
Frontiers in Oncology | www.frontiersin.org

Edited by:
Gelina Kopeina,

Lomonosov Moscow State
University, Russia

Reviewed by:
Mantang Qiu,

Peking University People’s
Hospital, China

Yongsong Chen,
Shantou University, China

*Correspondence:
Xiangqing Kong

xiangqing_kong@sina.com
Jing Shi

shijing5499@jsph.org.cn

†These authors have contributed
equally to this work

Specialty section:
This article was submitted to

Molecular and
Cellular Oncology,

a section of the journal
Frontiers in Oncology

Received: 17 November 2020
Accepted: 07 April 2021
Published: 19 May 2021

Citation:
Yang C, Wu T, Zhang J, Liu J,

Zhao K, Sun W, Zhou X, Kong X
and Shi J (2021) Prognostic and

Immunological Role of mRNA ac4C
Regulator NAT10 in Pan-Cancer: New

Territory for Cancer Research?
Front. Oncol. 11:630417.

doi: 10.3389/fonc.2021.630417

ORIGINAL RESEARCH
published: 19 May 2021

doi: 10.3389/fonc.2021.630417
Prognostic and Immunological Role
of mRNA ac4C Regulator NAT10 in
Pan-Cancer: New Territory for
Cancer Research?
Chuanxi Yang1,2†, Tingting Wu1†, Jing Zhang1†, Jinhui Liu3, Kun Zhao1, Wei Sun1,
Xin Zhou4, Xiangqing Kong1* and Jing Shi1*

1 Department of Cardiology, The First Affiliated Hospital of Nanjing Medical University, Nanjing, China, 2 Department of
Cardiology, Yangpu Hospital, Tongji University School of Medicine, Shanghai, China, 3 Department of Gynecology, The First
Affiliated Hospital of Nanjing Medical University, Nanjing, China, 4 Department of Oncology, The First Affiliated Hospital of
Nanjing Medical University, Nanjing, China

Background: NAT10 (also known as human N-acetyltransferase-like protein) is a critical
gene that regulates N4-acetylcytidine formation in RNA, similar to the multiple regulators of
N6-methyladenosine. However, the underlying functions and mechanisms of NAT10 in
tumor progression and immunology are unclear.

Methods: In this study, we systematically analyzed the pan-cancer expression and
correlations of NAT10, using databases including Oncomine, PrognoScan, GEPIA2, and
Kaplan-Meier Plotter. The potential correlations of NAT10 with immune infiltration stages and
genemarker sets were analyzed using the Tumor Immune Estimation Resource and GEPIA2.

Results: Compared with normal tissues, NAT10 showed higher expression in most
cancers based on combined data from TCGA and GTEx. In different datasets, high NAT10
expression was significantly correlated with poor prognosis in adrenocortical carcinoma,
head and neck squamous cell carcinoma, liver hepatocellular carcinoma, kidney renal
papillary cell carcinoma, and pheochromocytoma and paraganglioma. Moreover, there
were significant positive correlations between NAT10 expression and immune infiltrates,
including B cells, CD8+ T cells, CD4+ T cells, neutrophils, macrophages, dendritic cells,
endothelial cells, and fibroblasts in LIHC. NAT10 expression showed strong correlations
with diverse immune marker gene sets in LIHC.

Conclusion: NAT10 expression affects the prognosis of pan-cancer patients and is
significantly correlated with tumor immune infiltration. Furthermore, it represents a
potential target for cancer therapy.
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BACKGROUND

RNA modification was first discovered in 1956 by Cohn et al. (1)
and Davis et al. (2). In recent years, extensive research in RNA
biology has revealed diverse modifications of RNA at the post-
transcription stage. More than 100 RNAmodifications have been
shown to have important roles in regulating RNA stability (3),
localization (4), transport, shearing (5), and translation (6). N4-
acetylcytidine (ac4C) is considered to be a conservative
chemically modified nucleoside on tRNA and rRNA (7).
Recently, several studies proved that the presence of ac4C on
tRNA, rRNA and mRNA is important for increasing and
maintaining the fidelity of protein translation (8–11).
Furthermore, studies by Thomale et al. (12) and Liebich et al.
(13) found significant increases in modified nucleosides
(including ac4C) in the urine of tumor mice and cancer
patients. Besides, increased levels of ac4C in urine were
observed in colorectal cancer (14), urogenital cancer (15),
ovarian epithelial cancer (16), and breast cancer (17). These
findings suggest that ac4C is a potential biomarker for cancer.

NAT10 (also known as hALP, human N-acetyltransferase-
like protein), which was first reported in 2003, is a protein with
histone acetylation activity that can enhance telomerase activity
by stimulating transcription of hTERT (18). NAT10 or a
homologous enzyme in other species increased the formation
of ac4C on tRNA, rRNA, and mRNA, thereby maintaining the
accuracy of protein translation and stabilizing the mRNA (11).
Tuan et al. first showed that NAT10 was associated with cancer
by demonstrating that it could significantly promote cell growth
in epithelial ovarian cancer and breast cancer (19, 20). NAT10
also has a potential role in increasing melanogenesis and
melanoma growth (21). In addition, high NAT10 expression
was found to be related to poor survival in human hepatocellular
carcinoma (22) (23), acute myeloid leukemia (24) and to
promote colorectal cancer progression by increasing
micronuclei (25). These findings suggest that NAT10 has
multifaceted functional roles in cancers. Several studies have
also shown that levels of ac4C are associated with inflammatory
responses (26, 27). However, the underlying functions and
Abbreviations: ACC, adrenalcortical carcinoma; BLCA, bladder urothelial carcinoma;
BRCA, breast invasive carcinoma; CCLE, Cancer Cell Line Encyclopedia; CHOL,
cholangiocarcinoma; COAD, colon adenocarcinoma; DFI, disease-free interval; DLBC,
lymphoid neoplasm diffuse large B-cell lymphoma; DSS, disease-specific survival;
ESCA, esophageal carcinoma; GBM, glioblastoma multiforme; GTEx, The Genotype-
Tissue Expression; International Cancer Genome Consortium; HNSC, Head and Neck
squamous cell carcinoma; KICH, kidney chromophobe; KIRC, kidney renal clear cell
carcinoma; KIRP, kidney renal papillary cell carcinoma; LAML, acute myeloid
leukemia; LGG, brain lower grade glioma; LIHC, liver hepatocellular carcinoma;
LUAD, lung adenocarcinoma; LUSC, lung squamous cell carcinoma; MESO,
mesothelioma; MSI, microsatellite instability; OS, overall survival; OV, ovarian
serous cystadenocarcinoma; PAAD, pancreatic adenocarcinoma; PCPG,
pheochromocytoma and paraganglioma; PD-1, programmed cell death protein 1s;
PRAD, prostate adenocarcinoma; READ, rectum adenocarcinoma; ROC, Receive
Operating Characteristic; SARC, sarcoma; SKCM, skin cutaneous melanoma; STAD,
stomach adenocarcinoma; TCGA, The Cancer Genome Atlas; TGCT, testicular germ
cell tumor; THYM, thymoma; TIMER2, Tumor IMmune Estimation Resource; TMB,
tumor mutation burden; UCEC, uterine corpus endometrial carcinoma; UVM,
uveal melanoma.
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mechanisms of NAT10 in tumor progression and tumor
immunology remain unclear.

