Pharmacogenomics and Personalized Medicine Dovepress
Taylor & Francis Group

ORIGINAL RESEARCH

Associations Between FTO Polymorphisms and
Neuroblastoma Risk in Chinese Children

Peiqgi Liu ', Yue Li', Yong Li2, Li Li3, Jiwen Cheng4, Suhong Li 5, Jiao Zhang6, Haixia Zhou 7,
Yunlong Huo®, Zhonghua Yang ! Jing He ?, Ran ZhangI

'Department of Pediatric Surgery, Shengjing Hospital of China Medical University, Shenyang, Liaoning, | 10004, People’s Republic of China;
2Department of Pediatric Surgery, Hunan Children’s Hospital, Changsha, Hunan, 410007, People’s Republic of China; 3Kunming Key Laboratory of
Children Infection and Immunity, Yunnan Key Laboratory of Children’s Major Disease Research, Yunnan Institute of Pediatrics Research, Yunnan
Medical Center for Pediatric Diseases, Kunming Children’s Hospital, Kunming, Yunan, 650000, People’s Republic of China; *Department of Pediatric
Surgery, The Second Affiliated Hospital of Xi'an Jiaotong University, Xi’an, Shaanxi, 710000, People’s Republic of China; *Department of Pathology,
Children Hospital and Women Health Center of Shanxi, Taiyuan, Shanxi, 030000, People’s Republic of China; ®Department of Pediatric Surgery, the
First Affiliated Hospital of Zhengzhou University, Zhengzhou, Henan, 450000, People’s Republic of China; Department of Hematology, The Second
Affiliated Hospital and Yuying Children’s Hospital of Wenzhou Medical University, Wenzhou, Zhejiang, 325000, People’s Republic of China;
8Department of Pathology, Shengjing Hospital of China Medical University, Shenyang, Liaoning, 110004, People’s Republic of China; °Department of
Pediatric Surgery, Guangzhou Institute of Pediatrics, Guangdong Provincial Key Laboratory of Research in Structural Birth Defect Disease, Guangzhou
Women and Children’s Medical Center, Guangzhou Medical University, Guangzhou, Guangdong, 510623, People’s Republic of China

Correspondence: Ran Zhang, Department of Pediatric Surgery, Shengjing Hospital of China Medical University, No. 36, Sanhao Street, Heping District,
Shenyang, Liaoning, 110004, People’s Republic of China, Tel +86-24-96615571 | 1, Email zrjason@ | 63.com; Jing He, Department of Pediatric Surgery,
Guangzhou Institute of Pediatrics, Guangdong Provincial Key Laboratory of Research in Structural Birth Defect Disease, Guangzhou Women and Children’s
Medical Center, Guangzhou Medical University, 9 Jinsui Road, Guangzhou, Guangdong, 510623, People’s Republic of China, Tel/Fax +86-020 38076560,
Email hejing| 98374@gmail.com

Background: Neuroblastoma (NB) is a malignancy of neural crest cells that primarily affects children. Single nucleotide polymorph-
isms (SNPs) in the fat mass and obesity-associated (F70) gene, a well-conserved gene, have been implicated in tumorigenesis.
However, there is currently insufficient evidence to establish the relationship between FTO gene SNPs and susceptibility to NB.
Methods: A TagMan assay was conducted to examine the potential associations between F7O gene SNPs and the risk of NB in
a cohort of 898 patients and 1734 controls from eight medical centers in China. Additionally, stratification analysis was performed to
evaluate the relationship between the selected FTO SNPs and the susceptibility to NB among various subgroups.

Results: No significant association was found between the selected 70 polymorphisms and the risk of NB in either the single locus
analysis or the combined analysis.

Conclusion: However, our study reveals that individuals with retroperitoneal NB and those with stage III+IV NB are more prone to
exhibit 7O SNPs compared to other patients. Moreover, participants with the F7O rs8047395 GG genotype displayed a higher
likelihood of developing stage III+IV NB in comparison to other participants.
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Introduction
Neuroblastoma (NB) is the most common pediatric extracranial solid tumor that develops from the sympathetic nervous
system.'> NB accounts for approximately 8% of all pediatric cancers.® Furthermore, the prognosis of NB varies depending on
the heterogeneity in age, clinical stage, genetic features, and biological characteristics.*” Additionally, patients diagnosed
with neonatal NB and low-risk NB generally exhibit a more favorable prognosis,® whereas those with high-risk NB
commonly develop metastases and experience a rapid deterioration of their condition. The 5-year survival rate for patients
with high-risk NB is less than 50%.”® Consequently, there is an urgent need to identify novel therapies for patients with NB.
With the progress of high-throughput “omics” techniques, several genes and molecules have undergone evaluation as
potential targets for the treatment of NB. Additionally, certain genetic SNPs, such as the YTHDC! gene polymorphism
(rs3813832 T>C)' and the hOGGI gene polymorphism (rs1052133 G>C),'" have been linked to NB susceptibility.
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Nevertheless, our current understanding of the correlation between F7O SNPs and NB susceptibility remains limited.
Notably, certain F7O SNPs situated within intron 1 of the F70 gene have demonstrated a significant influence on body
mass and obesity in humans.'* '

In a recent study, the overexpression of FTO was discovered to play a critical role in acute myeloid leukemia as an
N6-methyladenosine (m°A) demethylase. It was observed to promote cell proliferation and transformation while
suppressing apoptosis.'> Furthermore, aberrant FTO overexpression was associated with the promotion of breast tumor
progression,'® regulation melanoma tumorigenesis as a pro-tumorigenic factor,'” and the proliferation and invasion of
colorectal cancer cells, while also suppressing their apoptosis.'® Additionally, FTO knockdown led to a decrease in
proliferation of N2a NB cells.'” Lin et al also reported that FTO overexpression could modulate energy homeostasis
through the cAMP-response element binding protein signaling pathway in human NB cells.*

Considering the significance of FTO, we performed a case-control study to investigate the association between F70O
polymorphisms and the risk of NB.

