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RNA modification has emerged as an important epigenetic mechanism that
controls abnormal metabolism and growth in acute myeloid leukaemia
(AML). However, the roles of RNA N*-acetylcytidine (ac4C) modification

in AML remain elusive. Here, we report that ac4C and its catalyticenzyme
NAT10 drive leukaemogenesis and sustain self-renewal of leukaemic stem
cells/leukaemia-initiating cells through reprogramming serine metabolism.
Mechanistically, NAT10 facilitates exogenous serine uptake and de novo
biosynthesis through ac4C-mediated translation enhancement of the serine
transporter SLC1A4 and the transcription regulators HOXA9 and MENIN
that activate transcription of serine synthesis pathway genes. We further
characterize fludarabine as an inhibitor of NAT10 and demonstrate that
pharmacological inhibition of NAT10 targets serine metabolic vulnerability,
triggering substantial anti-leukaemia effects bothin vitro and in vivo.
Collectively, our study demonstrates the functionalimportance of ac4C and
NAT10 in metabolism control and leukaemogenesis, providing insights into
the potential of targeting NAT10 for AML therapy.

AML is a prevalent and aggressive haematopoietic malignancy
developed from a subset of initiating cells known as leukaemic stem
cells (LSCs)/leukaemia-initiating cells (LICs)' . Although it is well
acknowledged that genetic mutations, including chromosomal
rearrangements and somatic mutations, drive the transformation
of haematopoietic stem/progenitor cells (HSPCs) into LSCs/LICs® ™,
non-genetic abnormalities are emerging as crucial mechanisms con-
tributing to leukaemogenesis.

Metabolic reprogramming is a hallmark of AML'®. Amino acids as
the major source of nitrogen and carbon donors are required at high
levels in LSCs". Blockage of exogenous amino acid uptake selectively
eradicates LSCs when combined with venetoclax and azacitidine treat-
ment". Of note, recent studies unveiled the dependency of serine
in AML, particularly in those harbouring internal tandem duplica-
tions of the FLT3 gene (FLT3-ITD)'* . As a conditional essential amino
acid, serine can be imported into cells by transporters or synthesized
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denovothrough the serine synthesis pathway (SSP), and then used for
glycine and cysteine synthesis, the folate cycle, nucleotide synthesis,
the methionine cycle and antioxidant defence'®". Pharmacological
inhibition of PHGDH, a rate-limiting enzyme in SSP, inhibited leukae-
mia progression and sensitized FLT3-ITD AMLs to chemotherapeutic
cytarabine”. Therefore, serine metabolism represents ametabolic vul-
nerability in AML that could be exploited for therapeuticintervention.

Deregulation of RNA modifications and their machinery is an
important epigenetic contributor to leukemogenesis and is closely
associated with metabolic alterationsin AML*?%, We recently reported
that METTL3/METTL14-mediated N°-methyladenosine (m°A) promotes
glutamine metabolism through enhancing mRNA stability and transla-
tion of SLCIA5, GPT2and MYC in an IGF2BP2-dependent manner®. Fur-
thermore, the other m®A writer METTL16 reprograms branched-chain
amino acid metabolism in AML through regulating the expression of
BCAT1and BCAT2 (ref. 21). Nonetheless, it is much less known whether
other types of RNA modifications play arole in rewiring AML metabo-
lism and could serve as therapeutic targets.

N*-acetylcytidine (ac4C), a type of RNA modification conserved
throughout bacteria, archaea and eukaryotes, is the sole acetyla-
tion event in eukaryotic RNAs*. The formation of ac4C is catalysed
by N-acetyltransferase 10 (NAT10), a member of the GCN5-related
N-acetyltransferase family>* . It has been long believed that ac4C
is present only in abundant RNA molecules such as 18s rRNA and
tRNAs?*?. However, it was recently found that NAT10 also catalyses
ac4Cmodificationin messenger RNAs and thus controls mRNA transla-
tion efficiency®. Growing evidence indicates the significance of mMRNA
ac4Cinsolid tumours®™ ™, butits role in leukaemia remains unknown.

Here, we report that ac4C and its writer NAT10 play vital roles in
AML to drive leukaemogenesis and LSC self-renewal through repro-
gramming serine metabolism. Furthermore, we identify NAT10 as a
target of fludarabine, an ‘old drug’ used in the clinical treatment of
leukaemia®. Inhibition of NAT10 by fludarabine or the known NAT10
inhibitor Remodelin can effectively eradicate AML cells both in vitro
andinmouse models. Our findings uncover the ac4C epitranscriptomic
mechanismin AML pathogenesis and highlight NAT10 as an appealing
therapeutic target for AML treatment.

Results

Epigenetic CRISPR screen reveals NAT10 is essential for AML
Toinvestigate the RNA epigenetic vulnerability in AML, we conducted
ananalysis of the dependency of AML on 232 RNA epigenetic regulators
using The Cancer Dependency Map (DepMap) data (https://depmap.
org/portal)”. Theresultsrevealed that 70 (-30%) RNA epigenetic regula-
tors are essential for the growth and survival of AML cells, asindicated
by a CERES score below —0.5 (Fig. 1a and Supplementary Table 1). It is

noteworthy that the CERES scores of RNA epigenetic regulators were
significantly lower than those of other genes, suggesting a potentially
critical role of the RNA epigenetic mechanisms in AML (Fig. 1a).

Notably, there was aremarkable reductioninsgRNAs targeting the
ac4C writer NAT10 in AML cells (Fig. 1b). The CERES score of NATIO is
-1.3, lower than that of the m®A writers METTL3, METTL14, WTAP and
METTLI6 that have been previously implicated as key players in the
development and progression of AML***"* (Fig. 1b,c and Extended
Data Fig. 1a). Furthermore, we checked the clinical relevance of the
top candidates with a CERES score below 1.0 and found that NAT10
was one of the only two genes whose expressionis upregulated in AML
patients and is positively associated with unfavourable prognosis in
AML (Extended DataFig.1b). These results suggest that the ac4C writer
NAT10 may be acritical oncogene in AML.

NAT10 promotes AML development and LSC/LIC self-renewal
To investigate the roles of NAT10 in AML, we co-transduced MLL-AF9
with two lentiviral short hairpin RNAs (shRNAs) against Nat10 into
mouse HSPCs and transplanted the double-transduction-positive
donor cells into lethally irradiated recipient mice (Fig. 1d-f). Silenc-
ing of Nat10 significantly prolonged the survival of recipient mice,
along with a decrease in the number of immature blast cells in both
peripheralblood (PB) and bone marrow (BM), as well asareductionin
leukaemiacellinfiltration and organarchitecture disruptioninspleens
and livers (Fig. 1g,h and Extended Data Fig. 1c).

To further confirm the in vivo function of Nat10, we also gener-
ated Nat10""CreERT2 conditional knockout (cKO) mice (referred to
as Nat10-cKO) (Fig. 1i and Extended Data Fig. 1d,e). The ablation of
Natl0 and areduction of mRNA ac4Clevels in the HSPCs of Nat10-cKO
mice withinvitro4-OHT induction orin vivo tamoxifen treatment was
confirmed (Fig. 1j,k and Extended Data Fig. 1f-k). We transplanted
lethallyirradiated recipient mice with MLL-AF9-transduced HSPCs from
Nat10"*CreERT2 (Nat10-WT) or Nat10-cKO mice (Fig. 1i). Consistent
with the results of shRNA knockdown, tamoxifen-induced knockout
(KO) of Nat10significantly delayed MLL-AF9-mediated leukaemogene-
sisand substantially prolonged the survival of recipient mice (Fig.11,m).
Thiswasagainaccompanied by a decrease inimmature blast cellsin PB
and BM, and less leukaemia cell infiltrationinliversand spleens (Fig. 1n
and Extended Data Fig. 1I). Of note, the severity of splenomegaly was
significantly ameliorated in Nat10-cKO AML mice (Fig. 10).

We further evaluated the impact of Nat10 depletion on LSCs/
LICs. Serial colony-forming assay (CFA) and in vitro limiting dilution
assays (LDAs) showed that both knockdown and KO of Nat10 remark-
ably impaired MLL-AF9-mediated colony formation/immortalization
of HSPCs in methylcellulose medium and the stemness of AML cells,
respectively (Fig. 1p,q and Extended Data Fig. Im,n). Furthermore,

Fig.1|Natl10is essential for AML development and LSC/LIC self-renewal.

a, Corrected CERES scores of genes from genome-scale CRISPR-Cas9 essentiality
screens across 24 human AML cell lines (left). CERES scores of RNA epigenetic
regulators (n =232) and other genes (n =17,699) (right). Centre line, median;

box limits, upper and lower quartiles; whiskers, 1.5 x interquartile range; points,
outliers. b, Dot-plot of corrected CERES scores illustrating the top candidates of
RNA epigenetic regulators. ¢, Violin plots showing the median and interquartile
range of the CERES scores of NAT10 as well as m°A writers (n = 24). Centre line,
median; box limits, upper and lower quartiles; whiskers, 1.5 x interquartile range.
d, Experimental scheme of MLL-AF9-driven AML mouse model. IR, irradiation.
e,f, Western blot analysis (e) and dot-blot analysis (f) showing the decrease of
Nat10 protein and RNA ac4C modification in MLL-AF9 transformed mouse HSPCs
by Nat10 shRNAs. MB, methylene blue. g,h, The effect of Nat10 knockdown on
MLL-AF9-induced leukaemogenesis (n = 6). Kaplan-Meier curves are shownin

g. Wright-Giemsa staining of PB and BM, and haematoxylin and eosin (H&E)
staining of liver and spleen of recipient mice at the end point are showninh.
Scale bars, 50 um for PB, 20 pm for BM, 200 pm for liver and 300 pm for spleen.
i, Experimental scheme for generation of Nat10-cKO mice and MLL-AF9-driven

Nat10-cKO AML model. j,k, Western blot analysis (j) and dot-blot analysis (k)
showing the ablation of Nat10 and ac4C levels in the BM cells of WT and Nat10-
cKO mice 10 days after in vivo tamoxifen treatment. I-o0, The effect of Nat10 KO
onMLL-AF9-induced de novo leukaemogenesis in lethally irradiated recipient
mice (WT, n=10; cKO, n=7). Percentages of CD45.2" donor cellsinthe PB 6

weeks after BMT are shownin|. Values are mean + s.d. and a two-tailed Student’s
t-test was used. Kaplan-Meier curves are shown in m. Wright-Giemsa staining

of PBand BM, and H&E staining of liver and spleen of recipient mice at the end
pointare shownin n. Scale bars are the same as in h. Representative images of
spleens are shownino. p, Colony numbers of MLL-AF9-transduced HSPCs from
Nat10"*CreFRT2 (WT) or Nat10""CreFRT2 (cKO) mice in methylcellulose medium.
4-hydroxytamoxifen (4-OHT, 1 uM) was added to induce Nat10KO asinq. q, In
vitro LDA using MLL-AF9-transduced HSPCs from WT or Nat10-cKO mice.r, In
vivo LDA using BM leukaemia cells from primary BMT mice inm. Values are mean
of n=2biological replicates in p. Two-sided chi-squared tests were used inq andr.
Atwo-sided Mann-Whitney U-test was used in a. Log-rank tests were used ing
and m. Generic Diagramming Platform (https://biogdp.com/) was used to draw
schematic diagramsind andi.

Nature Cell Biology | Volume 26 | December 2024 | 2168-2182

2169


http://www.nature.com/naturecellbiology
https://depmap.org/
https://depmap.org/
https://biogdp.com/

Article

https://doi.org/10.1038/s41556-024-01548-y

a b c
@ -4+ RNA Epi Regulators o § -5 p-1.28x10" 2 S & -2.5
5 : Other genes « | O D o % ] -
3 ¢ g 41 3 . NATIO 520
) o . w21 % METTL16 » 154
o & 3 u Y WTAP & (
o) O o i o) METTL3 & 1.0
Score=-0.5
s L. \____________Score=-05| o 5 14 METTL14 T o5
2 2 1 g 7
3 — | 8] ER - ______Score=-05_ | 8 o
° WWMMMM‘WMHLMWMMWM ° ! o ° ‘ ‘ ‘ ‘ ‘
r N T T T T T ) 5 ?? \:b >
& & 0 50 100 150 200 @’\ Q& ¢ {/\’\ Q
N Genes 2 \ \3
0 5000 10,000 15,000 0" & W A\
Genes
d e
x " o o
Survival S ,5(\ ,b{\
MLL-AF9 + —Y ~ analysis éoé é’(\e %o% kDa
o T ety B LI
/_“ _— ii — @ @ primary BMT Nat10
— e e Transduction 1.00 014 021
Donor mice
HSPCs ca8 + Gapdh a
puromycin CFA/LDA
f > S 9 MLL-AF9 primary BMT h
X & _
& & & 100 —— shNS (n=6)
D D R 80 - —— shNat10-1 (n = 6)
i 200ng ® — shNat10-2 (n = 6)
o g
< = 60+
Se — 100ng 2
- i : > 404 P=0.0004 shNat10-1
n® ® 8 0 8 020005
= 20 -
2899 8900 P=0.0119
1.00 0.47 0.48 0 T T T T T T 1 shNat10-2
0 20 40 60 80 100 120 140
Days
1 Nat1off %\ Tamoxifen
k_ﬂ ’_ﬂ l l l l l Survival
<= Nat10"*CreERT2*" CD45.2 donor HSPCs -~ - 2wks 10days  analysis
« ® .. MLL-AF9 G418 CD45.1
X — X —> _ — e recipient
" -
CreERT2"* oo
! Nat10**CreERT2*(WT) or
Nat10V"CreERT2"*(cKO) CFA/LDA
<= G418 + 4-OHT
i n
WT cKO I:g['): 6 wks 100 - o Spleen
2] 3 L WT &
1.00 031 3 §: 60 (0:97)
S S 401 : ;
k < 3
WT  cKO 8 @ 20 / cko | ‘
& amee— o O P=0.0002 AL £
ac4C n % 200ng S 0 \ — — S ARG
ME _ 200ng 8 0 20 40 60 80 100 120
1.00  0.38 Days
o - qa - r o
KO Mock WT Mock NS
cl oc (] oc :E’ N .\\\\\\.,\ ~e 5_2—045
M cko4-oHT M WT 4-OHT 0T ~ N 87T
wT cKO o 86 TN 8 g 1.0
= 500 © a -2+ N > B ca
o N=an7) N ~ = $ -1.5
' - 9E SONCY| 8e
7 O 400 QS -3+ AN L5 0o
8 2 R e \
: 8‘300 B N -zsov.o 3 é
i o
- g 200 0006 PP & RS & RS
| . ‘._ by Dose (number of cells) @O P
: £ 100 Dose (number of cells)
S
° 0 Group  Frequency Group  Frequency
O st 2nd K /o /4,68
) Mocl 1/9.1 ] _ 5 WT 1/4,681 ] 10
P=1.01x10 =
Plating passage 4-OHT 1223 cKO 1/560,668 P=1.63x10

