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ABSTRACT 

NAT10-catalyzed N 

4 -acetylcytidine (ac 

4 C) has
emerged as a vital post-transcriptional modulator
on the coding transcriptome b y pr omoting mRNA
stability. Ho we ver, its role in mammalian develop-
ment remains unclear. Here, we found that NAT10
e xpression positivel y correlates with pluripotency
in vivo and in vitro . High throughput ac 

4 C-targeted
RNA immunoprecipitation sequencing (ac 

4 C-RIP-
seq), NaCNBH 3 -based chemical ac 

4 C sequencing
(ac 

4 C-seq) and liquid chr omatograph y-tandem mass
spectr ometry (LC–MS / MS) assa ys revealed notice-
able ac 

4 C modifications in transcriptome of hESCs,
among which transcripts encoding core pluripotency
transcription factors are favorable targets of ac 

4 C
modification. Further v alidation assa ys demonstrate
that genetic inactivation of NAT10, the ac 

4 C writer
enzyme, led to ac 

4 C level decrease on target genes,
promoted the core pluripotency regulator OCT4
(POU5F1) transcript decay, and finally impaired
self-renewal and promoted early differentiation in
hESCs. Together, our work presented here eluci-
dates a pre viousl y unrecognized interconnectivity
between the core pluripotent transcriptional network
for the maintenance of human ESC self-renewal and
NAT10-catalyzed ac 

4 C RNA epigenetic modification. 
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GRAPHICAL ABSTRACT 

INTRODUCTION 

Chemical modifications of messenger RNAs (mRNAs) are
emerging as a key component of the post-transcriptional
gene expr ession r egula tion machinery tha t involves multi-
ple processes including degradation, splicing and transla-
tion of mRNAs. With specific writer and eraser enzymes
responsible for the formation and removal of the modifi-
cations respecti v ely, re v ersib le mRNA modifications enable
a direct and rapid way to remodulate cellular transcriptome
for ra pid ada ptation to the changing environment ( 1–3 ).
Accumulating evidence has indicated the e xtensi v e regula-
tory effects of RNA modifications on tr anscriptome fr ac-
tions, especially those related to cell proliferation and dif-
ferentiation. For example, N 

6 -methyladenosine (m 

6 A) has
been identified as the most abundant internal modifica-
tion of mRNAs in eukaryotes, linking external stimuli to
an intricate network of tr anscriptional, post-tr anscriptional
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nd translational processes ( 4 ). These m 

6 A modifications 
ffect a broad spectrum of cellular functions, including 

aintenance of the pluripotency of embryonic stem cells 
ESCs) and reprogramming of somatic cells into the in- 
uced pluripotent stem cells (iPSCs) ( 3 , 5 , 6 ). 
Recently, N 

4 -acetylcytidine (ac 4 C) has emerged as a vi- 
al post-transcriptional modulator on the coding transcrip- 
ome ( 7 ). Ac 4 C is a highly conserved RNA modification in 

ukaryotic cells, it was first discovered in the yeast tRNA 

n 1966 ( 8 ). Recent studies have shown that the presence 
f ac 4 C on tRNAs helps to increase the high fidelity of 
rotein translation ( 9 , 10 ), and maintains the thermotoler- 
nce of the organism in Orita et al. ’s study ( 11 ). The ac 4 C
odification is also found on rRNA. In 1978, Thomas 

t al. found ac 4 C on eukaryotic 18S rRNA, indicating that 
c 4 C could be present in RNA types other than tRNA 

 12 ). In 2015, Sharma et al. found two ac 4 C sites on the
8S rRNA of germinated fission yeast and human HCT116 

ells, which is important for maintaining translation accu- 
acy ( 13 ). Most of the early ac 4 C studies focused on the
bservations from tRNAs and rRNAs, but very recently, a 

arge number of ac 4 C modifications have also been detected 

n human and yeast mRNAs ( 7 , 14 ). By transcriptome- 
ide ac 4 C-targeted RN A imm unoprecipitation sequencing 

ac 4 C-RIP-seq), Arango et al. found that ac 4 C is widely dis- 
ributed in mRNA coding sequences, promoting transla- 
ion and mRNA stability ( 7 ). All documented ac 4 C e v ents
n tRNA, rRNA and mRNA are catalyzed by the only 

nown ac 4 C writer, N -acetyltr ansfer ase 10 (NAT10) (in 

uman) or its homolog Kre33 (in yeast) ( 13 , 15 ). Besides, 
n adaptor protein THUMPD1 can assist NAT10 and 

re33 in modifying tRNA with ac 4 C acetylation ( 13 , 16 ). 
urthermor e, r ecent study has shown that small nucleolar 
N A SNORD13 is specificall y r equir ed for rRNA ac 4 C 

cetylation ( 17 ). 
In line with the wide scope of transcripts targeted 

y N AT10-catal yzed ac 4 C modification, ac 4 C has been 

emonstrated to be involved in the occurrence of var- 
ous diseases including cancer, inflammatory, heart and 

etabolic diseases ( 18 , 19 ). Howe v er, its functions in mam-
alian de v elopment hav e not been clarified. Human 

SCs (hESCs) have the potential of indefinite self-renewal 
nd the ability to dif ferentia te into any cell type of all 
hree germ layers, which makes them become an excel- 
ent in vitro system to study mammalian de v elopment 
nd disease modeling ( 20 ). To address potential roles 
or ac 4 C in self-renewal and dif ferentia tion, we genera ted 

AT10-, THUMPD1- and SNORD13-deficient hESCs by 

sing the CRISPR / Cas9 gene-editing (Knockout, KO) and 

entivirus-mediated RN Ai (Knockdown, KD) a pproaches. 
igh throughput ac 4 C-RIP-seq, chemical ac 4 C-seq and 

C–MS / MS assays showed that in hESCs, ac 4 C modifi- 
ations were substantially presented on mRNAs. Pheno- 
ypic assays showed that deficiency of ac 4 C writer NAT10, 
ut not its key co-factors for tRNA and rRNA ac 4 C mod- 

fications (i.e. THUMPD1 and SNORD13), significantly 

erturb hESC self-renewal and proliferation. Together, our 
ndings demonstra ted tha t NAT10-media ted ac 4 C mRNA 

odification is r equir ed for maintenance of self-renewal of 
ESCs. 
ATERIALS AND METHODS 

ell lines and culture conditions 

uman ESC lines H1 (WiCell Research Institute) were cul- 
ivated in serum-free, defined TeSR-E8 medium (STEM- 
ELL T echnologies, V ancouver, Canada) and grown on 

la tes coa ted with growth-factor-reduced Matrigel (Corn- 
ng, NY, USA). hESCs were passaged with non-enzymatic 
issociation by 0.5 mM EDTA solution (Cellapy, Beijing, 
hina). 

eal-time qPCR for mRNA quantification 

otal RNA was pr epar ed with TRIzol (Invitrogen, Carls- 
ad, CA, USA), and 500 g RNA was transcribed into 

DNA using Primescript RT master mix (Takara, Japan). 
eal-time qPCRs were performed on Bio-Rad CFX384 

eal-time PCR detection system using PowerUp SYBR 

reen Master Mix (ThermoFisher Scientific, Boston, MA, 
SA). GAPDH was used as internal control to nor- 
alize the data across different samples. All primer se- 

uences for real time qPCR are listed in Supplementary 

able S1. 

estern blot 

ells were lysed on ice using RIPA lysis buffer (Beyotime, 
hanghai, China) and centrifuge for 15 min at 12 000 × g at 
 

◦C. Protein amounts were quantified using the BCA Pro- 
ein Assay Kit (Beyotime). Proteins were separated by 10% 

DS-PAGE, transferred onto PVDF membranes (Merck- 
illipor e, Germany). Membranes wer e blocked with 5% 

kimmed milk (Beyotime) for 1 h and probed overnight with 

rimary antibodies (summarized in Supplementary Table 
2) at 4 

◦C overnight, followed by incubation with HRP- 
onjuga ted secondary anti-IgG antibod y (Bey otime) f or 1 h 

 t room tempera tur e. Membranes wer e detected with HRP 

ubstrate luminol reagents (Merck-Millipore), and scanned 

sing the Gel Doc EZ Imager (Bio-Rad). Quantification of 
lot intensity was performed using ImageJ software (NIH, 
D). 

RISPR-mediated NAT10, THUMPD1 and SNORD13 

O 

he CRISPR-Cas9 knock-out vector, containing cas- 
ettes for GFP, Cas9 endonuclease, and the double 
uide RN A (gRN A) moiety designed to target NAT10, 
HUMPD1 ( 21 ) or SNORD13 ( 17 ), was custom synthe- 

ized (GenePharma, Suzhou, China). After transfection 

ith Lipofectamine 3000 (Life Technologies), GFP 

+ hESCs 
ere sorted using flow cytometry, and plated at low den- 

ity f or single-colon y isolation. Selected single colonies were 
ested by western blot for loss of protein and RT-qPCR for 
oss of RNA. Mutations were v alidated b y sequencing prod- 
cts of PCR amplification of the regions flanking the tar- 
eting sites. The CRISPR target sequences and primer se- 
uences for RT-qPCR analysis of SNORD13 RNA are in- 
luded in Supplementary Tables S3-S4. 
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RN Ai-mediated N AT10 KD 

Cells transduced with NAT10 shRNA or negati v e control
shRNA lentivirus with GFP (Genechem, Shanghai, China)
wer e cultur ed for 48 h. GFP+ cells then wer e enriched and
expanded in TeSR-E8 medium with 0.5 �g / ml puromycin.
The target sequences of shRNA are included in Supplemen-
tary Table S3. 

