interaction was mainly mediated

by the Cter2 domain of BTG4 (Fig 4D). BTG2 is the best-studied

BTG family member in somatic cells and does not share homology

with BTG4 in the C-terminal domain [34,40]. It did not interact with

PABPN1L in the Co-IP experiment (Fig 4E). This result further indi-

cated that the unique BTG4 Cter2 domain was specific for PABPN1L

binding. Meanwhile, the PABPN1L domain mapping result indicated

that PABPN1L bound to BTG4 through its C-terminal domain

(Fig 4F) instead of its N-terminal domain (Fig EV3C). BTG4 did not

bind to PABPN1, which showed homology to PABPN1L in the RRM

but not in the C-terminal domain (Fig 4G).

◀ Figure 3. Maternal PABPN1L is essential for ZGA.

A Scatter plot comparing the transcripts of 2-cell embryos from WT and Pabpn1l�/� females. Transcripts that increased or decreased by more than 3-fold in Pabpn1l-
deleted oocytes or embryos are highlighted in red or blue, respectively.

B Venn diagram and schematic showing the overlap in transcripts that are activated during zygote-to-2-cell transition in WT (FPKM[2-cell/zygote] > 3) and the
transcripts that are decreased in Pabpn1l♀�/♂+ compared to WT at the 2-cell stage (FPKM[WT/Pabpn1l♀�/♂+] > 3 in 2-cell embryos).

C 5-Ethynyl uridine (EU) fluorescence (green) showing RNA transcription in WT and Pabpn1l♀�/♂+ 2-cell embryos. Some WT embryos were treated with a-amanitin as
early as the zygote stage and cultured to the 2-cell stage. The phosphorylated RNA polymerase II CTD repeat YSPTSPS (pS2) (red) is co-stained to label the RNA
polymerase II activity. Nuclei are labeled by DAPI (blue). Scale bar = 20 lm.

D Quantification of EU and pS2 signals in (C). The numbers of analyzed embryos are indicated (n). Error bars, SEM. ***P < 0.001 by two-tailed Student’s t-test.
E Relative intensity of tdTomato signals in (F). The numbers of analyzed embryos are indicated (n). Error bars, SEM. ***P < 0.001 by two-tailed Student’s t-test.
F Representative images of MuERV-L::tdTomato relative to GFP signal in the same embryo when WT embryos reached the corresponding stages. Zygotes were injected

with the MuERV-L::tdTomato reporter plasmid and polyadenylated Gfp mRNA (as a positive control of microinjection), then allowed to develop in vitro. Cultured
embryos were imaged at 24 and 40 h after hCG injection. DIC, differential interference contrast. Scale bar = 100 lm.

▸Figure 4. PABPN1L is an RNA-binding adapter of BTG4 involved in deadenylating maternal mRNAs.

A RNA immunoprecipitation (RIP) results showing the interaction of BTG4 with indicated transcripts, in the presence or absence of PABPN1L (full length,
RRM-deleted, or R171A mutant). HeLa cells were co-transfected with plasmids expressing FLAG-tagged PABPN1L and HA-tagged BTG4 for 48 h before
immunoprecipitating with an anti-HA antibody. RNAs recovered from the immunoprecipitants were subjected to RT–qPCR of the indicated transcripts. Fold change
values of both input and IP samples were normalized by RIP results of HA-BTG4 and FLAG-PABPN1L co-expression groups. n = 3 biological replicates. Error bars,
SEM. The P-value represents the two-tailed Student’s t-test comparing the RIP results of BTG4 with the indicated transcripts in the presence of PABPN1L,
*P < 0.05, **P < 0.01, and ***P < 0.001.

B Diagrams of mouse BTG4 constructs.
C, D Co-IP and Western blot results showing interactions between PABPN1L and BTG4. Lysates from HeLa cells expressing HA-BTG4 (WT or mutants shown in (B)) and

FLAG-PABPN1L were immunoprecipitated with an anti-HA antibody. The immunoprecipitated proteins are detected by Western blot with the indicated antibodies.
E Diagrams of mouse BTG2 and BTG4 constructs, and co-IP results showing that PABPN1L binds to BTG4 but not BTG2.
F Diagrams and co-IP results showing BTG4 binding to PABPN1L. Lysates from HeLa cells expressing HA-BTG4 and FLAG-PABPN1L (full length and C-terminal

deleted) were immunoprecipitated with an anti-FLAG antibody. The immunoprecipitated proteins are detected by Western blot with the indicated antibodies.
G Diagrams of PABPN1 and PABPN1L constructs, and co-IP results showing that PABPN1L, but not PABPN1, binds to BTG4.

