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Common genetic variants related to genomic integrity and risk of papillary thyroid
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DNA damage is an important mechanism in carcinogenesis, so
genes related to maintaining genomic integrity may influence pap-
illary thyroid cancer (PTC) risk. Candidate gene studies targeting
some of these genes have identified only a few polymorphisms
associated with risk of PTC. Here, we expanded the scope of pre-
vious candidate studies by increasing the number and coverage of
genes related to maintenance of genomic integrity. We evaluated
5077 tag single-nucleotide polymorphisms (SNPs) from 340 can-
didate gene regions hypothesized to be involved in DNA repair,
epigenetics, tumor suppression, apoptosis, telomere function and
cell cycle control and signaling pathways in a case–control study
of 344 PTC cases and 452 matched controls. We estimated odds
ratios for associations of single SNPs with PTC risk and combined
P values for SNPs in the same gene region or pathway to obtain
gene region-specific or pathway-specific P values using adaptive
rank-truncated product methods. Nine SNPs had P values
<0.0005, three of which were inHDAC4 and were inversely related
to PTC risk. After multiple comparisons adjustment, no SNPs
remained associated with PTC risk. Seven gene regions were as-
sociated with PTC risk at P < 0.01, including HUS1, ALKBH3,
HDAC4, BAK1, FAF1_CDKN2C, DACT3 and FZD6. Our results
suggest a possible role of genes involved in maintenance of geno-
mic integrity in relation to risk of PTC.

Introduction

Thyroid cancer incidence has been steadily increasing worldwide and
is now the fifth most common cancer diagnosed in women in the USA
(1). Papillary thyroid cancer (PTC), the most common histological
type, accounts for the majority of this increased incidence (2). Expo-
sure to ionizing radiation at a young age is the strongest known risk
factor for papillary thyroid cancer (3). In addition, family history
studies have suggested that thyroid cancer has a greater familial risk
than other common cancers with the reported relative risk estimates of
3- to 4-fold or higher (4–8). Because radiation is known to induce
DNA damage, an important mechanism in carcinogenesis, heritable
polymorphic variation in genes related to maintenance of genomic
integrity has been hypothesized to affect risk of thyroid cancer. While
two genome-wide association studies have identified only thyroid
transcription factor gene polymorphisms both in persons exposed
(9) and unexposed (10) to ionizing radiation, candidate gene studies
have identified promising polymorphisms in other pathways including
DNA repair and other genomic integrity-related pathways (11–20).
For example, several studies reported associations with thyroid cancer
risk for single-nucleotide polymorphism (SNPs) in the DNA repair
genes XRCC1 (13–15,18) and XRCC3 (11,16,18) as well as other loci
(RET, PTEN) involved in the mitogen-activated protein (MAP) kinase
and AKT-signaling pathways (12,20). While providing initial clues to
determinants of genetic susceptibility to PTC, these early studies were
relatively small or had a limited selection of genes, suggesting that
additional genetic determinants of PTC risk remain to be discovered.

Here, we expand the scope of previous candidate gene studies of
thyroid cancer by increasing the number and coverage of genes be-
longing to several pathways related to maintenance of genomic in-
tegrity. Specifically, we examined risk of PTC in relation to 5077
common tag SNPs in a selected set of 340 genes involved in DNA
repair, cell cycle control, apoptosis, tumor suppression, telomere
function, epigenetics, Wnt/beta-catenin signaling, MAP kinase sig-
naling and PI3K/AKT signaling using data from a common genotyp-
ing platform that was developed to evaluate genetic susceptibility to
a variety of rare cancers (21,22).

