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Abstract

The risk of developing papillary thyroid carcinoma (PTC), the most frequent form of thyroid
malignancy, is elevated up to 8.6-fold in first-degree relatives of PTC patients. The familial risk
could be explained by high-penetrance mutations in yet unidentified genes, or polygenic action of
low-penetrance alleles. Since the DNA-damaging exposure to ionizing radiation is a known risk
factor for thyroid cancer, polymorphisms in DNA repair genes are likely to affect this risk. In a
search for low-penetrance susceptibility alleles we employed Sequenom technology to genotype
deleterious polymorphisms in ATM, CHEK2, and BRCAL in 1,781 PTC patients and 2,081 healthy
controls. As a result of the study, we identified CHEK2 rs17879961 (OR = 2.2, P = 2.37e-10) and
BRCAL1 rs16941 (odds ratio [OR] = 1.16, P = 0.005) as risk alleles for PTC. The ATM rs1801516
variant modifies the risk associated with the BRCA1 variant by 0.78 (P = 0.02). Both the ATM and
BRCA1 variants modify the impact of male gender on clinical variables: T status (P = 0.007), N
status (P = 0.05), and stage (P = 0.035). Our findings implicate an important role of variants in
the ATM- CHEK2- BRCAL1 axis in modification of the genetic predisposition to PTC and its
clinical manifestations.
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INTRODUCTION

Thyroid carcinoma with nearly 60,000 new cases per year (in USA only) is the most
common malignancy of the endocrine system (Siegel et al., 2012). Inherited predisposition
to papillary thyroid carcinoma (PTC), the most frequent form of thyroid malignancy, is well
established, as evidenced by epidemiologic studies showing that the risk of developing PTC
is elevated up to 8.6-fold (Goldgar et al., 1994; Frich et al., 2001) in first-degree relatives of
PTC patients. The observed familial risk could be partially explained by high-penetrance
mutations in yet unidentified genes (Canzian et al., 1998; McKay et al., 2001; He et al.,
2009), and a polygenic action of low-penetrance alleles is an alternative explanation
(Houlston and Peto, 2004; Jazdzewski et al., 2008; Adjadj et al., 2009; Gudmundsson et al.,
2009, 2012; Landa and Raobledo, 2011; Liyanarachchi et al., 2013). This hypothesis is
supported by the paucity of families with more than two affected members. The role of
regulatory RNA genes, especially microRNAs, is widely discussed (Jazdzewski and de la
Chapelle, 2009; Jazdzewski et al., 2009; de la Chapelle and Jazdzewski, 2011; Swierniak et
al., 2013). Weak linkage signals from low penetrance disease alleles make the use of
association studies comparing the frequency of polymorphic genotypes in patients and
control subjects, more adequate for the identification of such susceptibility alleles than the
classic genome-wide linkage study (Botstein and Risch, 2003). Among the etiological
culprits, exposure to ionizing radiation during childhood is a known risk factor for thyroid
cancer (Sigurdson et al., 2005). The mechanism by which ionizing radiation promotes
carcinogenesis consists mainly of its ability to induce DNA double-strand breaks. In
mammalian cells, double-strand DNA breaks activate the ataxia-telangiectasia-mutated
(ATM) kinase, which phosphorylates and activates checkpoint yeast homolog 2 (CHEK?2).
Subsequently, CHEK?2 phosphorylates the breast cancer 1 gene (BRCAL) and triggers DNA
repair or, if failed, leads to cellular apoptosis (Dasika et al., 1999). The functionality of the
ATM-BRCA1-CHEK?2 pathway is affected by polymorphisms and mutations within the
involved genes, underlying inefficient DNA repair and leading to tumorigenic changes
within the cells.

