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ABSTRACT

The thyrocytes are exposed to high levels of oxidative stress which could induce DNA damages.
Base excision repair (BER) is one of the principal mechanisms of defense against oxidative DNA
damage, however recent evidences suggest that also nucleotide excision repair (NER) could be
involved. The aim of present work was to identify novel differentiated thyroid cancer (DTC) risk
variants in BER and NER genes. For this purpose, the most strongly associated SNPs within NER
and BER genes found in our previous GWAS on DTC were selected and replicated in an
independent series of samples for a new case-control study. Although a positive signal was detected
at the nominal level of 0.05 for rs7689099 (encoding for an aminoacid change proline to arginine at
codon 117 within NEIL3), none of the considered SNPs (i.e. rs7990340 and rs690860 within RFC3,
rs3744767 and rs1131636 within RPA1, rs16962916 and rs3136166 in ERCC4, and rs17739370 and
rs7689099 in NEIL3) was associated with the risk of DTC when the correction of multiple testing
was applied. In conclusion, a role of NER and BER pathways was evoked in the susceptibility to
DTC. However, this seemed to be limited to few polymorphic genes and the overall effect size

appeared weak.
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1. INTRODUCTION
Thyroid carcinoma (TC) is a rare tumor but it is the most frequent malignancy of the endocrine

system. DTC is the most prevalent type [1] and its incidence is increasing worldwide [2]. Within
DTC, the papillary type (PTC) is the most common, whereas the follicular type (FTC) is observed
only in 5-10% of cases. During the biosynthesis of thyroid hormones a high quantity of hydrogen
peroxide (H20>) is generated on the apical membrane of thyrocytes by dual oxidase [3] and reactive
oxygen species (ROS) are generated by NOX4 in the endoplasmic reticulum and nuclear membrane
[4]. Thus, it is conceivable that thyrocytes are among the most exposed types of cells to oxidative
stress. For example, Maier et al. (2006) showed that the rat thyroid gland has a high level of DNA
oxidative damage in comparison with other tissues, such as liver, spleen, and lung [5]. This study
also suggested that the tumor-initiating somatic mutations could be due to the oxidative
microenvironment to which thyroid cells are subjected during their life. The carcinogenic effects of
H20, on thyrocytes have been clearly demonstrated in different in vitro studies. When a rat thyroid
cell line (PCCL3) was incubated with nonlethal H2O. concentrations, the number of single- and
double-strand breaks in DNA increased as did the phosphorylation of histone H2AX, a marker of
double-strand breaks [6]. Moreover, H.O> exposure induced RET/PTC rearrangements in human
thyroid cell lines, which was suppressed when catalase was added to the incubation medium [7].
Thus, it could be hypothesized that the metabolic stress linked to thyroid hormones biosynthesis
causes somatic mutations and, then, constitutes a risk factor for developing DTC in humans [8].

Base Excision Repair (BER) is one of the most important lines of defense against oxidative DNA
damages in nucleus and mitochondria [9]. It removes oxidized bases producing a-basic sites and it
has a role also in repairing single-strand breaks in DNA. However, cumulating evidences show that
also Nucleotide Excision Repair (NER) could play a role [10]. Defects in Cockayne syndrome
proteins A and B (CSA and CSB, respectively) are thought to cause an accumulation of ROS,

thereby contributing to the premature aging phenotype of the disease [11]. Moreover, CSB-



defective cell lines from rodents or patients appeared hypersensitive to ionizing radiations as well as
various types of oxidative stress [12-14]. In addition, rodent Xp-C defective cells were more
sensitive, in terms of survival and mutations’ accumulation, to ROS than wild-type cells [15].
Furthermore, studies using human primary keratinocytes and fibroblasts from XP-C patients
showed that XPC protects human skin cells from the killing effects of oxidants and X-rays [16].
Finally, in normal human keratinocytes the down-regulation of XPC resulted in increased
intracellular ROS levels and genomic oxidation [17].

Previous studies suggested an association between DTC and SNPs within the NER genes ERCC2
[18], CCNH, XPC, and ERCC5 [19]. Moreover, a meta-analysis has shown an association between
DTC risk and rs25489 (G>A) within the BER gene XRCC1 [20]. However, the role played by
polymorphisms within DNA repair genes in relation to the risk of DTC has not been fully
evaluated. Positive signals within NER/BER genes in a Genome-Wide Association Study (GWAS)
(carried out by our research group, [21]) did not exceed the stringent genome-wide statistical
significance threshold, thus the results remained inconclusive (see suppl. table 1). In the present
work we performed a hypothesis-driven study aimed to replicate the strongest associations of the
GWAS with the goal of better defining whether polymorphic genes within NER and BER pathways

could play a role in modulating the risk of DTC in humans.

