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Abstract
Background: Lymphatic metastasis is one of the most common metastatic
routes and indicates a poor prognosis in clear-cell renal cell carcinoma (ccRCC).
N-acetyltransferase 10 (NAT10) is known to catalyze N4-acetylcytidine (ac4C)
modification of mRNA and participate in many cellular processes. However, its
role in the lymphangiogenic process of ccRCC has not been reported. This study
aimed to elucidate the role of NAT10 in ccRCC lymphangiogenesis, providing
valuable insights into potential therapeutic targets for intervention.
Methods: ac4C modification and NAT10 expression levels in ccRCC were
assessed using public databases and clinical samples. Functional investigations
involved manipulating NAT10 expression in cellular and mouse models to study
its role in ccRCC. Mechanistic insights were gained through a combination of
RNA sequencing, mass spectrometry, co-immunoprecipitation, RNA immuno-
precipitation, immunofluorescence, and site-specific mutation analyses.
Results: We found that ac4C modification and NAT10 expression levels
increased in ccRCC. NAT10 promoted tumor progression and lymphangiogene-
sis of ccRCC by enhancing the nuclear import of Yes1-associated transcriptional
regulator (YAP1). Subsequently, we identified ankyrin repeat and zinc fin-
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immunohistochemical; KEGG, Kyoto encyclopedia of genes and genomes; KIRC, kidney renal clear-cell carcinoma; LATS1/2, large tumor suppressor
kinase 1/2; LYVE1, lymphatic vessel endothelial hyaluronan receptor 1; MS, mass spectrometry; NAT10, N-acetyltransferase 10; NES, normalized
enrichment score; NF2, moesin-ezrin-radixin like tumor suppressor; PE, phycoerythrin; TCGA, the cancer genome atlas; VEGFC/D, vascular
endothelial growth factor C/D; YAP1, Yes1-associated transcriptional regulator; YWHAE, tyrosine 3-monooxygenase/tryptophan 5-monooxygenase
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ger peptidyl tRNA hydrolase 1 (ANKZF1) as the functional target of NAT10,
and its upregulation in ccRCC was caused by NAT10-mediated ac4C modifi-
cation. Mechanistic analyses demonstrated that ANKZF1 interacted with tyro-
sine 3-monooxygenase/tryptophan 5-monooxygenase activation protein epsilon
(YWHAE) to competitively inhibit cytoplasmic retention of YAP1, leading to
transcriptional activation of pro-lymphangiogenic factors.
Conclusions: These results suggested a pro-cancer role of NAT10-mediated
acetylation in ccRCC and identified the NAT10/ANKZF1/YAP1 axis as an
under-reported pathway involving tumor progression and lymphangiogenesis in
ccRCC.
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clear-cell renal cell carcinoma, N4-acetylcytidine, N-acetyltransferase 10, YAP1 nuclear import

1 BACKGROUND

More than 430,000 new cases of kidney cancer were
diagnosed in 2020 worldwide [1]. Clear-cell renal cell car-
cinoma (ccRCC) accounts for more than 70% of all kidney
cancers [2]. As the most frequent histological type of kid-
ney cancer, ccRCC has long been characterized by its high
mortality, leading to an estimated 13,000 related deaths in
2020 in the USA [3]. Currently, for localized ccRCC, sur-
gical excision is the only curative treatment because of its
remarkable clinical outcomes [4]. However, approximately
a third of ccRCC patients at their first hospital diagnosis
will present with metastases which cause a low 5-year sur-
vival rate [5, 6]. It is noteworthy that among all patients
with metastatic ccRCC, approximately half (45%) of them
exhibit lymph node involvement [7]. Thus, it is urgently
needed to investigate the mechanisms of ccRCC develop-
ment andmetastasis, aswell as to discover new therapeutic
targets.
Lymphangiogenesis is a highly complicated process in

which newborn lymphatic vessels sprout from the exist-
ing ones and holds significant importance in various
pathological contexts, including cancer [8–10]. Initially, it
was thought that lymphatic vessels were almost absent
within tumors [11]. Even though it was later discovered
that lymphatic vessels do exist within tumors, they were
regarded as a drainage system for the tumor interstitial
fluid [12]. Currently, an increasing body of evidence sug-
gests that tumor-induced lymphangiogenesis stimulates
the growth of lymphatic vessels both within and surround-
ing the tumor, thereby facilitating the spread of tumor
cells to adjacent regional lymph nodes in various cancer
models [9, 13, 14]. Comparable to tumor-induced angiogen-
esis, lymphangiogenesis is an active biological behavior
of tumors and is governed by pro-lymphangiogenic fac-

tors secreted by cancer cells [15]. Among all known
pro-lymphangiogenic factors, vascular endothelial growth
factor-C/D (VEGFC/D) plays the most important role
in tumor lymphangiogenesis [16]. As a receptor tyrosine
kinases expressed on the surface of lymphatic endothe-
lial cells, VEGFR3, when activated by VEGFC/D, induces
the proliferation of lymphatic endothelial cells in vitro and
lymphangiogenesis in vivo [17]. In addition, autocrine sig-
naling by VEGFC/D-VEGFR3 promotes tumor growth and
invasion through multiple mechanisms, such as activa-
tion of oncogenes, modulation of the inflammatory tumor
microenvironment, and promotion of immune escape [18].
Although several groups have reported that tumor lym-
phangiogenesis was closely associated with lymph node
metastasis and patients’ survival in renal cancer [19–21],
few comprehensive studies on its regulatory mechanisms
have been conducted. Thus, it necessitates investigating
the potential regulator involved in tumor lymphangiogen-
esis by preventing lymphatic metastasis and providing a
more efficient therapeutic strategy for ccRCC.
N-acetyltransferase 10 (NAT10), first reported in 2003

by Lv et al. [22], is a member of the Gcn5-related N-
acetyltransferase family. As a lysine acetyltransferase,
NAT10 catalyzes N4-acetylcytidine (ac4C) modification
at the cytidine site on RNA [23]. ac4C, an evolutionar-
ily conserved chemical modification of RNA, was first
described in yeast [24] and Escherichia coli [25]. As with
numerous RNA modifications, ac4C was discovered ini-
tially in transfer RNA and ribosomal RNA, and subse-
quently identified in mRNA [26]. Recently, ac4C has been
considered a prevalently epigenetic marker of mRNAs,
which can influence mRNA stabilities and translation effi-
ciencies [26, 27]. Newly emerging studies have coupled
NAT10-mediated deposition of ac4C to cancer develop-
ment [28, 29], and it is suggested that NAT10 promoted
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tumor progression by regulating ferroptosis in colon can-
cer [29]. Additionally, previous studies have proposed that
NAT10-medicated ac4C modification enhanced tumori-
genic activities by upregulating the mutant p53 level or
inhibiting cell cycle arrest [28, 30]. Although a previ-
ous study claimed that NAT10 was upregulated in ccRCC
[31], the role of both NAT10 and ac4C modification in
ccRCC remains largely unknown. Particularly, their rela-
tionship with tumor lymphangiogenesis has not been
reported.
Here, we evaluated the NAT10 expression and NAT10-

mediated ac4C modification levels in ccRCC. Subse-
quently, the roles of NAT10 in ccRCC progression and
lymphangiogenesis were explored by in vitro and in
vivo assays. Finally, we carefully investigated the mech-
anism underlying NAT10-regulated ccRCC development
and lymphangiogenesis.

2 METHODS ANDMATERIALS

2.1 Patient samples and human cell
lines

Tumors and adjacent normal tissueswere obtained from36
patients diagnosedwith ccRCCatUnionHospital (Wuhan,
Hubei, China) between July 2020 and July 2022. None
of these patients underwent radiotherapy or chemother-
apy before the nephrectomy. Written informed consent
was obtained from all patients, and the present study was
authorized by the ethics committee of Union Hospital
(IEC-072).
Human embryonic kidney 293T (HEK293T) cells, renal

proximal tubule epithelial cells (RPTEC), ccRCC cells
(A498, 786-O, CAKI-1, and OSRC-2), and lymphatic
endothelial cells (HLECs) were purchased from the Amer-
ican Type Culture Collection (Manassas, VA, USA). These
cell lines were confirmed by short tandem repeat profiling
in August 2021. HEK293T, RPTEC, and ccRCC cells were
cultured in Dulbecco’s modified eagle medium (DMEM,
Gibco, Waltham, MA, USA) supplemented with 10% fetal
bovine serum (FBS, Gibco) at 37◦C under 5% CO2. HLECs
were cultured in the endothelial cell mediumwith 5% FBS.
Moreover, the conditionedmedium (CM) fromccRCCcells
was centrifuged at 200 ×g for 5 min and applied to culture
HLECs.

