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1. Abstract 

Object 

Processes that cause or contribute to cancer, such as aging, exposure to 

carcinogens or DNA Damage Repair deficiency (DDRd) create predictable and 

traceable nucleotide alterations in one’s genetic code (termed as mutational 

signatures). Large studies have previously identified various such “mutational 

signatures” across cancers that can be attributed to the specific causative 

processes. To gain further insight into the processes in glioma development, we 

analyzed mutational signatures in adult diffuse gliomas (DG). 

Methods 

25 DG and paired blood samples were whole exome sequenced. Somatic mutational 

signatures were identified using two different methods. Associations of the 

signatures with age at diagnosis, molecular subset and mutational load were 

investigated. As DDRd-related signatures were frequently observed, germline and 

somatic DDR gene mutations as well as microsatellite instability (MSI) status were 

determined for all samples. For validation of signature prevalence, publicly-available 

The Cancer Genome Atlas (TCGA) data was used.  

Results 

Each tumor had a unique combination of signatures. Most common signatures were 

signature-1 (88%-aging related), signature-3 (52%-homologous recombination 

related) and signature-15 (56%-mismatch repair related). 84% of the tumors 

contained at least one DDRd signature. The findings were validated using public 

TCGA-data. Signature 1’s weight positively correlated with age (r=0.43) while 

cumulative-weight of DDR deficiency signatures negatively correlated with age (r=-

0.16). Each subject had at least one germline/somatic alteration in a DDR gene, the 

most common being the risk SNP rs1800734 in MLH1. rs1800734 AA genotype had 

higher cumulative DDRd weight as well as higher mutational load. TP53 was the 

most common somatically-altered DDR gene. MSI was observed in 24% of the 

tumors. No significant associations of MSI status with mutational load, rs1800734 or 

the cumulative weight of DDRd signatures were identified. 

Conclusions 

Current findings suggest that DDRd may act as a fundamental mechanism in 

gliomagenesis rather than being a random, secondary event. 
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2. Introduction 

Evidence on the cause of diffuse gliomas remains limited to this date. The only 

firmly-established risk factor is ionizing radiation exposure and the only widely-

accepted protective factor is history of allergy/atopic disease29. No environmental 

carcinogens are proven to cause gliomas. The contribution of heredity is thought to 

be limited: Several rare Mendelian cancer-susceptibility syndromes such as Lynch, 

Li-Fraumeni, NF1, NF2, TS, melanoma-neural system tumor syndrome and Ollier’s 

disease are linked to markedly increased glioma risk. However, these make up only 

a small fraction of glioma patients27,31. Additionally, several genetic polymorphisms, 

that are commonly observed in the general population, are known to modulate 

glioma risk but their ultimate contribution to gliomagenesis remains unknown24,28. In 

short, the cause of gliomas remains largely unaccounted for. 

We hypothesized that analyzing the signatures of mutational processes in adult 

diffuse gliomas (DG) would provide further insight into gliomagenesis. The somatic 

mutations in a given cancer are the result of the DNA damage caused by multiple 

processes such as aging, exposure to carcinogens or DNA Damage Repair 

deficiency (DDRd), each of which has a different way of changing the genetic code. 

One or various of these mechanisms act in concert at various stages of a person’s 

life and result in the cumulative genetic damage6. In certain cases, the cumulative 

damage inflicted on the inherited background is sufficient to cause cancer. Large-

scale cancer genomics analyses have defined over 30 mutational signatures, each 

of which have been attributed to a specific process causing alterations in the genetic 

code4,5. Current bioinformatics tools can identify the contribution of each of these 

mutational signatures in any given cancer genome. Up to date, only two common 

mutational processes were detected in gliomas, including age-related and alkylating-

agent-induced signatures,3-5. However, these two processes alone fail to account for 

common clinical observations in gliomas, such as therapeutic response to DNA 

damaging therapies (radiotherapy or alkylating agents), mutator-phenotype, 

malignant transformation and high incidence of alkylating-agent-induced bone 

marrow toxicity.  

