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Abstract

Several single-nucleotide polymorphisms (SNPs) have been associated with papillary and follicular thyroid cancer (PTC and 
FTC, respectively) risk, but few have replicated. After analyzing 17 525 tag SNPs in 1129 candidate genes, we found associations 
with PTC risk in SERPINA5, FTO, HEMGN (near FOXE1) and other genes. Here, we report results from a replication effort in a 
large independent PTC/FTC case–control study conducted in Germany. We evaluated the best tagging SNPs from our previous 
PTC study and additionally included SNPs in or near FOXE1 and NKX2-1 genes, known susceptibility loci for thyroid cancer. 
We genotyped 422 PTC and 130 FTC cases and 752 controls recruited from three German clinical centers. We used polytomous 
logistic regression to simultaneously estimate PTC and FTC associations for 79 SNPs based on log-additive models. We 
assessed effect modification by body mass index (BMI), gender and age for all SNPs, and selected SNP by SNP interactions. 
We confirmed associations with PTC and SNPs in FOXE1/HEMGN, SERPINA5 (rs2069974), FTO (rs8047395), EVPL (rs2071194), 
TICAM1 (rs8120) and SCARB1 (rs11057820) genes. We found associations with SNPs in FOXE1, SERPINA5, FTO, TICAM1 and 
HSPA6 and FTC. We found two significant interactions between FTO (rs8047395) and BMI (P = 0.0321) and between TICAM1 
(rs8120) and FOXE1 (rs10984377) (P = 0.0006). Besides the known associations with FOXE1 SNPs, we confirmed additional PTC 
SNP associations reported previously. We also found several new associations with FTC risk and noteworthy interactions. We 
conclude that multiple variants and host factors might interact in complex ways to increase risk of PTC and FTC.
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Introduction
Sporadic thyroid cancer is the most common endocrine malig-
nancy for which incidence has increased worldwide during the 
last 40  years (1–3). Heightened detection with ultrasound has 
likely contributed to this trend, but additional reasons for the 
increased incidence rates remain unclear (3). Thyroid cancer is 
more common in women than men, with a female-to-male ratio 
in incidence rates of about three to one (4). Papillary thyroid can-
cer (PTC) is the most common histologic type (~80%), followed 
by follicular thyroid cancer (FTC; ~15%), with poorly differenti-
ated (anaplastic; ~2%) and medullary cancers (~3%) constituting 
the remainder (5). PTC and FTC combined are often referred to 
as differentiated thyroid cancer (DTC). DTC likely has a greater 
familial risk than other cancers, with relative risk estimates of 
three to four or higher for a family history in first-degree rela-
tives (6–8). Several genome-wide association studies (GWAS) (9–
11) and a candidate gene study (12) have clearly implicated the 
gene FOXE1 (forkhead box protein E1, formerly known as thyroid 
transcription factor 2 [TTF2]; 9q22.33) as a susceptibility locus for 
DTC both in persons unexposed (9,11) and exposed to ionizing 
radiation (10), a known risk factor for thyroid cancer (reviewed 
in ref. 13). The genes NKX2-1 (NK2 homeobox 1, formerly known 
as thyroid transcription factor 1; 14q13.2) and DIRC3 (disrupted 
in renal carcinoma 3; 2q35) have also been associated with 
increased DTC risk (9,11). The post-GWAS candidate loci con-
tinue to be examined (14); however, only a portion of the genetic 
determinants of risk has been validated and explained so far 
(14,15).

The main objective of the current study was to replicate the 
most significant findings for PTC that we reported previously 
from an analysis of 1129 candidate genes based on 17 525 tag 
single-nucleotide polymorphisms (SNPs) from the National 
Cancer Institute’s (NCI) rare cancer i-Select study (16–21). In 
total, we aimed to validate findings for 100 SNPs including genes 
near or in the FOXE1 or NKX2-1 region in an independent case–
control study of PTC and FTC conducted in Germany. In addition 
to the replication for PTC, we also evaluated the associations 
with 100 SNPs for FTC as well as explored their interaction with 
gender, age and body mass index (BMI); finally, for SNPs sig-
nificantly associated with DTC, we explored pairwise SNP–SNP 
interactions.

Materials and methods

Case and control recruitment and data collection
Cases included individuals with PTCs (n = 465), FTCs (n = 150) and other 
histologic types of thyroid cancer (n  =  12) diagnosed at three hospitals 
in Germany between February 2008 and March 2010 (Hannover Medical 
School, University Clinic Würzburg and the Central Hospital of the 
German Federal Armed Forces Koblenz). Controls included 813 individu-
als recruited from among healthy blood donors (Hannover) or surgery 
patients (Koblenz) who presented to these hospitals between February 
2008 and March 2010.