In the current study, we systematically analyzed the pan-
cancer expression of NAT10 and its correlations, using databases
including Oncomine, PrognoScan, GEPIA2, and Kaplan-Meier
Plotter. We then investigated the potential correlations of
NAT10 with immune infiltration stages using the Tumor
Immune Estimation Resource2 (TIMER2) and GEPIA2. The
findings from our study indicate that NAT10 expression affects
the prognosis of pan-cancer patients as well as being significantly
correlated with tumor-immune infiltration. Furthermore, it may
serve as a potential target for cancer therapies.
MATERIALS AND METHODS

Ethics Approval
Ten paired human para-tumor and tumor tissue samples were
obtained from newly diagnosed Liver hepatocellular carcinoma
in the First Affiliated Hospital of Nanjing Medical University
(Nanjing, China). The tissues were stored in the fridge at -80°C.
The study was conducted with the approval of the Institutional
Review Board and the Ethics Committee of the First Affiliated
Hospital of Nanjing Medical University (ID: 2017-SRFA-104).

Data Mining for NAT10 in Public
Databases
First, to investigate the pan-cancer differential expression of
NAT10 mRNA, several databases were mined, including:
Oncomine (http://www.oncomine.org/resource/login.html)
with thresholds of P-value 0.05 and fold change 1.5; The
Cancer Genome Atlas (TCGA); the Broad Institute Cancer Cell
Line Encyclopedia (CCLE); and GEPIA2 (http://GEPIA2.cancer-
pku.cn/). Simply, we search the different expression of NAT10
between tumor and adjacent normal tissues for the TCGA
project at “Gene_DE” module of TIMER2 (tumor immune
estimation resource, version 2) web (http://TIMER2.cistrome.
org). GBM (Glioblastoma multiforme), LAML (Acutemyeloid
leukemia), etc., which without normal or with highly limited
normal tissues, are using the “Expression analysis -Box Plots”
module of the GEPIA2 (Gene Expression Profiling Interactive
Analysis, version 2) to get box plots about NAT10 expression
between these tumor tissues and the corresponding normal
tissues of the GTEx (Genotype -Tissue Expression) database
(setting with P-value cutoff = 0.01, log2FC (fold change)
cutoff =1, and “Match TCGA normal and GTEx data).

Then, HPA (Human protein atlas) database (http://www.
proteinatlas.org/humanproteome/pathology) were used to get
the expression of NAT10 in different cells and tissues under
physiological conditions. The detailed information about low
specificity of NAT10 was stated by “NX (Normalized expression) ≥ 1
in at least one tissue/region/cell type but not elevated in any
tissue/region/cell type” which can be found at the link http://
proteinatlas.org//search/NAT10.

In addition, the NAT10 expression transformed to log2 [TPM
(Transcripts per million) +1] in different pathological stage
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(stage I, stage II, stage III and stage IV) of tumors was showed in
violin plots at the “Pathological Stage Plot” module of GEPIA2.
Furthermore, the UALCAN portal (http://ualcan.path.uab.edu/
analysis-prot.html) was used to process protein expression
analysis of the CPTAC (clinical proteomic tumor analysis
consortium) dataset. The expression level of total protein of
NAT10 between primary tumor and normal tissues (breast
cancer, ovarian cancer, colon cancer, clear cell renal cell
carcinoma, uterine corpus endometrial carcinoma and lung
adenocarcinoma) was explored by entering “NAT10”.

Survival Analysis in GEPIA2, PrognoScan,
and Kaplan-Meier Plotter
Cox regression analysis was performed to test the correlations
between NAT10 expression and patients’ overall survival (OS),
disease-free survival (DFS), disease-specific survival (DSS), and
progression-free survival (PFS) in each cancer type using TCGA
in the R environment. PrognoScan (http://dna00.bio.kyutech.ac.
jp/PrognoScan-cgi/PrognoScan.cgi) microarray datasets were
used to examine the relationships of NAT10 expression levels
with prognosis. The threshold was adjusted to Cox P-value < 0.05.
GEPIA2, an interactive online platform with information from
TCGA and GTEx, was used to assess the effects of NAT10
expression on OS and DFS in each available cancer type (total
number = 34). Kaplan-Meier Plotter is a relatively comprehensive
online tool that can be used to analyze the effects of 54,675
genes on survival in 21 cancer types. We analyzed the
relationships of NAT10 with OS and relapse-free survival (RFS)
in liver hepatocellular carcinoma (LIHC), Head and neck
squamous cell carcinoma (HNSC), adrenocortical carcinoma
(ACC), kidney renal papillary cell carcinoma (KIRP), and
pheochromocytoma and paraganglioma (PCPG). Hazard ratios
(HRs) with 95% confidence intervals (CIs) and log-rank P-values
were calculated.

Correlation Between NAT10 Expression
and Immune Status in TIMER2 and GEPIA2
TIMER2, a powerful online platform for the systematic analysis
of immune infiltration in abundant cancer types, contains 10,897
samples spanning 32 cancer types from the TCGA database,
which can be used to evaluate the diversity of immune
infiltration. Therefore, we analyzed NAT10 expression with
all six types of immune infiltrates: B cells, CD4+ T cells,
CD8+ T cells, neutrophils, macrophages, and dendritic cells
(DCs). Correlations between expression levels of NAT10 and
tumor purity were also analyzed by using the “Immune-
Gene” module.

Furthermore, the correlations between immune cell markers
and NAT10 expression were identified using correlation modules
in GEPIA2. The gene markers included markers of B cells, CD8+
T cells, follicular helper T cells (Tfh), T-helper 1 (Th1) cells,
T-helper 2 (Th2) cells, T-helper 9 (Th9) cells, T-helper 17 (Th17)
cells, T-helper 22 (Th22) cells, regulatory T cells (Tregs),
exhausted T cells, M1 macrophages, M2 macrophages, tumor-
associated macrophages (TAMs), monocytes, natural killer
(NK) cells, neutrophils, and DCs. Immune gene markers from
R&D systems (https://www.rndsystems.com/cn/resources/cell-
Frontiers in Oncology | www.frontiersin.org 3
markers/immune-cells) was selected for analyzing. The gene
expression level was adjusted with log2 RSEM with x-axis
representing NAT10 and y-axis representing immune gene
markers. Correlation scores were calculated for LIHC, HNSC,
ACC, KIRP, and PCPG with the Spearman method by
using scatterplots.

