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A B S T R A C T   

Identifying genetic factors affecting the regulation of the O-6-Methylguanine-DNA Methyltransferase (MGMT) 
gene and estimating the genetic contribution of the MGMT gene through within-pair correlation in monozygotic 
twin pairs is of particular importance in various types of cancer such as glioblastoma. We used gene expression 
data in whole blood from 448 monozygotic twins from the Middle Age Danish Twins (MADT) study to investigate 
genetic regulation of the MGMT gene by performing a genome-wide association study (GWAS) of the variation in 
MGMT expression. Additionally, we estimated within-pair dependence measures of the expression values looking 
for the genetic influence of significant identified genes. We identified 243 single nucleotide polymorphisms 
(SNPs) significantly (p < 5e-8) associated with expression of MGMT, all located on chromosome 10 near the 
MGMT gene. Of the 243 SNPs, 7 are novel cis-eQTLs. By further looking into the suggestively significant SNPs 
(increasing cutoff to p = 1e-6), we identified 11 suggestive trans-eQTLs located on chromosome 17. These 
variants were in or proximal to a total of seven genes, which may regulate MGMT expression. The within-pair 
correlation of the expression of MGMT, TRIM37, and SEPT4 provided the upper bound genetic influence of 
these genes. Overall, identifying cis- or trans-acting genetic variations regulating the MGMT gene can pave the 
way for a better understanding of the MGMT gene function and ultimately in understanding the patient’s 
sensitivity to therapeutic alkylating agents.   

1. Introduction 

O-6-Methylguanine-DNA Methyltransferase, known as MGMT, is 
located on chromosome 10q26.3 with a total length of 300,437 bp, and 
is a promising target for tumor treatment as it is involved in chemo-
resistance to alkylating agents [1]. Alkylating agents act directly on DNA 
during all cell cycle processes, crosslinking the N-7-guanine residues, 
producing DNA strand breakage, aberrant base pairing, cell division 
suppression, and, eventually, cell death [2]. The protein encoded by 

MGMT removes the methyl group from the O6 position of guanine, 
resulting in resistance to alkylating agents, including temozolomide 
(TMZ) [3,4]. For decades, TMZ as standard chemotherapy has been used 
for the treatment of glioblastoma patients; yet at least half of TMZ- 
treated patients do not respond to the treatment. This may occur due 
to the over-expression of MGMT or the lack of DNA repair pathway in 
glioblastoma mechanism [5,6]. 

The loss of MGMT expression is common in various types of cancer 
[7]. Several studies have shown that genetic variation in MGMT impact 
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gene expression and thus play a key role in carcinogenesis and devel-
opment of several types of cancer [8–11]. In cancer patients, MGMT 
methylation or low MGMT expression levels in tumors might be bene-
ficial as indicators of chemosensitivity to alkylating treatment. As a 
result, determining the factors that impact the expression or methylation 
status of MGMT, including genetic variants, would be of particular 
importance, as these could also influence the results of treatment with 
alkylating chemotherapy [11–13]. 

Genetic variants such as single nucleotide polymorphisms (SNPs) in 
the promoter or enhancer region of the MGMT gene can alter its tran-
scription and downstream protein expression [12,14]. Genome-wide 
association studies (GWAS) can provide more insights into the role of 
SNPs underlying MGMT expression and identify expression quantitative 
trait loci (eQTLs) across the genome that regulate MGMT expression 
through trans- or cis-acting mechanisms. Moreover, the upper bound 
genetic contribution to MGMT expression levels is not well established. 
This can be estimated through the within monozygotic (MZ) twin pair 
dependence measures of the expression values. This study aimed to 
investigate the 1) genetic regulation of MGMT gene expression 2) gene- 
based analysis to identify significant mapped genes and their regulation 
in relation to MGMT expression and glioblastoma 3) taking advantage of 
the MZ twin pairs to determine the upper bound genetic contribution to 
MGMT expression. 

2. Materials and methods 

2.1. Study population 

The study sample comprises 448 MZ twins aged 56–80 (mean 
age = 66.21 years, SD = 6.01 years), including 248 male and 200 female 
twins recruited by The Danish Twin Registry as a part of the Middle Age 
Danish Twins (MADT) study [15]. The study population included MZ 
twins who participated in the MADT 2008–2011 follow-up study and for 
whom genome-wide genotype and gene expression data were generated 
(Table 1). Zygosity was determined using a questionnaire procedure that 
includes four questions about physical similarities and correctly clas-
sifies zygosity in more than 95% of the pairs [16]. Cell counts of blood 
leukocyte subtypes (monocytes, lymphocytes, basophils, neutrophils, 
and eosinophils) were counted using a Coulter LH 750 Hematology 
Analyzer (Beckman Coulter). The MADT study was approved by the 
Regional Committees on Health Research Ethics for Southern Denmark 
(S-VF-19980072), and written informed consents were obtained from all 
participants. 