2.2 Real-time PCR

Total RNA was isolated from ccRCC tissues and cell lines
with Trizol solution (#R0016, Beyotime, Shanghai, China).
The cDNA was synthesized with a First Strand Synthe-

sis Kit (#R212-02, Vazyme, Nanjing, Jiangsu, China), and
qPCR was performed with a Sybr Green Kit (#RK21203,
ABclonal, Wuhan, Hubei, China) on qTOWER Ther-
mocycler (Analytik Jena, Jena, Germany) following the
conditions: 95◦C for 3 min, 45 cycles of 95◦C for 5 s
and 60◦C for 30 s. Relative mRNA levels were calculated
using the 2–ΔΔCt method. Primers were synthesized by
Tsingke (Beijing, China), and their sequences are listed in
Supplementary Table S1.

2.3 Western blotting and
co-immunoprecipitation (co-IP)

A total of 30 μg protein extracted from ccRCC tissues and
cell lines was loaded on polyacrylamide gels. Then, these
proteins were transferred onto polyvinylidene fluoride
membranes (Roche, Basel, Switzerland). After incubating
with primary antibodies at 4◦C for 12-14 h, the membranes
were incubated with corresponding secondary antibodies
for 2 h. These membranes were visualized by a ChemiDoc
imaging system (Bio-Rad, Hercules, CA, USA).
For co-IP assays, ccRCC cells were lysed and incubated

with IgG or primary antibodies overnight at 4◦C. Then
protein A/G magnetic beads (#HY-K0202, MedChemEx-
press, Monmouth Junction, NJ, USA) were added to the
mixtures of cell lysates and antibodies. After incubating
for 2 h at room temperature, the mixtures were washed
to remove non-specifically bound immune complexes.
Finally, the remaining immune complexes were separated
by Western blotting. The list of antibodies is provided in
Supplementary Table S2.

2.4 Transfection and infection

The small interfering RNA (siRNA) was purchased from
GenePharma (Shanghai, China). NAT10-overexpressed
and ankyrin repeat and zinc finger peptidyl tRNA
hydrolase 1 (ANKZF1)-overexpressed lentiviruses and
short hairpin RNA (shRNA) were purchased from
GeneChem (Shanghai, China). The human Myc-tyrosine
3-monooxygenase/tryptophan 5-monooxygenase acti-
vation protein epsilon (Myc-YWHAE) plasmid and
truncated plasmids of Flag-ANKZF1 were synthesized by
GeneChem. Transfections were performed using Lipo-
fectamine 6000 (#C0526, Beyotime), and infections were
conducted using the Hitrans AP reagent (GeneChem)
with the guidance of the manufacturer’s protocol. Addi-
tionally, dual siRNAs or shRNAs were uniquely designed
for each target, as delineated in Supplementary Table S3.
The knockdown efficiency of each siRNA or shRNA was
assessed through qPCR, and the one demonstrating the
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higher gene knockdown efficiency was selectively utilized
in subsequent assays.

2.5 Animal models

BALB/c nude mice (male, 5-week-old) were purchased
from Hua Fukang (Beijing, China) and maintained under
a specific pathogen-free barrier environment. The ani-
mal study was approved by the Animal Care and Use
Committee of Union Hospital (S3694).
The subcutaneous tumor model was created by subcu-

taneously injecting 2 × 106 CAKI-1 cells into nude mice
(n = 5). At 44 days post-injection or upon reaching a
subcutaneous tumor diameter exceeding 1.5 cm, humane
euthanasia was performed using CO2 followed by cer-
vical dislocation. Then the subcutaneous tumors were
photographed and weighed.
The metastatic tumor model was established by inject-

ing 4 × 106 A498 cells into the tail veins of nude mice (n =
5). After 8 weeks, the LagoX system (Spectral Instruments
Imaging, Tucson, AZ, USA) was applied to visualize the
nude mice.

2.6 Tube formation assays

HLECs (8 × 104) suspended in CM from ccRCC cells were
seeded into a Matrigel-coated 48-well plate. After 8 h cul-
ture, HLECs were washed with phosphate-buffered saline
(PBS) and stained with Calcein-AM (#HY-D0041, Med-
ChemExpress). Then the tube-like structure on the growth
factor-reduced Matrigel was photographed by a micro-
scope (#DMI3000B, Leica, Wetzlar, Hessen, Germany).
The total tube length and the number of junctions were
analyzed using the ImageJ software (National Institutes of
Health, Bethesda, MD, USA).

2.7 Enzyme-linked immunosorbent
assay (ELISA)

The VEGFC/D concentrations in CM from ccRCC cells
were detected using humanVEGFC/DELISAKits (#E-EL-
H1600c and #E-EL-H1601c, Elabscience, Wuhan, Hubei,
China) following the manufacturer’s protocol. Briefly,
diluent CM (dilution ratio = 5) was pipetted to a 96-
well plate pre-coated with the capture antibody. The
absorbance at 450 nmwasmeasured by a spectrophotome-
ter (NanoDrop Technologies, Wilmington, DE, USA) and
used to calculate the VEGFC/D concentrations.

2.8 Dot blotting

In brief, a total of 50 ng mRNA from tumor tissues and
ccRCC cells was spotted on the Nitrocellulosemembrane
(Biosharp, Hefei, Anhui, China) after mRNA purification.
Then, the membranes were cross-linked in an oven at
60◦C for 2 h and incubated with the ac4C antibody at
4◦C overnight. The corresponding secondary antibodies
were subsequently added to the nitrocellulosemembrane
at room temperature for 2 h. Finally, the membrane was
visualized by the ChemiDoc imaging system.

2.9 RNA immunoprecipitation (RIP)
and RNA-sequencing (RNA-seq)

NAT10-RIP and ac4C-RIP assays were performed accord-
ing to the protocols of the Magna RIP Kit (#17-700,
Millipore, Burlington,MA,USA). Extracted from the prod-
ucts of RIP assays and ccRCC cells, RNA samples were
prepared for RNA-seq analysis. RNA-seq analysis were
provided by Bioyi Biotechnology Co., Ltd. (Wuhan, Hubei,
China). The list of antibodies is provided in Supplementary
Table S2.

2.10 ac4C-RIP-qPCR

Total RNA extraction from ccRCC tissues and cell lines
was performed using the Trizol solution. Following this,
polyadenylated RNA was enriched from the total RNA
using mRNA capture beads included in the mRNA library
prep kit (#12301ES24, Yeasen, Shanghai, China). Random
RNA fragmentation was carried out using the RNA frag-
mentation reagents also provided in the mRNA library
prep kit. In brief, 4 μg of mRNA was equally distributed
between the input and ac4C-RIP groups. For the ac4C-
RIP group, 2 μg of mRNA underwent incubation with
the ac4C antibody and was diluted into 500 μL ac4C-
RIP buffer. Following that, protein A/G magnetic beads
were introduced to the mixture, undergoing rotation at
room temperature for 2 h. After four rinses with ac4C-
RIP buffer, the ac4C-RIP fraction was utilized to isolate
ac4C-RIPmRNA through Trizol and ethanol precipitation.
Finally, RT-qPCR was performed using PCRMix (#R323-
01, #Q341, Vazyme) for ac4C-RIPmRNAand InputmRNA.
The thermal cycling profile consisted of an initial denatu-
ration at 95◦C for 3 min, followed by 45 cycles of 95◦C for
5 s and 60◦C for 30 s. The relative mRNA level was deter-
mined based on the number of amplification cycles (Cq).
The calculation formula is as follows:
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ΔCq(Control) = Cq(ac
4
C−RIP) − Cq(Input); ΔCq(Treatment)

= Cq(ac
4
C−RIP) − Cq(Input)

Relativeac
4
Cmodif icationlevel

= 2ΔCT(Control)−ΔCT(Treatment).

2.11 mRNA stability assays

ccRCC cells were plated in 6-well plates (50% confluency)
and incubated for 24 h. Post-treatment with 5 μg/mL acti-
nomycin D (#HY-17559, MedChemExpress) for 0, 2, 4, 6,
8, or 10 h, cells were harvested for RNA extraction. Sub-
sequently, RT-qPCR was performed to calculate mRNA
half-life, determined by the Cq value.

2.12 Cell viability assays

ccRCC cells and HLECs were seeded in a 96-well plate
(2,000 cells/well). To assess cell proliferation, Cell Count-
ing Kits (CCK8, #40203ES76, Yeasen) were employed. A
mixture of 10 μL of CCK8 solution and 100 μL of DMEM
was added to eachwell, followed by incubation in darkness
at 37◦C. The absorbance at 450 nm was recorded at 0, 24,
48, 72, and 96 h using the NanoDrop spectrophotometer.