Data information: For all Western blot results, at least three independent experiments were done with consistent results.
Source data are available online for this figure.
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To test our hypothesis in vivo, we microinjected mRNAs encod-

ing PABPN1L in Pabpn1l�/� oocytes and detected changes in mater-

nal mRNA levels in meiotic maturation. RT–qPCR results indicated

that exogenous expression of PABPN1L in Pabpn1l�/� oocytes

reversed the maternal mRNA degradation defects (Fig 5A and B). In

contrast, exogenous expression of BTG4 could not rescue maternal

transcript clearance in Pabpn1l�/� oocytes, suggesting that the

BTG4 function was PABPN1L-dependent. To test if the RNA-binding

ability is essential to the function of PABPN1L, RRM-deleted or Arg-

171 (an essential RNA-binding residue in the RRM)-mutated

PABPN1L was expressed in Pabpn1l�/� oocytes (Fig 5C). Neither of

them was able to mediate maternal mRNA clearance (Fig 5B). These

results indicated that PABPN1L is an RNA-binding adapter of BTG4-

CCR4-NOT involved in mediating maternal mRNA deadenylation

and degradation.

Characterization of the poly(A)-binding ability of PABPN1L

Although PABPN1L contains an evolutionarily conserved RRM,

which is presumably to bind to poly(A), the poly(A)-binding

A B

C

E

D

F

G

Figure 4.
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ability of this protein has not been experimentally determined. To

further investigate the RNA-binding properties of PABPN1L, a ther-

mal shift assay (TSA) of PABPN1L was performed in the presence

of the RNA substrate. Without the addition of RNA, PABPN1L

(1 lM) had a melting temperature (Tm) of ~57°C (Figs 6A and

EV4A). Oligonucleotides (20N) containing short poly(A) tails

(20N+A10) did not alter the Tm of PABPN1L, suggesting that they

did not interact with PABPN1L. In contrast, when PABPN1L was

pre-incubated with oligonucleotides containing poly(A) tails of 20,

30, and 60 bases (20N+A20-60), the Tm increased in a concentra-

tion-dependent manner (Figs 6A and B, and EV4A). As the

concentration of 20N+A20-30 increased from 0.1 to 1 lM, the Tm

A

B

C

Figure 5. PABPN1L mediates BTG4 functions in vivo.

A Diagrams of the different treatments of (B).
B RT–qPCR results showing the relative expression level changes (MII/GV) of indicated transcripts. Fully grown GV oocytes of Pabpn1l�/� mice were microinjected with

mRNAs encoding PABPN1L or BTG4 and were released from meiotic arrest at 12 h after microinjection. Total RNA was extracted from 10 oocytes in each sample.
Error bars, SEM. *P < 0.05, **P < 0.01, and ***P < 0.001 by two-tailed Student’s t-test compared to the first column. ns: non-significant.

C Western blot results showing the expression of exogenous PABPN1L (full length, RRM-deleted, or R171A mutant) and BTG4 in Pabpn1l�/� oocytes at the MII stage.
The total protein from 100 oocytes is loaded in each lane. pERK1/2 is blotted to indicate the developmental stages. DDB1 is blotted as a loading control. At least three
independent experiments were done with consistent results.

Source data are available online for this figure.
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of PABPN1L increased. However, when the concentration of

20N+A20-30 increased to 2 lM, the Tm of PABPN1L did not

increase further, suggesting that all PABPN1L molecules were satu-

rated by RNAs. In contrast, 20N+A60 saturated 1 lM PABPN1L at

the concentration of 0.5 lM (Fig 6B). These results suggested that

each PABPN1L molecule occupies 20- to 30-adenosine bases in the

poly(A) tail.

Based on previous nuclear magnetic resonance (NMR) chemical

shift analysis upon Poly(A) binding experiments of citrus PABPN1

[41], Arg-136 of citrus PABPN1 is indispensable for the poly(A)

interaction. By sequence analysis, we found that PABPN1L has the

conserved R171 site (Fig EV4B), and this residue is conserved in the

RRM of vertebrate PABPN1L (Fig EV4C). Thus, we performed

experiments using the R171 mutated PABPN1L (PABPN1LR171A).