Materials and methods

Study population

Our cases included thyroid cancers diagnosed within the US Radiologic Tech-
nologists (USRT) cohort as described previously (23) and cancers diagnosed
and treated at the University of Texas M. D. Anderson Cancer Center (UTM-
DACC) (13). Controls for both types of cases were selected from the USRT
study (24). Briefly, the USRT study was initiated in 1984 and included 146 022
radiologic technologists nationwide who were certified for at least 2 years by
the American Registry of Radiologic Technologists between 1926 and 1982.
Three questionnaires were administered (1984–1989, 1994–1998 and 2003–
2005) to collect information on health outcomes (including self-reports of
thyroid cancer), demographic characteristics, medical history, work practices
and other environmental risk factors. Participant response to questionnaires has
consistently been �70%. Thyroid cancer cases reported on any of the three
questionnaires were recruited for blood collection. Of 415 living thyroid cancer
cases eligible for recruitment in 2005, 66 would not agree to release their
medical records, and the pathology records of an additional 25 could not be
obtained. In addition, there were 54 refusals and 19 non-responders to an
invitation to provide blood samples and 19 who sent their samples after re-
cruitment had closed, leaving 232 confirmed thyroid cancer cases who donated
blood samples for the study (55.9% collected from all self-reported cases or
71.6% of the confirmed cases). The 491 controls used in the current study are
the same as the controls used for our previous thyroid cancer study (18). In-
cluded in the case group were 243 serially recruited histologically confirmed
incident PTC cases from the UTMDACC who presented for care between 1999
and 2005 and subsequently underwent surgery (13). Each UTMDACC PTC
case provided demographic and exposure information, including radiation

Abbreviations: LD, linkage disequilibrium; SNP, single-nucleotide polymor-
phism; USRT, US Radiologic Technologist; UTMDACC, University of Texas
M. D. Anderson Cancer Center.
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exposure (defined as ever received medical radiation exposure to the whole
body, head or neck), through a self-administered questionnaire (12). Study
controls were selected from the USRT cohort originally to match the USRT
cases (90.6% female). The proportion of females among the UTMDACC cases
was lower (64.1%) than in the USRT cohort. To ensure that the cases from the
two studies were comparable, we compared their average age at diagnosis,
smoking status and tumor size and found that the two case series were similar.
Both studies were reviewed and approved by their respective Institutional Re-
view Boards and all subjects provided informed consent.

Variable collection and data harmonization

Data concerning demographics, health history, family history of cancer and
other risk factors were collected by self-administered mailed questionnaires or
telephone interview in the USRT study or a self-administered questionnaire at
the time of blood collection in the UTMDACC study. Variables defined sim-
ilarly in both studies were race and histological type of thyroid cancer. How-
ever, the majority of analysis variables had to be harmonized, so that they were
comparable across the two studies (cigarette smoking, alcohol consumption,
prior exposure to therapeutic radiation and family history of any cancer or
specifically of thyroid cancer). Because controls were matched to cases on
year of birth (þ/� 2 years) and to enable time-appropriate partitioning of
exposures (such as cigarette smoking), we assigned a referent age to controls
to correspond to the time of a case’s diagnosis. Specifically, a control for
a specific case was randomly selected from case-defined strata of sex and year
of birth. If no control could be found for a specific case, then matching on sex
and year of birth was relaxed (in that order). The algorithm was repeated until
referent age was assigned to every control. All exposures in controls were
accounted for up to the referent age and ignored thereafter.

Laboratory methods

DNA extraction. In the USRT study, venipuncture whole blood samples were
shipped with a temperature-stabilizing pack overnight to the processing labo-
ratory in Frederick, MD. At UTMDACC, venipuncture whole blood samples
were collected and processed in the clinic. Both studies extracted DNA from
peripheral blood leucocytes using Qiagen Mini Kits (Qiagen, Valencia, CA)
(2,3) according to manufacturer’s instructions.

Genotyping. Genotyping of 27 904 SNPs, including tag SNPs in 1316 candi-
date genes and their surrounding regions (within 20 kb 5# of the start of
transcription at the first exon and 10 kb 3# of the last exon) and intergenic
SNPs included on the platform because of associations with several cancers,
was performed at the NCI Core Genotyping Facility (Advanced Technology
Center, Gaithersburg, MD; http://cgf.nci.nih.gov/) using the custom-designed
iSelect Infinium assay (Illumina, San Diego, CA,www.illumina.com), which
was designed before the results of the two thyroid cancer genome-wide asso-
ciation studies (9,10) were available. Tag SNPs were selected for target gene
regions from the common SNPs (minor allele frequency . 5%) genotyped by
the HapMap Project (Data Release 20/Phase II, NCBI Build 36.1, assembly
dbSNPb126) in the Caucasian population (CEU) using TagZilla, which is
a part of the GLU, software package (http://code.google.com/p/glu-genetics/)
based on the pairwise binning method of Carlson et al. (25) with a binning
threshold of r2 . 0.8.

