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Abstract

N-acetyltransferase 10 (NAT10)-mediated N*-acetylcytidine (ac*C) modification is crucial for mRNA stability and translation
efficiency, yet the underlying function in mammalian preimplantation embryos remains unclear. Here, we characterized the
ac*C modification landscape in mouse early embryos and found that the majority of embryos deficient in ac*C writer-NAT10
failed to develop into normal blastocysts. Through single-cell sequencing, RNA-seq, acetylated RNA immunoprecipitation
combined with PCR (acRIP-PCR), and embryonic phenotype monitoring, Nop2 was screened as a target gene of Natl0.
Mechanistically, Naz10 knockdown decreases the ac*C modification on Nop2 mRNA and reduces RNA and protein abundance
by affecting the mRNA stability of Nop2. Then, depletion of NOP2 may inhibit the translation of transcription factor TEAD4,
resulting in defective expression of the downstream lineage-specific gene Cdx2, and ultimately preventing blastomeres from
undergoing the trophectoderm (TE) fate. However, exogenous Nop2 mRNA partially reverses this abnormal development.
In conclusion, our findings demonstrate that defective ac*C modification of Nop2 mRNA hinders the morula-to-blastocyst

transition by influencing the first cell fate decision in mice.
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Introduction

The process from the zygote to the blastocyst in mammals is
called preimplantation embryonic development [1]. In mice,
blastomeres are indistinguishable in appearance from the
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zygote to late 8-cell stages, but with the establishment of cell
polarity and the occurrence of compaction, the blastomeres
appear spatially separated for the first time, so that most
blastomeres are located outside the embryo, and a few are
completely enclosed inside [2, 3]. Subsequently, the embryo
undergoes the first differentiation and allows the outer blas-
tomeres to differentiate into TE, while the enclosed ones dif-
ferentiate into the pluripotent inner cell mass (ICM) [4]. Pre-
vious studies have investigated the regulatory mechanisms at
different developmental stages in preimplantation embryos
from the perspective of histone and DNA modifications
[5, 6]. Recently, it has been found that RNA modifications
are also closely related to early embryonic development in
vertebrates. For example, defective N6-methyladenosine
(m®A) modification inhibits oocyte maturation and zygotic
genome activation (ZGA) by reducing mRNA translation
efficiency and mRNA degradation in mice [7]; in zebrafish,
5-methylcytosine (m>C) ensures the correct regulation of
the maternal-to-zygotic transition (MZT) by maintaining the
stability of the maternal mRNA [8]. However, other poten-
tial mechanisms of RNA modifications in the regulation of
embryonic development remain to be anticipated.
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Studies about RNA modifications can be traced back
to 1960 [9], but have received widespread attention only
recently due to advances in detection technology and
research methods. Among conservative cytosine modifica-
tions, ac*C modification is the only RNA acetylation event
detected to date in eukaryotes; it is not only identified in
tRNA and rRNA [10, 11], but also in human and yeast
mRNA [12, 13]. In HeLa cells, acCis mainly enriched in
the coding sequences (CDS) region and gradually decreases
in the 5' to 3' direction of gene transcription; it actively
promotes mRNA expression and enhances translation effi-
ciency by increasing mRNA stability [12]. Ac*C modifica-
tion is catalyzed by NAT10, a unique enzyme that shows
both acetyltransferase activity and RNA-binding activity in
humans [11]. Most studies that investigated NAT10-medi-
ated ac*C modification have focused on the occurrence and
development of disease [14—18]. Just a few studies about
ac*C modification in mammalian development have been
traced. For instance, Natl0 knockdown is found to reduce
ac*C modification in mouse GV oocytes and impedes oocyte
in vitro maturation [19, 20]; in addition, NatI0 ablation of
male germ cells inhibits spermatogenesis in mice [21].

In this study, we explored the effect of ac*C modifica-
tion on mouse preimplantation embryonic development.
Through morphological comparisons, we found that Nat10
was essential for the formation and maintenance of blas-
tocysts. Intriguingly, a reduction of ac*C modification on
Nop2 mRNA mediated by NAT10 depletion may inhibit the
differentiation of blastomeres into TE cells by affecting the
expression of the transcription factor CDX2, so that abnor-
mal embryos either arrested at the morula stage or rapidly
collapsed after cavitation. Together, these data reveal that
NAT10-mediated ac*C modification is crucial for morula-
to-blastocyst transition in mice.

Materials and methods

Collection and in vitro culture of preimplantation
embryos

Female (age 6-8 weeks) and male (age 8—12 weeks) ICR
mice were purchased from the Experimental Animal Center
of Harbin Medical University. Female ICR mice were intra-
peritoneally injected with 10 IU pregnant horse serum gon-
adotropin (PMSG; NSHF, China) and 10 IU human chori-
onic gonadotropin (hCG; NSHF, China) after a 48-h interval.
Oocytes and zygotes were collected respectively from the
oviducts of unmated or mated female mice 16 or 20 h after
hCG injection and then treated with hyaluronidase (Sigma,
H3506). Mature oocytes with the first polar body are directly
used for Immunofluorescence analysis. Pronucleated zygotes
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were cultured in KSOM medium at 37 °C in a humidified
atmosphere of 5% CO, until the corresponding stages.

Preparation of double-stranded RNA

DNA template was amplified from mouse zygote cDNA
using primers containing the T7 promoter sequence and
Natl0 or Nop2 exon sequences (Table S1 in Supplementary
Information, primer sequences of dsGFP were derived from
previous studies [22]). PCR products were purified using
the QIAquick PCR Purification Kit (Qiagen, 28,104); then
in vitro transcription was performed using the MEGAs-
cript™ T7 Kit (Invitrogen, AM1334) according to the man-
ufacturer’s instructions. DNA template was digested with
TURBO DNase, and the synthetic dSRNA was purified using
phenol/chloroform (Coolaber, China). After washing with
75% ethanol, the pellet was resuspended in nuclease-free
water and stored at — 80 °C.

Synthesis of siRNA

Natl0-specific siRNAs and negative control siRNA were
purchased from Gene Pharma (Suzhou, China) (Table S1
in Supplementary Information), and diluted with nuclease-
free water to the final concentration of 20 pM, then stored
at — 80 °C.

In vitro transcription of RNA

The CDS sequences of Nop2 and H2B were amplified
from cDNA obtained from mouse zygotes or HeLa cells
using the primers (Table S1 in Supplementary Informa-
tion) and cloned into the pCS2-mCherry vector (BioVector,
936,218). The Not I-linearized plasmid was purified using
the QIAquick PCR Purification Kit (QIAGEN, 28,104),
and fusion Nop2- or H2B-mCherry RNAs were synthesized
in vitro using the mMESSAGE mMACHINE SP6 (Ambion,
AM1340) according to the manufacturer’s instructions. The
synthesized RNA was subjected to tailing reaction using
the Poly (A) Tailing Kit (Ambion, AM1350) after diges-
tion of the DNA template and purified with the MEGAclear
Kit Purification for Large Scale Transcription Reactions
(Ambion, AM1908).

