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In the early stage, N4-acetylcytidine (ac4C) was regarded as a
conservative nucleoside present on tRNA and rRNA. Recently,
studies have shown that ac4C also exists in human and yeast
mRNA. N-Acetyltransferase-like protein 10 (NAT10) is the
first enzyme to be found to catalyze ac4C production in eukary-
otic RNA and has acetyltransferase activity and RNA-binding
activity. Here, we first describe the structure and cellular local-
ization of NAT10. Then, we conclude the active roles of NAT10
as the ac4C “writer” in mRNA stability and translation effi-
ciency, oocyte maturation, bone remodeling, and fatty acid
metabolism. With respect to disease, we focused on the pro-
moting functions of NAT10 in proliferation, metastasis, and
apoptosis in multiple tumors. The immune regulatory role of
NAT10 in systemic lupus erythematosus and the maintenance
role of NAT10 in virus RNA stability and replication in influ-
enza A virus are also introduced. This review identifies NAT10
as a potential target for diagnosis, therapy, and prognosis in
clinical application.

INTRODUCTION

To date, an increasing number of RNA modifications have been
discovered,"” such as N6 methyladenosine (m®%A),’ pseudouridine,
5-methylcytidine, and N4-acetylcytidine (ac4C), which are essen-
tial in mRNA stability, transcription, and translation, affecting a
variety of cellular and biological processes.”"” ac4C was recently
identified as an mRNA modification with important roles in
mRNA stability and translation,® and was initially detected in bac-
terial transfer RNA (tRNA) anticodons’ and subsequently elabo-
rated in eukaryotic serine and leucine tRNAs and 18S ribosomal
RNA (rRNA).® Arango et al. performed a localization analysis by
using a transcriptome-wide approach and found that ac4C was
mainly enriched at the 5 end of the coding sequence (CDS),
and a few were distributed at the 3’ end of the untranslated region
(UTR). Further analysis showed that ac4C was strongly enriched at
the swing site by using acRIP-seq which revealed the codon
composition.’

ac4C modification of mRNA, tRNA, and 18s rRNA is catalyzed
by NATI10 or its homologs in both eukaryotes and prokaryotes
(Figure 1). Initially, ac4C was found in the wiggle site of E. coli
tRNAM, Cytidine acetyltransferase (TmcA) catalyzes the formation
of ac4C in the presence of acetyl coenzyme A (acetyl-CoA)
and ATP,"” which prevents misreading of AUA’s isoleucine codon

during protein biosynthesis and stabilizes the tertiary structure of
tRNA molecules.'"'? Kre 33 acetyltransferase, another ac4C cata-
lytic enzyme interacts with the conserved adaptor TAN 1 to catalyze
ac4C modification at the C12 site of yeast tRNA"" and tRNAS®,
thereby promoting correct translation.''* In D. discoideum, ac4C
is present at position 1844 in the 3'-terminal region of 18S
rRNA."” In S. cerevisiae, rRNA cytidyl acetyltransferase 1 (Rralp)
catalyzes the formation of ac4C 1773 using acetyl-CoA and ATP
as substrates.'® NAT10 is a eukaryotic RNA acetyltransferase that
was first discovered as a “writer” for the synthesis of ac4C.” By bind-
ing to the D-arm structure of tRNAS and tRNA™Y, the THUMP
structural domain of THUMPDI facilitates NAT10-catalyzed syn-
thesis of the ac4C modification.'> NAT10 is a direct homolog of
bacterial TmcA and yeast Rralp in humans and mice, which cata-
lyzes the formation of ac4C at the terminal helical position 1842
of mammalian 18S rRNA with the presence of acetyl-CoA and
ATP, and participates in rRNA processing and ribosome formation.
Knockout of the NAT10 gene leads to high-level accumulation of
the 30S precursor of 18S rRNA, which results in human cell growth
retardation.!” In addition, NAT10 is associated with U3 small nucle-
olar RNA and acetylates upstream binding factors to activate rRNA
transcription.'®