2.2. Genotyping and SNP imputation 

Genome-wide SNP genotyping of DNA extracted from whole blood 
was conducted in one twin from each MZ twin pair using the Illumina 
PsychArray (Illumina, San Diego, California, USA). Genotyping was 
conducted by the SNP&SEQ Technology Platform, Science for Life 
Laboratory, Uppsala, Sweden (http://snpseq.medsci.uu.se/genot 
yping/snp-services/). Pre-imputation quality control (QC) removed 
SNPs based on genotype call rate < 98%, Hardy-Weinberg equilibrium 
(HWE) p < 1e-6, and minor allele frequency (MAF) = 0, and individuals 
on sample call rate < 99%, relatedness and gender mismatch. Pre- 
phasing and imputation to the 1000 Genomes phase 3 reference panel 
were performed using IMPUTE2 [17]. In post-imputation QC, non- 

autosomal SNPs, and SNPs with MAF ≤ 0.05 and imputation INFO 
score (information metric) < 0.6 were filtered out. This resulted in 
5,779,266 genotyped and imputed autosomal SNPs being included in 
the statistical analysis [18]. 

2.3. RNA extraction, gene expression analysis and expression data 
preprocessing 

RNA extraction, gene expression analysis and expression data pre-
processing were performed as described in Nygaard et al. (2019) [19]. In 
short, whole blood was collected in PAXgene Blood RNA Tubes (Pre-
AnalytiX GmbH, Hombrechtikon, Switzerland), and total RNA was 
extracted using the PAXgene Blood miRNA kit (QIAGEN) according to 
the protocol of the manufacturer. The extracted RNA concentration was 
determined using a NanoDrop spectrophotometer ND-8000 (NanoDrop 
Technologies), and the quality was assessed by the Agilent 2100 Bio-
analyzer (Agilent Technologies). Gene expression profiling was per-
formed using the Agilent SurePrint G3 Human GE v2 8 × 60 K 
Microarray. Sample labeling and array hybridization were carried out in 
accordance with the ‘Two-Color Microarray-Based Gene Expression 
Analysis – Low Input Quick Amp Labeling’-protocol. Samples were 
labeled with Cy5, and the reference consisting of a pool of 16 samples 
was labeled with Cy3. Hybridization, washing, scanning, and quantifi-
cation were performed according to the array manufacturer’s recom-
mendations [20,21]. 

The R package limma was used for QC of the data [22]. Low 
expression values were detected based on detection values, which 
include p-values for testing whether each probe is more intense than the 
negative control probes. Detection p-values<0.05 were included as ev-
idence that the probe corresponded to a truly expressed genes. Addi-
tionally, we calculated the coefficient of variation (CV) (i.e., a relative 
measure of variability calculated by dividing the standard deviation by 
the mean) for each probe and excluded probes with CV < 0.1. Back-
ground correction using the normexp method was done on the raw in-
tensity data, within-array normalization using loess normalization to 
intensity measurements of two colors (cy3/cy5), and between-array 
normalization based on the quantile normalization method to make 
data from the different arrays comparable [23]. The missing expression 
values were imputed using the k-nearest neighbor algorithm, and 
replicated probes were summarized, calculating their median. Expres-
sion values for the MGMT gene for analysis were extracted from this 
processed data set. 

2.4. Statistical analysis 

We first adjusted the MGMT gene expression for covariates including 
age, sex, cell type composition. We then performed the genome-wide 
association study of MGMT gene expression values with imputed SNP 
dosages using the linear mixed model (LME) from the lme4 package [24] 
while adjusting for the twin correlation in the sample by including 
random effect in the model. Next, we checked if there were any novel 
eQTLs among the top GWAS significant SNPs (p < 1e-6) by comparing 
our results to already identified eQTLs reported for MGMT in the GTEx 
Portal (https://gtexportal.org/home/). Finally, we investigated the 
chromatin states using the Roadmap Epigenomics Consortium 
(“Expanded 18-state model”) [25] to capture known classes of genomic 
elements, such as promoters, enhancers, transcribed, repressed, and 
repetitive regions. We further prioritized the top candidate SNPs based 
on scores provided in the RegulomeDB database (https://www.re 
gulomedb.org/regulome-search/) to identify variants that are more 
likely to play a functional role [26]. 