Utilizing a curated list of signatures, we analyzed the paired whole exome 

sequencing (WES) results of 25 DG patients. Our hypothesis was that there would 

be one or more mutational processes common to most DGs, which would correlate 

with clinical factors. 



3. Methods  

Clinical Characteristics of the Cohort 

The present study is an analysis of the WES results of 25 adult patients (median age 

51; range 20-76), operated for DGs. Characteristics of the patients and their tumors 

are presented in Table 1. 

Pathological Classification of Tumors  

All pathological specimens were retrospectively re-reviewed by a single 

neuropathologist (AED) based on the 2016 World Health Organization (WHO) 

classification of tumors of the central nervous system criteria23. For all tumors, 

mutations in IDH1/2, TERT (228 and 250 promoter mutations) and H3.3 (K27, G34 

mutations) were tested using mini-sequencing or Sanger sequencing. For WHO 

grade II IDH-mutant tumors, 1p/19q co-deletion was assessed using microsatellite 

marker analysis. For cases with canonical glioblastoma molecular findings on 

WES/Sanger sequencing (including: (i) absence of IDH mutation, (ii) presence of 

TERT promoter mutations, (iii) chromosome 7 and/or EGFR amplifications and (iv) 

chromosome 10 and/or PTEN deletions), the diagnosis was determined as 

“Glioblastoma, IDH wild type”, even if morphological findings did not support a WHO 

grade IV tumor. 

Ethics and Consent of Clinical Materials 

The study was approved by Acibadem Mehmet Ali Aydinlar University’s institutional 

review board (ATADEK-2018/7). Written consent was obtained from all subjects prior 

to their inclusion in the study. 

DNA Extraction 

DNA was extracted from snap-frozen tumor and peripheral venous blood samples. 

For each tumor specimen submitted for whole-exome sequencing, sections were 

reviewed by a neuropathologist to confirm the diagnosis of DG and the adequacy for 

sequencing was assessed. DNA was extracted using the DNeasy Blood & Tissue Kit 

(QIAGEN).  

Whole Exome Sequencing 

Sequencing of the libraries were performed on Illumina HiSeq instruments using 

paired-end reads. We achieved mean target coverage of 122.924 and 84.08, for 



tumor and blood, respectively. The average percentage of reads with at least 25X 

coverage was 89.78% and 82.15% for tumor and blood, respectively.  

All tumor and blood WES data is available under the European Genome-Phenome 

Archive accession EGAS00001003035. The capture kit, read length, mean target 

coverage and percentage of reads with at least 25X coverage are provided in 

Supplementary Table S1. 

The reads were aligned to the human reference genome (assembly hg19) using 

BWA – MEM algorithm (version 0.7.15-r1140)20. The mapped reads were cleaned 

with Picard – CleanSam. (Picard version 2.9.0-1 

http://broadinstitute.github.io/picard/). Cleaned reads were sorted and mate 

information was fixed using Picard. MarkDuplicates algorithm from Picard was used 

for marking PCR duplicates. Next, base quality scores were recalibrated using the 

BQSR tool from the Genome Analysis Toolkit (GATK version 3.8-1-0-gf15c1c3ef). 

Variant Calling 

Germline single nucleotide variant (SNV)/insertion-deletion (INDEL) calling was 

performed using HaplotypeCaller from GATK. Somatic SNV/INDEL calling was 

performed using MuTect2 from GATK.  

Somatic copy number alterations (SCNAs) were identified using ExomeCNV34. 

Genes located in SCNA segments were annotated using an in-house script. 

Somatic mutational loads (mutations/Mb) were calculated as:  

𝑡𝑜𝑡𝑎𝑙 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑠𝑜𝑚𝑎𝑡𝑖𝑐 𝑚𝑢𝑡𝑎𝑡𝑖𝑜𝑛𝑠

𝑡𝑜𝑡𝑎𝑙 𝑒𝑥𝑜𝑚𝑒 𝑙𝑒𝑛𝑔𝑡ℎ (𝑏𝑎𝑠𝑒𝑠)
× 106 

Molecular Subsets 

Molecular subset of each tumor was determined based on the presence of somatic 

mutations in the genes TERT and IDH1/IDH2 as described by previous studies2,11. If 

a tumor contained any TERT promoter mutations (namely, C228T or C250T), it was 

classified as “TERT-only”. If the tumor carried a mutation in IDH1 or IDH2, it was 

classified as “IDH-only”. If it didn’t contain any of these mutations, it was classified as 

“double-negative”. 