Nature Cell Biology | Volume 26 | December 2024 | 2168-2182

2170


http://www.nature.com/naturecellbiology

Article

https://doi.org/10.1038/s41556-024-01548-y

a MOLM13 b MOLM13 c shNAT10-1 versus shNS shNAT10-2 versus shNS
g 89 — shNS 140 11,621 E 1,574 28071255 . o 945
= . - [
SACLENEE P g \ o, S0 : T 290 B
é% %‘; éé S —— shNAT10-2 % ‘9 E gg i E E 190 E 2
S & & kba g o | X 5 401 ' ERE [
© 47 S8 T : T o
E 24 S f 3 L
1.00 025 0.4 T 2 _8’ 8 o
o 1 T i [ Lo
0 1 2 3 4 -5 0 5 -5 o] 5
Days log,FC log,FC
d Downregulated genes e shNAT10
shNS shi sh2
shNAT10-1 464 shNAT10-2
Malate
———— -log..P Citrate cycle Pyruvate
L-serine biosynthetic process - . 03’20 (TCA cycle) Fumarate
L-serine metabolic process - [ ) 6.8 PEP
Serine family amino acid biosynthetic process - [ ] Zé Glycine, serine and c S;’;‘ﬁz -
Amino acid import across plasma membrane - @ ! threonine metabolism ¥ Ser
Cellular response to type | interferon - @ Enrichment Glyoxylate and Gly
Amino acid biosynthetic process - ® @® 10 dicarboxylate metabolism Glu
RNA catabolic process - ® @ 20 IMP
Amino acid metabolic process - ¢ . 30 . ADP
o ‘ 20 One-carbon metabolism GDP
10 20 30 40 50 (nucleotides) ATP
Enrichment GTP _
f Glycine, serine and
threonine metabolism 9 _shNS _shNAT10-1
\ Glucose Ser
° '
e ° * L4 H Gly
41 ° [ 4 H Glu a-KG SAM
® N, ' GSH
. =3 3-PG —> ——> —> Serine ——— > Glycine
s ¢ S ;2 N\ Y IMP
% o L NAD' NADH Folate Y~ GSH ADP
E © . W Nucleotides GMP
" ¢ o 0 /_\' obP
‘ - SAM
5 GTP
' o ® G @02 Methionine
1, ° ® g @ 03 cycle 2-5C0re m— —
:a° o0 £ @ o4 1.5 o} -1.5
e @ o5
T T T T T T
0O 01 02 03 04 05
Pathway impact
h Serine i Cellular serine level Serine uptake Serine biosynthesis
Em+0 WMm+1 Mm+2 [m+3 15 P70.002 i
25%105 — 157 P=0.0002 ° ~ | P=0.0087 15 P=00357
3 P=0.0006 < T P=0.0025
5 2 § 1.0 A -
2.0 x10 _ e 1.0 4 o .g 104
_ = = o)
3 15x10° % g @
s 2 05 2 05 4 2 05
© © =] <
O 1.0x10° o 8 )
4 2 . x
0.5x10° o oA o
o N O N9 o N D
S <& © S O ® S e
~sh h h SR & & RO
ShNS  sh1  sh2 BN ESES 8

Fig.2| Transcriptomics and metabolomics analyses reveal NAT10 promotes
serine uptake and biosynthesis. a, Western blotting showing the knockdown
efficiency of NAT10 in MOLM13 cells on day 4 post lentiviral shRNA transduction.
b, Methylthialazole tetrazolium (MTT) assays showing the effects of NAT10
knockdown on cell proliferation in MOLM13 cells. ¢, Volcano plots showing DEGs
inMOLM13 cells on day 4 after NAT10 knockdown as identified by RNA-seq. Red,
significant upregulated genes (fold change >1.5, adjusted Pvalue < 0.05). Blue,
significant downregulated genes (fold change <0.667, adjusted P value < 0.05).
d, Theintersection of the downregulated NAT10 targets in MOLM13 cells after
NAT10 knockdown by two shRNAs. Bubble diagram showing the enrichment

of Gene Ontology (GO) pathways by the 464 overlapping downregulated
transcripts. e, Heatmap showing levels of representative metabolites detected
by LC-MS in NAT10 knockdown and control MOLM13 cells labelled with U-*C-
glucose for 16 h. f, Bubble diagram showing the most impacted metabolic

pathway with enrichment of reduced metabolites upon NAT10 knockdown

in MOLMI13 cells. g, Schematic representation of serine metabolism pathway
and heatmap showing the changes of metabolites in this pathway in MOLM13
cells after NAT10 knockdown as identified by LC-MS without isotope labelling.
h, Histograms showing total levels and isotopologue distribution (m + x; x,
numbers of ®C) of serine measured by LC-MS in NAT10 knockdown and control
MOLMI13 cells. Cells were grown in medium containing U-*C-glucose for 16 h
before sample collection. i, The levels of total intracellular serine (left), serine
uptake (middle) and serine biosynthesis (right) were measured by fluorescent
quantification in NAT10 knockdown and control MOLM13 cells on day 4 post-
transduction of lentiviral shRNAs. Values are mean + s.d. of n = 3 biological
replicatesinb, handi. Two-tailed Student’s ¢-tests were used in b and i. Two-
tailed Wald test adjusted with Benjamini-Hochberg procedure was used in c.
Hypergeometric tests were used ind and f.
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in vivo LDAs showed that the frequency of LSCs/LICs in the BM of
Nat10-cKO leukaemic mice is dramatically decreased compared with
the control group (Fig. 1r). These results together demonstrate that
NatlOis critical for the maintenance of LSCs/LICs self-renewal.

Rewiring of serine metabolism in AML cells by NAT10

In human AML cell lines MOLM13 and MonoMacé, knockdown of
NAT10 by shRNAs also exhibited anti-leukaemia effects, as shown by
the suppression of cellgrowth and the induction of apoptosis (Fig. 2a,b,
Extended Data Fig. 2a-f and Supplementary Fig. 1a). To investigate
how NATI0 affects the survival of leukaemia cells, we conducted RNA
sequencing (RNA-seq) in NAT10 knockdown and control MOLM13
cells. Transcriptome profiling identified 3,195 and 2,200 differentially
expressed genes (DEGs; fold change >1.5 or <0.667, adjusted P < 0.05) in
MOLMI13 cells transduced with shNAT10-1and shNAT10-2, respectively
(Fig. 2c). Gene set enrichment analysis revealed an enrichment of the
upregulated genesin myeloid cell development, while the downregu-
lated genes were associated with stemness and AML with MLL-AF9 and
FLT3-ITD (Extended Data Fig.2g). Notably, downregulated genes were
also enriched in the amino acid metabolism pathway, especially the
serine metabolism pathway (Fig. 2d).

Indeed, global isotope-tracing metabolomic confirmed that
NAT10 knockdown greatly affected metabolites involved in glycine,
serine and threonine metabolism, as well as the connected tricarboxylic
acid cycle and glyoxylate and dicarboxylate metabolism in MOLM13
cells (Fig. 2e,f and Extended Data Fig. 2h,i). A metabolomic profiling
without stableisotope labelling also validated that glycine, serine and
threonine metabolism is the most affected pathway when NAT10 was
silenced (Extended DataFig. 2j). In addition, the levels of serine and its
downstream metabolites, including glycine, antioxidant glutathione
(GSH) and nucleotides, were significantly reduced upon NAT10 knock-
down (Fig. 2g and Extended Data Fig. 2k).

Serine can be acquired from the extracellular environment
or de novo synthesized utilizing glucose. Further analysis of the
isotope-tracing data showed that NAT10 knockdown dramatically
reduced the incorporation of *C from U-*C-glucose into serine and
its downstream metabolites, such as GSH (Fig. 2h and Extended
Data Fig. 2I). In addition, the abundance of unlabelled serine (M + 0)
decreased upon NAT10 knockdown (Fig. 2h). Consistent with the LC-
MS data, fluorescent quantification analyses showed that NAT10 knock-
down significantly reduced the total levels of intracellular serine in
bothcomplete and serine/glycine-deprived medium and significantly
inhibited cellular consumption of serine from the complete medium
(Fig. 2i). These results together demonstrate thatknockdown of NAT10
represses both uptake and biosynthesis of serine.

The oncogenic functions of NAT10 rely on RNA ac4C writing
We observed that the RNA ac4C levels were significantly decreased
upon NatIOknockdown or KO inmouse HSPCs (Fig. 1f,k and Extended
Data Fig. 1g,j, k), implying the potential involvement of ac4C in the
oncogenic function of Nat10in AML. In additionto RNA, NAT10 and its
yeast homologue Kre33 have beenreported to catalyse acetylation on
histone and non-histone proteins, such as tubulin****, We found that
silencing of NAT10 in human and mouse AML cells resulted ina notice-
able decrease of RNA acetylation (Fig. 3a-c and Extended DataFig. 3a),
but nosignificant alteration of histone and non-histone proteins acety-
lation (Fig. 3d-f and Extended Data Fig. 3b-g). Conversely, ectopic
expression of Flag-tagged NAT10 in Kasumi-1, which expresses alower
level of NAT10 compared with other human AML cell lines (Extended
Data Fig. 3h), led to an elevation of cell growth and RNA ac4C levels
withoutinducing significant changes of protein acetylation (Fig.3g-|
and Extended DataFig. 3i). These findings imply that RNA, rather than
protein, is the primary substrate of NAT10 in AML.
Tofurtherinvestigate the RNA acetylation-dependent function of
NAT10, we generated a catalytic dead G641E mutant of NAT10, as well

as a helicase-truncation (Ahelicase) that lost RNA binding activity®.
Unlike the wild-type (WT) NAT10 (NAT10-WT), these two mutants were
unable to efficiently catalyse RNA acetylation and promote cell growth
in Kasumi-1 (Fig. 3g-I and Extended Data Fig. 3i). Similarly, ectopic
expression of NAT10-WT, rather than the G641E or Ahelicase mutant,
promoted colony formation in MLL-AF9 transformed mouse HSPCs
(Extended Data Fig. 3j), and could almost completely restore colony
formation in Nat10-cKO mouse HSPCs (Fig. 3m). Consistently, ectopic
expression of NAT10-WT but not either mutant enforced the increase
of serine metabolism (Fig. 3n). These findings strongly indicate that
NAT10 promotes the metabolism and growth of AML cells throughits
RNA binding and acetyltransferase activity.

NAT10 mediates ac4C on SLC1A4 to facilitate serine uptake

Tounderstand the mechanisms underlying the function of NAT10 as the
RNA ac4C writer in AML, we profiled transcriptomic ac4C in MOLM13
cells using refined acetylated RNA immunoprecipitation sequencing
(RacRIP-seq), whichincludes a systematic calibration to eliminate the
false positive signals using an in vitro-transcribed modification-free
control library® (referred to as IVT control) (Fig. 4a). The RacRIP-seq
was robust and reproducible, showing high enrichment efficiency
for MOLM13-IP but not IVT-IP, and a high correlation (Pearson’s cor-
relation, cor = 0.99, P < 0.001) between replicates (Extended Data
Fig. 4a-c). The RacRIP-seq yielded 5,296 reliable ac4C peaks (88.7%)
that wereidentified from MOLM13 but absentinthe IVT control (Fig. 4a
and Extended Data Fig. 4d). Consistent with previous studies, most
of the ac4C peaks are located in protein-coding transcripts and are
highly enriched near the translationinitiation sites and within coding
sequences (CDS) (Fig.4b-d and Extended Data Fig. 4e). HOMER motif
analysis revealed that cytidine (C)-rich consensus sequences CXG, CXC
and CXX (Xindicates A, U, C and G) were significantly enriched (Fig. 4€).

Subsequently, we applied RacRIP-seq in NAT10 knockdown and
control MOLM13 cells to characterize NAT10 targets. A global reduc-
tion of ac4C was observed (Fig. 4f and Extended Data Fig. 4f,g) and
1,846 hypo-acetylated peaks were identified upon NAT10 knockdown
(Fig. 4g,h). Among them, we noticed that ac4C on the mRNA of ser-
ine transporter SLC1A4 declined dramatically after NAT10 silencing
(Fig.4iand Extended DataFig.4h), which was validated by acRIP-qPCR
(Fig. 4j). Furthermore, the direct binding of NAT10 to SLC1A4 mRNA
was also confirmed by RNA immunoprecipitation (RIP) (Fig. 4k and
Extended Data Fig. 4i,j). These results together indicate that NAT10
mediates ac4C modification on SLC1A4 mRNA.

ac4C has been reported to increase mRNA stability and/or
translation®?%***, RT-qPCR and mRNA stability assay suggested that
both the RNA levels and stability of SLC1A4 remain unchanged upon
NAT10 knockdown (Extended Data Fig. 4k,I). However, western blot-
ting showed that SLC1A4 protein levels were substantially decreased
uponknockdown or KO of NAT10 (Fig.4|and Extended Data Fig. 4m,n)
and were increased when NAT10 was overexpressed (Extended Data
Fig. 40). Furthermore, we conducted ribosome profiling and found
that NAT10 knockdown significantly decreased the relative levels of
SLC1A4 in the 60S and 80S ribosomes, and particularly in polysome
(Fig.4m,n), indicating aninhibition of SLC1A4 mRNA translation upon
NAT10 knockdown. To gain a more comprehensive view on the regula-
tion of protein expression by NAT10, we performed tandem mass tag
(TMT) quantitative proteomics, and observed a global decrease of
protein abundance (including that of SLC1A4) upon NAT10 knockdown
inMOLMI13 (Fig. 40 and Supplementary Table 2). Notably, mRNAs with
ac4C exhibited a significantly greater decrease of protein levels than
mRNAswithoutac4C (Fig. 4p), suggesting that NAT10-mediated ac4C
has a profound effect on mRNA translation.

SLC1A4 playsacrucial role as serine transporter in various pathobi-
ological processes, including tumourigenesis**>°. However, its involve-
ment in AML is not well understood. We found that knockdown of
SLC1A4 resulted in a significant inhibition of serine uptake and AML
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Fig.3|NAT10 promotes AML in an RNA acetylation-dependent manner.

a, Dot blotting showing the reduction of RNA ac4C in MOLM13 cells on day 4 after
NAT10 knockdown. b, LC-MS/MS showing the reduction of poly(A) RNA ac4C
inMOLM13 cells on day 4 after NAT10 knockdown. ¢, Dot blotting showing the
reduction of RNA ac4C in MonoMacé cells on day 4 after NAT10 knockdown.

d, Western blotting detecting protein acetylation on day 4 after NAT10
knockdown in MOLM13 and MonoMacé lysates using anti-pan-acetylation
antibody. e, Western blot analysis of histone acetylationin AML cells on day 4
after NAT10 knockdown. f, Dot blotting showing the protein pan-acetylation
levels of AML cells on day 4 after NAT10 knockdown. g, Schematic structures
depicting RNA binding region (RNA helicase, green box) and N-acetyltransferase
domain (blue box) within the human NAT10 protein and NAT10 variants used in
this study. The red line indicates the inactive mutation of G641 with glycine (G) to
glutamic acid (E) conversions. h, Western blotting showing the overexpression
of NAT10-WT, NAT10-G641E or NAT10-Ahelicase mutant in Kasumi-1stable lines.

i, Dot blotting showing the changes of ac4C levels in Kasumi-1 stable lines with
overexpression of NAT10-WT, NAT10-G641E or NAT10-Ahelicase. j, Western
blot analysis of histone acetylation in Kasumi-1stable lines with overexpression
of NAT10-WT, NAT10-G641E or NAT10-Ahelicase. k, Western blot analysis of
histone acetylation in Kasumi-1stable lines with overexpression of NAT10-WT,
NAT10-G641E or NAT10-Ahelicase.l, MTT assays showing the cell proliferation
of Kasumi-1stable lines with overexpression of NAT10-WT, NAT10-G641E or
NAT10-Ahelicase. m, Colony numbers of MLL-AF9-transduced HSPCs from
Nat10-cKO mice with overexpression of NAT10-WT, NAT10-G641E or NAT10-
Ahelicase inmethylcellulose medium. 4-OHT (1 uM) was added to induce Nat10
KO. n, Quantification of intracellular serine levels in Kasumi-1stable lines with
overexpression of NAT10-WT, NAT10-G641E or NAT10-Ahelicase. Values are
mean +s.d. of n =3 biological replicates and two-tailed Student’s t-tests were
used inb, land n. Values are mean of n = 2 biological replicatesin m.

