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Abstract

Naive mouse embryonic stem cells (MESCs) are characterized by a mixed population of cells in an interconvertible pluripotent state and a
totipotent 2-cell (2C)-like state. It remains to be understood how the pluripotent state is maintained while the 2C-like state is suppressed. We
show that N-acetyltransferase 10 (Nat10) maintains the pluripotent state and suppresses the 2C-like state in mESCs through mRNA modification
and stabilization. Nat10 as a nucleolar protein may indirectly interact with heterochromatin through Ncl. Nat10 catalyzes the N*-acetylcytidine
(ac*C) modification of mRNAs encoding the key pluripotency genes including Oct4, Esrrb and Zfp42 and enhances their mRNA stability, thus
increasing their protein levels for pluripotency. Moreover, Nat10 acetylates and stabilizes heterochromatin modifiers such as Kap7 mRNA and
protein to repress the 2C genes by maintaining the H3K9me3 complex. Together, these findings highlight critical roles for Nat10 in maintaining the
pluripotency network and repressing the 2C-like program via mRNA ac*C modification, providing insights into the transition between pluripotent
and totipotent states in mESCs.
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Introduction modification, the DNA damage response, and cell cycle reg-

N-acetyltransferase 10 (NAT10) is a multifunctional en-  ulation. One of its primary roles is catalyzing the forma-
zyme involved in various cellular processes, including RNA tion of N*-acetylcytidine (ac*C) in RNA, a highly conserved
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posttranscriptional modification [1]. ac*C modification is
found in multiple types of RNA, including mRNAs, tRNAs,
and rRNAs [2, 3], and plays critical roles in enhancing RNA
stability, translation efficiency, and fidelity [1, 4]. NAT10-
mediated ac*C modifications have been linked to various bi-
ological processes, such as cellular stress responses, develop-
ment, and differentiation. Targeting NAT10 for knockdown
(KD) can extend the lifespan of mice [5], and ac*C modifi-
cation plays an important role in the maturation of mouse
oocytes [6]. Dysregulation of NAT10 and ac*C levels has been
associated with diseases, including cancer and neurodegenera-
tive disorders; currently, many studies have shown that Nat10
can be used as an intervention target for many tumor-related
targets [7-12], and that inhibition of Nat10 can improve
survival.

NAT10 also plays a critical role in human embryonic stem
cells (hESCs). It regulates pluripotency by modulating gene
expression patterns and mRNA stability, and loss of NAT10
function impairs hESC self-renewal and differentiation poten-
tial [13]. In addition, NAT10 has been reported to be an im-
portant regulator of pluripotent reprogramming and differen-
tiation in hESCs [14], highlighting the essential role of NAT10
in maintaining stem cell identity and developmental capacity.
However, the functions of Nat10 and ac*C modifications in
mouse embryonic stem cells (mESCs) are still unknown.

mESCs are a classical type of pluripotent cell established
from the inner cell mass (ICM) of blastocysts or early em-
bryos under appropriate culture conditions in vitro [15, 16].
mESCs have the ability to self-renew indefinitely and the po-
tential to differentiate into all cell types in the body. A small
population of cells (1%-5%) within mESCs cultures shares
the transcriptional and proteomic features of 2C embryos and
displays strikingly different patterns of pluripotency markers
from the majority of (95%-99%) mESCs [17-21]. Significant
progress has been made in understanding the epigenetic mech-
anisms underlying the regulation of 2C gene expression in
mESCs [22-24].

The 2C stage of mouse embryonic development is char-
acterized by extensive epigenetic reprogramming, includ-
ing DNA methylation, histone modifications, chromatin ac-
cessibility and epitranscriptomic-related RNA modifications.
For example, DNMT3B, a type of DNA methyltransferase
(DNMT), plays a critical role in regulating the expression
of key transcription factors, such as Sox2 [25]. Moreover,
the ten-eleven translocation (TET) family methylcytosine hy-
droxylase TET1/TET2 physically associates with NANOG
and activates other important pluripotent factors, such as
OCT4 [26, 27]. Pioneer transcription factors, such as Dux,
play crucial roles in activating 2C genes by increasing chro-
matin accessibility [28]. Additional factors, including DPPA2,
DPPA4, and NELFA, interact with Dux and enhance its activ-
ity. These interactions facilitate the transition of mESCs to 2C-
like cells (2CLCs) by modulating chromatin accessibility and
gene expression [29, 30]. In contrast, Rif1 is highly and specif-
ically expressed in mESCs [31] and intriguingly suppresses
2C genes, such as Zscan4 and Tcstv1/3, to maintain telomere
length homeostasis in mESCs by stabilizing H3K9me3 com-
plexes [19]. The histone H3K9 methyltransferase SETDB1 is
an essential factor for embryonic development and pluripo-
tent ICM establishment [20]. Additionally, rRNA biogene-
sis regulates the transition of mESCs to 2CLCs by reorga-
nizing the 3D structure of perinucleolar heterochromatin. In-

hibition of rRNA synthesis triggers nucleolar stress, which
leads to changes in heterochromatin and the activation of
2C genes [32]. Another factor, LIN28, is involved in pro-
moting nucleolar/ribosomal functions while repressing the
2C-like transcriptional program in mESCs [33]. METTL3,
the methyltransferase for m® A RNA modification, suppresses
ERYV transcription and maintains genomic stability, thereby
influencing 2C gene expression [34]. FTO, a m®A demethylase,
can mediate m®A demethylation of long interspersed element-
1 (LINE1) RNA in mESCs, which regulates embryonic
development [35].

Here, we first identify Nat10 as a new player in the 2C pro-
gram and report the mechanism by which Nat10 balances the
pluripotent and 2C-like states via ac*C RNA modification in
mESCs.

Material and methods

Cell culture

E3 and E14 mESCs were used in this study. E3 mESCs
were cultured on mitomycin C-inactivated MEF feeder cells
[36]. E14 mESCs were cultured on 0.2% gelatin (Sigma).
The culture medium of the mESCs consisted of 15% FBS
(ES quality, HyClone) supplemented with penicillin (100
U/ml) and streptomycin (100 pg/ml) (Gibco), nonessential
amino acids (Gibco), 1 mM L-glutamine (Gibco), 0.1 mM
B-mercaptoethanol (Sigma), mLIF (1000 U/ml) (ESGRO,
Chemicon), and Knock-out DMEM (Gibco). mESCs were cul-
tured in a sterile incubator at 37°C in 5% CO,.

Generation of Nat70 KD ESCs

The Nat10 KD cells were generated via the PiggyBac (PB)-
mediated transgene of an inducible artificial miRNA target-
ing Nat10 with the miR155 backbone. Briefly, a PB transgene
vector carrying inducible artificial miRNAs (TGAATTTCAA-
GACAGCTTTGG; AACACATTGACCCTGATCACC; and
ATGAGAAGCCACATAGAGAGC) was transfected into E14
mESCs together with a vector carrying PBase and a vector car-
rying the puromycin resistance gene via LIPOFECTAMINE
3000. The surviving clones after puromycin treatment were
selected and screened for successful Nat10 KD after doxycy-
cline treatment via western blotting. Two independent clones
with successful Nat10 KD after doxycycline treatment were
retained for further study.

Vector construction

The murine Nat10 and Kap1 CDSs were subsequently cloned
and inserted into the OE-3 x flag vector (gift from the Lingyi
Chen laboratory). Stable cell lines were established from single
clones after 7-10 days of selection with 2 pug/ml puromycin.

Mutation of Nat10

The 641 glycine site of Nat10 is considered the catalytic ac-
tivity center of Nat10. The G641E mutant is often used as a
catalytically dead model [37]. The mutated bases were intro-
duced into the primers listed below, followed by overlap ex-
tension PCR to amplify the DNA encoding Nat10 containing
the mutated sites (Nat10G¢41E),

Mutant-F: ttatcaagggatgggatatgagagcegageget

Mutant-R: gcagcgeteggetcteatateccateecttgataa
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Rescue experimental design

The iNat10; Nat10-KD mESCs were first cultured for 48 h in
the presence of Dox (1 pg/ml); at this point, the Nat10 protein
level obviously decreased, and the cells presented a differen-
tiated phenotype. Then, exogenous Na#10 full-length (Naz10
FL) or Nat10 catalytic mutant (Nat109°*F) was transfected
into these cells via LIPOFECTAMINE 3000 for transient over-
expression, after which the cells were cultured for another
48 h. Finally, samples called rescued cells for 2C state and
pluripotent state marker detection were collected.