2.13 Colony formation assays

In brief, ccRCC cells were seeded in 6-well plates (1,000
cells/well). After a 2-week incubation, cells underwent PBS
rinsing, methanol fixation, and staining with 0.05% crystal
violet (#G1014, Servicebio, Wuhan, Hubei, China). Finally,
colonies were photographed on day 14. The colony for-
mation rate (%) = (No. of colonies/No. of seeded cells) ×
100%.

2.14 Transwell assays

Briefly, ccRCC cells and HLECs were starved for 24 h.
Matrigel (#356234, dilution 1:8, Corning Inc., Corning, NY,
USA) was added to the upper chamber of the Transwell
plate (#REF3422, Corning Inc.). Subsequently, cells were
seeded in the upper chamber (105 cells/chamber). Follow-
ing overnight incubation, methanol was used to fix cells
that invaded the upper chamber membrane. The subse-
quent steps involved staining the cells with 0.05% crystal
violet and capturing random photographs. Additionally,

Transwell chambers lackingMatrigel coatingwere utilized
to assess the migration ability of the cells.

2.15 Immunohistochemistry (IHC)

IHC assessments were conducted on tissues sourced from
subcutaneous tumor models and patients. Concisely, tis-
sues underwent fixation using 4% paraformaldehyde, fol-
lowed by dehydration, paraffin embedding, sectioning,
deparaffinization, and rehydration. Afterward, serial sec-
tions from tissues were incubated with primary antibodies
along with their corresponding secondary antibodies. The
Leicamicroscope was employed for capturing random sec-
tion images. IHC score for the protein was calculated by
three pathologists based on the followings: IHC score =
protein staining intensity (0 = negative staining; 1 = weak
staining; 2 = moderate staining; 3 = strong staining) ×
percentage of positive cells (0 = 0%; 1 = 1%-25%; 2 = 26%-
50%; 3 = 51%-75%; 4 = 76%-100%). All patients provided
written informed consent for the utilization of tissue sam-
ples. The list of antibodies is provided in Supplementary
Table S2.

2.16 Flow cytometry apoptosis assay

ccRCC cells underwent apoptosis analysis by a flow
cytometer (Becton Dickinson, Franklin Lakes, NJ, USA)
following staining with Annexin V-Phycoerythrin (PE)
and 7-amino-actinomycin D (7-AAD) (#A213-01, Vazyme).
Distinct combinations of 7-AAD and PE were applied to
distinguish apoptosis at various stages. Subsequent analy-
sis of the results was conducted using the FlowJo software
(Becton Dickinson).

2.17 Immunofluorescence

ccRCC cells were seeded onto circular coverslips
(Biosharp) at a density of 105 cells per coverslip. Fol-
lowing a PBS rinse, the cells underwent fixation with
formaldehyde (4%) for 10 min and permeabilization
with Triton X-100 (0.5%) for 20 min. Subsequently, the
coverslips were subjected to incubation at 4◦C for 24 h
with primary antibodies, followed by treatment with flu-
orescence secondary antibody at room temperature for 2
h. Nuclei staining was accomplished with 4’,6-diamidino-
2-phenylindole (DAPI) (#C1002, Beyotime) for 30 min at
room temperature, followed by image capture utilizing
the Leica microscope. The list of antibodies is provided in
Supplementary Table S2.
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2.18 Subcellular fractionation

The separation of nuclear and cytoplasmic proteins
in ccRCC cells was accomplished using the nucle-
ocytoplasmic separation kit (#P0028, Beyotime).
Subsequently, Western blotting assays were con-
ducted to detect proteins in the nuclear and cytoplasmic
fractions.

2.19 Mass spectrometry (MS) analysis

MS analyses were carried out by GeneChem. Briefly,
gel strips were obtained through the electrophoresis of
magnetic immune complexes from co-IP assays. Subse-
quently, protein gel strips underwent a series of sequential
processes, including decolorization, alkylation, enzymatic
hydrolysis, extraction, and desalination to yield peptide
samples. These peptide samples were subjected to the TOF
5600 LC/MS system (AB SCIEX, Framingham, MA, USA).
Original MS/MS files were then submitted to ProteinPilot
(Version 4.5, SCIEX, Redwood, CA, USA) for comprehen-
sive data analysis. For protein identification, the Paragon
algorithm was utilized to search the Uniprot database
(https://www.uniprot.org/). Peptideswith an unused score
> 1.3 (credibility exceeding 95%) were acknowledged as
credible peptides.

2.20 Bioinformatics and statistical
analyses

Public RNA-seq data of ccRCC were obtained from The
Cancer Genome Atlas (TCGA-KIRC, https://portal.gdc.
cancer.gov) and the International Cancer GenomeConsor-
tium databases (ICGC-RECA, https://dcc.icgc.org/). Pub-
lic proteomic data of ccRCC were obtained from the
Clinical Proteomic Tumor Analysis Consortium (CPTAC3,
https://registry.opendata.aws/cptac-3). The DESeq2 pack-
age (R Core Team, https://www.r-project.org) was used to
identify differentially expressed genes (DEGs). The crite-
ria of DEGs were adjusted P < 0.05 and |log fold-change|
>1.5. Kaplan-Meier analyses were used to explore the asso-
ciations between the overall survival rates and the mRNA
levels of NAT10 and ANKZF1. Survival duration was deter-
mined starting from the initial pathological diagnosis of
ccRCC and extended until either death from any cause
or the latest follow-up. Patients were categorized into low
and high subgroups using median expression (50%) as the
cut-off. Functional enrichment analyses were carried out
through Gene Set Enrichment Analysis (GSEA) and Kyoto
Encyclopedia of Genes and Genomes (KEGG) analysis in
R software (R Core Team).

Statistical analysis was conducted using GraphPad 9.0
(San Diego, CA, USA) and SPSS 26.0 (IBM Corporation,
Armonk, NY, USA). Student’s t-test, Wilcoxon test, Mann-
Whitney test, Spearman correlation, analysis of variance
(ANOVA), Kruskal-Wallis test, and log-rank test were
conducted. Assays were performed at least three times.

3 RESULTS

3.1 NAT10 catalyzed ac4C modifications
and was upregulated in ccRCC

Although prior studies have highlighted the significance of
ac4C in tumor progression [28, 29], its function in ccRCC
has never been reported. Here, we found an increased
ac4C modification level of total mRNA in ccRCC tissues
when compared with mRNA from adjacent normal tissues
(Figure 1A). Then, the dot blotting and colorimetric assays
both indicated that ccRCC cells presented stronger ac4C
levels than the control RPTECs (Figure 1B and Supplemen-
tary Figure S1A). Since, in all cases, ac4C production has
been catalyzed by NAT10 [26], this study next evaluated
the expression levels of NAT10 in ccRCC. Data from the
public databases (TCGA-KIRC and ICGC-RECA) showed
thatNAT10was upregulated in ccRCC (Figure 1C), and the
protein expression ofNAT10 also increased in theCPTAC3-
ccRCC database (Figure 1D). More than that, Western
blotting and qPCR assays found that NAT10 was upregu-
lated in ccRCC cell lines (Figure 1E-F) and ccRCC tissues
(Supplementary Figure S1B-C). Meanwhile, IHC staining
revealed an increased level of NAT10 in tumor tissues
compared with adjacent normal tissues (Figure 1G-H). To
confirm that ac4C modification in ccRCC is catalyzed by
NAT10, we established NAT10-overexpressed and NAT10-
knockdown ccRCC cells (Supplementary Figure S1D-E).
Dot blotting and colorimetric assays both showed that
ccRCC cells with NAT10 overexpression had elevated ac4C
levels in total mRNA while NAT10-knockdown ccRCC
cells exhibited decreased ac4C levels when compared with
the control cells (Figure 1I-J and Supplementary Figure
S1F-G). These results suggested that the expression level of
NAT10was elevated andNAT10 functioned as a “writer” of
ac4C in ccRCC.