Materials and Methods
Study Population

This retrospective case-control study enrolled all unrelated patients of Chinese Han ethnicity with NB from eight medical
centers in Guangzhou, Zhengzhou, Wenzhou, Xi’an, Taiyuan, Kunming, Changsha, and Shenyang (Table S1), following
the same inclusion criteria. In addition, 1734 NB-free controls matched for age, sex, and ethnicity were recruited from
the same geographical locations during the same period. The case group consisted of 898 patients who were diagnosed
with NB based on precise diagnostic criteria using clinical and histopathological evidence and received treatment at these

eight medical centers. The detailed inclusion criteria have been previously reported in our studies.?'*?

Polymorphism Selection and Genotyping

Four potential F7O SNPs (rs1477196 G>A, rs9939609 T>A, rs7206790 C>G, rs8047395 A>G) were retrieved from the
dbSNP database (http://www.ncbi.nlm.nih.gov/SNP) and the SNPinfo Web Server (https://snpinfo.niehs.nih.gov) based
on our previous studies.”> >* The selection criteria were as follows: Firstly, SNPs are located in the 5’-flanking regions,

3’- and 5°- untranslated regions, and exons of the F70O gene. Moreover, the minor allele frequencies should be >5% in
Chinese Han population; Furthermore, LDmatrix Tool (https://Idlink.nih.gov) result indicated that there was no sig-

nificant linkage disequilibrium (LD) among each other (R* < 0.8). As shown in the Figure S1, there was no significant
LD among these four SNPs of FTO (R? = 0.064 between rs7206790 and rs8047395, R* = 0.034 between 157206790 and
1s1477196, R* = 0.536 between rs7206790 and rs9939609, R? = 0.598 between rs8047395 and rs1477196, R* = 0.089
between rs8047395 and rs9939609, and R* = 0.06 between rs1477196 and rs9939609). Genomic DNA was then
extracted from the patients’ peripheral blood using standard procedures, and the SNP types were determined using
a commercial TagMan real-time polymerase chain reaction kit.*>*® Additionally, approximately 10% of the DNA
samples were randomly selected for re-genotyping using sequencing to ensure quality control and verify the accuracy
of the results. The concordance between the two sets of results was 100%, demonstrating high reproducibility.

Statistical Analysis

The goodness-of-fit chi-square (y*) test was conducted to assess whether the frequency distributions of the selected SNP
genotypes adhered to the Hardy-Weinberg equilibrium (HWE) in the control group. Two-sided y*tests were used to compare
demographic variables and allele frequency distributions between NB patients and controls. The odds ratio (OR), 95%
confidence interval (Cls), and adjusted P values for age and sex were calculated for each FTO SNP. Unconditional univariate
and multivariate logistic regression analyses were performed to evaluate the strength of the association between the selected
SNPs and NB susceptibility, providing ORs and 95% ClIs. Furthermore, stratification analyses were conducted based on age, sex,
original tumor location, and International Neuroblastoma Staging System (INSS) stages. All statistical analyses were performed
using SAS software version 9.1 (SAS Institute, Cary, NC). The detailed SAS running codes are provided in the supplementary
materials (SAS Code 1 and SAS Code 2). Statistical significance was set at P<0.05.

144 https: Pharmacogenomics and Personalized Medicine 2025:18


https://www.dovepress.com/article/supplementary_file/488314/488314+Supplementary_Material.pdf
http://www.ncbi.nlm.nih.gov/SNP
https://snpinfo.niehs.nih.gov
https://ldlink.nih.gov
https://www.dovepress.com/article/supplementary_file/488314/488314+Supplementary_Material.pdf
https://www.dovepress.com/article/supplementary_file/488314/488314+Supplementary_Material.pdf
https://www.dovepress.com/article/supplementary_file/488314/488314+Supplementary_Material.pdf

Liu et al

Results
Correlations Between FTO SNPs and NB Susceptibility

A total of 888 patients with NB and 1733 controls were successfully genotyped. The genotype frequency distributions of
the four FTO SNPs (rs1477196 G>A, rs9939609 T>A, rs7206790 C>G, rs8047395 A>G) in patients with NB and
controls, along with their relevance to NB susceptibility are presented in Table 1. Additionally, the genotype frequencies
of the four selected SNPs accorded with the Hardy-Weinberg equilibrium (HWE) in controls (HWE=0.466 for rs1477196
G>A, HWE=0.046 for rs9939609 T>A, HWE=0.022 for rs7206790 C>G, and HWE=0.657 for rs8047395 A>QG).
Consequently, no significant associations were observed between the selected 70 polymorphisms and the risk of NB
in the single locus analysis (P adjusted for age and sex >0.05).

