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Abstract
Background The N1-adenosine methylation (m1A) modification plays a significant role in various cancers. However, 
the functions of m1A modification genes and their variants in neuroblastoma remain to be elucidated.

Methods We conducted a case-control study involving 402 neuroblastoma patients and 473 cancer-free controls 
from China via the TaqMan genotyping method to evaluate m1A modification gene polymorphisms. Multivariate 
logistic regression analysis was conducted to estimate odds ratios (ORs) and 95% confidence intervals (CIs). 
Additionally, expression quantitative trait locus (eQTL) analysis utilizing the Genotype-Tissue Expression database was 
performed to investigate the impacts of significant polymorphisms on gene expression. The relationships between 
gene expression and the risk and prognosis of neuroblastoma patients were further examined via publicly available 
datasets by using the R2 platform.

Results We found that TRMT10C rs4618204 C > T significantly decreased neuroblastoma risk (CT/TT vs. CC: adjusted 
OR = 0.74, 95% CI = 0.56–0.97, P = 0.030). Moreover, polymorphisms of the TRMT10C (rs3762735), TRMT6 (rs451571 
and rs236110), and ALKBH3 (rs10768993 and rs2292889) genes were associated with neuroblastoma risk in specific 
subgroups. Complete linkage disequilibrium and eQTL analysis revealed a significant association between rs4618204 
C > T and reduced expression of the TRMT10C gene. Additionally, higher expression levels of the TRMT10C gene were 
observed to be linked to increased risk, malignancy, and poorer prognosis in neuroblastoma patients.

Conclusions TRMT10C rs4618204 C > T was demonstrated to be significantly associated with an increased risk of 
neuroblastoma and may serve as a potential molecular marker for early diagnosis. Further studies are warranted to 
fully elucidate the specific molecular mechanisms involved in this effect.
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Introduction
Neuroblastoma is a solid tumor arising within the sym-
pathetic nervous system, and accumulating evidence 
suggests that it originates from neural crest cells [1]. 
Neuroblastoma ranks as the second most common extra-
cranial solid tumor in pediatric patients, accounting for 
approximately 15% of tumor-related mortality [2, 3]. 
The incidence rate of pediatric neuroblastoma ranges 
from 7.7 to 8.8 cases per million children in China [4]. In 
developed regions such as Europe and the United States, 
the incidence of neuroblastoma in children varies signifi-
cantly, with the standardized incidence rate ranging from 
6.1 to 21.5 cases per million children [5, 6]. Patients with 
low-risk and moderate-risk neuroblastoma generally have 
a favorable prognosis, with an overall 5-year survival rate 
exceeding 90% [7, 8]. However, patients with high-risk 
neuroblastoma continue to have a poor prognosis despite 
undergoing intensive multimodal therapies, includ-
ing surgery, chemotherapy, radiotherapy, and immuno-
therapy [9]. Neuroblastoma is a highly heterogeneous 
tumor characterized by diverse clinical and molecular 
features. For example, MYCN amplification is observed 
in approximately 20–25% of neuroblastoma cases and 
has been demonstrated to be correlated with an unfavor-
able prognosis in patients with neuroblastoma [10]. Dele-
tions of chromosomes 1p and 11q have been associated 
with an increased risk of neuroblastoma [8]. Additionally, 

mutations in the anaplastic lymphoma kinase (ALK) gene 
have been detected in approximately 8% of neuroblas-
toma cases, with the ALK gene F1174L mutation being 
associated with MYCN amplification [11]. Recent studies 
have identified TERT rearrangements and ATRX loss as 
factors associated with neuroblastoma malignancy [12, 
13]. Additionally, mutations in PTPN14, DOCK8, and 
RAS have been linked to neuroblastoma recurrence [14, 
15].