3.2 NAT10 promoted tumor progression
in ccRCC

To explore the roles of NAT10 in the development of
ccRCC, we conducted cell viability assays. It was pre-
sented that NAT10-overexpressed ccRCC cells exhibited
strengthened viabilities compared with the control cells;
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F IGURE 1 NAT10 catalyzed ac4C modifications and was upregulated in ccRCC. (A) Anti-ac4C dot blotting of total mRNA from ccRCC
tissues and adjacent normal tissues. The loading amount of each sample was fixed to 50 ng mRNA (n = 12) (t-test for statistics). (B) Anti-ac4C
dot blotting of total mRNA from cell lines. The loading amount of each sample was fixed to 50 ng mRNA (n = 3) (ANOVA for statistics). The
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8 MIAO et al.

on the contrary, ccRCC cells with NAT10 knockdown
exhibited decreased viabilities (Supplementary Figure
S2A). Colony formation assays indicated that NAT10-
knockdown ccRCC cells exhibited decreased abilities
of proliferation (Figure 2A). Transwell assays denoted
that ccRCC cells with NAT10 overexpression presented
enhanced abilities of migration and invasion (Figure 2B
and Supplementary Figure S2B). Concurrently, the migra-
tion and invasion ability ofNAT10-knockdown ccRCCcells
was reduced (Supplementary Figure S2C-D). Moreover,
apoptotic rates decreased in NAT10-overexpressed ccRCC
cells and significantly increased in ccRCCcellswithNAT10
knockdown (Figure 2C and Supplementary Figure S2E).
After reintroducing NAT10 in NAT10-knockdown cells
(Supplementary Figure S3A), we observed a restoration in
cell proliferation, invasion, migration, and anti-apoptotic
abilities (Supplementary Figure S3B-D). ThenCAKI-1 cells
were injected into 5-week-old BALB/c nude mice. The
volume and weight of subcutaneous tumors from the
NAT10-knockdown group were reduced compared with
the control group (Figure 2D). In addition, the expres-
sion of Ki67 (the marker of cellular proliferation) also
decreased in the NAT10-knockdown group (Figure 2E-F).
Small animal fluorescent imaging assays suggested that
mice injected with NAT10-knockdown ccRCC cells exhib-
ited decreased abilities of tumor metastasis (Figure 2G).
The above findings suggested that NAT10 played a critical
role in the progression of ccRCC.

3.3 NAT10 promoted tumor
lymphangiogenesis in ccRCC

Remarkably, tumor lymphangiogenesis is indispensable
for the development and progression of various cancers
[10, 32, 33]. In the case of ccRCC, lymphangiogenesis
demonstrated a close relationship with lymphatic metas-
tasis and patient survival [19–21]. To explore whether
NAT10 regulated tumor lymphangiogenesis in ccRCC, we
first conducted GSEA based on the TCGA-KIRC dataset
with NAT10-high versus NAT10-low tumors. The results

presented that NAT10 was involved in tumor lymphan-
giogenesis via the VEGF signaling (Figure 3A). Then we
assessed the effect of NAT10 on HLECs by proliferation
and migration assays. HLECs were cultured with the CM
derived from ccRCC cells. The cell viability assays showed
that overexpression of NAT10 in ccRCC cells increased
the viability of HLECs (Figure 3B), while knockdown of
NAT10 inhibited the viability of HLECs (Figure 3C). Tran-
swell assays indicated that overexpression of NAT10 in
ccRCC cells improved the migration ability of HLECs
(Figure 3D). Concurrently, the migration ability of HLECs
was significantly reduced when cultured with CM from
NAT10-knockdown ccRCC cells (Figure 3E). Moreover,
tube formation assays indicated that overexpression of
NAT10 in ccRCC cells efficiently enhanced lymphangio-
genesis in vitro (Figure 3F and Supplementary Figure
S4A), and the depletion of NAT10 inhibited tube forma-
tion of HLECs (Figure 3G and Supplementary Figure S4B).
Then ELISAs were applied to detect the concentrations of
VEGFC/D in the CM from ccRCC cells. It was presented
that overexpression of NAT10 promoted the secretion of
VEGFC/D in A498 and 786-O cells, while cells with NAT10
knockdown exhibited a decreased section of VEGFC/D
(Figure 3H and Supplementary Figure S4C). Subsequently,
we assessed the mRNA levels of VEGFC/D in ccRCC cells.
Notably, NAT10 was observed to induce an elevation in
the mRNA levels of VEGFC/D (Supplementary Figure
S4D). To further confirm the role of VEGFC/D in medi-
ating NAT10-induced lymphangiogenesis, we employed
siRNA targetingVEGFR3 (VEGFC/D receptors) in HLECs.
The results showed that VEGFR3-knockdown HLECs
effectively counteracted the pro-lymphangiogenic effect
induced by NAT10 overexpression (Supplementary Figure
S4E-I). In addition, we found that the expression level
of VEGFC/D was significantly reduced in the NAT10-
knockdown subcutaneous tumors (Figure 3I). IHC stain-
ing results of lymphatic vessel endothelial hyaluronan
receptor 1 (LYVE1) revealed that lymphatic vessel density
decreased with NAT10 knockdown (Figure 3I). The above
findings indicated that NAT10 was a pro-lymphangiogenic
factor of ccRCC.

quantification results were normalized to the control cells. (C) The mRNA levels of NAT10 in ccRCC tissues and paired adjacent normal
tissues based on TCGA-KIRC and ICGC-RECA (Wilcoxon test for statistics). (D) The protein level of NAT10 in ccRCC tissues and paired
adjacent normal tissues based on the CPTAC3-ccRCC database (t-test for statistics). (E-F) Protein and mRNA levels of NAT10 in cell lines (n =
3) (ANOVA for statistics). (G-H) Representative IHC staining images for NAT10 in ccRCC tissues and adjacent normal tissues (n = 6)
(Mann-Whitney U test for statistics). (I-J) Anti-ac4C dot blotting of total mRNA from A498 and 786-O cells with NAT10 overexpression or
knockdown (n = 3) (t-test and ANOVA for statistics). The quantification results were normalized to the control cells. Results represented at
least three independent experiments (*P < 0.05, **P < 0.01, ***P < 0.001). Abbreviations: NAT10, N-acetyltransferase 10; ccRCC, clear-cell
renal cell carcinoma; ac4C, N4-acetylcytidine; TCGA, the cancer genome atlas; KIRC, kidney renal clear-cell carcinoma; ICGC-RECA, the
international cancer genome consortium-renal cancer; CPTAC3, clinical proteomic tumor analysis consortium 3; IHC,
immunohistochemical; FPKM, fragments per kilobase of exon model per million mapped fragments; RPKM, reads per kilobase per million
mapped reads; GAPDH, glyceraldehyde-3-phosphate dehydrogenase.
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MIAO et al. 9

F IGURE 2 NAT10 promoted tumor progression in ccRCC. (A) Colony formation assays for the NAT10-knockdown ccRCC cells and the
control cells (n = 3) (ANOVA for statistics). (B) Transwell assays for the NAT10-overexpressed ccRCC cells or the control cells (n = 3). (C)
Flow cytometry assays showed the proportion of apoptotic cells in NAT10-knockdown ccRCC cells and the control cells (n = 3). Comp-PE-A
means Annexin V was compensated by negative control and single positive control. Comp-Percp-7-AAD means 7-AAD was compensated by
negative control and single positive control. (D) CAKI-1 cells with NAT10 knockdown were injected into nude mice. Tumors were extracted
after mice were euthanized (n = 5) (t-test for statistics). (E-F) IHC of NAT10 and Ki67 in subcutaneous tumors from the NAT10-knockdown
group and the control group (n = 5) (Mann-Whitney U test for statistics). (G) Live small animal fluorescent images of the metastasis model in
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10 MIAO et al.

3.4 NAT10 promoted tumor progression
and lymphangiogenesis in ccRCC by
enhancing the nuclear localization of YAP1

To elucidate the mechanisms by which NAT10 promoted
tumor progression and lymphangiogenesis in ccRCC, this
study performed RNA-seq analysis in ccRCC cells after
NAT10 silencing (Supplementary Figure S5A). KEGG
pathway enrichment analysis indicated that Hippo sig-
naling was the dominant pathway among the functional
enrichment results (Supplementary Figure S5B). We also
observed differential mRNA levels in several established
targets of the Hippo signaling [34] between the NAT10-
knockdown and control groups (Supplementary Figure
S5C). Subsequently, we found that two common mak-
ers of Hippo signaling, connective tissue growth factor
(CTGF) and cysteine-rich 61 (CYR61), were downregu-
lated in NAT10-knockdown ccRCC cells (Supplementary
Figure S5D). Moreover, CTGF and CYR61 were upregu-
lated in NAT10-overexpressed ccRCC cells (Supplemen-
tary Figure S5E). However, the mRNA level of YAP1,
the core effector of Hippo signaling, has no statistical
difference upon NAT10 knockdown or overexpression
(Supplementary Figure S5D-E). Western blotting showed
that the overexpression or knockdown of NAT10 did not
influence the protein level of phosphorylated or total
YAP1 either (Supplementary Figure S5F-G). Since YAP1
dynamically shuttles between the cytoplasm and the
nucleus where it acts as an activator of gene transcription,
this study next conducted a series of nucleocytoplas-
mic separation assays. It was demonstrated that NAT10-
knockdown ccRCC cells inhibited YAP1 nuclear localiza-
tion (Figure 4A), while NAT10-overexpressed ccRCC cells
inhibited cytoplasmic localization of YAP1 (Supplemen-
tary Figure S6A). Immunofluorescence assays showed that
NAT10 overexpression elevated the translocation of YAP1
into the nucleus (Figure 4B), while NAT10 knockdown
reduced the nuclear YAP1 staining (Supplementary Figure
S6B). Upon the reintroduction of NAT10 into NAT10-
knockdown ccRCC cells, a significant increase in YAP1
nuclear localization was observed (Supplementary Figure
S6C). Given the influence of classical regulators large
tumor suppressor kinase 1/2 (LATS1/2) and moesin-ezrin-
radixin like tumor suppressor (NF2) on YAP1 localization
[35], we explored whether NAT10-mediated YAP1 nuclear
translocation is also affected by LATS1/2 and NF2. The
nucleocytoplasmic separation assays indicated that the