However, whether or how ac4C production in NAT10-catalyzed
mRNAs requires any other cofactors remains unknown. Oocyte
maturation, bone remodeling, mRNA stability, and translation effi-
ciency are only some of the many biological processes that are affected
by NAT10-mediated ac4C alteration. This mechanism is strongly
linked to tumor initiation, progression, and prognosis. The biological
functions of NAT10 is discussed first in this review. Next, we provide
a detailed description of the role that NAT10 plays in diseases espe-
cially cancer.
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Figure 1. NAT10 binds to cofactors to catalyze ac4C modification in mRNA, tRNA, and 18s rRNA in eukaryotic and prokaryotic cells
The antisense sequence of short nucleolar RNA (snoRNA) is necessary for NAT10 to bind to the target sequence of the ac4C modification of 18rRNA. When tRNA undergoes
ac4C modification, THUMPD1 attaches to the tRNA and aids NAT10 to catalyze the formation of ac4C modification in the D-arm structure of tRNAS®" and tRNASSY,

ROLES OF NAT10 IN NORMAL PHYSIOLOGY AND
DEVELOPMENT

NAT10 structure and cellular localization

NATIO0 is a vital member of the Gen5-related N-acetyltransferase
(GNAT) family and contains 1,025 amino acids with a molecular
weight of 116 kDa. There are three conserved structural domains in
the NAT10 protein: the N-terminal acetylase structural domain, the
ATP/guanosine triphosphate (GTP) binding motif, and the ATPase
structural domain.'” RNA ac4C modification requires acetyl-CoA for
the provision of acetyl groups and ATP/GTP hydrolysis for energy.

NATI0 is commonly expressed in lymphoid tissue, kidney, liver, cer-
ebellum, cerebral cortex, and the central nervous system during the
embryonic period. Normal tissue cells express NAT10 in the nucleus,
while tumor cells translocate NAT10 to the cytoplasm, nucleoplasm,
and nuclear membrane, affecting tumor formation. For instance, he-
patocellular carcinoma is characterized by an accumulation of
NATI0 in both the nucleus and the cytoplasm.”® Recent investiga-
tions have demonstrated that NAT10 localization in distinct subcells
depends on its NLS sequence, and deletion of approximately 30
conserved residues in the NAT10 CTE affects nuclear localization,
leading to cytoplasmic accumulation.”!
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The biological functions of NAT10 in ac4C modification are mostly
focused on four aspects: promotion of mRNA stability and translation
efficiency, oocyte maturation, bone remodeling, and fatty acid meta-
bolism (Figure 2).

Regulatory function of NAT10 in mRNA stability and translation
efficiency

First, NAT10-mediated mRN A ac4C modification affects mRN A stabil-
ity. When NAT10 is knocked out, ac4C in the CDS region is decreased,
and the half-life of mRNA is considerably shortened, which further im-
pacts the stability of mRNA. NAT10-modified mRNA ac4C is mostly
concentrated in the CDS region. This is associated with the nucleic
acid exonuclease Xrn1, as the major 5’ to 3’ exonuclease activity in cells.
Xrnl can degrade in-vitro-transcribed radiolabeled reporters that are
generated in the presence or absence of ac4C. ac4C increases mRNA sta-
bility and promotes mRNA expression by separating it from nucleic
acid exonuclease resistance.” Since higher mRNA stability leads to
enhanced translation, which in turn enhances mRNA s'[ability,22 we
know that mRNA degradation and translation are interrelated. Kumb-
har etal. demonstrated that ac4C in the swing site stimulated translation
in vitro and in vivo, and the acetylation of swing cytosine in tRNAM®"
prevented Watson Crick base-pairing site shielding to ensure strong
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Figure 2. Biological function of NAT10
NAT10-modified mRNA ac4C enriched in the CDS region
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association with guanosine, therefore correctly decoding methionine in
bacteria.*® The efficiency of decoding in the human should be enhanced
by mRNA acetylation, such as tRNA acetylation, which aids in the iden-
tification of mRNA codons in E. coli. Thus, cytidine inside the swing site
is substantially enriched within the ac4C peak, as shown in the research
on human HeLa mRNA, suggesting a direct involvement of ac4C in ri-
bosomal decoding and facilitating translation efficiency.” However, the
impact of ac4C on translation occurs in a position-dependent manner.
Arango et al. reported that ac4C within AUG-flanking Kozak sequences
reduced the initiation and efficiency of translation in NAT10—/— HeLa
cells.”