Table | Association Between FTO Gene Polymorphisms and Neuroblastoma Risk

Genotype Cases Controls P Crude OR P Adjusted OR [
(N=888) (N=1733) (95% ClI) (95% CI) ®
rs1477196 G>A (HWE=0.466)
GG 485 (54.62) | 952 (54.93) 1.00 1.00
GA 327 (36.82) | 657 (37.91) 0.98 (0.82-1.16) 0.790 | 0.97 (0.82-1.16) | 0.763
AA 76 (8.56) 124 (7.16) 1.20 (0.89-1.63) 0.236 | 1.18 (0.87-1.60) | 0.290
Additive 0.511 1.04 (0.92-1.19) 0.510 | 1.04 (0.91-1.18) | 0.582
Dominant 403 (45.38) | 781 (45.07) 0.878 | 1.01 (0.86-1.19) 0.878 | 1.01 (0.86-1.19) | 0.935
Recessive 812 (91.44) | 1609 (92.84) | 0.200 | 1.21 (0.90-1.64) 0.201 1.19 (0.89-1.61) | 0.247
rs9939609 T>A (HWE=0.046)
T 648 (72.97) | 1297 (74.84) 1.00 1.00
TA 220 (24.77) | 393 (22.68) 1.12 (0.93-1.36) 0.241 1.13 (0.93-1.36) | 0.218
AA 20 (2.25) 43 (2.48) 0.93 (0.54-1.60) 0.795 | 0.94 (0.55-1.61) | 0.814
Additive 0.428 | 1.07 (0.91-1.25) 0428 | 1.07 (0.91-1.26) | 0.393
Dominant 240 (27.03) | 436 (25.16) 0.301 1.10 (0.92-1.32) 0.301 .11 (0.92-1.33) | 0.273
Recessive 868 (97.75) | 1690 (97.52) | 0.717 | 091 (0.53-1.55) 0.717 | 091 (0.53-1.56) | 0.732
rs7206790 C>G (HWE=0.022)
CcC 654 (73.65) | 1255 (72.42) 1.00 1.00
CG 217 (24.44) | 425 (24.52) 0.98 (0.81-1.18) 0.832 | 0.99 (0.82-1.19) | 0.893
GG 17 (1.91) 53 (3.06) 0.62 (0.35-1.07) 0.067 | 0.61 (0.35-1.07) | 0.084
Additive 0.262 | 0.91 (0.78-1.07) 0.262 | 0.92 (0.78-1.08) | 0.285
Dominant 234 (26.35) | 478 (27.58) 0.503 | 0.94 (0.78-1.13) 0.503 | 0.95 (0.79-1.14) | 0.547
Recessive 871 (98.09) | 1680 (96.94) | 0.086 | 0.62 (0.36—1.08) 0.089 | 0.62 (0.35-1.07) | 0.085
rs8047395 A>G (HWE=0.657)
AA 348 (39.19) | 683 (39.41) 1.00 1.00
AG 393 (44.26) | 803 (46.34) 0.96 (0.81-1.15) 0.655 | 0.96 (0.80-1.14) | 0.619
GG 147 (16.55) | 247 (14.25) 1.17 (0.92-1.49) 0.208 | I1.15(0.90-1.47) | 0.257
Additive 0.380 | 1.05 (0.94-1.18) 0.380 | 1.05(0.93-1.18) | 0.448
Dominant 540 (60.81) | 1050 (60.59) | 0.912 | 1.0l (0.86-1.19) 0.912 | 1.00 (0.85-1.18) | 0.982
Recessive 741 (83.45) | 1486 (85.75) | 0.119 | 1.19 (0.96-1.49) 0.119 | 1.18 (0.94-1.47) | 0.149
Combine risk genotypes®
0 8 (0.90) 24 (1.38) 0.055 | 1.00 1.00
| 20 (2.25) 46 (2.65) 1.30 (0.50-3.40) 0.587 | 1.34 (0.51-3.49) | 0.550
2 706 (79.50) | 1414 (81.59) 1.50 (0.67-3.35) 0.326 | 1.52 (0.68-3.40) | 0.309
3 86 (9.68) 129 (7.44) 2.00 (0.86—4.66) 0.108 | 2.02 (0.87-4.70) | 0.104
4 68 (7.66) 120 (6.92) 1.70 (0.72-3.99) 0.223 | 1.69 (0.72-3.98) | 0.227
0-2 734 (82.66) | 1484 (85.63) 1.00 1.00
34 154 (17.34) | 249 (14.37) 0.046 | 1.25 (1.004-1.56) | 0.046 | 1.24 (0.99-1.54) | 0.060

Notes: %/ test for genotype distributions between neuroblastoma patients and cancer-free controls. “Adjusted for age and sex. “Risk genotypes were
rs1477196 AA, rs9939609 TT/TA, rs7206790 CC/CG, and rs8047395 GG.
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To delve deeper into the relationship between F7O SNPs and NB susceptibility, the combined effect of risk genotypes
was examined (Table 1). However, the findings from the combined analysis (P adjusted for age and sex >0.05) were
identical to those of the single locus analysis.

Stratification Analysis

To further evaluate the association between the selected FTO polymorphisms and NB susceptibility among different
subgroups, stratification analysis was conducted based on age, sex, site of origin, and INSS stage (Table 2). Single locus
stratification analysis revealed no correlation between the rs7206790 C>G polymorphism and the risk of NB in any of the
subgroups. However, among participants in the INSS stage III+IV subgroup, those with the GG genotype of rs8047395
A>G had a significantly higher susceptibility to NB compared to those with the AA/AG genotype (Adjusted OR=1.36,
95% CI=1.01-1.81, P=0.040). Furthermore, combined analysis indicated that the presence of 3—4 risk genotypes had
a significantly correlation with NB originating in retroperitoneal (AOR=1.47, 95% CI=1.08-2.00, P=0.015) and NB in III
+IV INSS stages (AOR=1.37, 95% CI=1.03-1.83, P=0.033) compared with the reference group.

Discussion

The FTO gene is situated on 16q12.2 and is responsible for producing the FTO protein, It has been reported FTO
knockdown led to increased amounts of N°-methyladenosine (m®A) in mRNA, whereas overexpression of FTO resulted
in decreased amounts of m®A in vitro, which strongly suggested FTO plays a crucial role in the demethylation process of
N6-methyladenosine (m°A) residues in nuclear RNA within human cells.””*® Several studies have shown
that m°A modification is associated with various aspects of tumor biology, including growth,” proliferation,*
differentiation,®’ invasion,>® and metastasis.>” Additionally, it has been observed that m®A can function both as
a tumor stimulator and a tumor repressor.’**> Owing to its oxidative demethylation function, the biological regulatory
mechanism of FTO expression has been recently explored in various human malignancies, such as breast tumors,*®
bladder tumors,” prostate cancer,”® hepatocellular carcinoma,®” and non-small cell lung carcinoma.*® Furthermore, the
impact of FTO SNPs on tumorigenesis, tumor progression, and cancer susceptibility has also been revealed.*' Gaudet
et al concluded that the rs8050136 C>A FTO polymorphism did not have a significant impact on the risk of endometrial
cancer in the Polish Endometrial Case-Control Study,** and this finding was consistent with three replication studies
conducted by the same authors.** In a hospital-based case-control study by Tang et al,*’ it was reported that the FTO
SNPs rs8050136 C>A and rs9939609 T>A polymorphisms were significantly associated with the risk of pancreatic
cancer. This study included 1070 patients with pancreatic cancer and 1175 cancer-free controls.