Nature Cell Biology | Volume 26 | December 2024 | 2168-2182

2173


http://www.nature.com/naturecellbiology

Article

https://doi.org/10.1038/s41556-024-01548-y

RacRIP-seq Y Small RNA
LncRNA 12 (0.23%)
MOLM13 total RNA
100 (1.89%)
/ \anA isolation ‘
AN/ \./'\./\A(A/;::AAA Pseudogene
W V\\M{AAAA 187 (3.53%)
. Synthesis cDNA
1Fragmentatlon 1 library \V“ W
ARV e £\ . d
\/'VJ’\ — - i © 1001 *
acRIP with In vitro ' 3
anti-ac4C antibody transcription [ & 8 751
NN ARAAAA ‘ <
k }LIK}L NN ARAAAA 4"&&“ © oD
IVT-RNA s 5 501
¥ ; . 8 =
RNA elution M Fraé;lg\entatlon & %% (" © B |
¥ RERES C & E”
Aj{\/’\ NI 77 %m:umm}?% -1 =0
ac4C-IP IVT-IP 70 e o g 5UTR CDS  3'UTR
1Construct library 1 Construct library 9
& deplete rDNA & deplete rDNA e .. 1970 o f
\ / P=1%10"7;76.3% of targets 1.00 1 grns 9 = Hyper-
— shNAT10-1 = x 107223 u Hypo-
‘é ' c c c c é 0.75 41— thAT‘IO»Z 1 ’M—‘m 2,500 b
ac4C peaks \ "\ False-positive M VANV IV I o P=0.26110 5 2,000
° g =5,296 8~
5,970 )7 peaks 12345678910112 &= n=9, o 21 e
P =1x10""; 721% of targets L0504 =, £ 1500
. 2 2 8 ol £ 1,000
Reliable ac4C peaks R 2 4 3§ 500
P = : gACCACCAC E 025 3
Jvayvay
O -2
12345678910
'S ohl o sh1 sh2
h P =1x10""% 90.3% of targets o : _ ShNS sh1sh2
" 2 -2 0 2 4
shNAT10-1 ShNAT10-2 £ log,FC
2
versus shNS 1846 versus shNS m
123456780910 m s —_shNS
SE — thNATIO-?
. = o - -
i Input M RacRIP P=0.0025 So
[0-37] N T o &
i Y s 24 0.5 Polysome
shNS d : ® 2w
d e 7.8 5 0
[0-37] :" T g— Fraction 2 3 4 56 6 7 8 9 10 111213
n . = 10% - 50%
ShNAT10-1 N . = Sucrose gradient
! e x n
| [IF S O - < °
[0-37] h vl F
" o 4
ShNAT10-2 11 Py 3
d | R EA\Y < 2
o r/_') -
SLC1A4 Fraction 4 5 6 7 8 9 10
60S 80S Polysome
k P
SLCI1A4 MOLM13 10.0 7532 _ 1001 acac-
20 P=0.0032 hNATIO e ° o (n % P=4.31x10"%
% 7? s 754 g 0.75 2 044
e 18 shNS shl sh2 p, % - £ <
3 9 501 ; 2 050 3
= 1.00 0.51 0.49 25 s i
2051 2 M @  mwmas 0909090900 L__: £ 02514 <]
0 o N k ‘2 0 + _8) a"b'o aob‘o
K _ . . : .
NOEIE -0.5 0 0.5 1.0
\s log,FC (sh1/shNS) log,FC (sh2/shNsS)
s 92 92 log,FC of protein levels
q r  ShNS [3 — Vector + shNS t
© 15 . B —+ Vector + shNAT10-1
3 s:SLCW‘ 1 — Vector + shNATI0-2 ° 2 Nat10 cKO
1 - shSLC1A4-2 ~+ SLCIA4 + ShNATI0-1 S 1500 8
0 10 g © 3 -+ SLCIA4+shNATI0-2 Q o 1500
c c O 55 o @ o L] o
b 3 = s 358 T 1000 S 12001 &
= 10 > i “
205 5 8l €2 5ce'S 8% * R 900
[} &H o o Jh]e-o [
2 3 c|2 2 e~ g 3 :
= ] S Q S £ 500 a 600
f 2 Sa g S 8 300
=] = Q 'c
= = © 0 S o0
[+2 2o shNAT10 - sh1 sh2 sh1 sh2 8 4-OHT - + +
o] 1 2 3
EXEPS SLCIA4 - - - + =+ SLC1A4 - -+

Nature Cell Biology | Volume 26 | December 2024 | 2168-2182

2174


http://www.nature.com/naturecellbiology

Article

https://doi.org/10.1038/s41556-024-01548-y

Fig. 4| NAT10 regulates serine uptake via ac4C modification on SLC1A4
mRNA. a, Experimental scheme of RacRIP-seq. b, Circus plot showing the
distribution of ac4C peaks (red), protein-coding genes (blue) and GC content
(black) on the genome. ¢, The percentages of various RNA species identified by
RacRIP-seq. d, The metagene profiles of ac4C peaks across mRNA transcripts.

e, Top consensus sequences of ac4C peaks determined by HOMER motif analysis.
f, Cumulative curves and box plots (insert) of ac4C log, fold change (FC) showing
global reduction of ac4C modification in NAT10 knockdown MOLM13 cells.

Box plot, centre line, median; box limits, upper and lower quartiles; whiskers,

1.5 xinterquartile range. g, Histogram showing the numbers of hyper- or hypo-
ac4C peaks in NAT10 knockdown MOLM13 cells. h, Venn Diagram showing the
intersection of hypo-ac4C peaksin MOLM13 cells transduced with different
shRNAs against NAT10. i, IGV tracks showing ac4C peak distribution in SLC1A4
mRNA (left). High-confidence ac4C sites were marked in dashed area and was
enlarged onright. The y axis represents counts per million (CPM). j, Gene-
specific acRIP-qPCR detecting SLC1A4 ac4C levels in NAT10 knockdown and
control MOLM13 cells. k, RIP-qPCR showing the direct binding of endogenous
NAT10 on SLC1A4 mRNA around ac4Csite. I, Western blotting showing SLC1A4
protein levels in MOLM13 cells after NAT10 knockdown. m,n, Polysome profiling
showing ribosome occupancy on SLC1A4 mRNA in MOLM13 cells. UV absorbance

at 260 nm of sucrose density gradient fractions from cell lysates is shown (m).
Total RNAs in different fractions were extracted and subjected to qPCR analysis.
Thelevels of SLC1A4 in each fraction was normalized to input (n). 0, Volcano
plots showing differentially expressed proteins (DEPs) in MOLM13 cells after
NAT10 knockdown. Red, significant upregulated proteins (fold change >1.2,
P<0.05); blue, significant downregulated proteins (fold change <0.83, P < 0.05).
p, Cumulative curves and box plot (insert) showing global changes of protein
levels for ac4C-and ac4C+ transcripts in MOLM13 cells after NAT10 knockdown.
Box plot, centre line, median; box limits, upper and lower quartiles; whiskers,

1.5 x interquartile range. q, Serine uptake levels in SLC1A4 knockdown and
control MOLM13 cells. r, MTT assay showing the effects of SLC1A4 knockdown
on MOLM13 cell proliferation.s, MTT assay in NAT10 knockdown MOLM13

cells with or without SLC1A4 overexpression. t, CFA assay in NAT10 knockdown
MOLM13 cells with or without SLC1A4 overexpression. u, CFA assay using c-Kit"
BM cells from Nat10-cKO mice transduced with MLL-AF9 retrovirus plus pCL20C
(vector) or pCL20C-SLC1A4 lentiviruses. Values are mean + s.d. of n = 3 biological
replicates and two-tailed Student’s t-tests were used inj, k, n, q, rands. Values
are mean of n =2 biological replicatesin tand u. A one-sided hypergeometric test
was used in e. A two-sided Mann-Whitney U-test was used in fand p. Protein-wise
linear models combined with empirical Bayes statistics were used in o.

cell growth (Fig. 4q,r and Extended Data Fig. 4p), similar to the effect
of serine deprivation from culture medium (Extended Data Fig. 4q).
Moreover, the inhibition of AML cell growth and colony formation by
NAT10 knockdown could be partially reversed by introducing SLC1A4
(Fig. 4s,t and Extended Data Fig. 4r). Notably, ectopic expression of
SLC1A4 restored colony-formation ability in NAT10-KO mouse HSPCs
(Fig.4u). Collectively, these datareveal SLC1A4 as a functionally essen-
tial RNA target of NAT10 in AML.

NAT10 activates serine biosynthesis viaac4C-HOXA9/MENIN-SSP
Metabolic analyses suggest that NAT10 has a profound impact on serine
biosynthesis, inaddition to serine uptake (Fig. 2h,i). While the expres-
sion of SSP genes (for example, PHGDH, PSAT1 and PSPH) was signifi-
cantly reduced following NAT10 knockdown (Extended Data Fig. 5a), no
apparent ac4C modification was found ontheir transcripts (Extended
DataFig. 5b), indicating that they may not be direct targets of NAT10.
To elucidate the underlying mechanism, we conducted a thorough
analysis of the RacRIP-seq data. Functional annotation indicates that
the hypo-acetylated mRNAs were mainly associated with transcription
regulation and haematopoietic differentiation (Fig. 5a and Extended
DataFig. 5¢), including a subset of transcription factors and histone/
DNA modification regulators that are crucial in AML>*° (Fig. 5b).
Amongthem, the transcription factor HOXA9 and the H3K4me3 reader
MENIN (encoded by MENI) were identified as the top two candidates
whose expression levels positively correlated with that of SSP genesin
AML (Fig.5b and Extended Data Fig. 5d), suggesting they may involvein
regulating transcription of SSP genes and metabolic reprogramming
as potential targets of NAT10.

As displayed in Integrative Genomics Viewer (IGV), HOXA9 and
MENIN had highlevels of ac4C peaks that decreased after NAT10 silenc-
ing (Fig. 5c and Extended Data Fig. 5e). The ac4C modification and
the direct binding of NAT10 on HOXA9 and MENIN mRNAs were con-
firmed through acRIP-qPCRand RIP-qPCR, respectively (Fig. 5d,e and
Extended Data Fig. 5f). Similar to SLC1A4, knockdown or KO of NAT10
significantly decreased HOXA9 and MENIN protein levels without
affecting their mRNA levels or stability (Fig. 5f,g and Extended Data
Fig. 5g-i). Moreover, overexpression of NAT10 increased HOXA9 and
MENIN proteins (Fig. 5h). Additionally, polysome fractionation assays
revealed asignificant decrease in the translation of HOXA9 and MENIN
inNAT10-knockdown cells (Fig. 5i). These data demonstrate that NAT10
mediates ac4C deposition on HOXA9 and MENIN mRNAs to enhance
their translation.

Transcriptome profiling analysis in HOXA9 and MENIN-KO cells
showed that the downstream targets of HOXA9 and MENIN were also
differentially expressed in NAT10 knockdown cells (Extended Data
Fig. 5j,k). Specifically, genes related to serine biosynthesis, such as
PHGDH, PSAT1, PSPH, CBS and CTH, were commonly downregulated
upon depletion of HOXA9, MENIN and NAT10 (Fig. 5j,k). Chromatin
immunoprecipitation sequencing (ChIP-seq) and Cleavage Under
Targets & Release Using Nuclease (CUT&RUN) results showed that
HOXA9 and MENIN bound to the promoters of PHGDH, PSATI and
PSPH (Extended Data Fig. 51), suggesting a direct regulatory role of
HOXA9 and MENIN in the expression of SSP genes. Indeed, knock-
down of HOXA9 or MENIN significantly reduced the expression of SSP
genes (Fig. 5|, m) and hindered serine synthesis (Fig. 5n). By modulating
HOXA9 and MENIN expression, knockdown or KO of NAT10 markedly

Fig. 5| NAT10 promotes SSP genes transcription and serine biosynthesis
through HOXA9/MENIN. a, Heatmap of hypo-acetylation genes related

to transcription regulation and haematopoietic differentiation in NAT10
knockdown MOLM13 cells. b, The interactome of NAT10 targets that are essential
for leukaemia transcriptional regulation. The colour of circles represents the
expression correlation between NAT10 targets and SSP genes. ¢, IGV tracks
showing ac4C peak distribution in HOXA9 and MENIN mRNAs. High-confidence
ac4Csites were marked in dashed area. The y axis represents CPM. d, acRIP-
gPCR detecting ac4C levels of HOXA9 and MENIN mRNAs in NAT10 knockdown
MOLM13 cells. e, RIP-qPCR assays showing the binding of endogenous NAT10
on HOXA9 and MENIN mRNAs. f-h, Western blotting detecting NAT10 targets in
NAT10 knockdown MOLMI13 cells (f), in c-Kit* BM cells from Nat10-cKO mice (g)
and in Kasumi-1stable lines with NAT10 overexpression (h). i, Polysome profiling
showing ribosome occupancy on HOXA9 and MENIN mRNAs in MOLM13 cells.
Jj,Commonly enriched GO terms of the downregulated DEGs in NAT10

knockdown and HOXA9-KO/MENIN-KO MOLM13 cells. k, Heatmap showing the
expression levels of genes involved in serine metabolism in NAT10 knockdown,
HOXA9-KO/MENIN-KO MOLM13 cells.l,m, RT-qPCR (I) and western blotting

(m) showing the decrease of mRNA and protein levels of PHGDH, PSAT1and
PSPH in MOLM13 upon HOXA9 or MENIN knockdown. **P < 0.01. ***P < 0.001.

n, Quantification of serine biosynthesis levels in MOLM13 upon HOXA9 or MENIN
knockdown. 0,p, MTT assays (0) and CFA assays (p) in NAT10 knockdown or
control MOLM13 cells with or without HOXA9 or MENIN overexpression. Precise
Pvalues are shown in Source Data. q,r, CFA (q) and LDA (r) using c-Kit" BM cells
from Nat10-cKO mice transduced with MLL-AF9 plus MSCV-PIG (vector), MSCV-
HOXA9 or MSCV-MENIN retroviruses. Values are mean + s.d. of n = 4 biological
replicatesin o or n =3 biological replicatesind, e, i,1 and n. Values are mean of
n=2biological replicates in p and q. Two-tailed Student’s ¢-tests were used

ind, e, I, nand 0. A two-sided chi-squared test was used inr.
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decreased the expression of SSP genes (Fig. 5f,g and Extended Data
Fig.5g), whereas overexpression of NAT10 displays the opposite effects
(Fig. 5h).

In addition, overexpression of HOXA9 or MENIN was able to res-
cue cell growth and colony-forming ability in NAT10 knockdown

MOLMI13 cells (Fig. 50,p and Extended Data Fig. 5Sm). Notably, ectopic
expression of HOXA9 or MENIN restored colony-formation ability and
stemness in Nat10-KO mouse HSPCs (Fig. 5q,r), indicating that HOXA9
and MENIN are functionally essential targets of NAT10 in mediating
AML stemness. Collectively, NAT10 promotes serine biosynthesis
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Fig. 6 INAT10is highly expressed in AML and represents a therapeutic target.
a, NAT10 expression levels in BM-MNCs from primary MDS and patients with
AML and healthy donorsin the MILE study. Centre line, median; box limits,

upper and lower quartiles; whiskers, 1.5 x interquartile range; points, outliers.

b, Western blotting showing NAT10 protein levels in PBMCs from healthy
control, human leukaemia cell lines and BM-MNCs from patients with AML.

