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Abstract 97 

Background: Testicular germ cell tumors (TGCTs), histologically classified as seminomas and non-98 

seminomas, are believed to arise from primordial gonocytes, with the maturation process blocked 99 

when are subjected to DNA methylation reprogramming. Single-nucleotide polymorphisms (SNPs) 100 

in DNA methylation machinery and folate-dependent one-carbon metabolism genes have been 101 

postulated to influence the proper establishment of DNA methylation.  102 

 103 

Material and Methods: In this pathway-focused investigation we evaluated the association between 104 

273 selected tag SNPs from 28 DNA methylation-related genes and TGCT risk. We carried out 105 

association analysis at individual SNP and gene-based level using summary statistics from the 106 

Genome Wide Association Study meta-analysis recently conducted by the international Testicular 107 

Cancer Consortium on 10,156 TGCT cases and 179,683 controls. 108 

 109 

Results: In individual SNP analyses, seven SNPs, four mapping within MTHFR, were associated 110 

with TGCT risk after correction for multiple testing (q-value≤0.05). Queries of public databases 111 

showed that three of these SNPs were associated with MTHFR changes in enzymatic activity 112 

(rs1801133) or expression level in testis tissue (rs12121543, rs1476413). Gene-based analyses 113 

revealed MTHFR (q-value=8.4x10-4), MECP2 (q-value=2x10-3) and ZBTB4 (q-value=0.03) as the 114 

top TGCT-associated genes. Stratifying by tumor histology, four MTHFR SNPs were associated 115 

with seminoma. In gene-based analysis MTHFR was associated with risk of seminoma (q-116 

value=2.8x10-4), but not with non-seminomatous tumors (q-value=0.22). 117 

 118 

Conclusions: Genetic variants within MTHFR, potentially having an impact on the DNA 119 

methylation pattern, are associated with TGCT risk. 120 

 121 
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Impact: This finding suggests that TGCT pathogenesis could be associated to the folate cycle status, 122 

and this relation could be partly due to hereditary factors. 123 
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Introduction 124 

Testicular cancer is the most common malignancy among men aged 15-40 years of European 125 

ancestry. Since the mid-20th century, testicular cancer incidence rates have been increasing in many 126 

countries and are predicted to further increase over the next decades (1,2).  127 

 128 

Testicular germ cell tumors (TGCTs) account for the 98% of all testicular cancers and are 129 

histologically classified as seminoma and non-seminomatous tumors. The latter include embryonal 130 

carcinomas, teratomas, choriocarcinoma, and yolk sac tumors. Mixed germ cell tumors, composed 131 

of two or more germ cell tumor types, are typically classified as non-seminomas since they have 132 

similar molecular features and prognosis (3,4). Established TGCT risk factors include older age, 133 

ethnicity, contralateral testicular cancer, larger adult height, cryptorchidism and positive family 134 

history (5).  135 

 136 

A strong genetic component has been described in TGCT, with an estimated 37% heritability in 137 

twin studies (6). Genome-wide association studies (GWAS) have identified multiple independent 138 

common variants associated with TGCT risk, strongly suggesting that the genetic susceptibility for 139 

TGCT is not due to a few major high-penetrance genes, but rather to combined multiple genetic 140 

variants with modest-to-small effect sizes (7,8).  141 

 142 

Both seminoma and non-seminomatous germ cell tumors are believed to arise from primordial 143 

gonocytes that have failed to differentiate normally into pre-spermatogonia in early fetal life (9). 144 

Accordingly, these immature fetal germ cells accumulate within the seminiferous tubule forming 145 

pre-invasive neoplastic lesions called germ-cell neoplasia in situ (GCNIS). The current pathogenetic 146 

model for TGCT is based on the hypothesis that the GCNIS cell could begin to proliferate at 147 

puberty and eventually acquire malignant potential (10,11).  148 

 149 
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During early embryonic development, gonocytes arrested in mitosis undergo extensive epigenetic 150 

remodelling including the genome-wide erasure of DNA methylation markers and de novo re-151 

establishment of a parental imprinting pattern that is completed prior to birth (12). Studies have 152 

shown that the genome of GCNIS in the human adult testis exhibits global DNA methylation 153 

erasure (13,14), a common feature of primordial gonocytes (15,16). 154 

 155 

Striking differences in methylation profiles between TGCT subtypes have been described: non-156 

seminomatous tumors show aberrantly increased promoter methylation, whereas in seminomas the 157 

genome is mostly maintained in an unmethylated state (13,14,17,18). This finding suggests that 158 

DNA methylation could be important for the subtype-specific pathogenesis of TGCTs. 159 

 160 

The proper establishment of DNA methylation patterns requires the activity of several proteins 161 

which together comprise the DNA methylation machinery. These proteins are responsible for: i) 162 

active removal of methyl groups (DNA demethylases or “erasers”); ii) establishment of the de-novo 163 

methylation and maintenance of the methylation pattern during DNA replication (DNA 164 

methyltransferases or “writers”); and iii) reading the methylation pattern by binding the 5-165 

methylcytosine bases (methyl-CpG binding proteins or “readers”) (19). Methyl groups, essential for 166 

methylation reactions, are uniquely provided by the universal methyl donor S-adenosylmethionine, 167 

synthesized through the folate-dependent one-carbon metabolism (20). 168 

 169 

To our knowledge, the expression pattern of genes codifying for the one-carbon metabolism 170 

enzymes has not been investigated in human TGCT tissue. However, a number of studies aimed at 171 

characterizing the expression of the genes of the DNA methylation machinery in the TGCT tissue, 172 

particularly of the DNA methyltransferases (DNMTs) and of the DNA demethylases of the TET 173 

family. The expression of DNMT1 has been described as upregulated in embryonal carcinomas in 174 

comparison with seminomas and teratomas (21), and the DNMT3L protein was specifically 175 
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expressed in embryonal carcinomas but completely absent in seminomas (22). Moreover, lower 176 