Lentivirus-mediated NAT10 o ver expr ession 

Lentiviral particles over expr essing NAT10 (NAT10 OE)
and empty vector (control) were purchased from Genechem
corporation (Shanghai, China). For generation of NAT10
OE hESCs, hESCs were transduced with lentiviral particles
expressing the complete nucleotide sequence of NAT10. 48
h after transduction, NAT10 OE and control cells were en-
riched and expanded in TeSR-E8 medium with 0.5 �g / ml
puromycin. 

Cell counting kit 8 (CCK8) assay and ALP staining 

Cells were digested into single cell suspension using Accu-
tase (Mer ck-Millipor e) and counted in a counting plate. Af-
ter counting, the cells were seeded in Ma trigel-coa ted 96-
well with a cell density of 1000 cells per well. After appro-
pria te cultiva te time, 10% CCK8 (Dojindo, Kyushu, Japan)
was added into the culture medium and incubate cells for 2
h, then optical density value at 450 nm was detected using
a microplate reader. Cells were detected in e v ery 24 h. 

For ALP (alkaline phosphatase) staining, the cells were
plated on Matirgel-coated 12-well at same count and incu-
bate for 3 days. The cells were fixed with 4% paraformalde-
hyde for 3–5 min followed by washing with PBS. Then, the
samples were added with BCIP / NBT staining solution (Be-
y otime) f or 15 min in dark a t room tempera ture. The usage
of regents was followed with the manufacturer’s recommen-
dations. The cell images were taken after washing the cells
with PBS. 

Spontaneous differentiation via EB formation 

To generate EBs, hESCs were dissociated into small clumps,
then plated onto Ultra low attachment surface 6-well
plate (Corning). The suspended cell clumps were cultured
in DMEM / F12 supplemented with L-glutamine (Gibco,
Carlsbad, CA, USA) and 15% fetal bovine serum (Gibco)
for 6 days. 

Definitive endodermal cell differentiation 

To initiate definiti v e endodermal cell dif ferentia tion, hESCs
wer e cultur ed on Ma trigel-coa ted-12-well pla te f or 3 da ys
in RPMI1640 (Gibco) / B27 supplement (Gibco) and 100
ng / ml Activin A (Peprotech, NJ, USA). After 3 days, endo-
derm markers were detected by flow cytometry analysis. 

Neural ectodermal cell differentiation 

Monolayer culture protocol was used to initiate neural dif-
fer entiation. hESCs wer e pla ted onto Ma trigel-coa ted 6-
well pla tes a t a cell confluence of 2 × 105 cells / cm 

2 , and
then cultured in Neural induction medium (Stem Cell Tech-
nologies), changing to fresh culture medium e v ery day. The
cells were collected for flow cytometry analysis after 3 days.

Ter atomas f ormation 

Animal experiments were performed in accordance with
guidelines of the Institutional Animal Care and Use Com-
mittee (IACUC) at Peking Uni v ersity. Male NOD-SCID
mice (4–6 weeks of age) were purchased from the Depart-
ment of Experimental Animal, Peking Uni v ersity Health
Science Center. hESCs were harvested by EDTA solution
treatment, suspended in PBS, and subcutaneously injected
into the thighs of mice. After about 6 weeks, teratomas
wer e explanted, fix ed in 4% paraformaldehyde, embedded
in paraffin, and examined histolo gicall y using imm unohis-
tochemistry staining. 

Total RNA isolation and poly(A)-RNA purification 

Total RNA was extracted using TRIzol (Invitrogen).
mRNA was isolated by two rounds of purification using
the Dynabeads ® mRNA Purification Kit (Thermo Fisher
Scientific, MA, United States) according to the manufac-
turer’s protocol. The purity of the isolated pol y(A)-RN A
(mRNA fraction) was verified by RT-qPCR using specific
primers for the detection of 18S rRNA and 28S rRNA and
leucine / serine tRNA that are known to have ac 4 C mod-
ifications ( 13 ). The primer sequences for RT-qPCR anal-
ysis of 18S rRNA and 28S rRNA are listed in Supple-
mentary Table S4. The commercial primer sequences for
leucine / serine tRNAs are proprietary to Ribo Life Science
Co., Ltd (Guangzhou, China). 

Acetylated RNA immunoprecipitation sequencing (ac 4 C-
RIP-seq) and data analysis 

The ac 4 C-RIP-seq was performed by CloudSeq Biotech
Co., LTD (Shanghai, China). Anti-ac 4 C immunoprecipi-
tation reaction (ac 4 C-RIP) was performed using GenSeq’s
RN A acetylation kit. RN A was randoml y segmented into
about 200 nt segments. Protein A / G magnetic beads
(Thermo Fisher Scientific) and ac 4 C antibody (Abcam,
Cambridge, United Kingdom) or control rabbit IgG anti-
bodies (GenSeq, Shanghai, China) were rotated and incu-
ba ted a t room tempera ture for 1 hour to bind the antibod y
to the magnetic beads. Then the RNA fragments and the
antibody bound with magnetic beads were rotated and in-
cuba ted a t 4 

◦C for 4 hours. RNA / antibody complex es wer e
eluted from magnetic beads by Protease K and RNA was
extracted by phenol-chloroform method. RNA sequencing
libraries were constructed using the NEBNext ® Ultra II
Directional RNA Library Prep Kit (Thermo Fisher Scien-
tific). The constructed libraries were quality-controlled with
Agilent 2100 bioanalyzer and then sequenced on Illumina
NovaSeq 6000 sequencer (Illumina, Inc., San Diego, CA,
USA) for high-throughput sequencing. After sequencing,
image analysis, base identification and quality control, raw
reads (FASTQ raw data) were obtained. 

Regarding to the ac 4 C-RIP-seq data processing, fastp
software (v0.21.1) ( 22 ) was first used to remove the adap-
tor and low-quality reads to obtain high-quality clean
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ASTQ r eads. Clean r eads wer e then aligned to the ref-
rence genome (hg38) by using HISAT2 software (v2.2.1) 
 23 ), with the genome annotation from Ensembl ( http:// 
ww.ensemb l.org , v ersion 107) as the r efer ence gene model. 
he aligned SAM-format reads were sorted, transformed 

o BAM format, and indexed via samtools (v1.12) ( 24 ). 
inally, the BAM-format reads for each paired IP + in- 
ut (or IgG + input) samples were processed by exome- 
 eak2 softw ar e ( http://bioconductor.org/packages/r elease/ 
ioc/html/exomePeak2.html , v1.8.1) to identify significant 
cetylation peaks in each IP or IgG sample. Compared to 

anonical peak calling methods like MACS2, exomePeak 

nd its updated v ersion e xomePeak2 are dedicated meth- 
ds for RNA modification peak calling that take known 

xon topologies into consideration, enabling a more ac- 
ura te peak identifica tion from splicing-awar e RNA r ead 

ata ( 25 ). We also noted a better between-sample repeti- 
ion rate with exomePeak2 than that with MACS2 for ac 4 C 

cetylation peak calling. The exomePeak2 software was im- 
lemented with default parameter and the same Ensembl 
107 r efer ence gene model. To control false positi v e, any IP
eak showing more than 10% coordinate overlap with the 
on-specific IgG peaks were removed by the subtract func- 
ion of bedtools (v2.30.0) ( 26 ). Moreover, peaks that cannot 
e mapped to known genes, and peaks on the less confi- 
ent acetylation target genes (total peak score < 20) were 
iscarded. 
To better annotate the acetylation peaks, HOMER soft- 

are ( 27 ) was used for de novo discovery of the acetylation 

otif. Distribution of ac 4 C peaks along the transcripts was 
haracterized by R package Guitar ( 28 ). Interval annota- 
ion analysis of ac 4 C peaks along the transcripts was char- 
cterized by R package ChIPseeker ( 29 ). Visualization of 
he ac 4 C peaks as per-base coverage across the genome was 
erformed via the Integrati v e Genome Vie wer (IGV) ( 30 ). 
ene Ontology (GO) functional enrichment analysis was 

erformed by R (v4.2.2) and GO terms with q -values [i.e. 
 -v alues corrected b y the q -v alue method ( 31 )] smaller than
.05 were considered statistically significant terms. 

aCNBH 3 -based chemical ac 4 C sequencing (ac 4 C-seq) and 

ata analysis 

igh-throughput NaCNBH 3 -based chemical ac 4 C se- 
uencing (ac 4 C-seq) was conducted by Seqhealth Technol- 
gy Co., Ltd (Wuhan, China). Total RNA was extracted 

rom wild-type (WT) and NAT10 KD hESCs using TRI- 
ol Reagent (Invitro gen). DN A digestion was carried out 
fter RNA extraction by DNase I. RNA quality was de- 
ermined by examining A260 / A280 with Nanodrop spec- 
rophotometer (Thermo Fisher Scientific). RNA Integrity 

as confirmed by Qsep100 (bioptic) or Agilent5300 (Ag- 
lent). 30 �g total RNA was used for mRNA capture us- 
ng KAPA mRN A Ca pture Kit (Beijing, China) following 

he manufacturer’s instruction. A fraction of captured RNA 

as left as the input samples, and the other was treated with 

aCNBH 3 at 25 

◦C for 20 min; RNA clean beads were used 

o retrie v e the treated RNA. Then, KC Digital Stranded 

RNA Library Prep Kit for Illumina (Wuhan, China) was 
sed for library construction. The kit eliminates duplica- 
ion bias in PCR and sequencing steps, by using unique 
olecular identifier (UMI) of 8 random bases to label the 
re-amplified cDNA molecules. The library products cor- 
esponding to 200–500 bp were enriched, quantified and 

nally sequenced on Illumina Novaseq 6000 with PE150 

odel. 
After sequencing, both total low-quality reads and adap- 

or sequences were first trimmed by fastp (v0.21.1) ( 22 ). 
he in-house software of Seqhealth corporation (Wuhan, 
hina) was used to eliminate duplicated reads according to 

MI tags, and the UMI tag sequences were also trimmed by 

r ocess. Intr oduction of UMI tags and read de-duplication 

y UMI tags are helpful to remove PCR duplication ar- 
ifacts, permitting more accurate mutation and variant 
alling. Clean reads after duplication removal were then 

ligned to r efer ence genome (hg38) by using STAR soft- 
are (v2.7.8a) ( 32 ), with the same Ensembl v107 genome 
nnotation as the r efer ence gene model. The aligned SAM- 
ormat r eads wer e sorted, tr ansformed to B AM format, and 

ndexed via samtools (v1.12) ( 24 ). The JACUSA software 
version 2.0.0-S-BETA-1) ( 33 ) was used for detecting sin- 
le nucleotide variant (SNV) sites and obtaining the cor- 
esponding pileups. Finally, the standard algorithm code 
or ac 4 C-seq modification site identification ( https://github. 
om/SchwartzLab/ac4c-seq ) ( 34 ) was utilized to identify 

he modification sites based on the significantly overr epr e- 
ented SNV e v ents at the ac 4 C sites. 