knockdown of LATS1 or NF2 partially alleviated the cyto-
plasmic retention of YAP1 induced by NAT10 depletion
(Supplementary Figure S7A-B). These results suggested
that NAT10-mediated nuclear translocation of YAP1 was
partially dependent on the classical phosphorylation path-
way. To examine whether the Hippo pathway is critical in
NAT10-mediated tumor promotion and lymphangiogene-
sis, the siRNA targeting YAP1 was applied to treat NAT10-
overexpressed ccRCC cells. Cell viability assays indicated
that the knockdown of YAP1 alleviated the promotion of
proliferation by NAT10 overexpression (Figure 4C). More-
over, the knockdown of YAP1 offset the promotion of
invasion and migration driven by NAT10 overexpression
(Supplementary Figure S7C). The knockdown of YAP1
also rescued the apoptosis-resistant phenotype caused
by the overexpression of NAT10 (Supplementary Figure
S8A-B). These data confirmed that NAT10 repressed the
non-canonical Hippo signaling and then promoted tumor
progression in ccRCC.
Next, we found that the knockdown of YAP1 offset

the promotion of tumor lymphangiogenesis caused by
NAT10 overexpression (Figure 4D-E and Supplementary
Figure S8C-D). To investigate the mechanisms under-
lying the tube formation of HLECs cultured in CM
from ccRCC cells, RNA-seq data from shNC/shNAT10
and siNC/siYAP1 groups were analyzed to draw a Venn
diagram (Supplementary Figure S9A). Subsequently, the
mRNA levels of the six candidates were measured in the
ccRCC cells with YAP1 knockdown. The results showed
that the mRNA levels of both VEGFC/D decreased sig-
nificantly after YAP1 knockdown (Supplementary Figure
S9B). Moreover, the protein levels of VEGFC/D increased
in NAT10-overexpressed ccRCC cells and decreased in
NAT10-knockdown ccRCC cells (Figure 4F and Supple-
mentary Figure S9C-D). Western blotting showed that
the knockdown of YAP1 alleviated the increased expres-
sion of VEGFC/D in NAT10-overexpressed ccRCC cells
(Figure 4G and Supplementary Figure S9E). These results
supported that NAT10 promoted tumor lymphangiogene-
sis by upregulating the expression levels of VEGFC/D.

3.5 ANKZF1 was identified as a
functional target of NAT10 in ccRCC

To investigate the potential targets regulated by NAT10 in
ccRCC, RNA-seq and NAT10-RIP-seq data were analyzed

the NAT10-knockdown group and control group. The images depict one mouse from each group in four distinct body positions. Nude mice
were imaged eight weeks after performing tail vein injections of A498 cells (n = 5) (t-test for statistics). Results represented at least three
independent experiments (*P < 0.05, **P < 0.01, ***P < 0.001). Abbreviations: NAT10, N-acetyltransferase 10; ccRCC, clear-cell renal cell
carcinoma; PE, phycoerythrin; 7-AAD, 7-amino-actinomycin D; IHC, immunohistochemical; Ki-67, marker of proliferation ki-67.

 25233548, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/cac2.12523 by C

ochraneC
hina, W

iley O
nline L

ibrary on [03/03/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



MIAO et al. 11

F IGURE 3 NAT10 promoted tumor lymphangiogenesis in ccRCC. (A) GSEA showed the associations between the VEGF signaling and
the NAT10mRNA levels in ccRCC. FDR q < 25% was considered statistically significant. Patients were categorized into low and high
subgroups using median expression (50%) as the cut-off. (B) Cell proliferation curves of HLECs treated with CM from the
NAT10-overexpressed ccRCC cells and the control cells (n = 4) (t-test for statistics). (C) Cell proliferation curves of HLECs treated with CM
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12 MIAO et al.

together to draw a Venn diagram (Figure 5A). It was
displayed that NAT10 bound to 2,395 mRNAs, among
which ANKZF1 were simultaneously downregulated
upon NAT10 knockdown and most closely correlated
with NAT10 in the TCGA-KIRC database (Figure 5A and
Supplementary Figure S10A). Hence, this study hypoth-
esized that the expression of ANKZF1 was regulated by
NAT10-mediated ac4C modification. To further validate
our hypothesis, ac4C-RIP-qPCR assays were performed.
It was found that ac4C abundances of ANKZF1 increased
in tumor tissues and cell lines of ccRCC (Figure 5B-C), in
which the levels of NAT10-mediated ac4C modification
were previously proved to be elevated in the present study.
Moreover, NAT10 overexpression enhanced the ac4C
modification in the ANKZF1 mRNA in A498 and 786-O
cells (Figure 5D). On the contrary, the ac4C abundances of
ANKZF1 were reduced upon NAT10 knockdown (Supple-
mentary Figure S10B). Subsequently, the mRNA half-life
assay demonstrated that the stability of ANKZF1 was sig-
nificantly enhanced by NAT10 upregulation (Figure 5E).
On the contrary, NAT10 reduction reduced the stability
of ANKZF1 mRNA (Figure 5E). Similarly, mRNA levels of
ANKZF1 markedly increased after NAT10 overexpression
and decreased after NAT10 knockdown (Supplemen-
tary Figure S10C-D). The ANKZF1 protein expression
increased after NAT10 overexpression and decreased after
NAT10 knockdown (Figure 5F and Supplementary Figure
S10E). These results denoted the NAT10-mediated ac4C
modification raised the expression of ANKZF1 in ccRCC.
To confirm the biological function of ANKZF1 in ccRCC,

ccRCC cells with ANKZF1 knockdown were established
(Supplementary Figure S10F-G). Cell viability assays pre-
sented that the ccRCC cells with ANKZF1 knockdown
exhibited decreased proliferation ability (Supplementary
Figure S10H). Transwell assays denoted that the migra-
tion and invasion abilities of ANKZF1-knockdown ccRCC
cells were reduced (Supplementary Figure S10I). To con-
firm the biological relevance of ANKZF1 in mediating
NAT10-regulated ccRCC progression, rescue experiments
were performed by reintroducing ANKZF1 to NAT10-

knockdown ccRCC cells. Cell viability assays indicated
that overexpression of ANKZF1 enhanced the proliferation
ability of NAT10-knockdown ccRCC cells (Supplemen-
tary Figure S11A). Similarly, overexpression of ANKZF1
rescued the decreased migration and invasion capacity
after the knockdown of NAT10 (Supplementary Figure
S11B). The increased apoptotic rates induced by the knock-
down of NAT10 were also reduced by overexpression of
ANKZF1 in ccRCC cells (Figure 5G and Supplementary
Figure S11C). Moreover, we found that overexpression of
ANKZF1 offset the anti-lymphangiogenic effect caused
by the knockdown of NAT10 (Figure 5H-I and Supple-
mentary Figure S12A-B). Additionally, Western blotting
showed that overexpression of ANKZF1 rescued the down-
regulation of VEGFC/D in the NAT10-knockdown ccRCC
cells (Figure 5J and Supplementary Figure S12C). Simi-
larly, the knockdown of ANKZF1 resulted in a reduction
in the upregulation of VEGFC/D in NAT10-overexpressed
ccRCC cells (Supplementary Figure S12D). Together, these
findings demonstrated that NAT10-dependent ac4C mod-
ification of ANKZF1 functionally regulated the biological
processes of ccRCC cells.