2. MATERIAL AND METHODS
2.1 Study population

Cases were DTC patients followed at the Department of Endocrinology of the University Hospital
of Pisa, Italy. Controls were blood donors collected at Meyer Hospital of Florence (ltaly) and
healthy subjects working at the University Hospital of Pisa recruited during their routine visits in
the context of a program of surveillance performed by the Occupational Medicine unit. In the
present study, consecutively recruited 1,500 cases and 1,500 controls were collected with

participation rates of about 95% and 85%, respectively. The genotyping for replicating the results of
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the GWAS were carried out on the last consecutive 450 cases and 450 controls. The eligibility
criteria were the same for cases and controls, and it included a minimal age of 18 years. Volunteers
affected by any malignancy, chronic inflammatory disease, or related diseases in the past were
excluded. A further exclusion criterion for controls was the presence of thyroid nodules or other
benign thyroid diseases, when known. Both cases and controls should not have familial relationship
with each other. All participants were of Caucasian origins. According to the Helsinki declaration,
both healthy and affected volunteers gave their written informed consent to participate in the study
and the study protocol was cleared by the local Ethical Committee.

2.2 Candidate genes and SNPs selection

In order to retrieve a list of genes coding for BER and NER involved proteins, three publicly
available online databases were investigated: KEGG (Kyoto Encyclopedia of Genes and Genome,
http://lwww.genome.jp/kegg), CGAP (Cancer Genome Anatomy Project, (http://cgap.nci.nih.gov)
and Gene Ontology (http://www.geneontology.org). Among a broad list of 144 genes, 104 were
described as belonging to these pathways in at least two databases and 979 SNPs, belonging to
these latter genes, were analyzed in association with DTC in a GWAS performed by our research
group [21]. For each gene a regional plot was generated using LocusZoom

(http://csg.sph.umich.edu/locuszoom/). Genes with at least five haplotype-tagging SNPs (not in

pair-wise linkage disequilibrium, r><0.8, with each other) associated with the risk of DTC at allelic
P-value level of 0.05 and minor allele frequency (MAF)>0.15 were selected and, for each of them,
the two SNPs with the lowest allelic P-value were replicated (i.e. RFC3: rs7990340, rs690860;
RPAL: rs3744767, rs1131636; ERCC4: rs16962916, rs3136166; NEIL3: rs17739370, rs7689099).
2.3 DNA extraction and SNP genotyping

DNA was extracted from peripheral blood samples otherwise disposed following the analyses of
clinical routine. Puregene Blood Kit (Gentra Systems, Inc., Minneapolis, MN) was used for the

extractions. Samples from cases and controls were randomized and mixed on PCR plates, so that an
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equal number of cases and controls could be analyzed simultaneously by personnel blinded for the
case/control status. Genotyping for all the SNPs was carried out using pre-designed TagMan SNP
Genotyping Assays, according to protocol specified by the manufacturer (Life Technologies Inc.,
Grand Island, New York, USA). Two percent of DNA samples were re-genotyped as quality
control.

2.4 Statistical analyses

Hardy—Weinberg (H-W) equilibrium in controls was tested for each polymorphism by the Chi-
square (%) test. A logistic regression analysis was used to examine the associations between the
genotypes and the considered risk factors. The association analyses were based on the estimation of
the Odd Ratios (ORs) and of their 95% confidence intervals (Cls). Genotypes were analyzed with a
multivariate logistic regression (MLR) model, allowing the ORs to be adjusted for covariates (age
and sex) as linear variables (the ORagj). Each genotype category was compared using the common
homozygotes as reference category and the P-value of the association (Pas) was calculated
separately for heterozygotes and homozygotes. The False Discovery Rate (FDR) was employed to
correct for multiple testing. The software Statgraphics Centurion (StatPoint Inc., USA) was used.
2.5 Computational analyses

To assess the possible functional role of each SNP in relation to putative cis-eQTL, we examined
the eQTL dataset available for thyroid tissues within the GTEx Portal

(http://www.gtexportal.org/home/). For in silico analysis of rs7689099, the functional effect on the

encoded protein was evaluated with: Polyphen2 (http://genetics.bwh.harvard.edu/pph2/) [22], SIFT

(PROVEAN) (http://sift.jcvi.org/), [23] and SNPs3D (http://www.snps3d.org/) [24].

