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ABSTRACT

Background: The N-6-adenine-specific DNA methyltransferase 1 (N6AMT1) is the only writer responsible for
DNA 6mA modifications. At present, its role in cancer is still unclear, and further systematic pan-cancer analysis
is needed to explore its value in diagnosis, prognosis and immunological function.

Methods: The subcellular localization of N6AMT1 was explored by UniProt and HPA database. The expression
data and prognosis data of N6AMT1 were downloaded from the UCSC (cohort: TCGA pan-cancer), and the
diagnostic and prognostic value of N6AMT1 in pan-cancer was explored. The value of N6AMT1-guided
immunotherapy was explored through three cohorts (GSE168204, GSE67501 and IMvigor210 cohort). The
correlation between N6AMT1 expression and tumor immune microenvironment was explored using CIBERSORT
and ESTIMATE calculation methods, combined with TISIDB database. The biological role of N6GAMT1 in specific
tumors was explored by GSEA method. Finally, we explored chemicals affecting N6GAMT1 expression through
the CTD.

Results: N6AMT1 is mainly localized in the nucleus and differentially expressed in 9 cancer types. In addition,
N6AMT1 showed early diagnostic value in 7 cancers and showed potential prognostic value in multiple cancer
types. We also demonstrated that N6AMT1 expression was significantly associated with immunomodulator-
related molecules, infiltration of lymphocyte subsets, and biomarkers of immunotherapy response.
Furthermore, we show that N6AMT1 is differentially expressed in the immunotherapy cohort. Finally, we
explored 43 chemicals that can affect N6GAMT1 expression.

Conclusions: N6AMT1 has shown excellent diagnostic and prognostic capabilities in a variety of cancers, and
it may reshape the tumor microenvironment and contribute to the ability to predict response to immuno-
therapy.
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INTRODUCTION

Cancer is currently the leading cause of death worldwide,
killing more than 10 million people each year [1]. The
main methods for cancer treatment are surgery,
radiation, chemotherapy, and immunotherapy. However,
although these methods greatly prolong the survival
time of patients, some patients still have a poor
prognosis. Therefore, an in-depth understanding of the
molecular mechanisms underlying the occurrence and
development of cancer will help us to find more
accurate prognostic biomarkers and therapeutic targets,
thereby providing new approaches to the diagnosis and
treatment of cancer.

Recent research has shown that abnormal epigenetic
modifications (DNA methylation, histone modifications,
etc.) are closely related to the occurrence of cancer [2].
Importantly, such epigenetic modifications are tunable;
thus, targeting epigenetic modifications represents a
promising therapeutic approach for cancer. With the
development of deep sequencing, the newly discovered
epigenetic mark DNA N6-methyl-2’-deoxyadenosine
(6mA) methylation has been shown to be widespread
in the human genome [3]. Dysregulation of DNA 6mA
modification is associated with embryogenesis [4],
atherosclerosis [5], hypertension [6], chronic kidney
disease [7], and cancer [3, 8, 9]. The N-6-adenine-
specific DNA methyltransferase 1 (N6AMT1), a putative
methyltransferase, was the first writer identified to be
responsible for DNA 6mA modification [3]. Therefore,
we speculate that N6AMT1 may have a crucial role in
the occurrence and development of cancer. Studies have
shown that abnormal expression of N6AMT1 can affect
the progression of triple-negative breast cancer and affect
drug resistance [10, 11]. In addition, increased expression
of N6AMT1 significantly increased the proliferation and
migration of HCC and tongue squamous cell carcinoma
[12, 13]. However, its specific mechanism of action and
its role in other cancers have not yet been studied. Given
the limited reports on the role of N6AMT1 in cancer, it is
difficult to draw any conclusions at this time. Therefore,
a comprehensive analysis of N6AMTL1 in different cancer
types is required.

In this study, we determined the differential expression
of N6BAMT1 in pan-cancer and screened cancer types
with diagnostic and prognostic values. Furthermore, this
study explored the correlation of N6AMT1 expression
with immunomodulators, lymphocyte subset infiltration,
and immunotherapy biomarkers, and assessed the
potential value of N6AMTL1 in immunotherapy in
different cancer types. Finally, we explored the chemicals
that affect N6AMT1 expression. N6AMT1 was found
to be a predictor of diagnosis, prognosis and immuno-
therapy response in multiple cancers. This study may

broaden the clinical application of N6AMT1 in various
cancers.

MATERIALS AND METHODS
Data collection

Transcriptomic data and clinical profiles of 33
tumors from The Cancer Genome Atlas (TCGA) were
obtained from the University of California Santa
Cruz (UCSC) Xena resource (cohort: TCGA pan-cancer)
(https:// xena.ucsc.edu/). In addition, somatic mutation
data were obtained from TCGA (https://portal.gdc.
cancer.gov/). Three immunotherapy response cohorts
were from the public Gene Expression Omnibus
database (https://www.ncbi.nIm.nih.gov/geo/). A cohort
from the IMvigor210 trial of atezolizumab-treated
advanced urothelial carcinoma [14]; a cohort of meta-
static melanoma patients treated with anti-PD1
(GSE168204); and nivolumab-treated human renal
cell carcinoma samples (GSE67501). Generally, the
indicators used to assess immunotherapy efficacy are
progressive disease (PD), stable disease (SD), partial
response (PR), and complete response (CR). In this
study, PD and SD patients were classified as non-
responders, and CR and PR patients were classified as
responders.

Subcellular localization analysis of NGAMT1

The UniProt database (https://www.uniprot.org/) includes
all known protein sequences with a complete
functional annotation compendium [15, 16]. The
Human Protein Atlas (HPA, https://www.proteinatlas.
org/) is a free open database containing various tissue
immunohistochemical (IHC) images and various cell
immunofluorescence (IF) images [17]. We analyzed
the subcellular localization of N6AMT1 using the
UniProt and HPA databases. IF pictures of NEAMT1
cell sublocalization in the human osteosarcoma cell
line U-2 OS and human squamous cell carcinoma cell
line A-431 were obtained from HPA. In addition, the
IHC images of N6AMT?1 protein expression in 7 normal
tissues and corresponding tumor tissues were obtained
through the HPA database.

Clinical relevance of N6AMT1 expression and pan-
cancer

First, we converted the transcriptome data (log2(FPKM+1))
acquired from UCSC Xena into a transcriptome data
form (FPKM), consistent with the TCGA data. The
limma package was used to analyze whether there was
a difference in N6BAMT1 expression between the tumor
group and the normal group. Correlations between
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N6AMT1 expression and three clinical parameters (age,
sex, and tumor stage) were also investigated.

Analysis of the diagnostic value of N6AMT1

To evaluate the diagnostic accuracy of N6AMTL in
pan-cancer, we performed sensitivity- and specificity-
based ROC curve analysis using the “Proc” package.
The area under the curve (AUC) ranged from 0.5 - 1.0
[18]. Different AUC values represent different diagnostic
values: no diagnostic value (AUC = 0.5), low diagnostic
value (AUC: 0.5 - 0.7), relative diagnostic accuracy
(AUC: 0.7 - 0.9), high diagnostic value (AUC: 0.9 -1.0),
perfect diagnosis (AUC = 1.0).

Analysis of the prognostic value of N6AMT1

We determined the prognostic value of N6AMTL in
pan-cancer using the survival and survminer packages
based on several prognostic indicators: overall survival
(OS), disease-free survival (DFS), disease-specific survival
(DSS) and progression-free survival (PFS). For cancer
types where N6AMTL expression affects prognosis,
we further supplemented Kaplan-Meier survival curve
analysis. p < 0.05 was considered to indicate statistical
significance.

Gene set enrichment analysis (GSEA)

GSEA is a conventional tool for analyzing different
groups based on gene expression data to provide
insights of biological significance [19]. Gene Ontology
(GO) gene set “c5.go.v7.4.symbols.gmt” and signal
pathway gene set ‘“c2.cp.kegg.v7.4.symbols.gmt” are
obtained from GSEA website (https://www.gseamsigdb.
org/gsea/index.jsp). The samples were divided into high
and low expression groups according to the median
N6AMT1 expression value, and then GSEA functional
analysis was performed using the “limma”, “enrichplot”,
“clusterProfiler” and “org.Hs.eg.db” packages. Finally,
the 5 most significantly correlated GO and signaling
pathways are shown.

