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Abstract 
Nonspecific structural chromosomal aberrations (CAs) are found in around 1% of circulating lymphocytes from healthy individuals but the fre-
quency may be higher after exposure to carcinogenic chemicals or radiation. CAs have been used in the monitoring of persons exposed to 
genotoxic agents and radiation. Previous studies on occupationally exposed individuals have shown associations between the frequency of CAs 
in peripheral blood lymphocytes and subsequent cancer risk. The cause for CA formation is believed to be unrepaired or insufficiently repaired 
DNA double-strand breaks or other DNA damage, and additionally telomere shortening. CAs include chromosome (CSAs) and chromatid type 
aberrations (CTAs). In the present review, we first describe the types of CAs, the conventional techniques used for their detection and some 
aspects of interpreting the results. We then focus on germline genetic variation in the frequency and type of CAs measured in a genome-wide 
association study in healthy individuals in relation to occupational and smoking-related exposure compared to nonexposed referents. The asso-
ciations (at P < 10–5) on 1473 healthy individuals were broadly classified in candidate genes from functional pathways related to DNA damage 
response/repair, including PSMA1, UBR5, RRM2B, PMS2P4, STAG3L4, BOD1, COPRS, and FTO; another group included genes related to 
apoptosis, cell proliferation, angiogenesis, and tumorigenesis, COPB1, NR2C1, COPRS, RHOT1, ITGB3, SYK, and SEMA6A; a third small group 
mapped to genes KLF7, SEMA5A and ITGB3 which were related to autistic traits, known to manifest frequent CAs. Dedicated studies on 153 
DNA repair genes showed associations for some 30 genes, the expression of which could be modified by the implicated variants. We finally 
point out that monitoring of CAs is so far the only method of assessing cancer risk in healthy human populations, and the use of the technology 
should be made more attractive by developing automated performance steps and incorporating artificial intelligence methods into the scoring.
Keywords: chromosomal damage; cancer; genetics; DNA repair; double-strand break

Introduction
Hanahan and Weinberg have described the hallmarks of 
cancer and defined genome instability and mutation as one of 
the underlying mechanisms expediting the acquisition of such 
hallmarks [1]. Genomic instability leads to chromosomal ab-
errations (CAs) which are established risk factors of cancer 
[2–4]. CAs are biological endpoints that reflect the effect of 
mutagens on the genome [5]. CAs, in individuals exposed to 
genotoxins environmentally or due to lifestyle choices, have 
been used in cancer biology since the latter half of the last cen-
tury after the discovery of the normal karyotype of somatic 
cells in 1956 by Tjio and Levan, discovery of the Philadelphia 
chromosome in 1960 by Novell and Hungerford and of 
chromosome banding in 1968 by Caspersson [6–9]. There are 
only a few direct methods of measuring the extent of human 
exposure to genotoxins. Cytogenetic analysis of peripheral 

blood lymphocytes for CAs is one of the methods that enables 
the direct measurement of gross changes occurring in DNA 
due to genotoxins by analyzing changes in chromosomes 
within the cell under a light microscope [10]. It has been 
estimated that the attributable proportion of high frequen-
cies of CAs for overall cancer risk may be as high as 0.25, 
indicating that CAs in peripheral blood lymphocytes (PBLs) 
could be used as a surrogate endpoint of cancer risk in human 
biomonitoring [11,12]. Importantly, it has been shown that 
the association of CAs with cancer risk is independent of ex-
posure assessment [2]. Much of the supporting evidence for 
the predictive value of CAs was generated already 2 decades 
ago and many cellular and molecular techniques have been 
introduced since then. Yet no other biomarker has emerged 
for general cancer risk assessment applicable to healthy 
subjects from the general population with a reasonable  
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attributable proportion. Application of CA biomonitoring in 
healthy subjects has been technically demanding and it has 
not undergone improvements that would enable large-scale 
studies. Thus, the applications in in vivo monitoring of ex-
posure to genotoxic chemicals have become fewer [13–15]. 
However, in the area of biological exposure monitoring to 
ionizing radiation analysis of CAs, particularly dicentric 
chromosomes and translocations, has remained a standard 
protocol [16–18].