As inherent and stable genetic markers, single nucleo-
tide polymorphisms (SNPs) serve as excellent tools for 
identifying disease risk factors. Previous large-scale 
genome-wide association studies (GWASs) have identi-
fied several SNPs associated with neuroblastoma sus-
ceptibility [16]. For example, Mario et al. identified and 
validated the significant associations of six SNPs of 
the BARD1 gene (rs6435862, rs3768716, rs17487792, 
rs6712055, rs7587476, and rs6715570) with high-risk 
neuroblastoma in the discovery cohort and independent 
validation cohort [17]. Moreover, we validated the asso-
ciations of the BARD1 rs6435862 T > G and rs3768716 
A > G polymorphisms with increased neuroblastoma sus-
ceptibility in southern Chinese children [18]. Another 
GWAS revealed that BARD1 rs17489363 and rs1048108 
are associated with a high risk of neuroblastoma and 
that rs17489363 C > T may promote the proliferation 
of neuroblastoma by reducing BARD1 expression [19]. 

Graphical Abstract

Keywords Neuroblastoma, Susceptibility, m1A modification, Polymorphism



Page 3 of 14Chang et al. Human Genomics           (2025) 19:50 

Maris et al. reported that a genetic variant (rs110419) of 
the LIM domain only 1 (LMO1) gene was significantly 
associated with an increased risk of neuroblastoma [16]. 
A three-center case-control study from eastern China 
also revealed a significant association between SNPs in 
the LMO1 gene (rs110419, rs4758051, rs10840002, and 
rs2168101) and neuroblastoma risk [20]. The rs2168101 
G > T polymorphism reduces the binding of this locus to 
transcription factors, thereby reducing the expression of 
the oncogene LMO1, which reduces the susceptibility to 
neuroblastoma [21]. Based on the pleiotropic effects of 
genetic factors, Formicola et al. identified rs13337397 as 
being highly associated with neuroblastoma by a meta-
analysis of GWAS data for neuroblastoma and coro-
nary artery disease [22]. Additionally, the risk allele at 
rs13337397 significantly increases CFDP1 gene expres-
sion, and high CFDP1 gene expression is associated 
with neuroblastoma cell survival and proliferation. A 
cross-association analysis combining the GWAS results 
for melanoma and neuroblastoma revealed a signifi-
cant association of rs2153977 with neuroblastoma, and 
the minor allele of rs2153977 was observed to reduce 
SLC16A1 gene expression [23]. The SLC16A1 gene has 
been observed to be associated with the worst clini-
cal outcome, as well as associated with neuroblastoma 
cell proliferation and invasion. In a GWAS involving 
2817 neuroblastoma patients and 7473 controls, HACE1 
rs4336470 and LIN28B rs17065417 were observed to be 
associated with the risk of neuroblastoma [24]. Specifi-
cally, rs17065417 may influence neuroblastoma develop-
ment by modulating LIN28B gene expression. We have 
identified several SNPs associated with neuroblastoma 
susceptibility via the use of candidate gene approaches, 
including polymorphisms in the ERCC1, XPF, ALKBH5, 
NSUN2, and TET2 genes [25–28]. However, the current 
findings remain insufficient to fully elucidate the genetic 
mechanisms underlying all cases of neuroblastoma.

In recent years, a growing body of evidence has dem-
onstrated that RNA methylations play crucial roles in 
tumorigenesis [29]. N1-adenosine methylation (m1A) 
is a prevalent RNA modification that occurs in eukary-
otes. Initially, the m1A modification was identified as a 
conserved modification in tRNA and rRNA, and recent 
evidence indicates that the m1A modification is also pres-
ent in mRNAs [30, 31]. The identified m1A methyltrans-
ferase genes include TRMT6, TRMT61A, TRMT61B, and 
TRMT10C. Additionally, the methyltransferases that pri-
marily recognize N1-methyladenosine in tRNAs regulate 
tRNA-mediated translation processes [32]. The demeth-
ylases of the ALKBH1 and ALKBH3 genes recognize 
tRNAs to facilitate the demethylation of m1A [33, 34]. 
Moreover, YTHDF1, YTHDF2, YTHDF3, and YTHDC1 
proteins recognize m1A modifications and regulate RNA 