Association of NBAMT1 expression with immune-
related factors

Estimation of STromal and Immune cells in MAlignant
Tumours using Expression data (ESTIMATE) is an
algorithm based on single-sample gene set enrichment
analysis (ssSGSEA) that estimates the extent of stromal
and immune cells in the tumor microenvironment
(TME) using tumor expression data [20]. Thus, we
obtained Immunescore and Stromalscore for each
sample. CIBERSORT is an emerging deconvolution
method for characterizing the composition of 22
immune cells based on tumor gene expression data [21].

Therefore, we used the CIBERSORT algorithm to
analyze the proportion of 22 infiltrating lymphocyte
subsets in the sample (perm = 1000, p < 0.05). TISIDB
(http://cis.nku.hk/T1SIDB/index.php) is a user-friendly
portal with multi-type data resources integrating tumors
and the immune system [22]. We explored the
association between N6AMT1 and immunomodulators
on a pan-cancer basis using the TISIDB website. The
immunomodulators comprised 24 immunoinhibitors, 45
immunostimulators, and 21 major histocompatibility
complex (MHC) molecules. We analyzed the potential
associations of N6GAMT1 with programmed cell death 1
ligand 1 (PDL1) expression, tumor mutational burden
(TMB), microsatellite instability (MSI), and mismatch
repair (MMR), which previous studies have identified
as potential biomarkers for predicting good response to
tumor immunotherapy [23]. TMB represents the number
of nonsynonymous mutations per megabase in somatic
cells [24]. MSI scores were derived from data from
previously published studies [25].

Interaction of N6AMT1 with chemicals

The Comparative Toxicogenomics Database (CTD;
http://ctdbase.org/) is a publicly available large database
linking toxicological information on chemicals, genes,
phenotypes, diseases and exposures in understanding
health [26]. We explored interacting chemicals with
N6AMT1 using the CTD database.

Cell culture, RNA extraction and quantitative real-
timePCR (QRT-PCR)

All HCC cell lines HEPG2, BEL7402, HCCLM3
and normal liver cell line LO2 were donated by Dr.
Dai [27]. Cell culture, RNA extraction, and gRT-PCR
were performed as in previous studies [28]. The primer
sequences involved in this study are as follows. f-
actin primer forward sequences: CACCATTGGCAA
TGAGCGGTTC,; pB-actin primer Reverse sequences:
AGGTCTTTGCGGATGTCCACGT. N6AMT1 primer
forward sequences: GGCTTGCTACCAAGATTGACCG;
N6AMT1 primer Reverse sequences: CCAAGCTGCC
TCTATTCCGTGA.

Statistical analysis

The TMB is obtained by processing the PERL
programming language (version 5.32.1). All statistical
analyses were performed using R software (version
4.1.0). Analyses of differential N6GAMTL1 gene expression
were performed using Wilcoxon tests. Correlation
analyses were performed using the Spearman correlation
coefficient. p < 0.05 was considered to indicate a
statistically significant difference.
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RESULTS
Subcellular localization of N6AMTL1 protein

N6AMT1 is a methylase that performs DNA 6mA
modification. We first checked the intracellular
localization of N6AMT1 protein in the UniProt and
HPA databases; the results showed that N6AMT1
protein was mainly distributed in the nucleus (Figure
1A, 1B). Furthermore, IF results showed that N6GAMT1
was mainly localized in the nucleus in U-2 OS (Figure
1C) and A-431 cells (Figure 1D). This provides a
physical basis for NBAMT1 to perform DNA 6mA
modification.

Expression of N6BAMT1 in 33 cancers

The full names and abbreviations of the 33 cancers
considered in this study are given in Table 1. Compared

- ® Nucleus
: ‘ @ Nucleus

O Automatic annotation
[ Manual annotation

U-2 08
C

with normal tissues, N6AMT1 was differentially
expressed in nine cancer types (CHOL, COAD, KICH,
KIRC, LIHC, LUSC, STAD, THCA and UCEC)
(Figure 2A); specifically, it showed significantly higher
expression in CHOL, COAD, LIHC and STAD and
low expression in KICH, KIRC, LUSC, THCA and
UCEC. In addition, we analyzed and ranked the
expression of N6AMT1 in tumor tissues and found that
it had the highest expression levels in ACC and
the lowest in HNSC (Figure 2B). Furthermore, we
considered the relationship of N6AMT1 expression with
clinical factors including age, gender and tumor
stage; the results showed that N6AMT1 was
differentially expressed in elderly patients aged >65
years in the THYM group (Figure 2C). Moreover,
N6AMT1 expression was correlated with patient gender
in the SARC and UVM groups (Figure 2D), with tumor
stage in the BLCA, LUAD and THCA groups (Figure
2E). Furthermore, for the nine cancer types in which

Nucleus

Microtubules

Nucleus

Microtubules

N6AMT1 Merge

Figure 1. Subcellular localization of N6AMT1 protein. Annotations of N6AMT1 protein in the UniProt (A) and HPA (B) databases.
Immunofluorescence images showing intracellular localization of N6AMT1 in U2-0S (C) and A-431 (D) cells.
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Table 1. 33 types of human cancers employed in our research.

Abbreviation

Full name

ACC
BLCA
BRCA
CESC
CHOL
COAD
DLBC
ESCA
GBM
HNSC
KICH
KIRC
KIRP
LAML
LGG
LIHC
LUAD
LUSC
MESO
ov
PAAD
PCPG
PRAD
READ
SARC
SKCM
STAD
TGCT
THCA
THYM
UCEC
UcCs
UVM

Adrenocortical carcinoma
Bladder urothelial carcinoma
BRCA Breast invasive carcinoma

Cervical squamous cell carcinoma and endocervical adenocarcinoma

Cholangiocarcinoma
Colon adenocarcinoma
Diffuse large B-cell lymphoma
Esophageal carcinoma
Glioblastoma multiforme
Head and neck squamous cell carcinoma
Kidney chromophobe
Kidney renal clear cell carcinoma
Kidney renal papillary cell carcinoma
Acute myeloid leukemia
Brain lower grade glioma
Liver hepatocellular carcinoma
Lung adenocarcinoma
Lung squamous cell carcinoma
Mesothelioma
Ovarian serous cystadenocarcinoma
Pancreatic adenocarcinoma
Pheochromocytoma and paraganglioma
Prostate adenocarcinoma
Rectum adenocarcinoma
Sarcoma
Skin cutaneous melanoma
Stomach adenocarcinoma
Testicular germ cell tumors
Thyroid carcinoma
Thymoma
Uterine corpus endometrial carcinoma
Uterine carcinosarcoma
Uveal melanoma

N6AMTL1 was differentially expressed, we compared
N6AMT1 protein expression levels between normal and
tumor tissues using data obtained from the HPA
database. The results showed that N6AMT1 was
significantly overexpressed in COAD (Figure 3A), LIHC
(Figure 3B) and STAD (Figure 3C) and significantly
underexpressed in renal adenocarcinoma (KICH and
KIRC) (Figure 3D), LUSC (Figure 3E), THCA (Figure
3F) and UCEC (Figure 3G). These results are consistent
with the difference in mRNA expression.

Pan-cancer diagnostic value of N6AMT1

We further evaluated the diagnostic ability of N6AMT1
in pan-cancer using ROC. Figure 4 shows that N6AMT1
exhibits high diagnostic accuracy in CHOL (AUC =
0.975). Relative diagnostic accuracy was demonstrated
in COAD (AUC = 0.745), KIRC (AUC = 0.740), LIHC
(AUC = 0.882), THCA (AUC = 0.742) and UCEC (AUC

= 0.767). Lower diagnostic accuracy was demonstrated
across 18 cancer types.