Microinjection

The RNAS obtained by in vitro transcription were adjusted
to appropriate concentrations with nuclease-free water so
that the final RNA concentration for microinjection was
as follows: 2.5 pg/pL for dsGFP/dsNat10, 500 ng/pL for
dsNop2, and 100 ng/uL for Nop2/H2B-mCherry. Gene
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knockdown experiments were performed using a piezo-
micromanipulator (Prime Tech, PMAS-CT150) by injecting
5-10 pL dsGFP, dsNat10, or dsNop2 into the cytoplasm of
zygotes; in addition, single blastomeres of wild-type 2-cell
embryos cultured in vitro were subjected to cytoplasmic
injection with the mixture of dsGFP/dsNop2/dsNatl0 and
H2B-mCherry 40 h after hCG injection.

For rescue experiments, dsNatl0+ Nop2-mCherry or
dsNat10+ H2B-mCherry was injected directly into zygotic
cytoplasm; alternatively, cytoplasmic injection of single
blastomeres with Nop2- or H2B-mCherry was performed
in 2-cell embryos developed from zygotes injected with
dsNatl0. The injected embryos were cultured in vitro to the
morula or blastocyst stages.

RNA-seq library construction, sequencing,
and analysis

RNA-sequencing of fifty dsGFP- or dsNatl0-injected moru-
lae was performed by Beijing Genomics Institute (Shenzhen,
China). The library preparation was performed following the
SMARTSseq?2 protocol. After library construction, all sam-
ples were sequenced on the DNBSEQ platform with paired-
end. The raw reads were trimmed using trim_galore. The
clean reads were mapped to the mouse genome (GRCm38)
using HISAT with the default parameters. The reads of each
gene were counted by Htseq-count. Differentially expressed
genes (DEGs) were identified by the absolute value of log2
(fold change) > 0.45.

Acquisition and analysis of publicly available
datasets

The single-cell RNA-seq data of 401 embryos (48 zygotes,
48 2-cell, 73 4-cell, 142 8-cell, 64 16-cell, and 26 32-cell)
were downloaded from GEO (PRINA563325) [23]. Data
processing (including preprocessing, filtering, and normali-
zation) was carried out using the package of Seurat (version
4.0) [24]. Pearson correlation coefficient was used to calcu-
late the expression correlation of Natl0 and other genes at
different embryonic developmental stages. Strong correla-
tions were defined as P-value <0.05 and absolute R > 0.45.
Gene function enrichment analyses were performed by
metascape [25].

RNA isolation and RT-PCR

The total RNA of F9 cells was extracted using RNAiso Plus
(TaKaRa, 9109) according to the manufacturer's instruc-
tions. For preimplantation embryos, 20 zygotes, 15 2-cell,
15 4-cell, 15 8-cell, 10 morulae, or 10 blastocysts were
lysed with Cells-to-signal™ kit (Ambion, AM1726) at room

temperature after washing with pre-cooled PBS-PVA-DEPC.
Then, the extracted total RNA of F9 cells or the embryonic
lysate was reverse transcribed with PrimeScript™ RT rea-
gent Kit (TaKaRa, RR047A). PCR amplification was per-
formed using GoTaq Green Beat Master (Promege, M7122),
and the primers are listed in Table S1.

In addition, the total RNA of 100 morulae used for
acetylated RNA immunoprecipitation combined with PCR
(acRIP-PCR) assay was isolated with a High Pure RNA
Isolation Kit (Roach, 1,828,665) according to the manufac-
turer's instructions.

Immunofluorescence

According to the division of mouse embryonic age, embry-
onic day O (E 0) is defined as the moment when male and
female mouse mate (usually the midpoint of the dark cycle
from 7:00 pm to 5:00 am, i.e., 12:00 pm). The samples of
zygotes, 2-cell, 4-cell, 8-cell, morulae, and blastocysts for
immunofluorescence staining were collected at E0.5, E1.5,
E2.25, E2.75, E3.5, and E4.5 (in vitro culture), respectively.
After washing three times with 0.1% Triton X-100 in PBS,
the samples were fixed in 4% paraformaldehyde, permea-
bilized in PBS supplemented with 0.5% Triton X-100, and
incubated in blocking buffer (Beyotime, P0102) at room
temperature. Subsequently, the embryos were incubated with
ac*C (1:500, Abcam, ab252215), NAT10 (1:1000, Abcam,
ab194297), NOP2 (1:200, Proteintech, 10,448—1-AP) or
TEAD4 antibody (1:200, Abcam, ab58310) overnight at
4 °C, followed by three washes with 0.1% Triton in PBS
and incubated with Alexa Fluor-488 Donkey Anti-Rabbit
or Mouse IgG (H+L) (1:800, Invitrogen). The DNA was
stained with 4'6-diamidino-2-phenylindole (DAPI; 1:1000,
Beyotime, C1002).

Counting of ICM and TE cells at the blastocyst stage
was performed by counterstaining with CDX2 and DAPI.
The TE cells of blocked embryos were labeled with anti-
CDX2 (1:200, Biogenex, MU392A) and Alexa Fluor-546
or 488 Donkey anti-Mouse IgG (H+L) (1:800, Invitrogen).
The number of ICM cells in embryos was estimated by sub-
tracting the number of TE cells from the number of DAPI-
positive cells. The fluorescence of the samples was observed
using the Macro zoom fluorescence microscope (Agilent,
Axio Zoom. V16).