stability [35]. Wang et al. reported a significant increase 
in m1A modifications in hepatocellular carcinoma (HCC) 
[36]. In addition, the TRMT6/TRMT61A complex ele-
vates m1A in tRNAs, thereby increasing PPARδ transla-
tion and potentially mediating the growth of cancer. A 
high expression level of the TRMT10C gene is associated 
with poor prognosis in HCC patients and may contrib-
ute to adverse cancer progression via the PI3K-Akt sig-
naling pathway [37]. The ALKBH3 protein promotes the 
expression of CSF-1 through the demethylation of CSF-1 
mRNA, thus contributing to the malignant progression 
of ovarian and breast cancers [38]. Furthermore, m1A 
genes play a significant role in various cancers. However, 
their role in neuroblastoma remains unclear. Therefore, 
we hypothesized that SNPs in m1A modification genes 
could influence gene expression and mediate neuroblas-
toma development. To test this hypothesis, we conducted 
a case-control study to investigate the associations 
between m1A gene polymorphisms and neuroblastoma 
susceptibility in Chinese children.

Materials and methods
Study subjects
We recruited 402 children who were diagnosed with 
neuroblastoma (case group) and 473 children without 
any tumors (control group) from the Children’s Hospi-
tal of Nanjing Medical University (Table S1) [27, 39, 40]. 
The participants in the case group had a confirmed his-
topathological diagnosis of primary neuroblastoma, had 
no history of malignancies in other organs, and had not 
received chemotherapy prior to sample collection. The 
control group consisted of healthy children aged 0–14 
years who had no history of tumors, neurological disor-
ders, congenital genetic diseases, infectious diseases, or 
other significant medical conditions. Written informed 
consent was obtained from all of the participants or their 
legal guardians. This study was approved by the Institu-
tional Review Committee of Children’s Hospital of Nan-
jing Medical University (Approval No: 202112141-1).

Polymorphism selection and genotyping
We conducted a comprehensive screening of SNPs in 
the 5’ flanking region, 5’ untranslated region (UTR), 3’ 
UTR, and intron and exon regions of the m1A modifica-
tion genes (TRMT10C, TRMT6, TRMT61A, TRMT61B, 
ALKBH3, YTHDF1, YTHDF2, and YTHDF3) via the 
dbSNP database ( h t t p  : / /  w w w .  n c  b i .  n l m  . n i h  . g  o v / S N P). The 
potential functions of the selected SNPs were predicted 
by the online tool SNPinfo ( h t t p  s : /  / s n p  i n  f o .  n i e  h s . n  i h  . g o v 
/). Single nucleotide polymorphisms located in the cod-
ing regions of functional genes that could cause amino 
acid variations (nonsynonymous SNPs), SNPs located in 
microRNAs, transcription factor-binding sites, and SNPs 

http://www.ncbi.nlm.nih.gov/SNP
https://snpinfo.niehs.nih.gov/
https://snpinfo.niehs.nih.gov/
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affecting splicing were included in this study. The MAF 
of the selected SNPs was determined to be greater than 
5% in the Chinese Han population. The LDlink tool  (   h t t 
p s : / / l d l i n k . n i h . g o v /     ) was employed to assess the linkage 
disequilibrium (LD) between SNPs, and there was no sig-
nificant LD observed between the SNPs (R²<0.8). Finally, 
we successfully included 23 SNPs in the m1A genes, 
and their functional annotations are shown in Table S2. 
Genomic DNA was extracted from the blood or tissue 
samples of all of the subjects via a TIANamp DNA Kit 
(TianGen Biotech Co. Ltd., Beijing, China). The DNA 
concentration and purity were assessed via a UV spectro-
photometer (NanoDrop Technologies, Inc., Wilmington, 
DE). Genotyping was conducted via TaqMan® SNP geno-
typing assays (Applied Biosystems, CA, USA) [41–43]. To 
ensure accuracy, 10% of the samples were retested, and 
the results demonstrated 100% concordance.