3.6 NAT10 inactivated the
non-canonical Hippo signaling by
enhancing the ANKZF1-YWHAE
interaction

The previous findings of this study suggested that NAT10
functioned as an oncogene in ccRCC by silencing non-
canonical Hippo signaling or by upregulating ANKZF1.
These findings hinted at a link between ANKZF1 and
the non-canonical Hippo pathway. To explore the effect
of ANKZF1 on the non-canonical Hippo signaling in
ccRCC, YAP1 and phosphorylated YAP1 abundances in
ccRCC cells were measured. It was demonstrated that
overexpression or knockdown of ANKZF1 presented no
significant effect on YAP1 at the protein expression (Sup-
plementary Figure S13A-B). However, nucleocytoplasmic

from the NAT10-knockdown ccRCC cells and the control cells (n = 4) (t-test for statistics). (D) Transwell assays for HLECs treated with CM
from the NAT10-overexpressed ccRCC cells and the control cells (n = 3) (t-test for statistics). (E) Transwell assays for HLECs treated with CM
from the NAT10-knockdown ccRCC cells and the control cells (n = 3) (t-test for statistics). (F) Tube formation assays for HLECs treated with
CM from the NAT10-overexpressed ccRCC cells and the control cells (n = 3) (t-test for statistics). (G) Tube formation assays for HLECs treated
with CM from the NAT10-knockdown ccRCC cells and the control cells (n = 3) (t-test for statistics). (H) ELISAs were used to detect the
VEGFD concentrations in CM from ccRCC cells with NAT10 overexpression or knockdown (n = 3) (t-test for statistics). (I) IHC of NAT10,
VEGFC/D, and LYVE1 in subcutaneous tumors from the NAT10-knockdown group and the control group (n = 5) (Mann-Whitney U for
statistics). Results represented at least three independent experiments (*P < 0.05, **P < 0.01, ***P < 0.001). Abbreviations: NAT10,
N-acetyltransferase 10; ccRCC, clear-cell renal cell carcinoma; GSEA, gene set enrichment analysis; FDR, false discovery rate; NES,
normalized enrichment score; VEGF, vascular endothelial growth factor; HLEC, human lymphatic endothelial cell; CM, conditioned
medium; ELISA, Enzyme-linked immunosorbent assay; VEGFC/D, vascular endothelial growth factor-C/D; LYVE1, lymphatic vessel
endothelial hyaluronan receptor 1; KEGG, kyoto encyclopedia of genes and genomes.
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MIAO et al. 13

F IGURE 4 NAT10 promoted tumor progression and lymphangiogenesis in ccRCC by enhancing the nuclear localization of YAP1. (A)
Western blotting showed the subcellular localization of YAP1 after NAT10 knockdown (n= 3) (ANOVA for statistics). (B) Immunofluorescence
assays displayed subcellular localization of YAP1 after NAT10 overexpression. (C) Cell proliferation curves of cell viability assays for the
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14 MIAO et al.

separation assays indicated that ANKZF1 altered YAP1
nuclear-cytoplasmic localization in ccRCC (Figure 6A
and Supplementary Figure S13C). These data supported
that ANKZF1 inactivated non-canonical Hippo signaling,
resulting in the nuclear localization of YAP1. To clarify
how ANKZF1 affected the nuclear-cytoplasmic localiza-
tion of YAP1, IP/MS experiments were conducted in this
study. Briefly, Flag-ANKZF1 or vector was reintroduced
in HEK293T cells (Supplementary Figure S13D-E), and IP
followed by MS analyses was performed. We found that
354 proteins were pulled down by Flag-ANKZF1, not by
the vector. Among these proteins, 5 candidates were also
included in the Hippo-associated proteins from the KEGG
database (Figure 6B). Among these candidates, YWHAE
was reported to interactwithYAP1 in various cancers, lead-
ing to the cytoplasmic localization of YAP1 [36]. To validate
whether YWHAE could inhibit the transcriptional activa-
tion of YAP1 in ccRCC, this study assessed themRNA level
of known target genes of the Hippo signaling in YWHAE-
overexpressed cells. The results revealed a significant
downregulation of CTGF and CYR61 upon YWHAE over-
expression, suggesting a decrease in the transcriptional
activity of YAP1 (Supplementary Figure S13F). Conversely,
mRNA levels of CTGF and CYR61 were markedly upregu-
lated in YWHAE-knockdown ccRCC cells (Supplementary
Figure S13G). This study further found that YWHAE-
knockdown ccRCC cells displayed increased abilities for
proliferation, invasion, and migration (Supplementary
Figure S14A-C). Additionally, a notable reduction in the
rate of apoptosis was observed (Supplementary Figure
S14D-E). Moreover, the knockdown of YWHAE restored
the tumor-suppressive effects caused by NAT10 knock-
down (Supplementary Figure S14).
Subsequently, co-IP assays were conducted to explore

how ANKZF1/YWHAE regulated the non-canonical
Hippo signaling. We found that, in HEK293T cells,
endogenous ANKZF1 and YWHAE were efficiently
immunoprecipitating with each other (Figure 6C).
Further to confirm this interaction, Myc-YWHAE and
Flag-ANKZF1 were reintroduced in HEK293T cells. It was
observed that, in HEK293T cells, Flag-ANKZF1 and Myc-
YWHAE interacted with each other (Figure 6D). Next, we
repeated co-IP assays in A498 and 786-O cells, the results
of which denoted that Flag-ANKZF1 and Myc-YWHAE
bound to each other in ccRCC (Figure 6E). This study next

sought to define whether the overexpression or knock-
down of ANKZF1 could affect the interaction between
YWHAE and YAP1 or not. In ANKZF1-overexpressed
A498 and 786-O cells, YWHAE immunoprecipitated fewer
YAP1 proteins (Figure 6F). On the contrary, the deple-
tion of ANKZF1 commanded more interaction between
YWHAE and YAP1 (Figure 6G). Furthermore, this study
found that in NAT10-overexpressed ccRCC cells, there was
an upregulation of ANKZF1, accompanied by a reduced
binding of YWHAE to YAP1 (Supplementary Figure S15A).
Conversely, upon NAT10 knockdown, the expression of
ANKZF1 was downregulated, resulting in increased inter-
action between YWHAE and YAP1 (Supplementary Figure
S15B). Given the phosphorylation-dependent interaction
between YWHAE and YAP1 at the S127 site [36], this study
introduced plasmids carrying YAP1 mutations (S127A and
5SA) into ccRCC cells and performed co-IP assays. The
results indicated an enhanced binding affinity between
YWHAE and the wild-type YAP1 (Supplementary Figure
S15C). However, this interaction was notably impaired in
the presence of YAP1 mutations at the S127A or 5SA site
(Supplementary Figure S15C). Subsequent nucleocytoplas-
mic separation assays indicated that NAT10 specifically
influenced the localization of wild-type YAP1 (Supplemen-
tary Figure S15D). Remarkably, both S127A and 5SA YAP1
mutants predominantly localized to the cell nucleus, and
their intracellular distribution remained unaffected by the
NAT10/ANKZF1 axis (Supplementary Figure S15D). Then
five truncated plasmids of Flag-ANKZF1 were cloned
and reintroduced to HEK293T cells (Figure 6H). Among
all parts of Flag-ANKZF1, only Part 5 interacted with
YWHAE (Figure 6I), suggesting that the amino acids
between 600 and 726 in ANKZF1 were mandatory for its
interaction with YWHAE. To confirm the role of YWHAE
in mediating ANKZF1-induced nuclear localization of
YAP1 in ccRCC, rescue experiments were performed by
silencing YWHAE in ANKZF1-knockdown ccRCC cells.
Western blotting showed that the knockdown of YWHAE
did not influence the protein levels of phosphorylated or
total YAP1 in ANKZF1-knockdown ccRCC cells (Supple-
mentary Figure S15E-F), which was consistent with the
previous findings. However, the nucleocytoplasmic sepa-
ration assays indicated that the knockdown of YWHAE
inhibited the cytoplasmic localization of YAP1 induced
by ANKZF1 knockdown (Figure 6J and Supplementary

indicated ccRCC cells (n = 4) (ANOVA for statistics). (D-E) Tube formation assays for HLECs treated with CM from the indicated ccRCC cells
(n = 3) (ANOVA for statistics). (F) The protein levels of VEGFC/D in ccRCC cells with NAT10 overexpression and the control cells. (G) The
protein levels of NAT10, YAP1, and VEGFC/D in the indicated ccRCC cells. Results represented at least three independent experiments (*P <
0.05, **P < 0.01, ***P < 0.001). Abbreviations: NAT10, N-acetyltransferase 10; ccRCC, clear-cell renal cell carcinoma; YAP1, yes1-associated
transcriptional regulator; HLEC, human lymphatic endothelial cell; CM, conditioned medium; VEGFC/D, vascular endothelial growth
factor-C/D; pYAP1, phosphorylated YAP1; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; DAPI, 4’,6-diamidino-2-phenylindole.
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MIAO et al. 15

F IGURE 5 ANKZF1 was identified as a functional target of NAT10 in ccRCC. (A) Venn diagram of the downstream genes regulated by
NAT10 in A498 ccRCC cells. “NAT10-RIP-seq” means that these genes were identified by NAT10-RIP-seq. “shNAT10-RNA-seq” means DEGs
between the shNC and shNAT10 group. “NAT10-|R| > 0.35” means that the correlation between this gene set and NAT10 is greater than 0.35.
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16 MIAO et al.