Promotion function of NAT10 in oocyte maturation

In regard to oocyte maturation, mRNA stability and posttranscriptional
regulation are two of the most important factors that determine gene
expression.”” Recent research has revealed that ac4C is also an impor-
tant factor in determining the outcome of posttranscriptional regula-
tion.” It was demonstrated that siRNA-mediated NAT10 suppression
in foaming-phase oocytes caused a reduction in ac4C modification, a
decrease in the pace at which the first polar body is extruded, and a
considerable delay in the maturation of meiotic cells in vitro. Oocyte
maturation is a biological process that is linked to a protein called trans-
ducin beta-like protein 3 (TBL3), which has the capacity to connect to
the ac4C molecule.® Through its interaction with NAT10, TBL3 is able

from immature to mature.

In addition, studies have revealed that NAT10

controls oocyte maturation by modifying ac4C

to keep OGA mRNA stable.*® The lack of oocyte
maturation due to a lack of OGA caused oscillations in O-GIcNAc
maturation in vitro (IVM). Reducing OGA ac4C with NAT10
knockdown also lowered the stability of O-GlcNAc IVM, downregu-
lated Rsph6a, Gm7788, and Gm41780, and upregulated Trpc7,
Gm29036, and Gm47144. It is possible that Rsph6a and Trpc7 are
significant downstream genes during NAT10-mediated OGA-ac4C
modulation of oocyte maturation due to their essential roles in
fertility.

Repair function of NAT10 in bone remodeling

Disorders of the skeletal metabolism are controlled by the GNAT
family. N-Acetyltransferase 1 (NAT1), for instance, is overexpressed
in luminal breast cancer (LBC), produces LBC bone metastases, and
promotes osteoclast development. However, N-acetyltransfer protein
2 SNPs are linked to osteosarcoma progression and metastasis.”’
Recent research has discovered that NAT10 acts as an anti-osteopo-
rotic factor by encouraging the development of mesenchymal stem
cells (MSCs) from bone marrow into osteoblasts. Silencing NAT10
decreased the level of ac4C modification in bone marrow mesen-
chymal stem cells (BMSCs) and caused them to form fewer calcium
nodules in vitro, whereas overexpressing NATI10 caused them to
form more calcium nodules.”® NAT10 expression and ac4C levels
of total RNA were reduced in bone tissue from patients with osteopo-
rosis. Runt-related transcription factor 2 (RUNX2) is a runt-related
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transcription factor that is important for osteogenic differentiation
and has an effect on osteoblast development in BMSCs. It was discov-
ered that the ac4C alteration of NAT10 could regulate the ac4C level
of RUNX2, which in turn promoted osteogenic differentiation of
BMSCs. BMSCs that were cultivated in osteogenic medium showed
enhanced levels of RUNX2 mRNA, elevated RUNX2 mRNA half-
life and protein expression, and improved the differentiation of
BMSCs into osteoblasts.™

In addition, MSCs can benefit from NATI10’s ability to spur their
development toward bone. Accelerating Gremlin 1 mRNA degrada-
tion by increasing NAT10 expression and increasing ac4C enrich-
ment at the 3 UTR of Gremlin 1 mRNA activates the BMP/Smad
pathway, where BMPs (including BMP2, BMP4, BMP7, and BMP9)
bind to BMPRI or BMPR2,”" which then phosphorylates and acti-
vates downstream Smad1/5/9, regulating the osteogenic differentia-
tion ability.”* Research has shown that RNA modifications lead to
accelerated mRNA decay. The 3’ UTR m6A alteration of the MYB
and MYC mRNAs speeds up their degradation and encourages leuke-
mogenesis.”” Therefore, it may be tied to the 3’ UTR ac4C modifica-
tion site, which is mediated through NATI10 in the gene gremlin
1 gene.