DNMT3A and DNMT3B mRNA levels and a higher expression of the TET2 protein were observed 177 

in seminoma compared to non-seminomatous tumors (23). Evaluation of the expression profile of 178 

the TET enzymes showed increased levels especially of TET1, but also of TET2 and TET3 mRNAs 179 

in both seminomas and mixed TGCTs, compared to non-seminomatous tumors and the surrounding 180 

tumor-matched healthy testicular tissue (24). 181 

 182 

It has been reported in literature that single-nucleotide polymorphisms (SNPs) around genes coding 183 

for proteins and enzymes involved in DNA methylation machinery and folate-dependent one-184 

carbon metabolism can alter promoter activity and expression of the gene itself, thus influencing the 185 

establishment of individual methylation patterns (25-27).  186 

 187 

We hypothesized that variants around and in genes involved in the DNA methylation machinery 188 

and in one-carbon metabolism can influence the risk of developing TGCT. We evaluated the 189 

associations between individual SNPs in DNA methylation-related genes and TGCT risk, and 190 

assessed their collective effect by performing gene-based analyses. 191 

 192 

Material and Methods 193 

Study population 194 

The Testicular Cancer Consortium (TECAC; www.tecac.org) assembled multiple TGCT case-195 

control studies conducted by more than 20 institutions from Europe and North America (8). All 196 

studies involved in the Consortium have collected blood or saliva samples, from which DNA has 197 

been extracted, and a selection of phenotype and questionnaire data on potential TGCT risk factors. 198 

 199 

Data from eight sources were obtained by TECAC: (i-v) summary statistics from 5 independently 200 

conducted GWASes on TGCT (28-32) and previously published as a meta-analysis (33); (vi) 201 
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individual level genotype data from the TECAC study involving 14 case-control studies conducted 202 

by the TECAC institution members in Europe and the United States, with genotyping centrally 203 

conducted at the Center for Applied Genomics at the Children’s Hospital of Philadelphia (13 204 

studies) or MD Anderson Cancer Center (one study) using the Illumina Human Core array 205 

technology (8); (vii) the deCODE genetics company (deCODE genetics, RRID:SCR_003334) (34) 206 

study in Iceland; and (viii) the UK biobank study (UK Biobank, RRID:SCR_012815) (35). These 207 

studies were described in detail elsewhere (8). In total, the Consortium assembled 10,156 cases and 208 

179,683 controls (Figure 1 and Table 1).  209 

 210 

For most of these studies, information was available on the histological subtype classified as pure 211 

seminoma and non-seminomatous tumors (the latter including TGCTs with mixed histology), 212 

family history of TGCT, history of cryptorchidism and other selected key characteristics.  213 

 214 

The current study was carried out on summary statistics data from the meta-analysis of the eight 215 

sources performed by the TECAC Consortium (8). Data from participants in each contributing 216 

study were collected and analyzed in accordance with the local ethical permissions and informed 217 

written consent. 218 

 219 

Selection of genes and SNPs  220 

To obtain a list of DNA methylation machinery and one-carbon metabolism genes, we conducted a 221 

search in public pathway catalogues in 2014, including BioCarta (BioCarta Pathways, 222 

RRID:SCR_006917), Reactome (Reactome, RRID:SCR_003485), KEGG (KEGG, 223 

RRID:SCR_012773) and NCI-PID (http://pid.nci.nih.gov/index.shtml) using the following queries: 224 

“DNA methylation”, “DNA methylation pathway”, “mechanisms of transcriptional repression by 225 

DNA methylation”, “epigenetic regulation of gene expression”, “folate cycle”, “one-carbon 226 

metabolism”, and “one carbon pool by folate”. We identified a preliminary list of protein-coding 227 
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genes and checked the function of each gene manually using the public databases GENEcards 228 

(GeneCards, RRID:SCR_002773) and UniProtKB (UniProtKB, RRID:SCR_004426), keeping in 229 

the final list only genes strictly involved in the DNA methylation process. 230 

 231 

We identified 28 DNA methylation pathway genes (Supplementary Table S1), classified into two 232 

groups based on the molecular mechanism in which they are involved: one-carbon metabolism 233 

(N=11 genes) and DNA methylation machinery (N=17 genes), the latter further classified in three 234 

subgroups: i) “writers” (N=4); ii) “erasers” (N=4); and iii) “readers” (N=9). No significant changes 235 

to this selection were identified when we repeated the gene search in 2021 in the Biocarta and the 236 

Reactome pathway databases.  237 

 238 

For each gene, we selected a list of tag SNPs using Haploview 4.2 software (Haploview, 239 

RRID:SCR_003076), implemented with the Tagger pairwise method (Broad Institute, Cambridge, 240 

MA) applied to genotype data of the public database of the International HapMap Project (36). We 241 

used the phased genotype data (Human Genome Build 37p13) from the CEU (Utah Residents with 242 