NA sequencing (RNA-seq) and data analysis 

he transcriptome profiling of NAT10 KD and sh con- 
rol hESCs were performed via RNA-seq. Total RNA 

as isolated and re v erse transcribed into cDNA to gen- 
rate indexed Illumina library, followed by sequencing at 
he Beijing Genomics Institute (Beijing, China) using the 
GISEQ-500 platform. The raw r eads wer e quality con- 

r olled, pr ocessed, and alignment quality-controlled, and 

ligned to r efer ence genome following the same protocol as 
hat was used in ac 4 C-RIP-seq data processing. Feature- 
ounts (v2.0.3) ( 35 ) software was used for gene expression 

uantifica tion. Dif ferential gene detection was performed 

sing DESeq2 (v1.26.0) ( 36 ). An adjusted P -value < 0.05 

nd a fold change (FC) > 1.5 or < 2 / 3, as per the DE-
eq2 calculation r esults, wer e used as the threshold to iden- 
ify differ entially expr essed genes (DEGs). The principal 
omponent analysis (PCA) and GO functional enrichment 
nalysis were performed by R (v4.2.2). GO terms with q - 
alue < 0.05 were considered statistically significant terms. 

 r anscriptome-wide mRNA half-life profiling and data 

nalysis 

ctinomycin D (Sigma-Aldrich) was added to the medium 

ith 2 �g / ml. Cells were harvested at 0, 1.5 and 3.5 h af-
er the addition of actinomycin D. Total RNA was isolated 

nd mRNA was purified from total RNA using oligo (dT)- 
ttached magnetic beads. The resulting mRNA molecules 
ere then fragmented and re v erse-transcribed into double- 

tranded cDNA. ERCC spike-in (Invitrogen) was added to 

otal RNA before library construction, following the pro- 
ocol recommended by ERCC spike-in kit manufacturer. 
NA sequencing was performed by Beijing Genomics In- 

titute (Beijing, China) using BGISEQ-500 platform. 

http://www.ensembl.org
http://bioconductor.org/packages/release/bioc/html/exomePeak2.html
https://github.com/SchwartzLab/ac4c-seq
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After sequencing, raw data was quality contr olled, pr o-
cessed, and alignment quality-controlled, and aligned to
r efer ence genome following the same protocol as what
was used in ac 4 C-RIP-seq data processing. FeatureCounts
(v2.0.3) ( 35 ) softw are w as used for gene expression quan-
tifica tion. After quantifica tion, absolute transcript concen-
trations per cell were computed by linear-fitting the RNA
spike-in TPM values to attomoles, and RNA half-life mea-
sur es wer e calcula ted based on this a ttomole expression
quantification, as described by Wang et al. ( 2 ). In short, for
e v ery transcript, the RNA-degradation constant was deter-
mined as the log 2 fold change in RNA abundance 1.5 or 3.5
h after transcription was inhibited, and the average degra-
dation constant was used to calculate the RNA half-life
per transcript. The heatmap illustration of half-life changes
was drawn using the R package ComplexHeatmap (v2.14.0)
( 37 ). 

Liquid chromatography–tandem mass spectrometry (LC–
MS / MS) 

Both total RNA and mRNA samples were analyzed by
LC–MS / MS to assess the corresponding ac 4 C quantifica-
tion. For mRN A samples, rRN A / tRN A contaminations
were tested by RT-qPCR before LC–MS / MS, as described
above. RNA modification assay by LC–MS / MS was per-
formed by CloudSeq Biotech Co., LTD (Shanghai, China).
Briefly, 2 �g of total RNA or mRNA was digested into
nucleosides with 2 U of nuclease P1 (Sigma) and 1.5 U
of alkaline phosphatase (Sigma-Aldrich) at 37 

◦C for 3 h.
Then, 5 �l of the mixture solution was injected into an LC–
MS / MS system. The nucleosides were detected by an AB
Sciex QTRAP 6500 LC–MS / MS platform in positi v e ion
mode. AB 6500 QTRAP LC–MS / MS System, equipped
with an ESI Turbo Ion-Spray interface, operating in both
positi v e and negati v e ion modes and controlled by Analyst
1.6.3 software (AB Sciex). The ESI source operation pa-
rameters were as follows: ion source, turbo spray; source
temperature 550 

◦C; ion spray voltage (IS) 5500 V. DP and
CE for individual MRM transitions was done with further
DP and CE optimization. A specific set of MRM transi-
tions wer e monitor ed for each period according to the RNA
eluted within this period. 

Dot blot assay of RNA ac 4 C acetylation 

The dot blot assay was performed by Genelily Biotech-
nology Co., LTD (Shanghai, China). Briefly, total RNA
was dena tured a t 65 

◦C for 5 min to disrupt the secondary
structure, followed by immediately cooling on ice to pre-
vent re-formation of the secondary structure. 2 �l of RNA
was dropped directly onto Immobilon 

®-Ny + Membrane
(Mer ck-Millipor e) and cross-linked in UV crosslinkers. Un-
bound mRNA w as w ashed with gentle shaking for 5 min.
Next, membranes were incubated in 10 ml blocking buffer
(5% skim milk po w der) for 1 h at room temperature with
gentle shaking and then placed in 5 ml anti-ac 4 C antibody
dilution buffer (1:250 dilution; 2 �g / ml) at 4 

◦C overnight.
Membranes were next washed 3 times in wash buffer for
10 min each time and then placed in 5 ml Goat anti rabbit
IgG-HRP (1:1000 diluted; 20 ng / ml) (Beyotime) secondary
antibody dilution buffer for 1 h at room temperature. Mem-
branes were gently washed 3 times in wash buffer for 10 min
each time and then incubated in 3 ml of western blotting
substrate for 5 min at room temperature in the dark. Dot
blot r esults wer e r ecorded by Tanon automatic chemilu-
minescence image analysis system (Beijing, China). For in-
ternal standard detection, membranes were incubated with
0.02% methylene blue (Sigma-Aldrich) in 0.3 M sodium ac-
etate (pH 5.2) for 10–15 min and then washed with ddH 2 O.

Ac 4 C-RIP-qPCR 

ac 4 C-RIP was conducted by an RN A Imm unoprecipitation
Kit (GENESEED, Guangzhou, China). In brief, cells were
washed with PBS twice and collected by centrifuga tion a t
1000 × g for 5 min. Then 1 ml of RIP lysis buffer was added
to the cells on ice for 10 min. Then 100 ml of lysis buffer
was stored at –80 

◦C. An anti-ac 4 C antibody or normal rab-
bit IgG (Cell Signaling Technology, MA, United States) was
mixed with protein A / G beads at 4 

◦C for 2 h. Then 450 �l
of lysis buffer was incubated with the beads above at 4 

◦C
for 2 h. The beads were washed with buffer, and RNA was
extracted. The RNAs were examined using RT-qPCR with
specific primers and the results of qPCR data were analyzed
according to the manufacturer’s instruction. That is, the rel-
ati v e e xpression of target genes was calculated based on the
2 

−��Ct method, where the ��Ct term is denoted as: 

��C t = 

(
C t I P − C t Input 

) − (
C t IgG 

− C t Input 
)

where the C t I P , C t Input and C t IgG 

values are the cycle
thresholds ( Ct ) of the IP group, Input group, and IgG
group, respecti v ely. Of note, the Ct Input value of the target
genes has been cancelled out, and the relati v e e xpression in
ac 4 C-RIP-qPCR is only determined by Ct I P and Ct IgG 

. For
IgG group, since Ct I P is the same as Ct IgG 

, the relati v e e x-
pression in IgG group is always 2 

0 = 1. As for IP group, the
final result is the relati v e fold enrichment in IP group com-
paring to IgG group. And all primer sequences for ac 4 C-
RIP-qPCR are listed in Supplementary Table S5. 

RNA stability assay by RT-qPCR 

Actinomycin D (Sigma-Aldrich) at 2 �g / ml was added to
hESCs 24 h after they were seeded in a 6-well plate. After 0,
3 or 6 h of incubation, cells were collected and RNAs were
isolated for RT-qPCR. 