The Tm of PABPN1LR171A remained unchanged in the absence or

presence of 20N+A60 (Figs 6C and EV4A), indicating that the Arg-

171 mutation abolished the RNA-binding ability of PABPN1L. The

results of the RNA immunoprecipitation assay indicated that both

the RRM deletion and Arg-171 mutation decreased the RNA-binding

ability of PABPN1L in maturing oocytes (Fig 6D). Furthermore,

expression of PABPN1LR171A in Pabpn1l�/� oocytes by mRNA

microinjection failed to induce maternal mRNA decay as the

PABPN1LWT did (Fig 5A–C), indicating that Arg-171 is functionally

essential for PABPN1L in vivo.

PABPN1L stabilizes BTG4 in mature oocytes

To identify other potential mechanisms that may cause MZT arrest

in Pabpn1l♀�/♂+ zygotes, we detected the expression of key mater-

nal factors after Pabpn1l depletion. Activation of the meiosis kinases

ERK1/2 is a triggering signal of translational activation of maternal

mRNAs during the MZT [12,42]. ERK1/2-mediated phosphorylation

and degradation of the cytoplasmic polyadenylation element-

binding protein-1 (CPEB1) are a prerequisite for releasing the mater-

nal mRNAs from translational dormancy [43]. However, ERK1/2

phosphorylation and CPEB1 degradation occurred normally in

A

B D

C

Figure 6. Characterization of the PABPN1L poly(A) binding ability.

A–C Diagrams and averaged fluorescence traces of the thermal stability assays of PABPN1L in the presence and absence of poly(A) variants (n = 6). The RNA substrate
comprised 20 non-poly(A) nucleotides followed by a 10/20/30/60-adenosine poly(A) tail. PABPN1L-bound substrates were prepared with 2/1/0.5/0.2/0.1 RNA
molecules per PABPN1L. The midpoint of the unfolding curve was determined as the melting temperature (Tm).

D RNA immunoprecipitation results showing the interaction of PABPN1L with indicated transcripts. Fully grown GV oocytes of WT mice were microinjected with
mRNAs encoding PABPN1L (WT, RRM-deleted, or R171A mutant) and were released from meiotic arrest at 12 h after microinjection. Total RNAs were extracted
from 350 MI stage oocytes in each sample. RNAs recovered from the immunoprecipitants were subjected to RT–qPCR of the indicated transcripts. Fold change
values of both Input and IP samples were normalized by RIP results of the FLAG-PABPN1L microinjection group. Error bars, SEM. *P < 0.05, **P < 0.01, and
***P < 0.001 by two-tailed Student’s t-test comparing with RNA levels pulled down by PABPN1L WT in the second column.
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A C
D

B

E

F

Figure 7. The role of PABPN1L in stabilizing BTG4 during oocyte maturation.

A Western blot results showing the levels of the indicated proteins in WT and Pabpn1l�/� oocytes. Total protein from 100 oocytes is loaded in each lane. DDB1 is
blotted as a loading control.

B HeLa cells were transfected with plasmids expressing HA-BTG4 and FLAG-PABPN1L for 12 h and then treated by cycloheximide (CHX, 10 lM). Cells were harvested at
the indicated time points for Western blots. DDB1 is a loading control.

C Co-IP and Western blot results showing the interaction of bTrCP1 with BTG4 in the presence or absence of PABPN1L.
D Co-IP and Western blot results showing BTG4 polyubiquitination. HeLa cells transfected with plasmids encoding the indicated proteins were lysed and subjected to IP

with an anti-HA affinity gel. Input cell lysates and precipitates are immunoblotted with the indicated antibodies.
E Western blot results showing endogenous BTG4 levels in WT and Pabpn1l�/� oocytes at the MII stage. FLAG-PABPN1L was expressed in Pabpn1l�/� oocytes by mRNA

microinjected at the GV stage. Total proteins from 100 oocytes are loaded in each lane. ERK1/2 is blotted as a loading control.
F A schematic model for PABPN1L Function during the MZT. During oocyte maturation and fertilization, PABPN1L recruits BTG4 and CCR4-NOT deadenylase to the poly

(A) tails of maternal transcripts and mediates cytoplasmic mRNA decay. At the molecular level, PABPN1L-Cter and BTG4-Cter2 mediate the BTG4-PABPN1L
interaction, and arginine-171 determines the poly(A)-binding ability of PABPN1L. Furthermore, PABPN1L protects BTG4 from being polyubiquitinated by SCFbTrCP1 and
degraded to create an expression window of BTG4 to mediate maternal mRNA decay. These events are prerequisites for ZGA. The gradient ribbons represent the
indicated protein level and activity. Deep color represents a high level and activity. The functional domains of PABPN1L and BTG4 proteins are illustrated.