3. RESULTS

3.1 Case-control association study
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The characteristics of the population employed in the case-control association study are reported in
table 1. The group of patients showed a higher proportion of females (OR=5.11; 95% CI=4.23-6.18,
Pass<10®) and a lower average age when compared to controls (45.8 and 50.5 and, respectively,
P<10®°). These covariates were taken into account in the MLR analysis, thus providing adequately
adjusted ORs. Genotypes were in agreement with H-W equilibrium and passed the quality control
(>99.5% of the re-analyzed samples confirmed their genotype). The results of the previous GWAS
are summarized in figure 1, where top 13 genes were ranked using the SNPs with the lowest P-
association for each of them (the remaining genes are reported as supplementary table 1). The
ORuadj, the 95% Cls, and their Pass following MLR analysis of the additive, dominant, and recessive
model are reported in table 2 for the replication study. The heterozygotes CT for rs1131636 within
the 3’"UTR of RPA1 were associated with a reduced risk of DTC (OR=0.73, 95% CI 0.54-0.98;
Pass=0.04), but the homozygotes CC showed a risk very similar to the reference category (TT
homozygotes) in the additive model, suggesting that the variant allele rs1131636-C is very unlikely
associated with the risk of DTC.

However, two SNPs appeared to be statistically significant when using the classical threshold of
0.05 as type-I error. TT homozygotes of rs17739370 within NEIL3 showed an increased risk of
DTC: the OR was 1.76 (95% CI=1.13-2.72; Pass=0.01) when the common homozygotes CC were
used as reference category in the additive model, or it was 1.92 (95% CI=1.07-2.43; Pass=0.02)
when the CC+CT grouped genotypes were used as reference category in the recessive model.
Moreover, GG homozygotes of rs7689099 within the coding region of NEIL3 showed a reduced
risk of DTC in both the additive (OR=0.55, 95%CI=0.31-0.98; Pass=0.042) and recessive (OR=0.56,
95%CI1=0.31-1.00; Pass=0.05) models. However, after applying the FDR correction for multiple

testing, none of the SNPs reached a statistical significance.

3.2 Computational analysis



The genotyped polymorphisms were evaluated for their association with the mRNA expression
levels (intended as quantitative trait loci, cis-eQTL) in 112 thyroid tissues available within GTex
portal. None of the SNPs was associated with a differential mMRNA expression when the correction
for multiple testing was applied. Moreover, rs7689099 within NEIL3 is a coding SNP causing the
aminoacid change Pro>Arg at the codon 117 and this change was predicted by Polyphen2, SIFT

(PROVEAN), and SNPs3D to affect the protein function.

4. DISCUSSION

GWAS promised to reveal common variants associated with disease risk. However, the initial
enthusiasm was tempered by the fact that truly positive associations could be neglected once
stringent thresholds of statistical significance at genome-wide level were applied, greatly reducing
the power of these studies [25, 26]. Often, the effect of SNPs is too small to be individually detected
[27] and an approach based on pathways could be more helpful to reveal positive signals hidden in
the statistical noise. Following this reasoning, we screened all SNPs located in the NER and BER
pathway genes for their association in our previous GWAS, under the hypothesis that DNA repair is
very important in the defense of thyrocytes towards their own high level of oxidative stress. We
selected the most strongly associated SNPs for the present replication study even though they did
not reach the genome-wide statistical significance in the GWAS. The replication study failed to find
statistically significant associations for the considered SNPs when a correction of multiple testing is
applied. Thus, the results of the present study, together with the results obtained in the previous
GWAS, suggest that NER and BER pathways are unlikely involved as important determinant in the
predisposition to DTC. Overall, we are keen to conclude that if any effect of polymorphisms within
NER and BER genes is present this should be very weak and difficult to be ascertained.

However, it should be also noticed that the variant allele rs7689099, encoding for an aminoacid

change Pro>Arg at codon 117 of NEIL3 showed an association with a reduced risk of DTC at the



nominal threshold level of 0.05. Moreover, the ORs in the replication study had the same direction
of that found in the GWAS. Therefore, it cannot be ruled out that GWAS and replication study,
separately, did not have enough statistical power to pinpoint weak associations.