¢, Microarray data showing NAT10 expression levels in patients with primary AML
with chromosomal translocations and healthy donors. Values are mean + s.d.
MLLr, MLL-rearrangement. d, NAT10 expression levels in patients with normal-
karyotype (NK) AML with WT FLT3 or FLT3-ITD mutation. Centre line, median;
upper and lower lines, third and first quartiles. e, CUT&RUN assays showing

the direct binding of MLL1/MLLI1-fusion on NAT10 promoter. The upstream ssite
served as a negative control. f, Western blotting (top) and RT-qPCR (bottom)
showing a gradual decrease of Nat10 protein and mRNA levels in MLL-ENL-ERtm
cells after 4-OHT withdrawal. g, NAT10 expression levels in CD34" fractions

from BM of healthy donors or patients with AML, as well as in CD34~ fractions of
BM from patients with AML. Values are mean + s.d. h, NAT10 expression levels
infunctionally validated LSC and non-LSC fractions sorted from patients with
primary AML. Values are mean + s.d. i, Kaplan-Meier survival analysis of patients
with AML based on their NAT10 expression levels from TCGA. OSy,, medium
overall survival.j, MTT assays showing the effects of NAT10 knockdown on cell
proliferation of primary BM-MNC from a patient with MLL-rearranged AML
(patient 5) and PDX cells harbouring FLT3-/ITD mutation (PDX 1). k, Kaplan-Meier
curves showing the effects of Nat10 knockdown on the maintenance/progression
of MLL-AF9-induced AML in secondary BMT recipient mice. Values are mean of
n=2biological replicatesin e and f. Values are mean * s.d. of n = 3 biological
replicates and two-tailed Student’s ¢-tests were used inj. Log-rank tests were used
iniand k. A two-sided Mann-Whitney U-test was used ina, ¢, d, g and h.Images in
b are representative of three technical replicates.

and growth of AML cells through HOXA9/MENIN-mediated transcrip-
tional regulation of SSP genes.

Aberrant high expression of NAT10 in AML, especially in LSCs
According to The Cancer Genome Atlas (TCGA) data, NAT10 is highly
expressed in haematopoietic malignancies, such as AML (Extended
Data Fig. 6a). By analysing data from the Microarray Innovations in
Leukaemia (MILE) study, we observed that NAT10 was expressed at a
higher level in primary BM mononuclear cells (BM-MNCs) of patients
with AML compared with those of healthy controls and patients with
myelodysplastic syndrome (MDS) (Fig. 6a). By immunoblotting, we
confirmed the upregulation of NAT10 protein in all the tested human
leukaemia cell lines and primary AML samples relative to the healthy
controls (Fig. 6b). Further analysis revealed that NAT10 expression
was significantly higher int(11q23)/MLL-rearranged (MLLr) AML than
inother subtypes of AML and healthy controls (P < 0.001; Fig. 6¢) and
also higher in FLT3-ITD mutated cases compared with those with WT
FLT3in cytogenetically normal AML (Fig. 6d).

MLL-fusion proteins promote the transcription of target genes by
binding to their promoters and modulating histone modifications*”*,
To uncover the mechanisms underlying the increased expression of
NAT10 in MLL-rearranged AML, we analysed published ChIP-seq data
andfound that MLL-AF9 and MLL-AF4 directly bind to the promoter of
NATIO (Extended DataFig. 6b), which was validated through CUT&RUN
in MOLM13 cells (Fig. 6e). Furthermore, the epigenetic signature of
MLL-fusion target genes (H3K79me2, H3K27ac and H3K4me3) were
observedinthe vicinity of MLL-fusionbinding sites in NAT10 promoter
(Extended DataFig. 6b,c). Inaddition, overexpression of MLL-fusion pro-
teinsinmouse HSPCs resulted in a substantial increase in Nat10 expres-
sion (Extended DataFig. 6d). Consistently, the expression of Nat10 was
sustained by 4-hydroxytamoxifen (4-OHT)-induced MLL-ENL in the
murine leukaemic cell line MLL-ENL-ERtm, and gradually decreased
upon4-OHT withdrawal (Fig. 6f). Collectively, these results demonstrate
that NAT1Ois transcriptionally upregulated by MLL fusionsinMLLr AML.

Of note, a significantly higher level of NAT10 was observed in
CD34" immature AML cells compared with CD34~ bulk AML cells and
CD34" cells from healthy controls (Fig. 6g). Consistently, functionally
defined LSCs also exhibited a higher level of NAT10 than non-LSCs
based on the GSE76008 dataset*® (Fig. 6h). Inline with the enrichment
of NAT10in LSCs/LICs, high expression of NAT10 is associated with poor
survivalin patients with AML (Fig. 6i).

NATI10 represents a promising therapeutic target for AML

The above findings that NAT10 is upregulated in AML and critical for
maintaining the survival and stemness of AML cells prompted us to
evaluate the therapeutic potential of NAT10 in AML. Consistent with the
results from cell lines, knockdown of NAT10 also remarkably repressed
cellgrowthinprimary human leukaemia cells harbouring an MLL fusion
or patient-derived xenograft (PDX) cells with an FLT3-/ITD mutation
(Fig. 6j) and inhibited colony formation of blast cells from MLL-AF9
leukaemia mice (Extended DataFig. 6e). Furthermore, secondary BM
transplant (BMT) experiments showed that silencing of NAT10 signifi-
cantly prolonged overall survival of recipient mice (P < 0.01; Fig. 6k).
Onthe other hand, tamoxifen-induced deletion of Nat10 in Nat10-cKO
adult mice did not result in acute death or body weight loss for over
40 days of monitoring and had little impact on the morphology and
histopathology of major organs (Extended Data Fig. 6f-h), suggesting
that NAT10 is a promising and safe therapeutic target for AML.

Pharmacological targeting of NAT10 potently suppresses AML
We subsequently evaluated the anti-leukaemia effects of NAT10 inhibi-
tors. Inaddition to the well-known NAT10 inhibitor Remodelin®, several
US Food and Drug Administration (FDA)-approved drugs, including
fosaprepitant, folinicacid, fludarabine and dantrolene, were also tested
because of their higher binding potency to NAT10 than Remodelin
and acetyl coenzyme A (Ac-CoA)®". Treating MOLM13 and MonoMacé
cells with fludarabine, fosaprepitant and Remodelin remarkably
inhibited cell growth with a half-maximum inhibitory concentration

Fig.7|Inhibition of NAT10 by Remodelin or fludarabine exhibits anti-
leukaemia potency in vitro and in vivo. a, MTT assays and the IC;, values
of Remodelin, fludarabine, fosaprepitant, dantrolene and folinic acid in
MOLMI13 cells after 72 h of treatment. b, MTT assays showing the inhibitory
effects of fludarabine in leukaemia cell lines with a 72-h treatment. IC, in
each cell line was shown. ¢, MTT assays showing the inhibitory effects of
fludarabine in PBMCs from healthy donors, primary BM-MNCs from patients
with AML or PDX cells with a 72-h treatment. d, Molecular docking of NAT10
with fludarabine (P-F-ara-A) and 3P-fludarabine (F-ara-ATP). e, DARTS assays
evaluating the efficacy of Remodelin, P-F-ara-A and F-ara-ATP on protecting
NATI0 protein against pronase digestion in MOLM13 cell lysates. f, Thermal
shift curves of NAT10 from CETSA assays in MonoMacé pretreated with
fludarabine (F-ara-A), Remodelin or dimethylsulfoxide (DMSO). Tm, thermal
melting temperature. g, Dot blotting showing the reduction of RNA ac4Cin

MOLM13 cells with fludarabine or Remodelin treatment. MB staining served as
RNA loading control. h, Western blotting showing the protein levels of NAT10
targets and downstream genes in MOLM13 cells with fludarabine or Remodelin
treatment. i, Total cellular serine levels in MOLM13 cells treated with or without
fludarabine. j, k, Kaplan-Meier survival curves of mice transplanted with C1498
cells and treated with fludarabine (j), Remodelin (k) or vehicle control. Days

of BMT and drug treatment are showninjand k (top). n=12in each group in
jandn=7ineachgroupink.i.p., intraperitoneal. l, Representative images of
spleens fromj. m, Representative images of spleens from k. n,0, MTT assays
showing the inhibition effects of fludarabine (n) and Remodelin (0) in MOLM13
cells transduced with WT or mutated MENIN. p, Proposed model depicting the
function and mechanism of NAT10 in AML pathogenesis. Values are mean +s.d.
of n=3Dbiological replicates in a-c, i, nand 0. A two-tailed Student’s t-test was
usedini.Log-rank tests were used injand k.
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(IC5p) ranging from1.5t018.5 uM, whereas folinicacid and dantrolene
treatment showed marginal effects (Fig. 7a and Extended Data Fig. 7a).
Fludarabine and Remodelin can also effectively inhibit the growth of
many other AML celllines (Fig. 7b and Extended DataFig. 7b,c). Notably,
the IC;, of fludarabine in AML cell lines and primary patient cells was
much lower than that in primary peripheral blood mononuclear cells
(PBMCs) from healthy donors (Fig. 7b,c). Inaddition, treating leukaemia
blast cells from MLL-AF9leukaemia mice with fludarabine or Remodelin
suppressed colony formation in a concentration-dependent manner
(Extended Data Fig. 7d). Such data demonstrate that fludarabine and
Remodelin exhibit promising anti-leukaemia effects in vitro.

Fludarabine (also known as P-F-ara-A) is a synthetic adenine nucle-
oside analogue that has been used for clinical treatment of lymphocytic
and myeloid leukaemia*. As a prodrug, itis rapidly dephosphorylated
by serum phosphatase to free F-ara-A, which is then transported into
cells and converted to its 5’-triphosphate, F-ara-ATP, the principal
active metabolite®>. Molecular docking showed that both fludarabine
and F-ara-ATP couldinteract with the Ac-CoA binding pocket of NAT10
with docking scores of —-8.337 and —13.348, respectively (Fig. 7d and
Extended DataFig. 7e). The binding of fludarabine and F-ara-ATP with
NAT10 were confirmed by drug affinity responsive target stability assay
(DARTS) and cellular thermal shift assay (CETSA), withacomparable or
better protective effect for NAT10 against protease-mediated degrada-
tion or high-temperature-induced denaturation compared with Remod-
elin (Fig. 7e,fand Extended Data Fig. 7f,g). Consequently, fludarabine
significantly reduced cellular RNA ac4C levels, the expression of
NATI10 targets and total serine levels, and induced G1/S phase arrest
in AML cells, similar to what was observed for Remodelin (Fig. 7g-i,
Extended Data Fig. 7h-j and Supplementary Fig. 1b). These results
togetherindicate that fludarabineis aninhibitor of NAT10 and exhibits
comparable or even more potent inhibitory effect than Remodelinin
inhibiting NAT10.

To evaluate the in vivo therapeutic efficacy of fludarabine as well
as Remodelin, we established a C1498 syngeneic AML model, followed
by intraperitoneal injection of fludarabine (200 mg kg™ ten times) or
Remodelin (30 mg kg™ for 33 times). Treatment with fludarabine or
Remodelin significantly prolonged the overall survival of recipient
mice and alleviated the symptoms of splenomegaly without significant
body weightloss (Fig. 7j-m and Extended Data Fig. 7k). Together, such
proof-of-concept dataindicate that targeting NAT10 by small molecule
inhibitors could effectively inhibit AML in vitro and in vivo.

MENIN inhibitors, such as revumenib (SNDX-5613), have emerged
as promising therapies for MLLr or NPMI1-mutant AML. However,
patients often develop resistance to MENIN inhibitors due to somatic
mutations of MENIN (for example, M3271 or G331R) at the revumenib-
MENIN interface®. Given the efficient reduction of MENIN by NAT10
inhibitor, we sought to explore the potential of NAT10 inhibitorsin over-
coming MENIN inhibitor resistance. Consistent with previous report®,
MOLM13 cells stably expressing MENIN-M3271 or MENIN-G331R
mutants were insusceptible to revumenib treatment (Extended Data
Fig. 71-n). Notably, treatment with fludarabine or Remodelin remark-
ably inhibited cell growth in these revumenib-resistant cells, with
similar ICs, values to those in revumenib-sensitive cells with WT MENIN
(Fig. 7n,0), suggesting that targeting NAT10 represents a promising
strategy for overcoming MENIN inhibitor resistance in AML.

Discussion

Although RNA modification represents an important post-
transcriptional regulation mechanismin AML, the function and mecha-
nism of RNA ac4C modificationinleukaemiaremain poorly understood.
In this study, we uncover that ac4C and its writer NAT10 play a previ-
ously unappreciated role in promoting leukaemogenesis and maintain-
ing the self-renewal of LSCs/LICs. Mechanistically, NAT10-mediated
ac4Creprograms serine metabolism by simultaneously promoting the
uptake and biosynthesis of serine (Fig. 7p). We also identify fludarabine

as an inhibitor of NAT10 and show inhibiting NAT10 by fludarabine
or Remodelin effectively suppresses leukaemia cells and overcomes
MENIN inhibitor resistance. Thus, our findings offer insights into the
epitranscriptomic mechanism of AML pathogenesis, shedding light
for targeting NAT10 in AML treatment.

NAT10 has been reported to catalyse RNA ac4C modification on
18srRNA, tRNA (tRNAS¢" and tRNA*") and mRNAs. Indeed, NATI0 KO/
knockdown resultedin the reduction of ac4Clevelsin rRNAs and tRNAs
(Extended DataFig.8a-c), althoughto aless extent compared with the
decrease of ac4CinmRNAs (Fig. 3b and Extended Data Fig. 1j,k). ac4Cin
18srRNA is suggested to beinvolved in rRNA processing and ribosome
biogenesis and may have a global impact on translation?**, whereas
ac4C in tRNAS" and tRNA™" may function in maintaining decoding
fidelity and translation efficiency of proteins®. Our proteomics data
showed a global decrease of protein abundance upon NAT10 knock-
down (Fig. 40), suggesting that rRNA ac4C may play a role. However,
mRNAs with ac4C exhibited amore profound decrease of protein levels
than those without ac4C upon NAT10 knockdown (Fig. 4p), suggesting
thatac4Con mRNA has aselective translation regulation effect on top
of the global impact regulated by ac4C on rRNA. On the other hand,
proteins with higher content of serine displayed more pronounced
downregulationupon NAT10 knockdown, while the opposite trend was
observed for leucine (Extended Data Fig. 8d), suggesting that serine
levels, rather than tRNA ac4C modification, may contribute to the
effect of NAT10 in regulating translation. Furthermore, we observed
lower protein levels of mRNAs harbouring ac4C compared with those
without ac4C upon NAT10 knockdown, regardless of the content of
serine in their encoded proteins (Extended Data Fig. 8e), again high-
lighting the critical roles of mRNA ac4C on the translation regulatory
function of NAT10.