Quality control. Of 27 904 SNPs included in the genotyping platform, 722
failed genotyping (no amplification or clustering) and 208 had monoallelic calls
and were excluded from the analysis. In addition, SNPs with ,95% concordance
(n 5 656) or ,90% completion (n 5 740) among the 48 randomly inserted
quality control replicates that ranged in size from 6 to 12 samples per individual
were also excluded. We further excluded 740 SNPs that failed Hardy–Weinberg
Equilibrium test (P , 0.00001). Of the 947 study participants with DNA speci-
mens (n 5 232 USRT cases, n 5 223 UTMDACC cases, n 5 492 USRT
controls), we excluded subjects if their samples failed genotyping (n 5 18),
were not assayed (n 5 4), or had ,90% completion rate (n 5 15).

Final set of tag SNPs, subpathways and analytic population

Following quality control-related exclusions, we excluded in the analysis 1607
intergenic SNPs that were included on the platform but had been previously
implicated in etiology of non-thyroid cancers and 5706 tag SNPs with the
minor allele frequency ,10% or the lowest achievable significance level com-
puted from the marginal totals .1�30 (26). After all exclusions, there were
17 525 tag SNPs in 1129 gene regions available for analysis. Of these, there
were 5077 SNPs in the 340 gene regions related to pathways involved with
genomic integrity maintenance and the subject of current analysis. The candi-
date gene regions were subdivided into nine a priori-defined pathways (DNA
repair, cell cycle control, apoptosis, tumor suppression, telomere function,
epigenetic, Wnt/beta-catenin signaling, MAP kinase signaling and PI3K/
AKT signaling) based on evidence of biological and/or functional relatedness

of the genes obtained from various publically available databases, including
NCBI Entrez Gene (www.ncbi.nlm.nih.gov/sites/entrez) and GeneCards
(www.genecards.org). The DNA repair pathway was further divided into nar-
rower subpathway categories including direct reversal of damage, base exci-
sion repair, homologous recombination, mismatch repair, non-homologous end
joining, other conserved damage response genes, etc. When assigning gene
regions with a broad range of known functions, we allowed for allocation to
multiple pathways. A complete list of all candidate gene regions evaluated in
current analyses and their pathway allocation is available in supplementary
Table A, Carcinogenesis Online.

To minimize potential for population stratification and phenotypic hetero-
geneity of thyroid cancer cases, we also excluded in the analysis individuals
with non-European ancestry (n 5 97) and cases with follicular thyroid cancer
(n 5 17) leaving 344 papillary thyroid cancer cases (n 5 202 USRT and n 5
142 UTMDACC) and 452 controls of European ancestry with validated gen-
otyping results. Allele frequencies for papillary thyroid cancer cases of Euro-
pean ancestry were largely similar between the USRT and the UTMDACC
study sites and between males and females, so these groups were combined
for genetic analyses.

Statistical analysis

We organized the analytic approach to proceed from examining the relation-
ship of individual SNPs with PTC risk to examining relationships at the gene
region level, pathway (e.g. apoptosis) and subpathway (e.g. direct reversal of
damage in the DNA repair pathways) level and, finally, overall. We chose this
approach to maximize our ability to detect small SNP effects that could only be
appreciated in the aggregate. For examples, several SNPs in the same gene
region might not individually contribute to PTC risk, but all of the SNPs with
small effects taken together at the gene region level could be significant.

SNP-based associations. Logistic regression models were used to calculate
odds ratios and 95% confidence intervals of the association of PTC risk with
each SNP genotype, coded as 0, 1, 2, with 0 denoting the homozygous geno-
type with common allele as the referent category. We calculated the linear
Ptrend for SNP genotype in crude models and models adjusted for sex, attained
age in four categories (,35, 35–44, 45–54, 55þ years) and year of birth
(,1940, 1940–1949, 1950þ) as an ordinal variable. We also evaluated the
effect of additional adjustment for cigarette smoking (ever/never), alcohol
consumption (ever/never), and body mass index as a continuous variable.
The results from models with additional adjustments were essentially similar
and we chose to present the results from basic models adjusted for sex, attained
age and year of birth throughout the manuscript. We adjusted for multiple
comparisons using the false discovery rate control method (27).