NAT10-Related Gene Enrichment Analysis
To explore the proteins potentially interacting with NAT10, the
STRING database (http://string-db.org) which was searched by a
single protein name (“NAT10”) and organism (“Homo
sapiens”). Furthermore, the following main parameters:
meaning of network edges (“evidence”), minimum required
interaction score [“Low confluence (0.150)”], max number of
interactors to show (“no more than 50 interactors”) and active
interaction sources (“experiments”) was set to obtain the
available experimentally determined NAT10-binding proteins.
Then, by using GEPIA2 with the module of “Similar Gene
Detection”, we get the top 100 NAT10-correlated genes which
was conducted by all TCGA tumor and normal tissues.
Particularly, “correlation analysis” in GEPIA2 was used to
perform the Pearson correlation between NAT10 with the top
5 selected genes, and “Gene_Corr” module in TIMER2 was used
to supply the heatmap data of the top 5 selected genes. Then, the
100 NAT10-correlated genes and the 50 interactors were
subjected to network analyses (https://portal.genego.com) as
previous described (28). Pearson correlation analysis was used
to determine the associations of proteins with NAT10.

RNA Analysis and Real-Time Quantitative
PCR (qRT-PCR)
Total RNA isolation from tissue samples were performed using
the RNazol B method and a Qiagen RNeasy kit, according to the
manufacturer’s instructions. RNA was reverse transcribed
(Applied Biosystems) using random hexamer priming. Real-
time qRT-PCR was performed using SYBR Green reagent
(Applied Biosystems) and rat-specific primers on the ABI
Prism 7500 Sequence Detection system. GAPDH was used as
an internal control. The relative gene expression levels were
calculated using the 2−△△Ct method (n=10).

Primers for real-time PCR:
NAT10 forward: 5’-ATAGCAGCCACAAACATTCGC-3’,
NAT10 reverse: 5’-ACACACATGCCGAAGGTATTG-3’;
GAPDH forward: 5ʹ-GAACGGGAAGCTCACTGG-3ʹ,
GAPDH reverse: 5ʹ-GCCTGCTTCACCACCTTCT-3ʹ.

Immunohistochemistry Staining
Para-tumor and tumor tissue samples were embedded in
formalin. Each tissue was cut to 4-mm thick and mounted on a
glass slide. Dewaxing sections were performed as previously
described (29). Endogenous peroxidase activity was inhibited
and blocked with 5% bovine serum albumin for 30 min at 37°C.
The slices were incubated in anti-NAT10 (1:1000 dilution,
13365-1-AP, Proteintech) overnight at 4°C, washed three
times with PBS for 5 min, and then incubated with secondary
anti-horseradish peroxide at 37°C for 30 min. After three more
washes with PBS, the slices were visualized in diaminobenzidine
May 2021 | Volume 11 | Article 630417
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chromogenic solution. Microscopic images were obtained by
light microscopy (Carl Zeiss, Oberkochen, Germany).

Statistical Analysis
Low and high NAT10 expression groups were established using
normalized NAT10 mRNA expression values from the various
datasets, based on P-values determined by t-tests. The Spearman
correlation test was used to assess the correlations between
NAT10 expression and targets of interest, including
neoantigens, tumor mutational burden (TMB), and
microsatellite instability (MSI). We used log-rank tests to
calculate HRs and log-rank P-values in Kaplan-Meier Plotter,
PrognoScan, and GEPIA2. P-values less than 0.05 were
considered significant. All graphs were produced using the R
software (version 4.0.2, www.r-project.org) with the ggplot2 and
forestplot packages.
RESULTS

NAT10 Expression Analysis Data
In our study, by using integrated datasets [HPA (Human protein
atlas), GTEx, FANTOM5 (Function annotation of the
mammalian genome 5), Monaco and Schmiedel], we first
assessed the expression of NAT10 in different cells and normal
tissues. As shown in Figure 1A, expression of NAT10 showed
low RNA blood cell type specificity in different blood cells.
NAT10 showed highest expression in the Tonsil, Parathyroid
gland and Testis (Figure 1B). However, NAT10 can be expressed
in all tissues (all consensus normalized expression value >1)
showing low RNA tissue specificity.

Then, the mRNA expression levels of NAT10 were analyzed
in Oncomine over a cancer-wide range. NAT10 expression was
higher in cancer groups compared with the respective normal
groups, including bladder, breast, colorectal, esophageal, gastric,
liver, lung, kidney, and prostate cancers, as well as leukemia and
myeloma. Interestingly, lower expression of NAT10 was found in
one leukemia dataset (Figure 1C). The NAT10 expression data
for multiple cancers from Oncomine are summarized in
Supplementary Table 1.

Furthermore, the pan-cancer expression of NAT10 was
examined based on RNA sequencing data from TCGA using
TIMER2. As shown in Figure 1D, the expression of NAT10 in
tumor tissues of BLCA, BRCA, CHOL, COAD, ESCA, HNSC,
KICH, KIRC, LIHC, LUAD, LUSC, READ, SKCM, STAD and
THCA is higher than the corresponding normal tissues. After
using the GTEx dataset as controls, similarly increasing level of
NAT10 expression was found in DLBC and THYM
(Supplementary Figure 1). However, we did not obtain a
significant difference for other tumors. We also used the
“Pathological Stage Plot” module in GEPIA2 to get the
correlation between NAT10 expression and the pathological
stages of cancers, including KIRP, LIHC, LUAD and PAAD
(Figure 1E, all p <0.05) but not others (Supplementary Figure 1).

Moreover, using the CPTAC dataset, the total protein of
NAT10 is higher expressed in the primary tumor of clear cell
Frontiers in Oncology | www.frontiersin.org 4
RCC, breast cancer, colon cancer, LUAD, ovarian cancer and
UCEC than in normal tissues (Figure 1F). Also, in different
stages of these six types of cancer, the total protein of NAT10
showed higher expression in the primary tumor except ovarian
cancer (Supplementary Figure 1). The immunohistochemical
findings from HPA database showed positive in prostate,
lung, liver, breast and colorectal cancer than normal tissues
(Supplementary Figure 2) . Especial ly , the immuno
histochemical and mRNA results in LIHC from 10 patients
showed higher expression of NAT10 compared with
Paracancerous tissues.

Analysis of the Pan-Cancer Link Between
NAT10 Expression and Multifaceted
Prognostic Value
We assessed the correlation between the respective expression
levels of NAT10 and OS, PFS, DFS, and DSS in different cancer
types using a single-variate Cox regression analysis based on
TCGA. The results are summarized in Figures 2A–D. Nine of
the 33 cancer types showed significant relationships between
NAT10 expression levels and OS, seven showed significant
relationships with PFS, five with DFS, and seven with DSS.
Overall, the HRs for NAT10 were significant for LIHC, HNSC,
ACC, KIRP, and PCPG with respect to OS, PFS, DFS, and DSS.
In addition, survival curves comparing high and low expression
of NAT10 in different types of cancer in the TCGA database were
shown in Supplementary Figure 3.

Using Kaplan-Meier Plotter and GEPIA2, high expression of
NAT10 in HNSC, KIRP, LIHC and PCPG had worse outcomes
from Kaplan-Meier Plotter in OS and RFS (Figures 3A–H). For
ACC, HNSC, KIRP and LIHC, NAT10 significantly decreased
the OS in GEPIA2 (Figures 3I–M). In addition, compared with
low expression levels, high expression levels of NAT10 were
correlated with poorer DFS in ACC, HNSC and LIHC, but not in
KIRP and PCPG in GEPIA2 (Figures 3N–R). Using
PrognoScan, we analyzed the role of NAT10 in each cancer
type (number of cancer types = 12) and the relationships between
NAT10 expression and prognosis in different cancers. The results
are shown in Supplementary Table 2. Therefore, these results
suggest that NAT10 expression is an independent risk factor for
poor prognosis in these cancers.