Statistical analysis 

Unless otherwise stated, bar charts r epr esent the
mean ± standard deviation of the mean (SD), and
the results for the two groups were compared using a
two-tailed unpaired Student’s t -test. A P -value smaller
than 0.05 was considered significant unless stated differ-
ently, and the exact degree of significance as indicated by
asterisks is stated in the legends. Statistical significance was
presented as * P < 0.05, ** P < 0.01, *** P < 0.001 and
**** P < 0.0001; ns indicates P > 0.05. 
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Figure 1. Ov ervie w of ac 4 C Modifica tion Pa ttern by ac 4 C-RIP-Seq. ( A ) Normalized distribution of ac 4 C peaks along 5 ′ UTR, CDS and 3 ′ UTR of mRNAs 
in WT hESCs. ( B ) Pie chart showing fractions of ac 4 C peaks in differ ent mRNA r egions in WT hESCs. ( C ) Sequence logo of enriched motifs within ac 4 C 

peaks in WT hESCs. ( D ) Diagram showing the ac 4 C modification for genes involved in core pluripotency transcriptional network (the network topology 
is adapted from Young, 2011; permission of reuse has been acquired from Elsevier, with the License Number of 5587090446553). 
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ESULTS 

r ev alent ac 4 C modification in hESC transcriptome revealed 

y high-throughput sequencing 

o explore the transcriptome-wide profile of ac 4 C modifi- 
ation, we mapped the locations of ac 4 C modification on 

ild-type (WT) hESCs by high-throughput ac 4 C RNA im- 
unoprecipitation sequencing (ac 4 C-RIP-seq). As the re- 

ult, 37 988 ac 4 C peaks covering 6916 genes and 38 150 

c 4 C peaks covering 7350 genes were identified in two hESC 

 eplicates, r especti v ely. We observ ed that the ac 4 C peaks
ere also enriched in coding sequences (CDS), but rela- 

i v ely less enriched in 5 

′ -UTRs than previous observations 
n HeLa cells ( 7 ) and a considerable fraction of ac 4 C acety-
ation peaks also settled in 3 

′ -UTRs (Figure 1 A-B). Fur- 
hermore, de novo motif analysis of hESCs ac 4 C sites specif- 
cally identified a CNNCNNCN ac 4 C sequence motif (Fig- 
re 1 C), which is consistent with the motif previously ob- 
erved in HeLa cells ( 7 ). Of note, among those mRNAs with
c 4 C modification, we observed mRNAs encoding the core 
luripotency regulators ( 38 , 39 ) OCT4 (POU5F1) , SOX2 

nd NANOG were consistently modified with ac 4 C. Besides, 
ther pluripotency-related gene transcripts were also de- 
ected to have ac 4 C modification, including RTF1 , RBL2 , 
ARID2 , WDR5 , MED1 , EED , MAX and TCF3 (Figure 
 D). The 11 ac 4 C-modifed core pluripotency regulators 
isted in Figure 1 D were further compared with the previous 
c 4 C target genes identified by Arango et al. in HeLa cell. 
i v e genes ( RTF1 , JARID2 , WDR5 , EED and TCF3 ) were
lso observed to have ac 4 C modification in HeLa cells, while 
ix genes ( OCT4 (POU5F1) , SOX2 , RBL2 , MED1 , MAX 

nd NANOG ) were not observed in HeLa cell but found 

c 4 C modification in hESCs, suggesting at least partial cell- 
ype specificity of RNA ac 4 C modification. 

cetyltr ansfer ase NAT10 expression positively correlates 
ith pluripotency 

n order to understand the role of ac 4 C modification in 

luripotency maintenance, we focused on NAT10, the only 

nown ac 4 C acetyltr ansfer ase in humans whose expres- 
ion le v els directly af fect the forma tion of ac 4 C on RNAs.

e first investigated NAT10 expression pattern during hu- 
an early embryonic de v elopment by referring to a com- 

rehensi v e pub lic gene e xpression dataset in human early 

mbryogenesis ( 40 ). As shown in Figure 2 A, high expres- 
ion of NAT10 is observed in epiblasts, but its expression 

s prominently downregulated during three-germ layer de- 
elopment. We then carried out spontaneous differentia- 
ion assay by EB (embryoid body) formation to investigate 
AT10 expression pattern in hESC dif ferentia tion. Indeed, 
e observed a marked decrease of NAT10 expression dur- 

ng spontaneous dif ferentia tion in mRNA and protein lev- 
ls, which has similar tendency with OCT4 expression (Fig- 
re 2 B–D). Moreover, the assays of directed dif ferentia tion 

owards neural-ectodermal and endodermal cells re v ealed a 

own-regulation of NAT10 and OCT4 during early differ- 
ntiation, along with up-regulation of differentiation mark- 
rs SOX1 and SOX17 in both mRNA and protein le v els 
Figure 2 E–J). 
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Figure 2. Correlation Between ac 4 C Writer NAT10 and Pluripotency. ( A ) NAT10 expression pattern during human early embryonic de v elopment. ( B ) 
Experimental ov ervie w of embry oid body (EB) f ormation assa y. ( C , D ) Representati v e western b lot and RT-qPCR anal ysis for N AT10 and OCT4 expression 
on day 0, day 3 and day 6 of spontaneous dif ferentia tion by EB formation. OCT4 is the upper band marked by the black line. * means P < 0.05, ** means 
P < 0.01, **** means P < 0.0001. ( E ) Experimental ov ervie w of endodermal cell dif ferentia tion assay. ( F, G ) Representa ti v e western b lot and RT-qPCR 

analysis for NAT10, OCT4 and SOX17 expression on day 0 and day 3 of endodermal cell dif ferentia tion. OCT4 is the upper band marked by the black 
line. * means P < 0.05, ** means P < 0.01. ( H ) Experimental ov ervie w of neural ectodermal cell dif ferentia tion assay. ( I, J ) Representa ti v e western b lot 
and RT-qPCR analysis for NAT10, OCT4 and SOX1 expression on day 0, day 3 of neural ectodermal cell dif ferentia tion. OCT4 is the upper band marked 
by the black line. ** means P < 0.01, *** means P < 0.001, **** means P < 0.0001. Images in (C), (F) and (I) are representati v e of three independent 
experiments. In (D), (G) and (J), error bars r epr esent mean ± SD ( n = 3 independent experiments). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Generation of NAT10-deficient hESCs 

To gain further insights into the role of NAT10 in hESCs,
we generated NAT10 depletion hESCs. We first sought
to knock out (KO) NAT10 protein expression by target-
ing the NAT10 locus using the CRISPR / Cas9 gene-editing
approach (Supplementary Figure S1A, B). After transfec-
tion with NAT10 KO vectors with GFP, single GFP 

+ cells
were sorted using flow cytometry, and plated into individ-
ual wells of 12-well plate for expansion. We observed two
clones (clone 4# and 9#) could not form ES-like colony
after sorting, showing complete dif ferentia tion morphol-
ogy (Supplementary Figure S1C). It took very long pe-
riod for us to harvest these cells for western blot to test
NAT10 expression. We confirmed NAT10 expression was
absent from two clones (Supplementary Figure S1D). Af-
ter sorting, NAT10 KO cells could grow to 80–90% con-
fluence in a well of 12-well plate, and then stopped pro-
liferation. Except for western blot assay, no residual KO
cells were available for further assays. NAT10 KO exper-
iments wer e r epeated for se v eral times, as a result, we
were unable to obtain stable, undif ferentia ted NAT10 KO

hESCs. 

 

Considering that the complete deletion of NAT10 ex-
pression affects cell survival, our study switched to RNAi
to generate NAT10 knockdown (KD) cells. Western blot
and RT-qPCR analysis confirmed a significant decrease
of NAT10 protein and mRNA in hESCs transduced with
N AT10 shRN A compared to control shRN A lentivirus
(Supplementary Figure S2A–C). Dot blot analysis showed
that there was a significant decrease of ac 4 C le v els
in total RNA after NAT10 deficiency (Supplementary
Figure S2D). 

Perturbation of NAT10 impairs hESC self-r enew al and pro-
motes early differentiation in hESCs 

We observed that NAT10 KD hESCs and sh control hESCs
exhibited distinct morphology and size. The NAT10 KD
hESCs exhibited a gradual and spontaneous differentia-
tion morphology losing smooth edge. W ha t’s more, KD
cells exhibited less and smaller colonies than sh control
cells after planting at the same density and cultured under
the same condition (Figure 3 A). Consistent to the colony
forming results, the CCK8 and ALP staining assays re-
vealed that NAT10 KD hESCs displayed a significant lower
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Figure 3. Impact of NAT10 KD on proliferation and differentiation of hESCs. ( A ) Representati v e images of morphology of sh control versus NAT10 KD 

cells under fluorescent and bright field. Scale bar: 50 �m. ( B ) Growth curve assessing cell proliferation kinetics of NAT10 KD versus sh control cells. * 
means P < 0.05, ** means P < 0.01, *** means P < 0.001, **** means P < 0.0001. ns means not significant. ( C ) Alkaline phosphatase (ALP) staining 
for sh control and NAT10 KD cells. ( D ) Representati v e western b lot analysis of e xpression of OCT4, NANOG and SOX2 in sh control and NAT10 KD 

cells. OCT4 is the upper band marked by the black line. ( E ) The statistical histogram of grayscale value of western blot. ** means P < 0.01, *** means 
P < 0.001. ns means not significant. ( F ) RT-qPCR analysis of OCT4, SOX2, N ANOG mRN A expression in sh control and NAT10 KD cells. * means 
P < 0.05, ** means P < 0.01, *** means P < 0.001, **** means P < 0.0001. ( G ) RT-qPCR analysis of definiti v e endoderm mar kers SO X17, FO XA2; 
neural-ectoderm markers SOX1, PAX6, NES (also known as NESTIN); and mesoderm marker TBXT (also known as T) in sh control and NAT10 KD 