Pan-cancer prognostic value of N6AMT1

Next, we explored the relationship between N6AMT1
expression and patient prognosis in 33 cancer types.
Univariate Cox regression analysis was performed; the
results, illustrated by forest plots, showed that N6AMT1
expression was associated with OS in PAAD and PCPG
patients (Figure 5A). Specifically, N6AMT1 was a
protective factor for OS in PAAD patients (hazard ratio
[HR] = 0.711, p = 0.025) and a risk factor for OS in
PCPG patients (HR = 1.659, p = 0.020). However, there
are other important clinical indicators that can reflect
clinical benefit, such as DFS, DSS and PFS. Therefore,
we further analyzed the correlations between N6AMT1
expression and these indicators. The results showed
that N6AMT1 could affect DFS in LIHC and STAD
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(Figure 5B); specifically, N6AMT1 was a risk factor for
DFS in LIHC (HR = 1.411, p = 0.021) and a protective
factor for DFS in STAD (HR = 0.473, p = 0.039).
Furthermore, N6AMTL1 was a risk factor for DSS in
PCPG (HR = 2.248, p = 0.002) (Figure 5C); a risk
factor for PFS in CESC (HR = 1.383, p= 0.016), LIHC
(HR = 1.474, p = 0.003) and PRAD (HR = 1.396, p =
0.019); and a protective factor in PAAD (HR = 0.699, p
= 0.017) (Figure 5D). Finally, for cancer types where
patient prognosis was affected by N6AMTL, we
supplemented the analysis using Kaplan—Meier survival
curves (Figure 5E-5H). In conclusion, our results
suggest that N6AMTL is closely related to patient
prognosis, especially in PAAD, PCPG and LIHC.

Correlations between N6AMT1 and the TME

To comprehensively explore the correlation between
N6AMT1 and TME in pan-cancer, first, we analyzed
the correlations between N6AMT1 expression and
ESTIMATE scores, which included Immunescore and
Stromalscore (filter criteria: |correlation coefficient| >
0.4, p < 0.01). The results showed that N6AMT1 expression
was negatively correlated with Immunescore in LGG,
MESO, TGCT and THYM and negatively correlated
with Stromalscore in LGG, MSEO and SARC (Figure
6A). In addition, we explored the correlations between

A Type E3 Normal EJ Tumer

15{ nsngns " nsnsns * *ns s NSNS NS NS NS NS **  ***ns

=

NBAMT1 expression (FPKM)

N6AMT1 expression and degree of immune cell
infiltration using the CIBERSORT algorithm. In DLBC,
N6AMT1 expression was negatively correlated with
macrophages MO; in THYM, N6AMT1 expression was
positively correlated with macrophages M1 and negatively
correlated with regulatory T cells; in UCS, N6AMT1
expression was positively correlated with macrophages
MO (Figure 6B).

Correlation of N6AMT1 expression  with
immunomodulators

We queried TISIDB for correlations between N6AMT1
expression and  immunomodulators, including
immunoinhibitors, immunostimulators and MHC
molecules. The correlation analysis of 24 immuno-
inhibitors showed that N6AMTL1 expression was
associated with most immunosuppressive agents on
a pan-cancer basis: in UVM, N6AMT1 expression
showed the strongest positive correlation with
TGFBR1; and in LGG, N6AMT1 and TGFB1
expression showed the strongest negative correlation
(Figure 7A). In addition, N6AMTL1 expression had
pan-cancer correlations with most of the 45 immuno-
stimulators: in ACC, N6AMT1 expression showed
the strongest positive correlation with CXCR4; in
UVM, N6AMT1 expression showed the strongest
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Figure 2. Differential expression and clinical relevance of N6GAMT1 in 33 tumor types. (A) Differential expression of N6AMT1 in
pan-cancer. (B) N6AMT1 expression in pan-cancer order from high to low. Correlations of N6GAMT1 expression with patient age (C), gender
(D) and tumor stage (E). *: p < 0.05, **: p <0.01, ***: p <0.001. ns: No Significant.
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negative correlation with CD276 (Figure 7B). Likewise,
the correlations between 21 MHC molecules and
N6AMT1 expression were analyzed. In PCPG, N6AMT1
expression showed the strongest positive correlation with
TAP2; and in TGCT, N6AMT1 expression showed the
strongest negative correlation with HLA-A (Figure
7C). Considering the strong correlations of N6AMT1
with ACC, LGG, PCPG, TGCT and UVM, GSEA was
performed to investigate the GO and signal pathways
involving N6AMTL in these cancers. According to the
results, the GO (Figure 8A) and signal pathways (Figure
8B) involving N6AMT1 varied widely in different cancers
but were mostly related to tumor and immunity.

Ability of N6AMT1 to predict response to
immunotherapy

PDL1, TMB, MSI and MMR are currently considered as
biomarkers to predict the response to immunotherapy

[23]. Therefore, we explored the correlations between
N6AMT1 expression and these biomarkers. PDL1 was
positively correlated with N6AMT1 expression in KIRC,
LAML, PCPG, STAD and UVM and negatively
correlated in BLCA, BRCA, CESC, COAD, ESCA,
LGG, MESO, SARC, TGCT and THCA. TMB was
positively correlated with N6AMT1 expression in
ESCA, PRAD and THYM and negatively correlated in
BRCA, LUAD, SARC and THCA. MSI was positively
correlated with N6AMT1 expression in THCA and
negatively correlated with BRCA and COAD (Figure
9A). N6AMT1 expression was positively correlated with
MMR-related genes (including MLH1, MSH2, MSHS6,
PMS2 and EPCAM) in most cancer types and was
positively correlated with all MMR-related genes in
CESC, HNSC, KIRP, LAML, LGG, LIHC, PRAD
and THCA (Figure 9B). In addition, we analyzed
three immunotherapy cohorts and found that in the
GSE168204 cohort, N6AMT1 expression was significantly

Endometrium UCEC

Renal cancer
KICH-KIRC

Figure 3. Representative IHC staining of N6AMT1 in eight normal (left) and tumor (right) tissues of the colon (A), liver (B), stomach (C),

kidney (D), lung (E), thyroid (F) and endometrium (G).
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Figure 5. Prognostic analysis of N6AMT1 in pan-cancer. Forest plot showing the results of univariate Cox regression analysis of the
correlations between N6AMT1 and OS (A), DFS (B), DSS (C) and PFS (D). (E-H) Kaplan-Meier survival curves of N6AMT1 in cancer types that
affect cancer prognosis. p < 0.05 indicates statistical significance.
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lower in the responder group than in the non-responder
group (p = 0.014) (Figure 9C). By contrast, there was no
significant difference in N6AMT1 expression between
the responder and non-responder groups in the GSE67501
and IMvigor210 cohorts (Figure 9C).

N6AMT1 expression verification in LIHC

First, we detected the expression of CTSA in liver
cancer cell lines (BEL7402, HEPG2, HCCLM3) and
normal liver cell lines (LO2), and the results showed
that the expression level of CTSA in liver cancer cell
lines was significantly higher than that in LO2 cells

A Cancer: LGG

Cancer: LGG

Cancer: MESO

(Figure 9D). Secondly, we analyzed the expression of
N6AMT1 in LIHC online through GEPIA2.0 (Merged
TCGA and GTEx normal tissue expression data,
http:// gepia2.cancer-pku.cn/), and the results showed
that N6AMT1 was significantly higher in cancer tissues
than in adjacent normal tissues (Figure 9E).

Interacting chemicals of N6GAMT1

We explored N6AMT1-related chemicals using the
CTD database. The results showed that a total of 45
chemicals were associated with N6AMT1 (Table 2).
Among them, 19 chemicals can up-regulate N6AMT1
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mMRNA expression, and 24 chemicals can down-regulate
N6AMT1 mRNA expression. In addition, there are two
chemicals that can affect N6AMT1 mRNA expression,
but the specific role is not clear.