Statistical analysis
Differences in genotype frequency distribution and 
demographic characteristics between the case group 
and control group were evaluated via chi-square tests. 
To assess whether the genotype frequencies adhered 
to Hardy-Weinberg equilibrium (HWE) in the control 
group, a goodness-of-fit test was conducted for each SNP. 
Multivariate logistic regression analyses were employed 
to estimate the odds ratio (OR) and 95% confidence inter-
val (CI) after adjusting for potential confounding factors 
(including age and sex). The statistical power was calcu-
lated via the PS (Power and Sample Size Calculations) 
program V.3.1.2. Among 402 neuroblastoma samples and 
473 control samples, when the significance level α was 
0.05 and the minor allele frequency (MAF) of the SNPs 
was 0.1–0.5, a power of 80% was determined to detect 
the minimum effect size ranging from 0.472 to 0.682 and 
from 1.466 to 1.766. Using the Genotype-Tissue Expres-
sion (GTEx) online portal V10 ( h t t p  s : /  / w w w  . g  t e x  p o r  t a 
l .  o r  g / h o m e /), we conducted an expression quantitative 
trait loci (eQTL) analysis to preliminarily investigate how 
SNPs influence gene expression. Log2-transformed gene 
expression data for neuroblastoma tissues and normal 
adrenal gland tissues (which were consistent and compa-
rable across the sequencing platforms) were downloaded 
from the R2 platform (http://r2.amc.nl) (Table S3).  N o n p 
a r a m e t r i c statistical tests were employed to analyze dif-
ferences in gene expression between the different groups. 
GraphPad Prism (V9.5.1) was used to generate violin 
plots and bar graphs. Kaplan-Meier analyses were also 
performed via the R2 platform. All of the tests of statisti-
cal significance were two-sided, with a significance level 
set at 0.05. Raw data management was conducted via 
STATA V18.0, and statistical analyses were performed via 
SAS V9.4.

Results
Associations of m1A modification gene polymorphisms 
with neuroblastoma susceptibility
In this case-control study involving 402 neuroblastoma 
patients and 473 controls, we successfully conducted 
genotyping for 23 candidate polymorphisms of m1A 
modification genes. In the control group, the genotype 
frequencies of the candidate SNPs (except for rs6139878 
and rs1048928) were in accordance with HWE. Table  1 
presents the associations between neuroblastoma sus-
ceptibility and the SNPs of the TRMT10C, TRMT6, 
TRMT61A, TRMT61B, ALKBH3, YTHDF1, YTHDF2, 
and YTHDF3 genes. The multivariate logistic regres-
sion model, which was adjusted for confounding factors 
(including age and sex), demonstrated that TRMT10C 
rs4618204 was significantly associated with the risk of 
neuroblastoma. Specifically, the dominant model indi-
cated that individuals with the CT and TT genotypes 
exhibited a reduced neuroblastoma susceptibility com-
pared with those with the CC genotype (CT/TT vs. CC: 
adjusted OR = 0.74, 95% CI = 0.56–0.97, P = 0.030).