Cell cultivation and transfection

F9 cell line was purchased from ATCC, which tested for
no mycoplasma contamination, and cultured in Dulbecco’s
modified Eagle's medium (DMEM; Gibco, USA) containing
10% (v/v) fetal bovine serum (FBS; CellMax, China) and
1% Penicillin—Streptomycin Solution (Solarbio, P1400) in a
humid atmosphere of 5% CO, at 37 °C. F9 cells were seeded
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«Fig. 1 Distribution of NAT10-mediated ac*C modification in mouse
preimplantation embryos. a Immunofluorescence staining of ac*C
(green) and DAPI (blue) in mouse oocytes (n=7) and preimplanta-
tion embryos (n=8, 13, 17, 17, 15, 22 for zygote, 2-cell, 4-cell,
8-cell, morula, and blastocyst stages from three biological replicates).
The yellow frames indicate the area to zoom in, and the white dotted
lines indicate the boundary between the nucleus and the cytoplasm.
PBS containing 0.1% Triton X-100 was used as a negative control.
Scale bar, 50 pm (whole embryo) and 5 pm (zoom in). b Schematic
diagram of dsRNA preparation. Gray rectangles, purple thick lines,
and red thick lines indicate exons, gene-specific primers, and T7
promoter sequences, respectively. ¢ Schematic diagram of cytoplas-
mic microinjection in zygote. The final injection concentration of
dsGFP or dsNatl0 is 2.5 pg/pL. d RT-PCR verification of dsNatl0
knockdown efficiency in morulae. dsGFP as the negative control. e,
f Immunofluorescence analysis of NAT10 (e) or ac*C () in Natl0-
depleted preimplantation embryos (n=15 for each group from three
biological replicates). The fluorescence intensity (mean) was calcu-
lated by the ratio of Integrated Density to Area. Scale bar, 50 pm.
Boxplots showing the fluorescence intensity of NAT10 (e) or ac*C (f)
in dsRNA-injected preimplantation embryos, respectively. The mid-
dle lines indicate the median, and the boxes indicate the 25th/75th
percentiles. *P <0.05; **P <0.01; ***P <0.001; n.s. no significance
(two-sided Student’s #-test). AU arbitrary units

in 24-well plates and transfected with siRNA (20 pmol)
using Lipofectamine 3000 (Invitrogen, L3000015) when
cells reached 50-60% confluence. Then, total RNA was
isolated after 48 h of incubation.

acRIP-PCR

acRIP assays for F9 cells or morulae total RNA were per-
formed according to the protocol of Magna MeRIP™ m6A
Kit (Millipore, 17-10,499) and the previous description
[26] with some improvement as follows.

RNA fragmentation. Either 100 morulae or 10 pg F9
cells total RNA was diluted to 18 pL with nuclease-free
water in a PCR tube. Then, 2 pL 10 X Fragmentation buffer
was added, and the sample was incubated at 94 °C for
4 min. The fragmentation reactions were terminated by
adding 2 pL. 0.5 M EDTA and vortexing.

Purification of fragmented RNA Fragmented RNA was
transferred to a 1.5 mL RNase-free tube and diluted to 200
pL with nuclease-free water. An equal volume of phenol/
chloroform was added, and the sample was mixed thor-
oughly and centrifuged at full speed. The aqueous phase
was transferred to a new tube, and an equal volume of
chloroform was added; the aqueous phase was transferred
to a new tube again after centrifuging. Linear acrylamide
solution (Sangon Biotech, A610548) and ethanol were
added for RNA precipitation. Then, the fragmented RNA
was centrifuged at full speed, washed with 75% ethanol,
and dissolved in nuclease-free water.

Preparation of magnetic beads Magna ChIP Protein
A/G Magnetic Beads were washed and resuspended in
1 X IP buffer. Then, 0.5 pg anti-ac*C (Abcam, ab252215)

or anti-IgG was added and incubated at room tempera-
ture for 30 min. The supernatant was removed followed
by three washes with 1 X IP buffer.

Immunoprecipitation Most of the fragmented RNA was
mixed with 5 X IP buffer, nuclease-free water, and RNase
inhibitor to prepare an RIP reaction mixture. The mixture
was divided into two equal parts and rotated with magnetic
beads coated with anti-ac*C or IgG at 4 °C for 2 h. A 1/10
volume of the RNA for immunoprecipitation was treated
as “input”. The RNA/antibody-coated beads were washed
three times with 1 X IP buffer after immunoprecipitation.

Elution The RNA/antibody-coated beads were resus-
pended in 1 X Protease K buffer containing 100 mM
Tris—HCI (pH 7.5), 150 mM NaCl, 12.5 mM EDTA, 2%
SDS, and 5 mg/mL proteinase K, and incubated at 37 °C
for 30 min. The supernatant was transferred to a new
RNase-free tube, and then an equal volume of phenol/chlo-
roform was added to purify the RNA as described above.

RT-PCR. The purified RNA was immediately reverse-
transcribed as described above. Then, the corresponding
primers of Nop2-1 and Nop2-2 were used for PCR ampli-
fication (Table S1 in Supporting Information). The enrich-
ment of ac*C in each RIP group was normalized according
to the results of the input group.

Dual-Luciferase reporter assay

The CDS sequence of Nop2 mRNA containing wild-type
potential ac*C modification sites was amplified from the
cDNA of F9 cells and inserted into the multiple cloning site
(MCS) at the downstream of the Firefly luciferase gene driven
by the CMV promoter in pMIR-Report to construct the fusion
vector of Firefly luciferase gene and Nop2 CDS sequence:
pMIR-Report-Nop2 WT. The vectors with mutant ac*C sites,
including pMIR-Report-Nop2 Mut 1, pMIR-Report-Nop2 Mut
2, and pMIR-Report-Nop2 Mut 1+ 2, were obtained using the
KOD-Plus-Mutagenesis Kit (TOYOBO, SMK-101). Then, the
WT or Mut vector and Renilla luciferase reporter vector were
co-transfected into F9 cells 24 h after siRNA transfection.
The dual-luciferase reporter assay was performed after 48 h
using the Dual-Luciferase® Reporter Assay System (Progema,
E1910) according to the manufacturer’s instructions, and the
relative luciferase activity was calculated by the ratio of Firefly
luciferase activity to Renilla luciferase activity.

mRNA stability assay

F9 cells were seeded in 24-well plates and transfected with
si-Nat10 or si-NC. After 48 h, cell samples were treated with
5 pg/mL actinomycin D (ActD, Sigma) for O h, 3 h, and 6 h.
For preimplantation embryos, the morulae (at E3.5) derived
from zygotes injected with dsGFP or dsNat10 were transferred
to KSOM medium containing ActD (5 pg/mL) and incubated
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for O h, 3 h, and 6 h. Then, RNA extraction and cDNA syn- Statistics

thesis were performed as described above. The expression of

genes was analyzed by qRT-PCR and normalized to GAPDH,  Statistical analyses were performed using GraphPad Prism
and the degradation rate of mRNA was calculated according ~ (GraphPad Corp.) and Excel software (MicroSoft Corp.). All
to published protocols[27]. experiments were repeated three times at least, and the data

@ Springer



N*-acetylcytidine of Nop2 mRNA is required for the transition of morula-to-blastocyst

Page70f19 307

«Fig.2 Natl0 is involved in blastocyst formation in mice. a UMAP
projection of single-cell RNA sequencing for mouse preimplanta-
tion embryos. Each dot corresponds to one blastomere and is colored
according to developmental stage. b Violin plot showing the differ-
ential expression of Nat/0 from the zygote to blastocyst stages. ¢
RT-PCR analysis of Natl0 in different developmental stages of pre-
implantation embryos. d Upset plot showing the distribution of genes
correlated with Natl0 expression, 40 of which intersect at six devel-
opmental periods. e Bubble plot indicating the genes strongly corre-
lated with Natl0. The size and color of each bubble correspond to
correlations and -log10 (P value), respectively. f Hierarchical cluster-
ing of the genes correlated with Nar10. g Treemap of condensed gene
ontology (GO) terms for NatlO-correlated genes. The size of each
box indicates the number of significant terms associated with the GO
category

was presented as mean + SEM. The two-sided Student's #-test
was used for pairwise comparisons, and the one-way ANOVA
was applied for multiple group comparisons. Specifically, the
value of P<0.05, P<0.01, or P<0.001 was considered a sig-
nificant difference (*, P <0.05; **, P<0.01; *** P<0.001;
different letters between a and b, P <0.05; different letters
between A and B, p<0.01).