DISCUSSION

Original Research Epigenetic changes are reversible,
heritable processes that affect gene expression without
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altering the DNA nucleotide sequence [29]. Abnormal
epigenetic changes are closely associated with many
human diseases, including cancer. Abnormal epigenetic
pathways occur in the early stages of tumorigenesis
and are therefore increasingly recognized as hallmarks
of tumorigenesis [30]. Aberrant DNA methylation
is currently the most widely studied epigenetic
alteration in cancer. DNA methylation modifications
are dynamically regulated by enzymes involved in

i

lll\ll

T

o
LTI I\II \I\I 1

i E?fd!i!. &’

UII

[RRITS——.

(it

I\Il\l I\I’Hw \rlll\," Hl
\1{ | | |h PIHI | 0

WM

i

el

’I WI\IlI\I iy rl\’\llllll I

i

Rank i Ot Gotasat

NI M (wHu

faurmeg £ wemens Sz

Vit LR l\'J RED it

FPF\IJI

[

Il \lH |IHH’

W“m

I UL YN ) LRI IIHIHIlII‘IIIH

Hlm.m.w. g

" H\IHI‘III‘III n

W"

Py Ervennant Save
[ ——

7L+I1IIIIIIIII‘HI 0w IH LU \ m hlllH\IIHll | Il‘ll\ll‘ i 'II

I‘Wlidllll il \ll | Al I‘I I l\l H‘ ‘HIIIILHl\II LI RERTT R T

Aaniag Lat e

W

ot

Far i oo Dot

Rara in e Dot

Figure 8. N6AMT1-related GO and signal pathways. (A) GO involving N6AMT1 in five tumor types as analyzed by GSEA. (B) Signal
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Table 2. Interacting chemicals of N6AMT1 in CTD.

Chemical name Chemical ID Interaction actions Chemical name Chemical ID Interaction actions
tzéfrgc’ﬁl-oro dibenzof-uran C014211 Increases expression (H)-JQ1 compound C561695 Increases expression
2,6-dinitrotoluene C023514 Increases expression Methidathion C005828 Increases expression
4-(5-benzo (1,3) dioxol-5- Methylmercuric
yl-4-pyridin-2-yl-1H- C459179 Decreases expression . C004925 Decreases expression
imidazol-2-yl) benzamide chloride
Abrine C496492 Increases expression Monomethy.larso- C406082 Increases expression
nous acid
Acetamide C030686 Decreases expression Nickel D009532 Decreases expression
Acetaminophen D000082 Affects expression Pentachlorophenol D010416 Decreases expression
Aristolochic acid I C000228 Decreases expression Perﬂuqro-q— C101816 Increases expression
nonanoic acid
Benzo(a)pyrene D001564 Increases expression Pirinixic acid C006253 Increases expression
Bisphenol A C006780 Affects expression Prochloraz C045362 Increases expression
Cyclosporine D016572 Decreases expression Quercetin D011794 Decreases expression
Cylindrospermopsin C089595 Increases expression Resorcinol C031389 Decreases expression
S-2-pentyl-4-
Dicrotophos C000944 Decreases expression pentynoic C513635 Decreases expression
hydroxamic acid
Dorsomorphin C516138 Decreases expression Soman D012999 Decreases expression
Doxorubicin D004317 Decreases expression Sunitinib D000077210 Increases expression
Endosulfan D004726 Increases expression Tetrazcsl(i?;(:idnlben- D013749 Increases expression
Ethinyl estradiol D004997 Increases expression Tetradecanoylph- D013755 Increases expression
orbol Acetate
Ethyl methanesulfonate D005020 Decreases expression TOb;glclﬁ ;(r:l()ke D014028 Decreases expression
Fenthion D005284 Increases expression Tretinoin D014212 Decreases expression
Folic acid D005492 Decreases expression Trichostatin A C012589 Decreases expression
Formaldehyde DO005557 Decreases expression Triptonide C084079 Decreases expression
Fulvestrant D000077267 Increases expression Valproic acid D014635 Decreases expression
Ionomycin DO015759 Increases expression Vehicle emissions D001335 Decreases expression
Ivermectin D007559 Decreases expression

modification, including DNA methylases and DNA
demethylases, the so-called writers and erasers. In
eukaryotes, methylation at the fifth position of cytosine to
form 5-methylcytosine (5mC) is the most common DNA
methylation modification; in vertebrate somatic cells,
DNA 5mC modifications have been detected in more
than 70% of CpG islands [31] and are often associated
with transcriptional repression by transposable elements
[32]. Recent studies have shown that another DNA
methylation modification, namely the 6mA modification,
which is widely present in the genome of prokaryotes and
involved in the regulation of DNA replication, repair,
transcription and other functions [33], is also widely
present in eukaryotic genomes, including the human
genome [3, 34-36]. The biological role of this ubiquitous
and novel form of DNA methylation in human cancer is
largely unknown.

N6AMTL is the only writer so far of DNA 6mA methy-
lation. It has a potentially huge role in the development
of cancer, but little is known about its role in human

cancer. This study focuses on the potential biological
roles of N6AMT1 in 33 human tumor types. First, we
investigated the subcellular localization of N6AMT1
protein and found that it was mainly localized in the
nucleus, consistent with the functional properties of
N6AMT1 as a DNA methylase. Generally, information
at the protein level more directly reflects the biological
effects of a gene; however, as there is a lack of public
databases related to protein quantification, it is impossible
to perform a comprehensive analysis at the protein level.
Therefore, in this study, we carried out a comprehensive
pan-cancer exploration of N6AMT1 at the transcriptome
level, including early diagnosis, prognostic value, and
immunological role.

We analyzed differences in the expression levels of
N6AMT1 among the 33 tumor types. The results
showed that it was significantly overexpressed in
CHOL, COAD, LIHC and STAD. Consistent with
previous studies, Lin et al. found that N6AMT1 was
highly expressed in LIHC tissues, where it promoted
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proliferation, migration and invasion of LIHC cells
and inhibited apoptosis [12]. We also investigated
the correlations between N6AMT1 and various clinical
parameters. The expression of N6AMTL was higher in
elderly patients with THYM and lower in male patients
with SARC and UVM. These results may have important
implications for guiding the selection of immunotherapy
regimens for patients in different age and gender groups.
Furthermore, the expression of N6AMT1 was significantly
different at different stages in LUAD and THCA, implying
that N6AMT1 may influence the progression of LUAD
and THCA.

Collectively, these findings confirm the differential
expression of N6BAMT1 in a variety of cancers, suggesting
a promising future for N6AMT1 in cancer diagnosis. It
is worth noting that the search for early diagnostic
markers of cancer has essential clinical significance,
which can detect tumors as early as possible and greatly
improve the clinical prognosis of patients. Therefore,
we explored the diagnostic value of NBAMTL in pan-
cancer. The results showed that N6AMT1 showed
excellent diagnostic value in multiple cancer types,
especially in CHOL (AUC = 0.975) and LIHC (AUC =
0.882). In addition, we explored the prognostic value
of N6AMTL in different cancers by univariate Cox
regression analysis and found that upregulation of
N6AMTL expression was associated with poor prognosis
in CESC, LIHC, PCPG and PRAD. However, high
expression of N6AMT1 was associated with better
prognosis in PAAD and STAD. These results suggest
that N6AMT1 may have different roles in different
tumors. Taken together, these results clearly demonstrate
that N6GAMT1 is a potential novel diagnostic and prognostic
marker in multiple cancer types. Excitingly, we found
that N6AMT1 showed amazing diagnostic value and
prognostic value in LIHC at the same time, which may
mean that N6AMT1 has extremely high research value
in LIHC.