High NAT10 Expression Affects the
Prognosis of LIHC With Different
Clinicopathological Features
In order to determine the relevance and underlying mechanisms
of NAT10 expression in LIHC, we first analyzed NAT10
expression at different stages of LIHC, ACC, KIRP, and HNSC
using TIMER2. The expression of NAT10 at stage III showed
a significant increase compared with stage I (Figures 4A–D).
The relationships between NAT10 expression and clinico
pathological features were investigated by combining clinical
and pathological data in Kaplan-Meier Plotter. With respect to
OS and PFS, almost all characteristics showed a detrimental
role of NAT10 in patients with LIHC, except for grade 2
(N =174, HR = 1.92, 95% CI = 0.97 to 3.97, P = 0.0564),
May 2021 | Volume 11 | Article 630417
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A C

B

D

E

F

FIGURE 1 | Expression levels of NAT10 in different tumors and pathological stages. (A, B) We analyzed the expression of NAT10 gene in different blood cells using
the consensus datasets of HPA, Monaco and Schmiedel (A) or in different tissues using the consensus datasets of HPA, GTEx and FANTOM5. (C) Increased or
decreased expression of NAT10 in datasets for different cancer tissues, compared with normal tissues from the Oncomine database. The number in each cell is the
size of the dataset. (D) The expression status of NAT10 gene in different cancers or specific cancer subtypes was determined by TIMER2. (E) Based on the TCGA
data, the expression of NAT10 was analyzed by the main pathological stages (stage I, stage II, stage III and stage IV) of KIRP, LIHC, LUAD and PAAD. Log2
(TPM+1) was applied for log-scale. (F) The expression of NAT10 total protein between normal tissue and primary tissue of breast cancer, ovarian cancer, colon
cancer, clear cell RCC and UCEC was analyzed based on the CPTAC dataset. *P < 0.05, ***P < 0.001.
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AJCC_T 1 (N = 180, HR = 1.6, 95% CI = 0.89 to 2.89, P =0.1146),
and micro-vascular invasion (N = 90, HR =2.02, 95% CI =0.9 to
4.57, P =0.0833) for OS; and stage 2 (N = 84, HR = 1.87, 95%
CI = 0.99 to 3.54, P = 0.0501), grade 2 (N = 175, HR =1.51, 95%
CI = 0.98 to 2.35, P = 0.0619), non-vascular invasion (N = 204,
HR = 1.54, 95% CI = 0.96 to 2.49, P = 0.0721), and micro-
vascular invasion (N = 91, HR = 1.76, 95% CI = 0.97 to 3.19, P =
0.0583) for PFS (Supplementary Table 3). Therefore, the
expression of NAT10 seems to be an independent risk factor
in prognosis of LIHC.
Frontiers in Oncology | www.frontiersin.org 6
NAT10 Expression Is Correlated With
Pan-Cancer Immune Infiltration Levels
Previous studies have proved that tumor-infiltrating
lymphocytes can affect patient survival (30), and the above
results demonstrate a powerful pan-cancer effect of NAT10 on
prognosis. Thus, we explored the relationships between
inflammatory infiltration and NAT10 expression. Using
TIMER2 datasets, we calculated the coefficients of NAT10
expression and immune infiltration levels in 40 cancer types.
The results show that NAT10 expression has significant positive
A B

C D

FIGURE 2 | Association between NAT10 expression levels and patient prognosis based on multiple tumors from TCGA database. (A) Relationship of NAT10
expression with OS. (B) Relationship of NAT10 expression with progression-free interval (PFI). (C) Relationship of NAT10 expression with disease-free interval (DFI).
(D) Relationship of NAT10 expression with DSS. Cox regression analysis; P < 0.05 was considered significant.
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A B C D
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F G H

FIGURE 3 | Kaplan-Meier survival curves comparing NAT10 expression in ACC, HNSC, KIRP, LIHC, and PCPG in GEPIA2 and Kaplan-Meier Plotter.
(A–D) Differences in OS among groups in HNSC (A), KIRP (B), LIHC (C), and PCPG (D) in Kaplan-Meier Plotter. (E–H) Differences in RFS among groups in HNSC
(E), KIRP (F), LIHC (G), and PCPG (H) in Kaplan-Meier Plotter. (I–M) Differences in OS among groups in ACC (I), HNSC (J), KIRP (K), LIHC (L), and PCPG (M) in
GEPIA2. (N–R) Differences in DFS among groups in ACC (N), HNSC (O), KIRP (P), LIHC (Q), and PCPG (R) in GEPIA2.
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correlations with tumor purity in 15 types of cancer. In addition,
NAT10 expression had significant correlations with infiltrating
levels of B cells in 15 types of cancer, CD8+ T cells in 17 types of
cancer, CD4+ T cells in 20 types of cancer, macrophages in 13
types of cancer, neutrophils in 23 types of cancer, and DCs in 19
types of cancer (Supplementary Table 4).

Overall, in five types of cancer (ACC, HNSC, LIHC, KIRP and
PCPG), NAT10 expression showed most relevant to immune
infiltration levels. Furthermore, we first assessed the
relationships between NAT10 expression and tumor purity in
the above five types of cancer. Two types (ACC and HNSC) of
the five showed significant positive correlations with tumor
purity in TIMER2. In addition, consistent positive correlations
with different types of infiltrating immune cells were seen in
LIHC: neutrophils (R = 0.162, P = 0.009) and DCs (R = 0.129,
P = 0.039) in KIRP; B cells (R = 0.243, P = 0.002) and
macrophages (R = 0.221, P = 0.004) in PCPG; B cells, CD4+ T
cells, neutrophils, and DCs in ACC; and CD8+ T cells,
neutrophils and DCs in HNSC showed positive correlations
with NAT10 expression (Figures 5A–E). These findings strongly
Frontiers in Oncology | www.frontiersin.org 8
suggest that NAT10 affects patient survival via interactions with
immune cell infiltration in cancers including LIHC.

Relationships Between NAT10 Expression
and Immune Markers
To further investigate the correlations between NAT10 and
different types of infiltrating immune cells, we analyzed the
relationships between NAT10 and immune cell markers using
TIMER2 and GEPIA2. In TIMER2, after adjustments for tumor
purity, NAT10 expression was significantly associated with 42 of
45 immune cell markers in LIHC; however, it was significantly
correlated with only 22 gene markers in KIRP, eight gene
markers in ACC, 28 gene markers in HNSC and 21 gene
markers in PCPG (Table 1).

