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Abstract

Introduction Hepatoblastoma is a rare but devastating pediatric liver malignancy. Overexpressed methyltransferase-like
1 (METTL1) is a methyltransferase that catalyzes essential N7-methylguanosine (m7G) modification of eukaryotic mRNA.
Accumulating evidence has revealed the oncogenic potential of METTL1. However, whether METTL1 gene polymorphisms
confer susceptibility to hepatoblastoma has not been reported. This study aimed to identify causal relationships between
genetic variants of this gene and susceptibility to hepatoblastoma.

Materials and methods Using the TagMan assay, we genotyped three METTL1 polymorphisms (rs2291617 G>T, rs10877013
T>C,rs10877012T>G) in germline DNA samples from 1759 Chinese children of Han ethnicity (313 cases vs. 1446 controls).
Results None of these polymorphisms were associated with hepatoblastoma risk. However, combination analysis showed
that children with 1 to 3 risk genotypes were associated with increased hepatoblastoma risk (adjusted odds ratio =1.47,
95% confidence interval 1.07-2.02; P=0.018). Stratified analyses revealed significant effects of combined polymorphisms
mainly among young children (< 17 months of age), boys, and those with advanced hepatoblastoma.

Conclusion We identified some potential functional METTL1 gene polymorphisms that work together to increase the
risk of hepatoblastoma among Chinese Han children; single polymorphism showed only weak effects. These METTL1
polymorphisms may be promising biomarkers for screening high-risk individuals for hepatoblastoma. These findings
are inspiring and deserve to be validated among individuals of different ethnicities.
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1 Introduction

Hepatoblastoma is the most frequently diagnosed malignant liver tumor, accounting for 1% of all pediatric tumors
[1]. Pediatric hepatoblastoma mainly affects children aged between 6 months and 3 years, and the annual incidence
is approximately 0.5-1.5 per million children [1, 2]. The five-year overall survival has been raised from 30% to approxi-
mately 80% due to multimodality therapy, including cisplatin- and anthracycline-based chemotherapy regimens, and
advanced surgical techniques [3, 4]. Unfortunately, high-risk patients have poor prognoses, including those with large
tumor masses, older children (> 8 years old) and those with tumor metastasis or low concentrations of AFP (a fetopro-
tein < 100 ng/mL) at diagnosis, and there is considerable room for improvement regarding outcomes [5]. As a result of
extremely low incidence, the etiology of hepatoblastoma has yet to be fully elucidated [1]. Prematurity, low birth weight,
and parental smoking may increase the risk for hepatoblastoma [3, 6].

In addition to environmental causes, genetic alterations also contribute to the development of hepatoblastoma. For
instance, although the majority of hepatoblastoma cases are rare, evidence shows that some genetic cancer syndromes,
including Beckwith-Wiedemann syndrome (BWS) and familial adenomatous polyposis (FAP), predispose children to
hepatoblastoma [3]. Currently, there are no genome-wide association studies (GWASs) examining hepatoblastoma. Sev-
eral groups, including ours, have demonstrated that some genetic variants in the LINC00673, NRAS, KRAS, TP53, HMGA2,
miR-34b/c, YTHDF1, and WTAP genes were associated with hepatoblastoma susceptibility [7-12]. However, given the
limited number of susceptibility genes and small sample size, many more functional genetic variants in essential genes
should be investigated in large cohorts.

Methyltransferase-like 1 (METTL1) was initially identified to catalyze the modification of N7-methylguanosine (m7G)
at the 5’ cap of eukaryotic mRNA [13]. This cap modification plays a pivotal role in stabilizing transcripts and regulating
transcription elongation, pre-mRNA splicing, polyadenylation, nuclear export, and translation [14]. Recently, in addi-
tion to its location in the cap structure, METTL1-mediated m7G was also found internally within tRNA, rRNA, and mRNA
[14]. METTL1 is mapped to chromosome 12 (12 q13-14), a region known to be frequently amplified in cancers [15].
Some groups found that METTL1 is tumor-promoting in colon cancer, hepatocellular carcinoma, and head and neck
squamous cell carcinoma [15-19]; additionally, opposite findings have also been reported [20, 21]. To date, the impacts
of METTL1 in hepatoblastoma remain unknown. The current case-control study aimed to investigate the association of
three single-nucleotide polymorphisms (SNPs) in the METTL1 gene with hepatoblastoma susceptibility in 313 pediatric
patients and 1446 healthy controls.