In the past few years, immune checkpoint inhibitors
(ICls) targeting immune checkpoints have emerged as
promising cancer treatments [37-39]. Future cancer
treatment strategies are likely to aim at increasing the
efficacy of ICIs. Owing to the plasticity of epigenetics,
the development of drugs targeting epigenetic modi-
fications has also been the subject of attention. DNA
methyltransferase inhibitors and histone deacetylase
inhibitors are clinical drugs currently in use that mainly
target epigenetic modifications [40, 41]. Accumulating
evidence suggests that tumor cells evade chemotherapy
and host immune surveillance in general through epi-
genetic processes [42]. Studies have shown that epigenetic
drugs can effectively reverse the immune evasion of
tumor cells, for instance, by promoting tumor-associated
neoantigen expression, improving immune cell recognition

and regulating immune cell function in the TME [29, 43,
44]. Therefore, an important potential application of
epigenetic drugs is their use in combination with ICls to
enhance clinical benefit in cancer patients compared with
ICIs alone. Another important finding of this study was
the potential value of N6AMT1 in cancer immunotherapy.
We first investigated the correlation between N6AMT1
and TME. On the one hand, N6AMT1 was negatively
correlated with both Immunescore and Stromalscore
in LGG and MESO, with Stromalscore in SARC
and with Immunescore in TGCT and THYM. On the
other hand, N6BAMT1 was negatively correlated with
macrophages MO in DLBC, positively correlated with
macrophages MO in UCS, positively correlated with
macrophages M1 in THYM and negatively correlated with
regulatory T cells. Macrophages M1 often indicate a pro-
inflammatory phenotype and have anti-tumor associations
[45, 46], whereas regulatory T cells often indicate an
anti-inflammatory phenotype and have tumor-promoting
associations [47]; both can be used as markers to guide
cancer immunotherapy [47-49]. Therefore, N6AMT1
may represent a new target for immunotherapy in THYM
patients.

Overall, N6AMT1 is negatively correlated with immune
infiltration in a variety of cancers and inhibition of
N6AMTL expression may help to improve immune cell
infiltration in cancer patients. In our study of immuno-
suppressants, immune activators and MHC molecules,
most of the modulator-related molecules were inversely
correlated with N6AMT1 (except in GBM and HNSC).
These results support the development of drug combi-
nations targeting N6AMT1 and modulator molecules. In
addition, the GO and signal pathways related to
N6AMT1 differed greatly in different tumors, but most
were involved in cancer progression and immune-
related directions, suggesting that N6AMT1 may affect
cancer progression via its influence on the TME.

In this study, the associations of N6AMT1 with PDL1,
TMB, MSI and MMR were also explored. PDL1, TMB,
MSI and MMR are currently considered meaningful
biomarkers for predicting ICI response. PDL1 expression
is associated with response to ICl in a variety of cancers,
including non-small-cell lung cancer, advanced gastric
cancer and urothelial cancer [50-52]. Likewise, MMR
systems have shown clinical benefit in immune checkpoint
blockade in multiple cancer types [53]. MMR is an
important DNA repair pathway with a key role in
maintaining the fidelity of DNA replication and defects
of MMR (dMMR) lead to MSI [54]. A recent study
showed that most tumors with MSI-high/dAMMR status
exhibited high TMB [55]. A plausible explanation for
this is that MSI-high/dMMR is associated with the
occurrence of mutations. With the accumulation of
mutations, TMB increases, which in turn leads to the
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formation of neoantigens and activates anti-tumor
immune responses [56, 57]. Here, we investigated the
association of N6AMT1 with PDL1, TMB and MSI in
33 tumor types. N6AMT1 expression was negatively
correlated with PDL1, TMB and MSI in BRCA; with
PDL1 and TMB in SARC; and with PDL1 and MSI in
COAD. These results suggest that low expression of
N6AMT1 may be conducive to the immunotherapy
response in BRCA, SARC and COAD, especially
BRCA. In addition, N6AMT1 and MMR-related genes
were closely related in eight of the 33 cancer types
studied; this provides some insight regarding the
immunotherapeutic value of N6AMTL in other tumors.
Subsequently, we explored the correlations between
N6AMT1 and immune responses in three immunotherapy
cohorts. N6AMT1 was associated with a difference
in treatment response only in the GSE168204 cohort
representing metastatic melanoma, that is, N6AMT1
expression was lower in the nivolumab-responsive
group of this cohort. These results were consistent with
those of previous analyses. However, our study only
explored three relevant cohorts, which made it difficult
to fully describe the effect of N6AMT1 on immuno-
therapy response in cancer patients. Future studies
should focus on basic and clinical studies of N6AMT1
in relation to immunotherapy in various cancers.

Finally, we explored chemicals related to N6AMT1.
A total of 43 chemicals could affect N6AMT1 expression
levels. Some well-known chemicals are included,
including acetaminophen, cyclosporine, doxorubicin,
and folic acid, which increase N6AMT1 expression,
and sunitinib, tretinoin, and triptonide, which reduce
N6AMT1 expression. These results are expected to
provide some clinical guidance for cancer patients with
abnormal N6AMT1 expression.

To date, there have been limited studies on N6AMT1 in
cancer. This study is the first comprehensive analysis
focusing on the role of N6AMTL in 33 tumor types and
its results demonstrate that N6AMT1 could be regarded
as a potential target for cancer therapy. This study also
provides a valuable basis for the diagnosis, prognosis
and immunological roles of N6AMT1 in pan-cancer,
especially in immunotherapy research provides some
new insights.

However, this study still has some shortcomings. On the
one hand, the main research results of this study come
from the bioinformatics analysis of public databases,
and the research on the biological function of N6AMT1
in specific cancers is lacking. Second, this study did not
use a real-world cohort to validate the diagnostic and
prognostic value of N6AMTL in pan-cancer, as well as
its predictive ability for immunotherapy. In the future, it
is necessary to focus on the mechanism research and

clinical drug development of N6AMTL in specific
cancers.

CONCLUSIONS

This study is the first to explore the diagnostic,
prognostic and immunotherapeutic value of N6AMT1
in pan-cancer. These results form part of a theoretical
basis for further basic research and clinical experiments.

AUTHOR CONTRIBUTIONS

Conceptualization, M.Z. and W.-J.S.; methodology, M.-
Q.W,, J.-).Z., and Y.-Q.Y.; software, data curation, Y .-
Q.Y. and P.L.; experiments, P.L.; writing—original
draft preparation, M.-Q.W. and J.-J.Z.; writing—review
and editing, M.Z. and W.-J.S. All authors have read and
agreed to the published version of the manuscript.

CONFLICTS OF INTEREST

All authors declare that the research was conducted in
the absence of any commercial or financial relationships
that could be construed as a potential conflict of interest.

FUNDING
No funding was provided for this study.
Editorial note

&This corresponding author has a verified history of
publications using a personal email address for
correspondence.

REFERENCES

1. Sung H, Ferlay J, Siegel RL, Laversanne M,
Soerjomataram |, Jemal A, Bray F. Global Cancer
Statistics 2020: GLOBOCAN Estimates of Incidence and
Mortality Worldwide for 36 Cancers in 185 Countries.
CA Cancer J Clin. 2021; 71:209-49.
https://doi.org/10.3322/caac.21660 PMID:33538338

2. Nebbioso A, Tambaro FP, Dell’Aversana C, Altucci L.
Cancer epigenetics: Moving forward. PLoS Genet.
2018; 14:e1007362.
https://doi.org/10.1371/journal.pgen.1007362
PMID:29879107

3. Xiao CL, Zhu S, He M, Chen D, Zhang Q, Chen Y, Yu G,
Liu J, Xie SQ, Luo F, Liang Z, Wang DP, Bo XC, et al. N°-
Methyladenine DNA Modification in the Human
Genome. Mol Cell. 2018; 71:306-18.e7.
https://doi.org/10.1016/j.molcel.2018.06.015
PMID:30017583

www.aging-us.com 6541

AGING


https://doi.org/10.3322/caac.21660
https://pubmed.ncbi.nlm.nih.gov/33538338
https://doi.org/10.1371/journal.pgen.1007362
https://pubmed.ncbi.nlm.nih.gov/29879107
https://doi.org/10.1016/j.molcel.2018.06.015
https://pubmed.ncbi.nlm.nih.gov/30017583

10.

11.

12.