A number of studies showed that the rs1801516 (G>A, Asp1853Asn) polymorphism in
ATM, rs17879961 (T>C, 11e157Thr) in CHEK?2 and rs16941 (A>G, Glu1038Gly) in BRCAL
predispose to a number of human cancers and might affect the functioning of the whole
DNA repair pathway. ATM rs1801516 is a missense mutation (Asp1853Asn). Although the
30-AA sequence surrounding the rs1801516 SNP does not contain known functional
domains, it is highly conserved among species from Xenopus to humans, with almost 100%
conservation among primates, indicating its potentially important role for the proper
functioning of the ATM protein. The variant allele of rs1801516 has been associated with
increased telomere length in blood cells of breast cancer patients (Kim et al., 2012) that
could indicate slower cell division rates in such individuals and potentially protect against
immediate loss of genomic stability in cancer cells. CHEK2 is a tumour suppressor gene and
the rs17879961 (lle157Thr) variant has been documented to produce protein defective in its
ability to bind p53 and BRCAL, and therefore unable to exert its cellular function (Falck et
al., 2001; Li et al., 2002). Rs17879961 in CHEK2 was shown to be associated with
increased risk for several cancers, including prostate, breast cancer, and leukaemia and was
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proposed to be a founder mutation in ethnically diverse populations (Cybulski et al., 2004;
Dufault et al., 2004; Kilpivaara et al., 2004, 2006; Rudd et al., 2006; Williams et al., 2006;
Brennan et al., 2007; Kaufman et al., 2009). The molecular function of the BRCA1 rs16941
polymorphism has not been thoroughly studied, but the SNP has been documented to be
associated with an increased risk of prostate cancer (Leongamornlert et al., 2012).

Thus, variants in ATM, BRCA1, and CHEK?2 predispose to several cancers and potentially
lead to inefficient repair of ionizing radiation-induced DNA breaks. Simultaneously, since
ionizing radiation is a known risk for thyroid cancer, polymorphisms in the ATM-BRCA1-
CHEK?2 axis are likely to affect this risk. To elucidate the role of the ATM Asp1853Asn,
BRCA1 Glu1038Gly, and CHEK2 Ile157Thr polymorphisms in tailoring the genetic
predisposition to PTC, we genotyped 1,781 patients and 2,081 healthy controls from a
Central European Caucasian population and identified a complex association between the
ATM-CHEK2-BRCAZ1 axis and the predisposition to papillary thyroid carcinoma.

MATERIALS AND METHODS

Patients and Control Subjects

Patients with PTC (1781 total; 1599 women, 182 men; median age at diagnosis 48 years, SD
+ 14.1) were recruited at the Medical University of Warsaw, Poland, and Maria
Sktodowska-Curie Memorial Cancer Center - Institute of Oncology in Warsaw, Poland.
After approval of the Institutional Review Board, blood samples were obtained with
informed consent. DNA was extracted using the conventional salting-out method and
quantified using Nanodrop 2000. Final diagnosis was confirmed through histopathological
examination. Clinicopathological information was obtained from the medical records. TNM
staging was defined on the basis of the 2010 American Joint Commission on Cancer staging
system (Edge et al., 2010). A positive history of head and neck radiotherapy previous to the
diagnosis of thyroid cancer has been documented in eight patients.

Control samples (2,081 total; 1,079 women, 1,002 men; median age 37 years, SD + 10.6)
were provided by the Department of Medical Genetics, Medical University of Warsaw,
Poland, and consisted of consenting healthy volunteers. All patients and control subjects
were white and Caucasian. Demographic information for all cases and controls can be found
in Table 1.

Due to a significant difference in age and gender between cases and controls, equal numbers
of age- and gender-matched samples from available cases and controls were selected to
create matched cohorts of cases and controls. Each matched cohort consisted of 712 women
and 173 men (885 total; median age at diagnosis of cases 39 years, SD + 11.5, median age of
controls 38 years, SD + 11.4; Table 1).

SNP Genotyping and Confirmation

All SNPs were genotyped using the Sequenom genotyping technology (Sequenom Inc.,
USA). For each sample, 20ng of genomic DNA was genotyped using iPLEX Gold system.
Primers and probes for the analysis were designed using MassARRAY® Assay Design v3.1.
Data were visualized and analysed in MassARRAY Typer Viewer v4.0.24. DNA samples
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scoring lower than “moderate” as defined by the software were excluded. Finally, for
confirmation, each SNP was directly sequenced in 96 random samples, and no discrepancies
were found between the sequencing and Sequenom genotyping results.

