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ABSTRACT

Maternal-to-zygotic transition (MZT) is the first and
key step in the control of animal development and
intimately related to changes in chromatin structure
and histone modifications. H2AK119ub1, an impor-
tant epigenetic modification in regulating chromatin
configuration and function, is primarily catalyzed by
PRC1 and contributes to resistance to transcriptional
reprogramming in mouse embryos. In this study, the
genome-wide dynamic distribution of H2AK119ub1
during MZT in mice was investigated using chro-
mosome immunoprecipitation and sequencing. The
results indicated that H2AK119ub1 accumulated in
fully grown oocytes and was enriched at the TSSs
of maternal genes, but was promptly declined af-
ter meiotic resumption at genome-wide including the
TSSs of early zygotic genes, by a previously uniden-
tified mechanism. Genetic evidences indicated that
ubiquitin-specific peptidase 16 (USP16) is the major
deubiquitinase for H2AK119ub1 in mouse oocytes.
Conditional knockout of Usp16 in oocytes did not
impair their survival, growth, or meiotic matura-
tion. However, oocytes lacking USP16 have defects
when undergoing zygotic genome activation or gain-
ing developmental competence after fertilization, po-
tentially associated with high levels of maternal
H2AK119ub1 deposition on the zygotic genomes.
Taken together, H2AK119ub1 level is declined dur-
ing oocyte maturation by an USP16-dependent mech-

anism, which ensures zygotic genome reprogram-
ming and transcriptional activation of essential early
zygotic genes.

INTRODUCTION

Gametes are highly differentiated cell types. During oo-
genesis, oocytes gain competence in accomplishing mei-
otic maturation and prepare for embryonic development
following fertilization (1). Fertilization of the oocyte by
sperm requires major epigenetic remodeling to reconcile
the two parental genomes and allow for the formation of
a totipotent zygote (2). In particular, the paternal genome
arrives densely packed with protamines rather than his-
tones, and the maternal epigenome is highly specialized (3).
During the maternal-to-zygotic transition (MZT), parental
genomes undergo drastic reprogramming (4). The dynamic
histone posttranslational modifications, including acetyla-
tion, phosphorylation, methylation and ubiquitination, me-
diate a wide range of nuclear events during these processes
(5–9). Specific maternal factors must unravel these special-
ized chromatin states to enable zygote genome activation
(ZGA) and development to proceed.

The incorrect settings of these histone markers in cloned
animals have been correlated with their poor develop-
ment potential. Using nuclear transfer to Xenopus and
mouse oocytes, DNA methylation, H2AK119 ubiquitina-
tion, and H3K9 and H3K27 trimethylation have been iden-
tified as major epigenetic configurations that directly re-
sist transcriptional reprogramming by oocyte factors (10–
13). However, the regulators underlying these dynamic hi-
stone modifications post fertilization and their impact on
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the zygotic genome reprogramming remain to be further
explored.

Monoubiquitination of histone H2A at lysine-119
(H2AK119ub1) by polycomb repressive complex 1 (PRC1)
is a non-proteolytic modification (14). H2AK119ub1 alters
the chromatin structure and plays a role in the devel-
opmental regulation of various multicellular organisms
(15). PRC1 is composed of E3 ubiquitin ligase RING1,
its homolog RNF2, and their regulatory subunits. PRC1
acts in the oocytes to establish developmental competence
after fertilization by silencing differentiation-inducing
genes and defining appropriate chromatin states (16).
Genetic ablation of Ring1 and Rnf2 in oocytes results in
loss of H2AK119ub1 accumulation, induction of massive
transcriptional misregulation during oocyte growth and a
developmental arrest at the two-cell stage of embryogenesis
(17). However, the H2AK119ub1 on chromosomes is nearly
undetectable in wild-type (WT) MII oocytes (17), arguing
that this modification may not be passed on directly from
mammalian gametes to the next generation.

The level and distribution of H2AK119ub1 on chro-
matin are highly dynamic, as has been shown in mouse
early embryos during preimplantation development (18).
H2AK119ub1 signal is already present in both male and
female pronuclei immediately after fertilization, but the
H2AK119ub1 level fluctuates during pronuclear develop-
ment and chromatin reorganization. H2AK119ub1 is also
detected in the nuclei of blastomeres of preimplantation em-
bryos; however, its intranuclear distribution shows develop-
mental stage-associated changes. By developing highly sen-
sitive chromatin immunoprecipitation sequencing (ChIP-
seq) approaches, several groups have described the land-
scape of histone H3 modifications, including K4, K9, K27
and K36 trimethylations, from the developing gamete stage
to the post-implantation embryo stage (8,19–22). These epi-
genetic markers have both canonical and non-canonical
patterns of distribution in gametes, undergo drastic redis-
tributions during MZT, and are associated with genome re-
programming. Latest reports have talked about the genome-
wide distribution of H2AK119ub1 in mammalian oocytes
and early embryos (23,24). Loss of H2AK119ub1, but not
H3K27me3, in zygotes leads to premature activation of de-
velopmental genes during ZGA and subsequent embryonic
arrest (23). PRC1 was reported to play key roles in the es-
tablishment of H2AK119ub1 marks of oocytes and early
embryos (17,24), even so, enzymes that antagonize with
PRC1 and remove H2AK119ub1 from chromatin during
oocyte maturation and maternal-to-zygotic transition have
not been investigated.

H2AK119ub1 can be deubiquitinated by a group of deu-
biquitinases (DUBs), also called ubiquitin-specific pepti-
dases (USPs), currently known to include USP3, 12, 16,
21, 22, 28, 32 and 36, BAP1 and MYSM1 (25–32). Among
them, USP16 (also called Ubp-M) was the first DUB of
H2A to be identified and absence of USP16 resulted in an
increase of H2AK119ub1 (not H2BK120ub1) level (14,27).
RNAi depletion of Usp16 in HeLa cells results in slow cell
growth rates owing to impaired mitosis (27). Usp16 knock-
out results in a remarkable increase of H2AK119ub1 level
and the inhibition of lineage-specific gene expression in
ESCs, followed by embryonic lethality in mice (14). Con-

ditional knockout of Usp16 in the bone marrow results in
a significant increase in the global H2AK119ub1 level and
a dramatic reduction in mature and progenitor cell popu-
lations (33). Usp16 has received particular attention in re-
cent years because its location on chromosome 21 and is
a key epigenetic switch that regulates stem cell self-renewal
and senescence in Down syndrome (34,35). As a deubiq-
uitinase, USP16 also regulates the mono-ubiquination of
other substrates. For example, USP16 counteracts mono-
ubiquitination of RPS27a and promotes maturation of the
40S ribosomal subunit (36), and USP16 regulates the deu-
biquitination of calcineurin A to control peripheral T cell
maintenance (37). However, the function of USP16 in germ
cells is unclear. It remains undetermined if USP16 is the ma-
jor H2AK119 DUB in oocytes and if it plays an indispens-
able function in the events of meiosis and genome repro-
gramming during MZT.

In this study, we investigated the dynamic distribution of
H2AK119ub1 and role of USP16 in mouse oogenesis and
MZT. H2AK119ub1 accumulates during oogenesis but was
promptly declined from the condensing chromosomes dur-
ing oocyte meiotic maturation. ChIP-seq studies revealed
that H2AK119ub1 bound to the transcription start sites
(TSSs) of many important genes that regulate early embryo-
genesis. We discovered that conditional deletion of Usp16
in oocytes as early as at the primordial follicle stage did not
impair ovarian follicle development or oocyte meiosis, but
blocked the H2AK119ub1 removal prior to MZT. As a re-
sult, Usp16 deletion prevented ZGA at the two-cell stage
and reduced the developmental potential of preimplanta-
tion embryos.

MATERIALS AND METHODS

Mice

Usp16fl/fl;Gdf9-Cre mice were produced by crossing the
mice bearing the Usp16fl allele with Gdf9-Cre transgenic
mice (38). The insertion sites of LoxP have been illus-
trated in Supplementary Figure S4A. All WT (Usp16+/+)
and cKO (Usp16fl/fl;Gdf9-Cre) mice had a C57BL/6 genetic
background. Mice were maintained 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 pro-
vided ad libitum. Experimental procedures and animal care
were in accordance with the Animal Research Committee
guidelines of Zhejiang University.