As shown in Figure 5, B cells, CD4+ T cells, and macrophages
were the three immune cell types most strongly correlated with
NAT10 expression in LIHC. However, these correlations were
not found in KIRP. The relationships between NAT10
expression and B cells, CD4+ T cells, and macrophage markers
also showed differences between LIHC and KIRP. First, as for B
A B

C D

FIGURE 4 | Correlation of NAT10 expression levels with stage in ACC, HNSC, KIRP, and LIHC. Relationships of NAT10 expression with stage in ACC (A), HNSC
(B), KIRP (C), and LIHC (D).
May 2021 | Volume 11 | Article 630417

https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles


Yang et al. Role of NAT10 in Pan-Cancer
cells and macrophage markers, we analyzed the correlations of
NAT10 expression in tumor and normal tissues for LIHC and
KIRP based on the GEPIA2 database. Notably, the correlations
between NAT10 and TAMs were similar to those found using
TIMER2, suggesting that NAT10 is correlated with TAM
infiltration in LIHC. Second, NAT10 expression in LIHC and
KIRP showed partial difference in its relationships with CD8+ T
cells, Tfh cells, Th2 cells, Th9 cells, Th17 cells, Th22 cells,
neutrophils, and NK cells. In addition, NAT10 in LIHC had
significant correlations with T cell exhaustion markers including
PD-1 and CTLA4, and monocyte markers including CD14 and
CD16, whereas NAT10 in KIRP showed no such relationships.
We also used MCPcounter datasets to analyze the correlations
between NAT10 expression and other immune cells; the results,
Frontiers in Oncology | www.frontiersin.org 9
shown in Supplementary Figure 4, revealed strong positive
correlations of endothelial cells and fibroblasts with NAT10
expression in KIRP and LIHC. Therefore, these results further
confirm the findings that NAT10 is specifically correlated with
immune infiltrating cells in LIHC, demonstrating that NAT10
has a vital role in immune escape in LIHC.

Pan-Cancer Correlation of NAT10
Expression With Expression of Immune
Checkpoint Genes
Tumor immunotherapy is a novel treatment that involves restarting
and maintaining the tumor-immune cycle to restore the body’s
normal anti-tumor immune response. Immune checkpoint genes
are the main direction for monoclonal antibody inhibitors, cancer
A

B

C

D

E

FIGURE 5 | Correlation of NAT10 expression with immune infiltration levels in ACC, HNSC, KIRP, LIHC, and PCPG. (A) Correlations of NAT10 expression with
immune infiltration levels in ACC (A), HNSC (B), KIRP (C), LIHC (D), and PCPG (E).
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vaccines, cell therapies, and small-molecule inhibitors (31). Thus, we
analyzed the relationships between NAT10 expression and 47
immune checkpoint genes in the above five types of cancer.
Figure 6 shows the most significant positive correlations in KIRP
(15 of 47) and LIHC (31 of 47); no such strong relationships were
found in HNSC (three of 47), ACC (three of 47), or PCPG (seven of
47), but there were positive correlations. Therefore, these results
further suggest that NAT10 expression has a vital role related to
immune checkpoint genes in KIRP and LIHC (Figure 6A).

Relationships Between NAT10 Expression
and Immune Neoantigens, TMB and MSI
Neoantigens are new unnatural proteins encoded by mutated
genes in tumor cells, which can be used to synthesize new antigen
Frontiers in Oncology | www.frontiersin.org 10
vaccines to activate immunity and achieve a therapeutic effect
(32). Hence, we counted the number of new antigens in the
above five types of cancer and analyzed the relationships between
NAT10 expression and these antigens. The results are shown in
Figure 6B. Surprisingly, there was no relationship between
NAT10 expression and antigens.

Tumor mutation load (or TMB) (33), a quantifiable
biomarker used to reflect the number of mutations contained
in tumor cells, and MSI (34), the emergence of a new
microsatellite allele in the tumor, are valid prognostic
biomarkers and indicators of immune therapy response in
many tumor types. Therefore, we analyzed the correlations of
NAT10 expression with TMB and MSI in the above five types of
cancer, using Person correlation. As shown in Figure 6C, NAT10
A

B C D

FIGURE 6 | Relationship between NAT10 expression and immune checkpoint gene expression, immune neoantigens, TMB, and MSI in ACC, HNSC, KIRP, LIHC,
and PCPG. (A) Correlations of NAT10 expression with immune checkpoint gene expression. The lower triangle in each tile indicates coefficients calculated by
Pearson’s correlation test, and the upper triangle indicates the log10-transformed P-value. (B) Correlations between immune neoantigens and NAT10 expression.
(C) Correlations between TMB and NAT10 expression. (D) Correlations between MSI and NAT10 expression. *P < 0.05, **P < 0.01, ***P < 0.001.
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TABLE 1 | Correlation analysis between NAT10 and related genes and markers of immune cells in TIMER2.

PCPG (n= 181)

Purity None Purity

P Cor P Cor P

2 0.27910258 0.07620166 0.30793286 0.06411072 0.41044115

1 0.41006156 0.116231 0.11919049 0.12091378 0.11958194

1 **** 0.20534102 ** 0.20784791 **

4 0.52486642 0.34676621 **** 0.34579678 ****

7 0.61664917 0.16943357 * 0.20526366 **

1 0.71835985 0.12976506 0.08166878 0.12686479 0.10231163

6 * 0.20163799 ** 0.22623221 **

1 **** 0.06808735 0.36243625 0.07963587 0.30629919

2 * 0.16002304 * 0.18438766 *

7 **** 0.14587254 0.0500646 0.1782193 *

2 0.11827577 0.12143995 0.10341441 0.16061212 *

7 0.38534207 0.07084056 0.3433074 0.06462517 0.40668787

1 **** 0.11600793 0.11990568 0.07627538 0.32722448

3 0.96090158 0.39382754 **** 0.36768489 ****

5 **** 0.23068423 ** 0.33824744 ****

5 ** 0.17356966 * 0.20374218 **

5 * 0.05395948 0.47063456 0.05754715 0.46008926

3 0.28105543 -0.0507984 0.4970578 -0.0504797 0.51707903

2 ** 0.07739565 0.30039236 0.08906749 0.25235957

1 **** 0.2708093 *** 0.2661371 ***

2 * 0.11633376 0.11886214 0.11231932 0.14841281

3 **** 0.1303321 0.08033288 0.21327457 **

9 *** 0.45138729 **** 0.4374526 ****

6 **** 0.20990708 ** 0.24182654 **

7 **** 0.13443426 0.07118479 0.16780586 *

9 ** 0.04247263 0.57023309 0.05434399 0.48547745

8 0.10687844 0.05182194 0.48841729 0.04216808 0.58845274

3 *** 0.0988505 0.18552671 0.09572105 0.21850046

9 ** 0.20477516 ** 0.22566575 **

2 *** 0.30284556 **** 0.27522138 ***

2 *** 0.08824225 0.23749987 0.08387463 0.28118635
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Cell type Gene
marker

LIHC (n=371) KIRP (n=290) ACC (n= 79) HNSC (n= 522)