Mutational Signatures 

http://broadinstitute.github.io/picard/


All statistical analyses were performed using R37. Transition/Transversion (Ti/Tv) 

frequencies were calculated and visualized using GenVisR36. 

For mutational signature analysis, “Signatures of Mutational Processes in Human 

Cancer” from COSMIC 13 was used. The weights of each mutational signature 

contributing to the total mutations of individual tumor samples were determined using 

DeconstructSigs33. DeconstructSigs is a method to determine the contribution of 

each mutational signature in a single tumor. It applies a multiple linear regression 

model with the caveat that any coefficient must be greater than 0. Through an 

iterative approach, the optimal weight for each signature is calculated. These 

weights are then normalized between 0 and 1. Finally, the weights of signatures with 

normalized weight < 0.06 are set to 0 because the majority of false positives had 

weights < 0.06 in the original study of DeconstructSigs.  

The signature weights obtained using DeconstructSigs were validated by another 

approach called YAPSA (Huebschmann D, Gu Z, Schlesner M (2015). YAPSA: Yet 

Another Package for Signature Analysis. R package version 1.6.0) that uses linear 

combination decomposition to calculate the weights of signatures per individual 

tumor. The positive correlations of weights of signatures identified in this cohort by 

these tools are presented in Supplementary Figure 1 and Supplementary Table S2. 

The signatures identified in each patient were then analyzed with regards to clinical 

parameters. To find any association between the mutational signature weights and 

the molecular subsets, multinomial logistic regression models were fitted using 

nnet39. 

Microsatellite Instability 

Microsatellite instability (MSI) status of the tumors were determined using the 

MSIseq17. Traditionally, tumors in which ≥40% of the markers in a panel of repeat 

markers show somatic length mutations are termed MSI-high (MSI-H). Tumors in 

which no marker shows somatic length mutations are termed microsatellite stable 

(MSS). The remaining tumors are termed MSI-low (MSI-L). MSIseq provides a 

classifier determining the MSI status of a tumor as MSI-H or non-MSI-H. This 

classifier uses the following features: (i) count of INDELs/megabase in simple 

sequence repeats, (ii) count of SNVs/megabase and (iii) mutation count/megabase 

in simple sequence repeats. 



Validation with The Cancer Genome Atlas Glioma Mutation and Clinical Data 

The Cancer Genome Atlas (TCGA) – glioblastoma multiforme (GBM) and lower-

grade glioma (LGG) somatic mutation annotation files and clinical data were 

obtained through the International Cancer Genome Consortium Data Portal release 

26 (https://dcc.icgc.org/releases/release_26/Projects/GBM-US for GBM and 

https://dcc.icgc.org/releases/release_26/Projects/LGG-US for LGG). 2 subjects who 

were younger than 18 years old were excluded, resulting in a total number of 564 

subjects. The somatic mutational signatures in the combined TCGA cohort were 

identified using DeconstructSigs. The overall percentages of all mutational 

signatures in the TCGA cohort and ours were then compared using Spearman's rank 

correlation test. 

Germline and Somatic Alterations in DNA Damage Repair Genes 

The list of human DDR genes and the corresponding annotations of functions were 

obtained from the curated table “Human DNA Repair Genes” 

(https://www.mdanderson.org/documents/Labs/Wood-Laboratory/human-dna-repair-

genes.html) 

Somatic non-synonymous variants (INDELs and “missense”, “non-sense” and “splice 

site” mutations), somatic homozygous losses (defined as Tumor/Normal ratio < 0.5) 

and germline risk SNPs in these DDR genes were identified and further investigated. 