Data information: For all Western blot results, at least three independent experiments were done with consistent results.
Source data are available online for this figure.
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Pabpn1l-deleted oocytes (Fig 7A), indicating that these early steps

of the MZT were PABPN1L-independent.

BTG4 and CNOT7 (a catalytic subunit of CCR4-NOT deadenylase

that binds to BTG4) are ERK1/2- and CPEB1-downstream MZT regula-

tors [31,42]. While CNOT7 was normally expressed in mature Pabp-

n1l�/� oocytes, BTG4 failed to accumulate in MII Pabpn1l�/� oocytes

(Fig 7A). The Btg4mRNA level in oocytes was not affected by Pabpn1l

deletion (Fig EV5A). Furthermore, the result of a Flag-GFP-Btg4 30-
UTR reporter assay indicated that the translational activation that is

regulated by the Btg4 30-UTR was intact in the maturing Pabpn1l�/�

oocytes (Fig EV5B–D). Thus, the BTG4 protein turnover was moni-

tored in HeLa cells after treatment with cycloheximide (CHX), a

protein synthesis inhibitor [44]. The BTG4 protein was mostly

degraded within 2 h after CHX treatment but was stabilized in cells

expressing PABPN1L (Fig 7B). In contrast, the time-dependent BTG2

degradation was not prevented by PABPN1L overexpression

(Fig EV5E). This result indicated that PABPN1L specifically stabilizes

BTG4.

BTG1 and BTG2 are polyubiquitinated by the SKP1-Cullin 1-F-

box protein (SCF) ubiquitin E3 ligase and then degraded. b-trans-
ducin repeat-containing protein 1 (bTrCP1) is the substrate adaptor

of SCF in mediating BTG2 polyubiquitination [45,46]. In Co-IP

experiments, bTrCP1 interacted with BTG4 (Fig 7C) but not with

PABPN1L (Fig EV5F). Overexpression of bTrCP1 increased the

polyubiquitination of BTG4 (Fig 7D). However, overexpression of

PABPN1L abolished the bTrCP1-BTG4 interaction (Fig 7C) as well

as bTrCP1-mediated BTG4 polyubiquitination (Fig 7D). Further-

more, ectopic expression of PABPN1L in Pabpn1l�/� oocytes

restored endogenous BTG4 accumulation after meiotic maturation

(Fig 7E). These observations suggested that PABPN1L not only

recruits BTG4 to mRNA 30-UTRs but also stabilizes the BTG4 protein

by preventing it from being polyubiquitinated by SCFbTrCP1.

Discussion

A poly(A) tail plays versatile roles in mRNA post-transcriptional

regulation [47]. Throughout its generation and removal, poly(A)

tails associate with PABPs [48]. Two structurally different PABP

groups have been identified: nuclear PABPs (PABPNs) and cytoplas-

mic PABPs (PABPCs) [21,48]. As indicated by their names, the two

groups of PABPs presumably interact with poly(A)s in the nuclear

and cytoplasmic compartments, respectively [18,21,49]. Based on

amino acid similarity, PABPN1L was homologous to the ubiqui-

tously expressed PABPN1, but neither its biochemical function nor

its physiological importance had been investigated before this study.

The best known molecular functions of PABPN1 include the follow-

ing: (i) directing nuclear mRNA poly(A) tail elongation immediately

after pre-mRNA transcription; (ii) determining alternative 30-UTR
selection during pre-mRNA processing; and (iii) mediating nuclear

export of mature mRNAs [50,51]. PABPN1 is thought to be replaced

by PABPCs on poly(A) tails once the mRNAs are transported to the

cytoplasm. It was unclear if PABPNs were also involved in cytoplas-

mic mRNA regulation, particularly in circumstances where the

nuclear membrane does not exist, such as dividing oocytes.