2 Materials and methods
2.1 Study population

Details regarding subject recruitment were described in previous publications [11, 22]. We enrolled 313 children with
hepatoblastoma and 1446 controls of Chinese Han ethnicity from seven independent hospitals located in different cities
(i.e., Guangzhou, Kunming, Xi‘an, Zhengzhou, Changsha, Taiyuan, and Shenyang), thus involving most of the geographic
regions from south to northeast China.

The inclusion and exclusion criteria for hepatoblastoma patients were as follows: (1) Han Chinese ethnicity, (2) newly
diagnosed hepatoblastoma with histopathological confirmation, (3) no familial disorder or family history of cancer, and
(4) aged 14 years or younger. Patients who received medical intervention or failed to provide signed informed consent
were excluded. The characteristics of the study cohort, including age, sex and clinical stages of hepatoblastoma, are
listed in the supplemental materials (Additional file 1: Table S1). We staged the patients in accordance with the PRETEXT
classification [23]. Control subjects were healthy children visiting the same hospitals for the same routine health exami-
nations as the cases. They also had no family history of cancer or inherited diseases. The parents or guardians of each
subject provided signed informed consent. The study protocol acquired approval from the institutional review board of
Guangzhou Women and Children’s Medical Center (No: 202016601).
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2.2 Selection and genotyping of SNPs

We selected potential functional SNPs in the METTL1 gene following standard criteria [24, 25]. We chose SNPs with a
minor allele frequency of 5% or higher in Chinese Han subjects that were potentially functional as predicted by SNPinfo
online software (https://snpinfo.niehs.nih.gov/snpinfo/snpfunc.html). The SNP rs2291617 G >T is located in the 5’ near
region, rs10877013 T > Cis located in the intron region, and rs10877012 T > G is located in the 3’ near region. All of these
three polymorphisms can affect transcription factor-binding site (TFBS) activity. Genomic DNA was collected from the
participants’ peripheral blood samples using the Tiangen Blood DNA Extraction kit (Tiangen Biotechnology, Beijing,
China). Genotypes of samples were examined using a TagMan platform (Applied Biosystems, Foster City, CA) with the
inclusion of both negative and positive control samples in each 384-well plate. The experiments were conducted by
blinded laboratory workers. To ensure the accuracy of genotyping, a proportion of the randomly selected sample was
repeatedly tested. For the same samples, we obtained concordance rates of 100% in duplicate tests.

2.3 Statistical analysis

Significant differences in clinical variables were determined between the case and control groups with a t-test for con-
tinuous variables or y? test for categorical variables. Hardy-Weinberg equilibrium (HWE) was evaluated by comparing
the theoretical distribution of genotypes with the observed genotypes in the controls with a goodness-of-fit 5 test.
Finally, the robustness of the association of SNPs with hepatoblastoma risk was estimated using unconditional logistic
regression analysis. Odds ratios (ORs) and 95% confidence intervals (Cls) were calculated for the association of SNPs with
hepatoblastoma susceptibility. Stratified analyses were performed by age, sex, and clinical stage. Haplotype analysis was
also performed [22]. A two-sided P < 0.05 was accepted as statistically significant. SAS v10.0 (SAS Institute Inc., Cary, NC)
was adopted to implement all analyses.

3 Results
3.1 Association of hepatoblastoma risk with METTL1 SNPs

In this study, we genotyped three METTL1 SNPs (rs2291617 G>T, rs10877013 T>C, rs10877012 T>G) in 1759 samples
(313 cases vs. 1446 controls) and successfully obtained genotype results for 308 cases and 1444 controls. The SNP geno-
types of hepatoblastoma patients and controls are displayed in Table 1. As shown, the genotype frequencies of the three
SNPs were consistent with the HWE genetic balance in control subjects (HWE =0.407 for rs2291617 G>T, HWE=0.632 for
rs10877013T>C, HWE=0.672 for rs10877012 T > G). Logistic regression analyses revealed that none of the single SNPs
were significantly associated with hepatoblastoma susceptibility. Furthermore, the combined analyses of risk genotypes
of these SNPs revealed that children with 1 to 3 risk genotypes are at a significantly elevated risk of developing hepato-
blastoma compared to noncarriers (adjusted OR=1.47,95% Cl 1.07-2.02, P=0.018).