Western blot

Protein extracts were prepared with NP40 lysis buffer sup-
plemented with the protease inhibitor PMSF and cock-
tail. The prepared protein samples were subjected to 10%
Acr-Bis sodium dodecyl sulphate-polyacrylamide gel elec-
trophoresis (SDS-PAGE) and transferred to polyvinylidene
difluoride (PVDF) membranes (Millipore). The transferred
PVDF membrane was blocked with 5% nonfat milk at
room temperature for 2 h. The primary antibody was in-
cubated with the transferred membrane at 4°C overnight,
and the secondary antibody incubated at room temperature
for 1 h. The protein band was visualized via Supersignal
West Pico Chemiluminescent Substrate (Millipore). The an-
tibodies used included rabbit anti-Nat10 (1:1000, Abcam,
ab194297), rabbit anti-Actin (1:50,000, ABclonal, AC026),
rabbit anti-Zscan4 (1:1000, Sigma—Aldrich, AB4340), rab-
bit anti-Kap1 (1:2000, GeneTex, GTX102226), rabbit anti-
Nucleolin (1:2000, CST, 14574S), mouse anti-Oct4 (1:500,
Santa Cruz, sc-5279), rabbit anti-Nanog (1:1000, Abcam,
ab80892), rabbit anti-Suv39h1 (1:1000, 14574S), mouse anti-
Hple (1:500, Sigma-Aldrich, 05-689), mouse anti-Setdbl
(1:1000, Abcam, ab107225), rabbit anti-Hply (1:1000,
Novus, NBP2-15736), rabbit anti-Suv39h1 (1:1000, Abcam,
ab283262), rabbit anti-H3K9me3 (1:1000, Abcam, ab8898),
rabbit anti-H3K9ac (1:1000, Abcam, ab4441), rabbit anti-
H3K27ac (1:1000, Abcam, ab177178), and rabbit anti-H3
(1:5000, Abcam, ab1791) antibodies. The secondary antibod-
ies goat anti-rabbit IgG (H + L) (GeneScript, A00098) or goat
anti-mouse IgG (H + L) (GeneScript, A00160) were diluted
1:50,000.

Co-immunoprecipitation (Co-IP)

The cells were cotransfected with epitope-tagged expres-
sion plasmids. Forty-eight hours after transfection, the cells
were harvested with 500 ul of lysis buffer (20 mM Tris-
HCI, pH = 8.0; 100 mM NaCl; 0.5% NP-40; and 1
mM EDTA) supplemented with protease inhibitor cocktail
(#04693132001, Roche) and PMSF (#PB0425). The cell lysate
was rotated at 4°C for 30 min. After centrifugation at
13,000 x g for 10 min, the supernatants were used for im-
munoprecipitation (IP). The cell extracts were incubated with
anti-Flag antibody (F1804 Sigma) overnight at 4°C, followed
by incubation with lysis buffer and washing with 50 pL of
protein G agarose resin (Yeasen, 36405ES08) for 3 h. The in-
cubated protein G was washed with lysis buffer at 4°C for 10
min. The cell extracts (50 puL of input) and IP samples were
resuspended in 80 pL of SDS buffer, followed by pipetting
up and down several times to mix the samples. The sample
was boiled for 5 min and then subjected to Western blotting
with an anti-Flag (1:2000, Sigma, F1804) antibody to detect
protein—protein interactions.

Mass spectrometry

For mass spectrometry analysis of heterochromatin-
associated proteins and murine Natl0-associated proteins,
the immunoprecipitate was subjected to 10% Acr-Bis SDS-
PAGE and separated approximately 2 cm from the well. The
gel was cut and used for mass spectrometry analysis by the
PTM BIO Company (Hangzhou, China).

Real-time qPCR for mRNA quantification

Total RNA was prepared with TRIzol (Invitrogen, Carlsbad,
CA, USA), and the concentration of total RNA was deter-
mined with a NanoDrop 2000 (Thermo Scientific). One mi-
crogram of RNA was reverse transcribed to cDNA via M-
MLV reverse transcriptase (Thermo Scientific, 28025021).
Real-time quantitative PCR (qPCR) was performed in dupli-
cate with FS Universal SYBR Green Master Mix (Roche) and
run on an iCycler MyiQ2 detection system (Bio-Rad). Each
sample was set up in duplicate and normalized to Gapdh.
qPCR data were analyzed via the AACt method. The 2C genes
and 18S rRNA and 28S rRNA primers used were previously
described [32]. All the primers used for qPCR analysis are
listed in Supplementary Table S1.

Immunofluorescence microscopy

mESCs were fixed at 4°C for 30 min in 3.7% paraformalde-
hyde (PFA) in phosphate-buffered saline (PBS), washed three
times with PBS, and permeabilized in 0.1% Triton X-100 in
blocking solution (3% goat serum plus 0.1% BSA in PBS)
for 30 min at room temperature and sealed at room temper-
ature for 2 h. The primary antibody was incubated overnight
at 4°C, and the secondary antibody was incubated at room
temperature for 1 h. The antibodies used were as follows: rab-
bit anti-Nat10 (1:150), rabbit anti-Nucleolin (1:200), mouse
anti-Flag (1:200), rabbit anti-Zscan4 (1:400), and mouse anti-
Hpla (1:150). mESCs were washed three times (15 min each)
with PBS and incubated for 2 h with secondary antibodies at
room temperature. Goat anti-mouse IgG (H + L) FITC (115-
095-003, Jackson), goat anti-rabbit IgG (H + L) Alexa Fluor
594 (111-585-003, Jackson), and rabbit IgG/Alexa Fluor 647
(bs-0295P-AF647, Bioss) were diluted 1:200 with blocking
solution. Samples were washed and counterstained with 0.5
pg/mL DAPI in Vectashield mounting medium (Vector Lab-
oratories). The fluorescence was detected and imaged via an
Axio Imager Z2 fluorescence microscope (Zeiss).

RNA stability assay

Nat10 CON and Nat10 KD mESCs were treated with acti-
nomycin D (MCE, HY-17559) at a final concentration of 5
ng/ml for the indicated times (0, 1, 4, and 8 h) and collected.
Total RNA was extracted with TRIzol (Invitrogen, Carlsbad,
CA, USA) and analyzed via RT-qPCR. The half-life of the
mRNA was calculated according to a previously reported
method [38].

Dot blot assay of RNA ac*C acetylation

Dot blotting was performed as previously described [1].
Briefly, 2 ug of RNA was denatured at 95°C for 5 min, im-
mediately placed on ice for 1 min, loaded onto Hybond-
N + membranes and crosslinked with UV crosslinkers. Un-
bound mRNA was washed with gentle shaking for 5 min.
Next, the membranes were incubated in 20 mL of blocking
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buffer (5% skim milk powder) for 2 h at room temperature
with gentle shaking and then placed in anti-ac*C antibody di-
lution buffer (1:200, Abcam, ab252215) at 4°C overnight. The
membranes were subsequently washed three times in wash
buffer for 15 min each time and then incubated with 2 mL of
goat anti-rabbit IgG antibody (H + L) (1:50,000, GeneScript,
A00098) for 1 h at room temperature. The membranes were
gently washed three times in wash buffer for 15 min each
time. The results were visualized using Supersignal West Pico
Chemiluminescent Substrate (Millipore). For internal stan-
dard detection, the membranes were incubated with 0.02%
methylene blue (Sigma—Aldrich) in 0.3 M sodium acetate (pH
5.2) for 10 min and then washed with ddH,O.