Stratification analysis of m1A modification gene 
polymorphisms
Stratification analysis revealed that the TRMT10C 
rs4618204 CT/TT genotype was significantly associ-
ated with a reduced risk of neuroblastoma in some 
subgroups (age > 18 months: adjusted OR = 0.70, 95% 
CI = 0.50–0.99, P = 0.040; males: adjusted OR = 0.60, 
95% CI = 0.41–0.87, P = 0.008; retroperitoneal: adjusted 
OR = 0.68, 95% CI = 0.47–0.98, P = 0.037) (Table  2). 
Compared with the CC genotype, the CG/GG geno-
types of TRMT10C rs3762735 were associated with an 
increased risk of neuroblastoma in the male (adjusted 
OR = 1.62, 95% CI = 1.05–2.49, P = 0.028), adrenal gland 
(adjusted OR = 1.89, 95% CI = 1.18–3.04, P = 0.008), and 
stage I + II + 4s (adjusted OR = 1.51, 95% CI = 1.02–2.22, 
P = 0.037) subgroups. Compared with the 0–2 risk geno-
type, the 3–5 risk genotype was significantly associated 
with an increased risk of neuroblastoma across mul-
tiple subgroups (age > 18 months: adjusted OR = 1.61, 
95% CI = 1.14–2.28, P = 0.007; males: adjusted OR = 1.70, 
95% CI = 1.14–2.53, P = 0.009; retroperitoneal: adjusted 
OR = 1.64, 95% CI = 1.13–2.39, P = 0.010; mediasti-
num: adjusted OR = 1.54, 95% CI = 1.01–2.35, P = 0.048; 
Stages I + II + 4s: adjusted OR = 1.60, 95% CI = 1.10–
2.32, P = 0.013; Stages III + IV: adjusted OR = 1.53, 95% 
CI = 1.05–2.24, P = 0.029).

Compared with the TT genotype, the TC/CC geno-
types of TRMT6 rs451571 were associated with a reduced 
risk of neuroblastoma in the subgroup of tumors origi-
nating from the mediastinum (adjusted OR = 0.63, 95% 
CI = 0.41–0.97, P = 0.035) (Table  3). In the retroperito-
neal subgroup, the dominant model of TRMT6 rs236110 

https://ldlink.nih.gov/
https://ldlink.nih.gov/
https://www.gtexportal.org/home/
https://www.gtexportal.org/home/
http://r2.amc.nl
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was significantly associated with reduced susceptibility 
to neuroblastoma (CA/AA vs. CC: adjusted OR = 0.64, 
95% CI = 0.43–0.94, P = 0.022). Compared with possess-
ing 0–2 protective genotypes, the possession of 3–5 
protective genotypes was significantly associated with a 
reduced risk of neuroblastoma across multiple subgroups 
(age > 18 months: adjusted OR = 0.53, 95% CI = 0.38–0.75, 
P = 0.0003; males: adjusted OR = 0.58, 95% CI = 0.39–
0.86, P = 0.006; adrenal gland: adjusted OR = 0.60, 95% 
CI = 0.37–0.96, P = 0.034; retroperitoneal: adjusted 
OR = 0.66, 95% CI = 0.45–0.96, P = 0.028; stages I + II + 4s: 
adjusted OR = 0.64, 95% CI = 0.45–0.93, P = 0.019; 
stages III + IV: adjusted OR = 0.66, 95% CI = 0.46–0.97, 
P = 0.032).

The dominant model of ALKBH3 rs10768993 was sig-
nificantly associated with a reduced risk of neuroblas-
toma in the subgroup of tumors originating from the 
mediastinum (GA/AA vs. GG: adjusted OR = 0.62, 95% 
CI = 0.41–0.93, P = 0.021) (Table  4). Compared with the 
CC genotype, in children aged ≤ 18 months (adjusted 
OR = 0.37, 95% CI = 0.17–0.85, P = 0.018) and females 
(adjusted OR = 0.47, 95% CI = 0.26–0.84, P = 0.012), the 
presence of the ALKBH3 rs2292889 CG/GG genotype 
was significantly associated with a reduced risk of neu-
roblastoma. In terms of candidate SNPs of the ALKBH3 
gene, five protective genotypes were significantly asso-
ciated with a reduced risk of neuroblastoma compared 
with 0–4 genotypes in the age > 18 months (adjusted 
OR = 0.64, 95% CI = 0.46–0.89, P = 0.009) and mediasti-
num (adjusted OR = 0.60, 95% CI = 0.39–0.90, P = 0.014) 
subgroups.