Liu J, Zhu Y, Luo GZ, Wang X, Yue Y, Wang X, Zong X,
Chen K, Yin H, Fu Y, Han D, Wang Y, Chen D, He C.
Abundant DNA 6mA methylation during early
embryogenesis of zebrafish and pig. Nat Commun.
2016; 7:13052.

https://doi.org/10.1038/ncomms13052 PMID:27713410

Wu L, Pei Y, Zhu Y, Jiang M, Wang C, Cui W, Zhang D.
Association of NS-methyladenine DNA with plaque
progression in  atherosclerosis via myocardial
infarction-associated transcripts. Cell Death Dis. 2019;
10:909.

https://doi.org/10.1038/s41419-019-2152-6
PMID:31797919

Guo Y, Pei Y, Li K, Cui W, Zhang D. DNA N°&-
methyladenine modification in hypertension. Aging
(Albany NY). 2020; 12:6276-91.
https://doi.org/10.18632/aging.103023
PMID:32283543

Ouyang L, Su X, Li W, Tang L, Zhang M, Zhu Y, Xie C,
Zhang P, Chen J, Huang H. ALKBH1-demethylated DNA
N6-methyladenine  modification triggers vascular
calcification via osteogenic reprogramming in chronic
kidney disease. J Clin Invest. 2021; 131:e146985.
https://doi.org/10.1172/JC1146985 PMID:34003800

Liang D, Wang H, Song W, Xiong X, Zhang X, Hu Z, Guo
H, Yang Z, Zhai S, Zhang LH, Ye M, Du Q. The decreased
Né-methyladenine DNA modification in cancer cells.
Biochem Biophys Res Commun. 2016; 480:120-5.
https://doi.org/10.1016/j.bbrc.2016.09.136
PMID:27693785

Xie Q, Wu TP, Gimple RC, Li Z, Prager BC, Wu Q, Yu Y,
Wang P, Wang Y, Gorkin DU, Zhang C, Dowiak AV, Lin
K, et al. N°-methyladenine DNA Modification in
Glioblastoma. Cell. 2018; 175:1228-43.e20.
https://doi.org/10.1016/j.cell.2018.10.006
PMID:30392959

Chen J, Zhuang Y, Wang P, Ning J, Liu W, Huang Y, Lin X,
Peng L, Zhang D. Reducing N6AMT1-mediated 6mA
DNA modification promotes breast tumor progression
via transcriptional repressing cell cycle inhibitors. Cell
Death Dis. 2022; 13:216.
https://doi.org/10.1038/s41419-022-04661-8
PMID:35256595

Sheng X, Wang J, Guo Y, Zhang J, Luo J. DNA N6-
Methyladenine (6mA) Modification Regulates Drug
Resistance in Triple Negative Breast Cancer. Front
Oncol. 2021; 10:616098.
https://doi.org/10.3389/fonc.2020.616098
PMID:33614498

Lin Q, Chen JW, Yin H, Li MA, Zhou CR, Hao TF, Pan T,
Wu C, Li ZR, Zhu D, Wang HF, Huang MS. DNA N6-
methyladenine involvement and regulation of

13.

14.

15.

16.

17.

18.

19.

20.

hepatocellular carcinoma development. Genomics.
2022; 114:110265.
https://doi.org/10.1016/j.ygeno.2022.01.002

PMID:35032618

Xi L, Yang Y, Xu Y, Zhang F, Li J, Liu X, Zhang Z, Du Q.
The enhanced genomic 6 mA metabolism contributes
to the proliferation and migration of TSCC cells. Int J
Oral Sci. 2022; 14:11.
https://doi.org/10.1038/s41368-022-00161-9
PMID:35177638

Mariathasan S, Turley SJ, Nickles D, Castiglioni A, Yuen
K, Wang Y, Kadel EE I, Koeppen H, Astarita JL, Cubas R,
Jhunjhunwala S, Banchereau R, Yang Y, et al. TGFB
attenuates tumour response to PD-L1 blockade by
contributing to exclusion of T cells. Nature. 2018;
554:544-8.

https://doi.org/10.1038/nature25501 PMID:29443960

The UniProt Consortium. UniProt: the universal protein
knowledgebase. Nucleic Acids Res. 2017; 45:D158-69.
https://doi.org/10.1093/nar/gkw1099 PMID:27899622

UniProt Consortium. UniProt: the universal protein
knowledgebase in 2021. Nucleic Acids Res. 2021;
49:D480-9.

https://doi.org/10.1093/nar/gkaal100 PMID:33237286

Uhlén M, Fagerberg L, Hallstrom BM, Lindskog C,
Oksvold P, Mardinoglu A, Sivertsson A, Kampf C,
Sjostedt E, Asplund A, Olsson |, Edlund K, Lundberg E,
et al. Proteomics. Tissue-based map of the human
proteome. Science. 2015; 347:1260419.
https://doi.org/10.1126/science.1260419
PMID:25613900

Smoot BJ, Wong JF, Dodd MJ. Comparison of
diagnostic accuracy of clinical measures of breast
cancer-related lymphedema: area under the curve.
Arch Phys Med Rehabil. 2011; 92:603-10.
https://doi.org/10.1016/j.apmr.2010.11.017
PMID:21440706

Subramanian A, Tamayo P, Mootha VK, Mukherjee S,
Ebert BL, Gillette MA, Paulovich A, Pomeroy SL, Golub
TR, Lander ES, Mesirov JP. Gene set enrichment
analysis: a knowledge-based approach for interpreting
genome-wide expression profiles. Proc Natl Acad Sci
USA. 2005; 102:15545-50.
https://doi.org/10.1073/pnas.0506580102
PMID:16199517

Yoshihara K, Shahmoradgoli M, Martinez E, Vegesna R,
Kim H, Torres-Garcia W, Trevifio V, Shen H, Laird PW,
Levine DA, Carter SL, Getz G, Stemke-Hale K, et al.
Inferring tumour purity and stromal and immune cell
admixture from expression data. Nat Commun. 2013;
4:2612.

https://doi.org/10.1038/ncomms3612

WWWw.aging-us.com

6542

AGING


https://doi.org/10.1038/ncomms13052
https://pubmed.ncbi.nlm.nih.gov/27713410
https://doi.org/10.1038/s41419-019-2152-6
https://pubmed.ncbi.nlm.nih.gov/31797919
https://doi.org/10.18632/aging.103023
https://pubmed.ncbi.nlm.nih.gov/32283543
https://doi.org/10.1172/JCI146985
https://pubmed.ncbi.nlm.nih.gov/34003800
https://doi.org/10.1016/j.bbrc.2016.09.136
https://pubmed.ncbi.nlm.nih.gov/27693785
https://doi.org/10.1016/j.cell.2018.10.006
https://pubmed.ncbi.nlm.nih.gov/30392959
https://doi.org/10.1038/s41419-022-04661-8
https://pubmed.ncbi.nlm.nih.gov/35256595
https://doi.org/10.3389/fonc.2020.616098
https://pubmed.ncbi.nlm.nih.gov/33614498
https://doi.org/10.1016/j.ygeno.2022.01.002
https://pubmed.ncbi.nlm.nih.gov/35032618
https://doi.org/10.1038/s41368-022-00161-9
https://pubmed.ncbi.nlm.nih.gov/35177638
https://doi.org/10.1038/nature25501
https://pubmed.ncbi.nlm.nih.gov/29443960
https://doi.org/10.1093/nar/gkw1099
https://pubmed.ncbi.nlm.nih.gov/27899622
https://doi.org/10.1093/nar/gkaa1100
https://pubmed.ncbi.nlm.nih.gov/33237286
https://doi.org/10.1126/science.1260419
https://pubmed.ncbi.nlm.nih.gov/25613900
https://doi.org/10.1016/j.apmr.2010.11.017
https://pubmed.ncbi.nlm.nih.gov/21440706
https://doi.org/10.1073/pnas.0506580102
https://pubmed.ncbi.nlm.nih.gov/16199517
https://doi.org/10.1038/ncomms3612

21.

22.

23.

24.

25.

26.

27.

28.

29.