In the present review, we focus on germline genetic vari-
ation influencing the frequency of unspecific CAs in healthy 
individuals in relation to occupational chemical and smoking-
related exposure [19]. We specifically focus on the genome-
wide association studies that we have conducted summarizing 
the results. We are not reviewing the largely old literature on 
biomonitoring of CA in occupational and environmental set-
tings. We finally discuss what is known about genetic make-up 
influencing CA frequency, and any prospects to revitalize a 
future application of unspecific CAs in exposure monitoring 
and individual cancer risk assessment. As background infor-
mation, we start by describing the types of CAs and the tech-
niques for their measurement. Else the review is limited to 
genetic and environmental associations of nonspecific CAs 
and will not cover multiple causes of CAs including the novel 
findings related to telomere dysfunction, nuclear envelope 
fragile compartmentalization and the role of micronuclei 
[20–22].

Types of chromosomal aberrations
CAs can be classified in many ways, considering the number 
of chromosomes (numerical CAs) or chromosomal struc-
ture (structural CAs). Numerical changes include changes 
in the number of chromosomes, aneuploidy and polyploidy. 
Structural CAs involve rearrangements through displace-
ment, loss or gain of chromosomal segments, in which the 
normal sequence integrity has been disrupted. Structural CAs 
can involve only a few nucleotides or much larger segments 
[23]. These include translocations, deletions, insertions, in-
versions, breaks, sister chromatid exchange, micronuclei, 
chromothripsis, and changes in telomere length. Structural 
CAs can be divided into symmetrical (or stable) or asym-
metrical (or unstable). Asymmetrical CAs include dicentric 
chromosomes, fragment, and ring chromosomes which lead 
to uneven segregation in mitosis (thus the term unstable) 
[16–18].

Clonal CAs
are specific recurrent aberrations including translocations 
and inversions that have gained a growth advantage. These 
can be detected by molecular cytogenetic techniques such as 
FISH (fluorescent in situ hybridization) and DNA and RNA 
sequencing techniques [9,24]. They have been defined in the 
literature as “chromosome aberration which can be detected 
at least twice within 20 to 40 randomly examined mitotic 
figures” [25]. With this criterion, the frequency of clonal CAs 
should be higher than 5%–10% but usually, the researchers 
consider CAs as clonal when the frequencies are >30% [25]. 
These clonal CAs are strongly associated with distinct tumor 
types and are an initial event in oncogenesis [4]. By 2019, the 
number of known fusion genes in the Mitelman Database of 
Chromosome Aberrations and Gene Fusions in Cancer ex-

ceeded 20 000, the rapid increase in the numbers has been 
due the application of DNA/RNA sequencing techniques 
[26]. The current number (August 2023) is 70 000 (Mitelman 
Database Chromosome Aberrations and Gene Fusions in 
Cancer (isb-cgc.org)). Recurrent rearrangements have an im-
portant clinical role in disease classification and prognostic 
assessment, which started in hematological neoplasms but 
has later been extended to patients with solid tumors [27,28]. 
Recent data suggests that fusion genes arise as a stochastic 
process and many of them have no clinical meaning which 
is in line that fusion genes are found also in healthy tissue 
[26]. However, even if the random formation of fusion genes 
may be the overall rule, genetic control has been shown for 
translocation 11;14, which is common in hematological neo-
plasms [29].

Nonclonal/nonspecific CAs
can be distinguished at metaphase with the help of classical 
cytogenetic techniques as nonspecific aberrations. These CAs 
do not clonally expand and they may remain in the cells for 
their lifetime [11]. Nonclonal CAs have been ignored in favor 
of disease-related clonal CAs, and for a long time, these were 
considered to be genetic noise. However, nonclonal CAs make 
up for a great majority of chromosomal changes and have 
long been observed in normal and disease conditions and are 
important to measure system instability. As a new form of 
genetic information, i.e. system inheritance, nonclonal CAs 
are not background noise but rather a basis for heterogeneity 
in genome and precondition in different diseases including 
cancer [18].