The germline risk SNPs were identified from the list of SNPs annotated as 

“pathogenic” in NCBI - dbSNP (https://www.ncbi.nlm.nih.gov/snp). 

4. Results 

Characteristics of the 25 DG patients and their tumors are presented in Table 1. The 

median age at diagnosis was 51 with a wide range (20-76 years old). The majority of 

tumors were WHO grade IV DGs (n=20, 80%), followed by WHO grade II (n=3, 12%) 

and WHO grade III (n=2, 8%). Most tumors were in the TERT-only molecular subset 

(n=12, 48%) while the double-negative subset had 8 tumors (32%) and the IDH-only 

subset had 5 tumors (20%).  

Somatic mutational load of the tumors ranged from 2.78 to 13.48 mutations/Mb and 

the median was 6 mutations/Mb. The Ti/Tv compositions of these somatic mutations 

were also markedly heterogenous (Figure 1A). There were no significant differences 

https://dcc.icgc.org/releases/release_26/Projects/GBM-US
https://dcc.icgc.org/releases/release_26/Projects/LGG-US
https://www.mdanderson.org/documents/Labs/Wood-Laboratory/human-dna-repair-genes.html
https://www.mdanderson.org/documents/Labs/Wood-Laboratory/human-dna-repair-genes.html
https://www.ncbi.nlm.nih.gov/snp


in mean somatic mutational loads of the different molecular subsets (Analysis of 

Variance (ANOVA) p=0.43). 

In total, 21 different mutational signatures were identified. The weights of these 

signatures in each tumor are presented in Figure 1B, along with the molecular 

subsets, WHO grades, pathological diagnoses, ages at diagnosis and mutational 

loads. Overall, each tumor had a unique combination of signatures. 

We investigated whether any signature is associated with any molecular subsets. 

Using signature weights as predictor variables, two multinomial logistic regression 

models were fitted. To decrease the sparsity and prevent convergence issues, only 

signatures that had non-zero weight in at least 20% were used. In the first model, the 

odds of each subject belonging to IDH-only or double-negative vs. TERT-only were 

calculated. In the second model, the odds of each subject belonging to IDH-only or 

TERT-only vs. double-negative were calculated. It was identified that none of the 

selected signatures could be used to differentiate between TERT-only and IDH-only 

nor between double-negative and IDH-only cases. It was determined that one 

percent increase in the weight of signature-1 was associated with 13% increase in 

the odds of being in the TERT-only compared to being in the double-negative subset 

(p=0.04). 

The percentages of subjects harboring each signature are presented in Table 2. 

Signatures-1, -15 and -3 were observed in the majority of the subjects (88%, 56% 

and 52%, respectively). Signature-1, associated with age at diagnosis, was 

frequently observed in each subset (91.67% in the TERT-only subset, 60% in the 

IDH-only subset, 100% in the double-negative subset). Signature-15, associated with 

defective DNA mismatch repair, was identified in 50% of the TERT-only subset, 40% 

of the IDH-only subset and 75% of the double-negative subset. Signature-3, 

associated with failure of DNA double-strand break-repair by homologous 

recombination, was present in 60% of the IDH-only subset, and half of the cases in 

each of the remaining subsets.  

As 2 out of the 3 most common mutational signatures were associated with DDR 

deficiency (DDRd), DDRd signatures were further analyzed. The DDRd signatures in 

this cohort were signatures 3 (52%), 6 (16%), 15 (12%) and 26 (12%). The overall 

median cumulative weight of DDRd signatures was 0.2 (range=0-0.97). Median 



cumulative weights of DDRd signatures for the double-negative, IDH-only and TERT-

only subsets were 0.18 (range=0.13-0.51), 0.39 (range=0-0.6) and 0.21 (range=0-

0.97), respectively. Overall, 84% of the tumors contained at least one DDRd 

signature. Individual analyses of the molecular subsets revealed 100% of the double-

negative, 83.33% of the TERT-only and 60% of the IDH-only subset had at least one 

DDRd signature. 

To validate our findings, mutational signatures in the TCGA cohort were determined. 