Fertility evaluation

Two-month-old WT and Usp16fl/fl;Gdf9-Cre females (n = 5
for each genotype) were maintained in the same cage with
a fertile WT male for at least 6 months. Delivery frequency
and litter size were documented on day 1 of the females giv-
ing birth.

Oocyte collection and culture

Mice (21–23 days old) were injected with 5 IU of PMSG and
humanely euthanized 44 h later. Oocytes at the GV stage
were harvested in M2 medium (M7167; Sigma-Aldrich) and
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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. In some experiments, mil-
rinone (2 �M) was added to the culture media to inhibit
spontaneous GVBD.

Superovulation and fertilization

Female mice (21–23 days old) were intraperitoneally in-
jected with 5 IU of PMSG followed by hCG 44 h later.
Oocyte and cumulus complexes were harvested from the
oviducts 16 h after hCG injection. The numbers of oocytes
were counted after digestion with 0.3% hyaluronidase.
To obtain early embryos, superovulated female mice were
mated with 10–12-week-old WT males. Successful mating
was confirmed by the presence of vaginal plugs. Zygotes
were harvested from the oviducts 28 h after hCG injection.

Immunofluorescence

Oocytes were fixed in 4% paraformaldehyde in PBS for 30
min and permeabilized in PBS containing 0.3% 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 (Molecular
Probes) and 4′,6-diamidino-2-phenylindole (DAPI) for 30
min. Imaging of oocytes after immunofluorescence was per-
formed on a LSM710 confocal microscope (Zeiss). The an-
tibodies used are listed in Supplementary Table S1.

Chromosome spreading and immunofluorescence

Zona pellucida-free oocytes were fixed in a solution con-
taining 1% paraformaldehyde, 0.15% Triton X-100 and 3
mmol/L DTT on glass slides for 30 min and air-dried. Im-
munofluorescent staining was performed as in oocytes de-
scribed above.

Plasmid construction, in vitro mRNA synthesis and microin-
jection

The cDNA encoding human USP16 (NP 001001992.1) was
PCR amplified and cloned into a pcDNA3-derived expres-
sion vector; it was then fused with an N-terminal mCherry
tag. The USP16C205S mutation was generated by PCR-
based point mutagenesis. Plasmids were liberalized using
appropriate restriction enzymes. Then, 5′-capped mRNAs
were synthesized using Sp6 or T7 mMESSAGE mMA-
CHINE Kit (Invitrogen, AM1340 or AM1344) and poly
(A) tails were added using a Poly (A) Tailing Kit (Invitro-
gen, AM1350). The synthesized mRNA was recovered us-
ing lithium chloride precipitation and dissolved in nuclease-
free water.

For microinjection, GV oocytes were collected in M2
medium supplemented with 2 �M milrinone to inhibit
spontaneous germinal vesicle breakdown. All microinjec-
tions were performed using an Eppendorf Transferman
NK2 micromanipulator. Approximately 10 pl synthetic
mRNAs (500 �g/ml) were microinjected into the ooplasm.
After injection, the oocytes were cultured at 37◦C with 5%
CO2.

Detection of transcription and protein synthesis in
oocytes/embryos

To detect transcription activity, the oocytes/embryos were
cultured in M16 medium containing 1 mM 5-ethynyl uri-
dine (EU) for 1 h. EU staining was performed using Click-
iT® RNA Alexa Fluor® 488 Imaging Kit (Life Technolo-
gies), according to the manufacturer’s instructions.

To detect protein synthesis, oocytes/embryos were cul-
tured in M16 medium supplemented with 50 �M L-
homopropargylglycine (HPG) for 1 h. HPG was detected
using Click-iT® HPG Alexa Fluor® Protein Synthesis
Assay Kit (Life Technologies), according to the manufac-
turer’s instructions. The mean cytoplasmic signal was mea-
sured across the middle of each oocyte/embryo and quan-
tified using ImageJ software.

ChIP-seq library preparation and sequencing

ChIP-seq was performed following the previously reported
carrier DNA assisted ChIP-seq (CATCH-Seq) protocol
(39,40). For each immunoprecipitation assay, 200–500
oocytes, zygotes or two-cell embryos, as well as one micro-
gram of H2AK119ub1 antibody (8240, Cell Signaling Tech-
nology) was used. The precipitated DNA was processed
into sequencing libraries using the NEBNext Ultra II DNA
Library Prep Kit for Illumina (E7645, New England Bio-
labs) following the manufacturer’s instructions. Barcoded
libraries were pooled and sequenced on the Illumina HiSeq
X Ten platform.

ChIP-seq data analysis

ChIP-seq reads were trimmed to 50 bp and aligned to
the mouse genome (build mm9) using bowtie2 (v2.3.4.1)
with default parameters. All unmapped reads, non-
uniquely mapped reads and PCR duplicates were re-
moved. H3K4me3 peaks were called using MACS2 (v
2.1.1.20160309) with the following parameters ‘-q 0.05 –
nomodel –nolambda –broad –extsize 300 -B –SPMR -g
mm’ and signal tracks for each sample were generated with
chromstaR (v1.7.3) with parameter binsizes = 1000, step-
sizes = 200. In order to compare ChIP-seq data across dif-
ferent stages, signal tracks were further normalized using
random regions. When defining H2AK119ub1 peaks, low
quality peaks (RPKM < 1, width < 800) were excluded.
Heatmaps were generated using deepTools (v2.5.4). Pro-
moters were defined as +/-2kb regions flanking annotated
TSS. The H2AK19ub1 intensity of promoter regions was
calculated using the bedtools (v2.26.0) ‘coverage’ tool and
statistically significant differences in the H2AK119ub en-
richment between various stages were identified using ‘DE-
Seq2’ R package. H3K4me3/ H3K27me3 ChIP-seq and
RNA-seq data for GV oocytes were downloaded from the
GEO database (GSE71434 and GSE76687).

RNA-seq library preparation and gene expression analysis

Samples (10 embryos per sample) were collected from WT
and Usp16fl/fl;Gdf9-Cre female mice for RNA-seq. Each
sample was directly lysed with 4 �l lysis buffer and immedi-
ately used for cDNA synthesis using the published Smart-
seq2 method. Raw reads were trimmed to 50 bp and were
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mapped to the mouse genome (mm9) using Tophat v2.1.1
with default parameters. The expression level of each gene
was quantified as normalized FPKM (fragments per kilo-
base of exon per million mapped fragments) using Cuf-
flinks v2.2.1. To identify genes functionally vital to oocytes
and to avoid dramatic fold changes due to small changes
of low FPKM values, 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 analy-
ses. The ZGA genes were defined as genes with FC [two-
cell/zygote] > 3.

Improved single-embryo real time PCR

This method was modified from the RNA Smart-seq pro-
tocol. In brief, 6 oocytes/embryos were lysed in 2 �l lysis
buffer (0.2% Triton X-100 and 2 IU/�l RNase inhibitor)
followed by hybridization with random primers (Takara)
and dNTP (Takara) at 72◦C for 3 min and quick chill on
ice. Then the samples were treated for reverse transcription
and amplification with SuperScript II reverse transcriptase
(Thermo Fisher Scientific) solution system at 42◦C for 90
min, ending at 70◦C for 15 min to inactivate the reaction.
The reverse transcription products were diluted and used
as templates for RT-qPCR. Quantitative RT-PCR was per-
formed using a Power SYBR Green PCR Master Mix (Ap-
plied Biosystems, Life Technologies) on the ABI 7500 Real-
Time PCR system (Applied Biosystems) with primers listed
in Supplementary Table S2. Relative mRNA levels were cal-
culated by normalizing to the levels of endogenous Gapdh
mRNA (used as an internal control).