2.4.1. Gene-based analysis 
A gene-based analysis was performed using the MAGMA tool 

developed by de Leeuw et al. 2015 [27] which is integrated in FUMA 
[28] for all SNPs (p < 0.05) based on the summary results of the GWAS 

Table 1 
Descriptive statistics of the 448 monozygotic twins from the Middle Age Danish 
Twins (MADT) study included in the study.  

Variables Male Female Total 

MADT 248 200 448 
Mean age±sd 

(min, max) 
66.53 ± 6.16 
(57.00,79.88) 

65.82 ± 5.82 
(55.94,79.23) 

66.21 ± 6.01 
(55.94,79.88)  
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analysis. MAGMA maps SNPs to genes with a default window of 10 kb 
using 1000 Genomes Phase3 as a reference and calculates linkage 
disequilibrium (LD) within and between genes, also based on the 1000 
genome Phase 3 reference. A default window of 10 kb means that SNPs 
are assigned to a gene if they located within 10 kb of a gene, either 
upstream or downstream, defined by the transcription start and stop 
sites of the gene. To obtain P-values for the gene-based analysis, 
MAGMA employs multiple linear regression. The Benjamini & Hoch-
berg’s false discovery rate (FDR) correction approach [29] was applied 
for multiple testing adjustment and FDR < 0.05 was used as the signif-
icance threshold. 

2.4.2. Characterization of genomic loci and gene/positional mapping in 
FUMA 

The positional mapping of SNPs to genes is done by using the GWAS 
summary statistics to define independent SNPs, lead SNPs, candidate 
SNPs, and genomic loci. FUMA defines independent SNPs as those with 
p < 5e-8 (GWAS genome-wide significant cutoff) and independent from 
each other at linkage disequilibrium r2 < 0.6, and lead SNPs as the 
subset of independent SNPs that are independent of each other at link-
age disequilibrium r2 < 0.1. Candidate SNPs including those with 
MAF ≥ 0.05 and in LD (r2 ≥ 0.6) with other independent significant 
SNPs, identified from the 1000 Genome phase 3 EUR reference panel, 
meaning that they are not available in the original GWAS. The genomic 
risk loci are defined by combining the lead SNPs that are close to each 
other (< 250 kb) and the borders of loci defined by candidate SNPs. The 
1000 Genome phase 3 EUR reference panel was used as a reference to 
calculate LD. The identified candidate SNPs were mapped to genes if 1) 

the SNP is located within ±10 kb of a gene (±10 kb is the default win-
dow in FUMA), 2) the SNP has a significant eQTL association 
(FDR < 0.05)[28]. 

2.4.3. Gauging familial relationship of significant genes 
To gauge the upper bound genetic influence or heritability of sig-

nificant genes, we estimated two within MZ pair dependence measures 
of the expression values; 1) The informational correlation coefficient 
(generalized correlation coefficient or Linfoot) [18,30,31], which mea-
sures the magnitude in functional relationship of the expression of genes 
within the pair ranging from total independence at value zero to an exact 
functional relationship at value one and 2) The classic Pearson product- 
moment correlation that measures the degree of linear dependence of 
the gene’s expression within the pair ranging from − 1 to 1. We note that 
the measure in 1) determines information conveyed between the gene 
expression values within the pair; in particular, a zero value is a strong 
indication of independence of genes. Also, if the two expression values 
are bivariate Gaussian distributed, then the numeric value of the mea-
sure in 2) equals the value of the measure in 1). The linear correlation 
measured in 2) also provides a direction of the association. 

3. Results 

A total of 243 SNPs significantly (p < 5e-8) associated with MGMT 
expression were identified (Table S1), all of which are located on 
chromosome 10 from position 131,246,957-131,465,477 bp (Build 37) 
near or in MGMT. The GWAS QQ and Manhattan plots are shown in 
Fig. 1a and b. Fig. 2 shows a regional plot of the GWAS result in the 