3.2 Stratified analyses

To more precisely evaluate the effects of SNPs on different populations of children, we stratified participants by age, sex,
and clinical stage (Table 2). Stratified analyses indicated that significant results found for children carrying 1 to 3 minor
alleles were mainly observed among children under 17 months of age (adjusted OR=1.59, 95% CI 103-2.45, P=0.037),
boys (adjusted OR=1.54, 95% Cl 1.03-3.30, P=0.036), and those with stage Ill or IV hepatoblastoma (adjusted OR=1.75,
95% Cl 1.04-2.95, P=0.034). Overall, our findings highlight the additive effects of multiple weak penetrating SNPs and
the importance of narrowing the susceptible population.
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Table 1 The relationship Genotype  Cases Controls pa Crude OR P Adjusted OR PP
between METTLI gene (N=308)  (N=1444) (95% Cl) (95% Cl) °
polymorphisms and
hepatoblastoma risk rs2291617 G>T (HWE=0.407)
GG 122 (39.61) 589 (40.79) 1.00 1.00
GT 133 (43.18) 655 (45.36) 0.98 (0.75-1.28) 0.885 0.98(0.75-1.28) 0.860
T 53(17.21) 200 (13.85) 1.28 (0.89-1.83) 0.180 1.28 (0.89-1.83) 0.184
Additive 0.298 1.10(0.92-1.31) 0.298 1.10(0.92-1.31) 0.308
Dominant 186 (60.39) 855(59.21) 0.702 1.05(0.82-1.35) 0.702 1.05(0.81-1.35) 0.725
Recessive  255(82.79) 1244 (86.15) 0.128 1.29(0.93-1.80) 0.129  1.29(0.93-1.80) 0.129
rs10877013T>C (HWE=0.632)
T 136 (44.16) 618 (42.80) 1.00 1.00
TC 130 (42.21) 647 (44.81) 0.91 (0.70-1.19) 0.500 0.91(0.70-1.19) 0.489
CcC 42 (13.64) 179 (12.40) 1.07 (0.73-1.57) 0.743  1.07 (0.73-1.56) 0.749
Additive 0.978 1.00(0.83-1.20) 0.978 1.00(0.83-1.19) 0.968
Dominant 172(55.84) 826(57.20) 0.662 0.95(0.74-1.21) 0.662 0.94(0.74-1.21) 0.650
Recessive 266 (86.36) 1265 (87.60) 0.552 1.12(0.78-1.60) 0.552  1.12(0.78-1.60) 0.553
rs10877012T>G (HWE=0.672)
TT 130 (42.21) 581 (40.24) 1.00 1.00
TG 126 (40.91) 664 (45.98) 0.85 (0.65-1.11) 0.230 0.85(0.65-1.11) 0.223
GG 52(16.88) 199 (13.78) 1.17 (0.82-1.67) 0.398 1.17 (0.81-1.67) 0.404
Additive 0.795 1.02(0.86-1.22) 0.795 1.02(0.86-1.22) 0.808
Dominant 178(57.79) 863 (59.76) 0.522 0.92(0.72-1.18) 0.522  0.92(0.72-1.18) 0.509
Recessive 256 (83.12) 1245(86.22) 0.158 1.27(0.91-1.77) 0.159 1.27 (0.91-1.77) 0.160
Combined effect of risk genotypes ¢
0 248 (80.52) 1240(85.87) 1.00 1.00
1-3 60(19.48) 204(14.13) 0.017 1.47(1.07-2.02) 0.018 1.47(1.07-2.02) 0.018

The results were in bold if the 95% Cl excluded 1 or P value less than 0.05

OR odds ratio; CI confidence interval; HWE Hardy-Weinberg equilibrium.

22 test for genotype distributions between hepatoblastoma patients and cancer-free controls.
bAdjusted for age and gender.

“Risk genotypes were carriers with rs2291617 TT, rs10877013 CC and rs10877012 GG

3.3 Haplotype analysis

We assessed whether the haplotypes of the three METTL1 SNPs were associated with hepatoblastoma risk in the
following order: rs2291617, rs10877013, and rs10877012 (Table 3). The GTT haplotype was defined as the refer-
ence group. We found a significantly elevated hepatoblastoma risk in children with the haplotype of GTG (adjusted
OR=3.87,95% Cl 1.52-9.89, P=0.005), TTT (adjusted OR=12.09, 95% Cl 3.77-38.81, P <0.0001), and TCT (adjusted
OR=16.95,95% Cl 3.50-81.97, P=0.0004).