Gene region- and pathway-based analyses. We combined SNP-specific P values
of linear trend within the same gene region using an adaptive rank-truncated
product method (28). This method accounts for the linkage disequilibrium (LD)
structure within the gene region and allows for flexibility in assumptions about the
number of SNPs to include in the P value calculation. For the subset of genes with
the combined P value for gene region (Pregion) ,0.01, we evaluated pairwise
indices of LD (D# and r2) in controls using the Haploview package (29) and
used a haplotype-sliding window approach (with windows composed of three
SNPs) to evaluate potential loci in small genetic regions that may have been
overlooked with a single locus analysis (30). Gene region level P values were
combined into the P values associated with the nine pathways as well as the DNA
repair specific categories or subpathways (Ppathway). Lastly, we evaluated the
significance of the overall group of genomic integrity pathways combining all
gene region level based P values (Poverall). Subpathway/pathway-based analyses
were repeated including and excluding gene regions with multiple allocations.

Statistical analyses were conducted in SAS version 9.1 (SAS Institute, Cary,
NC) and in R, except where otherwise noted.

Results

The characteristics of 344 cases of PTC and 452 controls are summa-
rized in Table I. There was a lower proportion of females among cases
compared with controls (79.7 versus 93.6%). The distribution of ref-
erent age in cases and controls was comparable. On average, cases
were less likely to smoke or drink alcohol or to have a family history
of cancer but more likely to have a family history of thyroid cancer or
a higher body mass index.

SNP-based associations

While the observed distribution of P values of linear trend for all 5077
SNPs was not statistically different from the expected uniform (null)
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distribution, there was some suggestion of departure from the null in
the area of lowest P values (Figure 1). Nine SNPs in six gene regions
were associated with risk of PTC at Ptrend ,0.0005 (Table II; a com-
plete list of all SNP-based Ptrend values is available in supplementary
Table C, Carcinogenesis Online). Three of the nine SNPs (rs6749348,
rs507159 and rs7584828) associated with reduced risk of PTC were in
the HDAC4 gene and did not appear to be in LD with one another (D#
range 29–47, r2 range 0.01–0.06) (Figure 2). The remaining six SNPs
were in the genetic regions HUS1 (rs2708906), BAK1 (rs493871),
ALKBH3 (rs10838192), DACT3 (rs314659), MGMT (rs4751109)
and FAF1_CDKN2C (rs11587909). After multiple comparisons ad-
justment, none of the SNP-based Ptrend values remained significant.

Gene region-based associations

Consistent with individual SNP analyses, six gene regions (HUS1,
HDAC4, ALKBH3, BAK1, FAF1_CDKN2C, DACT3) containing the
most significant SNPs were associated with PTC risk at Pregion

,0.01 (Table III). In addition, one gene (FZD6) containing several
moderately significant SNPs was associated with PTC risk at Pregion

,0.01. Two of the seven promising gene regions are involved in
DNA repair (HUS1, ALKBH3), two in apoptosis (BAK1,
FAF1_CDKN2C), two in Wnt/beta-catenin-signaling (FZD6,
DACT3) and one in the epigenetic (HDAC4) pathway. After multiple
comparisons adjustment, none of the gene regions were significant at
Pregion ,0.10. The results of all gene region-based analyses are
available in supplementary Table D, Carcinogenesis Online. For

a more detailed description of the top-ranked genes, see supplemen-
tary Table B, Carcinogenesis Online.

Table I. Characteristics of the study population by case and control status,
USRT Study and University of Texas M. D. Anderson Cancer Center Study

Characteristic Cases
(N 5 344)
n (%)

Controls
(N 5 452)
n (%)

P-value

Study na
Radiologic Technologists 202 (58.7) 452 (100.0)
M. D. Anderson Cancer Center 142 (41.3) 0
Gender

,0.001Female 274 (79.7) 423 (93.6)
Male 70 (20.3) 29 (6.4)

Attained/referent age, year

0.360

19–25 26 (7.6) 30 (6.6)
26–35 73 (21.2) 103 (22.8)
36–45 113 (32.8) 159 (35.2)
46–55 77 (22.4) 105 (23.2)
56–65 43 (12.5) 49 (10.8)
66–79 12 (3.5) 6 (1.3)