Results of both in vitro and in vivo approaches in this study

suggested that PABPN1L had at least two novel cytoplasmic func-

tions that were indispensable for the MZT: (i) mediating the binding

between mRNA poly(A) tails and the BTG4-CCR4-NOT complex; (ii)

stabilizing the BTG4 protein in mature oocytes. Although Pabpn1l

mRNA was highly expressed in fully grown GV oocytes, the

PABPN1L protein level only accumulated after germinal vesicle

breakdown, when the nuclear membrane no longer existed, and the

rate of maternal transcript turnover increased. PABPN1L then

bound to poly(A) tails of cytoplasmic mRNAs through its RRM and

facilitated their degradation during the MZT. These new observa-

tions raise the question of why the cytoplasmic functions of

PABPN1L cannot be substituted by PABPCs.

Traditionally, it is believed that the tails of cytoplasmic mRNAs

are exclusively coated by PABPCs [23]. The major biochemical func-

tions of PABPCs include the following: (i) facilitating the assembly

of the translation initiating complex; (ii) protecting the poly(A) tail

from being digested by RNA deadenylases; (iii) anchoring mRNA in

certain cytoplasmic compartments; and (iv) mediating cytoplasmic

mRNA polyadenylation together with other 30-UTR-binding proteins

[18]. The last function is particularly important in germ cells and

neurons because mRNAs are frequently deadenylated and then re-

adenylated in these cell types [52]. However, transcripts of most

PABPCs (Pabpc1-6) are detected in mouse oocytes and early

embryos at very low levels, except Pabpc1-like (Pabpc1l, also

known as embryonic poly(A)-binding protein (ePAB)) [35,53].

PABPC1L-dependent mRNA cytoplasmic polyadenylation and

translation are required for Xenopus oocyte maturation [27]. Pabpc1l

knockout mice are viable and healthy, but females are infertile due to

multiple abnormalities related to oocyte maturation, folliculogenesis,

cumulus expansion, and ovulation. Pabpc1l null oocytes are smaller

in size, contain peripheral germinal vesicles, and are loosely associ-

ated with cumulus cells [28]. Chromatin reorganization into the SN

configuration and transcriptional silencing does not occur in Pabpc1l-

deleted oocytes [54]. Collectively, these phenotypes are very different

from those observed in Pabpn1l�/� mice: The main functions of

PABPC1L are to protect stored mRNAs from undergoing premature

deadenylation and to regulate mRNA translation during oogenesis; in

contrast, PABPN1L was dispensable for oogenesis but was crucial for

the MZT by functioning together with BTG4.

This study revealed that PABPN1L was likely the previously undis-

covered poly(A)-binding adapter of BTG4 in the MZT. BTG/TOB

proteins interact with CNOT7/8 with their conserved BTG domain to

facilitate mRNA deadenylation [55]. TOB1/2 have conserved PAM2

domains in the C-terminal region, which bind poly(A)-binding

proteins and recruit CNOT7/8 to poly(A) tails [56]. However, BTG4

lacked PAM2 domains [34]. Instead, BTG4 interacted with PABPN1L

and CNOT7 through its C2-terminal region and N-terminal BTG

domain, respectively. Further evidence included the following: (i)

PABPN1L interacted with BTG4 and poly(A) using distinct domains,

and increased the BTG4-mRNA binding efficiency in RIP assays; (ii)

maternal Pabpn1l and Btg4 deletion caused the abnormal accumula-

tion of similar transcripts during the MZT; (iii) the observation that

Pabpn1l and Btg4 null mice phenocopy each other provides in vivo

evidence that PABPN1L is required for BTG4-mediated cytoplasmic

mRNA decay during the MZT [31]; and (iv) female mice expressing

the C-terminal deleted BTG4 (Btg4ΔC/ΔC) are infertile with embryos

arresting at the 1- or 2-cell stage [31], indicating that the PABPN1L-

binding ability was essential for BTG4 function in vivo.

BTG family proteins are short-lived in somatic cells and are

promptly degraded by the ubiquitin-proteasome system [45,46].
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However, the mechanisms regulating the stability of BTG4 during

the MZT have not yet been clarified. BTG4, in contrast to other

BTG/TOB proteins, is relatively stable in oocytes. This study

revealed that BTG4 stability was maintained by PABPN1L, which

protected BTG4 from polyubiquitination by SCFbTrCP1, and created

an expression window for BTG4 to mediate the MZT-coupled mater-

nal mRNA decay.