The percentages of patients that harbor a given mutational signature in our cohort 

and the TCGA cohort are presented as a heatmap in Figure 2A. Spearman’s rank 

correlation test revealed that the percentages were positively correlated (ρ=0.35, 

p=0.058), indicating that most mutational signatures were observed in similar 

proportions. In addition to the DDRd signatures-3, -6, -15 and -26, TCGA contained 

signature-20, which is associated with defective DNA mismatch repair. Therefore, 

signature-20 was included in the DDRd signatures list for further analyses. 

Supporting our findings, it was observed that 70.5% of TCGA cases had at least one 

DDRd signature. 

Investigating the association of signatures with age, it was discovered that the weight 

of signature-1 correlated positively with age at diagnosis in both our cohort and 

TCGA cohort (r=0.43 and p=0.031 for our cases, r=0.25 and p<0.001 for TCGA 

cases) (Figure 2B). Because the individual weights of DDRd signatures did not 

correlate with age at diagnosis significantly, except for signatures-15 and -20 in the 

TCGA cohort (Supplementary Table S3), the association between the cumulative 

weight of DDRd signatures and age at diagnosis was analyzed. This analysis yielded 

a negative correlation between the cumulative weight of DDRd signatures and age at 

diagnosis (r=0.16, and p=0.44 for our cases, r=-0.16 and p<0.001 for TCGA cases) 

(Figure 2C). 

To detect any DNA alteration that might alter DDR mechanisms and take part in 

gliomagenesis, we determined the germline risk SNPs, somatic non-synonymous 

variants and somatic homozygous deletions in DDR genes in our 25 cases (Figure 

3). We observed that all cases harbored at least one such alteration. 72% of cases 

(n=18) carried at least one germline risk polymorphism and 72% (n=18) had at least 

one somatic alteration. 



The most frequently observed alteration was the germline risk SNP rs1800734 in 

MLH1 (n=15, 60%). The allele frequency of rs1800734-A in gnomAD19 was 0.23. 

Allelic counts of rs1800734 in gnomAD (n=30952) and our DG cohort (n=25) were 

compared to replicate the previously-shown association of rs1800734-A with DG 32. 

Fisher’s exact test revealed that rs1800734-A was indeed associated with DGs 

(odds ratio=4.94, 95% CI=2.07-12.30, p<0.001). 

ANOVA indicated that the mean cumulative weights of DDRd signatures of 

rs1800734-GG (n=10, 40%), rs1800734-AG (n=12, 48%) and rs1800734-AA (n=3, 

12%) of rs1800734 were different (p=0.021, Figure 4A). Post-hoc Tukey honest 

significant differences of means were calculated: AA – GG difference in cumulative 

weight was 0.40 (95% confidence interval (CI)=0.07-0.74, adjusted-p=0.01), AA – 

AG difference was 0.30 (95% CI=-0.03-0.63, adjusted-p=0.08) and AG – GG was 

0.10 (95% CI=-0.11-0.32, adjusted-p=0.46). Therefore, homozygous risk subjects 

had a higher weight than both non-risk and heterozygous subjects. 

ANOVA of mean mutational load in rs1800734-GG, rs1800734-AG and rs1800734-

AA showed that there was a significant difference in the means (p=0.041, Figure 

4B). Mean mutational load of AA subjects was 4.25/Mb higher than AG subjects 

(95% CI=0.27-8.23/Mb, adjusted-p=0.03). Mean mutational load of AA subjects was 

2.86/Mb higher than the GG subjects, although this difference was not statistically 

significant (95% CI=-1.12-6.84/Mb, adjusted-p=0.19). Finally, there was no 

statistically significant difference in mean mutational load between AG and GG 

subjects (95%CI=-4.00-1.21/Mb, adjusted-p=0.39). 

Alterations in the genes TP53 (48%) and POLG (16%) were also relatively frequently 

observed. When t-tests were performed to compare the cumulative weights of DDRd 

signatures between subjects with and without germline/somatic variants in the genes 

TP53 and POLG, no differences were identified (p=0.67 for TP53, p=0.81 for POLG). 