Fig. 1. Summary result of the GWAS and Gene-based analysis. a) The QQ plot of SNPs from GWAS summary statistic. b) The Manhattan plot of SNPs from GWAS 
summary statistics. c) The QQ plot of the genes identified by gene-based analysis in MAGMA. d) The Manhattan plot of the gene-based analysis as computed by 
MAGMA based on the input of GWAS summary statistics. 
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MGMT gene region (chr10:131,240,000-chr10:131,566,000 bp, cf. 
Build 37). Of the 243 significantly associated SNPs, seven were identi-
fied as novel cis-eQTLs (see Table 2) that have not been identified pre-
viously as significantly associated with MGMT expression (based on 
information listed in the GTEx Portal, https://gtexportal.org/home/). 
We also identified eleven suggestive (p < 1e-6) trans-eQTLs positioned 
on chromosome 17 (see Table 3). Furthermore, we investigated whether 
there is any physical interaction between chromosome 10 MGMT/SNP 
loci and chromosome 17 loci. We used Hi-C database (http://3dgenome. 
fsm.northwestern.edu/) [32], chose the human hg19 assembly and 
GM12878 tissue, which is a lymphoblastoid cell line. Next, we used the 
region chr10:131246957–131,565,261 (representing the chromo-
some10 SNP loci, the MGMT coding region, and the MGMT promotor) as 
location 1, and the region chr17:56459408–68,650,399 (representing 
the chromosome 17 loci) as location 2. The MAGMA gene-based analysis 
(see QQ and Manhattan plots in Fig. 1c and d) based on the GWAS result 
of all included SNPs resulted in the identification of seven genes 
(p < 1.38e-5, FDR < 0.05) (see Table S2), including MGMT (p = 1.08e- 
19, FDR = 2.05e-15), AL355531.2 (p = 6.09e-07, FDR = 0.01), TRIM37 
(p = 4.96e-06, FDR = 0.03), SEPT4 (p = 6.69e-06, FDR = 0.03), 
C17orf47 (p = 8.18e-06, FDR = 0.03), PPM1E (p = 1.004e-05, 

FDR = 0.03), and TEX14 (p = 1.77e-05, FDR = 0.04). Furthermore, the 
within-pair dependency measure of the expression levels for the protein 
coding genes among these seven genes based on both Linfoot and 
Pearson correlations is shown in Fig. 3. 

From the positional mapping in FUMA, we identified 2 lead SNPs, 15 
independent significant SNPs with P < 5e-8, 15 mapped genes (Figs. 
S1a, b, and c), 287 candidate SNPs, as well as 255 SNPs that are in LD 
(r2 < 0.6) with the significant independent SNPs. Most of the SNPs are in 
intronic or in intergenic regions. 

4. Discussion 

By performing a GWAS of MGMT gene expression in 448 Danish MZ 
twins we investigated the genetic regulation of the MGMT gene. Addi-
tionally, we gauged the genetic influence of the expression of significant 
genes by calculating the Informational Correlation Coefficient, Linfoot, 
and Pearson correlation of expression levels within MZ pairs. 

We identified 243 significant SNPs located on chromosome 10 within 
the MGMT gene region, showing the genetic regulation underlying the 
MGMT gene. Importantly, 7 of these SNPs are novel cis-eQTLs that have 
not already been detected. We found that the 243 SNPs are distributed 

Fig. 2. Regional plot showing the association P-values on the -log10 scale on the y-axis and the chromosomal position along the x-axis near to MGMT gene. The label 
in different colors illustrates the pairwise LD pattern with the most strongly associated SNP. 

Table 2 
The list of seven novel significant cis-eQTLs identified by GWAS.  

SNP CHR* BP* A1* A2 RDB** Chromatin state Function P 

rs12241533 10 131,445,027 G A 5 Weak transcription Intronic 1.09e-21          

rs1762416 10 131,303,513 A G 6 Heterochromatin Intronic 1.75e-17          

rs12573708 10 131,318,710 G A 4 Weak transcription Intronic 2.84e-17          

rs1807213 10 131,295,111 A T 6 Weak transcription Intronic 3.17e-17          

rs519690 10 131,424,033 G A 3a Quiescent/Low Intronic 3.82e-15          

rs4751106 10 131,424,653 G T 5 Quiescent/Low Intronic 5.73e-13          

rs1627492 10 131,403,007 T C 2b Weak Transcription Intronic 1.43e-11  

* CHR: Chromosome; BP: Base Pair; A1: Affected allele. 
** RegulomeDB score: 5 = TF binding or DNase peak; 6 = Motif hit; 4 = TF binding + DNase peak; 6 = Motif hit; 3a = TF binding + any motif + DNase peak; 2b = TF 

binding + any motif + DNase Footprint + DNase peak. 
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across seven chromatin states including weak enhancer, ZNF genes and 
repeats, flanking TSS upstream, strong transcription, weak transcrip-
tion, heterochromatin, and quiescent/low using the Roadmap 

Epigenomics Consortium [25]. Half of the SNPs are found in the chro-
matin states weak and strong transcriptions which makes sense as many 
of them are within the gene body. One SNP (rs12262382) is in weak 

Table 3 
The list of eleven suggestive trans-eQTLs identified by GWAS.  