In summary, poly(A)-binding protein PABPN1L functioned in the

cytoplasm, by acting as a placeholder which tethered BTG4 and

CCR4-NOT deadenylase to the poly(A) tails of their target mRNAs

(Fig 7F). This study provides new mechanistic insight into the MZT

and highlights PABPN1L as a maternal factor that potentially affects

human fertility.

Materials and Methods

Animals

All mouse strains had a C57B6 background. Pabpn1l�/� mice were

generated using the CRISPR-CAS9 system as illustrated in Fig EV1C.

Founder mice were identified by genotyping PCR and crossed with

wild-type C57B6 partners to ensure germline transmission and to

avoid any potential off-targeting effects. A Pabpn1l mutant stain

contained a 41-nucleotide deletion, and a stop codon (sequence:

AGAGAGGGCTGA) in exon 2 was used in all experiments. Mice

were bred under SPF conditions in a controlled environment of 20–

22°C, with a 12/12 h light/dark cycle, 50–70% humidity, and food

and water provided ad libitum. Animals were treated with respect

based on 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.

Superovulation and fertilization

Female mice (21–23 days old) were intraperitoneally injected with

5 IU of PMSG. After 44 h, mice were then injected with 5 IU of hCG.

After an additional 16 h, oocyte/cumulus masses were surgically

removed from the oviducts. To obtain early embryos, female mice

were mated with 10- to 12-week-old WT males. Successful mating

was confirmed by the presence of vaginal plugs. Embryos were

harvested from oviducts at the indicated times post-hCG injection.

Oocyte collection and in vitro culture

Mice at 21–23 days of age were injected with 5 IU of PMSG and

humanely euthanized 44 h later. Oocytes at the GV stage were

harvested in M2 medium (Sigma-Aldrich; M7167) and cultured in

mini-drops of M16 medium (Sigma-Aldrich; M7292) covered with

mineral oil at 37°C in a 5% CO2 atmosphere.

In vitro transcription and mRNA microinjection

To prepare mRNAs for microinjection, expression vectors were

linearized and in vitro transcribed using the SP6 message

mMACHINE Kit (Invitrogen; AM1340) for 4 h at 37°C. Tran-

scribed mRNAs were polyadenylated using the mMACHINE Kit

(Invitrogen; AM1350). For microinjection, fully grown GV oocytes

were harvested in M2 medium with 2 lM milrinone to inhibit

spontaneous GVBD. All microinjections were performed using an

Eppendorf TransferMan NK2 micromanipulator. Denuded oocytes

were injected with 5–10 pl samples per oocyte. After injection,

oocytes were washed and cultured in the M16 medium at 37°C

with 5% CO2.

Western blot analysis

Oocytes were lysed with SDS sample buffer and heated for 5 min at

95°C. Total oocyte proteins were separated by SDS–PAGE and elec-

trophoretically transferred to PVDF membranes, followed by block-

ing in TBST containing 5% defatted milk for 30 min. After probing

with primary antibodies and incubated with an HRP-linked

secondary antibody, bound antibodies were detected using the

Super Signal West Femto maximum sensitivity substrate. The

primary antibodies and dilution factors used are listed in Table EV2.

Cell culture, plasmid transfection, and immunoprecipitation

HeLa cells were obtained from ATCC and were recently authenti-

cated and tested for contamination. Cells were cultured in DMEM

plus 10% fetal bovine serum and 1% penicillin–streptomycin solu-

tion at 37°C in a humidified 5% CO2 incubator. Mouse Pabpn1l,

Pabpn1, Btg4, Btg2, and b-Trcp1 cDNAs were PCR amplified from a

mouse ovarian cDNA pool and ligated into pcDNA-based eukaryote

expression vectors. Transient plasmid transfection was accom-

plished using Lipofectamine 2000 (Invitrogen). After 48 h of trans-

fection, cells were harvested in a lysis buffer containing 50 mM

Tris–HCl, pH 7.5, 150 mM NaCl, 10% glycerol, and 0.5% NP-40.

After centrifugation, the supernatant was subjected to immunopre-

cipitation with different affinity gels (Sigma). After incubation at

4°C for 4 h, beads were washed with lysis buffer. The bead-bound

proteins were eluted using SDS sample buffer for Western blot

analysis.