Recently, serine has beenidentified as animportant oncogenesis-
supportive metabolite in leukaemia and several other cancer types”.
Our multi-omics analyses reveal that NAT10-mediated ac4C has a
profound impact on promoting serine metabolism. Mechanistically,
NAT10 deposits ac4C modification on SLC1A4 mRNAs, enhancing
its translation and leading to sustained serine import. On the other
hand, NAT10 enhances the translation of HOXA9 and MENIN, boost-
ingthe transcription of SSP genes and serine biosynthesis. Therefore,
our results uncover a previously unappreciated mechanism by which
leukaemia cells (especially LSCs) with high NAT10 expression sustain
high intracellular serine levels through activating both uptake and
synthesis of serine inan ac4C-dependent mechanism. It hasbeenshown
that targeting serine metabolic vulnerability, either through inhibi-
tion of SSP or dietary restriction of serine or in combination, could
effectively suppress AML cell survival and delay AML development™,
Given the dual impacts of NAT10 on serine uptake and synthesis, tar-
geting NAT10 may represent an approach to effectively impair serine
metabolism and treat AML.

HOXA9 and MENIN have been identified as valuable therapeutic
targets, holding substantial promise in the fight against AML. Our data
also reveal HOXA9 and MENIN as upstream regulators of the serine
biosynthesis pathway, adding additional evidence for the critical role
of HOXA9 and MENIN in AML. Although MENIN inhibitors have been
developed and shown to be effective in treating advanced acute leu-
kaemia, HOXA9 was considered ‘undruggable’, and efforts have been
devotedtoreducingitsexpression or disruptingits interaction withiits
cofactor MEIS1. Our investigation has uncovered ac4C as an emerging
regulatory mechanism for modulating the expression of HOXA9 and
MENIN, thereby emphasizing that targeting ac4C could be an alterna-
tiveapproachto simultaneously disrupt the dependency of HOXA9 and
MENINin AML. Onthe other hand, therapy resistance to MENIN inhibi-
tors occurred due to mutationsin the MENIN protein. Our datashowed
thatRemodelin or fludarabine treatment could suppress growth of AML
cellswithmutated MENIN (and therefore resistant to MENIN inhibitor
treatment) to an extent similar to that on MENIN WT cells, suggesting
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analternative strategy of overcoming MENIN inhibitor resistance that
warrants further systematic studies.

Overall, our results demonstrate that NAT10 and ac4C play critical
rolesinreprogramming serine metabolism and promoting leukaemo-
genesis and stemness maintenance of LSCs. Our proof-of-concept
experiments demonstrate that treatment with NAT10 inhibitors can
effectively suppress AML cell growthin vitro and invivo. Nonetheless,
furtherinvestigation of NAT10 as a clinical target is strongly warranted,
with the aim of developing ac4C-based therapies for the clinical treat-
ment of AML.
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Methods

Theresearch conducted in this study complies with all relevant ethical
regulations. All proceduresinvolving mice and experimental protocols
were approved by the Institutional Animal Care and Use Committee of
Sun Yat-sen University Cancer Center (SYSUCC) (L025504202111015),
Guangzhou Institute of Biomedicine and Health (GIBH), Chinese Acad-
emy of Sciences (2020066) and Ruiye Bio-tech Guangzhou Co. (RYEth-
20221010411).The use of human specimens and informed consent
were approved by the ethics board of the SYSUCC (G2023-108-01 and
G2023-285-01) and Fujian Medical University Union Hospital in China
(2021KJCX004).

Mice and animal housing

The Nat10 floxed mice (Nat10"") on a C57BL/6 background were pur-
chased from GemPharmatech, R26-CreERT2 mice were purchased
from Shanghai Model Organisms Center and B6.SJL (CD45.1) mice
were purchased from The Jackson Laboratory. Alllaboratory mice were
maintained in the animal facility at SYSUCC, GIBH, Chinese Academy
of Sciences or Ruiye Bio-tech Guangzhou. All animal experiments were
approved by Institutional Animal Care and Use Committee of SYSUCC,
GIBH or Ruiye.

Mouse bone marrow transplantation

These assays were conducted as described previously***® with some
modifications. For primary BMT, 0.2 x 10° donor cells from CFA assays
and1.0 x 10°radioprotective dose of whole bone marrow cells collected
from B6.SJL (CD45.1) or C57BL/6 (CD45.2) mouse were transplanted into
lethally (500 cGy twice, 86 cGy min™) irradiated 7-9-week-old B6.SJL
(CD45.1) or C57BL/6 (CD45.2) recipient mice via tail vein injection. For
secondary BMT, 0.2 x 10° BM cells collected from primary leukaemic
mice were injected into sublethally (450 cGy, 86 cGy min™) irradiated
7-9-week-old B6.SJL (CD45.1) recipient mice via tail vein injection.
For BMT using MLL-AF9 transduced c-Kit* Nat10V"CreERT2 BM cells,
0.2 x10°donor cells from CFA assays combined with 1.0 x 10°radiopro-
tective dose of whole BM cells fromaB6.SJL (CD45.1) were transplanted.
Two weeks after transplantation, recipient mice were intraperitoneally
injected with tamoxifen (75 mg kg™, Sigma-Aldrich) every other day for
five times to induce Nat10 KO. Engraftment cells were analysed by BD
LSRFortessa X-20 and analysed using FlowJo v.10. When mice showed
signs of systemic illness signs of immobility, a huddled posture, the
inability to eat, ruffled fur or self-mutilation, the animals were killed
immediately by CO,inhalation or cervical dislocation. BM cells isolated
from both tibia and femur were loaded for cytospin preparation. BM
cytospin and blood smear slides were stained with Wright-Giemsa
(Polysciences). Portions of the spleen and liver from leukaemic mice
were collected, fixed in formalinand embedded in paraffin before they
were sectioned and stained with H&E.

20,40

C1498 syngeneic AML model

For the C1498 syngeneic AML model, 1.0 x 10° viable C1498 cells were
transplanted into sublethally (300 cGy, 86 cGy min™) irradiated
7-9-week-old C57BL/6 recipient mice via tail vein injection. One week
after transplantation, recipient mice began receiving fludarabine
phosphate (HY-B0028, MedChem Express) at dose of 200 mg kg™
ten times (two rounds of consecutive 5 days with a 5-day interval) or
Remodelin hydrobromide (S7641, Selleck) once per day at dose of
30 mg kg™ for 33 times. When mice showed signs of systemic illness,
they were killed immediately.

Plasmid construction

Human NAT10, SLC1A4, HOXA9 and MENIN coding sequence was
reverse transcribed and PCR-amplified from MOLM13 total RNA and
cloned into the pCL20C lentiviral vector (Addgene) or MSCV-PIG ret-
roviral vector (Addgene) through the EcoRI enzymatic sites. NAT10
and MENIN mutant vectors were constructed using a Q5 Site-Directed

Mutagenesis kit (New England Biolabs). shRNA vectors were con-
structed by synthesizing shRNA-encoded DNA oligonucleotides and
cloninginto the pLKO.1vector (Addgene). Mature antisense sequences
of shRNAs were listed in Supplementary Table 3.

Virus preparation and infection

These assays were conducted as described previously*>*® with some
modifications. In brief, retroviruses or lentiviruses were produced in
HEK293T cells by co-transfection of individual expression construct
with the pCL-Eco packaging vector IMGENEX) or the pMD2.G:pMDLg/
PRRE:pRSV-Rev packaging mix (individually purchased from Addgene),
respectively. One or two rounds of ‘spinoculation’ were performed to
allow the infection of viruses. Resistance selection (1 pg ml™ of puro-
mycin (Sigma-Aldrich) and/or 10 pg mi™ blasticidin (InvivoGen)) began
48 hlater. Cellsinfected with lentiviral sShRNAs were sampled for analy-
sisof RNA modifications, RNA/protein expression, cellmetabolismand
multi-omics (including RNA-seq, RacRIP-seq, metabolomics profiling
and proteomics) on day 4 post-infection. The survival and apoptosis
analysis were evaluated at later time points (day 4-8 for MTT, day 5 for
apoptosis). As for gene overexpression, astable cell line was obtained
by atleast three passages of antibiotic selection.

Isolation of HSPCs from mice bone marrow

BM ccells were extracted from the tibia and femur of 5-7-week-old mice
and resuspended inammonium chloride solution (BL503B, Biosharp)
for removing red blood cells. c-Kit" cells were isolated using mouse
CD117 microbeads together with OctoMACS Separator and Starting
kits (Miltenyi Biotec) following the manufacturer’sinstructions.

Induced deletion of Nat10in vitro and in vivo

For in vitro deletion of Nat10 in BM cells from Nat10""CreERT2 mice,
1 mM (Z)-4-OHT (Sigma-Aldrich) dissolved in ethanol (Macklin) was
added to methylcellulose base medium (R&D Systems) at a final con-
centration of 1 M. Cells were cultured for more than 5 daysin methyl-
cellulose medium before collection.

Forinvivo deletion of Nat10, tamoxifen (Sigma-Aldrich) was dis-
solvedin corn oil (Macklin) at a concentration of 20 mg ml™. Mice were
injected with tamoxifen or vehicle intraperitoneally at arelatively low
dose of 75 mg kg™ body weight once a day for 5 consecutive days or
as indicated. Ten days later, genotyping was performed and BM cells
were collected for subsequent analysis. For mice undergoing survival
analysis, the survival was monitored for 40 days and their body weight
was measured repeatedly during this period. At the end point of the
experiment, the mice were killed to collect organs (including heart,
liver, spleen, lung and kidney) for H&E staining.

Colony-forming and replating assay
BM cells were collected from 5-7-week-old WT, Nat10"*CreERT2 or
Nat10"CreERT2 mice. BM progenitor (HSPC, that is, c-Kit") cells were
enriched by the CD117 microbeads (Miltenyi Biotec) from BM cells. BM
progenitor cells were co-transduced with retroviruses or lentiviruses
as indicated through one or two rounds of ‘spinoculation’. The trans-
duced cells were seeded into mouse methylcellulose medium (R&D
Systems) supplemented with 10 ng ml™ of recombinant interleukin
(IL)-3, IL-6, GM-CSF and 50 ng ml™ recombinant SCF (Sino Biologi-
cal) along with 0.5 mg ml™ of G418 (Thermo Fisher Scientific) and/or
1.5 pg mlI™ of puromycin (Sigma-Aldrich). Cultures were incubated
at 37 °C for 5-7 days. (Z)-4-OHT (Sigma-Aldrich) dissolved in ethanol
was added to methylcellulose medium at afinal concentration of 1 uM
whennecessary. For serial replating assay, colony cells were collected
every 5-7 days and then replated in methylcellulose medium. Colony
numbers were counted before each plating.

For CFA assays using human cell lines, MOLM13 cells transduced with
lentiviruswere seeded into MethoCult H4434 Classic medium (STEMCELL
Technologies) with the addition of 1.5 pg ml™” puromycin when necessary.
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Limiting dilution assay

For in vivo LDAs, frozen BM cells collected from primary BMT mice
(Nat10-cKO and Nat10-WT, two mice from each group whose sur-
vival is close to the median survival of the corresponding group) that
developed leukaemia were thawed and equal numbers of cells from
the same group were mixed and injected into sublethally (450 cGy,
86 cGy min™) irradiated 8-week-old B6.S)L recipient mice through tail
vein with four different doses (0.2 x 10, 0.02 x 10°, 0.002 x 10® and
0.0002 x 10°) of donor cells for each group. Six recipient mice were
transplanted in each dose of each group. The number of recipient
mice that developed leukaemia within 8 weeks post-transplantation
was counted for each group. ELDA software® was used to analyse the
frequencies of LSCs/LICs.

Forinvitro LDAs, HSPCs transduced with different combinations
of retroviruses and/or lentiviruses were seeded into Mouse Methylcel-
lulose Base Media (R&D Systems) supplied with 10 ng ml™ recombinant
IL-3, IL-6, GM-CSF and 50 ng ml™ recombinant SCF (Sino Biologi-
cal), along with 0.5 mg ml™ G418 (Thermo Fisher Scientific) and/or
1.5 ug mI™ puromycin (Sigma-Aldrich). Five days later, the colony cells
were collected and replated into 96-well plates at different doses of cell
number with 24 replicates for each group. (Z)-4-OHT (Sigma-Aldrich)
dissolved in ethanol was added to methylcellulose medium at a final
concentration of 1 tM when necessary. After 7-10 days, the number
of wells with colonies was counted. ELDA software was used to analyse
frequencies of LSCs/LICs.

LC-MS/MS for determination of RNA modifications

RNA ac4C and m°A quantification by LC-MS/MS was performed as
described previously?®*, In brief, 200 ng of total RNA or other
RNA components isolated from it (for example, poly(A) RNA,
rRNA and tRNA) were digested by nuclease P1 (1 U, New England
Biolabs) at 37 °C for 2 h, followed by the addition of alkaline phos-
phatase (1 U, Takara) and incubation at 37 °C for another 2 h. The
nucleosides were separated by reverse-phase ultra-performance
liquid chromatography on a C18 column (Agilent) with online MS
detection using Agilent 6470 Triple Quadrupole LC-MS System at
aflow rate of 0.25 ml min™. Buffer A: 0.1% formic acid; buffer B: 50%
acetonitrile, 0.1% formic acid with the gradient as follows: 0-1 min,
100% A; 1-2.4 min, 99.8% A; 2.4-3.8 min, 99.2% A; and 3.8-5.2 min,
98.2% A. Quantification was performed by comparison with the
standard curve obtained from pure nucleoside standards. The ratio
of ac4C to C or m°A to A was calculated based on the calculated
concentrations.

RacRIP-seq

Cellular total RNA and IVT RNA were fragmented using NEBNext
Magnesium RNA Fragmentation Module (New England Biolabs).
Protein A/G beads (Thermo Fisher Scientific) were conjugated with
5 pg anti-ac4C (Abcam, ab252215) antibody and then incubated with
fragmented cellular total RNA (30 pg) or IVT RNA (6 pg) at 4 °C over-
night. The RNA-antibody-protein A/G mixture was washed twice with
immunoprecipitation (IP) buffer (150 mM NacCl, 10 mM Tris-HCI, pH
7.5and 0.1% IGEPAL CA-630 (Sigma-Aldrich) in nuclease-free water),
twice with low-salt buffer (50 mM NaCl, 10 mM Tris-HCI (pH 7.5) and
0.1% IGEPAL CA-630 in nuclease-free water) and twice with high-salt
buffer (500 mMNacCl, 10 mM Tris-HCI (pH 7.5) and 0.1% IGEPAL CA-630
innuclease-free water), respectively. Precipitated RNA fragments were
eluted by adding 200 pl TRIzol reagent (Thermo Fisher Scientific)
to beads followed by eluting using RNA clean&Concentrator-5 kit
(Zymo Research). IP products and the input sample kept before IP
were used to construct next-generation sequencing libraries using the
SMARTer Stranded Total RNA-Seq kit v2 (Takara, 634413). Sequenc-
ing of the RacRIP-seq libraries was carried out on NovaSeq 6000 in
paired-end read mode with 150 bp per read. Two biological replicates
were sequenced.

Gene-specificacRIP-qPCR

Gene-specific acRIP-qPCR was performed similar to RacRIP-seq.
In brief, 30 pg of total RNA was sheared to ~200 nt in length by
metal-ion-induced fragmentation, then purified and incubated
with anti-ac4C antibody (Abcam, ab252215) or rabbit IgG (Milli-
pore, NIO1)-conjugated beads in 500 pl 1x IP buffer (150 mM NaCl,
10 mM Tris-HCI, pH 7.5 and 0.1% IGEPAL CA-630 (Sigma-Aldrich) in
nuclease-free water) supplemented with RNasin Plus RNase Inhibi-
tor (Promega) at 4 °C overnight. Acetylated RNA was immunopre-
cipitated with beads, eluted and recovered with TRIzol reagent
(Thermo Fisher Scientific) and RNA clean&Concentrator-5kit (Zymo
Research). One-fiftieth of fragmented RNA was saved as an input
control. Input and acRIP RNA were further analysed by RT-qPCR.
The related enrichment of ac4C in each sample was calculated by
normalizing to 50-fold input.