4 Discussion

Hepatoblastoma is rare but harmful, especially among high-risk populations. Children with genetic syndromes that
increase the risk of hepatoblastoma are recommended to undergo screening every three months after birth. Because
of the lack of reliable genetic susceptibility biomarkers, screening solely relies on whole abdominal ultrasound and
AFP serum examination [26]. Susceptibility genes, environmental influences, and developmental processes are con-
sidered the most critical factors that affect pediatric cancer risk in children [27]. Similar to adult cancer, early diagnosis
is a critical factor in curing many types of childhood cancers.
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Taflale 3d ﬁsscl)ciation bfetween Haplotypes? Cases Controls Crude OR P Adjusted OR® p®
infarred haplotypes of METTLT (n=616)  (n=2888)  (95%Cl) (95% CI)
gene and hepatoblastoma risk

No. (%) No. (%)

GTT 367 (59.58) 1816 (62.88) 1.00 1.00

GTG 8(1.30) 10(0.35) 3.96(1.55-10.10) 0.004 3.87 (1.52-9.89) 0.005
GCT 2(0.32) 4(0.14) 247 (0.45-13.56) 0.297 2.43 (0.44-13.34) 0.306
GCG 0(0.00) 3(0.10) / / / /

TTT 10(1.62) 4(0.14) 12.37(3.86-39.66) <0.0001 12.09(3.77-38.81) <0.0001
TTG 17 (2.76) 53(1.84) 1.59(0.91-2.77) 0.105 1.58(0.91-2.77) 0.106
TCT 7(1.14) 2(0.07) 17.32(3.58-83.70) 0.0004 16.95(3.50-81.97) 0.0004
TCG 205(33.28) 996 (34.49) 1.02(0.84-1.23) 0.848 1.02 (0.84-1.23) 0.859

The results were in bold if the 95% Cl excluded 1 or P value less than 0.05

OR odds ratio; CI confidence interval

®The haplotype order was rs2291617, rs10877013, and rs10877012
bObtained in logistic regression models with adjustment for age and gender

Case-control studies are a powerful tool for discovering disease-predisposing loci; however, such studies are
incredibly uncommon in hepatoblastoma due to the scarcity of patient samples. For instance, in 48 Caucasian chil-
dren with hepatoblastoma and 180 healthy controls, Pakakasama and colleagues found that a polymorphism (G to A)
located in the myeloperoxidase (MPO) gene promoter was associated with decreased hepatoblastoma risk [7]. Later,
the same team studied 84 children with hepatoblastoma and demonstrated that a polymorphism (G to A) at codon
242 of CCND1, a gene encoding cyclin D1, was associated with the age of disease onset [8]. Over the past years, we
examined a pediatric cohort of 313 hepatoblastoma and 1446 controls and identified a number of loci associated
with the risk of hepatoblastoma in the following genes: LINC00673, NRAS, KRAS, TP53, HMGA2, miR-34b/c, as well as
DNA repair genes [9, 10, 28-30]. Posttranscriptional modifications of RNA can regulate the fate of the transcript, and
therefore, proteins related to RNA modification are essential to maintain homeostasis.

We have previously shown that several RNA m6A-mediated genes (i.e., METTL3, METTL14, WTAP, YTHD1, YTHDC1, and
ALKBH5) are associated with hepatoblastoma susceptibility [11, 12,22, 31-33]. YTHDF1 gene rs6090311 was associated
with decreased hepatoblastoma risk [11], whereas rs7766006 in the WTAP gene was associated with an increased risk of
hepatoblastoma [22]. The m7G modification also plays an important role in the fate of RNA. However, the contributions
of genetic variants in m7G-mediated genes to disease susceptibility have rarely been investigated. To date, only one
study indicated the possible association of METTL1 gene polymorphisms with the risk of disorders. A GWAS conducted
by the Australian and New Zealand Multiple Sclerosis Genetics Consortium discovered that rs703842 positioned at the
3" untranslated region (3’ UTR) of the METTL1 gene was associated with the risk of multiple sclerosis [34]. This study
examined the additive effect of three METTLT genetic polymorphisms on hepatoblastoma susceptibility, although none
of these SNPs showed significant effects as a single locus.