PMID:24113773

Newman AM, Liu CL, Green MR, Gentles AJ, Feng W,
Xu Y, Hoang CD, Diehn M, Alizadeh AA. Robust
enumeration of cell subsets from tissue expression
profiles. Nat Methods. 2015; 12:453-7.
https://doi.org/10.1038/nmeth.3337 PMID:25822800

Ru B, Wong CN, Tong Y, Zhong JY, Zhong SSW, Wu WC,
Chu KC, Wong CY, Lau CY, Chen I, Chan NW, Zhang J.
TISIDB: an integrated repository portal for tumor-
immune system interactions. Bioinformatics. 2019;
35:4200-2.
https://doi.org/10.1093/bioinformatics/btz210
PMID:30903160

Rizzo A, Ricci AD, Brandi G. PD-L1, TMB, MSI, and Other
Predictors of Response to Immune Checkpoint
Inhibitors in Biliary Tract Cancer. Cancers (Basel). 2021;
13:558.

https://doi.org/10.3390/cancers13030558
PMID:33535621

McNamara MG, Jacobs T, Lamarca A, Hubner RA, Valle
JW, Amir E. Impact of high tumor mutational burden in
solid tumors and challenges for biomarker application.
Cancer Treat Rev. 2020; 89:102084.
https://doi.org/10.1016/j.ctrv.2020.102084
PMID:32738738

Bonneville R, Krook MA, Kautto EA, Miya J, Wing MR,
Chen HZ, Reeser JW, Yu L, Roychowdhury S. Landscape
of Microsatellite Instability Across 39 Cancer Types.
JCO Precis Oncol. 2017; 2017.

https://doi.org/10.1200/P0.17.00073 PMID:29850653

Davis AP, Grondin CJ, Johnson RJ, Sciaky D, Wiegers J,
Wiegers TC, Mattingly CJ. Comparative Toxicogenomics
Database (CTD): update 2021. Nucleic Acids Res. 2021;
49:D1138-43.

https://doi.org/10.1093/nar/gkaa891 PMID:33068428

Dai W, Xu L, Yu X, Zhang G, Guo H, Liu H, Song G, Weng
S, Dong L, Zhu J, Liu T, Guo C, Shen X. OGDHL silencing
promotes hepatocellular carcinoma by reprogramming
glutamine metabolism. ) Hepatol. 2020; 72:909-23.
https://doi.org/10.1016/j.jhep.2019.12.015
PMID:31899205

Sun W, Wang J, Wang Z, Xu M, Lin Q, Sun P, Yuan Y.
Combining WGCNA and machine learning to construct
basement membrane-related gene index helps to
predict the prognosis and tumor microenvironment of
HCC patients and verifies the carcinogenesis of key
gene CTSA. Front Immunol. 2023; 14:1185916.
https://doi.org/10.3389/fimmu.2023.1185916
PMID:37287981

Topper MJ, Vaz M, Marrone KA, Brahmer JR, Baylin SB.
The emerging role of epigenetic therapeutics in
immuno-oncology. Nat Rev Clin Oncol. 2020; 17:75-90.

30.

31

32.

33.

34.

35.

36.

37.

38.

https://doi.org/10.1038/s41571-019-0266-5
PMID:31548600

Flavahan WA, Gaskell E, Bernstein BE. Epigenetic
plasticity and the hallmarks of cancer. Science. 2017;
357:eaal2380.

https://doi.org/10.1126/science.aal2380 PMID:28729483

Feng S, Cokus SJ, Zhang X, Chen PY, Bostick M, Goll
MG, Hetzel J, Jain J, Strauss SH, Halpern ME, Ukomadu
C, Sadler KC, Pradhan S, et al. Conservation and
divergence of methylation patterning in plants and
animals. Proc Natl Acad Sci USA. 2010; 107:8689-94.
https://doi.org/10.1073/pnas.1002720107
PMID:20395551

Schmitz RJ, Lewis ZA, Goll MG. DNA Methylation:
Shared and Divergent Features across Eukaryotes.
Trends Genet. 2019; 35:818-27.
https://doi.org/10.1016/j.tig.2019.07.007
PMID:31399242

Ma C, Niu R, Huang T, Shao LW, Peng Y, Ding W,
Wang VY, Jia G, He C, Li CY, He A, Liu Y. N6-
methyldeoxyadenine is a transgenerational epigenetic
signal for mitochondrial stress adaptation. Nat Cell
Biol. 2019; 21:319-27.
https://doi.org/10.1038/s41556-018-0238-5
PMID:30510156

Wu KJ. The epigenetic roles of DNA N°®-Methyladenine
(6mA) modification in eukaryotes. Cancer Lett. 2020;
494:40-6.
https://doi.org/10.1016/j.canlet.2020.08.025
PMID:32846189

Wu TP, Wang T, Seetin MG, Lai Y, Zhu S, Lin K, Liu Y,
Byrum SD, Mackintosh SG, Zhong M, Tackett A, Wang
G, Hon LS, et al. DNA methylation on N(6)-adenine in
mammalian embryonic stem cells. Nature. 2016;
532:329-33.

https://doi.org/10.1038/nature17640 PMID:27027282

Zhu S, Beaulaurier J, Deikus G, Wu TP, Strahl M, Hao Z,
Luo G, Gregory JA, Chess A, He C, Xiao A, Sebra R,
Schadt EE, Fang G. Mapping and characterizing N6-
methyladenine in eukaryotic genomes using single-
molecule real-time sequencing. Genome Res. 2018;
28:1067-78.

https://doi.org/10.1101/gr.231068.117 PMID:29764913

Sharma P, Allison JP. Immune checkpoint targeting in
cancer therapy: toward combination strategies with
curative potential. Cell. 2015; 161:205-14.
https://doi.org/10.1016/j.cell.2015.03.030
PMID:25860605

Postow MA, Callahan MK, Wolchok JD. Immune
Checkpoint Blockade in Cancer Therapy. J Clin Oncol.
2015; 33:1974-82.
https://doi.org/10.1200/JC0.2014.59.4358

WWWw.aging-us.com

6543

AGING


https://pubmed.ncbi.nlm.nih.gov/24113773
https://doi.org/10.1038/nmeth.3337
https://pubmed.ncbi.nlm.nih.gov/25822800
https://doi.org/10.1093/bioinformatics/btz210
https://pubmed.ncbi.nlm.nih.gov/30903160
https://doi.org/10.3390/cancers13030558
https://pubmed.ncbi.nlm.nih.gov/33535621
https://doi.org/10.1016/j.ctrv.2020.102084
https://pubmed.ncbi.nlm.nih.gov/32738738
https://doi.org/10.1200/PO.17.00073
https://pubmed.ncbi.nlm.nih.gov/29850653
https://doi.org/10.1093/nar/gkaa891
https://pubmed.ncbi.nlm.nih.gov/33068428
https://doi.org/10.1016/j.jhep.2019.12.015
https://pubmed.ncbi.nlm.nih.gov/31899205
https://doi.org/10.3389/fimmu.2023.1185916
https://pubmed.ncbi.nlm.nih.gov/37287981
https://doi.org/10.1038/s41571-019-0266-5
https://pubmed.ncbi.nlm.nih.gov/31548600
https://doi.org/10.1126/science.aal2380
https://pubmed.ncbi.nlm.nih.gov/28729483
https://doi.org/10.1073/pnas.1002720107
https://pubmed.ncbi.nlm.nih.gov/20395551
https://doi.org/10.1016/j.tig.2019.07.007
https://pubmed.ncbi.nlm.nih.gov/31399242
https://doi.org/10.1038/s41556-018-0238-5
https://pubmed.ncbi.nlm.nih.gov/30510156
https://doi.org/10.1016/j.canlet.2020.08.025
https://pubmed.ncbi.nlm.nih.gov/32846189
https://doi.org/10.1038/nature17640
https://pubmed.ncbi.nlm.nih.gov/27027282
https://doi.org/10.1101/gr.231068.117
https://pubmed.ncbi.nlm.nih.gov/29764913
https://doi.org/10.1016/j.cell.2015.03.030
https://pubmed.ncbi.nlm.nih.gov/25860605
https://doi.org/10.1200/JCO.2014.59.4358