None Purity None Purity None Purity None

Cor P Cor P Cor P Cor P Cor P Cor P Cor P Cor

B cell CD19 1.43E-
01

** 1.77E-
01

*** -9.62E-
02

* 5.20E-
02

4.05E-
01

0.05779408 0.61291247 0.05882736 0.62104169 -0.0069951 0.87332439 0.048890

CD20 5.60E-
02

2.80E-
01

1.17E-
01

* 1.20E-
02

8.40E-
01

7.00E-
03

9.11E-
01

-0.1439917 0.20549999 0.00478008 0.96798446 -0.0235238 0.59179136 0.037220

CD38 1.62E-
01

** 2.29E-
01

**** 1.54E-
01

*** 1.68E-
01

*** 0.0635848 0.57772573 0.26625501 * 0.20620227 **** 0.227769

CD8+ T Cell CD8A 1.22E-
01

* 1.95E-
01

*** -2.00E-
03

9.71E-
01

1.50E-
02

8.12E-
01

-0.1210078 0.28809634 0.01697631 0.88664367 -0.0331563 0.44969504 0.028734

CD8B 5.20E-
02

3.21E-
01

1.20E-
01

* -7.60E-
02

2.00E-
01

-5.90E-
02

3.43E-
01

-0.1348848 0.23593908 0.00756078 0.94938014 -0.0727428 0.09687526 -0.02262

Tfh CXCR5 2.56E-
01

**** 1.81E-
01

*** 7.10E-
02

2.27E-
01

4.00E-
02

5.21E-
01

0.05242389 0.64634728 0.12503271 0.29189005 -0.051506 0.24010152 0.016299

ICOS 1.95E-
01

*** 2.81E-
01

**** 6.10E-
02

2.98E-
01

1.38E-
01

** -0.0643495 0.5731498 0.12417061 0.29525634 0.04110205 0.3486472 0.099673

BCL-6 4.09E-
01

**** 4.00E-
01

**** 3.79E-
01

**** 2.95E-
01

**** 0.47370983 **** 0.47178104 **** 0.27113488 **** 0.245288

Th1 IL12RB2 2.50E-
01

**** 2.71E-
01

**** 9.60E-
02

1.03E-
01

1.07E-
01

8.60E-
02

0.15152769 0.18251461 0.22188914 0.05920167 0.07954056 0.06939957 0.104264

WSX-1 3.96E-
01

**** 4.53E-
01

**** 3.38E-
01

**** 1.90E-
01

**** 0.17629017 0.12015458 0.22334105 0.05751734 0.20896131 **** 0.221822

T-BET 4.50E-
02

3.91E-
01

1.10E-
01

* -3.00E-
03

9.60E-
01

-3.00E-
03

9.64E-
01

-0.0675107 0.55441419 0.12361806 0.29742722 0.00481907 0.91253661 0.070514

Th2 CCR3 3.12E-
01

**** 3.72E-
01

**** 8.10E-
02

1.97E-
01

8.00E-
02

1.77E-
01

-0.2634941 * -0.220227 0.06117884 0.00205114 0.96271192 0.039221

STAT6 3.93E-
01

**** 3.83E-
01

**** 4.38E-
01

**** 4.40E-
01

**** 0.17558423 0.12166974 0.14145406 0.23258066 0.3274151 **** 0.317104

GATA-3 1.78E-
01

*** 2.79E-
01

**** 1.29E-
01

* 1.43E-
01

* 0.25350536 * 0.22120658 0.06000723 -0.0266636 0.54329384 0.002215

Th9 TGFBR2 4.17E-
01

**** 4.48E-
01

**** 5.74E-
01

**** 5.81E-
01

**** 0.09352483 0.41232091 0.2027046 0.08544679 0.23470935 **** 0.297225

IRF4 1.83E-
01

*** 2.67E-
01

**** 8.70E-
02

1.40E-
01

9.50E-
02

1.30E-
01

0.05046857 0.65870184 0.26458911 * 0.0461258 0.29285262 0.118591

PU.1 2.86E-
01

**** 4.02E-
01

**** -5.90E-
02

3.21E-
01

-8.90E-
02

1.54E-
01

-0.240482 * -0.1344732 0.25668139 0.02794067 0.52414872 0.099475

Th17 IL-21R 2.34E-
01

**** 3.29E-
01

**** 1.59E-
01

** 1.51E-
01

* 0.10225198 0.36987757 0.15659228 0.18583167 -0.0150174 0.73212261 0.048692

IL-23R 2.79E-
01

**** 2.88E-
01

**** 1.93E-
01

*** 1.77E-
01

** 0.28712054 * 0.23731782 * 0.12680544 ** 0.134533

STAT3 3.68E-
01

**** 4.05E-
01

**** 6.26E-
01

**** 6.33E-
01

**** 0.43062317 **** 0.44841214 **** 0.27642249 **** 0.282237

Th22 CCR10 3.56E-
01

**** 3.86E-
01

**** 7.50E-
02

2.01E-
01

4.50E-
02

4.72E-
01

0.14849075 0.19154182 0.1656466 0.16134747 0.11972348 ** 0.115618

AHR 3.72E-
01

**** 3.90E-
01

**** 3.62E-
01

**** 4.03E-
01

**** 0.19410906 0.08650592 0.25659853 * 0.334679 **** 0.334262

Treg FOXP3 1.53E-
01

** 1.89E-
01

*** 2.31E-
01

**** 2.22E-
01

*** 0.13412853 0.23860039 0.134337 0.25716786 0.10742879 * 0.165609

CCR8 3.64E-
01

**** 4.44E-
01

**** 1.58E-
01

** 1.75E-
01

** 0.05551354 0.62702001 0.13921472 0.24013409 0.18501258 **** 0.236490

CD25 2.48E-
01

**** 3.42E-
01

**** 2.08E-
01

*** 1.97E-
01

** 0.14682024 0.1966425 0.31443993 ** 0.14642496 *** 0.221274

T cell
exhaustion

PD-1 2.30E-
01

**** 3.08E-
01

**** -1.70E-
02

7.02E-
01

-4.50E-
02

3.31E-
01

-0.0770204 0.49988903 0.00086799 0.99418501 0.12554469 ** 0.136356

CTLA4 1.82E-
01

*** 2.59E-
01

**** -5.80E-
02

3.28E-
01

-6.20E-
02

3.19E-
01

-0.0821567 0.4716461 0.05809356 0.62541006 0.01037741 0.81301841 0.072780

Macrophage CD68 2.23E-
01

**** 2.84E-
01

**** 2.00E-
02

7.29E-
01

3.60E-
02

5.64E-
01

-0.0556475 0.62618744 0.10318644 0.3849944 0.10119248 * 0.149273

CD11b 2.71E-
01

**** 3.29E-
01

**** 1.23E-
01

* 9.70E-
02

1.19E-
01

-0.0995618 0.3826676 0.04868925 0.68249282 0.09386498 * 0.128108

M1 NOS2 1.43E-
01

** 1.54E-
01

** 2.10E-
01

*** 2.31E-
01

*** 0.11161421 0.32743153 0.17231631 0.14489864 0.16362206 *** 0.157663

ROS * * ** ** 0.11315899 0.32073843 0.24617754 * 0.14626064 *** 0.172422
7
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TABLE 1 | Continued

ACC (n= 79) HNSC (n= 522) PCPG (n= 181)