Improvement role of NAT10 in fatty acid metabolism

The protein known as NATI0 is significantly expressed in a number
of different tumors, and has been correlated with the expansion and
proliferation of cancer cells. In turn, biomolecules such as nucleic
acids, proteins, and lipids are required for the development and
multiplication of cancer cells.”**> Triglyceride, diacylglycerol, choles-
terol, phospholipids, and fatty acids are all examples of lipid species
that are necessary for the production of energy and the maintenance
of the structural integrity of membranes in both normal and
cancerous cells.’*>’
ecules in biological processes such as the maintenance of cell life, the
progression of cell differentiation, and cell proliferation. Palmitate-
loaded cells that were transfected with NAT10 siRNA were found
to have a lower level of ac4C overall at the 5 UTR.** The CXX repeat
sequence TCCDSCT was reported to be highly enriched inside the
ac4C locus, as was predicted by sequencing analysis of the ac4C
peak. Deletion of NAT10 in cancer cells significantly reduces the
ac4C levels of ELOVL6, ACSL1, ACSL3, ACSL4, ACADSB, and
ACATI mRNAs, which affects fatty acid synthesis, uptake, degrada-
tion, and storage.”® This dysfunctional fatty acid metabolism ulti-
mately leads to cell death. Therefore, inhibiting NAT10 to improve
fatty acid metabolism is an attractive cancer treatment option.

Furthermore, lipids play a role as signaling mol-

ROLE OF NAT10 IN TUMORS

Many reports have shown that NAT10 plays a key role in gastrointes-
tinal tumors especially by influencing epithelial-mesenchymal trans-
formation (EMT) (Figure 3). NAT10 also plays an important role in
the progression of hematological malignancies mainly through the
regulation of cell-cycle progression, apoptosis, and cell proliferation
(Figure 4).
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Liver cancer

NAT10 is translocated from the nucleolus to the cytoplasm and cell
membrane in hepatocellular carcinoma cells, which promotes inva-
sive migration. Patient prognosis is strongly correlated with the de-
gree to which NATI0 is redistributed from the nucleolus to the
nuclear membrane, the cytoplasm, or the cell membrane.”' Upregu-
lated expression of NAT10 in hepatocellular carcinoma interacts
with and improves the stability of mutant p53, resulting in increased
cell proliferation and higher tumorigenic activity in hepatocellular
carcinoma cells, all of which contribute to a poor prognosis for pa-
tients.”” The EMT of hepatocellular carcinoma cells was altered and
tumor accretion and metastasis were inhibited when NAT10 expres-
sion was downregulated, thereby upregulating the expression of the
epithelial marker E-cadherin, and downregulating the expression of
the mesenchymal marker Vimentin.** Biological information analysis
revealed that NAT10 causes ac4C changes in COL15A1, G6PD, and
TP5313, with the alterations being concentrated in the 5 UTR and
CDS regions.” This risk model is applicable not only to predict
stem cell and TME distribution and survival outcomes in patients
with liver cancer but also in patients with lung and pancreatic
cancer.”!

Gastric cancer

Gastric cancer (GC) is one of the most common malignancies, and
deep local infiltration or distant metastasis is usually associated
with poor treatment and poor prognosis.’* It was discovered that
GC tissues express NAT10 at considerably higher levels, which aids
in invasion and migration, connecting with the role of NAT10 in
EMT, since increased NATI10 expression stimulates VIM and
MMP2 expression.” COL5AI is a tumor cell marker for EMT-II
and has been shown to enhance EMT in a direct fashion.”>** Overex-
pression of NAT10 was found in subsequent investigations to in-
crease COL5AL1 expression. In addition, COL5A1 overexpression in
GC cells counteracted the effect of NAT10 in promoting tumor inva-
sion and migration by downregulating EMT. Additional research us-
ing acRIP-seq and RIP-seq studies revealed that COL5A1 is a direct
target of NAT10-mediated mRNA ac4C modification and that
NATI10 controls the ac4C modification of the COL5A1 mRNA 3’
UTR by direct contact.”> Because of its function in controlling the
COL5A1 mRNA ac4C pathway, NAT10 is very important for both
GC transfer and EMT of GC cells.

Pancreatic ductal adenocarcinoma

LncRNAs can usually interact with regulatory molecules such as pro-
teins, miRNAs, and DNA to exert biological effects.*® A recent study
found that IncRNA LINCO0062 expression was upregulated in pancre-
atic ductal adenocarcinoma (PDAC) tissues, promoting tumor migra-
tion growth, and influencing tumorigenesis development.*” Subcellu-
lar localization enrichment analysis (GO-CC) showed NAT10 as a
potential protein bound to LINC00623. LINC00623 RNA interacts
with NAT10, prevents its degradation and reduces its ubiquitination.
The protein level of NAT10 was drastically lowered when LINC00623
was silenced and elevated when LINCO0623 was overexpressed. Foci
formation and BxPC-3 cell migration were both drastically decreased


http://www.moleculartherapy.org

www.moleculartherapy.org

Review

Liver cancer

(o ]o] WECH
S e U
EMT -
E-cadherin MMPZ
-

COL15A1 s
ac4C YYEVAL e g

G6PD N cosar &Y

TP5313 b,

NA'|:10
MUC4

e LAMB ac4C

FSP1 PHGDH

NAT10
A o‘5/
2 9% '
Ferroptosis E-cadherin O//‘éo”@/‘
2,
< C:\,,
LINC00623
-y« >
EMT
CRC PADC