Smoking statusa

0.001
Never 208 (60.6) 234 (52.2)
Former 87 (25.4) 101 (22.5)
Current 48 (14.0) 113 (25.2)

Alcohol consumptiona

0.159
Never 179 (52.0) 213 (47.1)
Ever 158 (45.9) 221 (48.9)
Unknown 7 (2.0) 18 (4.0)

Number of relatives with cancera

0.002

None 170 (49.4) 171 (37.8)
One 107 (31.1) 180 (39.8)
Two 39 (11.3) 64 (14.2)
Three or more 8 (5.2) 33 (7.3)
Unknown 10 (2.9) 4 (0.9)

Number of relatives with thyroid cancer

,0.001
None 319 (92.7) 442 (97.8)
At least one 15 (4.4) 6 (1.3)
Unknown 10 (2.9) 0
Adopted 0 4 (0.9)

Mean (SD) Mean (SD)
BMI (kg/m2)a 26.1 (6.0) 24.4 (4.7) ,0.001

BMI, body mass index; na, not applicable.
aAs of referent age. See text for description of referent age assignment.

Fig. 1. Observed and expected distributions for the results of test of linear
trend with 5077 tag SNPs in 340 gene regions in genomic integrity-related
genes in a case–control study of PTC risk.

Table II. Odds ratio and 95% confidence interval, adjusted for sex, attained
age and year of birth, for the tag SNPs associated with papillary thyroid
cancer risk at Ptrend ,0.0005

Target gene SNP Genotype Odds ratio
(95% CI)

Ptrend
a/Ptrend FDR

b

HDAC4 rs6749348 GG Ref. 7.83E-05/0.2359
GA 0.41 (0.26–0.65)
AA 0.28 (0.03–2.46)

HDAC4 rs507159
GG Ref.

0.0002/0.2359GC 0.68 (0.49–0.93)
CC 0.39 (0.23–0.67)

HDAC4 rs7584828
GG Ref.

0.00046/0.2775GA 0.55 (0.38–0.79)
AA 0.33 (0.08–1.28)

HUS1 rs2708906
AA Ref.

0.0001/0.2359AG 1.55 (1.11–2.18)
GG 2.40 (1.51–3.82)

BAK1 rs493871
GG Ref.

0.0001/0.2359GA 1.41 (0.98–2.04)
AA 2.29 (1.49–3.50)

ALKBH3 rs10838192
TT Ref.

0.0003/0.2775TC 1.74 (1.25–2.41)
CC 2.33 (1.05–5.17)

DACT3 rs314659
GG Ref.

0.0004/0.2775GA 1.59 (1.16–2.18)
AA 2.18 (1.26–3.77)

MGMT rs4751109
CC Ref.

0.0004/0.2775CA 1.66 (1.15–2.39)
AA 2.50 (1.24–5.03)

FAF1_CDKN2C rs11587909
CC Ref.

0.00049/0.2775CT 1.36 (0.99–1.88)
TT 2.44 (1.46–4.08)

CI, confidence interval.
aSNP-based linear Ptrend calculated based on the three-level genotype (0, 1
and 2) in logistic regression models adjusted for sex, attained age and year of
birth.
bFalse discovery rate (FDR) corrected linear Ptrend.
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Pathway-based associations

The apoptosis pathway was the only pathway significantly associated
with risk of PTC (Ppathway 5 0.039) (Table IV). However, after ex-
cluding four gene regions (including two of the top gene region-based
hits BAK1 and FAF1_CDKN2C) overlapping with other pathways, the
apoptosis pathway-based P value was no longer significant, suggest-
ing that the excluded gene regions were primarily responsible for the
association. While the DNA repair pathway as a whole was not sta-
tistically significantly associated with PTC risk, the DNA repair sub-
pathways direct reversal of DNA damage and other conserved damage
response genes, were associated with risk (Ppathway 5 0.002 and Ppathway

5 0.017, respectively). Finally, the genomic integrity pathway as

a whole was of borderline statistical significance (Poverall 5 0.074 and
Poverall 5 0.061 including and excluding overlap, respectively).