NEIL3 (endonuclease VIlI-like 3) gene (within 4g34.3) encodes for a 605-amino acid Fpg/Nei-like
DNA glycosylase [28-29], sharing homologies with other members of the same superfamily (i.e.
NEIL1 and NEIL2) [30-33]. The protein has a role in the first step of BER by cleaving bases
damaged by ROS and introducing an a-basic site [34]. While SNPs within NEIL1 and NEIL2 have
already been evaluated in relation to different types of cancer [35-38], SNPs within NEIL3 have
been poorly investigated. In one study, rs12645561 was associated with glioblastoma among
Chinese [39] whereas rs7689099 was found associated with a reduced risk of prostate cancer among
Caucasians [40], in agreement with the results obtained here for DTC. Theoretically, the aminoacid
change Pro117Arg should affect the conformation of the protein and the activity, since proline, due
to its cyclic structure, typically confers a reduced flexibility to the carbamidic bond and the in silico
predictions seem to confirm this hypothesis. Thus, rs7689099 could be a functional polymorphism
playing a role in several types of cancer, including TC. Future studies on large sample sets could be

warranted for better ascertain the association of rs7689099 with the risk of DTC.
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Legend to supplementary table 1.

An extract of the original PLINK file from previous genome-wide case-control association
study on the risk of DTC (see reference [21]). Only the DNA repair genes considered in this

study are showed, with the exception of the 13 genes displayed in figure 1.
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Figure 1. The figure summarizes the most strongly associated 13 loci among 104 loci
evaluated for NER and BER genes. Genes were ranked according to their most strongly
associated SNP and the two most strongly associated SNPs for each of the first four genes

were selected for replication. Dotted line shows the statistical threshold of 0.05.

Table 1. Characteristics of DTC patients and controls. The OR and its 95% confidence interval

(CI) were calculated with a logistic regression analysis. The difference between cases and
controls for continuous variables was calculated with the student's t-test.

Controls N(%)  Cases N(%0) OR? (95% CI) P-value
Total 450 450
Gender:
Male 292 (64.8 %) 119 (26.5 %) Ref
Female 158 (35.2 %) 331(73.5 %) 5.11 (4.23-6.18) <10
Age (years)
Average + st.err. 50.5+0.52 45.8+0.49 <10%
Median 49.0 45.0

3Crude Odd Ratio from logistic regression analysis.; ® P-value from student's t-test.
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Table 2: Statistical analyses of 8 polymorphisms in BER and NER genes in the replication set.

SNP Location Gene Risk ﬁsl(;uaelr:eclj ﬁsl(;uaelr:eclj Additive (Het) P- Additive (Hom) P- Dominant OR P- Recessive OR P-
Allele (cases) (controls) OR (95% CI)®  value OR (95% CI)*  value (95% CI)° value (95% CI)° value

rs7990340 flanking_3'-UTR RFC3 G 0.36 0.33 1.07 (0.80-1.43) 0.65 1.36 (0.87-2.13) 0.18 1.12 (0.86-1.48) 041 1.32(0.86-2.1) 0.22
rs690860 flanking_3'-UTR RFC3 C 0.43 0.44 0.84 (0.62-1.15) 0.27 1.01 (0.69-1.49) 0.96 0.89 (0.67-1.19) 0.43 1.12 (0.79-1.58) 0.52
rs3744767 3’UTR RPA1 C 0.22 0.24 0.89(0.67-1.19)  0.43  0.90 (0.48-1.70) 0.74  0.89(0.68-1.17) 04  0.94(050-1.76)  0.85
rs1131636 3-UTR RPA1 C 0.36 0.39 0.73 (0.54-0.98) 0.04  0.93(0.61-1.41) 0.73  0.77 (0.58-1.01) 0.06  1.10(0.74-1.62) 0.63

rs16962916  flanking_5-UTR  ERCC4 C 0.27 0.27 1.09 (0.82-1.44) 0.55  0.90(0.53-1.54) 0.12  1.06 (0.81-1.38) 0.67  0.87(0.52-1.46) 0.6
s3136166 intron ERCC4 G 0.36 0.37 0.94 (0.73-1.20) 0.63 1.18 (0.84-1.65) 0.34 0.99 (0.79-1.25) 0.93 1.22 (089-1.67) 0.22
rs17739370 flanking_3'-UTR NEIL3 T 0.38 0.33 1.16 (0.87-1.55) 0.31 1.76 (1.13-2.72) 0.01 1.27 (0.96-1.66) 0.09 1.62 (1.07-2.43) 0.02
rs7689099 coding NEIL3 G 0.17 0.18 0.88 (0.71-1.09) 0.24  0.55(0.31-0.98) 0.042  0.85(0.69-1.05) 0.13  0.56 (0.31-1.00) 0.05

b For each SNP, ORs adjusted for age and sex with corresponding 95% Cls and P values are shown.
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