Figure 3. The mechanism of NAT10 in gastrointestinal tumors

NAT10 is extensively expressed in gastrointestinal cancers, and regulates ac4C modification of the associated RNA to influence carcinogenesis and progression.

when NAT10 was knocked down. Overexpressing NAT10, however,
reversed the effects of LINC00623 knockdown on foci formation and
migration.”” Most locations enriched in CDS for NAT10 regulation in
PDAC are located in genes involved in cell proliferation, cell adhe-
sion, and extracellular matrix organization (MUC4, LAMB3, and
PHGDHR). Reduced expression and a decrease in ac4C alterations
were observed for MUC4, LAMB3, and PHGDHR after NAT10
was knocked down. There was considerably greater expression of
MUC4, LAMB3, and PHGDHac4C in tumor tissues than in normal
tissues.”* ! As a result, NAT10, which remodels ac4C alterations in
PDAC, keeps oncogenic mRNAs stable, and boosts their translation
efficiency, is critical for the action of LINC00623 on PDAC
malignancies.

Colorectal cancer

Colorectal cancer (CRC) cells are able to migrate and invade more
easily, which might be the result of upregulated NAT10 expression
in CRC.** Importantly, miR-6716-5p downregulates E-calmodulin
levels by suppressing NAT10 expression, which aids in the EMT
and promotes CRC cell motility and invasion.> Overall survival is
reduced when NAT10 is underexpressed in CRC cells but is increased
if NAT10 is overexpressed. In-depth examination of the role of
NAT10 in colon cancer cells found that it regulates iron death sup-

pressor protein 1 (FSP1) mRNA stability and expression. The fact
that NAT10 controls acetylation of ac4C on FSP1 mRNA and blocks
iron death raises the possibility that NAT10 might be utilized as a
prognostic and therapeutic target for CRC.”*

Multiple myeloma

The multiple myeloma (MM) clinical database analysis revealed that
elevated NAT10 expression leads to poor prognosis in MM patients
and promotes MM cell proliferation in vitro. NAT10 regulates the
acetylation status of total RNA. Increased NAT10 raises ac4C levels,
whereas NATI10 silencing decreases ac4C acetylation in MM cells.
The mRNA acetylation regulator NAT10 improves translation effi-
ciency in cells, which in turn stimulates cell growth.”> CEP170 is a
centrosomal protein that promotes the development and spread of
cancer, which was stabilized and its translation efficiency was
increased due to high expression of NAT10 and enrichment of
ac4C acetylation levels at the C terminus of the mRNA encoding
CEP170.°°® Notably, mitosis relies on NAT10,””° which is con-
nected with the nuclear membrane and plays a significant role in
cell division. Cell proliferation in MM has been studied extensively,
and MTT assays have proven that CEP170 is a key factor in this
growth promotion. Due to its interaction with CEP170, NAT10 in-
creases CIN and hastens the development of MM.>® The PI3K-AKT

Molecular Therapy: Nucleic Acids Vol. 32 June 2023 363


http://www.moleculartherapy.org

www.moleculartherapy.org

Review

M
CDK2 CDK4 P21
G2 G1
- CyclinD1 CyclinE P16
£
& %
NAT10 Cycle progression
= Bim
Q
< — N\s Bax/Bcl-2 caspase-3/9
me QO
Acute myeloid leukemia Apoptosis
(AML) ER stress
\
ac4C
Proliferation
@ CEP170
NAT10 -
G2 G1
p-AKT Bel-xI Bax G2 >

Multiple myeloma
(MM)