Absolute RT-qPCR

The coding sequence fragments of Usp16/21 were PCR am-
plified from the mouse oocyte cDNA pool wcith their re-
spective PCR primers. Then the Usp16/21 PCR products
were inserted into the plasmid containing Gfp cDNA, re-
spectively. RT-qPCR was performed using Usp16/21 and
Gfp primers and the two plasmids as templates. Respec-
tive cycle thresholds (Cts) for Usp16/21 and Gfp were de-
termined using ABI 7500 Real-Time PCR system (Applied
Biosystems). Relative Usp16 and Usp21 DNA fragments
levels were calculated by normalizing to the levels of Gfp
DNA fragments. Their respective levels were calculated by
2–�Ct, so the primer efficiency of Usp16 and Usp21 is 2
–(Ct1-Ct3)/2 –(Ct2-Ct4); Relative Usp16 and Usp21 mRNA levels
were calculated by normalizing to the levels of endogenous
Gapdh mRNA. Their respective levels are calculated by
2–�Ct (Usp16 or Usp21-Gapdh). Then, relative ratio between Usp16
and Usp21 mRNA is 2–�Ct (Usp16-Gapdh)/2 –�Ct (Usp21-Gapdh).
Absolute ratio between Usp16 and Usp21 mRNA is that rel-
ative ratio divided by primer efficiency.

Parthenogenetic activation

Oocytes were collected from oviducts 16 h after hCG in-
jection, denuded by 0.3% hyaluronidase treatment, and cul-
tured in Ca2+-free CZB buffer with 1 mmol/ml SrCl2·6H2O
for 2–4 h. After 3 h, Parthenogenetic activated oocytes were
washed and cultured in KSOM (Millipore) drops at 37◦C
with 5% CO2.

Histological analysis

Ovaries were collected and then fixed in formalin overnight,
processed, and embedded in paraffin using standard proto-
cols. Ovaries were sectioned at 5 �m and stained with hema-
toxylin and eosin. Immunohistochemistry was performed
using standard protocols. The antibodies used are listed in
Supplementary Table S1.

Western blot analysis

Oocytes were lysed in protein loading buffer and heated
at 95◦C for 10 min. SDS-PAGE and immunoblots were
performed following standard procedures using a Mini-
PROTEAN Tetra Cell System (Bio-Rad, Hercules, CA,
USA). The antibodies used are listed in Supplementary Ta-
ble S1.

Statistical analysis

Results have been expressed as mean ± SEM. Most experi-
ments included at least three independent samples and were
repeated at least three times. 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 have been indi-
cated using asterisks (*), (**), and (***), respectively. ‘n.s.’
indicates non-significant.

RESULTS

Mono-ubiquitination of histone H2A at lysine-119 is dynamic
in oocytes and early embryos

In WT oocytes, including the non-surrounded nucleolus
(NSN) and the surrounded nucleolus (SN) types (41), chro-
mosomal H2AK119ub1 was found to be at a high level
(Figure 1A-B). After germinal vesicle breakdown (GVBD),
however, the H2AK119ub1 level significantly decreased and
was almost undetectable during meiotic maturation. After
fertilization, H2AK119ub1 started to re-accumulate in both
pronuclei. The H2AK119ub1 level then increased during
development from the two-cell stage to the morula stage
and decreased a little at the blastocyst stage (Figure 1A-
B), as previously reported (18). Immunofluorescence results
showed that H2AK119ub1 was rapidly declined from the
chromatin within 1.5 h after release from germinal vesicle
(GV) stage-arrest of the oocytes (Figure 1C), suggesting
that the decrease of H2AK119ub1 level might be coupled
with nuclear envelope breakdown. Unfortunately, we could
not detect endogenous H2AK119ub1 by western blot in GV
oocytes using the commercially available antibodies, either
because the antibodies were not sensitive enough or because
H2AK119ub1 was not abundant in the oocytes.

In addition, we noticed that H2AK119ub1 also dimin-
ished during M-phase in dividing blastomeres of the blasto-
cyst (Figure 1A). Did H2AK119ub1 diminish in each divi-
sion phase? We collected more embryos at different develop-
mental stages and found that chromosomal H2AK119ub1
labeling was still present in mitotic blastomeres of the 2-, 4-
and 8-cell stage embryos but this labeling disappeared dur-
ing mitosis of morula and in blastocyst stage embryos, as
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Figure 1. Dynamic changes in H2AK119ub1 levels in oocytes and early embryos. (A and C) H2AK119ub1 immunofluorescence results in mouse oocytes
and preimplantation embryos at different developmental stages. NSN, non-surrounded nucleolus; SN, surrounded nucleolus. Scale bar, 20 �m. (B) Quan-
tification of H2AK119ub1 signal intensity of (A). The numbers of analyzed oocytes or embryos at each stage were more than eight.
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that in meiosis (Supplementary Figure S1A, B). We spec-
ulated that the diminishment of H2AK119ub1 on mitotic
chromosomes in blastocysts might be related to cell lineage
specifications rather than to the maternal-to-zygotic transi-
tion. Therefore, the decrease of H2AK119ub1 levels during
meiotic division was unique and meaningful.

Deubiquitinase USP16 is highly expressed in mammalian
oocytes and early embryos

Published RNA sequencing (RNA-seq) results showed
that Usp16 was the most abundantly expressed gene in
human/mouse oocytes and early embryos among the genes
encoding potential H2A DUBs (Figure 2A) (20,42). Quan-
titative RT-PCR (RT-qPCR) results showed that the ex-
pression level of murine Usp16 was significantly higher in
oocytes and early embryos than in other tissues, suggesting
that maternal Usp16 played an important role in MZT (Fig-
ure 2B). USP16 protein level remained stable during mei-
otic maturation (Figure 2C, E and F). Western blot and im-
munofluorescence results showed that the antibody was spe-
cific to endogenous USP16 (Supplementary Figure S4C and
I) and USP16 was expressed in oocytes and continued to
accumulate during early embryo development (Figure 2D-
F). Some previous studies suggested that USP16 was cyto-
plasmic (43,44), while some claimed that USP16 was local-
ized in the nucleus to perform the function of deubiquitina-
tion (27,37). Our observation was that USP16 mainly local-
ized in the cytoplasm of oocytes and early embryos (Figure
2E and Supplementary Figure S4B-C). Only after GVBD,
USP16 became distributed in the ooplasm evenly and had
access to the chromatin (Figure 2E). In contrast, RNF2,
the core component of PRC1, was primarily located in the
nucleus at GV stage; it was distributed in the cytoplasm
after nuclear envelop breakdown and gradually accumu-
lated during oocyte maturation. After fertilization, RNF2
was further expressed and mainly localized to the nucleus
(Figure 2C and Supplementary Figure S2). The expression
pattern of RNF2 was consistent with the observation that
H2AK119ub1 re-accumulated in zygotes and early embryos
(Figure 1A, B).

Changes in H2AK119ub1 status during oocyte-to-embryo
transition

To study the role of H2AK119ub1 in early development
in more detail, we determined the H2AK119ub1 enrich-
ment profiles in oocytes and early embryos using ChIP-
seq, and the replicates showed high correlations (Supple-
mentary Figure S3A–C). We identified 45 698, 1354, 37
278 and 45 073 H2AK119ub1 peaks in GV oocytes, MII
oocytes, zygotes and two-cell embryos, respectively (Fig-
ure 3A), consistent with our immunofluorescence results
that H2AK119ub1 decreases during meiotic maturation
and reaccumulates upon fertilization (Figure 1A, B). Com-
pared to the genomic background, H2AK119ub1 is specif-
ically enriched at the promoter regions (Figure 3B).