Chromosome type aberrations (CSAs)
are aberrations that involve both chromatids of a chromosome 
(Fig. 1a). CSAs are formed in peripheral blood lymphocytes 
(PBLs) in resting G0 phase by the agents that produce double-
strand breaks. These agents include ionizing radiations and 
chemical clastogens, such as alkylating agents, that have an 
effect similar to ionizing radiations. In G0–G1 lymphocytes, 
the formation of CSAs is mainly due to the repair of double-
strand breaks (DSBs) by nonhomologous DNA end joining, 
or nonconservative homologous recombination repair. CSAs 
are the result of incompletely repaired DSBs or unrepaired 
DSBs. When cultured PBLs go through DNA synthesis and 
chromosomes are duplicated, the aberrations formed earlier 
are doubled and CSAs can be seen in metaphase. These in-
clude dicentric chromosomes with difragments, ring chromo-
somes with difragments and abnormal chromosomes [23,24].

Chromatid-type aberrations (CTAs)
reflect changes in only one chromatid of a chromosome (Fig. 
1b) and are induced by S-phase-dependent chemical agents 
such as ethylene oxide and UV light. CTAs are formed by 
homologous recombination from base modifications and 
single-strand breaks that are enzymatically converted to 
double-strand breaks or by incomplete or failed DNA re-
pair. Most of the CTAs are chromatid breaks. Chromatid 
exchanges are the result of the dislocation of chromosomal 
material to another chromosome or within the chromosome 
and are different from sister chromatid exchanges, see Fig. 1c 
[12,30].

Monitoring of CAs in exposure to radiation has been 
instructive in many ways. Dicentric chromosomes and  
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Genetics of CAs 3

reciprocal translocations have been considered “a gold 
standard” for radiation bio-dosimetry. They are very rare 
in unirradiated persons. Dicentric chromosomes increase 
in a linear fashion depending on the dose (when exposure 
is X- and gamma-rays) and linear-quadratic manner (alpha-
particles and neutrinos) [12]. Reciprocal translocations per-
sist for the lifetime of PBLs, about 6 years, while unstable 
dicentrics disappear with a half-life of 2–3 years or faster [12].

Conventional cytogenetic analysis
Conventional cytogenetic techniques are used for the analysis 
of karyotype and nonspecific CAs. Essentially the same tech-
nology has been used since the correct counting of human 
chromosomes in 1956 by Tjio and Levan [9,31]. The method 
enables the identification of numerical and structural aberra-
tions present in metaphase cells under a microscope. Despite 
the fact that more sensitive molecular cytogenetics techniques 
have been developed and are being used in modern cytogen-
etics analyses, conventional cytogenetics still has its import-
ance in many contexts. It is the most common and easily 
accessible assay.

In the conventional karyotype analysis, cultured PBLs 
are stimulated by phytohemagglutinin to enter mitosis 
and arrested in the metaphase by colcemid after which the 
chromosomes are harvested and a single cell suspension 
is produced (Fig. 2). Following fixation, the dehydrated 
swollen metaphase cells are mounted onto the glass slides. 
Staining is done with Giemsa stain followed by the trypsin 
treatment. Conventional karyotyping uses the G-banding 
method and it can generate up to 1000 bands per haploid 
human genome [32]. Every band has been assigned a spe-
cific designation to represent its location on each chromo-
some by the international system for human cytogenetic 
nomenclature (ISCN) [33]. For nonspecific CAs scoring 
microscopic analysis usually covers 100 mitoses in blinded 
analysis in coded slides.

Genome-wide association studies (GWASs)
Study population
In 2019, we published a GWAS based on genotyping data 
of 1473 healthy individuals from the Czech Republic and 
Slovakia, as described in detail [19]. The exposed population 
(N = 607) had experienced genotoxic exposure due to their 
occupation and/or smoking habits. There were 40.5% female 
and 59.5% male individuals with a median age of 43 years. 
A majority of the individuals were exposed to small organic 
compounds and/or they were smokers (66%). The reference 
group comprised 866 individuals (67.3% female and 32.7% 
male) with median age of 43 years, without any known 
genotoxic exposure.