Discussion

We evaluated the associations of tag SNPs in candidate genes from
several interrelated pathways involved in maintenance of genomic
integrity, including DNA repair, epigenetic mechanisms, telomere
function, apoptosis, cell cycle control, tumor suppression and the
MAPK, PI3K/AKT and Wnt/beta-catenin cell-signaling pathways
with risk of PTC. The group of genes as a whole was suggestively
associated with risk of PTC (Poverall 5 0.074/Poverall 5 0.061). We

Fig. 2. HDAC4 sequential scan and variable-sized sliding window analysis (with detailed view of the top three SNPs blocked, below) in the cases and controls
used for this study.

G.Neta et al.

1234



found nine tag SNPs in seven gene regions that were associated with
PTC at Ptrend ,0.0005. The strongest associations were seen for SNPs
in the histone deacetylase 4 gene HDAC4, in the DNA repair check-
point gene HUS1 and in the apoptosis gene BAK1 (Ptrend , 0.0001).
Gene region-based analyses showed that all three of these gene re-
gions (HDAC4, HUS1 and BAK1) were significant at Pregion ,0.005.
While after formal correction for multiple comparisons neither indi-
vidual SNP- nor gene region-based results remained statistically sig-
nificant, several of our findings with suggestive P values are of
potential biologic or clinical interest.

Specifically, the observed thyroid cancer associations with multi-
ple polymorphisms in HDAC4 were intriguing. HDAC4 is a histone
deacetylation gene that has the capacity to alter chromosome struc-
ture and silence gene transcription by limiting access of transcrip-
tion factors to DNA, particularly tumor suppressor genes, thereby

deactivating tumor suppression activity (31,32). Histone deacetylase
inhibitors are demonstrated anticancer agents whose main mecha-
nism of action is the transcriptional reactivation of tumor suppressor
genes that have been turned off through histone deacetylation (33).
Several studies of thyroid tumor cells have demonstrated the ability
of HDAC inhibitors to facilitate radioactive iodine uptake (34–36)
and suppress growth and proliferation (37–40). However, no studies
have been published on associations between HDAC polymorphisms
and thyroid cancer risk.
HUS1 has been linked with other cancers, namely breast and ovar-

ian (41,42), and is part of the Rad9-Rad1-Hus1 (911) cell cycle check-
point complex that plays a key role in all checkpoint responses to
DNA damage (43). In vitro studies have shown that human cells
exposed to ionizing and ultraviolet radiation have higher levels of
the 911 protein complex compared with unexposed cells (44,45)
and that this relationship is dose dependent. No studies previously
have reported a relationship between HUS1 polymorphisms and thy-
roid cancer.

We also found variants in two genes postulated to play a role in
apoptosis, BAK1 and FAF1, had suggestive P values for an association
with an increased risk of PTC. Previous research suggests that these
genes may play a role in carcinogenesis of certain cancers, including
testicular cancer and chronic lymphocytic leukemia (46,47), myeloma
(48) and mantle cell lymphoma (49). Moreover, BAK1 expression
appears to be upregulated in thyroid tumor cells (50–2).

Our strongest pathway-based findings for the DNA repair direct
reversal of damage pathway (53) was driven by two of our top
SNP-based findings—tag SNPs rs10838192 in ALKBH3 and
rs4751109 in MGMT. While little is known about ALKBH3 in relation
to cancer, several candidate gene studies have linked MGMT poly-
morphisms to risk of head and neck cancer (54,55), glioma (56–58)
and esophageal cancer (59,60). Moreover, two studies have found an
association between MGMT hypermethylation and PTC (61,62).

Table III. Significance levels (P values) among those gene regions with
uncorrected Pregion ,0.01 for an association with papillary thyroid cancer

Gene/region Chromosome location Number of
SNPs

Pregion
a/Pregion FDR

b

HUS1 7p13–p12 8 0.0009/0.3060
HDAC4 2q37.3 111 0.0025/0.3128
ALKBH3 11p11.2 25 0.0041/0.3128
FZD6 8q22.3–q23.1 13 0.0045/0.3128
BAK1 6p21.3 25 0.0046/0.3128
FAF1_CDKN2C 1p32–p33 22 0.0060/0.3254
DACT3 19q13.32 9 0.0067/0.3254

aGene based P values (Pregion) calculated using the adaptive rank-truncated
product method.
bFalse discovery rate (FDR) corrected linear Pregion.