Protein expression and purification

The cDNA sequence of PABPN1L was inserted into a modified

pRSF-Duet vector with 6XHis-SUMO-tag and a ubiquitin-like

protease (ULP1) cleavage site at the N-terminal. The recombinant

proteins were overexpressed in BL21 (DE3) strain in Lysogeny broth

medium. Cells were cultured at 37°C until OD600 = 0.8 and then

added with 0.2 mM isopropyl-b-D-thiogalactopyranoside (IPTG) to

induce the protein expression for an additional 12 h at 18°C. Cell

pellets were suspended in buffer A (25 mM Tris–HCl [pH 8.5],

1.5 M NaCl, 5 mM 2-hydroxy-1-ethanethiol) and lysed by French

Press (JNBIO; cat No. JN-3000PLUS). After high-speed centrifuga-

tion, the lysate supernatant was collected and loaded on Ni2+

Column. The protein with the N-terminal His6-SUMO tag was eluted

by buffer B (25 mM Tris–HCl [pH 8.5], 0.5 M NaCl, 5 mM 2-

hydroxy-1-ethanethiol, 0.5 M imidazole). After digestion with ULP1,

the elutes were loaded on HiTrap Q HP column (GE Healthcare; cat

No. 17115401) to remove 6XHis-SUMO tag, followed by gel filtration

on HiLoad 16/600 Superdex 75 pg column (GE Healthcare; cat No.

GE28-9893-33) pre-equilibrated with buffer C (25 mM HEPES [pH

7.8], 150 mM NaCl, 2 mM DTT, 1 mM MgCl2).
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Thermal shift assay

Samples containing WT or R171A mutant PABPN1L (1 lM) in

elution buffer (25 mM HEPES [pH 7.8], 150 mM NaCl, 2 mM DTT

in PBS) with 25×SYPRO Orange (Invitrogen; S6651) were pipetted in

quadruplicate into a 96-well plate and subjected to heat denatura-

tion using a Bio-Rad CFX384 Touch Real-Time PCR Detection

System. The temperature was increased from 25°C to 100°C in 0.3°C

increments, and at each increment, fluorescent intensities were

acquired using HEX detector (excitation 515–535 nm, emission 560–

580 nm). PABPN1L/PABPN1LR171A proteins were analyzed alone

and in the presence of the poly(A) (20N+A10/20/30/60: CAGCUCCG

CAUCCCUUUCCCA10/20/30/60). The fluorescence intensities for the

six replicates were averaged, normalized to the maximum fluores-

cence intensity, and plotted as a function of temperature to obtain

melting curves, which were fitted with a sigmoidal function in

GraphPad Prism to determine the midpoint of transition or the

apparent Tm.

RNA-seq analysis

Transcripts in oocytes/embryos were amplified using the Smart-

seq2 protocol [57]. Briefly, each sample included 10 oocytes/

embryos were 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 transcriptase and amplification by PCR for 10

cycles. RNA samples were sequenced on the Illumina HiSeq plat-

form as paired-end 150-base reads. Raw reads were trimmed with

Trimmomatic-0.36 to 150 bp and mapped to the mouse genome

(mm9) with TopHat (v2.0.11). The mapped reads were subse-

quently assembled into transcripts guided by reference annotation

(University of California at Santa Cruz [UCSC] gene models) with

Cufflinks version 2.2.1. The expression level of each gene was quan-

tified with normalized FPKM based on the FPKM of exogenous

ERCC. Genes with FPKM < 1 in all samples were excluded, and for

the remaining genes, all FPKM values smaller than 1 were set to 1

in subsequent analyses.

Statistical analyses were implemented with R (http://www.rpro

ject.org). The Spearman correlation coefficient (rs) was calculated

using the cor function, and the complete linkage hierarchical algo-

rithm was used to cluster the genes. Quality controls of RNA-seq

results were provided as Tables EV1 and EV3, respectively. The

FPKMs of the RNA-seq results are listed in Dataset EV2.

RNA isolation and RT–qPCR analysis

Total RNA was extracted using the RNeasy Mini kit (Qiagen; cat.