cells. * means P < 0.05, ** means P < 0.01, ns means not significant. ( H ) Principal component analysis (PCA) plot depicting the clustering of NAT10 
KD group versus sh control group. Each symbol r epr esents an RNA-seq sample, and NAT10 KD and sh control samples are shown in blue and red, 
respecti v ely. Sample groups with similar gene expression profiles are clustered with the indicated colors. The proportions of variation explained by first 
(PC1) and second (PC2) principal component are 98.66% and 0.42%, respecti v ely. ( I ) Enriched functional terms for Gene Ontology Biological Processes 
(GO-BP) of the down-regulated DEGs in NAT10 KD hESCs. GO terms with q-value (i.e. P -value corrected by q-value method) smaller than 0.05 were 
considered statistically significant. The significantly enriched terms that are related to signal regula tion pa thways are shown here. ( J ) Enriched functional 
terms for GO-BP of the up-regulated DEGs in NAT10 KD hESCs. GO terms with q-value < 0.05 were considered statistically significant. The significantly 
enriched terms that are related to cell de v elopment and cell dif ferentia tion are shown. Images in (A), (C) and (D) are representati v e of three independent 
experiments. In (B), (E), (F) and (G), error bars r epr esent mean ± SD ( n = 3 independent experiments). 
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prolifer ation r ate compare to sh control hESCs (Fig-
ure 3 B, C). Next, we employed western blot and RT-qPCR
analysis to detect gene expression of pluripotent marker and
de v elopmental regulators. NAT10 KD hESCs showed de-
cr ease in expr ession of cor e pluripotency r egulators OCT4,
NANOG, SOX2 compared to sh control hESCs (Figure
3 D-F), wher eas incr ease in de v elopmental regulators of
three-germ layers, including endoderm markers SOX17 ,
FOXA2 , neural-ectoderm markers SOX1 , PAX6 , NES
(also known as NESTIN) and mesoderm marker TBXT
(also known as T) (Figure 3 G), indicating that NAT10-
deficiency induced the advanced dif ferentia tion in NAT10
hESCs. 

Then we treated the NAT10 KD and sh control hESCs
with STEMdiff Neural Induction medium and ACTIVIN A
for directed dif ferentia tion into early neural ectoderm and
definiti v e endoderm separately. After neural induction for
3 days, more SOX1 

+ cells were present in the NAT10 KD
cultur es compar ed to sh contr ol gr oup (Supplementary Fig-
ure S3A-B). Consistent with tendency of neural differenti-
ation, FO XA2 

+ SO X17 

+ doub le positi v e cells were signifi-
cantly increased in the NAT10 KD cultures after endoder-
mal induction for 3 days (Supplementary Figure S3C, D).
The assa ys f or dir ected differ entiation demonstrated that
N AT10 KD promoted earl y neural and endodermal de v el-
opment. Tera tomas forma tion is an important indica tor for
evaluating in vivo differentiation ability of ESCs. To explore
the effect of NAT10 KD on in vivo dif ferentia tion, NAT10
KD and sh control hESCs were injected subcutaneously
into immunocompromised (NOD-SCID) mice to allow for
teratomas de v elopment, and tera tomas forma tion was ob-
served 6 weeks la ter. Tera tomas formed from NAT10 KD
hESCs were significantly smaller in size and weight compare
to sh control hESCs (Supplementary Figure S3E, F), which
further confirmed the lower proliferation rate of NAT10
KD hESCs. The imm unohistochemistry histolo gical anal-
ysis re v ealed teratomas from both NAT10 KD and sh con-
trol hESCs containing all three germ layers (Supplementary
Figure S3G). 

In order to more comprehensi v ely describe the alterations
in hESC gene expr ession r esulting from NAT10 knock-
down, we performed high throughput RNA sequencing in
NAT10 KD and sh control hESCs with 4 replicates for each
gr oup. The transcriptome pr ofiling results showed that the
knock-down of NAT10 resulted in down-regulation of 2455
genes and up-regulation of 1548 genes, respecti v ely. PCA
result showed that there were obvious distinctions between
the expression profiles of NAT10 KD hESCs and those of
sh control hESCs (Figure 3 H). Gene Ontology Biological
Processes (GO-BP) functional enrichment analysis of the
down-regula ted dif ferentially expressed genes (DEGs) in
NAT10 KD hESCs showed that some genes were enriched
in multicellular organismal signaling, second-messenger-
mediated signaling and a variety of signaling pathways (Fig-
ure 3 I and Supplementary Table S6). In addition, GO-BP
analysis of the up-regulated DEGs in NAT10 KD hESCs
showed significant functional terms related to morphogen-
esis, de v elopment and dif ferentia tion, such as kidney mor-
phogenesis, endoderm de v elopment and endodermal cell
dif ferentia tion (Figure 3 J and Supplementary Table S7).
In summary, the above results indica ted tha t perturba tion
of NAT10 knock-down impairs self-renewal and promotes
early dif ferentia tion in hESCs. 

Over expr ession of NAT10 promotes self-r enew al in hESCs 

To further investigate whether NAT10 is a regulator of self-
renewal in hESCs, we also generated NAT10 OE (overex-
pression) cell lines by transducing lentiviral particles ex-
pressing NAT10 in hESCs. Our da ta demonstra ted tha t
NAT10 OE hESCs maintained the same typical undifferen-
tiated morphology with control hESCs (Figure 4 A). ALP
staining assays showed that the number of colonies formed
by NAT10 OE hESCs was significantly higher than that
of control hESCs, suggesting that NAT10 OE hESCs has
a significant higher prolifer ation r ate compare to control
hESCs (Figure 4 B, C). Western blot assay was employed
to detect protein expression level of core pluripotent mark-
ers in NAT10 OE hESCs and control hESCs, and the re-
sult showed that, in comparison with control hESCs, the
expressions of OCT4 and SOX2 were significantly increased
in N AT10 OE hESCs, w hile the expression of NANOG was
not significantly changed (Figure 4 D, E). Together, our data
re v ealed that ov ere xpression of NAT10 is helpful to pro-
mote self-renewal in hESCs. 

NAT10-deficiency leads to ac 4 C loss on target genes 

NAT10 is the only known acetyltr ansfer ase tha t ca talyzes
RNA ac 4 C modification ( 15 ). To investigate the effect of
NAT10 deficiency on ac 4 C modification at the transcrip-
tome scale, we performed ac 4 C-RIP-seq in the NAT10 KD
hESCs, and compared the ac 4 C peaks and target genes in
the NAT10 KD hESCs with those in the WT hESCs. An
overall reduction of ac 4 C acetylation peak scores among
the ac 4 C peaks in the NAT10 KD hESCs could be ob-
served (Figure 5 A). Since the ac 4 C-RIP-seq may overes-
timate the prevalence of ac 4 C modification on mRNAs,
we further introduced NaCNBH 3 -based chemical ac 4 C se-
quencing (ac 4 C-seq) for a rigorous false positi v e control of
ac 4 C target genes. WT and NAT10 KD hESCs were in-
vestigated with two biological replicates. The result showed
that, although the chemical ac 4 C sequencing detected many
fewer targets than ac 4 C-RIP-seq, most sites from chemical
ac 4 C sequencing could overlap with the acetylation targets
detected by ac 4 C-RIP-seq. We identified 603 and 559 over-
lapping ac 4 C targets between ac 4 C-RIP-seq and chemical
ac 4 C sequencing in the WT and the NAT10 KD hESCs,
respecti v ely (Figure 5 B). More importantly, 476 NAT10-
responsi v e ac 4 C target genes were finally identified by sub-
tracting acetylation target genes in the WT hESCs by those
found in the NAT10 KD hESCs (Figure 5 C). This set of
476 NAT10-responsi v e ac 4 C target genes is deemed of high
confidence, since it was deri v ed from the consensus results
between ac 4 C-RIP-seq and orthogonal chemical ac 4 C se-
quencing. The heatmap also showed that the acetylation
le v els of these NAT10 responsi v e ac 4 C target genes were sig-
nificantly decreased in the NAT10 KD hESCs (Figure 5 D).
Next, we performed GO functional enrichment analysis on
these NAT10 responsi v e ac 4 C target genes. Interestingly,
GO-BP functional enrichment analysis highlighted sev-
eral functional groups like mitotic nuclear division, DNA
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Figure 4. Impact of NAT10 Ov ere xpression on Self-Renewal of hESCs. ( A ) Representati v e images of morphology of control versus NAT10 ov ere xpression 
(OE) cells under bright field. Scale bar: 50 �m. ( B ) Alkaline phosphatase (ALP) staining for control and NAT10 OE cells. ( C ) The statistical histogram 

of number of ALP-positi v e colony fr om contr ol versus NAT10 OE cells. *** means P < 0.001. ( D ) Representati v e western b lot analysis of e xpression of 
NAT10, OCT4, SOX2 and NANOG in control and NAT10 OE cells. OCT4 is the upper band marked by the black line. ( E ) The statistical histogram of 
grayscale value of western blot. * means P < 0.05, ** means P < 0.01, ns means not significant. Images in (A), (B) and (D) are representati v e of three 
independent experiments. In (C) and (E), error bars r epr esent mean ± SD ( n = 3 independent experiments). 
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eplication, positi v e regulation of cell cycle, regulation of 
RNA stability, stem cell population maintenance and en- 

oderm de v elopment (Figure 5 E and Supplementary Table 
8). Of note, among these 476 NAT10-responsi v e ac 4 C tar- 
et genes, we observed two core pluripotency regulators, i.e. 
CT4 and SOX2 . 
Furthermore, we assessed the ac 4 C modification le v els in 

oth total RNA and mRNA of WT and NAT10 KD hESCs 
y using another ortho gonal LC–MS / MS a pproach. The 
urity of the isolated pol y(A)-RN A (mRN A fraction) was 
erified by RT-qPCR for the detection of contaminations of 
8S rRNA and 28S rRNA and leucine / serine tRNAs that 
re known to have ac 4 C modifications ( 13 , 41 ), and the re-
ults showed no detectable 18S rRNA and 28S rRNA and 

eucine / serine tRNAs in our purified pol y(A)-RN A sam- 
les (Supplementary Figure S4A, B). The LC–MS / MS re- 
ults supported the existence ac 4 C in both total RNA and 

he mRN A fraction. Notabl y, the abundance of ac 4 C of 
RN A was just slightl y lower than that of total RNA in 