There are many studies on the relationship between m°®A modification and nervous system tumors, however, studies on FTO
and nervous system tumors are limited. Cui et al confirmed that overexpression of FTO promoted glioblastoma stem cell-induced
tumorigenesis as well as shortened the life-span of GSC-engrafted mice.** This finding established a causative link
between m®A modifications and glioblastoma, a highly aggressive form of brain cancer. NB, as an embryonal tumor originating
from the nervous system,***® has a high incidence rate among infants.*”** Recently, the involvement of m®A modification in NB
has been elucidated. Cheng et al proposed that miR-98 binds to the 3’-UTR of MYCN RNA and down-regulates its expression
through m°A modification, thereby inhibiting NB progression.*” Wang et al reported that five m°A modification-related genes,
namely METT14, WIAP, HNRNPC, YTHDFI and IGF2BP2, could impact the clinical prognosis of NB.>® Zeng et al have
confirmed the relationship between an SNP (rs3738067 A>G) of the m®A modification-related gene YTHDF2 and NB
susceptibility.”' Several studies have reported the results of the correlation between FTO and NB, most of which revealed the
role of FTO in human neuroblastoma cells, such as SH-SYSY cells and SK-N-SH cells. Hu et al reported that Early B Cell Factor 3
(EBF3), a member of the highly evolutionarily conserved EBF-transcription factor family, whose m°A methylation modification
level and mRNA half-life were upregulated by FTO siRNA, and EBF3 overexpression suppressed apoptosis of SH-SY5Y cells.>
In N-methyl-4-phenylpyridinium treated SH-SY5Y cells, FTO impaired the NRF2 mRNA stability via m6 A-dependent pathway
to led to the ferroptosis significantly upregulated.” And FTO increased NRF2 expression by mediating m®A demethylation of
NRF2 mRNA, thereby inhibiting oxidative stress response in glucose deprivation/re-oxygenation (OGD/R)-induced SH-SYSY
cells.>* Lin et al have confirmed FTO interacted with CaMKII and modulated the activity of CREB signaling pathway in SK-
N-SH cells, and the CREB signaling pathway could regulate food intake and energy homeostasis.”® Moreover, Lin et al have
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Table 2 Stratification Analysis for the Association Between Risk Genotypes and Neuroblastoma Risk

Variables rs7206790 AOR (95% CI)* P rs8047395 AOR (95% CI)* pP? Risk genotypes AOR (95% CI)* P?
(cases/controls) (cases/controls) (cases/controls)
CC/CG GG AA/AG GG 0-2 3-4
Age, month
<I8 334/692 7/21 0.71 (0.30-1.68) 0.432 291/631 50/82 1.32 (0.90-1.92) 0.155 290/629 51/84 1.31 (0.90-1.91) 0.155
>18 537/988 10/32 0.58 (0.28-1.19) 0.137 450/855 97/165 .11 (0.84-1.47) 0.448 444/855 103/165 1.20 (0.91-1.58) 0.188
Sex
Females 398/716 7/28 0.46 (0.20-1.06) 0.067 340/640 65/104 1.15 (0.82-1.61) 0.420 337/639 68/105 1.20 (0.86—1.68) 0.280
Males 473/964 10/25 0.81 (0.39-1.70) 0.579 401/846 82/143 1.20 (0.89-1.62) 0.226 397/845 86/144 1.26 (0.94-1.69) 0.120
Sites of origin
Adrenal gland 242/1680 5/53 0.66 (0.26—1.66) 0.373 209/1486 38/247 1.06 (0.73—1.54) 0.750 209/1484 38/249 1.05 (0.73-1.53) 0.781
Retroperitoneal 310/1680 4/53 0.40 (0.15-1.13) 0.083 255/1486 591247 1.37 (1.00-1.87) 0.053 251/1484 63/249 1.47 (1.08-2.00) 0.015
Mediastinum 203/1680 7/53 1.05 (0.47-2.34) 0.907 184/1486 261247 0.85 (0.55—-1.32) 0.473 184/1484 26/249 0.85 (0.55-1.30) 0.446
Others 104/1680 1/53 0.30 (0.04-2.18) 0.232 86/1486 19/247 1.37 (0.81-2.29) 0.238 83/1484 22/249 1.62 (0.99-2.65) 0.054
INSS stages
I+1+4s 458/1680 9/68 0.61 (0.30-1.25) 0.178 400/1486 671247 1.02 (0.76-1.36) 0.902 394/1484 731249 1.12 (0.84-1.48) 0.449
n+v 380/1680 8/68 0.65 (0.30-1.38) 0.261 314/1486 741247 1.36 (1.01-1.81) 0.040 313/1484 751249 1.37 (1.03-1.83) 0.033

Notes: “Adjusted for age and sex, omitting the corresponding stratification factor. Bold values indicate statistically significant associations (AOR > | with 95% Cl excluding |; P < 0.05).