The H2AK119ub1 correlations for regions around TSSs
were lower than that for regions around gene bodies among
different stages, indicating that most dramatic changes oc-
curred around the TSSs, where H2AK119ub1 levels were

more enriched (Supplementary Figure S3B, C). Clustering
all promoters according to their H3K4me3 (a hallmark for
transcription initiation (45)) and H3K27me3 (which accu-
mulated at a large cohort of silent genes(12)) enrichment
in GV oocytes, and then plotting their H2AK119ub1 sig-
nals and corresponding gene expression levels(20) (Figure
3C), we found that promoter enrichment of H2AK119ub1
in GV oocytes largely resembled that of H3K27me3, which
was more enriched in cluster 2–3 (silent genes) than clus-
ter 1 (active genes) (Figure 3C, D). To our surprise, we
also found the enrichment of H2AK119ub1 at the ac-
tively transcribed genes marked by H3K4me3 (20) (Fig-
ure 3C and E). So, we intended to further assess the re-
lationship between co-occupancy of H2AK119ub1 with
other two histone modifications and mRNA expression
levels (20) of GV oocytes (Figure 3F and Supplemen-
tary Figure S3D). Clustering results revealed 5496 genes
with H2AK119ub1-enriched promoters in the GV oocytes,
which were more abundant than the genes with H3K27me3-
enriched promoters (n = 2989), but less abundant than
H3K4me3-enriched promoters (n = 15 159) (Figure 3F).
Genes with only H3K4me3 at promoters (n = 11 110) were
the most active in GV oocytes (Figure 3F, lane 4). Among
these H3K4me3-modified genes, those also modified by
H2AK119ub1 appeared to have relatively lower expression
levels (20) (Figure 3F, lane 3), indicating that H2AK119ub1
potentially played an inhibitory role in transcription reg-
ulation. H2AK119ub1 usually coexisted with other mod-
ifications and often worked along with H3K27me3 to in-
hibit transcription, which had the strongest inhibiting abil-
ity (Figure 3F, lanes 1–2).

ZGA at the two-cell stage was vital for embryogenesis
and the generated RNAs at that corresponding stage were
remarkably different from those generated in oocytes (46–
49). We have examined the H2AK119ub1 signals at ZGA
genes (i.e. genes with FC [two-cell/zygote] > 3) and ran-
dom genes (a certain number of randomly selected genes)
from GV to two-cell stage with our and the public ChIP-
seq data. H2AK119ub1 signals at ZGA and random genes
were both decreased at MII stage. Until two-cell stage,
H2AK119ub1 signals at random genes were reconstructed
and much higher than that at ZGA genes (Figure 3G and
Supplementary Figure S3E), indicating H2AK119ub1 re-
moval during oocyte maturation might be vital for proper
zygotic H2AK119ub1 reconstruction and ZGA in early em-
bryos. We next identified 329 genes with significant de-
crease of promoter H2AK119ub1 between GV oocytes and
two-cell embryos as ‘two-cell-ub-down’ genes, and simi-
larly identified 2,288 genes with significant decrease of pro-
moter H2AK119ub1 between GV and MII oocytes as ‘MII-
ub-down’ genes (Figure 3H-I). Compared with random
genes, we found that both ‘two-cell-ub-down’ and ‘MII-
ub-down’ genes were relatively more active in two-cell em-
bryos (20) (Figure 3J). Furthermore, H2AK119ub1 lev-
els of most (281/329) ‘two-cell-ub-down’ genes already de-
creased at the MII stage (Figure 3K). Collectively, these
results indicated that maternal H2AK119ub1 removal af-
ter meiosis resumption might be required to maintain
low H2AK119ub1 levels at the promoters of early zygotic
genes, and a prerequisite for their activation in two-cell
embryos.
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Figure 2. Expression of potential H2AK119 deubiquitinating enzymes in oocytes and early embryos. (A) mRNA profiles of putative H2A deubiquitinases
detected in human (left) and mouse (right) oocytes and early embryos using RNA-seq (20,42). TE, trophectoderm; PE, primitive endoderm; ICM, inner
cell mass. (B) RT-qPCR results showing relative expression levels of mouse Usp16 in oocytes, preimplantation embryos and somatic tissues. Gapdh was
used as an internal control. n = 3 biological replicates. (C) Western blot results showing USP16 and RNF2 expression levels in oocytes during meiotic
maturation. Total proteins from 100 oocytes were loaded in each lane. �-tubulin was blotted as a loading control. (D) Western blot results showing USP16
expression levels in embryos at different developmental stages. Total proteins from 100 oocytes were loaded in each lane. GAPDH and �-tubulin was
blotted as a loading control. (E) USP16 immunofluorescence results in mouse oocytes and preimplantation embryos. Scale bar, 20 �m. (F) Quantification
of USP16 signal intensity of (E). The numbers of analyzed oocytes or embryos at each stage were more than eight.

Meiosis-coupled histone H2AK119 deubiquitination does not
occur in Usp16-null oocytes

To investigate the potential role of USP16 in regulating
H2AK119ub1, as well as the physiological significance of
this regulation in MZT, we performed conditional knockout
(cKO) of USP16 in mouse oocytes at as early as the primor-
dial follicle stage using Gdf9-Cre (Supplementary Figure
S4A). Efficient USP16 protein depletion in oocytes was con-
firmed using immunohistochemistry, immunofluorescence
and western blot (Supplementary Figure S4B, C and I).
Usp16fl/fl;Gdf9-Cre adult females displayed normal ovarian
histology (Supplementary Figure S4D). Ovaries of puber-
tal Usp16fl/fl;Gdf9-Cre mice (3-week-old) contained multi-

ple growing antral follicles 44 h after pregnant mare serum
gonadotropin (PMSG) injection (Supplementary Figure
S4E, upper panels). After human chorionic gonadotropin
(hCG) injection, Usp16fl/fl;Gdf9-Cre females ovulated nor-
mally (Supplementary Figure S4E, lower panels). Similar
numbers of ovulated oocytes were observed in the oviducts
of WT and Usp16fl/fl;Gdf9-Cre females, whether pubertal
females or adult females (Supplementary Figure S4F). The
ovulated Usp16-null oocytes could develop to the MII stage;
each contained a normal-shaped spindle and was attached
to an emitted polar body-1 (PB1, Supplementary Figure
S4G-H). Maternal proteins important for female fertility,
including RNF2, ZAR1 and BTG4, had normal expres-
sion patterns, as seen in WT oocytes (Supplementary Figure
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Figure 3. Changes in H2AK119ub1 status during oocyte-to-embryo transition. (A) Bar chart showing the number of H2AK119ub1 peaks located in TSS,
TES, gene body and intergenic regions in oocytes and early embryos. (B) Genomic distribution of mouse genome (left) and H2AK119ub1 peaks in GV
oocytes (right). (C) Heatmap showing histone modification enrichment at individual promoters in oocytes and early embryos, and gene expression levels
in GV oocytes. Promoters were clustered into four groups using k-means clustering based on H3K4me (20)3 and H3K27me3 (62) signals in GV oocytes.
(D) Genome browser view showing H3K4me3 and H3K27me3 enrichment in GV oocytes and H2AK119ub1 enrichment in oocytes and early embryos near
Pax2. (E) Heatmap showing H3K4me3 (first column), H3K27me3 (second column) and H2AK119ub1 (third column) enrichment in individual genes in GV
oocytes. Genes were sorted by expression level (FPKM). (F) Relationship between mRNA expression levels and enrichment of three histone modifications
(H3K4me3, H3K27me3 and H2AK119ub1) on promoter regions in WT GV oocytes. Promoters were clustered into five groups using k-means clustering
based on H3K4me3, H3K27me3 and H2AK119ub1 signals in GV oocytes. (G) Metaplot showing H2AK119ub1 enrichment of ZGA genes and random
genes (identical numbers) in GV, MII oocytes and two-cell stage embryos. (H) Metaplot showing H2AK119ub1 enrichment of ‘two-cell-ub-down’ genes
over promoter regions in oocytes and early embryos. (I). Metaplot showing H2AK119ub1 enrichment of ‘MII-ub-down’ genes over promoter regions in
oocytes and early embryos. (J). Boxplot showing expression levels of ‘two-cell-ub-down’ and ‘MII-ub-down’ genes in oocytes and early embryos (20). The
expression of genes randomly selected was as a control. The lower and upper hinges correspond to the first and third quartiles. Thick lines in boxes indicate
the medians. The upper whisker extends from the hinge to the largest value no further than 1.5 × IQR from the hinge (where IQR is the inter-quartile
range, or distance between the first and third quartiles). The lower whisker extends from the hinge to the smallest value at most 1.5 × IQR of the hinge.
(K) Venn diagram showing overlap of ‘two-cell-ub-down’ and ‘MII-ub-down’ genes.
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S4I). These results indicated that USP16 is dispensable for
meiotic cell cycle progression in oocytes.