Genotyping
Genotyping of the study population was done using Illumina 
HumanOmniExpressExome8v1.3 chip arrays, comprising 
nearly 1 million SNPs throughout the genome. After imput-
ation for common variants across the genome over 10 million 
genotyped and imputed variants with a minor allele fre-
quency of over 5% fulfilled the typical GWAS quality control, 
described in [19].

Population stratification
One of the quality control measures is shown here because 
limited data are available on the population stratification of 
the Czech and Slovak populations. Principal component ana-
lysis (PCA) is shown in Fig. 3 on population stratification of 
the current study population with respect to the European 
(CEU), Han/Chinese and Yoruba populations. The Czech and 
Slovak genotypes match well with the Europeans but show 
also outliers. As the differences in ancestry may be a source 
of bias, the outliers were removed from the analysis [34,35]. 
Owing to the vast differences between the genetics of the 
three ancestral groups the first two principal components are 
adequate to stratify the individuals from these populations.

Figure 1. Types of chromosomal aberrations. (a) CSA, dicentric and ring chromosomes; (b) CTA, gaps, and exchanges; (c) sister chromatid exchange.
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4 Hemminki et al.

Figure 2. Karyotype analysis (from Cummings. eBook: Human Heredity: Principles and Issues, 11E. ©2016 Brooks/Cole, a part of Cengage, Inc. 
Reproduced by permission. www.cengage.com/permissions).

Figure 3. Population stratification with principal component analysis (PCA). The Czech and Slovak populations are shown together with the European 
(CEU), Han/Chinese, and Yoruba populations. The circle shows the Czech and Slovak individuals not matching with the European population; they were 
excluded from the analyses.
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Genetics of CAs 5

Association analyses
Chromosomal aberrations in exposed and 
reference populations
A genetic association study was published by dividing the whole 
population into the unexposed reference group and the exposed 
group as described above based on the assumption that chemical 
exposures may involve unique pathways in CA induction [19]. 
The distribution of CAs showed different modes in the two popu-
lations, with the highest frequency at two CAs in the exposed 
population compared to zero in the referent population (Fig. 4).

Association of variants with CAs in exposed and 
reference populations
Association analysis was run with both logistic and linear re-
gression models. We collected significant associations (P < 10–5)  

from the two populations in Fig. 5 (19). The color code 
shows from which population the results were collected. In 
the reference group significant associations were observed 
in variants in genes functionally related to DNA damage 
response/repair, PSMA1 (proteasome 20S subunit alpha 1), 
PMS2P4 (PMS1 homolog 2, mismatch repair system compo-
nent pseudogene 4), RRM2B (ribonucleotide reductase regu-
latory TP53 inducible subunit M2B) and UBR5 (ubiquitin 
protein ligase E3 component N-recognin 5). RRM2B is also 
related to chromatin modulation as are the genes STAG3L4 
(STAG3 cohesin complex component like 4 (pseudogene)), 
and BOD1 (biorientation of chromosomes in cell division 1). 
Additionally, associations were found with 2 loci related to 
tumor progression/suppression ontology, including COPB1 
(COPI coat complex subunit beta 1) and NR2C1 (nuclear re-
ceptor subfamily 2 group C member 1). Among the exposed 
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Figure 4. Distribution of CAs in the study population.

Figure 5. Summary of the GWAS results from exposed and reference groups according to gene functions. Reference group genes = green; exposed 
group genes = red. Note that some genes are included in multiple functional pathways. CA, chromosomal aberration.
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group, a relevant functional classification was CA-related 
syndromes, including genes SEMA5A (semaphorin 5A), 
KLF7 (KLF transcription factor 7), and ITGB3 (integrin sub-
unit beta 3), which was also classified as tumor progression/
suppression ontology. In that category were also RHOT1 
(ras homolog family member T1) and COPRS (coordinator 
of PRMT5 and differentiation stimulator); the gene ontology 
classification for this gene is histone binding which may ex-
plain it diverse functions (see Fig. 5).

A meta-analysis of the GWASs from the exposed and ref-
erence populations identified further three loci, potentially 
representing loci predisposing to CAs independent of ex-
posure. These included a gene implicated in DNA damage 
response/repair, FTO (FTO alpha-ketoglutarate dependent 
dioxygenase), and two genes related to tumor progression/
suppression, SYK (spleen associated tyrosine kinase) and 
SEMA6A (semaphorin 6A).