RNA-seq library construction and sequencing

mRNA was purified from total RNA via poly-T oligo-
attached magnetic beads. Fragmentation was carried out us-
ing divalent cations under elevated temperature in NEB-
Next First Strand Synthesis Reaction Buffer (5x). First-strand
c¢DNA was synthesized via DNA polymerase I and RNase H.
The remaining overhangs were converted into blunt ends via
exonuclease/polymerase activities. After adenylation of the
30 ends of the DNA fragments, NEB Adaptors with hairpin
loop structures were subsequently ligated to prepare for hy-
bridization. To select cDNA fragments of preferentially 150-
200 bp in length, the library fragments were purified with AM-
Pure XP random hexamer primers (Beckman Coulter, Beverly,
USA) and M-MLV Reverse Transcriptase (RNase H). Second-
strand cDNA synthesis was subsequently performed using
DNA Polymerase  and RNase H. Then, 3 uL. of USER Enzyme
(NEB, USA) was used with size-selected and cDNA adaptors
ligated at 37°C for 15 min, followed by 5 min at 95°C prior
to PCR. PCR was performed with Phusion High-Fidelity DNA
polymerase, universal PCR primers and Index Primer. Finally,
the PCR products were purified via the AMPure XP system,
and library quality was assessed via the Agilent Bioanalyzer
2100 system. Clustering of the index-coded samples was per-
formed on a cBot Cluster Generation System via the TruSeq
PE Cluster Kit (Illumina) according to the manufacturer’s in-
structions. After cluster generation, the library preparations
were sequenced on an Illumina HiSeq platform by Annoroad
Gene Technology (Beijing, China).

Acetylated RNA immunoprecipitation sequencing
(ac*C-RIP-seq)

The acRIP-Seq service was provided by CloudSeq Biotech Co.,
Ltd. (Shanghai, China). The RNA was first extracted from
the Nat10 CON and Nat10 KD mESCs by TRIzol, the RNA
was quality controlled, and the concentration and purity of
the RNA detected. Total RNA was subjected to immunopre-
cipitation with the GenSeq® ac*C RIP Kit (GenSeq Inc.) fol-
lowing the manufacturer’s instructions. Briefly, RNA was ran-
domly fragmented into approximately 200 nt fragments via
RNA fragmentation reagents. Protein A/G beads were cou-
pled to the ac*C antibody by rotation at room temperature
for 1 h. The RNA fragments were incubated with the bead-
linked antibodies and rotated at 4°C for 4 h. After incubation,
the RNA /antibody complexes were washed several times, and
then, the captured RNA was eluted from the complexes and
purified. The RNA libraries for the IP and input samples were
then constructed with the GenSeq® Low Input Whole RNA
Library Prep Kit (GenSeq, Inc.) following the manufacturer’s

instructions. Libraries were qualified via an Agilent 2100 bio-
analyzer (Agilent) and then sequenced on a NovaSeq platform
(Illumina).

Chromatin immunoprecipitation sequencing
(ChlP-seq)

ChIP-seq was performed as previously described [39]. Briefly,
approximately 2 x 10”Nat10 CON and Nat10 KD mESCs
were first fixed with 1% PFA and then lysed and sonicated
to obtain the majority of the DNA fragments at 100-500
bp. DNA fragments were then enriched via immunoprecipi-
tation with 5 pg of H3K9me3 antibody (ab8898, Abcam) or
10 pg of RNA Pol II (39497, Active Motif) and Dynabeads
M280 (Life Technologies) and rocked at 4°C overnight. The
immunoprecipitated material was eluted from the beads by
heating for 30 min at 65°C. The samples were subsequently
incubated at 65°C overnight for reverse crosslinking. The sam-
ples were then extracted with phenol:chloroform:isoamyl al-
cohol (25:24:1, pH > 7.8), followed by the addition of chlo-
roform, ethanol precipitation in the presence of glycogen, and
resuspension in ddH;O. ChIP-enriched DNA was used for
ChIP—qPCR analysis or library construction by Novogene
Corporation. Each library was subsequently sequenced, re-
sulting in ~20 million reads (125 bp). The primers used for
ChIP—qPCR analysis are listed in Supplementary Table S2.

RNA-seq analysis

The clean reads were first aligned to the mouse reference
genome (mm10) via STAR software [40] with the default pa-
rameters. Expression matrix was generated by Featurecounts
software [41]. DEGs were calculated via the R package DE-
seq2 [42], and the expression levels were represented by the
CPM. DEGs were defined on the basis of the fold change
in expression levels and false discovery rate (FDR) value. If
the absolute fold change was greater than 2 and the FDR
value was less than 0.05, genes were considered to be differ-
entially expressed. To compare the functions of the DEGs, we
used the Metascape website (https://metascape.org/gp/index.
html#/main/step1).

ChlP-seq analysis

For ChIP-seq data analysis, the clean ChIP-seq reads were
aligned to the mouse genome assembly (mm10) via BOWTIE2
[43] with the parameter “~local -k 1”. This setting ensures that
if more than one equivalent best alignment was found, only
one of those hits would be randomly reported. Therefore, in-
stead of excluding reads from repetitive elements, multiple-
hit reads are evenly distributed over highly similar repeat el-
ements across the genome. Bam files were obtained via SAM-
tools (v.1.7). The ChIP-seq peaks were called with MACS2
(v.2.2.7.1). Signal tracks for each sample were generated via
the bamCompare function of deeptools and normalized by
calculating the reads per kilobase of transcript per million
mapped reads (RPKM) [44]. Scatterplots, correlation plots,
and heatmaps are displayed via deepTools [45]. Figures illus-
trating these continuous tag counts over selected genomic in-
tervals were created in the IGV browser [46].

acRIP-seq analysis

Clean reads were aligned to the reference genome (mm10)
via HISAT2 software (v.2.2.1) [47]. The aligned SAM-
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format reads were sorted, transformed to BAM format,
and indexed via SAMtools (v.1.7). Finally, the BAM-format
reads for each paired IP + input sample were processed
via exome-Peak2 software (http://bioconductor.org/packages/
release/bioc/html/exomePeak2.html, v1.8.1) to identify signif-
icant acetylation peaks in each IP sample [48]. HOMER soft-
ware was used for de novo discovery of the acetylation motif
[49]. The distribution of ac*C peaks along the transcripts was
characterized via the R package Guitar [50]. Interval anno-
tation analysis of ac*C peaks along the transcripts was per-
formed via the R package ChIPseeker [51]. Visualization of
the ac*C peaks per-base coverage across the genome was per-
formed via the Integrative Genome Viewer (IGV) [46].

To compare the functions of the peaks, we used the
Metascape website (https://Metascape.org/gp/index.html#/
main/step1).

Statistical analysis

The data are presented as the means = SEMs. Statistical anal-
yses were performed via an unpaired two-tailed Student’s ¢
test in PRISM software (version 10.2.0) to compare the dif-
ferences between the treatment and control groups, assuming
equal variance. Two-way ANOVA with Tukey’s test was used
for comparisons of more than two groups. , ~, " and """
indicate P < 0.05, P < 0.01, P < 0.001 and P < 0.0001, re-
spectively; ns, no significant difference.

Results

Nat10 may indirectly interact with heterochromatin

To further identify heterochromatin-associated proteins in
mESCs, we enriched heterochromatin following an estab-
lished method [52] and subjected it to immunoprecipitation
with an anti-H3K9me3 antibody followed by mass spec-
trometry (IP—MS). Known heterochromatin-associated pro-
teins, such as Cbx1, Cbx3, Cbx5, Dnmt3a, Dnmt3l, and
Npm1, were identified (Fig. 1A and Supplementary Table S4),
which indicates successful enrichment of heterochromatin-
associated proteins. Next, we compared our data with data
from Becker et al. (2017) [52] to validate the method
used in our project. We also compared with the known
heterochromatin-associated proteins identified in mESCs by
Jiet al. (2015) [53], and noted that Nat10 could be a poten-
tial candidate heterochromatin-associated protein by follow-
ing Becker et al. in mESCs (Fig. 1A).

We expressed 3 x Flag-Nat10 fusion protein in mESCs. In
addition to the Flag-Nat10 overexpressing mESCs, we also
transfected the empty Flag vector (Flag_EV) into mESCs.
We then performed immunoprecipitation mass spectrometry
(IP—MS) with an anti-Flag antibody in the two independent
mESC cell lines (Fig. 1B and Supplementary Fig. S1A). If the
unique peptides were identified in two or more repeats, we as-
sumed that the protein was present. Under these conditions,
we identified 341 proteins in the FLAG_Nat10_IP samples
and 188 proteins in the Flag_EV_IP samples (Supplementary
Tables S5 and S6). The 119 proteins are shared between the
two datasets. By removing the background proteins, the ad-
ditional 222 proteins in the FLAG_Nat10_IP samples were
considered as potentially being interacted with Nat10 (Fig. 1C
and Supplementary Table S7).