Statistical Analysis

RESULTS

Statistical analyses were performed using the R software package (http://Awww.r-
project.org/). For each SNP, Hardy-Weinberg equilibrium was tested in control samples by
Fisher’s exact test. All SNP variants satisfied Hardy-Weinberg equilibrium in control
samples with a P-value > 0.05. The risks associated with each SNP were estimated by
analyzing the difference between allelic frequencies in patients and control subjects using
Fisher’s exact test. Two further tests were performed based on 2 x 2 tables combining the
heterozygotes with either the common or rare homozygotes to derive the statistics under
recessive or dominant models, respectively. The risks associated with each SNP were
estimated by allelic, dominant, and recessive odds ratios (ORs) with associated 95% Cls
using conditional Maximum Likelihood Estimate (MLE). The impact of the SNPs, gender
and age on selected clinical variables was evaluated by fitting the main effects regression
model: logistic for binary variable M status, or linear for categorical variables: N status,
stage, and T status. The interactive effects of the SNPs and age or gender on the risk for
PTC or selected clinical variables were examined by fitting the full regression model for
each pair (logistic for case/control studies and M status, linear for other clinical variables).

Demographic Characteristics

Demographic characteristics of the analysed case and control subjects are shown in Table 1.
Age is reported as age at diagnosis in the cases, and age at blood draw in controls. Controls
were significantly younger than cases (P <2.2e-16), and there were significantly more
females among the cases compared with controls (P <2.2e-16). The frequencies of each SNP
variant did not show significant difference between males and females (P >0.05).
Nevertheless, all the analyses were performed in both unmatched and age- and gender-
matched cohorts.

Risk of PTC Associated with SNPs

Rs17879961 of CHEK2 and rs16941 of BRCA1 showed significant association with
susceptibility to PTC with allelic OR = 2.2 (95%CI 1.71-2.86; P = 2.37e-10) and OR = 1.16
(95%CI 1.04-1.28; P = 0.005), respectively (Table 2). There was no association between
rs1801516 of ATM and PTC (P = 1). Similar results were found in age- and gender-matched
cohorts (Table 2). Some of the cases were follicular variant PTC (PTCfv, n = 232). We
performed an independent calculation of the risks by excluding the PTCfv cases and
obtained similar results (Table 2). Similarly, we performed association analysis after
exclusion of microPTC cases (pT1a, n = 740). The results were essentially the same (Table
2). Thus, we propose that inclusion of PTCfv or microPTC cases did not have an undue
influence on the results.
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Covariates and Interactions

Evaluation of pairwise interactions of risk alleles of the 3 SNPs resulted in identification of
an interaction between BRCAL and ATM. The minor allele of ATM seems to alleviate the
pathogenic role of the rare BRCAL variant by the mode of 0.78 (95%Cl 0.62-0.97; P =
0.023, Table 3).

We also evaluated the effect of interaction between each of the SNPs and age or gender on
tailoring the risk for PTC, and found a positive interaction between the ATM variant and
gender. Male gender modifies the risk associated with the minor allele of ATM by the mode
of 0.54 (95%CI 0.33-0.87; P = 0.012, Table 3). We did not observe interaction between the
CHEK?2 or BRCAL variants and selected variables (P >0.05, Table 3).

Impact of the SNPs on Clinical Phenotype

We evaluated the impact of particular SNPs, separately or in interaction with age or gender,
on selected clinical variables (T, N, M status, stage). The distribution of patients with
disease Stages I, I1, 111, and 1V was as follows: 50.3%, 8.4%, 17.0%, 10.5%, respectively.
The disease stage has not been specified for 13.9% patients. We observed no effect of any
one of the SNPs alone, or in interaction with other SNPs on the selected variables (P >0.05).
However, we found that the clinical phenotype is influenced by the interactive impact of the
SNPs in combination with gender or age.

Interaction between the BRCA1 variant and gender affects N status and stage (P = 0.05 and
0.035, respectively) of PTC. Even though gender by itself has a significant impact on
metastasis to lymph nodes and on the stage of cancer, the presence of the BRCAL variant
significantly increases the metastatic potential and stage of cancer in males when compared
with females (Figs. 1A and 1B). Interestingly, analysis of the interaction between BRCA1
and age revealed an interactive, protective impact on T status; the risk of higher T-status
significantly decreases in the presence of the BRCAL variant allele (P = 0.009, Fig. 1C).