Immunofluorescence analysis indicated that the
H2AK119ub1 level was not altered in the fully grown
oocytes isolated from antral follicles of Usp16fl/fl;Gdf9-Cre
females (Figure 4A and C). However, H2AK119ub1 failed
to be removed from the condensed chromosomes in Usp16-
null oocytes at the MI and MII stages (Figure 4B and C). In
a rescue experiment, ectopic expression of mCherry-USP16
in Usp16-null oocytes by mRNA microinjection could not
remove H2AK119ub1 from the chromosomes at GV stage,
as we speculated (Supplementary Figure S5A-B), but could
at MI stage (Figure 4D–F). Cysteine-205 of USP16 was
vital for its deubiquitinase activity; as a negative control,
when mCherry-USP16C205S was expressed in Usp16-null
oocytes, it failed to remove H2AK119ub1 from the chro-
mosomes (Figure 4D–F), indicating that the deubiquitinase
activity of USP16 is essential for H2AK119ub1 removal in
maturing oocytes.

We then asked whether the H2AK119 deubiquitination
activity of USP16 is unique or it can be substituted by other
H2AK119ub1-targeted DUBs. We compared the expres-
sion levels of Usp16 and Usp21 in GV oocytes by absolute
RT-qPCR and found Usp16 was more than 5-fold higher
than that of Usp21 (Figure 4K). And deletion of Usp16 did
not substantially change the expression levels of mRNAs
encoding other DUBs (Supplementary Figure S5C). We
introduced ectopic expression of mCherry-USP21 in GV
oocytes by microinjection and observed that USP21 also
localized in the ooplasm and decreased the H2AK119ub1
level slightly (Figure 4G-H). Similar to USP16, however,
overexpression of USP21 in Usp16-null oocytes was able
to decline the H2AK119ub1 signals on condensed chromo-
somes after meiotic resumption (Figure 4I, J). These results
indicate that besides USP16, there were other DUBs that
possessed H2AK119 deubiquitination activity in oocytes,
but their protein levels were normally too low to support
their function.

It has been reported in cultured somatic cell lines that
USP16-dependent H2AK119 deubiquitination is a prereq-
uisite for histone H3 serine-10 phosphorylation (H3S10ph)
during mitosis entry(27). However, in Usp16-null MI
oocytes, H3S10ph levels were comparable to that in WT
oocytes at the same stage (Supplementary Figure S5D, E).

Usp16 knockout affects H2AK119ub1 distribution after
meiosis resumption

To determine the genome-wide H2AK119ub1 changes af-
ter maternal Usp16 knockout, we performed H2AK119ub1
ChIP-seq with GV and MII oocytes of WT and
Usp16fl/fl;Gdf9-Cre mice. Consistent with the immunoflu-
orescence results, Usp16 knockout led to high level of
H2AK119ub1 at MII stage (Figure 5A). And for the
previously described ‘MII-ub-down’ genes, H2AK119ub1
was indeed retained around their TSS in Usp16−/− MII
oocytes (Figure 5B and E). We identified 1274 genes with
promoter H2AK119ub1 levels up-regulated in Usp16−/−
MII oocytes as ‘cKO MII-ub-up’ genes, 51% of which
belonged to ‘MII-ub-down’ genes (Figure 5C). ‘CKO MII-
ub-up’ genes were generally activated during normal ZGA

(Figure 5D). We also found that maternal USP16 deletion
disrupted the deubiquitination of Klf10 and Hspa2, two
ZGA genes, at their promoter regions, which might lead
to the failure of ZGA (Figure 5E). In sum, these results
further suggested that maternal H2AK119ub1 removal by
USP16 during oocyte maturation might be vital for proper
zygotic H2AK119ub1 reconstruction and ZGA in early
embryos. This hypothesis would be further examined in the
following experiments.

Maternal Usp16-deleted two-cell embryos display ZGA de-
fects

Though H2AK119ub1 level was high in Usp16-null MII
oocytes, it seemed comparable in WT and maternal Uspl6
knockout (cKO) zygotes (Supplementary Figure S6A-B). It
may well be that the enrichments of H2AK119ub1 at in-
dividual gene were different and the difference could not
be observed simply by immunofluorescence. To investigate
the direct or indirect effects of maternal Usp16 deletion on
ZGA, we subjected samples of zygotes and two-cell stage
embryos of both genotypes to RNA-seq analyses, and all
replicates showed high correlations (Supplementary Figure
S6C).

Only 15 and 7 transcripts were up-regulated [fold
change (cKO/WT) > 3] and down-regulated [fold change
(WT/cKO) > 3] in the maternal Uspl6 knockout zygotes
(Figure 6A, left panel). At the two-cell stage, 1940 tran-
scripts were down-regulated (Figure 6A, right panel), 31%
of which were ZGA genes (Figure 6B), indicating the fail-
ure of ZGA. Both ‘cKO two-cell down/up’ genes were sim-
ilarly enriched in the clusters with high levels of H3K4me3,
relatively low levels of H2AK119ub1 and H3K27me3 (Fig-
ure 6C, D). Compared to up-regulated genes, ‘cKO two-cell
down’ genes were more enriched in H2AK119ub1 demar-
cated clusters (K4 + K27 + ub and K4 + ub), indicating
the genes with more H2AK119ub1 enrichment at GV stage
may be more sensitive to USP16 and down-regulated when
ZGA happened without H2A deubiquitination (Figure 6C,
D). We divided ZGA genes into USP16-insensitive and -
sensitive ZGA genes (Figure 6B) and found H2AK119ub1
signals at USP16-sensitive ZGA genes were higher than
those at USP16-insensitive ZGA genes at the GV stage in
both our and the public ChIP-seq data (Figure 6E, right
panel and Supplementary Figure S6D). USP16-sensitive
ZGA genes also showed lower H3K4me3 enrichment at the
two-cell stage (Figure 6E, left panel) and higher H3K27me3
enrichment at the GV and MII stage (Figure 6E, middle
panel) than USP16-insensitive ZGA genes. Taken together,
USP16-sensitive ZGA genes may have higher repressive hi-
stone modifications in oocytes. Besides, the down-regulated
ZGA genes had higher fold change of H2AK119ub1 levels
than up-regulated ZGA genes at the MII stage after Usp16
deletion (Supplementary Figure S6E). H2AK119ub1 level
of non-differentially expressed ZGA genes also increased as
down-regulated ZGA genes in Usp16−/− MII oocytes, im-
plying the transcriptional inhibition role of H2AK119ub1
might not be very strict, or these genes might be simultane-
ously regulated by H2AK119ub1 and other modifications
(Supplementary Figure S6E). Conversely, ZGA genes that
retained higher H2AK119ub1 levels at the MII stage after



5608 Nucleic Acids Research, 2022, Vol. 50, No. 10

Figure 4. Maternal USP16 deletion impaired H2AK119ub1 decline after meiosis resumption. (A, B) Levels of H2AK119ub1 in GV (A), MI and MII
(B) oocytes of WT and Usp16fl/fl;Gdf9-Cre females. Centromeres and DNA were labeled using CREST (green) and DAPI (blue), respectively. Scale bar,
5 �m. (C) Quantification of H2AK119ub1 signal intensity of (A) and (B). The numbers of analyzed oocytes at each stage were indicated. Error bars,
SEM. **P < 0.01, ***P < 0.001 by two-tailed Student’s t-test. n.s.: non-significant. (D) Western blot results showing the overexpression of active/inactive
USP16 in oocytes after mRNA microinjection. Total proteins from 100 oocytes were loaded in each lane. �-tubulin was blotted as a loading control.
(E) Immunofluorescence showing levels of H2AK119ub1 of WT and Usp16fl/fl;Gdf9-Cre oocytes, as well as Usp16fl/fl;Gdf9-Cre oocytes overexpressing
USP16 and USP16C205S. All the oocytes were analyzed at the MI stage. Scale bar, 20 �m. (F) Quantification of H2AK119ub1 signal intensity of (E). Error
bars, SEM. **P < 0.01, ***P < 0.001 by two-tailed Student’s t-test. (G) Immunofluorescence of H2AK119ub1 in GV oocytes with/without exogenous
USP21. Scale bar, 20 �m. (H) Quantification of H2AK119ub1 signal intensity of (G). Error bars, SEM. *P < 0.05 by two-tailed Student’s t-test. (I).
Immunofluorescence showing levels of H2AK119ub1 in WT and Usp16fl/fl;Gdf9-Cre oocytes, as well as Usp16fl/fl;Gdf9-Cre oocytes overexpressing USP21.
Scale bar, 20 �m. (J) Quantification of H2AK119ub1 signal intensity of (I). Error bars, SEM. ***P < 0.001 by two-tailed Student’s t-test. (K) RT-qPCR
results showing the relative expression levels of Usp16 and Usp21 in oocytes. n = 3 biological replicates. Error bars, SEM. ***P < 0.001 by two-tailed
Student’s t-test.