RNA-seq and data analysis

mRNA was purified from 1 pg total RNA using VAHTS mRNA Cap-
ture Beads (Vazyme Biotech). cDNA libraries were constructed using
VAHTS Universal V8 RNA-seq Library Prep kit (Vazyme Biotech) for
Illumina. Sequencing of the RNA-seq libraries were carried out on
NovaSeq 6000 in paired-end read mode with 150 bp per read. Two
biological replicates were sequenced. Raw reads of the RNA-seq were
processed and aligned to the human genome (hg38) exactly as previ-
ously described. Read counts on genes were calculated by HTSeq
v.2.0.2 (ref. 70) against the GENCODE Release 39 gene annotation.
DEGs were calculated by DESeq2 with fold change >1.5 or <0.667 and
adjusted Pvalue < 0.05.

RNA immunoprecipitation

RIPwas performed as previously described with some modifications”’.
In brief, 10 million cells with different treatments were collected
and washed with ice-cold PBS, followed by 254 nm UV crosslinking.
Cells were lysed with complete cell extraction buffer (100 mM Nacl,
50 mM Tris, pH 7.4, 1mM EDTA, 1 mM EGTA, 10% glycerol, 0.1% SDS,
0.5% sodium deoxycholate, 1% Triton, 100 U mI™ RNasin Plus RNase
Inhibitor (Promega) and 1x cocktail protease inhibitors (Roche)).
Lysates were thensonicated and 5-10% of the lysate was used as input.
Protein A/G magnetic beads (Thermo Fisher Scientific) were used to
preclear therest of thelysate. An appropriate amount of antibody (for
endogenous NAT10 RIP: 2 pg anti-NAT10 antibody (ab194297, Abcam)
or a corresponding control rabbit IgG (NI01, Millipore); for RIP with
NAT10-overexpressed cells: 1 pug anti-Flag (F3165, Sigma-Aldrich) ora
corresponding control mouse IgG (NI03, Millipore)) was conjugated
to Protein A/G Magnetic Beads and incubated with precleared nuclear
extraction in RIP buffer (150 mM KCI, 25 mM Tris, pH 7.4, 5 mM EDTA,
0.5 mM dithiothreitol and 0.5% NP40) at 4 °C overnight. After wash-
ing with RIP buffer three times, immunoprecipitated samples were
subjected to DNase I (Sigma-Aldrich) and Proteinase K (Thermo Fisher
Scientific) digestion. RNA was then isolated using the TRIzol reagent
(Thermo Fisher Scientific).

Polysome fractionation

Polysome fractionation was performed following the reported
protocols with some modifications®. In brief, MOLM13 cells
with or without NAT10 knockdown were treated with 100 pg ml™
cycloheximide (Sigma-Aldrich) for 5 min before collection. Cells
were collected and washed with ice-cold PBS containing 100 pg mi™
cycloheximide twice and then lysed with lysis buffer for 30 min on
ice. The lysates were ultracentrifuged on a 5-50% sucrose cushion
andthen fractionated into 16 fractions, followed by analysing with
ECONOUYV monitor (Biocomp) and Piston Gradient Fractionator
(Biocomp). For each fraction, RNA was isolated by equal volume
of TRIzol reagent (Thermo Fisher Scientific) and subjected to
qPCR analysis.
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Metabolite extraction and mass-spectrometry-based
metabolomics analysis

For isotope tracing, MOLMI13 cells with or without NAT10 KD were
culturedinglucose-depleted RPMI-1640 medium supplemented with
U-"C-glucose (Cambridge Isotope Laboratories) for 16 h. Atleast1 x 10°
cells with or without isotope labelling were collected, rinsed with
150 mmol I NH,Ac solution (pH 7.3) and followed by adding 50 pl of
extractionsolution (acetonitrile:methanol:aqueous at 4:4:2) and kept
at —20 °C overnight. Samples were then sonicated (30 sonand 30 s
off) for 10 min onice followed by centrifugation at 16,500g for 10 min
at4 °C. Supernatant was transferred to new vials and 5 pl of injection
volume was analysed with an Agilent 1290I1 ultra-high-pressure liquid
chromatography system equipped with 6546 quadrupole time-of-flight
mass spectrometry. The mass spectrometer was equipped with Agi-
lent Jet-stream source operating in negative and positive ion mode
with source parameters set as follow: nebulizer gas, 45 psi; sheath gas
temperature, 325 °C; sheath gas flow, 10 | min™; dry gas temperature,
280 °C; Dry gas flow, 8 I min™; capillary voltage, 3,500 V for two ion
modes and nozzle voltage, 500 V for positive and 1,000 V for nega-
tivemode. The quadrupole time-of-flight scan parameters were set as
follows: scan speed, 1.5 scans per s; scan range, 50-1,700 m/zand ion
fragmentor voltage, 140 V. AWaters ACQUITY UPLC BEH Amide column
(2.1 mm x100 mm x 1.7 um) and guard column (2.1 mm x5mm x 1.7
pm) at 35 °C was used to separate metabolites with mobile phase A:
100% aqueous containing 15 mM ammonium acetate and 0.3% ammo-
nium hydroxy and mobile phase B: 90% acetonitrile (v/v) aqueous
containing 15 mM ammonium acetate and 0.3% ammonium hydroxy
at a flow rate of 0.3 mI min™. The linear gradient was set as follows:
10% A (0.0-8.0 min), 50% A (8.0-10.0 min), 50% A (10.0-11.0 min) and
10% A (11.0-20.0 min). The total run time was 20 min. Peak integra-
tion and metabolite isotopologue identification were accomplished
using Profinder 10.0 (Agilent). Nature abundance was assayed using
non-labelled samples and removed to avoid any possible confound-
ing effect. Three biological replicates were analysed. A t-test was used
to analyse the significance of the differential metabolites between
knockdown and control groups and a P value < 0.05 was considered
as significant. MetaboAnalyst (v.5.0; https://www.metaboanalyst.ca/
MetaboAnalyst/) was used to analyse the enriched metabolic pathways
with default parameters.

Serine level measurement

Serine levels were measured using DL-Serine Assay kit (Abcam) accord-
ing to the manufacturer’sinstructions. Fluorescence was measured at
Ex/Em, 535/587 nm. The serine level of MOLM13 cells cultured in com-
plete medium was regarded as the cellular total serine level, whereas
the serine level of MOLM13 cells cultured in serine-glycine-deprived
mediumwasregarded as the serine biosynthesis level. As for the serine
uptake assay, 0.05 million cells were plated onto a 96-well plate in100 pl
complete medium. An aliquot of fresh complete medium was saved
for measurement of serine levels at the starting time point (TO). After
24 h, the supernatant was collected (T24) and analysed as mentioned
above. The serine uptake level was calculated by subtracting the serine
concentration at T24 from thatat TO.

Drug treatment

Fludarabine (F-ara-A, S1491, Selleck), dantrolene (Selleck), folinic
acid (Selleck) and revumenib (Selleck) were dissolved in DMSO
(Sigma-Aldrich) at 10 mM as a stock solution. Fosaprepitant (Selleck)
was dissolved inwater at 10 mM as astock solution. Remodelin (S7641,
Selleck), fludarabine (P-F-ara-A, HY-B0028, MedChem Express) and
fludarabine triphosphate (F-ara-ATP, HY-136650, MedChem Express)
were dissolved in DMSO at 150 mM as a stock solution. The above
stock buffer was diluted with culture medium or PBS at the indicated
final concentrations. We used fludarabine (F-ara-A) to treat cells and
fludarabine (P-F-ara-A) in animal experiments. In DARTS assays, we

compared the effect of fludarabine (P-F-ara-A) and fludarabine triphos-
phate (F-ara-ATP).

Statistics and reproducibility
Datawere analysed and presented as mean + s.d. A two-tailed Student’s
t-test and nonparametric Mann-Whitney U-test (Wilcoxon rank-sum
test, two-sided) were used to compare means or medians between
groups as indicated. The data distribution was assumed to be normal
but this was not formally tested. Survival analyses were conducted
using the log-rank test. P < 0.05 was considered significant. GraphPad
Prismv.10.1.2 was used for statistical analyses and graphing. All west-
ernblotand dot-blotimages are representative of three independent
experiments. No statistical methods were used to predetermine sample
sizes but our sample sizes are similar to those reported in previous
publications®>*°. No data were excluded from the analyses. Mice used
in this study were randomized into different groups. The Investiga-
tors were not blinded to allocation during experiments and outcome
assessment.

Additional methods can be foundin the Supplementary Methods.
Information on antibodies can be found in Supplementary Table 4.
Commercial reagents and kits are described in Supplementary Table 5.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

RacRIP-seq and RNA-seq data that support the findings of this study
have been depositedin the Gene Expression Omnibus under accession
codes GSE246505 and GSE246503, respectively. Mass spectrometry
datahavebeen deposited in ProteomeXchange with the primary acces-
sion code PXD055119. The dataset derived from the TCGA Research
Network (http://cancergenome.nih.gov/) that supports the findings of
this study is available in cBioPortal for Cancer Genomics (http://www.
cbioportal.org/, using TCGA pan-cancer studies). All other data sup-
porting the findings of this study are available fromthe corresponding
authoronreasonable request. Source data are provided with this paper.

Code availability
The custom Perland R scripts used in this study are available on request
tothe corresponding authors.
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Extended Data Fig. 1| See next page for caption.
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Extended Data Fig. 1| NAT10 is essential for AML. (a) Number of AML cell lines
with loss of fitness (CERES score lower than —0.5) when depleting specific genes.
(b) Expression and survival analyses of TCGA-AML data showing the clinical
relevance of the top 26 candidate genes with a CERES score lower than -1.0.

(c) Histograms showing knockdown of Nat10 reduced the numbers and
percentages of immature blast cells in peripheral blood (PB) and bone marrow
(BM) from the primary BMT recipient mice. The number of immature blast cells
were counted in 3 representative fields of Wright-Giemsa stained PB smear

or BMcells. (d) The schematic diagram showing the strategy of conditional
knockout of Nat10. (e) Genotyping of Nat10**, Nat10"" or Nat10"* mouse. (f,g) The
reduction of Nat10 and RNA ac4C modificationin the c-Kit* BM cells of
NATI10""CreERT2 mice with or without in vitro 4-hydroxytamoxifen (4-OHT)
treatment was confirmed by western blot (f) and dot blot (g) analyses, respectively.
Cells were collected from the 1* passage of CFA. (h) Poly(A) RNA was isolated
through two rounds of oligo(dT) pulldown and the purity was verified through size
distribution in Qsep Bio-Fragment Bioanalyzer profiling. (i) Validation of poly(A)
RNA purity through RT-qPCR with primers specific to 18S rRNA and GAPDH.

(§) LC-MS/MS showing the reduction of ac4C modification levels in the poly(A)
RNA of c-Kit* BM cells from NAT10"CreERT2 mice with in vivo tamoxifen
treatment. (k) LC-MS/MS showing the ac4C modification levels (left) and

mC®A modification levels (right) in the poly(A) RNA of c-Kit" BM cells from
NAT10"CreERT2 mice with in vitro 4-hydroxytamoxifen (4-OHT) treatment.

() Histograms showing knockout of Nat10 reduced the numbers and
percentages of immature blast cells in peripheral blood (PB) and bone marrow
(BM) from the primary BMT recipient mice. The number of immature blast cells
were counted in 3 representative fields of Wright-Giemsa stained PB smear

or BM cells. (m) Colony numbers of mouse HSPCs transduced with MLL-AF9
plus shRNAs targeting Nat10 or non-specific control (shNS) in methylcellulose
medium. (n) /nvitro LDA in mouse HSPCs co-transduced with MLL-AF9 and shNS
or shRNAs targeting Nat10. Values are mean +s.d. of n=3 biological replicates
inc,i,j, kandl. Two-tailed Student’s ¢-tests were used. Values are mean of n=2
biological replicates in m. Two-sided Chi-squared tests were used in n. Images
infand g were representative of three independent experiments.
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Extended Data Fig. 2| See next page for caption.
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Extended Data Fig. 2| Transcriptomics and metabolomics analyses reveal
NAT10regulates serine metabolism in AML cells. (a) The schematic diagram
showing the targeting sites of NAT10 shRNAs. (b) mRNA levels of NAT10 in
MOLM13 (left) and MonoMacé (right) cells on day 4 after NAT10 knockdown.

(c) Western blotting showing the knockdown efficiency of NAT10 in MonoMacé
cellson day 4 post-transduction of lentiviral shRNAs. (d) MTT assays showing
the effects of NAT10 knockdown on cell proliferation in MonoMacé cells. Cells
were seeded on day 4 post-transduction (denoted as day O in the growth curves
inMTT). (e) Histograms showing the percentages of apoptotic cells in control or
NAT10 knockdown MOLM13 and MonoMacé cells as detected by FITC-Annexin V/PI
staining and flow cytometry analysis. Annexin V positive cells were defined as
apoptotic cells. Apoptosis was detected on day 5 post-transduction of lentiviral
shRNAs. (f) Flow-cytometric analysis of cell apoptosis in MOLM13 (upper)

and MonoMacé (bottom) cells on day 5 after NAT10 knockdown. (g) Gene set

enrichment analysis (GSEA) of DEGs in MOLM13 cells after NAT10 knockdown.
(h) Bubble diagram showing enrichment of metabolic pathways by the
metabolites with reduced level after NAT10 knockdown in MOLM13 cells.

(i) Heatmap showing the changes of detected amino acids on day 4 after NAT10
knockdown in MOLM13 cells. (j) Bubble diagram showing the mostimpacted
metabolic pathways with enrichment of reduced metabolites upon NAT10
knockdown in MOLM13 cells. (k) Total levels of serine measured by LC-MS in
MOLM13 cells transduced with NAT10 shRNAs or shNS for 4 days. (I) Total levels
andisotopologue distribution (m +x; x, numbers of *C) of GSH measured by
LC-MS in NAT10 knockdown and control MOLM13 cells on day 4 post-
transduction of shRNAs. Cells were grown in medium containing U-*C-glucose
for16 hours before sample collection. Values are mean £ s.d. of n=3 biological
replicatesinb, d, e, kand I. Two-tailed Student’s ¢-tests were used in b, d, e, and k.
Images in c and fwere representative of three independent experiments.
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Extended Data Fig. 3| The effects of NAT10 knockdown or overexpression in
human and mouse AML cell lines. (a) LC-MS/MS showing the changes of RNA
ac4C modification levels (left) and RNA m°A modification levels (right) in the
total RNA of MOLM13 cells on day 4 after NAT10 knockdown. (b) The histogram
showing the levels of lysine acetylation in histones in NAT10 knockdown and
control MOLM13 cells on day 4 post-transduction of lentiviral sShRNAs by
LC-MS/MS. (¢, d) Western blotting (c) and RT-qPCR (d) confirming the
knockdown efficiency of Nat10 in C1498 cells on day 4 post-transduction of
lentiviral shRNAs. (e) ac4C dot blotting of C1498 cells on day 4 after Nat10
knockdown. MB, methylene blue. (f) Dot blot analysis of protein acetylation level
using anti-pan-acetylation (Pan-acetyl) antibody in C1498 cells on day 4 after
Nat10 knockdown. (g) MTT assays showing the effects of Nat10 knockdown on

cell proliferation of C1498 cells. Cells were seeded on day 4 post-transduction
(denoted as day O in the growth curvesin MTT). (h) Western blotting showing the
level of NAT10 in multiple AML cell lines. (i) Co-IP and western blotting showing
the acetylation of TUBULIN in Kasumi-1stable lines transduced with NAT10-WT
(WT), NAT10-G641E mutant (G641E) or NAT10-Ahelicase mutant (Ahelicase)
lentiviruses. IP,immunoprecipitation. IB,immunoblotting. (j) The colony
numbers of MLL-AF9-transduced mouse HSPCs with overexpression of NAT10-
WT (WT), NAT10-G641E mutant (G641E) or NAT10-Ahelicase mutant (Ahelicase)
inmethylcellulose medium. Values are mean of n=2biological replicatesinb
andj. Values are mean +s.d. of n=3biological replicatesina, d and g. Two-tailed
Student’s t-tests were used. Imagesinc, e, f, h and i were representative of three
independent experiments.
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Extended Data Fig. 4 | See next page for caption.
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Extended Data Fig. 4 | Transcriptome-wide mapping of ac4Creveals SLC1A4
asadirect target of NAT10. (a) Cumulative distribution function (CDF) plot
depicting the enrichment of ac4C signalsin MOLM13 and IVT libraries.