Northern and Western European Ancestry) population, the sample that most closely resembles the 243 

subjects used in this study. We selected tag SNPs with the following characteristics: minor allele 244 

frequency of ≥5% to select only common variants inpersons of European ancestry, and an r2=0.8 as 245 

the linkage disequilibrium (LD) threshold. To include the 5′- and 3′-untranslated regulatory regions, 246 

tag SNP search was expanded by 10 kilobases up- and downstream of each gene sequence, as 247 

predicted clusters of transcription factor binding sites are most enriched in these sequences (37). 248 

Moreover, potential functional SNPs were included by searching in public databases, including 249 

Ensembl (Ensembl, RRID:SCR_002344), SNPedia (SNPedia, RRID:SCR_006125), and PubMed 250 

(PubMed, RRID:SCR_004846).  251 

 252 
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In total, 273 polymorphisms were selected for the current study. The SNPs were included as part of 253 

the custom content on the Illumina Human Bead Core array. The complete list of the candidate 254 

genes and the number of tag SNPs selected for each gene are provided in Supplementary Table S1. 255 

 256 

Individual SNP analysis  257 

Summary statistics of the association analysis of the selected tag SNPs and the risk of TGCT were 258 

provided by the TECAC Consortium. The estimates of the fixed-effect meta-analysis (overall 259 

summary p-values, odds ratios (ORs) and corresponding 95% confidence intervals (95% CI)) were 260 

obtained as previously described (8). 261 

 262 

Four out of the 273 selected tag SNPs were neither genotyped nor imputed in any of the individual 263 

studies. We included only polymorphisms with available summary statistics from at least two of the 264 

eight studies, leading to the exclusion from the analysis of two other polymorphisms, one in MBD4 265 

and one in DNMT3L, leaving a total of 267 tag SNPs in 28 genes for the final analytic data set 266 

(Supplementary Table S1).  267 

 268 

We conducted stratified analyses for seminoma and non-seminomatous tumors in all studies except 269 

deCODE (which includes 3% of the total number of cases and 84.6% of the total number of 270 

controls); analyses restricted to the subgroup of cases with positive TGCT family history, or 271 

positive history of cryptorchidism were carried out on cases and controls of the NCI, UPENN and 272 

UK studies, and on a sub-set of the TECAC study for which this information were available. 273 

 274 

Association p-values were adjusted for multiple comparisons using the Benjamini-Hochberg false 275 

discovery rate (FDR) method (38).  276 

 277 

Gene-based analysis 278 
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Gene-based analysis was carried out using MAGMA (Multi-marker Analysis of GenoMic 279 

Annotation) v1.07b, which combines the individual SNP p-values to test the collective effect of 280 

multiple markers from a gene by properly incorporating LD between markers (39). In MAGMA, 281 

two types of gene test statistics are implemented. The SNP-wise Mean model is more attuned to the 282 

mean SNP association, though it is biased towards association in areas of higher gene LD. The 283 

SNP-wise Top model is more sensitive when only a small proportion of the analyzed SNPs in a 284 

gene show an association (39). We preferred this second approach and calculated a permutation-285 

based p-value for each gene.  286 

 287 

Analyses on MAGMA were conducted using the summary p-values for the associations between 288 

the tag SNPs and TGCT, and 100,000 permutations were computed for each gene. The European 289 

ancestry population from the 1000 Genomes Project Phase 3 (Build 37/European data only) was 290 

taken as the reference for LD patterns. Analyses were stratified by histological subtypes as in the 291 

individual SNP analyses, and further restricted to cases with a TGCT family history or a history of 292 

cryptorchidism. The Benjamini-Hochberg FDR method was used to adjust for multiple comparisons 293 

(38). 294 

 295 

Functional assessment of SNPs and gene expression analysis in TGCT subtypes 296 

The dbSNP database (dbSNP, RRID:SCR_002338) was interrogated to explore the potential 297 

functional consequences of the selected tag SNPs on gene expression and regulation, and on amino 298 

acid change (40). HaploReg v4.1 (HaploReg, RRID:SCR_006796) was used to evaluate their 299 

possible effects on protein binding sites and regulatory motifs (41). SNPnexus web server 300 

(SNPnexus, RRID:SCR_005192) was interrogated to predict the possible functional impact of each 301 

SNP at transcriptome and proteome levels and on regulatory elements (42). We also explored the 302 

MicroSNiPer (MicroSNiPer, RRID:SCR_009880) and miRNASNP-v3 303 
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(http://bioinfo.life.hust.edu.cn/miRNASNP) tools to assess a possible effect of SNPs on miRNA 304 

sequence and/or miRNA binding sites (43,44).  305 

From SNiPA (https://snipa.helmholtz-muenchen.de/snipa3/) (45) we retrieved information on 306 

possible clinical significance and previously reported associations with other traits and human 307 

diseases. SNiPA also was applied, drawing on 1000 Genomes Project Phase 1 v.3 and Phase 3 v.5 308 

data (1000 Genomes Project and AWS, RRID:SCR_008801), to define the size of LD block 309 

spanning each SNP and to identify any proxy variants in high LD (r2≥0.8). 310 

GTEx v7 (GTEx eQTL Browser, RRID:SCR_001618) was explored to predict the possible 311 

association with expression quantitative trait loci of each tag SNP and of each SNP in high LD with 312 

the tags in a sample of 322 normal adult testis tissues with donor genotypes available (46).  313 