Abbreviations: AOR, adjusted odds ratio; Cl, confidence interval.
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demonstrated FTO overexpression inhibited cell proliferation, whereas FTO knockdown promoted cell proliferation in NB cells,
and the sensitivity of NB cells to chemotherapeutic drugs (etoposide and paclitaxel) is contributed to FTO expression level.”
Those study mentioned above showed that FTO expression was correlated with survival probability and prognostic factors in
patients with NB. Consequently, it is reasonable to hypothesize that F7TO SNPs may influence one or more pathological processes
involved in the occurrence, progression, deterioration, or metastasis of NB. Limited studies have demonstrated the association
between FTO SNPs and the susceptibility, tumorigenesis, and progression of pediatric NB. Nevertheless, this hospital-based case-
control study represents the first attempt, to our knowledge, to assess the impact of F70O SNPs on NB susceptibility in the Chinese
Han population. Our findings indicate that the selected F7O polymorphisms did not show a significant correlation with NB
susceptibility overall. However, in the stratification analysis of F70 158047395 A>G, we observed that patients with a GG
genotype in the stage [II+IV subgroup were considered to have a higher risk of NB, therefore the results of our study may
contribute to the effective health risk assessment of possible NB patients.

Our study has several limitations that should be acknowledged. Firstly, the study population may not be entirely
representative of the entire Chinese population, despite being the largest case-control study conducted to evaluate the
association between FTO SNPs and NB susceptibility specifically in the Chinese Han population. Therefore, further
studies with larger sample sizes are needed to confirm and validate our findings. Additionally, the low incidence rate of
NB poses challenges in conducting studies with small sample sizes, which may introduce some degree of bias.
Furthermore, it is crucial to recognize that tumor susceptibility is influenced by a complex interplay between genetic
risk factors and environmental factors.’® Furthermore, we did not evaluate important environmental factors, such as
dietary habits, physical fitness, and childhood exposures, which could have a profound effect on the statistical analysis
outcomes. Additionally, our study only focused on four specific FTO SNPs, limiting our ability to elucidate the role of all
FTO polymorphisms in NB. Therefore, it is essential to identify potentially functional FTO polymorphisms to establish
comprehensive associations between other F70O SNPs and NB susceptibility. Ultimately, mechanistic research and
functional analysis will be fundamental approaches to confirm and clarify the underlying mechanisms linking F70
polymorphisms to NB susceptibility.

In summary, our study did not identify any remarkable associations between the selected F7O polymorphisms and
NB susceptibility. However, our findings lay the groundwork for future research exploring the role of FTO SNPs in NB.
Given the clinical significance of the relationship between FTO SNPs and NB susceptibility, larger-scale mechanistic
studies are warranted to deepen our understanding and improve the treatment of NB.

Abbreviation

NB, Neuroblastoma; SNPs, Single nucleotide polymorphisms; m®A, N6-methyladenosine; HWE, Hardy—Weinberg
equilibrium; CIs, confidence interval; INSS, International Neuroblastoma Staging System.

Data Sharing Statement

All data generated or analyzed during this study are included in this manuscript.

Ethics Approval and Consent to Participate

Written informed consent was obtained from the parents or guardians of all participants included in the study. The
experimental protocol adhered to the ethical guidelines outlined in the Helsinki Declaration. Approval for this study was
granted by the ethics committees of each clinic medical center, namely Shengjing Hospital of China Medical University,
Hunan Children’s Hospital, Kunming Children’s Hospital, the Second Affiliated Hospital of Xi’an Jiaotong University,
Children Hospital and Women Health Center of Shanxi, the First Affiliated Hospital of Zhengzhou University, the
Second Affiliated Hospital and Yuying Children’s Hospital of Wenzhou Medical University, Guangzhou Women and
Children’s Medical Center.

Author Contributions
All authors made a significant contribution to the work reported, whether that is in the conception, study design,
execution, acquisition of data, analysis and interpretation, or in all these areas; took part in drafting, revising or critically

148 https: Pharmacogenomics and Personalized Medicine 2025:18



Liu et al

reviewing the article; gave final approval of the version to be published; have agreed on the journal to which the article
has been submitted; and agree to be accountable for all aspects of the work.

Funding

This study was supported by grants from National Natural Science Foundation of China (No. 82173593), Natural Science
Foundation of Guangdong Province (No. 2019A1515010360), and Natural Science Fund of Department of Science and
Technology of Liaoning Province (No. 2024-MS-069).

Disclosure
This paper is also available on Authorea (www.authorea.com) as a preprint Hyperlink with DOI: 10.22541/

au.168127385.58258722/v1. The 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.