Results

Dynamic change of NAT10-mediated ac*C
modification during preimplantation embryonic
development

To characterize whether preimplantation embryonic devel-
opment in mice involves ac*C modification, immunofluo-
rescence staining (IF) was performed. The results showed
that the ac*C signal was detected in the cytoplasm and
nucleus of preimplantation embryos (Fig. 1a). At present,
NATI10 is a unique human writing protein of ac*C [11, 12].
To further confirm that the modification of ac*C in mouse
preimplantation embryos is also mediated by NAT10, we
injected Natl0-specific double-stranded RNA (dsRNA, an
RNA molecule that can be processed into siRNAs by Dicer
and then mediate specific gene silencing) into the cyto-
plasm of zygotes; dsGFP-injected embryos served as the
control (Fig. 1b, c). The localization and signal intensity
of NAT10 and ac*C from the 2-cell to blastocyst stages
were detected after verifying knockdown efficiency at the
morula stage (Fig. 1d). Slightly different from the distribu-
tion of ac*C, NAT10 was mainly localized in the nucleus,
with lower levels at the early stages (Fig. le). The acetyl-
transferase NAT10 catalyzes the acetylation of specific
cytosine nucleosides in mRNAs, therefore, the signals
of ac*C modification could be detected in the nucleus.
However, mature mRNAs are translated into proteins in
the cytoplasm; on the other hand, although current stud-
ies have not yet identified the ac*C-binding proteins, the

ac*C modification of mMRNA may be similar to m®A, which
plays different roles through the recognition of different
readers in the cytoplasm[28, 29], making the signal of
ac*C modification in the cytoplasm clearer. The abundance
of NAT10 increased from the 4-cell stage, which was con-
sistent with the signal of ac*C modification. In addition,
dsNatl10 significantly inhibited the level of NAT10. Con-
comitant with this downregulation, the global modification
of ac*C in embryos at the same stages was attenuated,
especially at the morula and blastocyst stages (Fig. 1f),
indicating that ac*C is also mediated by NAT10 in mouse
preimplantation embryos.

Nat10is involved in blastocyst development

Single-cell RNA sequencing data were obtained from the
GEO database (PRINA563325) [23] and used to analyze
the potential effects of Natl0 during preimplantation
embryonic development. Clusters of diverse development
stages were visualized using Uniform Manifold Approxi-
mation and Projection (UMAP) (Fig. 2a). The level of
Natl0 expression peaked at the zygote stage and showed
a trend of first decreasing and then increasing in response
to maternal RNA degradation and ZGA (Fig. 2b, ¢). It is
worth noting that among the genes correlated with Nat10
expression, 40 were strongly correlated with Nat10 at each
developmental stage (Fig. 2d, e). We further performed
cluster analysis on the expression of these 40 genes, and
the results showed that the expression of these genes was
mostly different (Fig. 2f). Functional enrichment revealed
that these 40 genes are involved in ribonucleoprotein com-
plex biogenesis, ribosome biogenesis in eukaryotes, posi-
tive regulation of translation, and blastocyst development

(Fig. 2g).

Nat10 depletion arrests the morula-to-blastocyst
transition

To confirm the effect of Natl0 on preimplantation embry-
onic development, we monitored the developmental poten-
tial of non-injected embryos as well as the ones injected
with dsGFP or dsNat10 at the zygote stage. From the 2-cell
to morula stages, there were no differences in morphology
or embryogenesis rate among the three groups (Fig. 3a,
b; Fig. S1a). However, the blastocyst formation rate was
significantly lower at E4.5 in the dsNatl0-injected group
(45.05+6.88%) than in others (non-injection, 89.33 +4.52%;
dsGFP-injected group, 86.00+5.21%) (Fig. 3a, c; Fig.
S1c). Subsequently, the blastocysts of two control groups
continued to expand and mostly hatched from the zona
pellucida; in contrast, the majority of Natl0-depleted blas-
tocysts exhibited cavity collapse and retraction, while the
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«Fig. 3 Natl0 depletion arrests morula-to-blastocyst transition. a Rep-
resentative images of preimplantation embryos in the non-injection,
dsGFP-, and dsNat10-injected groups (five biological replicates). Red
arrowheads denote degenerating blastocysts. Scale bar, 100 pm. b—d
Statistics of development rate among the three groups. There was no
difference in embryo development at E3.5 (b), but the blastocyst for-
mation rate of Natl0-depleted embryos was significantly reduced at
E4.5 (¢) and E5.5 (d). Error bars indicate the SEM in five biological
replicates. **p<0.01; ***p<0.001 (one-way ANOVA). e Heatmap
showing the DEGs between dsGFP- and dsNatI0-injected morulae. f
The expression of Nat10 in RNA-Seq data. g Bar plot presenting the
expression changes of 40 genes correlated with Natl0 expression in
Nat10-depleted morulae. h Four-way Venn diagram for screening the
potential target genes of Natl0. Down-regulated genes, the 8 genes
in (g); PACES, the number of potential ac*C modification genes pre-
dicted by PACES software (among 8 down-regulated genes); XG-
ac4C, the number of potential ac*C modification genes predicted by
XG-ac4C software (among 8 down-regulated genes); Cui et al., 20
genes that are necessary for mouse blastocyst formation [22]

remaining embryos arrested and degenerated before blas-
tocyst cavitation (Fig. 3a, d; Fig. S1b). Therefore, we ruled
out the possibility that the depletion of Nat/0 could delay
embryonic development. In addition, zygotes were injected
with si-NC or two siRNAs designed against NatI0 to further
confirm that the abnormality of blastocyst formation caused
by dsNatl0 is not related to the depletion of non-specific
genes (Fig. S1d—f).