Notably, Nat10 is associated with the known interac-
tors Tardbp and Thumpdl [54, 55] or with histone com-

ponents such as H3f3a, H1f2 and H2bc3 (Fig. 1D). GO
enrichment analysis of these proteins revealed that most
of the enriched terms were related to the ribosome and
spliceosome (Fig. 1E), which play important roles in de-
termining the cell fate of mESCs [32, 56]. These findings
suggest that Nat10 may play important roles in mESCs.
When the heterochromatin-associated proteins and Nat10-
interacting proteins were compared, approximately one-third
of the proteins identified via Flag/Nat10-IP-MS were also
heterochromatin-associated proteins. These proteins were en-
riched mostly in biological processes related to translation or
ribosome biogenesis (Supplementary Fig. S1B and C). Further-
more, we performed Co-immunoprecipitation (Co-IP) with
anti-Flag and showed that Flag-Nat10 was associated with
Necl but did not interact with H3K9me3 methyltransferases
such as Suv39h1 and Setdbl, nor with H3K9me3 binding
protein Kap1 or heterochromatin-binding protein, Hplo and
Hp1ly (Supplementary Fig. S1D). Similar protein interaction
results were obtained via Co-IP with endogenous NAT10 in
the HEK293T cell line (Supplementary Fig. S1E). Immunoflu-
orescence revealed that Flag fully colocalized with Nat10 in
Flag-Nat10-transfected mESCs (Fig. 1F). Nat10 almost com-
pletely colocalized with Ncl and partly colocalized with Hpla
(Fig. 1G). In addition, Nat10 was located on or near hete-
rochromatin regions at the interphase stage and resided at the
periphery of the condensed chromosomes with the breakdown
of nucleoli when nocodazole was used to partially arrest the
mESCs at metaphase (Fig. 1H).

We also performed co-immunofluorescence of Nat10 with
Hplea, a heterochromatin-binding protein at the interphase
and metaphase stages. Interestingly, during the metaphase
stage, the foci of Hp1lx were disordered, and Nat10 resided at
the periphery of the condensed chromosomes (Supplementary
Fig. S1E, left four panels). Moreover, we performed co-
immunofluorescence in Nat10-overexpressing mESCs by us-
ing H3K9me3 and Nat10-Flag, which can indicate the Nat10
expression pattern. The heterochromatin H3K9me3 foci were
also reduced at the metaphase stage, and the Nat10-Flag
was located around the 4,6-diamidino-2-phenylindole (DAPI)
chromosome region (Supplementary Fig. S1F right four
panels).

The dynamic distribution of Nat10 is also consistent with
observations in Saos-2 cells [57], indicating that Nat10 is asso-
ciated with chromosomes at different cell cycle stages. These
data suggest that Nat10 could be indirectly associated with
heterochromatin in mESCs.

Nat10is required for maintaining the pluripotency
of mESCs

We compared the Nat10 expression levels between mESCs
and somatic cells. The Nat10 level in mESCs was much
greater than that in mouse embryonic fibroblasts (MEFs)
(Supplementary Fig. S2A-C), suggesting that Nat10 may have
a role in mESCs. We also analyzed the expression level of
Nat10 between mESCs in different states of pluripotency
via our previous data [58] and showed that Nat10 expres-
sion was lower in primed state cells than in naive state cells
(Supplementary Fig. S2D), which implied that Nat10 may play
important roles in naive state mESCs. To study the potential
functions of Nat10 in mESCs, we constructed doxycycline
(Dox)-inducible Nat10-KD mESCs, termed iNat10; Nat10-
KD ESCs. The iNat10; Nat10 KD ESCs cultured for 48 h in
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Figure 1. Nat10 may indirectly interact with heterochromatin. (A) Venn diagram showing heterochromatin-associated proteins in our
heterochromatin-IP-MS data (HC-IP-MS) and data from Becker et al. (2017) and Ji et al. (2015). In total, 397 proteins were identified as potential
heterochromatin-associated proteins. Known heterochromatin-associated proteins are shown on the left, and Nat10 is a potential
heterochromatin-associated protein shown on the right. (B) Coomassie brilliant blue staining of the Flag/Nat10-interacting proteins that were
immunoprecipitated from 3x Flag-Nat10-overexpressing (OE) mESCs and identified via mass spectrometry. The molecular weights (MWs) are shown on
the left of the gel. The putative Nat10 protein is indicated. (C) Venn diagram showing Nat10 potential interactors between FLAG_Nat10_|P samples

(left circle) and Flag_EV_IP samples (right circle). A total of 222 proteins in the FLAG_Nat10_IP samples were considered to potentially interact with
Nat10. (D) Scatter plot showing the Nat10-immunoprecipitation mass spectrometry (IP-MS) results. Highlights indicate some histone components such
as H1f2 and H3f3a and the known Nat10 binding protein Tardbp and Thumpd1 and other potential binding proteins. (E) Functional enrichment analysis for
genes marked by the Nat10-interacting proteins identified by IP—MS. (F) Immunofluorescence images of the Nat10 antibody and Flag antibody in
mMESCs; scale bar, 10 um. (G) Upper panel, representative immunofluorescence images of the anti-Flag antibody and anti-Nucleolin (Ncl) antibody in
mESCs. An anti-Flag antibody was used to visualize the Nat10 signal, and DAPI used to visualize the nuclei. Scale bar, 10 um. Bottom panel,
Immunofluorescence images of the Nat10 antibody and Hp1 o antibody in mESCs; scale bar, 10 um. (H) Immunofluorescence of the Nat10 in ESCs at
interphase or metaphase arrested by nocodazole treatment. Nuclei were visualized with DAPI. Scale bar, 10 pum..
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Regulation of totipotent 2-cell like and pluripotent states by Nat10 7

the presence of Dox (1 ug/ml) were called Nat10 KD mESCs,
and the cell lines cultured in the absence of Dox called Naz10
CON mESCs. While Nat10 CON mESCs presented a nor-
mal morphology, Nat10 KD mESCs displayed a loss of typical
clonal morphology with a flat appearance (Fig. 2A).

To comprehensively assess the alterations in gene expres-
sion in mESCs resulting from Nat10 depletion, we performed
mRNA sequencing in Nat10 KD and Nat10 CON mESCs
with three replicates. Principal component analysis (PCA) re-
vealed obvious distinctions between the expression profiles
of Nat10 KD and Na#10 CON mESCs (Fig. 2B). Compared
with Nat10 CON, Nat10 KD resulted in the downregula-
tion of 1,256 genes and the upregulation of 1,650 genes (Fig.
2C). Gene Ontology analysis of biological processes (GO-
BP) of the downregulated genes demonstrated that most of
the enriched terms were related to pluripotency (Fig. 2D and
Supplementary Table S8). Moreover, the transcript levels of
most of the pluripotency genes decreased after Nat10 KD
in mESCs (Fig. 2E). We confirmed the expression levels of
core pluripotency genes, such as Oct4, Nanog, and Esrrb, af-
ter Nat10 KD via RT—qPCR and Western blot assays. All
these factors were downregulated in the Nat10-inducible KD
mESCs (Fig. 2F, 2G). These data reveal that Nat10 is essential
for maintaining the pluripotency of mESCs.

Nat10 represses 2C genes

To further investigate the roles of Nat10 in mESCs, we first
used published data to determine the expression of Naz10
during embryonic development [59]. Consistent with previous
observations [60], the expression of Nat10 was lowest at the
two-cell embryonic stage (Supplementary Fig. S3A). Further-
more, when looking into two independent Zscan4-positive
and -negative (Zscan4* vs Zscan4~) mESCs [61, 62], the ex-
pression of Nat10 was slightly lower in Zscan4* cells than in
Zscan4~ cells (Supplementary Fig. S3B). These observations
motivated us to explore the relationship between Nat10 and
genes specifically expressed in 2-cell embryos, which are also
called 2C genes.