References

1. Swift CC, Eklund MJ, Kraveka JM, Alazraki AL. Updates in diagnosis, management, and treatment of neuroblastoma. Radiographics. 2018;38
(2):566-580. doi:10.1148/rg.2018170132
2. Park JA, Cheung NV. Targets and antibody formats for immunotherapy of neuroblastoma. J Clin Oncol. 2020;38(16):1836—1848. doi:10.1200/
JCO.19.01410
Davidoff AM. Neonatal neuroblastoma. Clin Perinatol. 2021;48(1):101-115. doi:10.1016/j.clp.2020.11.006
Cheung NK, Dyer MA. Neuroblastoma: developmental biology, cancer genomics and immunotherapy. Nat Rev Cancer. 2013;13(6):397-411.
doi:10.1038/nrc3526
. Mlakar V, Jurkovic Mlakar S, Lopez G, Maris JM, Ansari M, Gumy-Pause F. 11q deletion in neuroblastoma: a review of biological and clinical
implications. Mol Cancer. 2017;16(1):114. doi:10.1186/s12943-017-0686-8
6. Zafar A, Wang W, Liu G, et al. Molecular targeting therapies for neuroblastoma: progress and challenges. Med Res Rev. 2021;41(2):961-1021.
doi:10.1002/med.21750
7. Gatta G, Botta L, Rossi S, et al. Childhood cancer survival in Europe 1999-2007: results of EUROCARE-5--a population-based study. Lancet
Oncol. 2014;15(1):35-47. doi:10.1016/S1470-2045(13)70548-5
. Tonini GP, Capasso M. Genetic predisposition and chromosome instability in neuroblastoma. Cancer Metastasis Rev. 2020;39(1):275-285.
doi:10.1007/510555-020-09843-4
9. Park JR, Kreissman SG, London WB, et al. Effect of tandem autologous stem cell transplant vs single transplant on event-free survival in patients
with high-risk neuroblastoma: a randomized clinical trial. JAMA. 2019;322(8):746—755. doi:10.1001/jama.2019.11642
10. Li Y, Lu T, Wang J, et al. YTHDCI1 gene polymorphisms and neuroblastoma susceptibility in Chinese children. Aging. 2021;13(23):25426-25439.
doi:10.18632/aging.203760
11. Wang YZ, Zhuo ZJ, Fang Y, et al. Functional polymorphisms in hOGG1 gene and neuroblastoma risk in Chinese children. J Cancer. 2018;9
(23):4521-4526. doi:10.7150/jca.27983
12. Loos RJ, Yeo GS. The bigger picture of FTO: the first GWAS-identified obesity gene. Nat Rev Endocrinol. 2014;10(1):51-61. doi:10.1038/nrendo.2013.227
13. Abdelmajed SS, Youssef M, Zaki ME, Abu-Mandil Hassan N, Ismail S. Association analysis of FTO gene polymorphisms and obesity risk among
Egyptian children and adolescents. Genes Dis. 2017;4(3):170—175. doi:10.1016/j.gendis.2017.06.002
14. Tung YCL, Yeo GSH, O’Rahilly S, Coll AP. Obesity and FTO: changing Focus at a Complex Locus. Cell Metabolism. 2014;20(5):710-718.
doi:10.1016/j.cmet.2014.09.010
15.Li Z, Weng H, Su R, et al. FTO plays an oncogenic role in acute myeloid leukemia as a N(6)-methyladenosine RNA demethylase. Cancer Cell.
2017;31(1):127-141. doi:10.1016/j.ccell.2016.11.017
16. Niu Y, Lin Z, Wan A, et al. RNA N6-methyladenosine demethylase FTO promotes breast tumor progression through inhibiting BNIP3. Mo/ Cancer.
2019;18(1):46. doi:10.1186/s12943-019-1004-4
17. Yang S, Wei J, Cui YH, et al. m(6)A mRNA demethylase FTO regulates melanoma tumorigenicity and response to anti-PD-1 blockade. Nat
Commun. 2019;10(1):2782. doi:10.1038/s41467-019-10669-0
18. Yue C, Chen J, Li Z, Li L, Chen J, Guo Y. microRNA-96 promotes occurrence and progression of colorectal cancer via regulation of the
AMPKa2-FTO-m6A/MYC axis. J Experimental Clin Cancer Res. 2020;39(1):240. doi:10.1186/s13046-020-01731-7
19. Stratigopoulos G, LeDuc CA, Cremona ML, Chung WK, Leibel RL. Cut-like homeobox 1 (CUX1) regulates expression of the fat mass and
obesity-associated and retinitis pigmentosa GTPase regulator-interacting protein-1-like (RPGRIPIL) genes and coordinates leptin receptor
signaling. J Biol Chem. 2011;286(3):2155-2170. doi:10.1074/jbc.M110.1884382
20. Lin L, Hales CM, Garber K, Jin P. Fat mass and obesity-associated (FTO) protein interacts with CaMKII and modulates the activity of CREB
signaling pathway. Human Molecular Genetics. 2014;23(12):3299-3306. doi:10.1093/hmg/ddu043
21. Zhuo Z, Lu H, Zhu J, et al. METTL14 gene polymorphisms confer neuroblastoma susceptibility: an eight-center case-control study. Mol Ther
Nucleic Acids. 2020;22:17-26. doi:10.1016/j.omtn.2020.08.009
22.He J, Yuan L, Lin H, et al. Genetic variants in m(6)A modification core genes are associated with glioma risk in Chinese children. Mol Ther
Oncolytics. 2021;20:199-208. doi:10.1016/j.0mt0.2020.12.013
23. Hua RX, Fu W, Lin A, et al. Role of FTO gene polymorphisms in Wilms tumor predisposition: a five-center case-control study. J Gene Med.
2021;23(8):3348. doi:10.1002/jgm.3348

W

wn

foe]

Pharmacogenomics and Personalized Medicine 2025:18 https: 149


http://www.authorea.com
https://doi.org/10.1148/rg.2018170132
https://doi.org/10.1200/JCO.19.01410
https://doi.org/10.1200/JCO.19.01410
https://doi.org/10.1016/j.clp.2020.11.006
https://doi.org/10.1038/nrc3526
https://doi.org/10.1186/s12943-017-0686-8
https://doi.org/10.1002/med.21750
https://doi.org/10.1016/S1470-2045(13)70548-5
https://doi.org/10.1007/s10555-020-09843-4
https://doi.org/10.1001/jama.2019.11642
https://doi.org/10.18632/aging.203760
https://doi.org/10.7150/jca.27983
https://doi.org/10.1038/nrendo.2013.227
https://doi.org/10.1016/j.gendis.2017.06.002
https://doi.org/10.1016/j.cmet.2014.09.010
https://doi.org/10.1016/j.ccell.2016.11.017
https://doi.org/10.1186/s12943-019-1004-4
https://doi.org/10.1038/s41467-019-10669-0
https://doi.org/10.1186/s13046-020-01731-7
https://doi.org/10.1074/jbc.M110.188482
https://doi.org/10.1093/hmg/ddu043
https://doi.org/10.1016/j.omtn.2020.08.009
https://doi.org/10.1016/j.omto.2020.12.013
https://doi.org/10.1002/jgm.3348

Liu et al

24.

25.

26.

217.

28.

29.

30.

31.
32.

33.

34.
35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.
46.

47.
48.

49.

50.

51.

52.

53.

54.

55.

56.