T and NAT10 KD hESCs, indica ting tha t substantial 
c 4 C modifications are distributed on mRNAs in hESCs 
Figure 5 F). The mean abundance of ac 4 C modification in 

T total RNA and mRNA were 0.43% and 0.36%, fol- 
owed by that of NAT10 KD at 0.34% and 0.31%, respec- 
i v ely (Figure 5 F). Indeed, replicate results suggested that, 
ompared to WT hESCs, the ac 4 C abundance, either in total 
NA or in mRNA, was significantly decreased in NAT10 

D hESCs (Figure 5 G, H). Together, these results sug- 
ested that the N AT10-catal yzed ac 4 C acetylation substan- 
ially distributed on mRNAs, which are likely to be associ- 
ted with the cell cycle, mRNA stability and self-renewal of 
ESCs. 
RN A and rRN A ac 4 C modification show limited impacts on 

ESC self-r enew al 

t is known that tRNA ac 4 C acetylation also relies 
n key protein co-factor THUMPD1 ( 13 , 16 ). To fur- 
her examine and exclude the significant contributions of 
RNA ac 4 C acetylation to hESC self-renewal, we con- 
tructed THUMPD1 knockout (KO) hESCs by target- 
ng the THUMPD1 locus using the CRISPR / Cas9 gene- 
diting approach (Supplementary Figure S5A). Sanger se- 
uencing of genomic DNA identified that two independent 
HUMPD1-deficient clones carried the expected deletion 

Supplementary Figure S5B). Western blot assay showed 

hat the expression of THUMPD1 was absent in two 

lones (Supplementary Figure S5C). Morphological im- 
ges showed that there were no significant differences in 

ell morphology between THUMPD1 KO hESCs and con- 
rol hESCs (Figure 6 A). ALP staining assay showed that 
here was no obvious distinction in the number of colonies 
ormed by THUMPD1 KO hESCs in comparison with 

ontrol hESCs, indicating that THUMPD1 knock-out had 

o prominent effect on the proliferation rate of hESCs 
Figure 6 B, C). Next, we employed western blot to de- 
ect the protein le v el of core pluripotent markers OCT4, 
OX2 and NANOG in THUMPD1 KO hESCs and con- 
rol hESCs. Compared with control hESCs, the expres- 
ions of OCT4 and NANOG did not have significant 
hange in THUMPD1 KO hESCs and the expression of 
OX2 was decreased in only one of the two clones (Fig- 
re 6 D-E). These results re v ealed tha t ac 4 C modifica tion
f tRNA had no significant impact on self-renewal of 
ESCs. 
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Figur e 5. N AT10-catal yzed ac 4 C Modification Target Genes in hESC Transcriptome. ( A ) Cumulati v e probability distribution plot comparing ac 4 C peak 
fold enrichment score between WT and NAT10 KD cells in ac 4 C-RIP-seq results. ( B ) Venn diagrams of ac 4 C target genes in WT and NAT10 KD cells by 
combing the ac 4 C-RIP-seq and chemical ac 4 C sequencing, respecti v ely. Blue circles represent ac 4 C target genes observed by ac 4 C-RIP-seq, while red circle 
r epr esents ac 4 C sites identified by chemical ac 4 C sequencing. The red number in the middle r epr esents overlapping ac 4 C targets between ac 4 C-RIP-seq 
and chemical ac 4 C sequencing. ( C ) Venn diagram of NAT10 responsi v e ac 4 C target genes by combing the ac 4 C peaks detected by ac 4 C-RIP-seq and 
ac 4 C sites detected by chemical ac 4 C sequencing in WT and NAT10 KD hESCs. The fraction r epr esenting the 476 NAT10 responsi v e ac 4 C target genes is 
indica ted by shadow. ( D ) Hea tmap of fold enrichment scores for 476 NAT10 responsi v e ac 4 C target genes among WT and NAT10 KD hESCs. ( E ) Enriched 
functional terms for Gene GO-BP of the 476 NAT10 responsi v e ac 4 C target genes. GO terms with q-value < 0.05 wer e consider ed statistically significant. 
The significantly enriched terms that are related to cell cycle, mRNA stability and stem cell population maintenance are shown. ( F ) LC–MS / MS detected 
the relati v e ac 4 C le v els (ac 4 C / C) in total RNA and mRNA from WT and NAT10 KD hESCs. Data ar e pr esented as mean ± SD, n = 3. ( G ) LC–MS / MS 
detected the relati v e ac 4 C / C abundance in total RNA from WT and NAT10 KD hESCs. ( H ) LC–MS / MS detected the relati v e ac 4 C / C abundance in 
purified mRNA from WT and NAT10 KD hESCs. In (F), (G) and (H), error bars r epr esent mean ± SD ( n = 3 independent experiments). 
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Figure 6. Effect of THUMPD1 and SNORD13 KO on hESC Self-R enewal. ( A ) R epresentati v e images of morphology of control versus THUMPD1 
knockout (KO) cells under bright field. Scale bar: 50 �m. ( B ) Alkaline phosphatase (ALP) staining for control and THUMPD1 KO cells. ( C ) The statistical 
histogram of number of ALP-positi v e colony from control versus THUMPD1 KO cells, ns means not significant. ( D ) Representati v e western b lot analysis 
of expression of OCT4, SOX2 and NANOG in control and THUMPD1 KO cells. OCT4 is the upper band marked by the black line. ( E ) The statistical 
histogr am of gr ayscale value of western blot. * means P < 0.05, ns means not significant. ( F ) Representati v e images of morphology of control versus 
SNORD13 knockout (KO) cells under bright field. Scale bar: 50 �m. ( G ) Alkaline phosphatase (ALP) staining for control and SNORD13 KO cells. ( H ) 
The statistical histogram of number of ALP-positi v e colony from control versus SNORD13 KO cells, ns means not significant. ( I ) Representati v e western 
blot analysis of expression of OCT4, SOX2 and NANOG in control and SNORD13 KO cells. OCT4 is the upper band marked by the black line. ( J ) 
The statistical histogram of grayscale value of western blot, ns means not significant. Images in (A), (B), (D), (F), (G) and (I) are representati v e of three 
independent experiments. In (C), (E), (H), (J), error bars r epr esent mean ± SD ( n = 3 independent experiments). 
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Similarly, small nucleolar RNA SNORD13 is specif-
ically r equir ed for rRNA acetylation ( 17 ). To gain in-
sight into whether rRNA ac 4 C acetylation modification
plays an important role in hESC self-renewal, we con-
structed SNORD13 knockout (KO) hESCs by targeting the
SNORD13 locus using the CRISPR / Cas9 gene-editing ap-
proach (Supplementary Figure S5D). PCR analysis identi-
fied that two independent SNORD13-deficient clones car-
ried the expected deletion (Supplementary Figure S5E, F),
which r ender ed the expr ession of SNORD13 RNA almost
undetectable by RT-qPCR (Supplementary Figure S5G).
Morphological image showed that there were no signifi-
cant differences in cell morphology between SNORD13 KO
hESCs and control hESCs (Figure 6 F). ALP staining as-
say showed that there was no obvious difference of colony
number formed by SNORD13 KO hESCs in comparison
with the control group, indica ting tha t SNORD13 defi-
ciency had no prominent effect on the prolifer ation r ate of
hESCs (Figure 6 G, H). We also employed western blot to
detect the protein le v el of core pluripotent markers OCT4,
SOX2 and NANOG in SNORD13 KO hESCs and con-
trol hESCs. Compared with control hESCs, the expressions
of OCT4, SOX2 and NANOG had no significant differ-
ence in SNORD13 KO hESCs (Figure 6 I, J). In conclu-
sion, the above results re v ealed that perturbation of key
co-factors for tRN A / rRN A acetylation did not result in
prominent changes in the abovementioned hESC pheno-
types, and ther efor e, rRN A and tRN A ac 4 C acetylation
are unlikely to have significant impact on self-renewal of
hESCs. 

NAT10-catalyzed ac 4 C modification targets core pluripo-
tency factor OCT4 and regulates its mRNA stability 

As showed in Figure 1 D, we observed that ac 4 C modifica-
tion would be presented on the majority of pluripotency-
related gene transcripts in hESCs through ac 4 C-RIP-seq.
Even further considering rigorous NaCNBH 3 -based chem-
ical ac 4 C sequencing, two core pluripotency regulators,
OCT4 and SOX2 , are highlighted among the 476 high-
confident NAT10-responsi v e ac 4 C target genes, indicating
that these two genes may be noticeable NAT10 respon-
si v e ac 4 C target genes (Figure 7 A). Integrati v e Genomics
View (IGV) software was used to interrogate the distribu-
tion of ac 4 C peaks and chemical sequencing-deri v ed ac 4 C
sites across target transcripts of these two core pluripotency
genes OCT4 and SOX2. Interestingly, on the OCT4 tran-
script, the chemical sequencing-deri v ed ac 4 C sites in WT
hESCs overlapped with its significant ac 4 C peaks, whereas
NAT10 KD hESCs did not have any significant ac 4 C peak
near the chemical sequencing-deri v ed ac 4 C sites. As for the
SOX2 transcript, WT hESCs had significant ac 4 C peaks
and chemical sequencing-deri v ed ac 4 C sites, but NAT10
KD hESCs had no chemical sequencing-deri v ed ac 4 C sites
(Figure 7 B). Details of all significant chemical sequencing-
deri v ed ac 4 C sites in WT and NAT10 KD hESCs are
provided in Supplementary Tables S9-S10. Of note, on
OCT4 transcript, the C-to-T muta tion ra te of chemical
sequencing-deri v ed ac 4 C sites are 3.7% and 12.3% in WT
treatment samples, 3.1% and 4.6% in NAT10 KD treatment
samples, both are significant sites (generalized linear mixed-
effects model, WT: P = 8.2E-3; NAT10 KD: P = 8.4E-
3; Supplementary Figure S6A). Besides, the C-to-T muta-
tion rates in WT treatment samples are also significantly
higher than the NAT10 KD counterpart (Chi-squared test,
P = 4.8E-2). As for SOX2 transcript, the C-to-T mutation
rates of chemical sequencing-deri v ed ac 4 C sites are 1.0%
and 1.9% in WT treatment samples, indicating a signifi-
cant ac 4 C site (generalized linear mixed-effects model, WT:
P = 9.8E-3; Supplementary Figure S6B). There is no chem-
ical ac 4 C site in NAT10 KD hESCs (Supplementary Fig-
ure S6B). To further validate the ac 4 C abundance of OCT4
and SOX2 , we perf ormed ac 4 C-RIP-qPCR assa ys and used
IgG as the isotype control. The results showed that the ac 4 C
abundance of OCT4 was notably reduced in NAT10 KD
cells, while SOX2 did not have significant change compared
to sh control hESCs, which suggests that SOX2 is less con-
fident NAT10 responsi v e ac 4 C target gene (Figure 7 C). 