Most of the 2C genes, from a published paper [21], were
activated in Nat10-KD mESCs (Fig. 3A), including Dux, Zs-
cand, Usp171, and Tcstv3 (Fig. 3B; Supplementary Fig. S3C).
Moreover, transposons closely related to 2C genes, such
as MERVL_int and MT2_Mm, were also upregulated after
Nat10 KD (Fig. 3C). We next determined the expression lev-
els of the 2C marker Zscan4 and other 2C genes, such as
Dux and Gm12794, after Nat10 depletion via RT—qPCR and
western blot. All these genes were upregulated in Nat10 KD
mESCs. To better test the proportion of 2CLCs, we performed
immunofluorescence by using the Zscan4 protein to identify
2CLCs. Through counting the Zscan4-positive cells, the per-
centage of 2CLCs was 3.7% in Nat10 CON and increased to
8.5% after Nat10 KD (Fig. 3D-F). These results suggest that
Nat10 is a suppressor of 2C genes in mESCs.

We then constructed a 3 x Flag-Nat10-overexpressing (OE)
cell line (Fig. 3G). The Nat10 OE mESCs maintained the same
typical undifferentiated clones in morphology as the Naz10
CON mESCs did (Supplementary Fig. S3D). We examined the
expression of Zscan4 and other 2C genes via western blotting
and qPCR. In contrast, Zscan4, the typical 2C gene, was re-
duced at both the protein and mRNA levels after Nat10 OE in
mESCs. Other classical 2C genes were also downregulated, as
shown by qPCR (Fig. 3H,I). However, the protein and mRNA

levels of Oct4 and Nanog were greater in Nat10 OE mESCs
than in Nat10 CON mESCs (Fig. 3H,I), in contrast to Nat10
KD mESCs.

Additionally, we attempted to rescue the changes in the
mRNA levels of 2C genes and pluripotency genes by trans-
fecting exogenous Nat10 in these cells which were already
cultured for 48 h in the presence of Dox to induce Naz10 KD.
Like Nat10 KD mESCs, Nat10 rescue (Nat10 KD + Nat10
OE) mESCs still maintained a differentiated morphology
(Supplementary Fig. S3D) and could not reverse the pheno-
type caused by Naz10 depletion. Consistent with the morphol-
ogy, exogenous Nat10 reversed the increase in 2C genes in-
duced by Nat10 KD, while pluripotency markers such as Oct4
and Nanog could not be rescued (Supplementary Fig. S3E,
S3F).

Moreover, we overexpressed WT Nat10 or Nat10¢**E mu-
tants prior to Dox-inducible KD. By western blotting, over-
expression of WT Nat10 could partly rescue the protein lev-
els of pluripotency genes and fully rescue protein level of Zs-
can4, representative of 2C genes, whereas the mutant failed to
rescue protein levels of both pluripotency and Zscan4 genes
(Supplementary Fig. S4).

Together, these data suggest that Nat10 may play a role in
suppressing 2C gene expression in mESCs and maintaining
the balance of the 2C state and pluripotency genes in mESCs.

Nat10 KD decreases ac*C mRNA modification in
mESCs

Nat10 is the only known acetyltransferase that catalyzes the
ac*C modification of RNA [63, 64]. We first used dot blot-
ting to detect the ac*C levels in total RNA. The ac*C lev-
els in total RNA decreased significantly after Nat10 KD
in mESCs (Supplementary Fig. S5A). We further performed
acetylated RNA immunoprecipitation followed by sequenc-
ing (acRIP-seq) in the Nat10 CON and Naz10 KD mESCs
and compared the ac*C peaks with those in the Nat10 CON
mESCs to obtain specific downregulated peaks after Nat10
KD (Fig. 4A). In total, we obtained 2,560 peaks in Nat10
CON mESCs and 3,765 peaks in Nat10 KD mESCs, in two
replicates. We then defined the peaks that decreased with de-
creasing mRNA levels under Log, (fold change) < -1 and
FDR < 0.05 conditions as specific peaks. More specific peaks
decreased after Nat10 KD (Supplementary Fig. S5B). To better
understand the similarities or differences between our anal-
ysis and a published study (GSE226748), we first analyzed
these data and revealed that 3,939 peaks were downregu-
lated after NAT10 KD in hESCs (Supplementary Fig. S5C
and D). By comparing these peaks with those downregu-
lated after Nat10 KD in mESCs (Supplementary Table S9),
we found 958 shared peaks (Supplementary Fig. S5D). Fur-
ther GO functional enrichment analysis revealed that genes re-
lated to mRNA splicing, mnRNA metabolism and mechanisms
associated with pluripotency-related terms were enriched in
the shared peaks (Supplementary Fig. SSE), suggesting that
these processes are regulated by ac*C modification and might
be conserved between mESCs and hESCs. Additionally, in
mESCs, ac*C may be related to chromosome maintenance and
epigenetic regulation terms, whereas in hESCs, ac*C was as-
sociated with translation and rRNA processing-related terms
(Supplementary Fig. SSF and G). When we analyzed the dis-
tribution of ac*C on mRNA transcripts after Nat10 deple-
tion, more than 50% of the ac*C peaks were located in gene
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Figure 2. Nat10 is required for maintaining the expression levels of key pluripotency genes in mESCs. (A) Representative images of the morphology of
Nat10 control (without Dox treatment, -Dox) versus Nat10 KD cells (with Dox treatment for 48 h, +Dox) under fluorescence and bright-field microscopes;
KD_1 and KD_2 indicate two independently induced Nat70 KD cell lines. Scale bar, 100 um. (B) Principal component analysis (PCA) plot depicting the
clustering of the Nat70-KD group versus the Nat70-CON group. Each symbol represents an RNA-seq sample. (C) Volcano plots showing differentially
expressed genes in Nat10-KD mESCs compared with CON mESCs (n = 3). Represent genes upregulated and downregulated by Nat70-KD were
highlighted in color. The false discovery rate (FDR) was <0.05, and the Log2-fold change (FC) was >1 or <-1. (D) The enriched Gene Ontology (GO)
terms of downregulated differentially expressed genes (DEGs) in Nat70 KD compared with Nat70 CON mESCs. (E) Heatmap showing downregulated
pluripotent gene expression from RNA-seq analysis in Nat10-KD and CON mESCs. (F) Quantitative RT-PCR (qPCR) of the expression of the pluripotent
genes Oct4, Nanog and Esrrb normalized to Gapdh. The data are presented as the means + SEMs, n= 3. **** P < 0.0001. (G) Representative western
blot analysis of Oct4, Nanog and Nat10 expression. (3-actin served as the loading control. The data are representative of three independent experiments.
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Figure 3. Nat10 represses 2C genes. (A) Gene set enrichment analysis (GSEA) using the 2-cell signature genes defined in Macfarlan et al. [21]
(GSE33923) to compare Nat10-KD with CON mESCs. NES, normalized enrichment score. Three biological replicates were used for each
RNA-sequencing sample. (B) Heatmap showing the upregulated 2C genes from RNA-Seq analysis in Nat70-KD and CON mESCs. (C) Violin plot showing

the expression of the 2-cell-related transposable elements (TEs) MERVL_int and MT2_Mm. The gene expression level was quantified as counts per
million (CPM). ** P < 0.01, *** P < 0.001 (two-tailed unpaired t test). (D) Representative western blot analysis of Zscan4 expression in two inducible

Nat10-KD mESC lines. (3-actin served as the loading control. (E) Immunofluorescence of Zscan4 in Nat70 CON and Nat70 KD mESCs. Left panel,

representative images of Zscan4 protein immunofluorescence. Scale bar, 10 um. Right panel, proportion of Zscan4-positive (Zscan4*) cells based on

9

immunofluorescence images. The number of cells counted is shown at the top of the bar. (F) Quantitative RT—PCR (gPCR) of the expression of the 2C

marker genes Zscan4, Dux and Gm12794 in two Nat10 inducible KD cell lines normalized to Gapdh. The data are presented as the means + SEMs,
n=3. **** P ~0.0001 (G) Representative western blot analysis of the expression of Nat10 and Flag in Nat70 CON and Nat10-overexpressing (Nat10

OE) mESCs. B-Actin served as the loading control. (H) Representative western blot analysis of the expression of Nanog, Oct4 and Zscan4 in Nat70 CON

and Nat10 OE mESCs. [3-Actin served as the loading control. (I) Quantitative RT—PCR (qPCR) of the transcription levels of the Nat70, Oct4, Nanog and