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

PMID:25605845

Mahoney KM, Rennert PD, Freeman GJ. Combination
cancer immunotherapy and new immunomodulatory
targets. Nat Rev Drug Discov. 2015; 14:561-84.
https://doi.org/10.1038/nrd4591 PMID:26228759

Martinet N, Michel BY, Bertrand P, Benhida R. Small
Molecules DNA  Methyltransferases Inhibitors.
MedChemComm. 2012; 3:263-73.
https://doi.org/10.1039/C1MD00194A

Falkenberg KJ, Johnstone RW. Histone deacetylases
and their inhibitors in cancer, neurological diseases
and immune disorders. Nat Rev Drug Discov. 2014;
13:673-91.

https://doi.org/10.1038/nrd4360 PMID:25131830

Jones PA, lIssa JP, Baylin S. Targeting the cancer
epigenome for therapy. Nat Rev Genet. 2016;
17:630-41.

https://doi.org/10.1038/nrg.2016.93 PMID:27629931

Dai E, Zhu Z, Wahed S, Qu Z, Storkus WJ, Guo ZS.
Epigenetic modulation of antitumor immunity for
improved cancer immunotherapy. Mol Cancer. 2021;
20:171.

https://doi.org/10.1186/s12943-021-01464-x
PMID:34930302

Héninger E, Krueger TE, Lang JM. Augmenting
antitumor immune responses with epigenetic
modifying agents. Front Immunol. 2015; 6:29.
https://doi.org/10.3389/fimmu.2015.00029
PMID:25699047

Yunna C, Mengru H, Lei W, Weidong C. Macrophage
M1/M2 polarization. Eur J Pharmacol. 2020;
877:173090.
https://doi.org/10.1016/j.ejphar.2020.173090
PMID:32234529

Boutilier AJ, Elsawa SF. Macrophage Polarization States
in the Tumor Microenvironment. Int J Mol Sci. 2021;
22:6995.

https://doi.org/10.3390/ijms22136995 PMID:34209703

Tanaka A, Sakaguchi S. Regulatory T cells in cancer
immunotherapy. Cell Res. 2017; 27:109-18.
https://doi.org/10.1038/cr.2016.151 PMID:27995907

Mills CD, Lenz LL, Harris RA. A Breakthrough:
Macrophage-Directed Cancer Immunotherapy. Cancer
Res. 2016; 76:513-6.
https://doi.org/10.1158/0008-5472.CAN-15-1737
PMID:26772756

Togashi Y, Shitara K, Nishikawa H. Regulatory
T cells in cancer immunosuppression - implications
for anticancer therapy. Nat Rev Clin Oncol. 2019;
16:356-71.
https://doi.org/10.1038/s41571-019-0175-7

50.

51.

52.

53.

54.

55.

56.

57.

PMID:30705439

Reck M, Rodriguez-Abreu D, Robinson AG, Hui R, Cs6szi
T, Fllop A, Gottfried M, Peled N, Tafreshi A, Cuffe S,
O’Brien M, Rao S, Hotta K, et al, and KEYNOTE-024
Investigators. Pembrolizumab versus Chemotherapy
for PD-L1-Positive Non-Small-Cell Lung Cancer. N Engl J
Med. 2016; 375:1823-33.
https://doi.org/10.1056/NEJMoal606774
PMID:27718847

Kono K, Nakajima S, Mimura K. Current status of
immune checkpoint inhibitors for gastric cancer.
Gastric Cancer. 2020; 23:565-78.
https://doi.org/10.1007/s10120-020-01090-4
PMID:32468420

Powles T, Walker J, Andrew Williams J, Bellmunt J. The
evolving role of PD-L1 testing in patients with
metastatic urothelial carcinoma. Cancer Treat Rev.
2020; 82:101925.
https://doi.org/10.1016/j.ctrv.2019.101925
PMID:31785413

Le DT, Durham JN, Smith KN, Wang H, Bartlett BR,
Aulakh LK, Lu S, Kemberling H, Wilt C, Luber BS, Wong
F, Azad NS, Rucki AA, et al. Mismatch repair deficiency
predicts response of solid tumors to PD-1 blockade.
Science. 2017; 357:409-13.
https://doi.org/10.1126/science.aan6733
PMID:28596308

Yamamoto H, Imai K. Microsatellite instability: an
update. Arch Toxicol. 2015; 89:899-921.
https://doi.org/10.1007/s00204-015-1474-0
PMID:25701956

Chalmers ZR, Connelly CF, Fabrizio D, Gay L, Ali SM,
Ennis R, Schrock A, Campbell B, Shlien A, Chmielecki J,
Huang F, He Y, Sun J, et al. Analysis of 100,000 human
cancer genomes reveals the landscape of tumor
mutational burden. Genome Med. 2017; 9:34.
https://doi.org/10.1186/s13073-017-0424-2
PMID:28420421

Goodman AM, Kato S, Bazhenova L, Patel SP, Frampton
GM, Miller V, Stephens PJ, Daniels GA, Kurzrock R.
Tumor Mutational Burden as an Independent Predictor
of Response to Immunotherapy in Diverse Cancers.
Mol Cancer Ther. 2017; 16:2598-608.
https://doi.org/10.1158/1535-7163.MCT-17-0386
PMID:28835386

Zhao P, Li L, Jiang X, Li Q. Mismatch repair
deficiency/microsatellite instability-high as a predictor
for anti-PD-1/PD-L1 immunotherapy efficacy. J
Hematol Oncol. 2019; 12:54.
https://doi.org/10.1186/s13045-019-0738-1
PMID:31151482

WWWw.aging-us.com

6544

AGING


https://pubmed.ncbi.nlm.nih.gov/25605845
https://doi.org/10.1038/nrd4591
https://pubmed.ncbi.nlm.nih.gov/26228759
https://doi.org/10.1039/C1MD00194A
https://doi.org/10.1038/nrd4360
https://pubmed.ncbi.nlm.nih.gov/25131830
https://doi.org/10.1038/nrg.2016.93
https://pubmed.ncbi.nlm.nih.gov/27629931
https://doi.org/10.1186/s12943-021-01464-x
https://pubmed.ncbi.nlm.nih.gov/34930302
https://doi.org/10.3389/fimmu.2015.00029
https://pubmed.ncbi.nlm.nih.gov/25699047
https://doi.org/10.1016/j.ejphar.2020.173090
https://pubmed.ncbi.nlm.nih.gov/32234529
https://doi.org/10.3390/ijms22136995
https://pubmed.ncbi.nlm.nih.gov/34209703
https://doi.org/10.1038/cr.2016.151
https://pubmed.ncbi.nlm.nih.gov/27995907
https://doi.org/10.1158/0008-5472.CAN-15-1737
https://pubmed.ncbi.nlm.nih.gov/26772756
https://doi.org/10.1038/s41571-019-0175-7
https://pubmed.ncbi.nlm.nih.gov/30705439
https://doi.org/10.1056/NEJMoa1606774
https://pubmed.ncbi.nlm.nih.gov/27718847
https://doi.org/10.1007/s10120-020-01090-4
https://pubmed.ncbi.nlm.nih.gov/32468420
https://doi.org/10.1016/j.ctrv.2019.101925
https://pubmed.ncbi.nlm.nih.gov/31785413
https://doi.org/10.1126/science.aan6733
https://pubmed.ncbi.nlm.nih.gov/28596308
https://doi.org/10.1007/s00204-015-1474-0
https://pubmed.ncbi.nlm.nih.gov/25701956
https://doi.org/10.1186/s13073-017-0424-2
https://pubmed.ncbi.nlm.nih.gov/28420421
https://doi.org/10.1158/1535-7163.MCT-17-0386
https://pubmed.ncbi.nlm.nih.gov/28835386
https://doi.org/10.1186/s13045-019-0738-1
https://pubmed.ncbi.nlm.nih.gov/31151482