Additionally, no significant difference in mutational load was observed neither 

between subjects who harbored a variant in TP53 and those who did not (p=0.34) 

nor between subjects who harbored a variant in POLG and those who did not 

(p=0.32). 

We next determined the MSI status of the 25 tumors. 24% of the cohort was 

identified as MSI-H (Figure 3). The mean mutational load of non-MSI-H tumors was 



6.08. The mean mutational load of MSI-H subjects was slightly higher, 7.88 

(Wilcoxon-Mann-Whitney p=0.13). Pearson's Chi-squared test showed no significant 

association between different genotypes of rs1800734 and MSI status (p=0.81). 

18.18% of wild-type subjects, 27.27% of heterozygous subjects and 33.33% of 

subjects homozygous for rs1800734 were MSI-H. Wilcoxon-Mann-Whitney test 

revealed there was no significant difference in the cumulative weights of DDRd 

signatures between MSI-H and non-MSI-H tumors (p=0.9). The mean cumulative 

weights of DDRd signatures were 0.26 and 0.33 for non-MSI-H and MSI-H, 

respectively. 

5. Discussion  

Despite strong individual variation, recurrent mutational signatures were 

identified  

In this cohort, each tumor presented with a unique set of mutational signatures, 

where the weight of each signature varied considerably. However, there were also 

recurrent findings: Signature-1, signature-3 and signature-15 were the most 

commonly observed signatures in the cohort and each was present in more than 

50% of the cases. Consistent with previous studies, the most commonly observed 

signature was Signature-1, which was causally related to spontaneous deamination 

of 5-methycytosine15. Our cohort size is limited to 25 but the incidence of signatures 

in the current cohort and those that were observed in the TCGA cohort of 564 cases 

(glioblastomas and lower-grade gliomas combined) were sufficiently correlated.  

As glioma molecular subsets (based on the presence of IDH and TERT mutations) 

differ significantly in their patient and clinical characteristic as well as traits, we 

looked for specific mutational signatures or specific signature that could discriminate 

between the molecular subsets but failed to show any2,11. The three most common 

signatures of the whole cohort (signatures-1, signature-3 and signature-15) were 

also the most commonly observed signatures in each glioma molecular-subset 

(found in over 40% in each molecular subset).  

DNA-Damage-Repair-related signatures are very common in diffuse gliomas 

We noticed that the observed signatures were enriched in DDRd processes. 84% of 

the cases carried at least one DDRd signature. This was consistent in all molecular 

subsets: 60% of IDH-only, 83.3% of TERT-only and 100% of double-negative tumors 



had at least one DDRd-signature. We confirmed this finding in the TCGA cohort 

where 70.5% of tumors had at least one DDRd signature. This finding is consistent 

with several common clinical observations in gliomas and support a possible role for 

DDRd in gliomagenesis including: (i) Markedly increased glioma incidence in 

Mendelian inherited DDRd syndromes such as Lynch or Li-Fraumeni, (ii) increased 

glioma risk after radiation exposure, (iii) therapeutic response to DNA damaging 

agents (alkylating agents, radiotherapy), (iv) quick acquisition of novel genetic 

alterations (mutator phenotype), and (v) almost universal malignant degeneration 

over time in lower-grade gliomas. Additionally, bone marrow suppression by 

alkylating agents in some but not all patients may also indicate a germline DDRd. 

The classic description of mutator phenotype proposed in late 1970’s postulated that 

loss of DNA repair genes led to genomic instability22,26. With the widespread use of 

next generation sequencing, DDRd was documented to be induced by both germline 

and somatic aberrations in common solid cancers, such as breast and prostate 

cancers, and it was associated with therapeutic response7,30. Our findings present a 

similar observation in adult diffuse gliomas.  

DNA-Damage-Repair-related signatures correlated negatively with age at 

diagnosis 

Alexandrov et al.3 showed that some mutational signatures correlated positively with 

age at diagnosis in most cancers including glioblastomas and lower-grade gliomas. 