(b) The densities of ac4C signals in MOLM13 and IVT libraries. Regions with

ac4C enrichment were sorted in descending order based on the mean value per
region. (c) Correlation analysis of replicate libraries in RacRIP-seq. cor, Pearson's
correlation coefficient. (d) Scatter plot showing high enrichment efficiency

of reliable ac4C peaks (red) in MOLM13-IP but not IVT-IP. (e) The percentages
ofac4C peaks within CDS or UTRs in the acetylated transcripts (observed)
compared to the expected percentages based on the length of each region
(expected). (f) Fold changes of ac4C peaks (IP/input) in NAT10 knockdown
(shlorsh2) versus control (shNS) MOLM13 cells. (g) Enriched signals of ac4C
modification in control (shNS) and NAT10 knockdown MOLM13 cells (sh1and
sh2). (h) IGV tracks showing the distribution of ac4C peaks in the full-length
SLC1A4 mRNA transcriptidentified by RacRIP-seqin MOLM13 cellsand IVT
control (left). The region between two dashed lines depicted high-confidence
ac4Cregion for acRIP-qPCR validation. The enlarged view around this region was
shown (right). Y axis represents CPM (counts per million). (i) Western blotting
showing that the endogenous NAT10 was effectively enriched in MOLM13 cells in
the RIP assay. IP,immunoprecipitation. (j) The direct binding of NAT10 on SLC1A4

mRNA around high-confidence ac4C site was confirmed by RIP-qPCR assays
using FLAG antibody in Kasumi-1stable lines with ectopically expressed FLAG-
NAT10. (k) The relative mRNA expression of SLC1A4 in MOLM13 cells on

day 4 after NAT10 knockdown. (I) RNA stability assay showing the mRNA half-life
(t,,) of SLC1A4 in MOLM13 cells transduced with NAT10 shRNAs or shNS. Cells
were treated with actinomycin D on day 4 after knockdown of NAT10.

(m) Western blotting showing the decrease of SLC1A4 expression on day 4 after
knockdown of NAT10 in MonoMacé cells. (n) Western blotting showing the
decrease of Slcla4 expression in c-Kit* BM cells from Nat10""CreERT2 (cKO)
mice treated with4-OHT (1 M) as compared to those treated with vehicle. Cells
were collected from the 1°** passage of CFA. (0) Western blotting showing the
increase of SLC1A4 expression in Kasumi-1stable lines with ectopic expression
of SLC1A4. (p) Western blotting showing the knockdown efficiency of SLC1A4 in
MOLM13 cells on day 4 post-transduction of lentiviral shRNAs. (q) MTT assays
showing the growth of MOLM13 cells (left) and MonoMacé cells (right) cultured
incomplete or serine/glycine-deprived medium. (r) Western blotting showing
the overexpression of SLC1A4 in MOLM13 stable lines. Values are mean + s.d. of
n=3biological replicates inj, k,1and q. Two-tailed Student’s ¢-tests were used in
j, kand q.Imagesini, m,n, o, pand r were representative of three independent
experiments.
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Extended Data Fig. 5| See next page for caption.
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Extended Data Fig. 5| NAT10 activates SSP genes transcription through
HOXA9/MENIN. (a) RT-qPCR showing the decrease of PHGDH, PSAT1and
PSPH mRNA levels in MOLM13 cells on day 4 after knockdown of NAT10.

*** P<0.001 The exact Pvalues were shownin Source Data. (b) IGV tracks
showing no obvious ac4C peak distribution across PHGDH, PSAT1 or PSPH
transcripts. Y axis represents CPM (counts per million). (c) The enriched GO
pathways of hypo-acetylated transcripts after NAT10 knockdown in MOLM13
cells. (d) Bubble plot showing the expression correlations between NAT10
candidate targets and SSP genes in AML (GSE30285 and GSE34184). The colour
and size of bubbles represent the direction/strength and significance of
expression correlation between NAT10 target genes and the SSP genes. r_value,
Pearson’s correlation coefficient. (e) IGV tracks showing the distribution of
ac4C peaksin HOXA9 and MENIN mRNA transcripts identified by RacRIP-seq in
MOLM13 cells and IVT control. The regions between two dashed lines depicted
high-confidence ac4C regions for acRIP-qPCR validation. Y axis represents
CPM (counts per million). (f) The direct binding of NAT10 on HOXA9 and MENIN
mRNAs around high-confidence ac4C sites were confirmed by RIP-qPCR assays
using FLAG antibody in Kasumi-1stable lines with ectopically expressed

FLAG-NATI0. (g) Western blotting showing the decrease of HOXA9, MENIN and
PHGDH expression on day 4 after knockdown of NAT10 in MonoMacé cells. (h)
The mRNA expressions of HOXA9 and MENIN in MOLM13 cells on day 4 after
NAT10 knockdown. (i) RNA stability assay showing the mRNA half-life (t,/,) of
HOXA9 and MENIN in MOLM13 cells transduced with NAT10 shRNAs or shNS. Cells
were treated with actinomycin D on day 4 after knockdown of NAT10. (j) Gene
set enrichment analysis (GSEA) showing the upregulated and downregulated
target genes of HOXA9 and MENIN were also differentially expressed upon
NAT10 knockdown. NES, normalized enrichment score. FDR, False Discovery
Rate. (k) Heatmaps showing expression profiling of HOXA9 or MENIN target
genes in NAT10 knockdown and control MOLM13 cells. (I) IGV tracks showing
the distribution of HOXA9 or MENIN binding sites on the promoters of PHGDH,
PSATI and PSPHidentified by CUT&RUN (GSE221701) or ChIP-seq (GSE168461) in
MOLM13 cells, respectively. (m) Western blotting showing the overexpression
of FLAG-tagged HOXA9 or MENIN in MOLM13 stable lines. Values are mean +
s.d.of n=3biological replicatesin a, f, handi. Two-tailed Student’s t-tests were
usedina, fand h.Imagesingand m were representative of three independent
experiments.
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Extended Data Fig. 6 | NAT10 is highly expressed in MLL-rearranged AML. cells from MLL-AF9induced leukaemia mice transduced with shRNAs targeting
(a) Expression of NAT10 in various types of cancer as adopted from cBioPortal Nat10 or negative control (shNS). (f) Body weights of all the mice from both

for Cancer Genomics (http://www.cbioportal.org/). (b) IGV tracks of ChIP-seq Nat10-WT and Nat10-cKO groups were monitored and shown.n=35ineach

data (GSE79899) obtained from THP-1and MV4-11 cells at the promoter region group. (g) Representative images of several major organs, including heart, liver,
of NATI10 gene. (c) CUT&RUN assays showing histone modification H3K4me3 spleen, lung and kidney, dissected from NatI0-WT and Nat10-cKO mice at the

on NAT10 promoter. Two predicted binding sites within NATIO promoter were experimental end point. (h) Representative images of HE staining of heart, liver,
analysed, while an upstream site served as a negative control. (d) RT-qPCR spleen, lung and kidney from Nat10-WT and Nat10-cKO groups. Values are mean
showing the expression of Nat10 mRNA in c-Kit" BM cells of C57BL/6 mice +s.d.of n=4Dbiological replicates in ¢, or n=5biological replicates in d. Two-
transduced with MSCVneo empty vector or various oncofusion genes. Cells tailed Student’s t-tests were used. Values are mean of n=2 biological replicatesin
were collected from the 1* passage of CFA. AE9a, AMLI-ETO9a. (e) CFA using BM e.Theexact Pvaluesincand d were shownin Source Data.
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Extended Data Fig. 7| Targeting NAT10 by small molecule inhibitors
suppresses AML cells both invitro and invivo. (a) MTT assays and the IC,
values of Remodelin, fludarabine, Fosaprepitant, Dantrolene and Folinic acid
inMonoMacé cells after 72 hours of treatment. (b) MTT assays showing the
inhibitory effects of Remodelin in leukaemia cell lines with 72-hour treatment.
IC5oin each cellline was shown. (¢) MTT assays showing the inhibitory effects

of Remodelinin C1498 cells. (d) Effect of fludarabine and Remodelin on the
colony-forming capacity of blast cells from MLL-AF9-induced leukaemia mice.

(e) Predicted binding modes of fludarabine (P-F-ara-A) and 3P-fludarabine (F-ara-
ATP) to the enzymatic pocket of the NAT10 protein. (f) DARTS assays evaluating
the efficacy of Remodelin, P-F-ara-A and F-ara-ATP on protecting METTL3 protein
against pronase digestionin MOLM13 cell lysates. (g) Western blotting of NAT10
protein from CETSA assays in MonoMacé6 pretreated with fludarabine (F-ara-A),
Remodelin or DMSO. (h) Total cellular serine level in MOLM13 cells treated with
or without Remodelin at 10 pM for 96 hours. (i) Histogram showing the cell
proportions in different phases of MOLM13 cells treated with Remodelin (20 uM)

or fludarabine (1 uM) for 72 hours. (j) An example showing the EdU labelling and
Plstaining followed by flow cytometry to assess cell cycle of MOLM13 cells.

(k) Body weight of C1498 syngeneic AML mice after i.p. injection of fludarabine
(200 mg/kg), Remodelin (30 mg/kg) or corresponding vehicle control.

(I) Schematic structures depicting human wild-type MENIN protein and MENIN
variants used in this study. The red lines indicated the mutation of M327

with methionine (M) to isoleucine (I) conversion in the M327I variant or the
mutation of G331 with glycine (G) to arginine (R) conversion in the G331R variant,
respectively. (m) Western blotting showing the overexpression of FLAG-tagged
wild-type or mutant MENIN in stably transduced MOLM13 cells (n) The inhibition
curves of MOLM13 cells transduced with wild-type or mutant MENIN treated
with Revumenib at indicated concentration for 12 days. Values are mean of n =2
biological replicatesin d. Values are mean £ s.d. of n=3 biological replicatesin

a, b, c,iand norn=4biological replicates in h. Two-tailed Student’s ¢-tests were
used. Imagesin f, gand m were representative of three independent experiments.
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Extended Data Fig. 8| The ac4C modification on mRNAs plays adominant
rolein the effect of NAT10 on AML cells. (a) Schematic showing the isolation of
rRNA and tRNA from total RNA and the purity validation of each fraction.

(b) Theac4Clevelsin rRNA and tRNA in Nat10-cKO BM cells upon 4-OHT
induction (1M for 72h) were detected by LC-MS/MS. (c) The ac4C levelsin

rRNA and tRNA in NAT10 knockdown and control MOLM13 cells on day 4 post-
transduction were detected by LC-MS/MS. (d) Cumulative curves showing global
changes of protein levels for proteins with high (greater than or equal to 7.5%)

or low (lower than 7.5%) serine levels (left), or proteins with high (greater than or

equal to 9.5%) or low (lower than 9.5%) leucine levels (right) in NAT10 knockdown
(average of shNAT10-1/sh1and shNAT10-2/sh2) versus control (shNS) MOLM13
cells. (e) Box plots showing global changes of protein levels for ac4C- or ac4C+
mRNAs with high (greater than or equal to 7.5%) or low (lower than 7.5%) serine
levels in their protein products in NAT10 knockdown (average level of sSiNAT10-1
and shNAT10-2) versus control (shNS) MOLM13 cells. Box plot, center line,
median; box limits, upper and lower quartiles; whiskers, 1.5 x interquartile range.
Values are mean + s.d. of n =3 biological replicates in b and c. Two-tailed Student’s
t-tests were used inb and c. Two-sided Mann-Whitney U-test wasusedind and e.
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Statistics

For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.

Confirmed
IZ The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement
X| A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

< The statistical test(s) used AND whether they are one- or two-sided
Only common tests should be described solely by name; describe more complex techniques in the Methods section.

A description of all covariates tested
A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient)
AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted
Give P values as exact values whenever suitable.

X

For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings

For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes

X ][]

Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

OXX O O XX OOOS
X [0

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code

Policy information about availability of computer code

Data collection  High-throughput lllumina NovaSeq 6000 was used for RNA-seq and RacRIP-seq data collection.
Metabolomics data was collected by Agilent 1290II ultra-high-pressure liquid chromatography (UHPLC) system equipped with 6546
quadrupole time-of-flight (QTOF) mass spectrometry.
TMT labeling and quantitative proteomics was performed by an Orbitrap Eclipse mass spectrometer (Thermo Fisher Scientific) connected with
an Easy-nLC 1200 online.

Data analysis The custom Perl and R scripts used in this study are available on request to the corresponding authors.
To analyze and visualize the RNA-seq and RacRIP-seq data, we used Cutadapt version 4.1, HISAT2 version 2.1.1, SAMtools version 1.16.1,
Deeptools version 3.5.2, DESeq2 version 1.40.2, Circlize version 0.4.15, HOMER version 4.11.1, motifStack version 4.3.1, HTSeq version 2.0.2
and IGV version 2.16.0. Metabolomics data was analyzed using Agilent Profinder version 10.0. The TMT labeling and quantitative proteomics
data were processed using Proteome Discoverer software v2.5 with Sequest HT search engine using a human database downloaded from
UniProt (including 20397 entries, downloaded on 16 October 2022). Proteome Discoverer software v2.2 was used to analyze the LC-MS/MS
data of histone acetylation.
We used Tanon Image software version 1.00 to quantify the intensity of protein bands and dot blots.
GraphPad Prism version 10.1.2 was used for statistical analyses and graphing.
ELDA software (https://bioinf.wehi.edu.au/software/elda/) was used to analyze frequencies of LSCs/LICs.
CytExpert version 2.4 and FlowJo version 10 were used to analyze the flow cytometry data according to manufacturer’s instructions.

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.




Data

Policy information about availability of data
All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- A description of any restrictions on data availability

- For clinical datasets or third party data, please ensure that the statement adheres to our policy

RacRIP-seq and RNA-seq data that support the findings of this study have been deposited in the Gene Expression Omnibus (GEO) under accession codes GSE246505
and GSE246503, respectively. Mass spectrometry data have been deposited in ProteomeXchange with the primary accession code PXD055119. The dataset derived
from the TCGA Research Network (http://cancergenome.nih.gov/) that supports the findings of this study is available in cBioPortal for Cancer Genomics (http://
www.cbioportal.org/, using TCGA pan-cancer studies). All other data supporting the findings of this study are available from the corresponding author on
reasonable request. Source data are provided with this paper.