None Purity None Purity None Purity

or P Cor P Cor P Cor P Cor P Cor P

42076 0.21379449 0.15715121 0.18424652 -0.0656845 0.13394232 -0.0512549 0.25648263 0.07751927 0.29961872 0.08116498 0.29707519

17575 0.91808902 0.13149297 0.26746961 0.1655064 *** 0.2373637 **** 0.19055309 * 0.25344635 ***

63973 0.1599252 0.20024343 0.08939423 0.0905184 * 0.11910112 ** 0.05640823 0.45070618 0.0395455 0.61187369

50787 0.75891111 0.01386519 0.90731564 0.09485578 * 0.14797968 *** 0.01826356 0.80720824 0.02665436 0.73240816

31256 * -0.1166732 0.32560102 0.0818514 0.06165918 0.14779467 ** 0.07931921 0.28850321 0.09038293 0.2453934

28384 0.24318839 -0.0107557 0.92803864 -0.003942 0.92840688 0.05890325 0.19211542 0.10699411 0.1516852 0.09844765 0.20560418

31061 0.46652131 0.03230162 0.78616605 0.10422137 * 0.16355297 *** 0.03651873 0.62550149 0.03354334 0.66694776

84159 0.84788697 -0.1067507 0.3490793 -0.0260368 0.56451126 -0.0333934 0.44645776 0.12868947 0.09743003 0.14941162 *

80133 0.34337567 -0.0231396 0.84592659 -0.0285347 0.51536293 0.00454382 0.91992279 0.00124888 0.98668743 0.00453482 0.95361888

96154 0.60174559 0.14536563 0.21978575 -0.064338 0.14211828 -0.0050205 0.91155445 0.0425212 0.56979187 0.04823681 0.53589303

51217 **** 0.46438564 **** 0.37948184 **** 0.38474495 **** 0.42227551 **** 0.43137235 ****

38527 0.36239205 -0.041902 0.72484874 0.1186357 ** 0.16703874 *** 0.01973147 0.79205248 -0.0302399 0.69806127

11034 0.84663617 0.02211034 0.84663617 -0.1013037 * -0.1013037 * 0.205807 ** 0.205807 **

38169 0.41085604 0.0238002 0.84158423 -0.0592202 0.17670668 -0.0481172 0.2867881 -0.1068383 0.15228572 -0.0509426 0.51323863

NK, natural killer cell; DC, dendritic cell; None, correlation without adjustment; Purity, correlation adjusted for tumor purity; Cor, R value of
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Cell type Gene
marker

LIHC (n=371) KIRP (n=290)

None Purity None Purity

Cor P Cor P Cor P Cor P

1.33E-
01

1.29E-
01

1.66E-
01

1.63E-
01

M2 ARG1 -2.62E-
01

**** -2.72E-
01

**** 1.17E-
01

* 1.17E-
01

6.00E-
02

0.14

MRC1 -3.30E-
02

5.31E-
01

5.00E-
03

9.33E-
01

1.34E-
01

* 1.28E-
01

* -0.0

TAM HLA-G 1.07E-
01

* 1.18E-
01

* -9.20E-
02

1.17E-
01

-5.20E-
02

4.06E-
01

0.15

CD80 3.14E-
01

**** 4.04E-
01

**** 1.91E-
01

** 1.78E-
01

** -0.0

CD86 2.51E-
01

**** 3.59E-
01

**** -2.94E-
02

6.18E-
01

-4.41E-
02

4.80E-
01

-0.2

Monocyte CD14 -3.26E-
01

**** -3.17E-
01

**** -7.30E-
03

9.01E-
01

-3.83E-
02

5.40E-
01

-0.1

CD16 2.10E-
01

**** 2.76E-
01

**** 1.35E-
01

* 1.01E-
01

1.05E-
01

-0.0

NK XCL1 2.32E-
01

**** 1.91E-
01

*** 7.72E-
04

9.90E-
01

9.11E-
03

8.77E-
01

0.02

KIR3DL1 5.61E-
02

2.80E-
01

8.78E-
02

1.03E-
01

6.03E-
02

3.07E-
01

5.48E-
02

3.80E-
01

-0.1

CD7 1.31E-
01

* 1.89E-
01

*** -4.34E-
02

4.61E-
01

-4.16E-
02

5.05E-
01

-0.0

Neutrophil CD15 4.23E-
01

**** 4.56E-
01

**** 3.19E-
01

**** 3.30E-
01

**** 0.46

MPO 7.95E-
02

1.26E-
01

1.04E-
01

5.50E-
02

-1.01E-
01

8.60E-
02

-1.23E-
01

* -0.1

DC CD1C 1.91E-
01

*** 1.91E-
01

*** 1.52E-
01

** 1.52E-
01

** 0.02

CD141 1.19E-
01

* 1.67E-
01

** 3.96E-
01

**** 4.06E-
01

**** -0.0

Tfh, follicular helper T cell; Th, T helper cell; Treg, regulatory T cell; TAM, tumor-associated-macrophage
Spearman’s correlation. *P < 0.01; **P < 0.001; ***P < 0.0001, ****P < 0.0001.
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Yang et al. Role of NAT10 in Pan-Cancer
expression was positively correlated with low TMB in KIRP
(P = 0.0061). In addition, the coefficient values for MSI indicated
that NAT10 expression is positively correlated with high MSI in
LIHC (P = 0.0092, Figure 6D). Overall, these results show that
the relationships of NAT10 expression with TMB and MSI are
diverse among these five types of cancer.

Interactions and Correlations of Predicted
Proteins With NAT10
NAT10, the only confirmed regulator of mRNA acetyltransferase,
shows remarkable correlation with most cancers in immune
infiltration. However, as in the case of m6A RNA methylation
regulators which change the levels of m6A in immune infiltration
of cancers (35, 36), the details of the molecular mechanism of
NAT10 involved in the acetylation of mRNA are not clear. We
tried to screen out the targeting NAT10-binging proteins and the
NAT10-correlated genes for in-depth pathway enrichment
analyses. By using STRING tool and GEPIA2, we get total 50
NAT10-binding proteins (Figure 7A) and top 100 genes that
correlated with NAT10 expression. Also, we found two common
genes, namely, BMS1 and NOL10, between the above two groups
(Figure 7B). As shown in Figure 7C, the NAT10 expression level
was positively correlated with that of CAPRIN1 (Cell Cycle
Associated Protein 1) (R=0.68), EIF3M (Eukaryotic translation
initiation factor 3, subunit M) (R=0.56), NCL (Nucleolin)
(R=0.55), PDCD11 (Programmed Cell Death 11) (R=0.54),
ANAPC1 (Anaphase Promoting Complex Subunit 1) (R=0.54)
genes (all p <0.001). Then, the corresponding heatmap showed a
strong positive relationship between NAT10 and the above five
genes in the most types of cancers (Figure 7D).