 314 

We analyzed publicly available gene expression datasets for genes showing different association 315 

patterns between seminoma and non-seminomatous tumors. Expression data from 43 seminoma and 316 

68 non-seminomatous tumors were downloaded from the cBioPortal for Cancer Genomics 317 

(cBioPortal, RRID:SCR_014555) (47,48). We used the mRNA expression z-scores relative to 318 

diploid samples (RNA Seq V2 RSEM) from the TGCA PanCancer Atlas dataset. Gene expression 319 

between the two histologic groups was compared using Wilcoxon-Mann-Whitney tests. Samples 320 

with z-scores above 2 and below -2 were excluded from the analysis. 321 

 322 

Data Availability 323 

All the data analysed in this study have been generated in a previous work (8), and are fully 324 

available in the supporting information of the current article. 325 

 326 

Results 327 

Table 1 reports the number of TGCT cases and controls for the eight studies involved in the meta-328 

analysis, as well as the number of cases stratified by histologic subtype (not available for 3% of the 329 
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cases), family history of TGCT (not available for 24.7% of cases and 93.4% of controls) and history 330 

of cryptorchidism (not available for 24.7% of cases and 93.4% of controls).  331 

 332 

Individual SNP and gene-based analysis on all TGCT cases 333 

The main analyses involved the evaluation of 273 tag SNPs from 28 DNA methylation-related 334 

genes in 10,156 cases and 179,683 controls. After correction for multiple testing, seven SNPs were 335 

associated with TGCT risk with q-values≤0.05, as reported in Table 2. The OR estimates ranged 336 

from 0.90 to 1.11 (Table 2). Four (rs1801133, rs12121543, rs1476413, rs13306556) were located in 337 

MTHFR (Gene ID: 4524), two (rs1734791, rs1624766) in MECP2 (Gene ID: 4204), and one 338 

(rs4796420) in ZBTB4 (Gene ID: 57659), none of which were associated with TGCT risk at 339 

genome-wide levels (8). With the exception of rs4796420, the heterogeneity for MTHFR and 340 

MECP2 polymorphisms among the eight studies was low. Considering the specific studies, no 341 

obvious study characteristic explaining the heterogeneity observed for the rs4796420 has been 342 

found. Complete results of all the analysed SNPs are reported in the Supplementary Table S2. 343 

 344 

In the gene-based analysis, three of the 28 analysed genes showed an association with TGCT risk, 345 

with a q-value below 0.05: MTHFR (q-value=8.4x10-4), MECP2 (q-value=2x10-3) and ZBTB4 (q-346 

value=0.03) (Table 3).  347 

 348 

Stratified analyses 349 

The analyses stratified by histologic subtype included 4,529 seminomas and 4,630 non-350 

seminomatous germ cell tumors. 351 

 352 

After adjustment for multiple testing, MTHFR SNPs rs1801133, rs12121543, rs6541003 and 353 

rs1476413 were associated with seminoma with a q-value≤0.05 (q-values=1.6x10-4; 0.02; 0.03; and 354 

0.05; respectively). Three of these SNPs were also among those top-ranked in non-stratified 355 
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individual SNP analysis (see above). P value for heterogeneity and I2 index calculation revealed no 356 

substantial heterogeneity among studies (Supplementary Table S3). Complete results of this 357 

analysis are available in Supplementary Table S4. 358 

None of the SNPs were associated with the risk of non-seminomatous tumors with a q-value≤0.05 359 

(Supplementary Table S5); furthermore, none of the top-ranked SNPs were included in the top 360 

positions of the main analysis (Supplementary Table S2). 361 

 362 

As shown in Table 4, gene-based analyses stratified by histological subtype revealed an association 363 

between MTHFR and seminoma risk (q-value=2.8x10-4), and no clear evidence of an association 364 

with non-seminomatous tumors for any of the 28 selected genes (Table 4). 365 

 366 

Analyses restricted to men with a positive family history of TGCT and those with a history of 367 

cryptorchidism were carried out on 356 and 521 cases, respectively, from the TECAC, NCI, 368 

UPENN and UK studies, which were compared with the 11,927 controls included in the same 369 

studies. In individual SNP analysis restricted to history of cryptorchidism four polymorphisms, all 370 

mapping in MECP2, were excluded since their summary statistics results were available for one 371 

study only (TECAC). Then, two hundred and sixty-three SNPs were used in this analysis. 372 

 373 

In individual SNP analysis restricted to cases with family history for TGCT and to those with 374 

history of cryptorchidism, no SNP was associated with risk of TGCT after correction for multiple 375 

testing (Supplementary Tables S6 and S7).  376 

 377 

In gene-based analyses, no gene was associated with TGCT risk, though AHCY and SHMT1 were 378 

two of the top-three most strongly associated genes both in analysis restricted to cases with family 379 

history for TGCT, and in analysis restricted to those with history of cryptorchidism (Supplementary 380 