No significant associations were identified between 
the polymorphisms of the YTHDF1 (rs6011668) and 
YTHDF3 (rs7464) genes and neuroblastoma susceptibil-
ity within the analyzed subgroups (Table 5).

eQTL analysis of significant polymorphisms
Our findings demonstrated that TRMT10C rs4618204 
C > T significantly influences the risk of neuroblastoma. 
To investigate the relationship between rs4618204 C > T 
and gene expression, we conducted eQTL analysis using 
data from the GTEx database. Given that rs4618204 was 
not found in the GTEx database, we utilized the LDlink 
tool to identify SNPs in complete linkage disequilib-
rium with rs4618204 within the Chinese Han population 
(R2 = 1.00). We subsequently investigated the impacts 
of these SNPs on gene expression via GTEx data. We 
observed that the genotypes of the SNPs in complete 
linkage disequilibrium with the rs4618204 T allele were 
associated with reduced TRMT10C gene expression 
(Table S4). Specifically, we focused on rs6809742, which 
is located near the TRMT10C gene, as well as rs13072301, 
which resides within an intronic region of the TRMT10C 
gene (Fig.  1A). The eQTL analysis revealed that both 

the rs6809742 T > C and rs13072301 C > G variants were 
associated with downregulated TRMT10C gene expres-
sion in skeletal muscle (Fig. 1B, D) and tibial artery tis-
sues (Fig. 1C, E).

Association of the TRMT10C gene with risk and prognosis 
in neuroblastomas
The eQTL results revealed that rs4618204 C > T was asso-
ciated with decreased expression of the TRMT10C gene. 
Compared with that in the normal adrenal gland group, 
TRMT10C gene expression was significantly elevated in 
the neuroblastoma group (Fig. 2A). In high-risk (Fig. 2B) 
and advanced-stage (Fig. 2C) neuroblastoma patients, the 
expression level of the TRMT10C gene was significantly 
elevated. Kaplan-Meier analyses demonstrated that ele-
vated TRMT10C gene expression was significantly cor-
related with adverse outcomes in neuroblastoma patients 
(Fig. 2D, E).

Discussion
We conducted a case-control study involving 402 neu-
roblastoma patients and 473 cancer-free controls 
from China to investigate the associations between 23 
polymorphisms of m1A modification genes and neu-
roblastoma susceptibility. Our findings revealed that 
TRMT10C rs4618204 C > T was significantly associated 
with a reduced risk of neuroblastoma. Additionally, 
some polymorphisms of the TRMT10C (rs3762735), 
TRMT6 (rs451571 and rs236110), and ALKBH3 
(rs10768993 and rs2292889) genes were observed to 
be associated with the risk of neuroblastoma in certain 
subgroups.

To elucidate the potential mechanism by which 
TRMT10C rs4618204 C > T influences neuroblastoma 
susceptibility, we conducted a comprehensive link-
age analysis and eQTL analysis. Our findings revealed 
that the rs4618204 T allele was associated with reduced 
expression of the TRMT10C gene in skeletal muscle 
and tibial artery tissues. Additionally, we observed sig-
nificantly elevated TRMT10C gene expression in neuro-
blastoma tissues compared with normal adrenal gland 
tissues. Notably, TRMT10C gene expression was also 
significantly greater in both high-risk and advanced-
stage neuroblastoma patients. These results indicate that 
increased TRMT10C gene expression is linked to neu-
roblastoma risk and invasiveness. Furthermore, Kaplan-
Meier analyses demonstrated that high TRMT10C gene 
expression was associated with poorer prognosis in neu-
roblastoma patients. Collectively, these findings support 
the significant association between the rs4618204 C > T 
polymorphism and a reduced risk of neuroblastoma. 
The rs4618204 C > T variant or linked SNPs may miti-
gate neuroblastoma risk by downregulating TRMT10C 
gene expression. Taken together, our results suggest that 
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Table 5 Stratification analysis for the associations of YTHDF1 and YTHDF3 gene polymorphisms with neuroblastoma risk in children 
from Jiangsu Province
Variables YTHDF1 rs6011668