The ATM variant also showed an interaction with gender, having a protective impact against
higher T status (P = 0.007). Gender by itself has a significant impact on T-status, with males
having higher risk of presenting more advanced disease compared with women. However,
the ATM polymorphism modifies this trend. The risk for worse T-status significantly
decreases with each additional variant allele (hetero- or homozygous state) in males
compared to females (P = 0.007; Fig. 1D).

DISCUSSION

To comprehensively elucidate the role of three deleterious, multicancer culprit SNPs in ATM
(rs1801516), CHEK2 (rs17879961), and BRCAL (rs16941) with the risk for papillary thyroid
carcinoma, we genotyped germinal DNA from 1781 patients and 2081 healthy controls. The
implication of these polymorphisms in the pathogenesis of the thyroid gland has previously
been investigated only in small-scale studies (173-273 PTC cases). More importantly, the
SNPs have never been analyzed interactively as a group (Cybulski et al., 2004; Akulevich et
al., 2009; Xu et al., 2012), although the functional linkage between ATM, CHEK?2 and
BRCAL suggests a potential cooperative influence of their variations in the pathogenesis of
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cancer. The significance of the SNPs likely stems from their ability to impair the activity of
ATM, BRCA1, and CHEKZ2, important regulators of the DNA damage response pathway.
The main factor responsible for causing DNA breaks is ionizing radiation, which is a known
risk factor for thyroid cancer. It was therefore of great interest to analyse whether deleterious
variants of genes, whose products are responsible for the protection of genomic stability
against ionizing radiation, can contribute to the predisposition to thyroid cancer.

Variants in ATM are associated with a number of cancer types (Lavin, 2008). Interestingly,
the variant allele was reported to be protective against cutaneous melanoma (OR = 0.84, P =
3.4e-9) (Barrett et al., 2011), a malignancy that shares the common occurrence of BRAF
mutations with PTC. The risk of PTC in melanoma patients is elevated 2.17-fold, suggesting
a common genetic background (Goggins et al., 2006). Our study did not show any
association of the ATM rs1801516 with the risk of PTC, but the variant proved to have an
important role as a modifier of PTC risk associated with BRCA1, alleviating the pathogenic
role of the rare BRCA1 variant by the mode of 0.78 (P = 0.023). Further clinicopathological
analysis revealed interaction between ATM and gender (see below).

Rs17879961 (1le157Thr) in CHEK2 was shown to be associated with increased risk for
prostate and breast cancer, and leukaemia (Cybulski et al., 2004; Dufault et al., 2004;
Kilpivaara et al., 2004; Kilpivaara et al., 2006; Rudd et al., 2006; Williams et al., 2006;
Brennan et al., 2007; Kaufman et al., 2009). A multicancer study by Cybulski et al. (focused
mainly on breast, colon, and prostate cancers) tested 173 cases of thyroid cancer and showed
association of the CHEK2 rs17879961 variant with thyroid cancer (OR = 1.9, P =0.04)
(Cybulski et al., 2004). Of note, pathological subtypes of thyroid cancer were not reported,
and the study has never been validated. Our study, performed in a large cohort of 1781
papillary thyroid cancer cases revealed significantly higher risk of PTC associated with
CHEK2rs17879961 variant (OR = 2.2, P = 2.4e-10) than previously reported.

BRCAL is a tumour suppressor gene with a well-documented role in breast and ovarian
cancer susceptibility and the rs16941 polymorphism is associated with an increased risk of
prostate cancer (Leongamornlert et al., 2012). Our study revealed evidence of a moderately
increased risk for PTC associated with the minor allele of BRCA1 (OR = 1.16, P = 0.005).
The same SNP has been previously analysed in 303 thyroid cancer patients, including 273
PTC cases, and no association has been found (Xu et al., 2012). The difference may be
explained by the disparity in the number of cases (power) and also by the different
ethnicities analyzed, as 30% of cases were reported as other than non-Hispanic white in the
study by Xu et al.