Fifty morulae derived from zygotes injected with dsGFP
or dsNatl0 were collected at E3.5 for RNA sequencing to
investigate the underlying mechanisms of failed embryonic
development. According to the absolute value of log2(fold
change) > 0.45, a total of 8825 DEGs were detected between
two groups, of which 3506 were up-regulated and 5319 were
down-regulated in the dsNatl0-injected group (Fig. 3e,
Table S2). Moreover, compared with the dsGFP-injected
group, dsNatl0 decreased the expression level of Natl0 in
morulae (Fig. 3f), which was consistent with the RT-PCR
(Fig. 1d). Since ac*C modification contributes to maintain-
ing the stability of mRNA, we were more inclined to screen
down-regulated DEGs as candidate target genes. Based on
the above single-cell RNA sequencing results (Fig. 2d, e),
40 genes strongly correlated with Natl0 expression at all
preimplantation stages were screened, and 8 genes (Baz2a,
Cct3, Intsl, Lsgl, Nop2, Nxfl, Rps6, and Ssr2) among them
were downregulated in dsNat10-injected morulae (Fig. 3g).
To estimate whether the candidate genes were modified by
ac*C, we used PACES and XG-ac4C software to predict the
potential ac*C sites of these genes, and the results showed
that ac*C modification may exist in the 5'UTR, CDS and/or
3'UTR regions of Baz2a, Intsl, Lsgl, Nop2, Nxfl, and Ssr2
mRNA (Fig. S2). Among the 20 genes reported to be essen-
tial for mouse blastocyst formation [22], we were pleasantly
surprised to find Nop2 (Fig. 3h). Thus, further detection
was performed to verify the potential targeting relationship
between Nop2 and Natl0.

NAT10 regulates ac*C modification of Nop2 mRNA
in morulae

The prediction results of PACES revealed that the CDS
region of Nop2 mRNA contains two ac*C modification
sites, and we labeled them Nop2-1 and Nop2-2 according
to the sequence from 5’ to 3’ (Fig. 4a). To evaluate the
effect of Nat10 on Nop2 gene regulation, we first trans-
fected the siRNA to knockdown NatI0 in F9 cells. The
results showed that Nop2 expression was decreased after
Natl0 depletion (Fig. 4b). Then, luciferase reporter vec-
tors with two wild-type sites (pMIR-Report-Nop2 WT),
single- or double-mutation sites (pMIR-Report-Nop2
Mut 1, pMIR-Report-Nop2 Mut 2, or pMIR-Report-Nop2
Mut 1+ 2) were constructed for dual-luciferase reporter
assay (Fig. 4c). In F9 cells transfected with the luciferase
reporter vector containing either wild-type or single-muta-
tion of ac*C potential modification sites, Nat/0 depletion
mediated by siRNA reduced the relative luciferase activ-
ity (Fig. 4d). It is worth noting that in cells transfected
with negative control siRNA, the relative luciferase activ-
ity of the pMIR-Report-Nop2 Mut 2 group was slightly
lower than that of the WT and Mut 1 groups; however,
there was no change of the relative luciferase activity in
Natl0-depleted F9 cells from three groups, indicating that
Nop2-1 may be less affected by Natl0 than the Nop2-2
site. In cells transfected with the vector containing the
double-mutation sites, the relative luciferase activity did
not decrease with Natl0 knockdown; on the other hand,
the relative luciferase activity of the pMIR-Report-Nop2
Mut 1+ 2 group was still lower than that of the WT group
in control F9 cells. These results further suggested that
both potential ac*C modification sites in the Nop2 CDS
region are affected by Natl0 expression. In addition, F9
cells or morulae were treated with ActD, a transcrip-
tion inhibitor, and the expression of Nop2 was detected
through qRT-PCR to investigate whether the mRNA
stability of Nop2 is regulated by Nati/0. When samples
were treated with ActD for various lengths of time, the
detectable mRNAs corresponded to the portion that had
not yet degraded. As shown in Fig. 4e, f, Nat10 depletion
shortened the half-life of Nop2 mRNA in F9 cells and
morulae. In mouse oocytes, ac*C modification mediated by
NATIO0 actively maintained mRNA expression by inhibit-
ing mRNA degradation. Thus, the above data indicate that
Natl10 regulates the expression of Nop2 by affecting the
mRNA stability.

Furthermore, to verify whether the regulation of Nat10
on Nop2 is mediated by ac*C modification, acRIP-PCR
was performed on both F9 cells and mouse morulae
(Fig. 4g). DNA fragments containing Nop2-1 or Nop2-2
site could be amplified in F9 cells (Fig. 4h, left), indicating
that both predicted sites in the CDS region of Nop2 mRNA
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«Fig.4 Nop2 is a target gene of Nat/0 in mouse preimplantation
embryos. a Potential sites for ac*C modification in mouse Nop2
mRNA, which were named Nop2-1 and Nop2-2 in sequence from 5'
to 3'. Gray and black rectangles indicate the CDS and UTRs of Nop2,
respectively. The colored bold vertical lines represent the primers
of acRIP-PCR. b RT-PCR analyses of Natl0 and Nop2 in F9 cells
transfected with siRNA. The RT-PCR data were normalized to the
expression of Rpsl8. ¢ Schematic presentation of the pMIR-Report
luciferase reporters containing wild type and mutant CDS of Nop2
mRNA. WT, wide-type; Mut, mutation. d Wild-type or mutant ac*C
sites were cloned into a pMIR-Report vector and transfected into
siRNA-treated F9 cells to perform dual-luciferase reporter assays.
Firefly luciferase activity was measured and normalized to that of
Renilla luciferase activity. e-f The mRNA stability and expression of
Nop?2 were detected by qRT-PCR in F9 cells (e) or morulae (f) treated
with 5 pg/mL ActD. g Flow chart of acRIP-PCR. h Detection of ac*C
modification sites on Nop2 mRNA in wild-type F9 cells and mouse
morulae. i-j NAT10-mediated ac*C modification in Nop2 mRNA in
F9 cells (i) and mouse morulae (j) was confirmed by acRIP-PCR.
The enrichment of ac*C in each RIP group was normalized accord-
ing to the results of the input group. For b, d—{, i,and j, error bars
indicate the SEM in three biological replicates. *P <0.05; **P <0.01;
*#%P <0.001; n.s. no significance (two-sided Student’s z-test)

are modified by ac*C, consistent with the results of the
dual-luciferase reporter assay. In morulae, only the Nop2-2
site could be detected when we used the same primers as
F9 cells for PCR amplification. This was due to the fact
the amount of total RNA in morulae used for acRIP-PCR
was considerably lower than that of F9 cells, resulting
in different sizes of RNA fragments after fragmentation.
Therefore, we substituted the primers of Nop2-1 and suc-
cessfully amplified a 119 bp target fragment in the input
group rather than the ac*C group (Fig. 4h, right). The tis-
sue-specificity and motif bias of the ac*C modification on
mRNA may be the reason for the difference in acRIP-PCR
assay between F9 cells and morulae. Subsequently, the
total RNA of F9 cells and morulae was utilized to inves-
tigate the acetylation modification of Nop2 upon Natl0
depletion. As predicted, ac*C modification in Nop2 mRNA
was significantly decreased with the reduction of Natl0
expression (Fig. 41, j). Taken together, the above-pooled
results strongly suggest that Natl0 regulates Nop2 gene
expression through ac*C modification in mouse morulae.