Usp16 deletion had more severe defects in gene expression
at the two-cell stage (Supplementary Figure S6F). These re-
sults further confirmed that the retention of H2AK119ub1
after meiosis resumption was associated with impaired
ZGA. H2AK119ub1 removal during meiosis controlled the
transcriptional responses at two-cell stage both directly or
indirectly.

We further analyzed the transcriptional activity in two-
cell embryos generated after maternal Usp16-deletion. To
label the newly synthesized RNAs, EU was added to the

medium 1 h before fixation of control and cKO embryos.
Weaker EU signals were detected in cKO embryos (Fig-
ure 6F, G). This observation was consistent with the im-
munofluorescence staining result of phosphorylated RNA
polymerase II at serine-2 (PolIISer2P, a marker of RNA
polymerase II activation) (Figure 6F-G). The impaired
ZGA in cKO embryos was validated by the RT-qPCR re-
sults, which demonstrated that known early zygotic genes
were expressed at compromised levels at the two-cell stage
(Figure 6H). These genes included Zscan4 family members,
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Figure 5. Impact of maternal Usp16 knockout on genomic H2AK119ub1 distribution. (A) The genome browser view showing H3K4me3, H3K27me3 and
H2AK119ub1 near Hoxa cluster at indicated developmental stages. (B) Metaplot showing H2AK119ub1 enrichment of ‘MII-ub-down’ genes over promoter
regions in WT and Usp16fl/fl;Gdf9-Cre oocytes. (C) Venn diagram showing overlapping of ‘MII-ub-down’ and ‘cKO MII-ub-up’ genes. (D) Boxplot showing
expression levels of ‘cKO MII-up’ genes in oocytes and early embryos (20). (E) The genome browser view showing H2AK119ub1 enrichment near Klf10
and Hspa2 at indicated developmental stages.

which maintain totipotency in two-cell embryos and two-
cell-like stem cells(50,51); Klf10, which was transcription
related (52); as well as other early zygotic genes (Zfp352,
Cdk16, Phlda2, Ankrd22 and Hspa2) with undetermined
functions in maternal zygotic transition. Among these,
Klf10 and Hspa2 belonged to the group of ‘MII-ub-down’
genes and ‘cKO MII-ub-up’ genes and Hspa2 also belonged
to ‘two-cell-ub-down’ genes (Figure 5E). These results indi-
cated that ZGA was impaired by maternal Usp16 deletion
directly or indirectly.

To determine whether the impaired ZGA was directly
caused by the absence of H2AK119ub1 deubiquitination
after Usp16 deletion, we overexpressed mCherry-USP16
in fully grown Usp16-null oocytes by mRNA microinjec-
tion. Sixteen hours after the oocytes were released from
milrinone, mature MII oocytes were then subjected to
parthenogenetic activation (PA) treatment. WT and Usp16-
null oocytes injected with H2O were used as controls. In
this experiment, PA, instead of in vitro fertilization (IVF),
was used to induce ZGA because the in vitro cultured and
microinjected oocytes usually had low fertilization rates
via IVF. After another 30 h culture in vitro, partheno-
genetic two-cell embryos were collected for detecting the
expression of early zygotic genes using RT-qPCR, as illus-
trated in Figure 6I. The exogenous expression of catalyti-
cally active/inactive USP16 in WT oocytes did not affect
the timing of embryo development (Supplementary Fig-
ure S6G, H), so we could conduct this experiment. Simi-

lar to the results in in vivo fertilized two-cell embryos, these
genes were transcriptionally activated in parthenogenetic
Usp16♀+ embryos but were at lower levels in Usp16♀− em-
bryos. Ectopic USP16 expression partially restored the ex-
pression of these early zygotic genes (Figure 6J), suggesting
that USP16-mediated H2AK119ub1 deubiquitination are
important for ZGA.

Maternal USP16 deletion in mice causes female subfertility

To determine the in vivo significance of USP16-mediated
H2AK119 deubiquitination during MZT, we analyzed
the fertility of Usp16fl/fl;Gdf9-Cre females by crossing
them with adult WT males. In the 8-month fertility test,
Usp16fl/fl;Gdf9-Cre females showed reduced fertility (Fig-
ure 7A); the litter size was significantly smaller than that
of WT females (Figure 7B), but the average number of
litters per female was close to normal levels (Figure 7C).
We then studied the development of zygotes derived from
Usp16fl/fl;Gdf9-Cre females. Superovulated Usp16fl/fl;Gdf9-
Cre females were crossed with fertile WT males, and suc-
cessful coitus was confirmed by the presence of vagi-
nal plugs. The resulting maternal Usp16-deleted embryos
(Usp16♀−/♂+) had a prolonged two-cell stage compared
to that of WT controls (Usp16♀+/♂+) and only 50% of
them could develop to the four-cell stage. However, most
Usp16♀−/♂+ embryos that had escaped from the two-cell
arrest could successfully develop to the blastocyst stage
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Figure 6. USP16 deletion in oocytes caused ZGA failure in the two-cell embryos. (A) Scatter plot comparing the transcripts of WT and maternal Usp16
knockout embryos (zygotes and two-cell stage embryos). Transcripts that increased or decreased by more than 3-fold in maternal Usp16 knockout embryos
are highlighted in red or blue, respectively. (B) Venn diagrams showing the overlap of transcripts that were significantly degraded in maternal Usp16
knockout two-cell stage embryos and ZGA genes. (C, D). Bar plot showing enrichment of all, ‘cKO two-cell up’ and ‘cKO two-cell down’ genes from
RNA-seq data and the genes from (H) in clusters of Figure 3C (C) and F (D). (E) Boxplot showing H3K4me3/H3K27me3/H2AK119ub1 enrichment
at USP16-insensitive and -sensitive ZGA genes at indicated stages. ‘Ran’, ‘Insen’ and ‘Sen’ represented random genes, USP16-insensitive ZGA genes and
USP16-sensitive ZGA genes, respectively. (F) Levels of EU and PolIISer2P in two-cell embryos of WT and Usp16fl/fl;Gdf9-Cre females. Scale bar, 20 �m.
(G) Quantification of EU and PolIISer2P signal intensity in two-cell stage embryos of WT and Usp16fl/fl;Gdf9-Cre females. The numbers of analyzed
embryos were indicated (n). Error bars, SEM. *P < 0.05 using two-tailed Student’s t-test. (H) RT-qPCR results showing the relative levels of indicated
transcripts in zygotes and two-cell embryos of WT and Usp16fl/fl;Gdf9-Cre females. n = 3 biological replicates. Error bars, SEM. *P < 0.05, **P < 0.01,
***P < 0.001 using two-tailed Student’s t-tests. (I) Schematic diagram showing the generation of parthenogenetic embryos with different genotypes as
well as USP16 over-expression. (J). RT-qPCR results showing the relative levels of indicated transcripts in zygotes and two-cell embryos of WT and
Usp16fl/fl;Gdf9-Cre females, as well as Usp16fl/fl;Gdf9-Cre oocytes overexpressing USP16 in vitro. n = 3 biological replicates. Error bars, SEM. *P < 0.05,
**P < 0.01, ***P < 0.001 using two-tailed Student’s t-test.
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Figure 7. Maternal deletion of USP16 caused female subfertility owing to impaired early embryogenesis. (A) Cumulative pup numbers per female WT and
Usp16fl/fl;Gdf9-Cre mice. The numbers of analyzed mice have been indicated (n). Error bars, S.E.M. *P < 0.05 using two-tailed Student’s t-test. (B) Number
of pups per litter. Error bars, S.E.M. ***P < 0.001 using two-tailed Student’s t-test. (C) Number of litters per female mouse during eight months for fertility
tests. Error bars, S.E.M. n.s.: non-significant. (D) Representative images of preimplantation embryos derived from WT and Usp16fl/fl;Gdf9-Cre females at
the time when WT embryos reached the indicated stages. ‘♂’ and ‘♀’ were used to refer to paternal and maternal alleles, respectively. Scale bar, 100 �m.
(E) Quantification of preimplantation embryos of different genotypes at the time when WT embryos reached the indicated stages. The numbers of analyzed
embryos have been indicated (n). Error bars, S.E.M. *P < 0.05, ***P < 0.001 using two-tailed Student’s t-test. (F) Immunofluorescent staining showing
the expression of USP16 in WT and Usp16♀−/♂+ embryos. Scale bar, 20 �m. (G) Schematic diagram showing the generation of embryos by parents of
different genotypes. (H). Representative images of WT and Usp16♀−/♂− embryos at 104 h after hCG injection. (I) Immunofluorescence of CDX2 and
Nanog in embryos at the time when WT embryos developed to the morula and blastocyst stages. Scale bar, 20 �m. (J) The number of blastomeres per WT
or Usp16♀−/♂− embryo at 80 h after hCG injection, when the WT embryos developed to the morula stage. The numbers of analyzed embryos have been
indicated (n). Error bars, S.E.M. ***P < 0.001 using two-tailed Student’s t-test.