Q Plasma cells

Acute promyelocytic
leukemia

Figure 4. The mechanism of NAT10 in hematological malignancies

Cycle progression

In AML, NAT10 influences the cell cycle by increasing the expression of p16 and p21 through cyclins like CDK2, CDK4, cyclin D1, and cyclin E; NAT10 causes endoplasmic
reticulum stress, activates Bim and PUMA, interferes the Bax/Bcl-2-caspase-3/9 pathway, and promotes apoptosis. In MM, NAT10 influences CEP170 mRNA ac4C to
enhance proliferation, and stimulates the PISBK-AKT-Bcl-xI-Bax pathway to alter the cell cycle.

pathway and the Bcl-2 family of proteins work together functionally
to inhibit apoptosis and promote cancer.’*> Human malignancies
frequently exhibit abnormalities in the cell cycle, and apoptosis is
intrinsically linked to the cell cycle. Increasing expression of cyclin-
dependent kinases 4 and 6 (CDK4 and CDK6) and a reduction in
the GO/G1 phase have been linked to NAT10 overexpression in
MM cells. Likewise, upstream p-AKT is enhanced to activate the
PI3K-AKT pathway and promote MM cell proliferation,” yet
increasing anti-apoptotic BCL-XL suppresses the downstream
apoptotic protein BAX.

Acute myeloid leukemia

NATI0 plays a significant oncogenic role in numerous cancers. As a
predictive and therapeutic biomarker for AML,** NAT10 is upregu-
lated in acute myeloid leukemia (AML) cells with poor survival along
with the elevated expression of p16 and p21, while the expression of
CDK2, CDK4, cyclin D1, and cyclin E was downregulated when
NATI10 expression was low. Inhibition of NAT10-mediated cell pro-
liferation and cell-cycle progression in AML cells occurs with overex-
pression of p16 and p21 tumor suppressors and downregulation of
cell-cycle checkpoint proteins. Classical apoptosis was activated after
NATI10 was inhibited by its inhibitor Remodelin or by deletion of
NAT10.°* Activation of the Bax/Bcl-2 axis has been correlated with
NATI10 inhibition-induced apoptosis in AML cells. Bax/bcl-2
apoptotic signaling is activated in response to endoplasmic reticulum

364 Molecular Therapy: Nucleic Acids Vol. 32 June 2023

stress,”” while the BH3 proteins Bim and PUMA not only drive endo-
plasmic reticulum-induced apoptotic signaling®®” but are also
required for Bax/Bak activation.”® The loss of NAT10 caused cells
to experience endoplasmic reticulum stress, leading to an increase
in the expression of Bim and PUMA as well as the activation of the
Bax/Bcl-2 axis-mediated caspase-3/9. Therefore, increasing endo-
plasmic reticulum stress in AML cells is one way to inhibit cell growth
and promote death,”* which can be achieved by targeting NAT10.
Theoretically, NAT10’s oncogenic activities in AML warrant further

investigation as a possible therapeutic target in AML.

Human head and neck squamous carcinoma

Studies have shown that NAT10 is more highly expressed in human
head and neck squamous carcinoma (HNSCC) tumor cells than in
normal epithelial cells. High levels of NAT10 expression are con-
nected to a worse prognosis for patients, as measured by overall sur-
vival.”” Remodelin or siRNA, which suppresses NAT10 expression,
prevents HNSCC cell lines from replicating and stops them from
migrating and invading. siRNA-mediated knockdown of NAT10
led to more prominent $/G2 phase cell-cycle arrest.”” The NAT10
genome is enriched for MYC, E2F, G2M checkpoints, mTORCI,
DNA repair, and oxidative phosphorylation, as shown by a genomic
enrichment analysis.”’ More research is needed to show whether
NAT10 in HNSCC also influences cell-cycle pathways via acetylation
of mTORCI. The MYCT1/NAT10 axis has been found to increase
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laryngeal cancer cell motility,”" and MYC targets have the greatest

normalized enrichment score across all genomes. Specifically,
Remodelin suppresses NAT10 expression in HNSCC cell lines, down-
regulates MYC expression, and upregulates LDHA expression to
facilitate tumor spread.”” Thus, NAT10 is a significant player in
HNSCC and a promising predictive biomarker for HNSCC patients.