Fan J, Zhuo Z, Chen G, et al. FTO gene polymorphisms and hepatoblastoma susceptibility among Chinese children. Cell Cycle. 2022;21
(14):1512—-1518. doi:10.1080/15384101.2022.2054635

Hashemi M, Sarabandi S, Karami S, et al. LMO!1 polymorphisms and the risk of neuroblastoma: assessment of meta-analysis of case-control
studies. J Cell Mol Med. 2020;24(2):1160-1168. doi:10.1111/jcmm.14836

Yang Z, Deng Y, Zhang K, et al. LIN28A polymorphisms and hepatoblastoma susceptibility in Chinese children. J Cancer. 2021;12(5):1373-1378.
doi:10.7150/jca.52621

Jia G, Fu Y, Zhao X, et al. N6-methyladenosine in nuclear RNA is a major substrate of the obesity-associated FTO. Nat Chem Biol. 2011;7
(12):885-887. doi:10.1038/nchembio.687

Bartosovic M, Molares HC, Gregorova P, Hrossova D, Kudla G, Vanacova S. N6-methyladenosine demethylase FTO targets pre-mRNAs and
regulates alternative splicing and 3’-end processing. Nucleic Acids Res. 2017;45(19):11356-11370. doi:10.1093/nar/gkx778

Lin S, Choe J, Du P, Triboulet R, Gregory RI. The m(6)A methyltransferase METTL3 promotes translation in human cancer cells. Molecular Cell.
2016;62(3):335-345. doi:10.1016/j.molcel.2016.03.021

Liu J, Eckert MA, Harada BT, et al. m(6)A mRNA methylation regulates AKT activity to promote the proliferation and tumorigenicity of
endometrial cancer. Nat Cell Biol. 2018;20(9):1074—1083. doi:10.1038/s41556-018-0174-4

Pan'Y,MaP, Liu'Y, Li W, Shu Y. Multiple functions of m(6)A RNA methylation in cancer. J Hematol Oncol.2018;11(1):48. doi:10.1186/513045-018-0590-8
Deng X, Su R, Weng H, Huang H, Li Z, Chen J. RNA N(6)-methyladenosine modification in cancers: current status and perspectives. Cell Res.
2018;28(5):507-517. doi:10.1038/s41422-018-0034-6

Ma JZ, Yang F, Zhou CC, et al. METTL14 suppresses the metastatic potential of hepatocellular carcinoma by modulating N(6) -methyladenosine
-dependent primary MicroRNA processing. Hepatology. 2017;65(2):529-543. doi:10.1002/hep.28885

Chen XY, Zhang J, Zhu JS. The role of m(6)A RNA methylation in human cancer. Mol Cancer. 2019;18(1):103. doi:10.1186/s12943-019-1033-z
Li Y, Xiao J, Bai J, et al. Molecular characterization and clinical relevance of m(6)A regulators across 33 cancer types. Mol Cancer. 2019;18
(1):137. doi:10.1186/s12943-019-1066-3

Xie G, Wu XN, Ling Y, et al. A novel inhibitor of N (6)-methyladenosine demethylase FTO induces mRNA methylation and shows anti-cancer
activities. Acta pharmaceutica Sinica B. 2022;12(2):853-866. doi:10.1016/j.apsb.2021.08.028

Song W, Yang K, Luo J, Gao Z, Gao Y. Dysregulation of USPI18/FTO/PYCRI signaling network promotes bladder cancer development and
progression. Aging. 2021;13(3):3909-3925. doi:10.18632/aging.202359

Zhu K, LiY, Xu Y. The FTO m(6)A demethylase inhibits the invasion and migration of prostate cancer cells by regulating total m(6)A levels. Life
Sci. 2021;271:119180. doi:10.1016/j.1£s.2021.119180

Bian X, Shi D, Xing K, et al. AMDI upregulates hepatocellular carcinoma cells stemness by FTO mediated mRNA demethylation. Clin Trans!
Med. 2021;11(3):e352. doi:10.1002/ctm2.352

Wang Y, Li M, Zhang L, Chen Y, Zhang S. m6A demethylase FTO induces NELL2 expression by inhibiting E2F1 m6A modification leading to
metastasis of non-small cell lung cancer. Mol Ther Oncolytics. 2021;21:367-376. doi:10.1016/j.0mt0.2021.04.011

Huang X, Zhao J, Yang M, Li M, Zheng J. Association between FTO gene polymorphism (rs9939609 T/A) and cancer risk: a meta-analysis.
European J Cancer Care. 2017;26(5):¢12464. doi:10.1111/ecc.12464

Gaudet MM, Yang HP, Bosquet JG, et al. No association between FTO or HHEX and endometrial cancer risk. Cancer Epidemiol Biomarkers
Prevention. 2010;19(8):2106-2109. doi:10.1158/1055-9965.EPI-10-0515

Tang H, Dong X, Hassan M, Abbruzzese JL, Li D. Body mass index and obesity- and diabetes-associated genotypes and risk for pancreatic cancer.
Cancer Epidemiol Biomarkers Prevention. 2011;20(5):779-792. doi:10.1158/1055-9965.EPI-10-0845

Cui Q, Shi H, Ye P, et al. m(6)A RNA methylation regulates the self-renewal and tumorigenesis of glioblastoma stem cells. Cell Rep. 2017;18
(11):2622-2634. doi:10.1016/j.celrep.2017.02.059

Maris JM. Recent advances in neuroblastoma. New Engl J Med. 2010;362(23):2202-2211. doi:10.1056/NEJMra0804577

Edsjo A, Holmquist L, Pdhlman S. Neuroblastoma as an experimental model for neuronal differentiation and hypoxia-induced tumor cell
dedifferentiation. Semi Cancer Biol. 2007;17(3):248-256. doi:10.1016/j.semcancer.2006.04.005