(cases/controls)
AOR (95% CI) a Pa YTHDF3 rs7464

(cases/controls)
AOR (95% CI) a Pa

CC CT/TT AA AG/GG
Age, month
 ≤ 18 96/99 43/40 1.11 (0.66–1.86) 0.689 77/77 62/62 1.00 (0.62–1.60) 0.998
 > 18 186/253 77/81 1.29 (0.90–1.86) 0.167 128/187 135/147 1.34 (0.97–1.86) 0.075
Gender
 Females 130/169 61/56 1.42 (0.92–2.18) 0.112 100/130 91/95 1.25 (0.85–1.84) 0.268
 Males 152/183 59/65 1.09 (0.72–1.65) 0.677 105/134 106/114 1.19 (0.82–1.71) 0.365
Sites of origin
 Adrenal gland 69/352 24/121 1.01 (0.61–1.68) 0.963 46/264 47/209 1.28 (0.82-2.00) 0.274
 Retroperitoneal 113/352 54/121 1.39 (0.95–2.04) 0.093 91/264 76/209 1.06 (0.74–1.51) 0.759
 Mediastinum 87/352 33/121 1.10 (0.70–1.73) 0.668 55/264 65/209 1.49 (1.00-2.23) 0.051
 Others 11/352 7/121 1.84 (0.70–4.86) 0.219 10/264 8/209 1.02 (0.40–2.64) 0.964
Clinical stages
 I + II + 4s 125/352 48/121 1.12 (0.76–1.66) 0.572 96/264 77/209 1.02 (0.71–1.44) 0.932
 III + IV 109/352 54/121 1.44 (0.98–2.12) 0.063 79/264 84/209 1.34 (0.93–1.91) 0.113
AOR, adjusted odds ratio; CI, confidence interval
a Adjusted for age and gender, omitting the correspondence factor

Fig. 1 Complete linkage analysis and eQTL analysis demonstrated the impact of the TRMT10C rs4618204 C > T polymorphism on gene expression. A, 
TRMT10C rs4618204 C > T is fully linked to rs13072301 T > C and rs6809742 C > G (R2 = 1). B-C, rs13072301 T > C is associated with reduced expression of 
the TRMT10C gene in both skeletal muscle (P = 4.73 × 10− 6) and tibial artery tissues (P = 2.47 × 10− 4). D-E, rs6809742 C > G significantly decreases TRMT10C 
gene expression in both skeletal muscle (P = 3.62 × 10− 6) and tibial artery tissues (P = 2.93 × 10− 4)
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rs4618204 C > T is a credible biomarker for neuroblas-
toma risk.

Our results also suggest that the expression of the 
TRMT10C gene may play an important role in the 
development and progression of neuroblastoma. The 
TRMT10C demethylase interacts with SDR5C1 to meth-
ylate position 9 of the mitochondrial tRNA [44]. It also 
catalyzes the formation of m1A modifications at position 
9 of the mitochondrial ND5 mRNA, which play crucial 
roles in regulating mitochondrial protein translation and 
function [45]. Metodiev et al. demonstrated that muta-
tions in the TRMT10C gene can affect MRPP1 protein 
stability and mt-tRNA processing, thereby leading to 
mitochondrial disease [46]. Elevated expression of the 
TRMT10C gene was observed to be associated with poor 
prognosis in both glioma and HCC patients [47, 48]. The 
expression level of the TRMT10C gene was demonstrated 
to be positively correlated with the proliferation, colony 
formation, and migration of both ovarian and cervical 
cancer cells [49]. Consistent with our findings, previous 
studies have demonstrated that the TRMT10C gene func-
tions as an oncogene. Yu et al. reported via GSEA that the 