NAT10 affects the morula-to-blastocyst transition
by regulating NOP2

To confirm the Nat10-Nop2 regulatory role, we first exam-
ined the effect of Natl0 on Nop2 expression. Similar to
Nat10, the mRNA abundance of Nop2 showed dynamic
changes at various preimplantation periods (Fig. S3a, b) and
decreased in Natl0-depleted embryos (Fig. S3c—g), espe-
cially at the morula stage. NOP2 protein was distributed in
the nucleolus, nucleoplasm, and cytoplasm from the 2-cell
to 8-cell stages (Fig. 5a—c; Fig. S4a—c), but mainly local-
ized in the nucleolus of morulae and blastocysts (Fig. 5d,

e; Fig. S4d, e). Notably, the NOP2 signal was significantly
reduced in Natl0-depleted embryos, especially in the
nucleus, indicating that NAT10 is involved in the regulation
of NOP2 protein abundance through the effect on the Nop2
expression.

Further, after screening the injection concentration
(Fig. S3h), we injected Nop2-specific dsRNA into the
cytoplasm of zygotes and tracked the embryonic develop-
ment. The results demonstrated that Nop2-depleted pre-
implantation embryos were mostly arrested at the morula
stage, which was comparable to dsNat!0-injected embryos
(Fig. 5f). Thus, a fused Nop2-mCherry RNA was synthe-
sized in vitro and used in rescue experiments for Natl0-
depleted embryos. RT-PCR indicated that Nop2-mCherry
significantly increased the RNA level of Nop2 in Natl0-
depleted morulae (Fig. 5g). On the other hand, exogenous
Nop2 RNA enhanced the potential of abnormal embryos to
transform into blastocysts to a certain extent, although blas-
tocyst development delayed (Fig. 5h, i; Fig. S1b, c).

Depletion of Nop2 mediated by NAT10 knockdown
prevents blastomeres from undergoing the TE fate

Previous studies have shown that CDX2 is involved in the
formation and maintenance of TE cells [30, 31]. To test
the hypothesis that the inhibition of blastocyst formation
in Nat10-depleted embryos may be related to the abnormal
expression of CDX2 mediated by NOP2, IF was performed
for Natl0- or Nop2-depleted morulae and non-collapsed
blastocysts. We found that the signal of CDX?2 was sig-
nificantly weakened in the embryos derived from zygotes
injected with dsNatl10 or dsNop2 (Fig. 6a), indicating that
the aberrant development of Natl0-depleted embryos was
accompanied by a decrease in CDX2 abundance. TEAD4 is
considered an important transcription factor that regulates
Cdx2 during preimplantation development in mice [32, 33].
Therefore, IF analyses of TEAD4 were further performed,
and the results confirmed that the TEAD4 protein was
strongly suppressed in Natl0- or Nop2-depleted embryos
(Fig. 6b).

Additionally, we noticed that the number of total cells
and TE cells in Natl0- and Nop2-depleted blastocysts were
significantly lower than in the control group; although the
difference was not significant, the number of ICM cells
was slightly reduced and the ratio of ICM to TE cells was
marginally elevated (Fig. 6¢), suggesting that NAT10 may
also influence the first cell fate decision by regulating Nop2.
Thus, random single blastomeres of 2-cell embryos were
injected with dsRNA and H2B-mCherry (Fig. 6d). The
abundance of CDX2 protein was reduced in the cells devel-
oped from blastomeres injected with a mixture of dsNat10
and H2B-mCherry, or dsNop2 and H2B-mCherry (Fig. 6e;
Fig. S5a), and the number of total cells and TE cells in
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«Fig.5 Nop2 partially reverses morula arrest caused by Nat/0 deple-
tion. a—e Immunofluorescence analysis of NOP2 in 2-cell (a), 4-cell
(b), 8-cell (c), morulae (d), and blastocysts (e) derived from zygotes
injected with dsRNA (n=15 for each group from three biological
replicates). Scale bar, 50 pm. Boxplot charts showing the effect of
Natl10 depletion on the expression of NOP2 protein in preimplanta-
tion embryos. The mean fluorescence intensity in dsNatl0-injected
embryos was measured and normalized to the mean fluorescence
intensity in dsGFP-injected embryos. The middle lines indicate the
median, and the boxes indicate the 25th/75th percentiles. *P <0.05.
f Representative images of preimplantation embryos injected with
dsGFP, dsNatl0, or dsNop2 from E1.5 to ES5.5 (three biological rep-
licates). Similar to Natl0 knockdown, most Nop2-depleted embryos
are arrested at the morula stage. Scale bar, 100 pm. g RT-PCR
results confirmed that exogenous Nop2 RNA increased Nop2 mRNA
in Natl0O-depleted morulae. The relative expression was normal-
ized to the expression of Rpsi8. h Representative images of rescue
with exogenous Nop2 RNA for abnormal development caused by
Nat10 depletion. Scale bar, 100 pm. i Statistics of development rate.
There were no differences in the developmental potential of embryos
between the groups at E3.5 or E4.5; but at E5.5, the blastocyst forma-
tion rate of Natl0-depleted embryos was significantly increased after
Nop2 RNA co-injection. For g and i, error bars indicate the SEM in
three biological replicates. P values were determined by one-way
ANOVA (g) or two-sided Student’s z-test (i). *p <0.05; n.s. no sig-
nificance

blastocysts was significantly decreased compared to blas-
tomeres injected with dsGFP and H2B-mCherry (Fig. 6f),
which was similar to the cytoplasmic injection of zygotes
(Fig. 6¢). On the other hand, in embryos injected with
dsNatl0 or dsNop2, the contribution of mCherry-positive
blastomeres to TE was significantly reduced, while the con-
tribution to ICM was not significantly changed (Fig. 6g; Fig.
S5b), indicating that Nat10 depletion prevents blastomeres
from undergoing the TE fate.