Matthay KK. Neuroblastoma: a clinical challenge and biologic puzzle. Ca a Cancer J Clinicians. 1995;45(3):179-192. doi:10.3322/canjclin.45.3.179
Sharp SE, Gelfand MJ, Shulkin BL. Pediatrics: diagnosis of neuroblastoma. Seminars Nuclear Med. 2011;41(5):345-353. doi:10.1053/.
semnuclmed.2011.05.001

Cheng J, Xu L, Deng L, et al. RNA N(6)-methyladenosine modification is required for miR-98/MYCN axis-mediated inhibition of neuroblastoma
progression. Sci Rep. 2020;10(1):13624. doi:10.1038/s41598-020-64682-1

Wang Z, Cheng H, Xu H, Yu X, Sui D. A five-gene signature derived from m6A regulators to improve prognosis prediction of neuroblastoma.
Cancer Biomarkers. 2020;28(3):275-284. doi:10.3233/CBM-191196

Zeng H, Li M, Liu J, et al. YTHDF2 gene rs3738067 A>G polymorphism decreases neuroblastoma risk in Chinese children: evidence from an
eight-center case-control study. Front Med. 2021;8:797195. doi:10.3389/fmed.2021.797195

Hu W, Wang M, Sun G, Zhang L, Lu H. Early B cell factor 3 (EBF3) attenuates Parkinson’s disease through directly regulating contactin-associated
protein-like 4 (CNTNAP4) transcription: an experimental study. Cell Signal. 2024;118:111139. doi:10.1016/j.cellsig.2024.111139

Pang P, Zhang S, Fan X, Zhang S. Knockdown of fat mass and obesity alleviates the ferroptosis in Parkinson’s disease through m6A-NRF2-
dependent manner. Cell Biol Int. 2024;48(4):431-439. doi:10.1002/cbin.12118

Hou L, Li S, Li S, Wang R, Zhao M, Liu X. FTO inhibits oxidative stress by mediating m6A demethylation of Nrf2 to alleviate cerebral ischemia/
reperfusion injury. J Physiol Biochem. 2023;79(1):133—146. doi:10.1007/s13105-022-00929-x

Lin M, Hua Z, Li Z. FTO diversely influences sensitivity of neuroblastoma cells to various chemotherapeutic drugs. Front Pharmacol.
2024;15:1384141. doi:10.3389/fphar.2024.1384141

Zhang J, Zhuo Z, Li W, Zhu J, He J, Su J. XRCC1 gene polymorphisms and risk of neuroblastoma in Chinese children. Aging. 2018;10
(10):2944-2953. doi:10.18632/aging. 101601

150 https: Pharmacogenomics and Personalized Medicine 2025:18


https://doi.org/10.1080/15384101.2022.2054635
https://doi.org/10.1111/jcmm.14836
https://doi.org/10.7150/jca.52621
https://doi.org/10.1038/nchembio.687
https://doi.org/10.1093/nar/gkx778
https://doi.org/10.1016/j.molcel.2016.03.021
https://doi.org/10.1038/s41556-018-0174-4
https://doi.org/10.1186/s13045-018-0590-8
https://doi.org/10.1038/s41422-018-0034-6
https://doi.org/10.1002/hep.28885
https://doi.org/10.1186/s12943-019-1033-z
https://doi.org/10.1186/s12943-019-1066-3
https://doi.org/10.1016/j.apsb.2021.08.028
https://doi.org/10.18632/aging.202359
https://doi.org/10.1016/j.lfs.2021.119180
https://doi.org/10.1002/ctm2.352
https://doi.org/10.1016/j.omto.2021.04.011
https://doi.org/10.1111/ecc.12464
https://doi.org/10.1158/1055-9965.EPI-10-0515
https://doi.org/10.1158/1055-9965.EPI-10-0845
https://doi.org/10.1016/j.celrep.2017.02.059
https://doi.org/10.1056/NEJMra0804577
https://doi.org/10.1016/j.semcancer.2006.04.005
https://doi.org/10.3322/canjclin.45.3.179
https://doi.org/10.1053/j.semnuclmed.2011.05.001
https://doi.org/10.1053/j.semnuclmed.2011.05.001
https://doi.org/10.1038/s41598-020-64682-1
https://doi.org/10.3233/CBM-191196
https://doi.org/10.3389/fmed.2021.797195
https://doi.org/10.1016/j.cellsig.2024.111139
https://doi.org/10.1002/cbin.12118
https://doi.org/10.1007/s13105-022-00929-x
https://doi.org/10.3389/fphar.2024.1384141
https://doi.org/10.18632/aging.101601

Liu et al

Pharmacogenomics and Personalized Medicine Dovepress

Taylor & Francis Group
Publish your work in this journal

Pharmacogenomics and Personalized Medicine is an international, peer-reviewed, open access journal characterizing the influence of genotype
on pharmacology leading to the development of personalized treatment programs and individualized drug selection for improved safety,
efficacy and sustainability. This journal is indexed on the American Chemical Society’s Chemical Abstracts Service (CAS). The manuscript
management system is completely online and includes a very quick and fair peer-review system, which is all easy to use. Visit http://www.
dovepress.com/testimonials.php to read real quotes from published authors.

Submit your manuscript here: https://www.dovepress.com/pharmacogenomics-and-personalized-medicine-journal

Pharmacogenomics and Personalized Medicine 2025:18 EXin>QO 151


https://www.dovepress.com
http://www.dovepress.com/testimonials.php
http://www.dovepress.com/testimonials.php
https://www.facebook.com/DoveMedicalPress/
https://twitter.com/dovepress
https://www.linkedin.com/company/dove-medical-press
https://www.youtube.com/user/dovepress

	Introduction
	Materials and Methods
	Study Population
	Polymorphism Selection and Genotyping
	Statistical Analysis

	Results
	Correlations Between FTO SNPs and NB Susceptibility
	Stratification Analysis

	Discussion
	Abbreviation
	Data Sharing Statement
	Ethics Approval and Consent to Participate
	Author Contributions
	Funding
	Disclosure