No. 74106) according to the manufacturer’s instructions. cDNA was

synthesized using SuperScript III reverse transcriptase (Invitrogen;

cat. No. 18080200). Quantitative PCR was performed using a Power

SYBR Green PCR Master Mix and an Applied Biosystems 7500 Real-

Time PCR System. Relative mRNA levels were calculated by normal-

izing to the levels of endogenous Gapdh mRNA. The relative tran-

script levels of samples were compared with the control, and the

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

tions were carried out in triplicate. Primer sequences are listed in

Table EV4.

Ribonucleoprotein immunoprecipitation (RIP) assay

The RIP assay procedure was modified from a previously

described method [58]. Briefly, 350 oocytes for each sample or

HeLa cells were collected and lysed in polysome lysis buffer

(50 mM Tris–HCl [pH 7.4], 1% Triton X-100, 150 mM NaCl,

5 mM EDTA, protease inhibitor cocktail, and RNase inhibitor). A

total of 10% of the cell lysate supernatant was used as the

“input”, while 90% was subjected to immunoprecipitation with

agarose beads conjugated with IgG or FLAG antibodies. After

incubation at 4°C for 4 h, bead-bound RNAs were extracted

using an RNeasy Mini Kit (Qiagen, 74106) and reverse-tran-

scribed using M-MLV Reverse Transcriptase (Invitrogen). Relative

cDNA abundance was analyzed by qPCR.

Poly(A) tail assay

Total RNA was isolated from 100 oocytes using the RNeasy Mini kit

(Qiagen; cat. No. 74106). Oligo(dT)12-18 allowed to saturate the

poly(A) tails of the mRNAs. The Oligo(dT)12-18 was ligated

together at 42°C by T4 DNA ligase (NEB; cat. No. M0202). Then,

oligo(dT)-anchored P1 (50-GCGAGCTCCGCGGCCGCGT12-30) was

added at a fivefold molar excess with respect to Oligo(dT)12-18, and

the temperature was lowered to 12°C to favor the hybridization and

ligation of the oligo(dT)-anchor to the extreme 30 end of the poly(A)

tail. Reverse transcription was performed using the SuperScript III

(Invitrogen; cat. No. 18080200) with Oligo(dT)-anchored P1. The

products were used in PCRs with gene-specific primers (Table EV4)

and Oligo(dT)-anchor P1 (50-GCGAGCTCCGCGGCCGCGT12-30). The
PCR conditions were as follows: 30 s at 94°C, 20 s at 58°C, and 40 s

at 72°C for 35 cycles. PCR products were analyzed on a 2% agarose

gel, and images were captured during exposure to ultraviolet light.

Signals were quantified using the “Plot profiles” function of ImageJ

software, normalized using the maximum signal intensity in each

lane, and the averaged values of three biological replicates were

plotted.

Immunofluorescence

Oocytes and embryos were fixed in 4% paraformaldehyde in

PBS for 30 min and permeabilized in PBS containing 0.2%

Triton X-100 for 20 min. After being blocked with 1% bovine

serum albumin in PBS, the oocytes were incubated with primary

antibodies for 1 h and sequentially labeled with Alexa Fluor 594-

or 488-conjugated secondary antibodies and 40,6-diamidino-2-

phenylindole (DAPI) for 30 min. Oocytes were imaged using a

Zeiss LSM710 confocal microscope. The antibodies used are

listed in Table EV2.

Detection of transcription in oocytes

To detect the transcriptional activity, oocytes were cultured in M16

medium containing 1 mM 5-ethynyl uridine (EU) for 1 h. EU stain-

ing was performed using a Click-iT� RNA Alexa Fluor� 488 Imaging

Kit (Life Technologies) according to the manufacturer’s instructions.

The mean signals were measured across the middle of each oocyte

and quantified using ImageJ software.
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MuERV-L 50-LTR::td Tomato reporter assay

The plasmid containing MuERV-L 50-LTR::td Tomato reporter was

previously reported and gifted by the authors [36]. Zygotes were

collected from oviducts of mated female mice at 24 h after hCG

treatment and microinjected with the plasmids containing MuERV-L

50-LTR::td Tomato reporter. Embryos were allowed to develop

in vitro for another 24 h before imaging. In vitro-transcribed and

polyadenylated mRNAs encoding GFP were co-injected as a positive

control reporter.

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. All tests and P values are provided in

the corresponding legends and/or figures.

Data availability

RNA-seq data have been deposited in the NCBI Gene Expression

Omnibus database. GEO accession number: GSE139072 (https://

www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE139072)

Expanded View for this article is available online.
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