SNP CHR* BP* A1* A2 RDB** Chromatin state P 

rs11867678 17 68,650,399 C T 4 Quiescent/Low 3.67e-07 
rs9889419 17 56,473,259 T C 1f Quiescent/Low 4.62e-07 
rs9788975 17 56,460,800 G A 4 Quiescent/Low 5.64e-07 
rs9904993 17 56,468,569 G T 4 Quiescent/Low 6.49e-07 
rs4793585 17 56,470,511 G A 5 Quiescent/Low 6.53e-07 
rs4793941 17 56,472,366 G A 4 Quiescent/Low 6.59e-07 
rs1990008 17 56,459,408 C G 4 Weak transcription 6.60e-07 
rs2301867 17 56,480,074 T A 4 Quiescent/Low 7.61e-07 
rs723991 17 56,482,039 G A 5 Quiescent/Low 7.98e-07 
rs58647683 17 56,483,194 T C 4 Quiescent/Low 8.78e-07 
rs9303398 17 56,484,257 T C 5 Quiescent/Low 9.33e-07  

* CHR: Chromosome; BP: Base Pair; A1: Affected Allele. 
** RegulomDB score: 1f = eQTL + TF binding / DNase pea; 4 = TF binding + DNase peak; 5 = TF binding or DNase peak. 

Fig. 3. Within MZ pairs measures of dependency of expressions for significant genes based on Linfoot (upper triangle) and Pearson (lower triangle) correlations.  
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enhancer and three in flanking TSS upstream (promoters) (Table S1). Of 
the 7 new cis-eQTLs, 4 are in weak transcription chromatin states and 
one is in heterochromatin (Table 2). Furthermore, the lower scores 
provided by RegulomeDB database indicate more evidence for variants 
to play a functional role. In total, 60 SNPs (25%) are with score 1, 
suggesting that they are likely to affect transcription factor binding and 
are linked to expression of their target gene. Among the 7-novel cis- 
eQTLs, rs1627492 has a RegulomeDB score of 2b, suggesting that is 
likely to affect the transcription factor binding, while the 6 other SNPs 
have scores of 3a and below (Table 2). Of the eleven suggestive trans- 
eQTLs, the highest scoring SNP (rs9889419 with the target gene 
TRIM37) has a score of 1 f. Fig. 2 depicts a regional plot of SNPs mapping 
to the MGMT gene, with the strongest associated SNP being rs1008982 
(p = 5.1e-22). The QQ plot (Fig. 1a) shows a clear significant deviation 
of top SNPs in the upper tail, and the Manhattan plot (Fig. 1b) confirms 
this with a significant peak on chromosome 10. In addition, a cluster of 
suggestively significant SNPs (p < 1e-6) located on chromosome 17 is 
evident in the Manhattan plot, suggesting that these SNPs might be 
suggestive trans-eQTLs for MGMT expression (Fig. 1b). When exploring 
the physical interaction between identified loci, we found no evidence of 
interaction between the chromosome 10 MGMT/SNP loci and the 
chromosome 17 loci. 