Previous study has demonstrated that NAT10-mediated
ac 4 C acetyla tion modifica tion can exert its functional read-
outs through the regulation of mRNA stability (mRNA
half-life) of its target genes ( 7 ). Accordingly, we also per-
formed transcriptome-scale mRNA half-life profiling in
NAT10 KD and sh control hESCs, with three parallel
experiments per group. Generall y, mRN As in sh control
hESCs (with the mean of half-life of 5.78) have significantly
longer half-life than the counterparts in NAT10 KD hESCs
(with the mean of half-life of 3.47). In other words, per-
turbation of NAT10 could result in an overall significant
decrease in mRNA stability (paired t -test, P = 4.41E-32;
Figure 7 D). More importantl y, w hen focused on the half-
life changes of core pluripotency regulators, we noted that
OCT4 was the one with the most prominent decrease of
half-life, with a log 2 fold-change (NAT10 KD vs. sh con-
trol) of –1.70, while no prominent decrease was f ound f or
SOX2 (Figure 7 E). We also employed the mRNA half-life
assay to validate the changes of mRNA stability in response
to NAT10 deficiency. The result confirmed that the stabil-
ity of OCT4 mRN A is significantl y reduced with NAT10
knock-down while the stability of SOX2 mRNA has no
significant change (Figure 7 F). At the same time, we con-
firmed the significant decrease of the protein le v el of OCT4
in NAT10 KD cells by western blot assay (Figure 7 G). In the
summary, these results indica te tha t the core pluripotency-
related gene OCT4 is a unique and noticeable functional
target of NAT10-media ted ac 4 C modifica tion in hESCs,
where the mRNA stability and protein expression level of
OCT4 are carefully maintained by NAT10. 

DISCUSSION 

In this study, we have identified that NAT10, the ac 4 C writer
enzyme, positi v ely correlates with pluripotency, where
NAT10 ov ere xpression enhances hESC proliferation, while
NAT10 knock-down impairs self-renewal and promotes
dif ferentia tion in hESCs. NAT10-mediated ac 4 C modifica-
tions widely exist on RNAs, and are notably distributed
on mRNAs related to self-renewal in hESCs. Mechanis-
ticall y, mRN As encoding the core pluripotency regulator
OCT4 is the unique and noticeable NAT10-responsive ac 4 C
modification target gene. NAT10 knock-down significantly
reduces stability of OCT4 mRN A, w hich leads to hESC
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Figur e 7. N AT10 regulates target genes in an N 

4 -acetylcytidine-dependent manner. ( A ) Diagram showing the ac 4 C modification for NAT10 responsi v e 
ac 4 C tar gets inv olved in core pluripotency transcriptional network (the network topology is adapted from Young, 2011; permission of reuse has been 
acquired from Elsevier, with the License Number of 5587090446553). ( B ) Integrative Genomics Viewer (IGV) diagrams displaying read distributions and 
chemical sequencing-deri v ed ac 4 C sites across target transcripts of OCT4 and SOX2 . The b lue box es r epr esent significant ac 4 C peaks in both replicates of 
IP or IgG, and the peak height information of significant peaks and the track height information are shown on the right side of each track. It is noticeable 
that the peak heights were estimated by the coverage function of bedtools, while the track heights were deri v ed from the track height setting of IGV, so 
these two types of heights are correlated but not fully in the same linear scale. The chemical sequencing-deri v ed ac 4 C sites of WT and NAT10 KD samples, 
if any, are marked as red bars in the ac 4 C peaks and below the IP and IgG tracks. For each site, the genomic location and the C-to-T mutation rates in two 
treatment samples and two mock samples are also specified. The associated P -values of chemical ac 4 C sites are also shown on the right side of the chemical 
sequencing tracks. ( C ) ac 4 C-RIP-qPCR analysis of alterations in the ac 4 C le v els of OCT4 and SOX 2 in NAT10 KD cells v ersus sh control cells. IgG is used 
as the isotype control. * means P < 0.05, ns means not significant. ( D ) Comparison of the transcriptome-wide half-life profiling results between sh control 
and NAT10 KD cells. Linear-fitting curve plot of relati v e mRNA e xpression le v el ov er time is shown. P -value is calculated by paired t-test comparing 
the estimated mRNA half-life of the same gene between two groups. ( E ) Heatmap of half-li v es of pluripotency-related gene transcripts. The vertical axis 
of heatmap r epr esents lo g 2 FC (N AT10 KD vs. sh control) of half-li v es of genes. The yellow vertical line below r epr esents the NAT10 responsi v e ac 4 C 

targets found by ac 4 C-RIP-seq, and the red vertical line below r epr esents the NAT10 responsi v e ac 4 C targets by combing ac 4 C-RIP-seq and chemical 
ac 4 C sequencing. ( F ) RT-qPCR analysis comparing mRNA decay rate of OCT4 and SOX2 in sh control and NAT10 KD cells. ( G ) Representati v e western 
blot analysis for expression of NAT10 and OCT4 in sh control and NAT10 KD cells. OCT4 is the upper band marked by the black line. Images in (G) are 
r epr esentati v e of three independent experiments. In (C) and (F), error bars represent mean ± SD ( n = 3 independent experiments). It is noteworthy that, 
for a few samples, the error bars are covered by the corresponding data points because the SD is too small to show. 
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Figure 8. Working model of NAT10-mediated ac 4 C mRNA modification 
r egulating self-r enewal in hESCs. In human embryonic stem cells, NAT10 
maintains a high expression so that the hESCs could keep the original 
pluripotent self-renewal state and the e xpression le v el of NAT10 gradually 
decreased during the process of hESCs from self-renewal to dif ferentia tion. 
Mechanisticall y, mRN A encoding the core pluripotency regulator OCT4 
modified with ac 4 C acetylation under the action of RNA acetyltr ansfer ase 
NAT10 in wild-type hESCs, which enhances the stability of OCT4 mRNA 

and maintains self-renewal in hESCs. However, NAT10 knock-down re- 
sults in the loss of ac 4 C acetylation modification on OCT4 mRNA, causing 
the reduction of mRNA stability and protein le v el of OCT4, and ultimately 
leads to the dif ferentia tion of hESCs. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

exit from self-renewal and entering dif ferentia tion processes
(Figure 8 ). 

Recent study by Arango et al. has demonstrated NAT10
as a functional RNA acetyltr ansfer ase catalyzes mRNA
ac 4 C modifica tion tha t stabilizes the acetylated mRNAs ( 7 ).
In HeLa cells, the le v el of ac 4 C modification in mRNA
was significantly decreased in the NAT10 knockout cell line.
Howe v er, the pre valence and functions of ac 4 C on mRNAs
from other, especially non-cancer cell types needs further
investigation. Very recently, Chen et al. identified the oc-
currence of ac 4 C in mRNAs and showed that the modifi-
cation le v els vary among different mouse organs and un-
dergo dynamic changes during spermatogenesis ( 42 ). Our
results, to our best knowledge, are the first time to demon-
str ate tr anscriptome-wide map of ac 4 C in hESCs. Over-
all, hESC shares similarity sequence characteristics of ac 4 C
sites with HeLa cells found by Arango et al. ( 7 ), where
ac 4 C peaks are strongly enriched for cytidine specifically
within wobble sites and the repetiti v e CNN (denoted as
CXX by Arango et al. ) motif. Besides, coding sequence
(CDS) is the significantly enriched mRNA partition for
ac 4 C in both HeLa cells and hESCs, although the detailed
topologies along mRNAs would be different and a consid-
er able fr action of ac 4 C acetylation peaks also enriched in 3 

′ -
UTRs in hESCs. Nonetheless, ac 4 C target genes were varied
between two cell types. Notab ly, fiv e pluripotency-related
genes RTF1 , JARID2 , WDR5 , EED and TCF3 were also
observed to have ac 4 C modification in HeLa cells, while six
pluripotency-related genes OCT4 , SOX2 , NANOG , RBL2 ,
MED1 and MAX were only observed in hESCs, highlight-
ing the specific regulatory targets of ac 4 C in hESCs. 