2C genes Zscan4, Dux and Gm 12794 normalized to Gapdh. The data are presented as the means & SEMs, n= 3. *** P < 0.001, **** P < 0.0001. (D-l),
experiments were conducted at least three times with similar results.
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Figure 4. The Nat10-catalyzed ac*C modification affects the transcriptome of pluripotency and chromatin remodeling genes in mESCs. (A) Schematic of
acRIP-seq. The RNA was first extracted from the Nat70 CON and Nat70 KD mESCs, and then the RNA was randomly fragmented to approximately 200
nt by RNA fragmentation reagents. The anti-ac*C antibody was coupled with beads. The RNA fragments were incubated with bead-linked antibodies,
and the captured RNA was subsequently eluted from the complexes and purified. The RNA libraries for the IP and input samples were then sequenced.
(B) Distributions of the ac*C peaks across transcripts. The distributions of ac*C peaks along the 5’'UTR, CDS and 3'UTR of mRNAs in two biological
replicates of the Nat70 CON and Nat70 KD samples are shown. (C) GO functional enrichment analysis of genes marked by genes with downregulated
ac*C peaks in Nat10-KD mESCs compared with Nat70-CON mESCs. (D) IGV tracks displaying the RNA-seq and acRIP-seq signals across target
transcripts of Oct4, Esrrb and Rex1. (E) Most significant motif in the Nat70 CON and Nat70 KD mESC peaks. (F) The CAG motif is conserved among the
mouse Oct4, Esrrb, Rex1, and Kap1 transcripts. The specific sequences of these transcripts were predicted via acRIP-seq analysis and obtained from
the National Center for Biotechnology Information-National Institutes of Health (NCBI-NIH) database. (G) RT—gPCR analysis comparing the mRNA decay
rates of Oct4, Esrrb and RexT in Nat10 CON and Nat70 KD mESCs. The experiments were conducted at least three times with similar results.
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coding regions. The distribution of the peaks across tran-
scripts revealed a shift in enrichment from gene coding regions
in the vicinity to 5" untranslated regions (5’ UTRs) (Fig. 4B;
Supplementary Fig. SSH).

Functional enrichment analysis of the genes with down-
regulated peaks showed significant enrichment in terms re-
lated to pluripotency and chromatin organization (Fig. 4C).
Notably, the genes with downregulated ac*C peaks were re-
lated to heterochromatin modifiers such as Chafla, Rifl,
Atrx and Hpla, which represses 2C genes [18], as well as
Kap1. The ac*C modifications also were present on the mR-
NAs of pluripotency factors such as Oct4, Esrrb and Zfp42
(also known as Rex1), which are considered important naive
state marker genes in mESCs [65, 66] and were significantly
reduced after Nat10 KD (Fig. 4D). However, ac*C mod-
ifications were minimal on the mRNAs of the 2C genes
(Supplementary Fig. S5I).

Consistent with previous study [67], “CXXCXXCXX” was
the most enriched motif at the ac*C peak (Fig. 4E). Our acRIP-
seq data revealed that the transcripts of the pluripotency genes
shown above and the heterochromatin organization-related
gene Kap1 could be acetylated at cytosine. We aligned the four
sequences and showed that they had a high degree of consis-
tency, with these sequences enriching at least three “CXX”
repeats on their transcripts and sharing the common sequence
“CAG” (Fig. 4F). These data may explain why ac*C modifica-
tions preferentially occur on these genes.

It has been reported that ac*C modification can promote
mRNA stability [1]. We performed an RNA stability assay and
validated that the stability of Oct4, Esrrb and Rex1 mRNAs
dramatically decreased after Nat10 KD in mESCs (Fig. 4G).

We also used Remodelin, a specific inhibitor of NAT10
that can inhibit acetyltransferase activity [68], to examine
the inhibitory effects of Nat10. The mRNA levels of pluripo-
tency genes were also lower after 20 uM Remodelin treatment
for three passages than those after DMSO treatment, which
served as a vehicle control (Supplementary Fig. S5]). In addi-
tion, the expression of key 2C genes, such as Zscan4, Dux,
Gm12794, Tcestvl /3, and Tbx3, the upstream of Zscan4 [69],
was increased by qPCR compared with that of the DMSO
control (Supplementary Fig. S5]). These data were consistent
with those from Naz10 KD experiments, confirming that N*-
acetylcytidine (ac*C) writer activity is important for maintain-
ing the mRNA levels of pluripotency genes and of heterochro-
matin remodelers in suppressing 2C genes.

The above data indicate that the mRNAs of core pluripo-
tency genes can be modified by ac*C, which results in in-
creased stability of mRNAs encoding pluripotency factors,
whereas the 2C gene levels are unlikely to be directly impacted
by ac*C modification of their mRNAs.

Nat10 targets and promotes the stability of Kap1
mRNA

Since 2C genes are not directly regulated by the ac*C mod-
ification of mRNAs, we explored how Nat10 regulates the
expression levels of 2C genes. After Nat10 KD, the peaks
downregulated by ac*C were also significantly enriched in
chromatin organization (Fig. 4C). As many heterochromatin-
associated factors can regulate the expression of 2C genes,
Nat10 may indirectly regulate the expression levels of 2C
genes through chromatin modification. There were 164 down-
regulated genes likely regulated by ac*C modification accord-

ing to the analysis of the acRIP-seq data and RNA-seq data
(Fig. SA). Among 164 genes, 25 genes were enriched in the
chromatin organization term (Fig. 5B), including the mRNA
encoding Kap1, which is a heterochromatin-binding protein
to H3K9me3 (Fig. SC and D). To investigate whether this
mechanism in mESCs is specific, we further analyzed the
acRIP-Seq data from hESCs (GSE226748) and used IGV to
display the acRIP-Seq signals for the target transcripts of
KAP1 and OCT4. In NAT10-deficient hESCs, ac*C signal-
ing on OCT4 mRNA was notably decreased, similar to that
in mESCs, whereas modifications on KAP1 mRNA were not
changed (Supplementary Fig. S6A). Additionally, the tran-
scription level of KAPI was unchanged in NAT10 KD hESCs,
compared with that in KD controls (Supplementary Fig. S6B).
The above data suggest that Nat10-mediated ac*C modifi-
cation might target Kapl mRNA only in mESCs, unlike in
hESCs. Indeed, Kap1 was significantly decreased at the tran-
script and protein levels in the Naz10-KD mESCs, whereas an-
other key H3K9me3 reader protein, Hp1la, changed slightly
after Nat10 depletion (Fig. SE and F). Kap1 is involved in het-
erochromatin maintenance and the inhibition of 2C genes in
mESCs [17, 70, 71]. We compared the interactions of Kap1
with the histone modification H3K9me3 in Naz10 CON and
Nat10 KD mESCs. Kap1 pulled down a lower amount of
H3K9me3 in Nat10 KD mESCs (Fig. 5G). Moreover, the level
of the histone modification H3K9me3 was also reduced after
Nat10 depletion (Fig. 5H). Reduced H3K9me3 and Kap1 may
decrease the H3K9me3 heterochromatin complex in Nat10-
depleted mESCs. Moreover, H3K9me3 chromatin immuno-
precipitation sequencing (ChIP-seq) revealed that H3K9me3
was reduced among the 2,214 downregulated peaks in Nat10
KD mESCs compared with Naz10 CON mESCs (Fig. 51 and
Supplementary Table S10). By focusing on the upregulated
2C genes in our RNA-seq data, we found that H3K9me3 at
these genes was indeed decreased after Nat10 KD (Fig. 5J;
Supplementary Fig. S6C). By ChIP—qPCR analysis, enrich-
ment of H3K9me3 at the Zscan4 promoter was decreased af-
ter Nat10 KD (Fig. 5K). In contrast, overexpression of Kap1 in
Nat10-KD mESCs reversed the increased expression levels of
2C genes in Nat10-KD cells (Supplementary Fig. S6D and E).