Table S8). 381 
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 382 

Functional assessment of top SNPs and expression analysis in TGCT subtypes 383 

Functional annotations of the tag SNPs most strongly associated with the TGCT risk in the main 384 

analysis are listed in Table 5. Six of the seven top variants were intronic, whereas rs1801133 was 385 

located in the MTHFR coding region. Rs1801133 was found to be a missense variant causing an 386 

amino acid substitution (p.Ala222Val) and defined as damaging by the in silico prediction tools Sift 387 

and PolyPhen, since it mapped in a highly-conserved sequence. The evaluation of the putative 388 

function of the seven top SNPs on regulatory motifs revealed that four of them were predicted to 389 

map to protein-binding sites, whereas all but rs1476413 could alter binding motifs for transcription 390 

factors. No variants were predicted to alter microRNA target sequences or CpG islands. Additional 391 

two tools (MicroSNiPer and miRNASNP-v3) to investigate possible microRNA binding sites in or 392 

near each SNP revealed the same results.  393 

In theSNiPA database, the rs1801133 locus was associated with a range of diseases and human 394 

traits such as plasma homocysteine and folate levels, but also with response and efficacy to 395 

anticancer drugs such as carboplatin.  396 

No other common variants were reported in the same LD block of rs1801133, whereas from 3 to 397 

105 polymorphisms were in LD with the other six top SNPs . 398 

In the sample of 322 normal adult testis tissues with available genotypes in the GTEx v7 database, 399 

the tagging SNPs rs12121543 and rs1476413 were associated with MTHFR expression quantitative 400 

trait loci (eQTLs) in human adult testis tissue (Table 5 and Supplementary Fig. S1, upper panel). 401 

Each SNP was in strong LD with another polymorphism which was associated with MTHFR eQTL 402 

in testis tissue: rs3818762 was tagged by rs12121543 (pairwise r2=0.81), whereas rs1023252 was a 403 

proxy for rs1476413 (pairwise r2=0.84) (Table 5 and Supplementary Fig. S1, lower panel). The C 404 

allele (major) of rs12121543 and the C allele (major) of rs1476413, both associated with decreased 405 

expression of MTHFR (Supplementary Fig. S1, upper panel), also were associated with an increased 406 

TGCT risk in the individual SNP analysis (Table 2).  407 
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Expression analyses by histologic subtypes were limited to MTHFR, which was associated with the 408 

risk of seminoma, but not with the risk of non-seminomatous tumors. 409 

 410 

Since expression data on the adjacent non-neoplastic tissue were not available in the publicly 411 

available TGCT dataset, we carried out this analysis on expression data obtained in the tumor 412 

tissue. From this dataset we retrieved MTHFR expression data evaluated on 43 seminoma and 68 413 

non-seminomatous tumor tissues. The p-value for comparison of MTHFR expression level between 414 

the two histologic subtypes was 0.098. Means of z-scores for seminoma and non-seminomatous 415 

tumors were -0.29 and -0.12, respectively. 416 

417 
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Discussion 418 

It has been suggested that epigenetic mechanisms may be important driving factors in the 419 

pathogenesis of testicular germ cell tumors. A recent large meta-analysis of GWAS on TGCT 420 

carried out by TECAC has identified genes critically involved in epigenetic reprogramming through 421 

chromatin remodelling and histone modifications, such as PRDM14 and the zinc finger protein 422 

genes ZFPM1, ZNF64, and ZNF217 (8). We used the genome-wide association dataset from the 423 

Testicular Cancer Consortium to conduct a pathway-focused study on polymorphisms within 424 

selected genes involved in DNA methylation, and found robust associations between variants in 425 

MTHFR and TGCT risk, with some having a possible functional role. We found associations, 426 

although weaker, for variants in MECP2 and ZBTB4. 427 

 428 

MTHFR encodes the 5,10-methylenetetrahydrofolate reductase, an essential enzyme for the 429 

synthesis of the methyl donor S-adenosylmethionine. MTHFR is a well-studied gene, expressed in 430 

several human tissues: according to the Human Protein Atlas database, the highest levels have been 431 

reported in glandular cells of the epididymis (49). Mouse studies have revealed that MTHFR is 432 

expressed in fetal germ cells, from which the precursor GCNIS is thought to arise, and most highly 433 

during the phase of late de novo DNA methylation (50,51). However, no eQTL studies on human 434 

fetal germ cells are yet available; hence, it remains to be elucidated whether expression of MTHFR 435 

is particularly high also in the embryonic gonad of human males during the DNA re-methylation 436 

phase. 437 

 438 

Common genetic variants of MTHFR have been studied in relation to several multifactorial 439 

disorders, e.g. cardiovascular diseases, pregnancy complications, congenital anomalies including 440 

neural tube defects, neuropsychiatric diseases, and cancer. Results of these studies have been 441 

conflicting, making the biological and clinical significance of these polymorphisms still uncertain 442 

(52). No MTHFR polymorphism has been associated with either congenital anomalies of the 443 
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genitourinary system, that include both well-established (cryptorchidism) and suggested 444 

(hypospadias, inguinal hernia) risk factors for TGCT (53), or with the risk of TGCT itself. 445 

 446 

Rs1801133, one of the most well-studied MTHFR polymorphisms, is a coding non-synonymous 447 

variant which substitutes a valine for an alanine at amino acid 222 in the catalytic domain, leading 448 

to the synthesis of a thermolabile isoform with reduced activity. As compared with the wild-type 449 

GG, the AA and GA genotypes are associated with only ~10-20% and ~65% enzyme efficiency, 450 

respectively, in converting folic acid into 5-methyltetrahydrofolate, the biologically active and 451 

usable form of folate. This mild MTHFR deficiency affects 5–20% of North Americans and 452 

Europeans (25). Our individual SNP analysis showed that the minor allele A, encoding the isoform 453 

of the enzyme with reduced level of activity, is associated with an increased risk of TGCT. 454 