Of the 1440 study subjects recruited, we excluded 7 who were not 
of European ancestry (6 cases, 1 control), 41 who were <19 years of age 

(27 cases, 14 controls), 11 who were >80 years of age (4 cases, 7 controls), 
65 with SNP completion proportions <90% (26 cases, 39 controls) and 12 
cases who had a histology other than PTC or FTC, leaving 1304 persons 
for analysis. All thyroid cancer cases included in this study were histo-
logically confirmed. To ensure that cases and controls from the multiple 
recruiting medical centers were comparable, we evaluated the distribu-
tion of allele frequencies by recruiting hospital, gender and age among 
controls, and the distribution of tumor stage by hospital among cases. We 
found that the allele frequencies among the controls did not differ by hos-
pital, gender or age after correction for multiple testing (Supplementary 
Table 1, available at Carcinogenesis Online). For cases, tumor stage distribu-
tions were similar by hospital. This study was reviewed and approved by 
the three Institutional Review Boards of the respective hospitals/clinics.

At the time of blood draw, basic demographic data were collected on 
the cases and controls, including date of birth, gender, ethnicity, height, 
weight and personal history of cancer. For cases, information on previ-
ous history of any radiation treatment and family history of cancer was 
additionally collected, whereas information on tumor, nodes and metas-
tasis staging was available from medical records. Personal history of other 
thyroid conditions, such as Hashimoto’s thyroiditis, was not collected sys-
tematically. For 45 cases and 5 controls, a history of prior cancer diagnosis 
was reported.

SNP selection and genotyping
From among 17 525 tag SNPs in 1129 candidate genes evaluated in the NCI’s 
rare cancer i-Select study of PTC (16–21), the top 50 SNPs were selected for 
validation based on joint evaluation of lowest P values and per genotype 
odds ratio of 1.3 or greater. For greater coverage, we added 45 SNPs to the 
genes or regions with high priors, i.e. SERPINA5 (serpin peptidase inhibitor 
clade A member 5), FTO (fat mass and obesity-associated), SCARB1 (scav-
enger receptor class B type 1), and the 8q24 region. All selected SNPs had a 
minor allele frequency >5%. Three SNPs in FOXE1 and two in NKX2-1 genes 
were included based on information from literature reports (9–12) for a 
total of 100 a priori selected SNPs.

Whole blood samples collected by venipuncture were shipped over-
night with a temperature stabilizing pack to the laboratory of Bundeswehr 
Institute of Radiobiology in Munich, Germany. DNA was extracted from 
peripheral blood leucocytes using Qiagen Mini Kits (Qiagen, Hilden, 
Germany) according to manufacturer instructions. DNA samples were 
stored at −80°C until transported to the Research Unit of Molecular 
Epidemiology, Helmholtz Zentrum München, German Research Center for 
Environmental Health, Neuherberg, Germany, for genotyping.

Genotyping was performed using the MassARRAY iPLEX platform 
(Sequenom, San Diego, CA). Five nanograms of genomic DNA were ampli-
fied by PCR using HotStar Taq DNA polymerase (Qiagen) and PCR prim-
ers designed by Sequenom’s Mass Array Assay Design program. About 
20 nl of purified reaction products [using shrimp alkaline phosphatase 
and SpectroCLEAN resin (Sequenom) to remove salts] were transferred 
to a SpectroCHIP® using the MassARRAY® nanodispenser (Sequenom). 
A modified Bruker Biflex matrix-assisted laser desorption ionization–time 
of flight mass spectrometer (Sequenom) was used for data acquisitions 
from the SpectroCHIP®. Genotypes were called with the MassARRAY 
TYPER 4.0 software (Sequenom). Negative controls were included in all 
assays. Thirty-one aliquots from 16 cases and 15 controls were analyzed 
for 3 random SNPs in duplicates with their identity blinded to laboratory 
investigators. Concordance for these 31 duplicates was 100%.

Of the 100 selected SNPs, 90 assays were ultimately developed, 6 sub-
sequently failed genotyping and 3 SNPs failed Hardy–Weinberg equilib-
rium test in controls (P < 0.0001), leaving 81 evaluable SNPs. In addition, 
two SNPs had call rates <95% (89 and 92%) and were excluded from the 
analyses. All remaining 79 SNPs had call rates of 95% or higher.