Next, we explored how Nat10 regulates Kap1 expression
levels. Given that Kapl mRNA can be modified directly by
ac*C (Fig. 5C), we examined the mRNA stability of Kap1. The
stability of Kap1 mRNA decreased after Nat10 KD in mESCs
(Fig. SL). To address whether the Nat10 acetyltransferase do-
main has functions other than acting as an ac*C writer, we
detected the common acetylation histone modifications, such
as H3K27ac and H3K9ac, in Nat10 inducible KD mESCs.
The two modifications were nearly unchanged after Nat10
KD, which is also consistent with the work published re-
cently [37] (Supplementary Fig. S6F). We also performed RNA
polymerase II ChIP-qPCR. The enrichment of RNA Pol II at
the Kapl promoter was nearly unchanged after Nat10 KD
(Supplementary Fig. S6G), suggesting that Nat10 promotes
the mRNA levels of Kapl in mESCs, unlikely by mediating
histone acetylation or by transcription of Kap1 mRNA.

To further explore whether Nat10 catalytic activity is essen-
tial for Kap1 and 2C gene-related mRNAs, we generated a cat-
alytically dead G641E mutant of Nat10 (Nat10%¢*E) follow-
ing previous methods [37] (Fig. 6A). We overexpressed full-
length Nat10 (Nat10 FL) or Nat10%#'F in WT mESCs and
detected the Nat10 expression level and global ac*C modifi-
cation level in total RNA via western blot and dot blot assays.
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Figure 5. Nat10 targets and promotes the stability of Kap7 mRNA. (A) Venn diagram showing overlapping genes between downregulated ac*C peaks in
Nat10 KD mESCs (left circle) and downregulated DEGs in Nat70 KD mESCs (right circle). (B) Heatmap showing the downregulated genes from RNA-Seq
analysis in Nat70-KD and CON mESCs associated with chromatin organization. (C) IGV tracks displaying the acRIP-seq signal across target transcripts of
Kap1. (D) Violin plot showing the expression of Kap7in Nat70 CON and Nat70 KD mESCs. The gene expression level was quantified as counts per
million (CPM). ****P < 0.0001 (two-tailed unpaired t test). (E) Quantitative RT—PCR (qPCR) of the transcription levels of Nat70 and Kap7 normalized to
Gapdh. The data are presented as the means + SEMs, n= 3. ****P < 0.0001. (F) Representative western blot analysis of the expression of Kap1 and
Hp1o. B-Actin served as the loading control. (G) The IP-western approach demonstrated the critical role of Nat10 in maintaining the interaction between
Kap1 and H3K9me3. (H) Representative western blot analysis of the expression of Nat10 and H3K9me3 histone modifications in two inducible Nat70-KD
cell lines. H3 and f3-actin served as loading controls. (I) H3K9me3 binding to the TSS region among the downregulated peaks in Nat70 CON and KD
mESCs, data were normalized by reads per kilobase per million mapped reads (RPKM). (J) IGV tracks displaying the RNA-seq and ChIP-seq signals
across H3K9me3 binding sites on Zscan4b. Three biological replicates are overlaid in the RNA-seq panel. (K) ChIP—gPCR analysis of H3K9me3
enrichment at proximal regions of the Zscan4 promoter. The B-actin locus served as a negative control. Mean & SEM from three replicates,

***¥*P < 0.0001, and ns, no significant difference. (L) RT—gPCR analysis comparing the mRNA decay rate of Kap7 in Nat70 CON and Nat70 KD mESCs.
The experiments were conducted at least three times with similar results. (E), (F), (G), (H), (K), and (L) experiments were conducted at least three times,

each yielding similar results.
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Figure 6. The impact of Nat10 catalytic activity on Kap7 and 2C genes. (A) Schematic of the Nat10%64'E mutant construction. (B) Representative western
blot analysis of Nat10 expression in Nat10 WT, Nat10 Fl-overexpressing and Nat10%%4’E-overexpressing mESCs. (3-Actin served as the loading control.
(C) Representative dot blot of ac*C modification in total RNA from Nat70 WT, Nat10%64’E-overexpressing and Nat10 Fl-overexpressing mESCs.
Methylene blue staining was used as the control. The signal intensity below the gel was quantified relative to that of the corresponding Methylene blue.
(D) Quantitative RT—PCR (gPCR) of the mRNA levels of the Kap7 and 2C genes Zscan4, Dux, Gm12794, and Mervlin Nat10 CON, Nat10 KD, Nat10

KD + Nat10 FL OE and Nat10 KD + Nat10647€ OE mESCs. Nat10 KD + Nat10 FL OE refers to the overexpression of the full-length Nat70 in Nat10 KD
mESCs, and Nat10 KD + Nat10%647E OF refers to the overexpression of the Nat10964’E mutant in Nat70 KD mESCs, normalized to Gapdh. The data are
presented as the means + SEMs, n=3. **P < 0.01, ****P < 0.0001, and ns, no significant difference.

Unlike the full-length Nat10 (Nat10 FL), the Nat10%*1E mu-
tant was unable to efficiently catalyze RNA acetylation (Fig.
6B,C), indicating successful construction of a catalytic mu-
tant of Nat10. We transiently overexpressed Naz10 FL and the
Nat109*'E mutant in Nat10 KD mESCs for 48 h. We detected
the Kap1 mRNA acetylation level via acRIP-qPCR, and used
the sequence identified by acRIP-Seq and predicted by PACES
[67] to design specific primers (Supplementary Fig. S6H and
Supplementary Table S3). The ac*C enrichment on Kapl
mRNA was decreased after Nat10 KD and could be partly
rescued by overexpression of Nat10 FL (full-length) but not
by overexpression of Nat10%°*'F mutant (Supplementary Fig.
S6l). Additionally, the mRNA level of Kap1 was rescued after
Nat10 FL overexpression, whereas Nat10°6*'E mutant over-
expression failed to increase Kapl mRNA levels. Coinciden-
tally, the upregulation of 2C-genes caused by Naz10 KD can
be repressed by Nat10 FL but not by the Nat10%%*'E mutant
(Fig. 6D). Hence, the catalytic activity of Nat10 is important
for repressing the 2C genes via promoting Kap1.

Together, Nat10 maintains the mRNA level of Kapl by
modulating its mRNA stability via acetylation. A reduction
in Kap1 could be one of the major factors responsible for the
increased expression of 2C-genes in Naz10 KD mESCs.

Nucleolar/ribosomal functions of Nat10

Nat10 is known to serve as a nucleolar-associated protein
[57], and most of its interacting proteins are related to ribo-

some biogenesis (Fig. 1E). We detected the expression of the
rRNA components 18S rRNA, 28S rRNA and pre-rRNA in
Nat10 CON and Naz10 KD mESCs via qPCR. Naz10 KD had
little effect on 18S rRNA transcripts but increased 28S rRNA
transcripts and decreased pre-rRNA transcripts (Fig. 7A). Al-
though 28S rRNA was slightly increased, previous work has
shown that mature 188, 5.8S, and 28S rRNAs are processed by
removing the 5'-ETS/3’-ETS surrounding the pre-rRNA and
the intermediate ITS1/ITS2 fragments [72], which might im-
ply that pre-rRNA may play more important roles in rRNA
synthesis and processing. When we analyzed our RNA-seq
data via gene set enrichment analysis (GSEA), we noticed that
most rRNA processing-related genes were downregulated in
Nat10 KD mESCs (Fig. 7B), suggesting that rRNA synthesis
could be impaired after Nat10 depletion. Moreover, most ri-
bosome biogenesis-related genes, including Ncl and Npml,
were downregulated in Nat10 KD mESCs (Fig. 7C,D). Ncl
protein levels were also decreased after Nar10-KD (Fig. 7E).
To investigate whether reduced Ncl has an effect on the struc-
ture of the nucleolus, we performed immunofluorescence mi-
croscopy of Ncl in Naz10 KD mESCs compared with Nat10
CON mESCs. The number of foci of DAPI-stained heterochro-
matic regions was reduced after Nat10 KD. Additionally, high-
resolution structured illumination microscopy (SIM) was used
and revealed that Nat10 KD led to the disappearance of the
Necl-marked “ring” structure, which represents the charac-
teristic nucleolar structure of the dense fibrillar component
(DFC) region (Fig. 7E,G). Moreover, the number of nucleoli
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Figure 7. Nat10 depletion changes ribosome biogenesis. (A) Abundance of pre, 18S and 28S rRNAs determined by gPCR normalized to Gapdh. The data
are presented as the means + SEMs, n= 3. *P < 0.05, **P < 0.01, and ns, no significant difference. (B-C) Gene set enrichment analysis (GSEA)
indicating that downregulated genes are highly enriched in the rRNA processing gene set (B) and ribosome biogenesis gene set (C). NES, normalized
enrichment score. Three biological replicates were used for each RNA-seq sample. (D) Violin plot showing the expression of the ribosome
biogenesis-related genes Nc/and Npm1. The gene expression level was quantified as counts per million (CPM). **P < 0.01 (two-tailed unpaired t test).
(E) Left panel, representative western blot analysis of the expression of Nat10 and Ncl. 3-Actin served as the loading control. Right panel, quantification
of the grayscale of Ncl. The data are presented as the means & SEMs, n = 2. *P < 0.05. (F) Immunofluorescence analysis of Nat10 and Ncl. Scale bar,
10 um. Right panel, quantification of the mean fluorescence intensity of Nat10 and Ncl, n = 3 for each Nat70 CON and Nat70 KD clone. The data are
presented as the means + SEMs. **P < 0.01, and ***P < 0.001. (G) Structured illumination microscopy (SIM) of Ncl. Scale bar, 5 um. (H-l)
Quantification of the nucleolar number (H) and nucleolar diameter (I). The nucleoli were labeled with Ncl and counted manually. More than 100 cells and
nucleoles were used for quantification in each group. The data are presented as the means + SEMs. ****P < 0.0001. (A), (E), and (F), experiments were
conducted at least three times, and similar results were obtained.
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and their sizes were noticeably decreased in Nat10 KD mESCs
(Fig. 7H,I). These data indicate that Na#10 depletion alters ri-
bosome biogenesis and nucleolar structure.