 455 

The association between rs1801133 with folate deficiency and high levels of homocysteine, a folate 456 

derivative, has been reported in many studies (54). Both conditions might induce epigenetic 457 

changes, leading to global DNA hypomethylation, DNA repair defects, and chromosomal 458 

instability, and have been also related to an increased risk of cancer (all types combined) (55). We 459 

hypothesize that the thermolabile isoform of MTHFR, coded by the rs1801133 minor allele A, 460 

might contribute to a hypomethylated environment by perturbating the folate cycle. Moreover, 461 

rs1801133 has been related to DNA hypomethylation in lymphocytes of healthy adults (56), which 462 

would be consistent with this hypothesis. 463 

 464 

Two other MTHFR polymorphisms, the intronic variants rs12121543 and rs1476413, were 465 

associated with TGCT in the individual SNP analysis. The major alleles, associated with an 466 

increased risk of TGCT, were also associated with a decreased expression of MTHFR in testis 467 

tissue. Although these SNPs do not have the same deleterious effect on protein structure as 468 
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rs1801133, they may exert modulating effects on MTHFR expression in testis tissue, with possible 469 

implications for the establishment of the DNA methylation patterns.  470 

 471 

TGCT subtypes originate from the same preneoplastic cell; however, seminoma and non-472 

seminomas exhibit different global DNA methylation patterns, with seminomas mostly 473 

hypomethylated and non-seminomatous tumors retaining high levels of DNA methylation (13). In 474 

the stratified analysis, we found that rs1801133 was specifically associated with seminomas, and 475 

not with non-seminomatous tumors. Similarly, in gene-based analysis stratified by histologic 476 

subtype MTHFR was found associated only with seminomas. We could hypothesize that common 477 

MTHFR variants, by causing decreased MTHFR expression or activity leading to lower amount of 478 

methyl groups produced, might be involved in the subtype-specific pathogenesis of hypomethylated 479 

seminomas. Our in silico analysis of whether MTHFR is downregulated in seminoma compared 480 

with non-seminomatous tumors, was necessarily limited by the amount of publicly available 481 

expression data, hence these analyses need replication in a larger series and a dedicated study 482 

design. In order to demonstrate whether MTHFR is differentially regulated in the tissue from which 483 

seminoma and non-seminomatous tumors originate, expression data obtained on adjacent normal 484 

tissue for the two histologic subtypes would be helpful. 485 

 486 

The other genes emerging from the gene-based variant analysis that showed an association with 487 

TGCT are less well studied, and little is known about their involvement in cancer predisposition. 488 

Mutations in MECP2 (methyl-CpG-binding-protein 2) sequence have been related to congenital 489 

diseases and cancer (57). According to functional assessment, the top MECP2 SNPs associated with 490 

TGCT were predicted to alter regulatory motifs, suggesting they could influence MECP2 491 

expression. 492 

 493 

D
ow

nloaded from
 http://aacrjournals.org/cebp/article-pdf/doi/10.1158/1055-9965.EPI-22-0123/3161665/epi-22-0123.pdf by Institute of C

ancer R
esearch - IC

R
 user on 06 Septem

ber 2022



 

 22

The main strength of this study is its very large sample size (for TGCT, a relatively rare 494 

malignancy), combined with a pre-selected panel of genes and a gene-based analysis with a specific 495 

focus on the DNA methylation machinery. TECAC, by pooling the efforts and resources of all its 496 

members, made it possible to analyze genome-wide data on more than 10,000 cases, which 497 

represents a crucial advantage since TGCT has a significant heritable basis due to multiple minor 498 

genetic factors. Another strength is the simultaneous modelling of the collective effect of multiple 499 

genetic variants within the same gene, as individual SNP effects might be too weak to be detected.  500 

 501 

A limitation of our approach could be that we selected the tag SNPs only among polymorphisms 502 

that are in proximity to the genes. We recognize that regulation of gene expression can also be 503 

determined by intergenic non-coding SNPs kilobases away; however, as reported in literature (37), 504 

the majority of the regulatory regions are located 10 kilobases around each gene sequence. Thus, we 505 

are confident that our selection has captured most of the genetic variants potentially able to 506 

influence the expression of the genes. Another limitation is that the analyses were restricted only to 507 

genes known to be implicated in DNA methylation processes. It is known that epigenetic 508 

reprogramming is a very complex process involving other genes, such as those implicated in DNA 509 

repair, histone modifications and chromatin remodeling, or in microRNA biosynthesis and 510 

regulation. Additional studies are required, since the comprehensive examination of the association 511 

between genetic variants of the whole epigenetic machinery and TGCT risk is of interest, but 512 

outside the scope of this study. Moreover, some additional analyses aiming at studying more 513 

extensively the possible role of the folate cycle status in TGCT pathogenesis, with a special focus 514 

on the MTHFR gene, could not be performed in the context of the current study, but may be of 515 

interest for future research. First, mostly because of the lack of public databases with relevant data, 516 

we could not assess if decreased MTHFR expression is associated with altered DNA methylation in 517 

the normal, namely non-tumor, testicular tissue. Second, we could not explore if the identified 518 

MTHFR variants are predictive of chemotherapy response, as centrally gathered standardized 519 
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information on therapy and response to treatment from the eight TGCT studies included in the 520 