Breast cancer

NATI10, which is highly expressed in breast cancer, acetylates
MORC?2 at the K767 site regulating DNA damage-induced dephos-
phorylation of H3T11 and transcriptional repression of CDKI and
cell-cycle protein B1.”* Acetylated MORC2 binds to histone H3 phos-
phorylation at threonine 11 (H3T11P) (phosphorylation of histone
H3 on threonine 11), reduces DNA damage-induced H3T11P, re-
presses transcription of its downstream target genes CDK1 and cyclin
B1, and activates the DNA damage-induced G2 checkpoint. Revealing
the role of NAT10-mediated MORC2 acetylation in regulating the
DNA damage-induced G2 checkpoint provides a potential therapeu-
tic strategy to sensitize breast cancer cells to chemotherapy and radio-
therapy for DNA damage by targeting NAT10. In hepatocellular car-
cinoma, NAT10 can alter EMT and enhance hepatocellular
carcinoma cell metastasis. In BC, NAT10 inhibition reverses EMT
and reduces adriamycin resistance. The suppression of NAT10 by Re-
modelin increases the expression of E-cadherin, a classic marker of
EMT, while decreasing the expression of waveform proteins.”> Hu-
man THUMP structural domain protein 1 (THUMPDI) interacts
with NAT10, and THUMPDI decreases E-cadherin production via
the AKT-GSK3-Snail pathway, facilitating breast cancer cell invasion
and migration. It is suggested that THUMPD1 NAT10 binding might
synergistically enhance cancer cell invasion, or that THUMPD1 may
operate as a NAT10 downstream factor to promote tumor invasion.”*

Bladder urothelial carcinoma

NATI10 is abundantly expressed in bladder urothelial carcinoma
(BLCA) and has been linked to a poor prognosis with lymph node
or distant metastases. NAT10 shRNA knockdown or NAT10 expres-
sion decrease by Remodelin reduces mRNA ac4C levels, slows tumor
cell growth, and promotes apoptosis. According to acRIP-seq investi-
gation, NAT10 directly influences cancer pathway (BCLIL), cell cycle
(AKT1), and stem cell maintenance (SOX4) transcription, and acet-
ylation of the overswing site enhances its stability and translation
efficiency. These targets are dramatically decreased by NAT10 knock-
down, presumably boosting the BLCA process.”” Both NAT10-spe-
cific antagonists and NAT10 knockdown can slow BLCA growth,
suggesting that targeting NAT10 may be a novel technique for
BLCA therapy.

NAT10 IN NON-TUMOR DISEASES

Systemic lupus erythematosus

Epigenetic changes can have a direct impact on the autoimmune
response by causing immune cell malfunction, particularly in CD4+
T cells.”® Epigenetic alterations are now relevant in systemic lupus er-
ythematosus (SLE). The expression of the acetyltransferase NAT10,
as well as the total ac4C level, is considerably decreased in SLE

patients’ CD4+ T cells. Furthermore, ac4C peaks were shown to be
abundant in mRNA CDS and 3’ UTR regions, indicating that ac4C
is a conserved internal transcriptional alteration.”” In contrast,
ac4C sites were found in HeLa cells around the translation start site
(5 UTR and CDS sections),” implying that ac4C modification local-
ization in SLE may be a disease-related characteristic. Indeed, the
top motifs of ac4C peaks in lupus CD4+ T cells, “CRGRA” and
“CCRCCRC,” can be meaningful targets. ac4C peaks in HeLa cells
display four forms of ac4C peaks separated by two nonspecific nucle-
otides, which differs to some extent from the ac4C modification
pattern in SLE. These discrepancies in alteration locations might be
constrained by sample size and variance.

It has been theorized that pathogenic factors that govern SLE are
linked to alterations in the ac4C sequence of mRNA. The results
from GO analysis linked USP18, GPX1, and RGLI1 to SLE, with
GPX1 specifically being linked to lupus endothelial dysfunction.”®””
According to recent research,”” rGL1 is a new target of lymphocyte
network inflammation-related pathways. To learn more about the
causes of SLE, ac4C modification may be applied to it. Insight into
the pathogenic processes of ac4C may proceed with optimism from
this finding.