The weight of signature 1 correlated positively with age at diagnosis both in our 

cohort and in the TCGA cohort. In this analysis, we also observed that the 

cumulative weight of DDRd signatures correlated negatively with age at diagnosis, 

also replicated in the TCGA cohort. As inherited DDRd results in increased cancer 

susceptibility and earlier cancer onset, this finding was not unexpected. 

Both germline and somatic alterations in DNA Damage Repair genes are 

common in gliomas 

Analysis of mutational signatures is a fairly novel approach and our knowledge on 

the subject is limited. Therefore, further evidence had to be provided to support the 

observed findings. To search for a causative factor underlying frequent DDRd 

signatures, we analyzed germline and somatic genetic alterations (single nucleotide 

changes or copy number changes) in a set of established DDR genes. For germline 

alterations, only those that are previously shown to have a significant pathogenic 

effect were determined. Using these criteria, we identified that every patient had at 



least one germline or somatic alteration in a DDR gene. Nearly three-quarters of the 

subjects had at least one germline risk SNP in a DDR gene and nearly three-

quarters of the subjects had at least one somatic variant in a DDR gene. The DDR 

genes that harbored these variants had various functions. While a gene may have 

multiple roles in DDR, the most prominent role of each DDR gene was indicated in 

this study. The most noteworthy DDR function was mismatch repair activity as the 

highest number of subjects with variants was observed in the MLH1 gene. 60% of 

the subjects harbored the germline risk SNP rs1800734-A allele in MLH1 in either 

heterozygous or homozygous fashion. This risk SNP is located in the 5’ UTR of 

MLH1 and was previously shown to be associated with MLH1 CpG island 

hypermethylation and expression loss in colorectal cancer35. Additionally, AA or AG 

vs. GG genotype of rs1800734 was also shown to cause a heritable predisposition to 

epigenetic silencing of MLH19. The risk SNP was identified as a glioblastoma 

susceptibility factor32 and we replicated this association by showing AA or AG vs. 

GG genotype is associated with DG. We also demonstrated that the AA genotype 

had the highest cumulative weight of DDRd signatures as well as the highest 

mutational load. 

Several Mendelian-inherited DDR genes are established glioma predisposition 

genes (such as TP53, MLH1, MSH2, MSH6, PMS2). Contribution of DDR-gene 

polymorphisms to polygenic-inherited glioma predisposition was also previously 

reported in the literature: Although only TP53 and MDM4 polymorphisms stand out in 

glioma-GWAS studies, several candidate gene analyses have indicated associations 

between numerous other DDR gene polymorphisms and adult glioma 

development1,21,24. In their analysis of coding pathogenic germline variants of the 

TCGA pan-cancer cohort, Huang et al.16  reported that 6 of the 8 common 

pathogenic polymorphisms in GBM and 4 of the 6 common pathogenic 

polymorphisms in lower-grade gliomas were in DDR genes. 

Somatic alterations in DDR genes were observed in almost three-quarters of the 

patients. None of the individual DDR gene alterations was common to all tumors but 

TP53 mutations were present in almost half of the tumors. The cumulative weights of 

DDRd signatures between subjects with and without TP53 mutations were not 

significantly different. The mutational loads of tumors, which harbored a mutant TP53 

were not different from those with a wild typeTP53. 

Microsatellite instability was detected in nearly a quarter of subjects  



MSI is a form of hypermutation caused by defective DNA mismatch repair, 

characterized by extensive alterations in the length of simple repeats8,12. High rates 

of SNVs are also observed in tumors with MSI14. MSI can arise due to germline or 

somatic mutations in MMR genes or due to epigenetic inactivation of MMR 

genes10,38. Because DNA mismatch repair (MMR) deficiency signatures were 

commonly observed in the cohort, and because several MMR genes were found to 

be frequently altered, we also tested for presence of MSI in individual tumors. An in-

silico classifier method (MSIseq) was used to differentiate between tumors highly 

likely to have MSI (MSI-H) and those that are less likely to harbor MSI (non-MSI-H). 