Exogenous Nop2 biases Nat10-depleted
blastomeres toward the TE fate

We next explored the effect of Nop2 on cell fate determi-
nation in Natl0-depleted embryos. Nop2-mCherry RNA
was injected into random single blastomeres of 2-cell
embryos derived from dsNat10-injected zygotes (Fig. 7a).
As expected, Nop2-mCherry increased the expression of
CDX2 compared to cells derived from blastomeres that were
not injected or injected with H2B-mCherry (Fig. 7b, c; Fig.
S6a). Moreover, exogenous Nop2 increased the number of
total cells and TE cells in blastocysts (Fig. 7d) and promoted
the development of mCherry-positive blastomeres into TE
cells but had no significant influence on ICM development
(Fig. 7e; Fig. S6b). Together, our data verify that the down-
regulation of Nop2 mRNA mediated by Natl0 depletion
affects the expression of CDX2 and ultimately leads to aber-
rant first-cell fate decision.

As a transcription factor involved in the first cell fate
determination in mice, TEAD4 binds to YAP1, which is

transported from the cytoplasm to the nucleus, to initiate
the expression of downstream genes Cdx2 and Gata3. RT-
PCR results showed that the amounts of Cdx2 and Gata3
mRNA in Natl0-depleted morulae were both reduced
(Fig. 7f), suggesting abnormal regulation of upstream genes.
When the expression of Taed4 and Yap! in the same period
was detected, we found that NatI0 depletion did not affect
Tead4 and Yapl at the RNA level. Notably, Nop2-mCherry
increased Cdx2 and Gata3 mRNA abundance. In addition,
depletion of Natl0 repressed TEAD4 protein in embryos
(Fig. 6b), whereas exogenous Nop2 RNA partially rescued
the level of TEAD4 (Fig. 7g). Overall, the abnormal expres-
sion of CDX?2 mediated by NOP2 depletion may be caused
by the translation obstruction of TEADA4.

Taken together, the above data suggest that NAT10-medi-
ated ac*C modification is involved in the first cell fate deci-
sion and affects blastocyst formation in mice by maintaining
Nop2 mRNA expression.

Discussion

Ac*C has been a topic of interest in the study of epigenetic
modifications in recent years, thanks to the continuing
development of high-throughput sequencing technologies
for identifying RNA modifications [34—-36]. As a unique
RNA acetylation modification event, ac*Cis catalyzed by
NAT10 and involved in RNA stability and protein transla-
tion efficiency in humans [12]. Although the role of ac*C
in the occurrence, development, and diagnosis of illnesses,
especially cancer, has attracted extensive attention [16—18],
its underlying function in other biological processes remains
unclear. In mice, ac*C is critical for the growth and matura-
tion of oocytes [19, 20, 37], but its effect on preimplanta-
tion embryonic development has not been demonstrated. In
this study, we provide convincing evidence of the contribu-
tion of NAT10-mediated ac*C to blastocyst formation and
maintenance.

RNA-seq combined with RIP-seq is the preferred strategy
for investigating genes involved in RNA modification [38,
39]. However, except for a few research groups that could
detect nanogram-level RNA [40, 41], ordinary RIP often
requires tens to hundreds of micrograms of total RNA [42,
43], making it difficult to perform RIP-seq on preimplanta-
tion embryos. Fortunately, PACES and XG-ac4C software
are convenient for predicting the ac*C modification motif
of human genes [44, 45], and also provide a reference for
related research in other species. Based on the results of
RNA-seq and acRIP-PCR, as well as research related to pre-
implantation embryonic development in mice [22], Nop2
was screened as a candidate target gene regulated by Nat 0.
Relevant studies have demonstrated that embryos with Nop2
depletion exhibit more severe developmental defects than
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«Fig.6 Nop2 depletion mediated by NAT10 knockdown affects the
first cell fate decision. a, b Immunofluorescence analysis of CDX2
(a) and TEAD4 (b) in morulae and blastocysts derived from zygotes
injected with dsGFP, dsNop2, or dsNatl0 (n=15 for morula, n=20
for blastocyst). Scale bar, 50 pm. ¢ The numbers of total, TE, and
ICM cells in blastocysts derived from zygotes injected with dsSRNA
(n=20 for each group). d Schematic overview. RNA mixture (dsGFP
and H2B-mCherry, dsNop2 and H2B-mCherry, or dsNat10 and H2B-
mCherry) was injected randomly into single blastomeres of 2-cell
embryos, and the distribution of mCherry- and CDX2-positive blasto-
meres was analyzed at the morula and the blastocyst stages. € Immu-
nofluorescence analysis of CDX2 (green) and mCherry (red) in moru-
lae (top, n=15) and blastocysts (bottom, n=20) prepared according
to schematic (d). Scale bar, 50 pm. White arrowheads denote blasto-
meres with reduced expression of CDX2 after injection with dsNat10
or dsNop2. White dotted lines indicate ICM. f The numbers of total,
TE, and ICM cells in blastocysts (n=20) prepared according to
schematic (d). g Percentage of cells derived from blastomeres that
were not injected or injected with RNA mixture (dsGFP and H2B-
mCherry, dsNop2 and H2B-mCherry, or dsNatl0 and H2B-mCherry)
in the TE (top) and ICM (bottom) cells. Natl0 or Nop2 depletion sig-
nificantly reduced the contribution of blastomeres to TE, but hardly
affected the contribution to ICM. For (a, b, and e), boxplots show-
ing the relative fluorescence intensity of CDX2 (a, e) and TEAD4 (b)
from three biological replicates, and the mean fluorescence intensity
was measured and normalized to the mean fluorescence intensity in
dsGFP-injected embryos (a, b) or non-injection blastomeres (e). The
middle lines indicate the median, and the boxes indicate the 25%/75%
percentiles. For ¢, f, and g, error bars represent the SEM in three bio-
logical replicates. P values were determined by one-way ANOVA
(a-c, f, g) or two-sided Student's r-test (e). *P<0.05; **P<0.01;
*#%P <0.001; n.s. no significance

those with Nat10 depletion, whereby nearly all embryos are
arrested at the morula stage [46, 47], which can be explained
by the fact that Nat10-depleted embryos still have a negli-
gible amount of Nop2 expression. In addition, NOP2 shows
catalytic activity for RNA 5-methylcytosine, but the require-
ment for NOP2 in mammalian preimplantation embryos is
independent of methyltransferase activity [47].