In conclusion, the results suggested a number of genes as-
sociated with CA frequency, as summarized in Fig. 5. These 
were found among genes broadly functionally related to 
DNA damage response/repair and chromatin modulation 
(PSMA1, UBR5, RRM2B, PMS2P4, STAG3L4, BOD1, 
COPRS, and FTO) as a common group. The second group 
was related to apoptosis, cell proliferation, angiogenesis and 
tumorigenesis (COPB1, NR2C1, COPRS, RHOT1, ITGB3, 
SYK, and SEMA6A). Three different loci (mapped to genes 
KLF7, ITGB3, and SEMA5A) were directly or indirectly re-
lated to autism/autistic traits, conditions linked to CAs [19]. 
These results suggest a complex interaction of various genetic 
factors responsible for the inter-individual differences in CA 
frequency in the presence and absence of evident exposure to 
genotoxins. Further functional studies are warranted to un-
ravel the mechanism behind these interactions, yet these re-
sults help narrow down the important genes and pathways 
behind them.

Variants related to DNA repair genes and their 
expression
Considering the likely mechanistic role of DNA repair in the 
formation of CAs, as supported also by the above GWAS, 
we decided to concentrate on candidate gene analysis on 153 
known DNA repair genes the results of which have been re-
ported [36,37]. Gene boundaries (start and end positions) 
were acquired from UCSC genome browser hg19 assembly 
[38] and all single nucleotide polymorphisms (SNPs) within 
gene boundaries including 100 kb upstream and downstream 
extended window were analyzed in order to include also po-
tential regulatory elements to the analysis. All loci with SNPs 
with P-value of 5 × 10–3 or below according to the additive 
model in the above GWAS were investigated further. This level 
of significance was selected to identify potential associations 
above the background level of the GWAS, considering adjust-
ment for multiple comparisons by the Binomial Sequential 
Goodness of Fit test. The top SNPs were investigated for their 
predicted functional role in modifying the expression of the 
respective DNA repair gene. This functional analysis was car-
ried out utilizing online bioinformatics resources.

Results from the reference population of 866 
individuals
These persons were nonsmokers and had no known occupa-
tional exposure to genotoxic substances [36]. Significant as-
sociations with CAs were found for 22 DNA repair genes. 

Nucleotide excision repair pathway genes showed the most 
associations with six genes. Among the associated genes were 
several in which mutations manifest CA phenotype, including 
Fanconi anemia, Werner syndrome and Bloom syndrome and 
genes that are important in maintaining genome stability, as 
well as PARP2 (Poly (ADP-ribose) polymerase 2) and mis-
match repair genes. Replication proteins encoding genes 
RPA2 and RPA3 may participate in telomere maintenance 
through the synthesis of the C strand of telomeres. Errors in 
NHEJ1 (nonhomologous end joining factor 1) function may 
lead to translocations. The results showed plausible genetic 
rationale for the formation of CAs in the healthy nonsmoking 
populations [36].

In the same study, the associated SNPs were annotated 
using GTEx for the expression quantitative trait loci (eQTLs) 
targeting the linked DNA repair gene [36]. Table 1 shows tis-
sues where eQTL data were generated, normalized effect size 
(defined as the slope of the linear regression of the alterna-
tive allele compared to the reference allele in the human ref-
erence genome) and P-value. eQTL data were available for 
most of the tagged genes (18/22) and for MSH4 and MSH3 
data were available on two different tagging SNPs. Close to 
one-half of the data were generated in whole blood. Some 
of the normalized effect sizes were high and highly signifi-
cant such as 0.69 for DUT (4.3 × 10–55) and –0.45 for RPA3 
(2.5 × 10–22).