The MAGMA gene-based analysis identified seven significant genes 
(FDR < 0.05), including MGMT, AL355531.2, TRIM37, SEPT4, 
C17orf47, PPM1E, and TEX14 (Table S2). These genes are also depicted 
in the Manhattan plot (Fig. 1d). The MGMT and AL355531.2 genes are 
located on chromosome 10, whereas the rest are located on chromosome 
17. As expected, the MGMT gene appeared as the top significant gene 
and thereby confirms our top SNPs identified in the GWAS. Studies have 
shown that the upregulation of MGMT expression contributes to TMZ 
resistance, causing problems in treating malignant brain tumors [5,33]. 
Additionally, there is a significant correlation between MGMT expres-
sion and the nuclear factor-κB (NF-κB) pathway in glioma cells. Inhibi-
tion of NF-κB can reduce MGMT activity and, when combined with TMZ 
treatment, may provide clinical benefits for glioma patients [34]. 
Overexpression of TRIM37 gives resistance to the DNA-damaging anti-
cancer drug cisplatin by activating the NF-B pathway [34]. In human 
glioma, TRIM37 is significantly upregulated, and high levels of TRIM37 
expression were found to be associated with gliomas grade [35]. Several 
studies have shown that the chromosome 17q region harboring TRIM37, 
is amplified approximately 50–60% of neuroblastomas and ~ 10% of 
breast cancers [36–40]. TRIM37 is a member of the tripartite motif or 
TRIM subfamily of zinc finger proteins, including RING, B-Box, and 
coiled-coil domains [41]. A study has investigated the expression of 
TRIM37 in human glioma tissue from 124 patients with primary glioma 
who underwent surgical therapy. They reached the conclusion that this 
gene is highly upregulated in human gliomas, and that the expression 
level of TRIM37 is closely correlated with glioma grade [35]. Another 
study examined tissue from 41 human osteosarcoma patients and found 
that TRIM37 might be a potential therapeutic target for the treatment of 
pediatric osteosarcoma [42]. Interestingly, MGMT has also been linked 
to osteosarcoma in that the abnormal methylation of the MGMT gene in 
osteosarcoma tissue is shown to be related to the expression level of 
MGMT [43]. One of the other significant genes, SEPT4, is a member of 
the septin gene family, and this gene is highly expressed in the brain and 
heart. One of the isoforms of the SEPT4 gene, ARTS, is localized in 
mitochondria and is a pro-apoptotic tumor suppressor [44,45]. Addi-
tionally, changes in septin expression have been reported to be associ-
ated with glioblastomas, squamous cell carcinomas, melanomas, renal 
cell carcinomas, colorectal cancer, and lung cancer [46–48]. Chen et al. 
(2017) studied PPM1E expression in gastric cancer tissue from six in-
dividuals and compared them with six normal gastric tissue samples. 
They discovered PPM1E expression to be upregulated, which is consid-
ered critical for shutting off AMPK signaling and increasing cancer cell 
growth TMZ [49]. 

The candidate SNPs identified as part of the positional mapping of 

SNPs, mapped to 15 coding and non-coding genes locating on 10q26.2 
and 10q26.3 in the genome. This further supports the importance of 
SNPs in the vicinity of the MGMT genomic region for MGMT expression. 
Previous studies have discovered an MGMT enhancer that is associated 
with MGMT promoter methylation and MGMT expression regulation 
[50,51]. However, glioblastomas have different levels of MGMT pro-
moter methylation and MGMT expression [52]. Consequently, the 
MGMT enhancer may be involved in the regulation of genes other than 
the MGMT gene. Chen et al. (2021) reported that MKI67 downregulation 
following enhancer deletion increases glioma cell susceptibility to TMZ, 
suggesting that MKI67 is regulated by the MGMT enhancer [53,54]. 
Another gene potentially coregulated with MGMT is EBF3, which is close 
to MGMT and widely inactivated in gliomas, colon cancer, and leuke-
mia. The EBF3 gene is co-methylated with MGMT implying a possible 
regulatory link [53,55,56]. 

The within-pair correlation of gene expression values of significant 
genes estimating the upper bound genetic influence on the expression of 
the genes is shown in Fig. 3. The genetic influence on MGMT 
(Linfoot = 0.58, Pearson = 0.59), TRIM37 (Linfoot = 0.24, 
Pearson = 0.34), and SEPT4 (Linfoot = 0.26, Pearson = 0.18) are esti-
mated to be 0.59, 0.34 and 0.26, respectively indicating that a large 
proportion of the expression of these genes is regulated by the shared 
genetic component within families. The familial relationships of the 
expression values of the other genes indicated either independence at 
zero or a weak relationship. It is important to note that further genetic 
contribution or heritability can be estimated through within-pair de-
pendencies in both MZ, and dizygotic (DZ) twins based on biometric 
twin modelling [57,58]. On top of the genetic effects, environmental 
effects that influence the expression of the genes is interesting to 
consider. 

5. Conclusions 

In summary, by associating MGMT expression with SNP genotypes in 
MZ twins, this study identified seven novel MGMT cis-eQTLs on chro-
mosome 10 and eleven suggestive trans-eQTLs on chromosome 17. 
Additionally, the within MZ pair correlations could detect the upper 
bound genetic influence of the identified genes emphasizing the 
advantage of twin studies. Findings from this study merit further veri-
fication in cancer tissues as to the usefulness of the identified eQTLs as 
biomarkers and predictors for improving treatment response in cancer 
patients. 
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