LINE1 can recruit Ncl and Kap1, and the LINE1-Ncl-Kap1
complex could repress the 2C program and promotes rRNA
synthesis in mESCs [73]. As Nat10 could interact with Ncl
(Supplementary Fig. S1D) and the protein level of Ncl and
Kap1 were both decreased after Nat10 depletion (Figs SF
and 7E), we then asked how Nat10 functions in the LINE1-
Ncl-Kapl complex. We found ac*C modification was mini-
mal on most LINET elements in Nat10 CON or Nat10 KD
mESCs (Supplementary Fig. S7A and B). We assessed the ex-
pression of transposable elements (TEs) in Nat10 CON and
Nat10 KD mESCs by analyzing the RNA-seq data. Only a few
TEs changed, and almost none of the LINET elements showed
changes in expression level after Nat10 KD (Supplementary
Fig. S7C). Next, we used published LINE1-ChIRP-seq data
[74] to determine whether LINE1 transcripts can directly tar-
get Nat10. No LINE1 enrichment was observed at the Nat10
locus, whereas obvious enrichment was observed at the Hdac4
locus, a known LINEI1 target (Supplementary Fig. S7D). We
also analyzed the transcriptional level of Nat10 in LINEI-
KD mESCs [73]. The transcriptional level of Nat10 showed
minimal change after LINE1 KD (Supplementary Fig. S7E).
These data suggest that Nat10 and LINE1 are unlikely to di-
rectly regulate each other.

We hypothesized that Nat10 can bridge the interaction
of Necl and Kapl. We used IP/western approaches to in-
vestigate the interactions between Ncl and Kap1 in Nat10
CON and Nat10 KD mESCs. Compared with the control,
Ncl pulled down a lower amount of Kapl, and Kap1 also
pulled down a lower amount of Necl in Nat10 KD mESCs

(Supplementary Fig. S7F). These findings suggest that Nat10
depletion can reduce Ncl and Kap1 levels, which can poten-
tially weaken their interactions. This interaction might also
regulate 2C-genes in mESCs, providing another perspective on
how Nat10 regulates 2C-genes in mESCs for future studies.

Discussion

Epigenetic regulation of heterochromatin is very important
for determining the fate of mESCs. Recently, RNA epitran-
scriptomic modifications, such as N°-methyladenosine (m°®A)
modification, have been implicated in regulating the fate of
mESCs. Nuclear m®A readers or writers function in main-
taining self-renewal or repressing the 2C-like transcriptional
program in mouse ESCs [34, 75, 76]. We demonstrated that
Nat10-mediated RNA modifications via ac*C acetylation play
dual roles in pluripotent and 2C-like states in mESCs.

Fluorescence microscopy experiments revealed strong over-
lap in the subcellular localization of Nat10 and Ncl, whereas
Nat10 and Hplx seemed to localize only in close proximity
but not colocalize. Furthermore, Flag-Nat10 IP-MS revealed
that core components of heterochromatin, such as Hp1 pro-
teins or other chromodomain proteins, are not major interac-
tors of Nat10, in contrast to ribosome biogenesis, translation
and splicing factors (Fig. 1E and Supplementary Table S7), in-
dicating that Nat10 is a nucleolar protein and may indirectly
interact with heterochromatin through Ncl. Nat10 may reg-
ulate heterochromatin organization owing to its localization
to the nucleolus and implication in rDNA biogenesis rather
than a direct connection with perinucleolar heterochromatin
itself.
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Recently, the modification of ac*C mRNA mediated by
NAT10 is required for the maintenance of self-renewal in
hESCs [13]. However, NAT10 KD in hESCs did not affect
the expression levels of typical pluripotency markers, includ-
ing OCT4, NANOG, and SOX2 [14]. Conventional hESCs
are generally considered primed-state PSCs, and mESCs are
considered naive-state PSCs [77-79]. We demonstrated that
Nat10 directly regulates the mRNA stability of pluripotency
factors via RNA modification in mESCs and suppresses the
emergence of a 2C-like state, which is specifically found in
mESCs.

Mechanically, Nat10-mediated ac*C modification can form
on the heterochromatin modifier Kap1 mRNA, repressing the
expression of 2C genes in mESCs by affecting H3K9me3 het-
erochromatin modification (simplified model shown in Fig.
8). Kap1 is known as a 2C transcriptome repressor that di-
rectly regulates the expression of Dux via Dcafl1-mediated
Kapl degradation [17, 28, 44]. Our data demonstrate that
Nat10-mediated ac*C can be a new upstream regulator of
Kap1 in the repression of 2C genes. Meanwhile, we also ana-
lyzed the KAP1 mRNA in hESCs by public data and showed
no regulation by NAT10, indicating that the mechanism de-
scribed in this work is specific to mESCs, which might con-
tribute to understand the zygotic genome activation (ZGA)
process during mouse embryos development. The limitation
of this work is that only acRIP-seq is used to study the Kap1
mRNA acetylation level. Future studies will be needed to val-
idate the specific acetylation sites of mature Kapl mRNAs.
Recently, Nat10 has also been shown to regulate R-loops at
specific genes in a NAT10 catalytic activity dependent manner
[80]. As the level of transcription initiation of Kapl was not
changed (Supplementary Fig. S6G), the effect of Nat10 KD on
the Kap1 mRNA could also be owing to an absence of R-loop
resolution.

2CLCs [21] can be good models for studying the transition
between totipotency and pluripotency iz vitro, and are impor-
tant for the formation of totipotent stem cells [81], like zygotes
and 2-cell-stage embryos [82]. Epigenetic regulation by small
molecules such as crotonic acid, DOT1L (DOT1-like histone
lysine methyltransferase that methylates H3K79) inhibitor or
the spliceosome inhibitor PlaB can facilitate the expression of
2C genes and reprogram pluripotent mouse ESCs to a totipo-
tent state [56, 83, 84]. We showed that the inhibition of Nat10
by Remodelin can also promote the expression of 2C genes.
Hence, Nat10 is a novel repressor of 2C genes, and treatment
with Remodelin might be a new approach to obtain 2CLCs in
combination with known chemicals.

Taken together, our data identify a novel role for Nat10
in regulating 2C genes and thus balancing the pluripotent and
2C-like states in mESCs via ac*C modification of mRNAs. The
stabilization of Kapl mRNAs promoted by Nat10-mediated
ac*C acetylation and the interaction with Ncl could be a major
mechanism by which 2C genes are suppressed.
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