upregulation of the TRMT10C gene is associated with 
cell division and the MYC pathway [37]. Additionally, 
the downregulation of genes involved in cell division was 
demonstrated to be the mechanism of cell death induced 
by HDAC11 depletion in neuroblastoma cells [50]. As an 
important member of the MYC family, the MYCN gene 
is frequently amplified in neuroblastoma [51]. Amplifi-
cation of the MYCN oncogene is associated with high-
risk neuroblastoma and poor prognosis [52]. Zhu et al. 
reported that the MYCN gene synergizes with the LMO1 
gene to promote the proliferation of adrenal precursor 
cells, thereby contributing to the development of neuro-
blastoma [53]. These results suggest that TRMT10C may 
affect the development of neuroblastoma by interact-
ing with cell division and the MYC pathway. The precise 
molecular mechanisms by which the TRMT10C gene 
influences the onset and progression of neuroblastoma 
warrant further investigation.

Additionally, stratification analysis revealed that poly-
morphisms of the TRMT10C (rs3762735 C > G), TRMT6 
(rs451571 T > C and rs236110 C > A), and ALKBH3 
(rs10768993 G > A and rs2292889 C > G) genes were 

Fig. 2 The impact of TRMT10C gene expression on the risk, invasion, and prognosis of neuroblastoma. A, TRMT10C gene expression is significantly 
elevated in neuroblastoma tissues compared with normal adrenal gland tissues. B, TRMT10C gene expression is significantly elevated in the high-risk 
neuroblastoma group compared with the non-high-risk group. C, TRMT10C gene expression is significantly elevated in stage 4 neuroblastoma patients 
compared with other clinical stage groups. D-E, Increased expression of the TRMT10C gene is significantly associated with reduced event-free survival 
(EFS) and overall survival (OS) in neuroblastoma patients
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associated with the risk of neuroblastoma in certain sub-
groups. Liu et al. reported that the rs3762735 C > G poly-
morphism is associated with increased hepatoblastoma 
susceptibility [54]. Moreover, Chang et al. reported that 
the rs236110 C > A polymorphism is associated with an 
elevated risk of Wilms tumor [55]. In contrast, our find-
ings indicate that this variant may reduce the risk of neu-
roblastoma in specific subgroups. These observations 
suggest that the rs236110 C > A polymorphism may exert 
distinct effects across different types of tumors.

For the first time, we identified a significant associa-
tion between m1A modification gene polymorphisms 
and neuroblastoma susceptibility in Chinese children, 
along with the underlying involved mechanisms. Our 
findings provide important molecular markers for the 
early diagnosis of neuroblastoma and offer insights into 
its pathogenesis. However, this study has several limita-
tions. First, our study population was derived from Nan-
jing, China, and further research incorporating samples 
from a broader geographic distribution is necessary to 
validate the generalizability of these findings. Second, 
we did not account for additional environmental factors, 
which may have resulted in an underestimation of the 
potential interactions between genetic and environmen-
tal factors in the development of neuroblastoma. Third, 
the use of multiple tests to explore susceptibility loci in 
neuroblastoma may lead to false-positive results. We 
adjusted P values with the use of the Bonferroni method, 
which is a more stringent method for adjusting for mul-
tiple testing approaches and may lead to nonsignificant 
associations due to the performance of too many tests. 
The preliminary positive results require further valida-
tion in independent cohorts of neuroblastoma patients 
and controls. Finally, two SNPs (rs6809742 T > C and 
rs13072301 C > G) completely linked to rs4618204 C > T 
were observed to reduce TRMT10C gene expression in 
skeletal muscle and tibial artery tissues via eQTL analysis 
of the GTEx database. No significant associations were 
observed between these two SNPs and gene expression 
in adrenal gland tissues. Further studies are needed to 
verify the association between rs4618204 C > T and the 
TRMT10C gene in adrenal tissues and explore the spe-
cific mechanism affecting neuroblastoma.

Conclusion
In summary, our findings demonstrate a significant asso-
ciation between the TRMT10C gene rs4618204 C > T 
polymorphism and a reduced risk of neuroblastoma. 
These results provide an important molecular marker for 
the early diagnosis of neuroblastoma.
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