Figure S15G). These findings suggested that ANKZF1
directly interacted with YWHAE and inhibited the
YWHAE-mediated cytoplasmic retention of YAP1.

3.7 NAT10-ANKZF1 axis inactivated
non-canonical Hippo signaling and
suppressed ccRCC progression and
lymphangiogenesis in vivo

The functions of YWHAE and ANKZF1 in NAT10-
mediated YAP1 inhibition were investigated. We found
that both overexpression of ANKZF1 and knockdown of
YWHAE could eliminate the cytoplasmic localization of
YAP1 driven by the knockdown of NAT10 (Supplementary
Figure S16A-B). Interestingly, we observed that Tafazzin
(TAZ), as a paralogue of YAP1, was also regulated by
theNAT10/ANKZF1/YWHAE axis (Supplementary Figure
S16A-B). Although overexpression of ANKZF1 or knock-
down of YWHAE did not influence the level of total YAP1,
they offset the effects of activating non-canonical Hippo
signaling induced by knockdown of NAT10, resulting in
elevated expression levels of VEGFC/D (Supplementary
Figure S17). Next, the function of the NAT10/ANKZF1
axis was explored in vivo via animal models. Subcu-
taneous tumor models indicated that overexpression of
ANKZF1 could reverse the growth inhibition induced by
NAT10 knockdown (Figure 7A-C). IHC staining of sub-
cutaneous tumors showed that the decreased expression
levels of Ki67 and VEGFC/D in the NAT10-knockdown
group were restored by the reintroduction of ANKZF1
(Figure 7D and Supplementary Figure S18A). IHC stain-
ing results of LYVE1 revealed that overexpression of
ANKZF1 rescued the decreased lymphatic vessel density
in the NAT10-knockdown group (Figure 7D and Supple-
mentary Figure S18A). Immunofluorescence staining of
subcutaneous tumors revealed that the reduced nuclear
localization of YAP1/TAZ in the NAT10-knockdown group

was partially restored upon the reintroduction of ANKZF1
(Supplementary Figure S18B-C). Small animal fluores-
cent imaging assays indicated that the overexpression
of ANKZF1 reversed the inhibition of metastasis driven
by NAT10 knockdown (Figure 7E and Supplementary
Figure S18D). Also, the number of metastatic nodes in
mouse livers was raised by the reintroduction of ANKZF1
for the NAT10-knockdown group (Supplementary Figure
S18E). Finally, Kaplan-Meier analyses were conducted to
assess the prognostic value of NAT10 and ANKZF1 for
ccRCC patients based on the TCGA-KIRC cohort. The
survival analyses showed that aberrant accumulation of
either NAT10 or ANKZF1 was associated with poor over-
all survival of ccRCC patients (Figure 7F). Taken together,
these observations suggested that theNA10T-ANKZF1 axis
promoted tumor progression and lymphangiogenesis in
ccRCC.

4 DISCUSSION

Despite increasing evidence demonstrating that NAT10-
mediated epigenetic ac4C modification contributes to
tumor development in several cancers [28, 29, 37], the func-
tion of NAT10 in ccRCC has not been identified. In the
present study, we reported a pro-cancer role of NAT10 in
ccRCC progression and lymphangiogenesis. ANKZF1, the
functional downstream target of NAT10, interacted with
YWHAE to competitively curb its transport function, lead-
ing to the increased nuclear import of YAP1 and transcrip-
tion of VEGFC/D (Figure 8). Moreover, functional assays
in vivo and in vitro validated that the NAT10-ANKZF1 axis
acceleratedmalignant progression and lymphangiogenesis
in ccRCC.
RNA modifications, termed epi-transcriptome, have

gained sustained attention since their importance in RNA
metabolism and gradually become a novel therapeutic tar-
get in various cancers [38–40]. ac4C is one of the most

The list of candidates in the Venn diagram has been deposited in the Science Data Bank (www.scidb.cn). (B) The ac4C modification levels of
ANKZF1 in ccRCC tissues and adjacent normal tissues ccRCC (n = 12) (Wilcoxon test for statistics). (C) The ac4C modification levels of
ANKZF1 in ccRCC cell lines and the normal cell line (n = 3) (ANOVA for statistics). (D) The ac4C modification levels of ANKZF1 in
NAT10-overexpressed ccRCC cells or the control cells (n = 3) (t-test for statistics). (E) The decay rate of NAT10mRNA after treatment with
actinomycin D in A498 and 786-O cells with NAT10 knockdown or overexpression (n = 3) (t-test for statistics). (F) The protein expression of
ANKZF1 in ccRCC cells with NAT10 overexpression (n = 3) (t-test for statistics). (G) The apoptosis rates of the indicated ccRCC cells from
flow cytometry assays (n = 3) (ANOVA for statistics). (H) Tube formation assays for HLECs treated with CM from the indicated ccRCC cells (n
= 3) (ANOVA for statistics). (I) Cell proliferation curves of HLECs treated with CM from the indicated ccRCC cells (n = 4) (ANOVA for
statistics). (J) The protein expression of NAT10, ANKZF1, and VEGFC/D in the indicated ccRCC cells (n = 3). Results represented at least
three independent experiments (*P < 0.05, **P < 0.01, ***P < 0.001). Abbreviations: ANKZF1, ankyrin repeat and zinc finger peptidyl tRNA
hydrolase 1; NAT10, N-acetyltransferase 10; ccRCC, clear-cell renal cell carcinoma; RIP-seq, RNA immunoprecipitation-sequencing; DEGs,
differentially expressed genes; ac4C, N4-acetylcytidine; HLEC, human lymphatic endothelial cell; CM, conditioned medium; VEGFC/D,
vascular endothelial growth factor-C/D; CRYBG1, crystallin beta-gamma domain containing 1; CDIPT, cdp-diacylglycerol-inositol
3-phosphatidyltransferase; ATG16L2, autophagy-related 16 like 2; GAPDH, glyceraldehyde-3-phosphate dehydrogenase.
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F IGURE 6 NAT10 inactivated the non-canonical Hippo signaling by enhancing the ANKZF1-YWHAE interaction. (A) Western blotting
showed the subcellular localization of YAP1 after ANKZF1 knockdown (n = 3) (t-test for statistics). (B) Venn diagram of proteins pulled down
through Flag-ANKZF1, proteins pulled down through Vector, and proteins in the Hippo pathway from the KEGG database. Peptides with an
unused score > 1.3 (a credibility of more than 95%) were considered credible peptides, and proteins containing at least one unique peptide
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common RNA chemical alterations and has a critical role
in promoting the translational efficiency and stability of
mRNA [23]. It was reported that both the distribution
and the effect of ac4C are different from those of N6-
methyladenine [26]. A majority of ac4C modifications
occurred within the coding sequences and were related
to substrate mRNA stability, while N6-methyladenosine
residues showed a 3′-untranslated region localization bias
and were associated with mRNA destabilization [26, 41].
Moreover, a previous study found that ac4C modifica-
tions on the 5ʹ untranslated region and coding sequence
had different impacts on mRNA translation and proposed
that the role of ac4C in mRNA translation was decided
by the location where ac4C modifications occurred [42].
Although the precise mechanisms through which NAT10-
mediated ac4C influencedmRNA translation and stabiliza-
tion remain unclear, it did not prevent NAT10 from being
a druggable target in cancers. Prior studies verified that
NAT10-depleted tumor cells were more sensitive to dox-
orubicin therapy in hepatocellular carcinoma [43] and that
breast cancer cells with chemical inhibition of NAT10were
hypersensitive to chemotherapy and radiotherapy [28]. In
the present study, we found that NAT10-mediated ac4C
modification improved the stability of ANKZF1 mRNA
and caused the upregulation of ANKZF1 in ccRCC. These
findings established a new explanation for how NAT10-
mediated ac4C modification functioned in ccRCC and
provided a basis for the development of drugs targeting
ac4C modification in ccRCC.
Tumor lymphangiogenesis plays a pivotal role in

regional lymph node metastasis [44]. It has been demon-
strated that lymphangiogenesis was also significantly asso-
ciated with the distant spread of cancer cells [8]. Conse-
quently, an increasing number of researchers have shifted
their research focus towards elucidating the regulatory
mechanisms of tumor lymphangiogenesis [9]. MicroRNAs
have been suggested to serve as robust post-transcriptional
regulatory factors, exerting control over lymphangiogen-
esis [45]. It was proposed that miRNA-182-5p inhibited

colon cancer tumorigenesis and lymphangiogenesis by
directly targeting VEGFC [18]. In addition to microR-
NAs, RNA modifications also play a significant role in the
post-transcriptional regulation of lymphangiogenesis [46].
For example,methyltransferase 3 (METTL3)-mediatedN6-
methyladenosine modifications stimulate lymphangio-
genesis by regulating VEGFC expression [47]. In the study,
we discovered that NAT10-mediated ac4C modification
promoted lymphangiogenesis in ccRCC by enhancing the
mRNA stability of ANKZF1. Collectively, our findings not
only emphasized the crucial role of post-transcriptional
modifications in lymphangiogenesis but also established
a significant association between ac4C modification and
tumor lymphangiogenesis.
Concurrently, in specific tumor contexts, VEGFC/D-