5612 Nucleic Acids Research, 2022, Vol. 50, No. 10

(Figure 7D-E). Because the paternal Usp16 allele was in-
tact in Usp16♀−/♂+ embryo and re-express at two-cell stage
(Supplementary Figure S6I), we detected the expression of
USP16 in these embryos by immunofluorescence. USP16
signal was undetectable in Usp16♀−/♂+ embryos at the four-
cell stage but was present in those that developed into blas-
tocysts (Figure 7F). These results suggested that the expres-
sion of paternal USP16 after the two-cell stage partially res-
cued the developmental defects in Usp16♀−/♂+ embryos.

To test this hypothesis, we developed Usp16fl/−;Stra8-Cre
male mice, with Usp16 knockout in the male germline (Fig-
ure 7G). When Usp16fl/fl;Gdf9-Cre females were mated with
these males, the resultant Usp16♀−/♂− embryos exhibited
severe developmental defects because of ablated USP16 ex-
pression (Figure 7E and G). Similar to the Usp16♀−/♂+ em-
bryos, 50% Usp16♀−/♂− embryos were blocked at the two-
cell stage. However, the embryos that escaped from the two-
cell arrest were blocked at the morula stage (Figure 7E and
H). Only a few blastomeres of the Usp16♀−/♂− embryos
expressed caudal type homeobox 2 (CDX2, a functional
marker for trophectoderm (TE)) and Nanog (a functional
marker for inner cell mass (ICM)), indicating that the blas-
tomeres in these developmentally arrested embryos failed to
acquire a TE or an ICM cell fate (Figure 7I). Besides, many
blastomeres in Usp16♀−/♂− embryos had fragmented nuclei
(Figure 7I), suggesting potential roles of USP16 in genome
stability maintenance during embryogenesis. Though the
developmentally arrested Usp16♀−/♂− embryos appeared
compacted (Figure 7H), the number of blastomeres of these
embryos was fewer than that of WT morula (Figure 7J).
These results indicated that: (i) maternal USP16 deletion
caused partial early developmental arrest after fertilization;
and (ii) zygotically expressed USP16 quickly substituted for
maternal USP16 in supporting embryo development be-
yond the morula stage.

DISCUSSION

Studies in model systems including Drosophila, zebrafish,
Xenopus and mouse have indicated that H2AK119ub1 is
a fundamental epigenetic marker that controls many cru-
cial cellular processes in development and homeostasis
maintenance (53,54). Mammalian oocytes and embryos
also undergo drastic epigenetic changes during develop-
ment (2,5). Like other histone modifications, H2AK119ub1
is a reversible mark. Its levels are determined by a bal-
ance between PRC1-mediated H2AK119 ubiquitination
and H2AK119 DUB-mediated deubiquitination (55). How-
ever, neither the significance of H2AK119ub1 during the
MZT process, nor the potential H2AK119 DUB has been
verified in mammalian oocytes or early embryos.

Previously, maternal H2AK119ub1 was found to be
maintained at a high level by PRC1 in GV oocytes and un-
detectable in MII oocytes (16,17). Then H2AK119ub1 con-
tinued to be present in the pronuclei of zygotes and nuclei
of preimplantation embryos (18). Our H2AK119ub1 im-
munofluorescence results are consistent with these observa-
tions. However, we further detected the prompt decrease in
H2AK119ub1 in the time frame following meiotic resump-
tion, indicating that the removal of H2AK119ub1 could
be a novel epigenetic marker of meiotic resumption. The

present study revealed that the key DUB in oocytes was
USP16, which was localized in the ooplasm before meiotic
resumption. Upon nuclear envelope breakdown, USP16 ac-
quired access to chromatin to remove H2AK119ub1. At the
same time, components of the nuclear factor PRC1 were re-
leased into the cytoplasm and could not catalyze ubiquity-
lation of histone H2A possibly because the chromatin was
condensed at this state. After fertilization, the chromatin be-
came decondensed and the PRC1 components reloaded on
the chromatin of both the pronuclei to generate embryonic
H2AK119ub1, which was maintained at a higher level dur-
ing subsequent embryo development (Figure 8).

During oogenesis, PRC1 repressed aberrant transcrip-
tion to specify maternal factors in the cytoplasm and on
chromosomes to contribute to the embryo developmen-
tal potential (17). RNF2 and its paralog RING1, the two
core PRC1 components, are the main enzymes responsi-
ble for H2AK119ub1 in oocytes (17). Maternal deficiency
for Rnf2 and Ring1 resulted in undetectable H2AK119ub1,
massive transcriptional misregulation in oocytes, impaired
ZGA, and embryo development blocking at the two-cell
stage that followed (17). Nevertheless, it is not clear whether
PRC1 works that way by blocking the elongation of RNA
polymerase through H2AK119ub1 or not, because non-
enzymatic PRC1 could also repress transcription by com-
pacting chromatin directly, blocking remodeling and in-
hibiting transcription initiation (56). In a recent study, Jul-
lien et al. used the nuclear transfer strategy to identify genes
in MEF nuclei whose epigenetic configuration directly re-
sisted transcriptional reprogramming (10). Overexpression
of the chromatin modifier USP21, another H2AK119ub1
DUB, in advance could reduce the H2AK119ub1 level, al-
leviate transcriptional reprogramming resistance, and pro-
mote embryo development after nuclear transplantation
(10), suggesting that the destabilization of innate epigenetic
repression on genes critical for safeguarding the identity of
a cell was indispensable to the reestablishment of gene ex-
pression patterns. Identifying definitive evidence that proves
the function of H2AK119ub1 in transcriptional repression
in vivo has remained a challenge in oocytes and early em-
bryos. In our study, we first determined the significance
of H2AK119ub1 and its reduction in ZGA in vivo. Defec-
tive H2AK119ub1 deubiquitination after GVBD by mater-
nal Usp16 knockout did not affect meiosis, but impaired
ZGA and subsequent early embryonic development, due to
the failure of zygotic genome reprogramming. Overall, the
proper establishment and timely removal of H2AK119ub1
in oocytes were both vital for early embryo development.

Further insight into the role of H2AK119ub1 came from
the findings of ChIP-seq studies. H2AK119ub1 specifically
deposited at gene promoters in oocytes and embryos, im-
plying its role in transcriptional regulation. By comparing
the ChIP-seq results with the RNA-seq results at the GV
stage, it was possible to gain insight into the negative cor-
relation between H2AK119ub1 levels and gene expression.
Although H2AK119ub1 existed in the entire genome, it pre-
ferred to accumulate at the genes with low expression levels.