Apart from information on the simple associations between the analysed SNPs and PTC, our
study brings new insight into the age and gender-related outcome of thyroid cancer. Age and
gender are two variables with a known, significant impact on the biology of PTC: the cancer
carries a worse prognosis in older age and affects women significantly more often than men,
but in males the course of the disease is more aggressive (Mazzaferri and Jhiang, 1994).
Concomitantly, the primary tumor diameter, risk of lymph node, and distant metastases is
higher in males compared to females (Machens et al., 2006). However, a subgroup analysis
showed that although disease-specific survival for females diagnosed under 55 years of age

Genes Chromosomes Cancer. Author manuscript; available in PMC 2014 June 16.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyiny vd-HIN

Wojcicka et al.

Page 7

was much more favourable than for males (Hazard Ratio = 0.33, Cl 0.13-0.81), this effect
was less obvious for women diagnosed at 55-69 years (Jonklaas et al., 2012).

Our study showed an apparent role of age and gender in shaping the clinical phenotype of
PTC that was significantly modified by the BRCA1 and ATM variants. The impact of gender
on lymph node metastasis (N-status) and cancer stage was significantly strengthened by the
BRCA1 variant (P = 0.05 and 0.035, respectively). Interestingly, the same variant alleviated
the effect of age on tumor size (P = 0.009) with a significantly favorable outcome for
patients older than 55 years, which, notably, is an age by which most women have reached
menopause. As already mentioned, also the ATM variant seems to exert a protective role,
alleviating the effect of gender on tumor size (P = 0.009), and on developing a more
advanced disease (T-status) in males (P = 0.007). This fact can be explained by the
observation that the ATM variant allele is associated with increased telomere length, which
could indicate slower cell division rates, and thus protect from the loss of genomic stability
in cancer cells (Kim et al., 2012). All these observations add to the complexity of the
protective ATM-gender interaction in shaping the risk of PTC.

Importantly, the biological relevance of low-penetrance alleles of ATM, CHEK2, and
BRCAL/2 has been shown for breast cancer and lymphocytic leukemia (Rudd et al., 2006)
and patients with these cancers present an elevated risk of thyroid cancer (Familial Relative
Risk, FRR = 1.69 and 2.36, respectively) (Goldgar et al., 1994). This observation supports
our findings implicating the variants in the same DNA damage repair axis with the risk of
papillary thyroid carcinoma. In conclusion, our study reports the complex association
between genetic variants of the ATM-CHEK2-BRCAL axis and the predisposition to
papillary thyroid carcinoma. Furthermore, the study supports previous findings regarding the
influence of age and gender on the clinical outcome of the disease and shows that this effect
is significantly altered by the minor alleles of the analyzed genes, emphasizing their
importance in the pathogenesis of PTC.
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Figurel.

Interactive impact of the SNPs, gender and age on clinical covariates (T, N, M, stage). The
interactive effects of BRCAL rs16941 and gender on N-status (A) and stage (B), BRCA1
rs16941 and age on T-status (C), and between ATM and gender on T-status were examined
by fitting the full regression model for each pair (logistic for M status, linear for other
clinical variables). No male cases with the rare AA genotype of ATM were observed.
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TABLE 1
Demographic Data of Analyzed Samples
Cohort Variable PTC Control
Total Female (%) 1599 (90%) 1079 (52%)
Cohort  Male (%) 182 (10%) 1002 (48%)
Age (median + SD) 48+14.1 37+10.6
Total number of samples 1781 2081
Age- and Female (%) 712 (80%) 712 (80%)
Gender-  Male (%) 173 (20%) 173 (20%)
Matched  Age (median £ SD) 39+115 38+114
Cohort Total number of samples 885 885

PTC, papillary thyroid carcinoma; SD, standard deviation.
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Gene-Gene and Gene-Covariates Interactions and the Risk of Papillary Thyroid Carcinoma

Interaction OR (95% ClI) P value
CHEK2xBRCA1 0.73(0.48-1.11) 0.141
CHEK2 x ATM 1.30 (0.75-2.26) 0.352
BRCALXATM  0.78(0.62-0.97) (g3
CHEK2xgender  1.34 (0.74-2.43)  0.330
BRCAlxgender  0.89 (0.67-1.18) 0.407
ATM x gender 054 (0.33-0.87) o108
CHEK2 x age 1.01(0.99-1.03) 0.365
BRCAL x age 0.99 (0.98-1)  0.081
ATM x age 1(0.99-1.01) 0.898

a., . .. . . .
Statistically significant interaction.

OR, odds ratio; Cl, confidence interval.
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