In our analysis, 24% of the subjects were identified to be MSI-H. It was identified that 

the mean mutational load of MSI-H tumors was slightly higher than the mean of non-

MSI-H tumors. Although no statistically significant association between the different 

genotypes and MSI status could be shown, there was an increasing percentage of 

MSI-H for subjects who had GG, AG and AA rs1800734 genotypes. The mean 

cumulative weight of DDRd signatures in MSI-H and non-MSI-H were not 

significantly different. 

6. Conclusions 

In this study, we identified that DDRd is a common finding in adult diffuse gliomas, 

represented by DDRd-related mutational signatures as well as germline/somatic 

genetic alterations in DDR genes. Based on the current findings as well as current 

literature we conclude that “DNA Damage Repair deficiency” may act as a 

fundamental mechanism in gliomagenesis rather than being a random event. 
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10. Figure Legends 

Figure 1. (A) Stacked bar chart of the number of somatic Transition/Transversion 

SNVs. Each different bar color indicates a different substitution subtype (indicated in 

the upper right-hand legend). The subjects are grouped into their corresponding 

molecular subsets, indicated by the tiles of different colors at the bottom of the plot 

(colors for each subset are given in the lower right-hand legend). (B) Heatmap of 

weights of the mutational signatures per tumor. As the weight increases, the 

corresponding tile color changes from white to red. The subjects are grouped into 

their corresponding molecular subsets (the colors indicate the same molecular 

subsets as in Figure 1A). Annotations of molecular subsets, WHO grades, 

pathological diagnoses ages at diagnosis and mutational loads per subject is shown 

on top of the heatmap. (legends are displayed in the right-hand side) * indicates that 

the signature is associated with defective DNA mismatch repair. ** indicates that the 

signature is associated with failure of DNA double-strand break-repair by 

homologous recombination. 



Figure 2. (A) Percentage of subjects that have the given mutational signatures in the 

current cohort (Current) and TCGA cohort (TCGA). As the percentage increases, the 

color of the corresponding tile changes from yellow to red. The percentage values 

are displayed in decreasing order according to the TCGA cohort percentages. (B) 

Scatter plots of weight of signature 1 vs. age at diagnosis for the current cohort and 

TCGA cohort separately. The red lines indicate the linear regression models fitted 

using these data, displaying the positive correlations. (C) Scatter plots of cumulative 

weights of DDR deficiency signatures (signatures 3, 6, 15, 20 and 26) vs. age at 

diagnosis for the current cohort and TCGA cohort separately. The red lines indicate 

the linear regression models fitted using these data, displaying the negative 

correlations. 

Figure 3. Plot of germline and somatic variants in DDR genes in each subject. The 

plot is divided into two and MSI-High and non-MSI-High, as indicated by the bottom 

labels. Open circles indicate germline risk polymorphisms. Full dots represent 

somatic non-synonymous SNV/INDELs. Red triangles indicate somatic homozygous 

deletions. The DDR genes are grouped by function, annotated with the left-hand 

labels. On top, the presence of DDR deficiency signatures per subject is shown.  

Figure 4. (A) Boxplots of cumulative weight of DDR deficiency signatures by carrier 

status of rs1800734. GG is wildtype, GA is heterozygous, and AA is homozygous for 

rs1800734. * indicates statistically significant difference. (B) Boxplots of mutational 

load (mutations/Mb) by carrier status of rs1800734. GG is wildtype, GA is 

heterozygous, and AA is homozygous for rs1800734. * indicates statistically 

significant difference. 

Supplementary Figure S1. Scatter plots of signature weights obtained from YAPSA 

(x-axis) and DeconstructSigs (y-axis), demonstrating positive correlations of the 



weights between the two tools. Each point corresponds to an individual. On the top 

left of each scatter plot, the Spearman correlation coefficient and the associated p-

value is presented. “NA” indicates that the correlation test could not performed 

because the signature was not identified in any of the subjects by at least one tool. 

The red lines indicate the linear regression models fitted using these data, displaying 

the positive correlations. 