It has been reported that multiple epigenetic marks
localize on distinct genomic regions and regulate tran-
scription at a single-gene level (57,58). Therefore, we
checked the correlation of H2AK19ub1 with other his-
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Figure 8. A diagram showing the significance of H2AK119ub1 removal by USP16 during MZT. During follicle growth, H2AK119ub1 was maintained at
a high level by PRC1 in the oocytes. A H2AK119 deubiquitinase USP16 was expressed in the ooplasm but did not have access to the chromatin. At meiosis
resumption, maternal H2AK119ub1 was deubiquitinated by USP16 soon after nuclear membrane breakdown to prepare for epigenetic reprogramming.
After fertilization, maternal RNF2 protein stored in the ooplasm returned to nucleus to mediate reconstruction of zygotic H2AK119ub1. The deletion of
maternal Usp16 had little effect on oocyte growth and meiosis, but caused maternal H2AK119ub1 not to be removed during meiosis and to be abnormal
at individual ZGA genes in subsequent embryos. USP16 ensured zygotic genome reprogramming and embryonic development in order.

tone modifications in oocytes (Figure 3C–F). H2AK119ub1
tended to be deposited at both H3K27me3-enriched
domains and H3K4me3-enriched domains, indicating
that H2AK119ub1 indeed preferred to function together
with other histone modifications. The genes enriched by
H3K4me3 usually had high expression level and the genes
enriched by H3K27me3 usually had low expression level,
consistent with their transcriptional regulation activity. The
genes enriched by H2AK119ub1 and H3K4me3 had lower
expression levels than those enriched only by H3K4me3,
indicating that H2AK119ub1 potentially played an in-
hibitory role in transcription regulation. Moreover, the ex-
pression levels of the genes enriched by H2AK119ub1 and
H3K27me3, as well as the genes enriched by H2AK119ub1,
H3K4me3 and H3K27me3 were much lower. In conclusion,
a variety of histone modifications cooperated to regulate
gene transcription in mouse oocytes.

By analyzing RNA-seq result, we found 409 and1940
transcripts were up- and down-regulated respectively in
cKO two-cell stage embryos. Though all the changed
genes preferred to belong to the clusters with high lev-
els of H3K4me3, relatively low levels of H2AK119ub1
and none H3K27me3, there were more H2AK119ub1 en-
riched clusters (K4 + K27 + ub and K4 + ub) in down-
regulated genes (Figure 6C-D), indicating the genes with
more H2AK119ub1 at GV stage were more sensitive and
down regulated when ZGA happened without deubiquiti-
nation during meiosis. H2AK119ub1 removal during meio-
sis controlled the transcriptional responses at two-cell stage
in a direct or indirect manner. As for genes in Figure 6H,
the number was too little to perform such enrichment anal-

ysis or to get meaningful results (Figure 6C, D). Besides,
only 9.4% of 329 ‘two-cell-ub-down’ genes and 7.6% of
2288 ‘MII-ub-down’ genes were down-regulated (data not
shown) in maternal Usp16-deleted two-cell embryos, sug-
gesting that more ZGA genes were regulated by USP16
indirectly. However, almost all these down-regulated ‘two-
cell-ub-down’ genes (90.0%) were included in these down-
regulated ‘MII-ub-down’ genes.

Recently, another two labs also focused on the
complicated interaction of these epigenetic marks in
mouse oocytes and early embryos (23,24). Reduction of
H2AK119ub1 in oocytes led to H3K27me3 loss at a subset
of genes and this accompanying gene-selective H3K27me3
deficiency caused loss of H3K27me3-dependent imprinting
in embryos (24). In contrast, H2AK119ub1 depletion in zy-
gotes had no effect on H3K27me3 imprinting maintenance
(23). Besides, maternal PRC2 knockout had little effect on
global H2AK119ub1 in early embryos but disrupt allelic
H2AK119ub1 at H3K27me3 imprinting loci (23). The true
director of two modifications would be further studied to
clarify. In addition, clear signal for H2AK119ub1 could be
found in WT MII oocytes from their CUT&RUN results,
which seemed different from ours. We think the key is the
unused spike-ins when analyzing their profile. Actually,
although CUT&RUN method is sensitive, it is not suitable
for direct comparison of signal levels among different sam-
ples without spike-ins (59), so we performed H2AK119ub1
profiling using a widely used method based on the con-
ventional ultra-low-input ChIP-seq (i.e. the conventional
RPKM normalization) instead of CUT&RUN, and took
advantage of the relatively high background to normalize
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H2AK119ub1 levels among samples (8,20,22,60–62). With
this normalization strategy, we could clearly observe a
drastic reduction of global H2AK119ub1 levels in MII
oocytes, which was also supported by our and other
published immunostaining results.

ZGA at the two-cell stage was vital for embryo develop-
ment. The mRNA profile at the two-cell stage was markedly
different from that in oocytes (46–49). Changed histone
modifications lead to distinct transcription frequencies of
different genes. At the two-cell stage, H2AK119ub1 levels
on the promoters of ZGA genes were lower than that of
other genes. The decrease in H2AK119ub1 was partly due
to its extensive removal by USP16 during meiotic matura-
tion. Genes with decreased H2AK119ub1 levels at the MII
and two-cell stages were transcriptionally activated at the
two-cell stage. This fact supports our hypothesis that mater-
nal H2AK119ub1 removal after meiosis resumption is vital
for ZGA.

Acute H2AK119ub1 depletion at zygote stage caused
premature activation of developmental genes during ZGA
and subsequent embryonic arrest at the 4-cell stage (23).
However, maternal Usp16-deleted embryos exhibited se-
vere defects in ZGA and a low developmental poten-
tial at the two-cell stage, indicating the significance of
USP16-mediated large scale H2AK119ub1 removal from
maternal genome during meiosis. USP16 is required for
H2AK119ub1 decline during oocyte meiotic maturation be-
cause it is the only H2AK119ub1 DUB that is highly ex-
pressed in this process. Besides USP16, other DUBs such
as USP21 may serve a partially redundant maternal func-
tion, because approximately 60% of the Usp16♀−/♂+ and
Usp16♀−/♂− embryos develop beyond the two-cell stage.
Although USP21 expresses at a lower level than USP16,
it is biochemically capable of removing ubiquitin from hi-
stone H2AK119, as shown in Figure 4I, J. In the ab-
sence of USP16, USP21 may still be able to remove a
portion of H2K119ub1 from the maternal chromatin, al-
beit at a slower rate than normal, causing the develop-
ment of some of the Usp16-deleted embryos beyond the
two-cell stage. In addition, it is likely that zygotic USP16
continues to play a role in balancing the genomic deposi-
tion of H2AK119ub1, because 1) the early zygotic expres-
sion of paternal Usp16 can partially rescue the develop-
mental defects of maternal Usp16-deleted embryos; and 2)
knockout of paternal Usp16 strengthens the effect of ma-
ternal Usp16 knockout and leads to complete preimplan-
tation failure in the Usp16♀−/♂− embryos. These embryos
are different from the previously reported Usp16 knock-
out embryos obtained by crossing the Usp16+/− parents,
because the latter still contain the maternal deposition of
Usp16 mRNA and proteins from their Usp16 heterozygous
mothers. And Usp16 knockout caused lethal developmen-
tal defects after implantation but before the E7.5 develop-
mental stage. Usp16−/− ESCs failed to differentiate due to
ubH2A-mediated repression of lineage-specific genes (14).
These events well explain why USP16 protein level increased
continuously during pre-implantation development. Zy-
gotically expressed USP16 would substitute for maternal
USP16 in supporting early embryo development beyond
the morula stage and ESC differentiation in after embryo
implantation.

Taken together, the accumulation and reduction of ma-
ternal H2AK119ub1 in oocytes are both prerequisites for
proper embryonic development. The in vivo results indi-
cate that the reduction of H2AK119ub1 by an USP16-
dependent mechanism during oocyte maturation reduces
reprogramming resistance, ensures zygotic genome repro-
gramming, and thus, provides high developmental compe-
tence after fertilization.
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