METTL1 forms a heterodimeric protein complex with WD repeat domain 4 (WDR4) to regulate the expression, localiza-
tion, and function of mRNA, miRNA, tRNA, and rRNA by catalyzing m7G modifications [16, 17, 35]. The roles of METTL1 in
oncogenesis remain controversial. Some studies suggest METTL1 is a potential tumor suppressor. Liu et al. demonstrated
that forced expression of METTL1 sensitized colon cancer cells to cisplatin by activating the miR-149-3p/S100A4/p53
axis [20]. Studies show that many tumor suppressor microRNAs harbor 7-methylguanosine (m7G), including let-7e [21].
Pandolfini et al. indicated that METTL1 is responsible for promoting m7G modifications on miRNAs. METTL1 accelerated
let-7 miRNA processing, thereby inhibiting lung cancer cell migration. Mechanistically, m7G modification in primary
miRNA (pri-miRNA) transcripts prevents the formation of inhibitory RNA secondary structures and therefore facilitates
the maturation of miRNAs [21]. In contrast, the tumor-promoting role of METTL1 was reported in hepatocellular car-
cinoma (HCC), lung cancer, and head and neck squamous cell carcinoma [15-18]. Tian et al. observed that METTL1
upregulation is associated with poor prognosis in HCC. METTL1 promoted HCC by inhibiting PTEN and activating the
AKT signaling pathway. In addition, the Orellana group provided evidence of METTL1’s oncogenic role [15]. Analysis
of TCGA datasets revealed that METTL1 is frequently amplified and overexpressed in various human cancers, such as
glioblastoma and sarcoma [15]. Functional experiments confirmed that METTL1 overexpression led to oncogenic cell
transformation, but silencing METTL1 reduced the abundance of m7G-modified tRNAs and inhibited oncogenicity [15].
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Primarily, METTL1-mediated m7G modification of Arg-TCT tRNA increased the expression levels of cell cycle regulators,
thereby inducing oncogenic transformation [15]. Taken together, the role of METTL1 in tumorigenesis differs based on the
context. In the present study, we identified METTL1 as a gene associated with hepatoblastoma susceptibility. Although
the implications of METTL1 in hepatoblastoma carcinogenesis have not been reported, two new publications showed
that METTL1 is related to radiotherapy resistance [36] and recurrence post-radiofrequency ablation [37] in hepatocellular
carcinoma. In vitro and in vivo studies should be performed to demonstrate the involvement of METTL1 in hepatoblas-
toma development and/or progression in the future.

The weak effects of single SNPs on disease risk have greatly limited their clinical translation. Encouragingly, accumu-
lating evidence has indicated that risk scores derived from a panel of disease-causing SNPs are promising markers [38,
39]. Cuzick et al. demonstrated that the SNP88 risk score was predictive of breast cancer risk and substantially improved
risk predictive accuracy when combined with the existing breast cancer risk assessment tool Tyrer-Cuzick (TC) [38]. In
addition, the Whitfield group reported that a genetic risk score based on 3 SNPs and diabetes status could robustly
discriminate cirrhosis risk [39]. Therefore, it is essential to identify more hepatoblastoma susceptibility to develop risk
prediction panels of polygenic SNPs.

Even though this study included a relatively large cohort with samples collected from seven independent participat-
ing hospitals across China, the limitations should be discussed. First, hepatoblastoma is a complex disease that is likely
driven by many genetic factors, environmental factors, and gene-environment interactions. Here, we only considered
potential functional genetic variants while ignoring environmental factors, such as parental tobacco consumption and
prematurity. Further attempts should be made to collect information on the other confounding factors that may influence
the outcome of genotyping variants. Second, functional experiments need to be performed to validate the connection
between variant genotypes and phenotypes. Third, the number of cases should be expanded further to increase the
statistical power. Finally, the major weakness of the study is the lack of biologically relevant evidence that METTL1 plays
arole in hepatoblastoma pathogenesis.

Overall, we demonstrated that three SNPs in the METTLT gene synergistically confer increased hepatoblastoma sus-
ceptibility. Replication studies should be carried out to validate our findings prior to clinical translation.
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