We are also aware of the controversies about the existence
of mRNA ac 4 C modification in human cells. In 2020, Sas-
Chen et al. de v eloped ac 4 C-seq, a chemical genomic method
for the transcriptome-wide mapping of ac 4 C at single-
nucleotide resolution. In canonical culture conditions, they
detected tRN A and rRN A ac 4 C sites but not mRNA ac 4 C
sites in HEK293T and HeLa cells ( 43 ). Howe v er, this does
not exclude the presence of mRNA ac 4 C in other cell types
or conditions. In fact, in the same study, Sas-Chen et al.
also showed that ov ere xpression of NAT10 results in pres-
ence of substantial ac 4 C modification on mRNAs ( 43 ). We
noted that hESCs are in a similar status with respect to high
NAT10 activity. First, the time-course embryonic gene ex-
pression atlas has highlighted the high expression level of
NAT10 during early embryonic de v elopment, especially at
the epiblast stage which matches the stage of primed hESCs
used in this study (Figure 2 A). Moreover, we also observed
a marked down-regulation of NAT10 during early differen-
tiation in hESCs (Figure 2 B-J). Besides, according to previ-
ous LC–MS / MS results in HeLa cells ( 7 ), the ac 4 C modi-
fication stoichiometry in mRN A (pol y(A)-RN A) fraction
is obviously lower than that in total RNA. But our LC–
MS / MS results in hESCs has demonstrated largely compa-
rable ac 4 C modification stoichiometries between mRNAs
and total RNAs, after excluding the possible rRN A / tRN A
contaminations in mRNA fraction (Figure 5 F–H and Sup-
plementary Figur e S4). Ther efor e, it is not surprising that
hESCs, showing high NAT10 activity, harbor multiple func-
tional mRNA targets for ac 4 C modification. Notably, in
hESCs, e v en rigorous chemical ac 4 C sequencing could de-
tect hundreds of high-confident ac 4 C modification target
genes that were also supported by antibody-based ac 4 C-
RIP-seq approach (Figure 5 B). By combing ac 4 C sites
from chemical ac 4 C sequencing and ac 4 C peaks from ac 4 C-
RIP-seq, 476 high-confident NAT10-responsi v e ac 4 C target
genes were finally identified (Figure 5 C). These genes tend
to be associated with pathways related to cell cycle, mRNA
stability and maintenance of stem cell self-renewal (Figure
5 E). Among these genes, we also observed two core pluripo-
tency regulators, SOX2 and OCT4 . These results indicate
the existence of functional regulations by NAT10-mediated
mRNA ac 4 C modification. 

Accordingly, we also evaluated the expression and the as-
sociated phenotypes of ac 4 C writer enzyme NAT10 during
the proliferation and differentiation of hESCs. We firstly
found that the NAT10 expression profile was positi v ely
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orrelated with pluripotent status, suggesting the functional 
ole of NAT10 in hESCs self-renewal. We then reduced 

c 4 C le v el through the knock-down of NAT10 and observed 

 ttenua tion in pluripotent gene expressions and prolifera- 
ion that e v entually leads to the induction of differentia- 
ion. We also examined the contribution of tRN A / rRN A 

c 4 C acetylation co-factors in THUMPD1 (a protein factor 
pecifically r equir ed for tRNA acetylation) and SNORD13 

a snoRN A specificall y r equir ed for rRNA acetylation) KO 

ESCs, and found no significant impact on hESC self- 
 enewal (Figur e 6 ). These r esults suggest that mRNA ac 4 C
cetylation, but unlikely the canonical tRNA / rRNA ac 4 C 

cetylation, ar e r esponsible for the NAT10-medidated con- 
rol of hESC phenotype. Although NAT10 is not a well- 
efined pluripotency marker like OCT4, we observed that 
le vated NAT10 e xpression appears to be a novel character- 
stic of pluripotent ESCs. To further validate our hypothe- 
is, we ov ere xpressed NAT10 in hESCs and observed that 
v ere xpression of NAT10 is indeed helpful to promote self- 
enewal in hESCs (Figure 4). 

Human transcriptome is under the e xtensi v e regulations 
f various types of RN A modification, w here m 

6 A methy- 
ation is one of the most prevalent modifications in human 

RNAs and shows substantial impact on ESC fate deci- 
ion ( 3 , 5 , 44 ). Batista et al. re v ealed that the loss of m 

6 A
n Nano g transcripts, w hich delayed Nano g mRN A de- 
ay, and impaired mouse ESC exit from self-renewal to- 
ard dif ferentia tion. In both human and mouse ESCs, the 
luripotent state is largely governed by the core transcrip- 
ion factors OCT4, SOX2, and NANOG ( 45 , 46 ). In our 
tudy, OCT4 and SOX2 were identified as possible NAT10- 
esponsi v e ac 4 C target genes by combing the ac 4 C-RIP-seq 

nd chemical ac 4 C sequencing, but ac 4 C-RIP-qPCR veri- 
ed the reduced ac 4 C abundance on OCT4 but not SOX2 

Figure 7A-C). High throughput mRNA half-life profiling, 
RNA stability assay and western blot also suggest that 

he mRNA stability and protein expression of OCT4 , but 
ot SOX2 , wer e de-r egulated in r esponse to NAT10 defi-
iency (Figure 7 D-G). With these validation experiments, 
e demonstra ted tha t OCT4 is a key NAT10-responsi v e 
c 4 C modification target gene. It seems that ac 4 C modifi- 
ation is involved in regulating self-renewal and differentia- 
ion in hESCs by decreasing or increasing OCT4 mRNA 

tability, whereas m 

6 A modification is regulated through 

ANOG . Ne v ertheless, how the two types of RNA modi- 
cations synergize to control cell fate transition in hESCs 
eeds to be further investigated. 
On the other hand, there are se v eral limitations in cur- 

ent study. First, genetic knock-out of NAT10 should be 
 better approach to allow us to examine the loss-of- 
unction phenotypes than knock-down by RNAi. Our data 

e v ealed hESCs with complete deletion of NAT10 expres- 
ion showed complete dif ferentia tion morphology and pro- 
oundly loss of viability (Supplementary Figure S1). In 

ice, bi-allelic NAT10 inactivation was lethal at early em- 
ryonic de v elopment stage, indica ting tha t NAT10 is criti- 
al for mouse de v elopment ( 47 ). Based on above evidence,
e speculate that NAT10 may be r equir ed for survival in 

ESCs. Ther efor e, we chose milder RNAi genetic manipula- 
ion to disturb NAT10 e xpression, inv estigate NAT10 loss- 
f-function phenotypes and the underlying mechanisms. 
e observed residual ac 4 C level in NAT10 KD cells. One ex- 

lanation is that there may be other unknown RNA acetyl- 
r ansfer ases that have redundant RNA ac 4 C acetylation ac- 
i vity. The other e xplana tion is tha t residual ( ∼20%) NAT10
xpression in KD cells is responsible for the remaining ac 4 C 

odification. 
Second, two main types of pluripotency have been rec- 

gnized in pluripotent stem cells: na ̈ıve cells established 

rom the pre-implantation blastocyst, and primed cells from 

ost-implantation epiblasts ( 48 ). Human naive pluripo- 
ent stem cells PSCs could be conversed from conventional 
rimed PSCs in vitro by culture system optimization ( 49 ). 
o far, se v en molecules hav e been identified as a func-
ional surface marker specific for human nai v e pluripotency 

uch as ALPPL2, SUSD2, ALPG, DNMT3L, DPPA3, 
PPA5, FGF4 ( 50–52 ). The hESCs we used in this study 

emonstrate prime pluripotent status under conventional 
ulture system. We also investigated whether these na ̈ıve 
arker transcripts are modified with ac 4 C by ac 4 C-RIP- 

eq and chemical genomic method for the transcriptome- 
ide quantitati v e mapping of ac 4 C at single-nucleotide res- 
lution. Howe v er, ac 4 C modification of these na ̈ıve marker 
ranscripts is not detectable in prime pluripotent status. It is 
o be determined whether ac 4 C modification of these na ̈ıve 
arker transcripts emerge in na ̈ıve pluripotent stem cells. 
Finally, regarding to the ac 4 C modification, the cur- 

entl y known RN A modification enzyme (Writer) is only 

he NAT10 protein, but whether there are other modifi- 
ation enzymes in ac 4 C, as well as its deacetylase (Eraser) 
nd recognition protein (Reader) are not clear. In-depth 

tudy of the function and mechanism of ac 4 C acetylation 

nd the exploration of enzymes involved in its modifica- 
ion can provide more experimental evidence for mecha- 
isms of NAT10 regulating pluripotency. In future, based 

n the hESC model, we will try to screen the potential ac 4 C 

eaders and erasers, and investigate their roles and function 

nvolved in regulating self-renewal and dif ferentia tion. 
In summary, the work presented here elucidates a pre- 

iousl y unreco gnized inter connectivity between the cor e 
luripotent transcriptional network and ac 4 C RNA epi- 
enetic modification, re v eals important insights into the 
ole of NAT10 in the maintenance of hESC self-renewal 
nd found that the core pluripotency regulator OCT4 is 
he unique and noticeable NAT10-responsive ac 4 C modi- 
cation target gene during hESC self-renewal maintenance. 
ur study also expanded current understanding of the un- 
erlying mechanisms for ESC self-renewal associated with 

he stem cell epitranscriptome. 

A T A A V AILABILITY 

he ac 4 C-RIP-Seq data, chemical ac 4 C-seq data, gene 
xpression profiling RNA-seq data, and half-life profil- 
ng data have been deposited in Gene Expression Om- 
ibus (GEO) database with the Super-Series accession of 
SE226752 [ https://www.ncbi.nlm.nih.gov/geo/query/acc. 

gi?acc=GSE226752 ]. The associated ac 4 C peak tracks are 
lso publicly available in UCSC Genome Browser at https: 
/genome.ucsc.edu/s/soontide/ac4C%2DhESC%2Dpeaks . 

https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE226752
https://genome.ucsc.edu/s/soontide/ac4C%2DhESC%2Dpeaks
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