Results from the exposed population of 607 
individuals
A total of 14 genes were associated with CAs and five of them 
were shared with the results from the above reference popula-
tion [37]. For the base excision repair pathway, the implicated 
genes PARP1 and PARP2 encode poly(ADP-ribosyl) trans-
ferases with an important role in maintaining genome sta-
bility through diverse mechanisms. Similar functions are also 
known for GTF2H (general transcription factor IIH subunits 
4 and 5), Fanconi anemia pathway genes, and PMS2, a mis-
match repair gene. Most of the implicated SNPs (10/14) were 
eQTLs influencing the expression of the target repair gene. For 
some the significance levels were very high, including eQTLs 
for MGMT (1.40 × 10–33) and for PARP1 (9.00 × 10–23) [37].

In conclusion, the results on DNA repair genes from the 
two populations suggest pathways with mechanistic rationale 
for the formation of CAs and highlight the role of the impli-
cated SNPs in regulating the expression of the target DNA 
repair genes.

Genetic contribution to nonspecific 
chromosomal aberrations
The described studies constitute some of the first efforts to 
understand the genetics basis of nonspecific CAs and the first 
genome-wide studies. They add to the previous genetic studies 
on nonspecific CAs which had focused on individual genes 
among DNA repair, mitotic checkpoint, and metabolic genes 
[36,37,39–45]. The results indicate that many individual 
genes are likely to contribute to the formation of CAs, in 
agreement with the first published GWAS results on CAs [44]. 
There was no evidence that a single gene would show a strong 
association with nonspecific CAs. This is opposite to the 
demonstrated association of cyclin D1 splice site variant on 
translocation t(11;14) which exerts clinical influence in many 
hematological malignancies [29]. However, a contributing 
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factor is certainly the imprecise scoring of nonspecific CAs. 
Stochastic factors play a role in how the microscopic fields 
are selected for scoring 100 metaphases. For example, in the 
referent population, the most common class was zero CAs, 
but if the number of scored metaphases would be 10- or 100-
fold higher than 100, a much more precise frequency could 
be arrived at.

It is relevant to point out that even if the frequency of CAs 
was higher in the exposed population they were found also in 
the reference population without known occupational or life-
style (smoking) exposures. The significant associations were 
broadly classified into variants in genes functionally related 
to DNA damage response/repair and chromatin modulation 
commonly found in the reference population; genes related to 
known syndromes expressing CAs which we mainly found in 
the exposed population; genes related to cell proliferation and 
tumorigenesis were found in both groups. We have no valid 
explanation for the preferential presentation of the SNPs in 
the exposed or reference population but both are consistent 
with the mechanistic rationale that the variants in the large 
machinery of genes maintaining genomic integrity influence 
CA frequencies. A functionally important novel finding was 
that the large majority of SNPs among the 153 analyzed DNA 
repair genes were eQTLs with significant changing expression 
of the target repair genes.

Prospects of biomonitoring for cancer risk
CAs in PBLs are biomarkers of genotoxic exposure but 
their application in human biomonitoring has been con-
ducted in only some countries, particularly in some Eastern 
European countries during the socialist rule. However, now 

the activity has ceased even in these countries, as elsewhere, 
in spite of convincing evidence that CA frequency is pre-
dictive of future cancer risk [2]. Alternative techniques ap-
plicable to the healthy population are not available even 
though many resources have been invested to develop such 
techniques.

Why this is the case is difficult to understand or explain. 
Are genotoxic occupational exposures better controlled by 
stricter regulation of the allowed concentrations for these 
chemicals or has the role of occupational health changed away 
from disease prevention to diagnosing and treatment? This is 
in contrast to biomonitoring of radiation exposure, for which 
CAs techniques are routinely used [12,13,16]. Radiation ex-
posure monitoring is simple and cancer causation by ionizing 
radiation may be easier to understand than cancer induced 
by chemical carcinogens. Societal responsibility for human 
health appears to be higher for radioactive substances than 
for occupational and environmental chemical carcinogens. 
Additionally, technology for nonspecific CAs has been only 
minimally automated (for metaphase search) while multi-
color FISH (fluorescence in situ hybridization) techniques, 
although quite complicated, have been partially automated 
for CA scoring [18]. It is difficult to believe that artificial in-
telligence methods would not work for nonspecific CAs as 
they are working for delicate structural changes on complex 
histological slides [46]. Such methods have been developed 
now for micronuclei analysis, which can be accurately scored 
in .3 s per image and further developed to exceed manual de-
tection rate some 20-fold [47,48].