We noticed that the reduction of ac*C modification on
Nop2 mRNA caused by Nat10 depletion influenced the first
cell fate decision and decreased the abundance of CDX2
in blastomeres, prompting us to reconsider whether NAT10
might hinder preimplantation embryonic development by
directly regulating the ac*C modification of Cdx2 mRNA.
RT-PCR and prediction of ac*C modification sites con-
firmed our hypothesis to some degree, however, consistent
with previous research [30], Cdx2 depletion is not the direct
cause of blastocyst formation inhibition (Fig. S6c, d). As
genes that are closely related to TE development, Gara3 and
Cdx2 are both regulated by the transcription factor TEAD4
and the transcriptional co-activator YAP1 [48-50]. In this
study, Cdx2 and Gata3 mRNA was downregulated in Nat10-
or Nop2-depleted morulae, whereas Tead4 and Yapl were
not affected. Wang et al. demonstrated that the expression
of Cdx2 was suppressed in Nop2-depleted mouse 8-cell
embryos, and while the Tead4 mRNA level did not change,
the protein abundance of TEAD4 was significantly reduced;

in addition, neither mRNA level nor protein expression and
localization of YAP1 were altered [47]. Therefore, the reduc-
tion of CDX2 may be caused by the abnormal formation of
TEAD#4 protein due to the decreased modification of ac*C
in Nop2 mRNA, which is also confirmed by subsequent
experiments.

mRNA completes the conversion of RNA to protein by
binding with ribosomes, and NOP2, as an assembly factor,
participates in the assembly of the 60S subunit in eukaryotic
ribosomes [51, 52]. The differential expression of lineage-
specific genes in mice begins at the morula stage [33], and
we found that the cellular localization of NOP2 in morula
and blastocyst was differed from that in the 2-cell to 8-cell
stages, suggesting that NOP2 may play a critical role in the
first lineage differentiation of preimplantation embryos.
Theoretically, the effect of NOP2 on protein abundance is
global, but OCT4 is normally expressed in Nop2-depleted
morulae [47]. Other functional proteins may be able to sub-
stitute NOP2 during ribosomal 60S subunit assembly; on the
other hand, NOP2 may have a specific influence on TEAD4
biosynthesis, although this hypothesis requires additional
verification.

Tead4™~ embryos failed to develop into normal cavi-
tary blastocysts [32, 50], which explains why most Nat10-
depleted preimplantation embryos are arrested at the morula
stage. Despite the underlying mechanism has not yet been
definitively determined, studies have confirmed that the
abnormal development of Tead4~'~ embryos is not directly
related to cell proliferation, cell polarity, or adherens junc-
tions [32]. In addition, a few Natl0-depleted embryos
were able to develop into blastocysts in this study, but with
reduced CDX2 abundance and altered cell fate.

Although the expression of Cdx2 mRNA and protein in
mouse preimplantation embryos is still controversial, previ-
ous studies have provided a fair description of the regula-
tory role of CDX2 [30, 31, 53]. As an essential transcrip-
tion factor for TE development, CDX2 is involved in the
regulation of TE formation and maintenance [30, 54, 55].
Here, Nat10 depletion reduced the expression of Cdx2 by
affecting RNA production, resulting in a significant down-
regulation of CDX2 protein abundance in morulae and
blastocysts. It explains why Nat10 depletion significantly
reduced the number of TE cells in blastocysts. However,
the role of NAT10 is extensive, and the decrease in CDX2
expression is only one of the abnormalities in Natl0-
depleted blastocysts. Therefore, the developmental potential
of blastomeres injected with the mixture of dsNat/0 and
H2B-mCherry may be worse than expected, resulting in the
embryo failing to develop into blastocysts or blastocoel cav-
ity collapsing quickly. Furthermore, the expression of Cdx2
influences the contribution of blastomere to cell lineage by
promoting symmetrical division[55]. Hence, the blastomeres
injected with dsNat10 tend to have an asymmetrical division
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«Fig. 7 Exogenous Nop2 increases the contribution of Natl0-depleted
blastomeres to TE. a Schematic overview. The cytoplasm of zygotes
was first injected with dsNatl0, then H2B- or Nop2-mCherry was
injected into either blastomere after embryos developed to the 2-cell
stage. The distribution of mCherry- and CDX2-positive blastomeres
was analyzed at the morula and the blastocyst stages. b, ¢ Immuno-
fluorescence analysis of CDX2 (green) and mCherry (red) in moru-
lae (b, n=15) and blastocyst (¢, n=20) prepared according to sche-
matic (a). Scale bar, 50 pm. White arrowheads show that Nop2 RNA
increased the expression of Cdx2 in Natl0-depleted blastomeres (b,
¢). White dotted lines indicate ICM (c). d The numbers of total, TE,
and ICM cells in blastocysts derived from embryos subjected to two
microinjections (n=20). e Percentage of cells derived from blasto-
meres that were not injected or injected with H2B-/Nop2-mCherry
in the TE (left) and ICM (right) cells. Exogenous Nop2 significantly
increased the contribution of Natl0O-depleted blastomeres to TE,
but hardly affected the contribution to ICM. f RT-PCR analysis of
Natl0, Nop2, Tead4, Yapl, Cdx2, and Gata3 expression in moru-
lae derived from zygotes injected with dsGFP, dsNatl0, dsNop2, or
dsNat10+ Nop2-mCherry. Bar charts showing the relative expres-
sion of genes, which were normalized to the expression of Rpsi8. g
Immunofluorescence analysis of TEAD4 (green) in morulae and blas-
tocysts derived from zygotes injected with the mixture of dsNatl0
and H2B-mCherry or dsNatl0 and Nop2-mCherry (n=15 for each
group). Exogenous Nop2 increased the TEAD4 protein abundance
in Natl0-depleted embryos, especially at the morula stage. Scale bar,
50 pm. For b, ¢, and g, boxplots showing the relative fluorescence
intensity of CDX2 (b, ¢) and TEAD4 (g) in blastomeres from three
biological replicates. The mean fluorescence intensity was measured
and normalized to the mean fluorescence intensity in non-injection
blastomeres (b, ¢) or dsNatl10+ H2B-mCherry embryos (g). The mid-
dle lines indicate the median, and the boxes indicate the 25"/75% per-
centiles. For d-f, error bars represented the SEM in three biological
replicates. P values were determined by one-way ANOVA (f) or two-
sided Student's t-test (b-e, g). *P<0.05; **P<0.01; ***P<0.001;
n.s. no significance

pattern, resulting in a significant reduction in the proportion
of blastomeres that eventually develop into TE. Exogenous
Nop2 RNA improves the developmental potential of Nat10-
depleted blastomeres by increasing CDX?2 expression.

In summary, we characterize RNA acetylation modifi-
cation during preimplantation embryonic development in
mice and demonstrate that NAT10-mediated ac*C of Nop2
mRNA is essential for blastocyst formation and maintenance
by influencing the first cell fate decision. These findings
serve as an important complement to what is known about
the regulation of mammalian embryonic development by
ac*C modification and provide a new theoretical basis for
further elucidating the biological role of mRNA acetylation
modification.
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