TECAC GWAS meta-analysis was not available. Finally, while we could analyse seminomas and 521 

non-seminomas separately, further stratification by pure non-seminoma subtypes (i.e. cases with 522 

only one histological type out of choriocarcinoma, embryonal carcinoma, teratoma, and yolk cell 523 

carcinoma) was not possible because of the limited sample size due to the lack of information on 524 

the histological subtypes in some of the participating studies and the relative rarity of pure histology 525 

among non-seminomatous TGCTs.  526 

 527 

In conclusion, in a large pathway-focused meta-analysis, we found that common polymorphisms in 528 

MTHFR, some of them potentially having an impact on the DNA methylation pattern, are 529 

associated with TGCT risk. This finding may contribute to support a potential involvement of 530 

epigenetic mechanisms in the pathogenesis of TGCT.  531 

 532 

533 
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Tables 

Table 1. Number of TGCT cases and controls included for testing associations with SNPs in 
methylation-related genes by originating study, and for cases by histologic type, family history of 
TGCT, and history of cryptorchidism 

Studies 

TGCT Cases 

Controls 
(N) 

ALL  
(N) 

Seminoma 
histology  
(N) 

Non-
seminomatous 
histology  
(N) 

Family 
history  
(N) 

Cryptorchidism 
(N) 

GWAS-
DENMARK 

183 88 55 na na 363 

GWAS-NCI 581 243 334 76 131 1,056 

GWAS-UPENN 481 171 299 49 39 919 

GWAS- 
NORWAY/ 
SWEDEN 

1,326 766 549 na na 6,687 

GWAS-UK 986 410 410 136 56 4,945 

TECAC 
STUDY 

5,602 2,456 2,760 95 295 5,006 

deCODE 
ICELAND 

300 na na na na 151,991 

UK BIOBANK 697 395 223 na na 8,716 

Total 10,156 4,529 4,630 356 521 179,683 

 
N: number of subjects  
GWAS: genome-wide association study 
na: information not available by TECAC study: cases not included in stratified / restricted analysis 
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Table 2. Individual SNP association results for the whole dataset  
 

SNP ID 
GENE; 
location 

Allele1/ 
Allele2$ 

Allele2 
frequency

q-value I2 p-het# Direction* 
OR 

(95% CI)§ 

rs1801133 
MTHFR; 
Exon #4 

A/G 0.66 3.6x10-4 8.6 0.36 ------+- 
0.90 
(0.87-0.94) 

rs1734791 
MECP2; 
Intronic 

A/T 0.15 7.8x10-3 0 0.99 +++++?++ 
1.09 
(1.05-1.14) 

rs12121543 
MTHFR; 
Intronic 

A/C 0.75 0.02 0 0.94 +?++++++ 
1.09 
(1.04-1.14) 

rs1476413 
MTHFR; 
Intronic 

T/C 0.73 0.02 0 0.99 ++++++++ 
1.08 
(1.03-1.13)

rs4796420 
ZBTB4; 
Intronic 

A/T 0.79 0.02 71.7 8x10-4 +-+0++-+ 
1.09 
(1.04-1.14) 

rs1624766 
MECP2; 
Intronic 

T/C 0.20 0.02 0 0.84 +++++?++ 
1.07 
(1.03-1.12)

rs13306556 
MTHFR; 
Intronic 

T/C 0.66 0.05 0 0.98 ++++++++ 
1.11 
(1.04-1.19) 

 

$Allele1: Reference allele; Allele2: Effect allele 
#P for heterogeneity test 
*Summary of effect directions of the single studies of the meta-analysis. “+” indicates a positive (increased) effect of 
the alternative allele on risk of TGCT, while “-” indicates a negative (decreased) effect of the alternative allele on risk 
of TGCT. “0” indicate null effect and “?” indicates missing effect. Study order: TECAC study, deCODE, UK, NCI, 
Denmark, Norway/Sweden, UPENN, UK biobank 
§OR: Odds Ratio; CI: Confidence Interval 
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Table 3. Genes associated with risk of TGCT based on analysis of all SNPs in each gene 
 
GENE  N SNPs* perm-p# q-value§ 

MTHFR 13 3x10-5 8.4x10-4 
MECP2 4 1.4x10-4 2x10-3 
ZBTB4 7 3.2x10-3 0.03
AHCY 4 0.05 0.35
MBD3L1 5 0.07 0.35
SHMT1 8 0.1 0.35
MAT1A 14 0.1 0.35
DNMT3L 16 0.1 0.35
DNMT1 8 0.17 0.42
MAT2B 9 0.18 0.42
DNMT3B 8 0.19 0.42
ZBTB38 4 0.19 0.42
UHRF1 13 0.20 0.42
MTRR 25 0.25 0.46
TET2 9 0.26 0.46
MBD2 10 0.27 0.46
CBS 17 0.30 0.50 
TET3 11 0.44 0.69
MBD3 4 0.53 0.75
BHMT 13 0.53 0.75
DNMT3A 18 0.56 0.75
MAT2A 4 0.59 0.75
TET1 7 0.65 0.76
MBD2 7 0.65 0.76
CTCF 3 0.76 0.85
MTR 8 0.81 0.87
MBD4 3 0.94 0.96
GADD45b 8 0.96 0.96

 
*Number of SNPs tested within a gene 

#Gene level p-value computed by MAGMA after 100,000 permutations 

§Gene level q-value calculated on permutation p-value 
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Table 4. Gene-based analysis stratified by histologic subtype 
 