VEGFR3-mediated lymphangiogenesis is also under the
control of other signaling pathways. In pancreatic can-
cer, inhibition of the phosphatidylinositol-3-kinase/Akt
pathway resulted in a subsequent downregulation of
VEGFC expression, ultimately suppressing lymphangio-
genesis and lymph node metastasis [48]. Zheng et al. [49]
revealed that activation of the Wnt signaling heightened
the secretion of VEGFC, thereby fostering the lymphatic
metastasis of bladder cancer. Previous independent inves-
tigations have revealed that YAP1, the core effector of
the Hippo pathway, regulated lymphangiogenesis by the
VEGFC/D-VRGFR3 signaling pathway [50, 51]. Consis-
tent with these findings, we discovered that NAT10-driven
nuclear translocation of YAP1 led to an upregulation of
VEGFC/D expression, consequently promoting lymphan-
giogenesis in ccRCC. Although VEGFC and VEGFD are
pivotal lymphangiogenic factors in human cancers, the
predominant emphasis has been on highlighting the lym-
phangiogenic role of VEGFC, with limited attention given
to VEGFC-independent lymphangiogenic mechanisms
[49, 52]. In this study, we observed that VEGFDmight play
a more critical role in NAT10-mediated lymphangiogene-
sis. While the NAT10-YAP1 axis concurrently upregulated
the mRNA and protein levels of VEGFC/D, the increase in

were retained. The list of candidates in the Venn diagram has been deposited in the Science Data Bank (www.scidb.cn). (C) The endogenous
ANKZF1-YWHAE interaction was determined by co-IP assays in HEK293T cells. (D) The exogenous ANKZF1-YWHAE interaction was
determined by co-IP assays in HEK293T cells overexpressed Flag-ANKZF1 and/or Myc-YWHAE. (E) The exogenous ANKZF1-YWHAE
interaction was determined by co-IP assays in ccRCC cells overexpressed Flag-ANKZF1 and/or Myc-YWHAE. (F) The YWHAE-YAP1
interaction was determined by co-IP assays in A498 and 786-O cells with Flag-ANKZF1 overexpression. (G) The YWHAE-YAP1 interaction
was determined by co-IP assays in A498 and 786-O cells with ANKZF1 knockdown. (H) The diagrams show wild-type ANKZF1 (full length,
1-726) and its five truncations. (I) HEK293T cells were transfected with the truncated plasmids, followed by co-IP assays and Western blotting
to examine the interaction between truncations of ANKZF1 and YWHAE. (J) Western blotting showed the subcellular localization of YAP1 in
the indicated ccRCC cells. Results represented at least three independent experiments (*P < 0.05, **P < 0.01, ***P < 0.001). Abbreviations:
ANKZF1, ankyrin repeat and zinc finger peptidyl tRNA hydrolase 1; NAT10, N-acetyltransferase 10; YWHAE, tyrosine
3-monooxygenase/tryptophan 5-monooxygenase activation protein epsilon; YAP1, yes1-associated transcriptional regulator; KEGG, kyoto
encyclopedia of genes and genomes; co-IP, co-immunoprecipitation; pYAP1, phosphorylated YAP1; GAPDH, glyceraldehyde-3-phosphate
dehydrogenase; PPP1/2CB, protein phosphatase 1/2 catalytic subunit beta; PPP2R1A/B, protein phosphatase 2 scaffold subunit Aalpha/Abeta.
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F IGURE 7 NAT10-ANKZF1 axis inactivated the non-canonical Hippo signaling and suppressed tumor progression in vivo. (A-B)
Representative images of isolated subcutaneous tumors from nude mice in the indicated groups. Tumors were extracted and weighed after
mice were euthanized (n = 5) (ANOVA for statistics). (C) Tumor size was measured every 4 days and the last measurement was performed on
day 44 (n = 5) (ANOVA for statistics). (D) IHC staining for NAT10, ANKZF1, Ki67, VEGFC/D, YAP1/TAZ, and LYVE1 in the subcutaneous
tumors (n = 5). The bottom left image is a 4 times magnified view of the original image’s top-left corner. (E) Live small animal fluorescent
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images of the indicated groups in the metastasis model. The images depict one mouse from each group in four distinct body positions. Nude
mice were imaged eight weeks after performing tail vein injections of A498 cells (n = 5) (ANOVA for statistics). (F) The Kaplan-Meier
analyses showed the association between the overall survival rates of ccRCC patients and the expression levels of NAT10 and ANKZF1.
Patients were categorized into low and high subgroups using median expression (50%) as the cut-off (log-rank for statistics). Results
represented at least three independent experiments (*P < 0.05, **P < 0.01, ***P < 0.001). Abbreviations: ANKZF1, ankyrin repeat and zinc
finger peptidyl tRNA hydrolase 1; NAT10, N-acetyltransferase 10; IHC, immunohistochemistry; VEGFC/D, vascular endothelial growth
factor-C/D; YAP1, yes1-associated transcriptional regulator; TAZ, tafazzin; LYVE1, lymphatic vessel endothelial hyaluronan receptor 1; Ki-67,
marker of proliferation ki-67; TAZ, tafazzin.

VEGFD concentration induced by NAT10 overexpression
in the CM was significantly more pronounced than that
observed for VEGFC. This highlighted a possibility that the
NAT10-regulated Hippo signaling might selectively par-
ticipate in the maturation process of either VEGFC or
VEGFD [51]. In summary, the present study elucidated
a molecular mechanism of tumor lymphangiogenesis in
ccRCC, providing new therapeutic targets for inhibiting
the progression and lymphatic metastasis of renal cancer.
The present study had some limitations. Firstly, the

underlying reasons for the upregulation of NAT10 in
ccRCC remain unexplored. Secondly, despite our com-
prehensive utilization of bulk RNA-seq data, this data
type inherently possesses limitations, such as the inability

to capture cell-type specificity, providing only an aver-
aged gene expression profile from a mix of cell types.
Future investigations could employ cell-specific sequenc-
ing approaches, such as single-cell RNA sequencing, to
further elucidate the role of NAT10 in ccRCC.

5 CONCLUSIONS

In the present study, we found that aberrant upregulation
ofANKZF1was caused byNAT10-mediated ac4Cmodifica-
tion in ccRCC. As a functional target of NAT10, ANKZF1
interacted with YWHAE, resulting in increased nuclear
localization of YAP1. The NAT10/ANKZF1 axis-mediated

F IGURE 8 The mechanism scheme of NAT10 in ccRCC. NAT10-mediated ac4C raised the expression of ANKZF1 in ccRCC; ANKZF1
interacted with YWHAE to promote the nuclear localization of YAP1, thereby activating the transcription of VEGFC/D. Then the
NAT10/ANKZF1 axis-regulated non-canonical Hippo pathway promoted tumor progression and lymphangiogenesis in ccRCC. The
mechanism scheme was drawn by using Figdraw (www.figdraw.com). Abbreviations: ANKZF1, ankyrin repeat and zinc finger peptidyl tRNA
hydrolase 1; NAT10, N-acetyltransferase 10; VEGFC/D, vascular endothelial growth factor-C/D; YAP1, yes1-associated transcriptional
regulator; YWHAE, tyrosine 3-monooxygenase/tryptophan 5-monooxygenase activation protein epsilon; ac4C, N4-acetylcytidine; TEAD, tea
domain transcription factor.
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nuclear import of YAP1 promoted the progression and
lymphangiogenesis of ccRCC through the transcriptional
activation of VEGFC/D. Together, these findings highlight
a fundamental regulatory mechanism underlying non-
canonical Hippo signaling and tumor lymphangiogenesis
of ccRCC and suggest that inhibition of NAT10/ANKZF1
may yield clinical benefits for ccRCC patients.
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