Research involving human participants, their data, or biological material

Policy information about studies with human participants or human data. See also policy information about sex, gender (identity/presentation),
and sexual orientation and race, ethnicity and racism.

Reporting on sex and gender In this study, we collected samples from five acute myeloid leukemia (AML) patients (three males and two females). Three
healthy donors are male.

Reporting on race, ethnicity, or  We recruited 30-70 year-old AML patients derived from Sun Yat-sen University Cancer Center (SYSUCC) or Fujian Medical

other socially relevant University Union Hospital, and healthy donors of corresponding ages.
groupings
Population characteristics The leukemic samples (from 3 males and 2 females) were obtained at the time of diagnosis of AML without any treatment.

The ages of these sample donors range from 30 to 70 years old.
Recruitment Patients were recruited when for the first time diagnosed with AML without any treatment.
Ethics oversight All human samples were collected and approved by the Ethics Committee of Sun Yat-sen University Cancer Center

(G2023-108-01 and G2023-285-01) and Fujian Medical University Union Hospital in China (2021KJCX004). Informed consent
was obtained from the patients and healthy donors. No compensation was offered to any participant.

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Field-specific reporting

Please select the one below that is the best fit for your research. If you are not sure, read the appropriate sections before making your selection.

|X| Life sciences |:| Behavioural & social sciences |:| Ecological, evolutionary & environmental sciences

For a reference copy of the document with all sections, see nature.com/documents/nr-reporting-summary-flat.pdf

Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size No statistical methods were used to pre-determine sample sizes but our sample sizes are similar to those reported in previous publications
(Weng et al., Cancer Cell 2022; Weng et al., Cell Stem Cell 2018). Sample size and number of independent experiments are always clearly
stated in the figure legend or in the Methods section.

Data exclusions  No data were excluded from analysis.

Replication Experiments in the article were reliably reproduced, replication were described in the figure legends.

Randomization  Mice were randomly divided into different groups in the bone marrow transplantation study and drug treatment study. For cell line-based
experiments, randomization was not required because cells were manipulated in various ways and all samples were analyzed equally.

Blinding The investigators were not blinded to allocation during experiments and outcome assessment. Blinding was not performed during allocation

as mice were randomly assigned to groups with strict controls. In cell experiments, blinding is impractical due to varied manipulation based on
design. During the data collection, our experimental data were relatively objective, so the lack of blinding had little impact on the results.
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We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.

Materials & experimental systems Methods

Involved in the study n/a | Involved in the study
Antibodies [] chip-seq
Eukaryotic cell lines |:| Flow cytometry

Palaeontology and archaeology IZ D MRI-based neuroimaging
Animals and other organisms

Clinical data
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X

Dual use research of concern

OOOXOX X

Plants

X

Antibodies

Antibodies used Anti-NAT10 antibody (ab194297, [EPR18663], 1:2000 WB, Abcam)
Anti-N4-acetylcytidine (ac4C) antibody (ab252215, [EPRNCI-184-128], 1:1000 Dot blot, acRIP, Abcam)
SLC1A4 Polyclonal antibody (13067-2-AP, 1:5000 WB, Proteintech)

Menin Rabbit mAb (A3395, [ARC1968], 1:1000 WB, ABclonal)

PHGDH Polyclonal antibody (14719-1-AP, 1:2000 WB, Proteintech)

PSAT1 Polyclonal antibody (10501-1-AP, 1:10000 WB, Proteintech)

PSPH Polyclonal antibody (14513-1-AP, 1:1000 WB, Proteintech)

METTL3 Polyclonal antibody (15073-1-AP,1:1000 WB Proteintech)

HOXA9 Rabbit Polyclonal Antibody (AF7128, 1:1000 WB, Beyotime)

Anti-acetyl Lysine antibody (ab190479, [RM101], 1:1000 WB, Abcam)

Anti-Histone H3 (acetyl K9) antibody (ab177177, [EPR16988], 1:5000 WB, Abcam)
Anti-Histone H3 (acetyl K14) antibody (ab52946, [EP964Y], 1:2000 WB, Abcam)
Anti-Histone H3 (acetyl K27) antibody (ab177178, [EP16602], 1:10000 WB, Abcam)
Anti-Histone H4 (acetyl K16) antibody (ab109463, [EPR1004], 1:1000 WB, Abcam)
Histone H3 XP® Rabbit mAb (D1H2, #4499, 1:2000 WB, Cell Signaling Technology)
Anti-Histone H4 antibody (ab177840, [EPR16599], 1:1000 WB, Abcam)

MLL1 Rabbit mAb (D2M7U, #14689, 1:50 CUT&RUN, Cell Signaling Technology)
Anti-Histone H3 (tri methyl K4)] (ab213224, [EPR20551-225], 1:50 CUT&RUN, Abcam)
Alpha Tubulin Monoclonal antibody (66031-1-Ig, [1E4C11], 1:20000 WB, Proteintech)
GAPDH Monoclonal antibody (60004-1-lg, [IE6D9], 1:50000 WB, Proteintech)
Beta Actin Monoclonal antibody (66009-1-lg, [2D4H5], 1:20000 WB, Proteintech)
Anti-CD45.2 Mouse Monoclonal Antibody (PE)(109808,[104], FC, BioLegend)
Anti-CD45.2 Mouse Monoclonal Antibody (APC)(109814,[104], FC, BioLegend)
Normal Mouse 1gG (NI03, RIP, Millipore)

Normal Rabbit 1gG (N101, RIP,Millipore)

Monoclonal ANTI-FLAG (F3165, [M2], 1:1000 WB, RIP, Sigma-Aldrich)

Goat Anti-Rabbit 1gG, HRP-linked (SAO0001-2, 1:10000 WB, Proteintech)

Goat Anti-Mouse 1gG, HRP-linked (SA00001-1, 1:10000 WB, Proteintech)

Validation The antibodies used in the study were validated by the corresponding manufacturers. Commercial antibodies were used in
accordance with the manufacturers' recommendations as provided on their official websites. Additional validation was done by the
use of negative control and/or positive control (such as knockdown, knockout or overexpression) for FLAG, NAT10, HOXA9, MENIN,
SLC1A4, METTL3, PHGDH, PSPH and PSAT1 antibodies.

The validation of the species and application of all the primary antibodies by the manufacturers are provided as follows.

Anti-NAT10 antibody (ab194297, [EPR18663], Abcam), species: Mouse, Rat, Human, applications: Flow Cyt (Intra), WB, ICC/IF, IP, IHC-
P;

Anti-N4-acetylcytidine (ac4C) antibody (ab252215, [EPRNCI-184-128], Abcam), species: Species independent, applications: Dot blot;
SLC1A4 Polyclonal antibody (13067-2-AP, Proteintech) , species:human, mouse, rat, applications:WB, IP, IHC, ELISA;
Menin Rabbit mAb (A3395, [ARC1968], ABclonal) , species:Human, Mouse, Rat, applications:WB;

PHGDH Polyclonal antibody (14719-1-AP, Proteintech) , species: human, mouse, rat, applications:WB, IHC, IF/ICC, IP, ELISA;

PSAT1 Polyclonal antibody (10501-1-AP, Proteintech) , species:human, rat, applications:WB, IHC, IF/ICC, IP, ELISA;

PSPH Polyclonal antibody (14513-1-AP, Proteintech)  , species:human, mouse, rat, applications:WB, IHC, IF/ICC, IP, ELISA;

METTL3 Polyclonal antibody (15073-1-AP, Proteintech) , species:human, mouse, rat, monkey, applications: WB, IHC, IF/ICC, IP, ELISA;
HOXA9 Rabbit Polyclonal Antibody (AF7128, Beyotime) , species: human, mouse, applications: WB;

Anti-acetyl Lysine antibody (ab190479, [RM101], Abcam) , species: Species independent, applications: ELISA, WB, IHC-P,
ChlIP, Flow Cyt, IP, ICC/IF;
Anti-Histone H3 (acetyl K9) antibody (ab177177, [EPR16988], Abcam) , species:Mouse, Rat, Human, applications:|CC/IF, IHC-

P, WB, PepArr, ChIP-sequencing, ChIC/CUT&RUN-seq, ChIP;
Anti-Histone H3 (acetyl K14) antibody (ab52946, [EP964Y], Abcam) , species:Mouse, Rat, Human, applications:ChIP, WB, IHC-P, ICC/

IF;

Anti-Histone H3 (acetyl K27) antibody (ab177178, [EP16602], Abcam) , species:Mouse, Rat, Human, applications:Flow Cyt
(Intra), ICC/IF, PepArr, ChIC/CUT&RUN-seq, IHC-P, WB, ChIP, ChlP-sequencing;

Anti-Histone H4 (acetyl K16) antibody (ab109463, [EPR1004], Abcam) , species:Mouse, Rat, Human, applications:Flow Cyt

(Intra), WB, IHC-P, ICC/IF, ChIC/CUT&RUN-seq;
Histone H3 XP® Rabbit mAb (D1H2, #4499, Cell Signaling Technology) , species: Human, Mouse, Rat, Monkey, applications:
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WB, IHC, IF, Flow Cytometry;

Anti-Histone H4 antibody (ab177840, [EPR16599], Abcam) , species:Mouse, Rat, Human, Drosophila melanogaster,
Recombinant fragment, applications:PepArr, ChIP, IHC-P, WB, ICC/IF;

MLL1 Rabbit mAb (D2M7U, #14689, Cell Signaling Technology) , species:Human, Mouse, Rat, Monkey, applications: WB, IP, C&R,
C&T;

Anti-Histone H3 (tri methyl K4)] (ab213224, [EPR20551-225], Abcam) , species:Mouse, Rat, Human, applications: ChIP-
sequencing, Flow Cyt (Intra), ChIP, WB, ICC/IF, Dot blot, PepArr, IP, ChIC/CUT&RUN-seq;
Alpha Tubulin Monoclonal antibody (66031-1-Ig, [1E4C11], Proteintech) , species: human, mouse, rat, canine, applications: WB,

IHC, IF/ICC, FC (Intra), IP, ELISA;

GAPDH Monoclonal antibody (60004-1-1g, [LE6ED9], Proteintech) , species:human, mouse, rat, pig, zebrafish, yeast, plant,
applications: WB, IF/ICC, FC (Intra), IP, ELISA;

Beta Actin Monoclonal antibody (66009-1-lg, [2D4H5], Proteintech) , species: human, mouse, rat, pig, rabbit, canine,
monkey, chicken, zebrafish, hamster, applications: WB, IHC, IF/ICC, FC (Intra), IP, ELISA;

Anti-CD45.2 Mouse Monoclonal Antibody (PE)(109808, [104], FC, BioLegend) , species: Mouse, applications: FC;

Anti-CD45.2 Mouse Monoclonal Antibody (APC)(109814, [104], FC, BioLegend), species:Mouse, applications:FC;

Monoclonal ANTI-FLAG (F3165, [M2], Sigma-Aldrich), species: all, applications: immunoblotting, immunoprecipitation,
immunocytochemistry, immunofluorescence, ELISA, EIA, chromatin immunoprecipitation, electron microscopy, flow cytometry,
supershift assays;

Eukaryotic cell lines

Policy information about cell lines and Sex and Gender in Research

Cell line source(s)

Authentication

HEK293T (CRL-3216), U937 (CRL-1593.2), THP-1 (TIB-202), Kasumi-1 (CRL-2724), C1498 (TIB-49) and HL-60 (CCL-240) were
purchased from the American Type Culture Collection (ATCC). MOLM13 (ACC-554), MonoMac6 (ACC-124), NB4 (ACC-207)
were purchased from German Collection of Microorganisms and Cell Cultures (DSMZ). MLL-ENL-ERtm, an immortalized
hematopoietic cells with an inducible MLL-ENL derivative (Zeisig et al. Mol. Cell Biol, 2004.), was a kind gift from Dr. Jianjun
Chen (City of Hope).

STR analyses have been conducted in all cell lines used in this study for the authentication.

Mycoplasma contamination All cell lines were tested to be mycoplasma-negative monthly.

Commonly misidentified lines  we have checked the list of known misidentified cell lines maintained by the International Cell Line Authentication

(See ICLAC register)

Committee and found that a potential issue of U-937 was documented.

“Some ATCC stocks of U937 were cross-contaminated by K-562 initially (Reid et al, 1995; PMID:7759961). The problem was
corrected and subsequent stocks have been confirmed to carry only U-937. The problem referred to by Drexler et al (1999)
may be separate.” Other cells used in this study were not in the misidentified cell line list.

It should be mentioned that all of the cell lines (including U-937) used in this study have been authenticated through STR
analyses by us.

Animals and other research organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research, and Sex and Gender in

Research

Laboratory animals

Wild animals
Reporting on sex
Field-collected samples

Ethics oversight

C57BL/6, 7- to 9-week old;

C57BL/6 NAT10fl/fl, strain No: TO07971, 7- to 19-week old,;
C57BL/6 R26-CreERT2, Cat. No: NM-KI-220020, 7- to 19-week old;
B6.SJL (CD45.1), strain No: 002014, 5- to 9-week old;

The study does not involve wild animals.
Our findings do not apply to only one sex.
The study does not involve samples collected from the field.

All procedures involving mice and experimental protocols were approved by the Institutional Animal Care and Use Committee of Sun
Yat-sen University Cancer Center (L025504202111015), Guangzhou Institute of Biomedicine and Health, Chinese Academy of
Sciences (2020066), and Ruiye Bio-tech Guangzhou Co.Ltd (RYEth-20221010411).

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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Plants

Seed stocks We do not have related information in our work.

Novel plant genotypes  We do not have related information in our work.

Authentication Describe any authentication procedures for each seed stock used or novel genotype generated. Describe any experiments used to
assess the effect of a mutation and, where applicable, how potential secondary effects (e.g. second site T-DNA insertions, mosiacism,
off-target gene editing) were examined.

Flow Cytometry

Plots
Confirm that:

g The axis labels state the marker and fluorochrome used (e.g. CD4-FITC).

The axis scales are clearly visible. Include numbers along axes only for bottom left plot of group (a 'group' is an analysis of identical markers).

All plots are contour plots with outliers or pseudocolor plots.

& A numerical value for number of cells or percentage (with statistics) is provided.

Methodology

Sample preparation

Instrument
Software

Cell population abundance

Gating strategy

MOLM13 cells and MonoMacé cells with different treatments were harvested and washed with cold PBS, followed by
staining with FITC-Annexin V and propidium iodide (PI) to assess cell apoptosis. EAU incorporation assays were performed
using the Click-iT™ Plus EdU Alexa Fluor™ 488 Kit (C10632, ThermoFisher Scientific) followed by Pl staining. Engraftment cells
in PB of recipient mice were washed with cold PBS, followed by staining with PE-CD45.2.

Apoptosis and EdU incorporation assays were examined by flow cytometry on a CytoFLEX LX Flow Cytometer (Beckman).
Engraftment cells were analyzed by BD LSRFortessa™X-20 (BD Biosciences).

CytExpert version 2.4 and FlowJo version 10 were used to analyze the flow cytometry data according to manufacturer’s
instructions.

At least 10,000 viable cells were analyzed for each sample.
For all experiments, cells were first gated by FSC/SSC to exclude debris. Then, target cell population for further analysis were

gated by indicated cell surface marker or specific dyes. The gating strategy of each assay has been provided in Supplementary
Figure 1.

|Z| Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.
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