Table IV. Pathway-based significance levels (P values) for each genomic integrity pathway analyzed, with and without accounting for overlapping genes between
pathways

With overlapa Without overlap

Ppathway
b Number of genes/SNPs Ppathway

b Number of genes/SNPs

Overall 0.074 338/5042 0.061 324/4530
Pathways

Apoptosis 0.039 25/322 0.372 21/264
Epigenetic 0.126 28/679 0.119 26/667
Wnt/beta-catenin signaling 0.141 39/725 0.120 34/602
DNA repair 0.233 151/1979 0.345 145/1857

Direct reversal of damage 0.002 2/91
Other conserved damage response genes 0.017 9/74
Base excision repair 0.164 19/295
Non-homologous end joining 0.281 9/143
Rad6 pathway 0.285 5/45
Other suspected DNA repair genes 0.325 9/105
Homologous recombination 0.642 20/242
Chromatin structure 0.657 2/21
DNA polymerase 0.664 15/151
Nucleotide excision repair 0.677 30/404
Editing processing nucleases 0.731 6/61
Fanconi anemia 0.737 9/100
Genes defective in diseases associated with
sensitivity to DNA damaging agents

0.805 4/61

Mismatch repair 0.817 9/147
Tumor suppressor 0.368 28/379 0.312 21/289
Cell cycle control 0.486 27/435 0.717 20/359
MAPK signaling 0.668 17/296 0.707 12/157
PI3K/AKT signaling 0.671 6/61 0.671 6/61
Telomere 0.733 17/166 0.733 17/166

aSome genes were allocated to more than one pathway. To calculate P values without multiple pathway allocations, these specific genes were dropped from their
respective pathways.
bPathway- or subpathway-based P values (Ppathway) calculated using the adaptive rank-truncated product method.
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In interpreting the results of our study, several strengths and limi-
tations need to be considered. Our study had high participation rates
minimizing potential for selection bias. Because survival rates for
PTC are exceptionally high, survival bias is unlikely. To minimize
concerns about population stratification, all analyses were limited to
individuals of European ancestry. Moreover, cases from the two stud-
ies were similar with regard to age at diagnosis, smoking status, tumor
size and allele frequencies. Although radiation exposure is an estab-
lished risk factor for thyroid cancer, our cases are unlikely to be
radiation related because doses are low, most of the exposure occurred
in adulthood, and no dose–response has been observed in the USRT
population (63,64), and only five of the UTMDACC cases were ex-
posed to radiation from self-report of radiotherapy (12). Thus, the
results of our study should be internally valid. However, extrapolation
of our findings to the general population requires caution. Thyroid
cancer incidence in the USRT cohort was higher than in the general
population, with a standardized incidence rate ratio of 1.7. This dif-
ference is probably due to increased screening in the USRT cohort as
the proportion of small thyroid tumors was higher among the cohort
(30%) compared with the general population (15%) based on the
SEER registries database (23) but comparable with that in the UTM-
DACC cases.

Given that PTC cases were less likely to be cigarette smokers or
alcohol drinkers and had higher average body mass index that con-
trols, we explored whether these factors may have influenced the
associations of interest. When added to the models, these variables
did not meaningfully change the risk estimates, and therefore, are
unlikely to confound our main findings. Other strengths of our study
include thorough selection of genes related to a variety of genomic
integrity pathways (53,65–67) and nearly complete representation of
DNA repair genes. Relative to genome-wide association studies, the
coverage of selected gene regions was higher, although we could have
missed important associations with SNPs not included within the
genotyping platform. While among the larger studies with respect
to the number of thyroid cancer cases and controls, our study had
limited power to detect weak associations, especially for less common
genetic variants. Another limitation is the use of tag SNPs that are
themselves unlikely to be the disease-related SNPs but are assumed to
be in LD with the causal variant. To address these limitations, we
excluded SNPs with minor allele frequency ,10% and relied on
robust gene/pathway adaptive rank-truncated product methods com-
bining SNP-specific P values of trend to confirm associations with
risk of PTC.

In summary, our results suggest that genetic alterations in the path-
way involved in maintenance of genomic integrity may contribute to
thyroid cancer susceptibility.

Supplementary material

Supplementary Tables A–D can be found at http://carcin.oxford
journals.org/
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