We cannot predict what the future of organized 
biomonitoring for cancer will be but it should be sobering 
to consider what the main causes of cancer are. According to 

Table 1. In silico properties of associated variants according to GTEx (eQTL) [36].

Repair pathway
 

Chr Tagging SNP Gene eQTL P-values

      Tissue Normalized effect sizea

NER 6 rs13202019 GTF2H5 Whole blood 0.17 2.20E – 08
6 rs1052693 GTF2H4 Muscle—Skeletal –0.27 1.40E – 13
7 rs12702634 RPA3 Sun exposed skin –0.45 2.50E – 22
5 rs2130756 CDK7 Whole blood 0.1 2.90E – 06
1 rs10794509 RPA2 Whole blood –0.35 3.3E – 19

MMR 1 rs143170391 MSH4 Cultured fibroblasts –0.24 1.60E – 04
1 rs12732495 MSH4 Cultured fibroblasts –0.29 3.70E – 05
7 rs62456189 PMS2 Whole blood 0.22 6.00E – 07
5 rs443611 MSH3 Liver 0.36 4.90E – 13
5 rs32980 MSH3 Whole blood 0.28 3.60E – 09

BER 4 rs10013040 NEIL3 Testis 0.23 5.50E – 06
14 rs4981148 PARP2 Cultured fibroblasts 0.1 2.20E – 06
16 rs2541632 MPG Adrenal glands –0.0.47 6.30E – 08

Fanconi anemia 15 rs113771463 RAD51 Cultured fibroblasts 0.067 3.10E – 08
NHEJ 8 rs2293982 RRM2B Whole blood 0.057 9.90E – 05

15 rs3784618 DUT Whole blood 0.69 4.30E – 55
2 rs7572601 NHEJ1 Whole blood –0.15 1.10E – 06
15 rs8034371 BLM Heart—left ventricle –0.2 1.80E – 08

Ubiquitination 3 rs7641235 RAD18 Cultured fibroblasts –0.12 3.90E – 08
DNA polymerases 5 rs17672542 POLK Testis 0.16 7.70E – 06

aThe normalized effect size of the eQTLs is defined as the slope of the linear regression and is computed as the effect of the alternative allele relative to 
the reference allele in the human reference genome. NER, nucleotide excision repair; MMR, mismatch excision repair; BER, base excision repair, NHEJ, 
nonhomologous end-joining.
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the twin studies, environmental factors are the main causes 
of all major types of cancer [49,50]. Thus, nonspecific CAs 
in blood may reflect the person’s response to environmental 
factors (“ exposome”) but additionally, they are able to in-
tegrate these into her genetic make-up. Analysis of genetic 
variants (SNPs) considers only germline genetic makeup 
and if we believe that cancer is indeed mainly an environ-
mental disease, an SNP test gauging only genetic factors 
will have a markedly reduced power to predict cancer risk. 
Nevertheless, over more than a decade, combinations of 
SNPs have been used in the assessment of cancer risk [51]. 
SNP panels have been devised for “genetic risk scores” by 
pooling risk SNPs for various cancers. Initially, a few SNPs 
were combined to the score but now these may include 100 
or more SNPs with minute extra risks. Although such poly-
genic risk scores reflect the human genetic background of 
low-risk genes, the clinical utility and application of these 
are debated and so far limited [52]. However, private com-
panies market SNP-based detection from blood samples 
directly to potential customers who would like to receive 
predictions of their risks for cancer or any of numerous 
other diseases (https://lifesciences.tecan.com/genetic-testing-
innovations-in-genomics-and-ngs). This is done without any 
regard for how large the genetic component for the par-
ticular disease may be. Although such commercial activity 
may not be health-promoting, it reflects people’s health con-
cerns and need-to-know about the possible diseases that 
they may face. Reliable prediction tools are urgently needed 
but, outside hereditary diseases, they need to combine envir-
onmental fingerprints on top of the genetic make-up. Suffice 
it to summarize in finishing that the promise of CA moni-
toring for genotoxic risk should be exploited by scaling up 
the processing and adding type-specific filters which may tell 
about their formation.
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