Influenza A virus

RNA modification is a novel element of host-virus interactions that
elucidates viral life-cycle processes. The presence of ac4C in viral
transcripts enhances RNA stability.®” NAT10 is downregulated in
influenza A and interacts with PB1, NP, NA, and M1 viral proteins
to promote ac4C acetylation in many gene areas.”’ One study found
that, in influenza A, the DAZAPI gene ac4C was enriched in the
UTR employing ac4C antibodies and fragmented RNA samples
from virus-infected cells for RIP (UTR). The anti-ac4C antibody en-
riched a region around nucleotide position 150 in the PB1 frag-
ment’s negative strand and a region near nucleotide position 350
in the NA fragment’s negative strand. A very substantial enrichment
was also observed for approximately 400 bases near the 5’ end of the
HA fragment’s negative strand. Furthermore, knocking down the
host component inhibits viral development, implying antiviral
action.”!

HIV-1

HIV-1 has a high level of NAT10 expression. Once NAT10 expression
is reduced, a similar reduction in viral gene RNA ac4C and HIV-1
gene expression might occur. Similarly, loss of ac4C in viral tran-
scripts owing to NAT10 deletion suppresses HIV-1 replication by
decreasing viral RNA stability.*” The NAT10 inhibitor Remodelin
suppresses HIV-1 replication while having little effect on cellular
function, indicating that ac4C might be a promising target for anti-
viral medication development.*® Using PA-ac4Cseq analysis
of HIV-1 gRNA, researchers discovered that ac4C residues on HIV-
1-infected cellular mRNA were mostly found in the CDS, with
some also found in the 3’ UTR. As a result, uninfected and HIV-1-in-
fected CEM cells had remarkably comparable C- and U-rich common
sequences with core “UCU” motifs. However, ac4C sites were found
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only in the gag, pol, and env portions of intracellular RNA, as these
areas are eliminated by splicing in many intracellular viral RNAs.*!

CONCLUSIONS AND PROSPECTS

In this review, we comprehensively summarize the normal physiolog-
ical properties of NAT10 and its functions in biological development
such as oocyte maturation and bone remodeling. In addition, we
focus on the latest studies on the effects of NAT10 in the progression
of various diseases especially cancer, which provides a new perspec-
tive from which to focus on the potential possibility of NAT10 as a
diagnostic and treatment target in clinical applications.

NATI10 functions as an important writer for ac4C, identifying ac4C-
modified target genes and controlling their expression through trans-
lation or RNA stability. Changes in target genes are linked to the
course of many diseases, including cancers, although further research
into the processes of some diseases is still needed. As a result, we sum-
marized the mechanism and relevance of NAT10-mediated ac4C al-
terations in human diseases in this study. According to current
research, NAT10 plays a key role in the course of many illnesses by
reducing translation efficiency and controlling mRNA stability
mostly through ac4C alterations at various loci, hence influencing
the expression of target genes. In malignancies, NAT10 influences
prognosis, proliferation, invasion and migration, tumor stem cell
development, and metabolism. Furthermore, by recognizing its target
genes, NAT10 regulates non-tumor diseases through immunological
function and viral infections. In cancer research, the NAT10 inhibitor
Remodelin has been shown to enhance apoptosis, reverse EMT, alter
drug resistance, and reduce lipid buildup, and can potentially act as an
anti-cancer medication. For example, in AML cell lines treated with
Remodelin, anti-apoptotic genes (including CDK2, CDK4, cyclin
D1 and cyclin E, and BCL2) decreased while pro-apoptotic genes
(such pl6 and p21) Remodelin reversed EMT
and decreased adriamycin resistance in hypoxia-induced EMT in
breast and hepatocellular cancer by boosting the expression of
E-calcineurin and lowering the expression of Vimentin and
TWIST.*>>** Reducing mitochondrial lipid metabolism in cancer
cells treated with Remodelin lowered the expression of ECHSI and
MECR.*

. 64
increased.”

In summary, we determined the biological properties of NAT10 in
normal physiology and development, the promotion functions of
NATI0 in proliferation, metastasis, and apoptosis in tumors, and
the regulatory roles of NAT10 in immunity, RNA stability, and repli-
cation regulation in other non-tumor diseases. These results provide
novel insights into NAT10 as a promising disease biomarker for
detection, progression, and prognosis, as well as a potential target
for disease therapy by altering ac4C alterations. However, more clin-
ical data are still needed to further confirm the clinical potential value
of NAT10. In addition, few inhibitors targeting NAT10 in addition to
Remodelin have been reported to date. Potent and selective com-
pounds as NAT10 inhibitors with fewer side effects are to be devel-
oped, which may be an interesting and meaningful research field
for future studies on NAT10.
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