Seminoma cases (N=4,529) vs. 
controls (N=27,693) 

Non-seminomatous cases (N=4,630) 
vs. controls (N=27,693) 

GENE perm-p# q-value§ GENE perm-p# q-value§ 
MTHFR 1x10-5 2.8x10-4 DNMT1 7.9x10-3 0.22
AHCY 0.02 0.2 MTRR 0.02 0.35
DNMT3L 0.02 0.2 MBD3 0.05 0.48
SHMT1 0.05 0.34 MBD3L1 0.09 0.64
ZBTB38 0.06 0.36 MTHFR 0.2 0.70
ZBTB4 0.07 0.40 ZBTB4 0.26 0.70
MAT1A 0.10 0.40 DNMT3B 0.26 0.70
MBD3L1 0.12 0.41 MAT1A 0.27 0.70
MECP2 0.13 0.41 TET1 0.28 0.70
CBS 0.20 0.55 CBS 0.30 0.70
MAT2A 0.27 0.61 BHMT 0.32 0.70
MTRR 0.28 0.61 MECP2 0.37 0.70
TET1 0.28 0.61 UHRF1 0.38 0.70
MBD1 0.38 0.76 MBD1 0.39 0.70
DNMT3B 0.41 0.77 MAT2B 0.39 0.70
UHRF1 0.46 0.77 AHCY 0.40 0.70
MBD3 0.47 0.77 SHMT1 0.48 0.75
MAT2B 0.51 0.79 DNMT3L 0.48 0.75
TET3 0.56 0.83 TET3 0.57 0.84
MBD2 0.61 0.84 MTR 0.61 0.84
DNMT1 0.67 0.84 TET2 0.63 0.84
BHMT 0.68 0.84 DNMT3A 0.68 0.87
TET2 0.69 0.84 ZBTB38 0.72 0.88
GADD45b 0.76 0.86 CTCF 0.78 0.91
DNMT3A 0.77 0.86 MAT2A 0.85 0.95
MBD4 0.88 0.94 MBD2 0.95 0.99
MTR 0.90 0.94 MBD4 0.95 0.99
CTCF 0.96 0.96 GADD45b 0.99 0.99

 
#Gene level p-value computed by MAGMA after 100,000 permutations 

§Gene level q-value on permutation p-value 
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Table 5. Functional annotation of tag SNPs in MTHFR, MECP2 and ZBTB4 associated with risk of TGCT identified in the individual SNP analysis 

SNP ID (GENE) 

Characteristic 
rs1801133 
(MTHFR) 

rs12121543 
(MTHFR) 

rs1476413 
(MTHFR) 

rs13306556 
(MTHFR) 

rs1734791 
(MECP2) 

rs1624766 
(MECP2) 

rs4796420 
(ZBTB4) 

Consequence Coding, missense  Intron variant Intron variant Intron variant Intron variant Intron variant Intron variant 

Amino acid change Ala222Val None None None None None None 

Proteins bound  CEBPB, HDAC8, POL2 na CEBPB  na na ZNF263  
GATA2, POL24H8, 
TAL1, POL2  

Motifs changed Cphx STAT na PLAG1 
DMRT1, 
GATA, HDAC2 

Arid5a, Foxj2  HNF4, Pax-4 

Sift Prediction damaging, high confidence na na na na na na 
PolyPhen Prediction  probably damaging na na na na na na 

Variant annotation  

Methotrexate response - dosage, efficacy, 
toxicity / adverse drug reactions (adr); 
Carboplatin response – efficacy; 
Cyclophosphamide response – toxicity / adr; 
Gastrointestinal stroma tumor; 
MTHFR deficiency, thermolabile type 

na na na na na na 

Variant association 
(trait/p-value)  

Homocysteine levels# p-value<4×10-104; 
<8×10-35; <1×10-19 
Red cell distribution width p-value<1×10-23 

Serum folate level§ p-value<4×10-19; <3×10-11 

High altitude adaptation p-value<6×10-9 

na* 
Coronary artery 
disease  
p-value=2.28×10-5 

Diastolic blood 
pressure via alcohol 
consumption 
interaction  
p-value<3×10-9 

na na 

Educational 
attainment  
p-value<2×10-8  

Lung function  
p-value<4×10-16 

LD block size  1 bp 3,669 bp* 57,089 bp 67,385 bp 160,011 bp 168,512 bp  85,798 bp 
Proxy SNPs in high 
LD (r2>0.8)  

1 variant 3 variants* 3 variants 105 variants 24 variants 52 variants 60 variants 

Association with 
eQTLs in testis tissue  

na p-value=2.3x10-8 p-value=5.9x10-11 na na na na 

Association of high 
LD-SNPs (r2>0.8) 
with eQTLs in testis 
tissue 

na 
rs3818762 
(r2=0.81) 
p-value=4.4x10-11 

rs1023252 
(r2=0.84) 
p-value=2.8x10-11 

na na na na 

na: not available; LD: linkage disequilibrium; eQTLs: expression quantitative trait loci 
*For functional analysis of rs12121543 on SNiPA tool, 1000 Genome Project Phase 1 v.3 data were used 
#Three independent studies; §two independent studies
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Figure legends 
 
 
Figure 1. Flow chart of the eight studies assembled by the Testicular Cancer Consortium. Cases 
and controls from these studies have been involved in the main analysis of the current work.  
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