In addition, by using Metacore system, pathway maps
analysis results showed that the two datasets were significantly
enriched in metabolism of RNA (including GTP-XTP
metabolism, CTP/UTP metabolism and ATP/ITP metabolism).
GO process results showed these genes were significantly
enriched in ribonucleoprotein complex biogenesis, rRNA
processing and rRNA metabolic process. And, translation
initiation and mRNA processing were enriched in process
networks (Figure 7E).
DISCUSSION

NAT10 was the first acetylation regulator to be proved to
maintain effective translation and stabilize mRNA by forming
ac4C on mRNA (11). Although studies of NAT10 have been
limited, increased levels of ac4C in urine are known to be
correlated with four types of cancer (14–17). In addition,
several studies have shown that overexpression of NAT10
could promote tumor progression in cancers including
colorectal cancer, epithelial ovarian cancer, and melanoma (20,
21, 26). Here, we report that a higher level of NAT10 mRNA and
protein was comprehensively found in multiple cancers
according to several different databases. Meanwhile, using OS,
PFS, DFS, and DSS data from TCGA, we discovered that three of
33 cancers (ACC, KIRP, LIHC) showed consistent correlations
Frontiers in Oncology | www.frontiersin.org 13
between unfavorable prognosis wtih NAT10 expression;
NAT10 expression in HNSC and PCPG showed significant
correlations with OS, PFS, and DSS but not DFS. in particular,
there were significant correlations with NAT10 expression in
LIHC and KIRP. Prognosis can vary according to characteristics
such as gender, race, tumor grade, and tumor stage. First,
we found significant increased NAT10 expression at stage
III compared with stage I in LICH, KIRP, and ACC. Second,
high levels of NAT10 expression were shown to be almost
consistently correlated with poor prognosis in liver cancer
across gender, race, alcohol consumption, hepatitis virus,
tumor stage, tumor grade and AJCC_T, with the highest HRs
for poor OS and PFS. In KIRP and HNSC, these correlations
were found in our study. Together, these findings strongly
suggest that NAT10 represents an independent prognostic
biomarker for liver cancer.

The tumor microenvironment (TME) contains various cells
including a large proportion of infiltrating immune cells (37).
Conventionally, the infiltration of immune cells in the TME is a
component of an antitumor strategy to avoid tumor cells being
killed (31, 38). Furthermore, in two (ACC and HNSC) of the
above five types of cancer, NAT10 expression showed a
significant positive correlation with tumor purity in TIMER2
and a significant correlation with prognosis in GEPIA2, whereas
KIRP, LIHC, and PCPG had no correlation of NAT10 with
tumor purity in TIMER2. In addition, the types of infiltrating
immune cells in five types of cancer were as follows: B cells,
CD8+ T cells, CD4+ T cells, macrophages, neutrophils, and DCs
in LIHC; B cells, CD4+ T cells, neutrophils, and DCs in ACC;
CD8+ T cells, neutrophils, and DCs in HNSC; neutrophils and
DCs in KIRP; B cells and macrophages in PCPG. Moreover, the
relationships between NAT10 expression and immune cell
markers reveal the role of NAT10 in regulating tumor
immunology in the above five cancers. In particular, NAT10
expression was significantly associated with 42 of 45 immune cell
markers in LIHC, that is, all markers except MRC1 for M2
macrophages, KIR3DL1 for NK cells, and MPO for neutrophils.
However, only 20 gene markers in PCPG, 22 gene markers in
KIRP, 28 gene markers in HNSC, and eight gene markers in ACC
showed significant correlations with high NAT10 expression.
Interestingly, most gene markers in these five types of cancer
were involved in B cell, T cell exhaustion, and TAM. Otherwise,
endothelial cells and fibroblasts were strongly positively
correlated with NAT10 expression in KIRP and LIHC, whereas
moderate or weak correlations with NAT10 expression
were found in ACC, HNSC, and PCPG using MCPcounter
datasets. These results reveal that NAT10 plays an important
part in recruitment and regulation of immune infiltrating cells
in LIHC.

Systematic analysis of the correlations between NAT10
expression and immune checkpoint genes (31), immune
neoantigens (32), TMB (33), and MSI (34) is conducive to a
more comprehensive understanding of TME, which could be
used to synthesize new antigen vaccines for antitumor therapies.
First, in our study of immune checkpoint genes, we found
the most significant positive correlations with NAT10
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expression in KIRP (15 of 47) and LIHC (31 of 47), whereas
HNSC (three of 47), ACC (three of 47), and PCPG (seven
of 47) did not show these strong relationships, although
there were still positive correlations. Second, no relationship
was found between NAT10 expression and antigens. Third,
NAT10 expression was positively correlated with low TMB in
KIRP (P = 0.0061), and with high MSI in LIHC (P =0.0092).
Overall, these results show that the relationships of NAT10
expression with TMB and MSI are diverse in these five types
of cancer.
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As in the case of m6A RNA methylation regulators, it has
been reported that m6A regulators play independent role of
immune infiltration in several types of cancers (35, 36, 39). In
this study, we first presented the evidence of the potential
correlation between NAT10, RNA acetylation regulator, with
immune infiltration. Furthermore, we assessed the 50 NAT10-
binding proteins and top 100 NAT10-correlated genes across all
tumors to get a series of pathway maps, GO processes and
process networks and identified the potential enrichment of
“metabolism of RNA”, “rRNA metabolic process” and “mRNA
A

C

D

E

B

FIGURE 7 | NAT10-related gene enrichment analysis. (A) We obtained the available experimentally determined top 50 NAT10-binding proteins using the STRING
database. (B) An intersection analysis of the NAT10-binding and correlated genes was applied. (C) Top five (including ANAPC1, CAPRIN1, EIF3M, NCL and
PDCD11) most NAT10-correlated genes in TCGA projects was analyzed by using the GEPIA2. (D) The corresponding heatmap data between NAT10 with these five
genes in the detailed cancer types was displayed. (E) Pathway maps analysis (left), GO process analysis (middle) and Process networks analysis (right) of NAT10-
binding and correlated genes.
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processing” in the etiology or pathogenesis of cancers. Because of
the extensive role of NAT10 in post-transcriptional modification
(11, 40), we therefore have reason to believe NAT10 may play an
important role about immune infiltration in tumors. While, this
hypothesis still needs further verification.

However, there were limitations to our study. First, systematic
bias may have been generated because of the large proportion of
microarray and sequencing data used in our study; higher-
resolution methods such as single-cell RNA sequencing could
be used to overcome this issue in future studies. Second, although
NAT10 plays an important part in ac4C formation in mRNA,
there was no information in the databases about the detailed
changes in ac4C in these cancers. Third, this study only
conducted a bioinformatics analysis of NAT10 expression and
patient survival across several databases; further experiments in
vivo and in vitro should be performed in future studies.
CONCLUSION

In summary, increased NAT10 expression was correlated with
poor prognosis in 12 types of cancer, especially ACC, KIRP,
LIHC, HNSC, and PCPG, and with increased immune
infiltration levels of CD8+ T cells, CD4+ T cells, macrophages,
neutrophils, and DCs in various cancers. In addition, NAT10
expression may contribute to regulation of TAMs, B cells,
exhausted T cells, and other immune cells in LIHC. Therefore,
NAT10 is likely to have an independent role in immune cell
infiltration and could represent a unique prognostic biomarker
in patients with liver cancers.
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