Statistical analysis
Characteristics of cases and controls, and controls by gender and hospi-
tal were compared using chi-square tests. The risks of PTC and FTC were 
evaluated relative to the common control group using polytomous logistic 
regression. The risk of DTC was evaluated using standard binary logis-
tic regression. We estimated odds ratios (ORs), 95% confidence intervals 
(95% CIs) and P values of linear trend (Ptrend) for each SNP genotype, coded 
as 0, 1, 2, with 0 denoting the homozygous common allele genotype as 

Abbreviations	

BMI	 body mass index 
CI	 confidence interval 
DTC	 differentiated thyroid cancer 
FTC	 follicular thyroid cancer
PTC	 papillary thyroid cancer 
SNP	 single-nucleotide polymorphism 
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the referent category (log-additive coding). All models were adjusted for 
sex, attained age in four categories (19–35, 35–44, 45–54 and 55–80 years) 
and hospital site in two categories (medical/university or armed forces). 
In selected analyses, where indicated, we also adjusted for BMI (calcu-
lated from height and weight in kg/m2) in four categories (<18.5, 18.5–24.9, 
25.0–29.9 and ≥30.0 kg/m2) with cut-offs according to the WHO classifica-
tion of ‘underweight’, ‘normal weight’, ‘overweight’ and ‘obese’ for adults 
(22). Given the strong priors for the selected SNPs, we did not formally 
adjust the P values of trend for multiple testing. In sensitivity analyses, we 
excluded cases with a prior cancer diagnosis. Because the results includ-
ing and excluding such cases were similar, we present only results based 
on all cases and controls.

For DTC, we assessed effect modification (interaction) by sex (women 
versus men), age (under versus over age 45 years) and BMI [coded as nor-
mal/underweight (<25 kg/m2) versus overweight/obese (≥25.0 kg/m2)]. In 
these analyses, we used log-additive coding for the SNPs. The interaction 
tests were based on Wald chi-square statistics associated with multiplica-
tive interaction terms added to the model including main effects of the 
SNP and the factor under investigation. Two-way SNP by SNP interactions 
were evaluated for all unlinked SNPs with DTC main effect P values <0.05. 
Each SNP was included in the model using log-additive coding and the 
interaction tests were based on Wald chi-square statistics for the multi-
plicative interaction term. The P values of interaction tests were corrected 
for multiple testing using a Bonferroni approach unless stated otherwise.

For unlinked SNPs significantly associated with DTC risk (n = 10), we 
assessed the ability of a combined SNP risk score for prediction. We calcu-
lated a conditional SNP risk score using additive SNP coding (0, 1, 2) for the 
number of minor alleles for 10 significant SNPs included as main effects 
in the logistic regression models in the presence and absence of other pre-
dictors, i.e. sex, age and BMI. We then compared the discriminatory ability 
measured by the areas under the receiver operator characteristics curves 
(AUCs) for three logistic regression models: one that included sex, age 
and BMI (in three categories), one that included the 10 SNPs and one that 
included age, sex, BMI and the 10 SNPs. All three models were adjusted 
for hospital site.

All statistical tests were two sided, and P value <0.05 was considered 
statistically significant, unless corrected for multiple testing. Statistical 
analyses were conducted in SAS version 9.3 (23) and R (24).

Results
Demographic characteristics of the PTC and FTC cases and 
the controls are presented in Table 1. Among cases, more were 
female than male, whereas among controls, males were more 
common than females (P  <  0.001). About half of the PTC and 
FTC cases were recruited from Hannover Medical School with 
the other half from Würzburg and Koblenz combined. Most con-
trols (88%) were recruited from Hannover Medical School (blood 
donors) and 12% from Koblenz (surgery patients). Controls 
were younger at recruitment than cases (P  <  0.001). BMI dif-
fered between cases and controls with 31% of PTC cases and 
32% of FTC cases in the normal BMI range compared with 52% 
of controls; thyroid cancer cases were more likely than controls 
to be obese (27% for PTC, 29% for FTC versus 10% for controls) 
(P < 0.001).

Complete results of polytomous logistic regression analy-
ses for PTC and FTC and binary logistic regression for DTC 
for 79 SNPs are presented in Supplementary Table  2, avail-
able at Carcinogenesis Online, whereas the results for 20 SNPs 
significantly associated with at least 1 outcome (PTC, FTC or 
DTC) are summarized in Table 2. Six of 20 SNPs were in the 
FOXE1/C9orf156/HEMGN region, although only two (rs965513, 
rs10984377) were associated with thyroid cancer risk indepen-
dently. There were also seven significant associations with SNPs 
in SERPINA5 gene, six for FTC and one (rs2069974) for PTC, FTC 
and DTC. Only the effect of latter SNP appeared to be independ-
ent. The remaining seven SNPs significantly associated with at 
least one outcome were located in different genes. Of these, two 

SNPs in FTO (rs8047395) and TICAM1 (rs8120) genes were signifi-
cantly associated with risk of PTC, FTC and DTC; two SNPs in 
EVPL (rs2071194) and SCARB1 (rs11057820) genes were associ-
ated with risk of PTC and DTC; one SNP in HSAP6 (rs9427401) 
with risk of FTC and DTC; and two SNPs in APC2 (rs11668593) 
and MASP1 (rs3815623) with risk of DTC. Overall, 6 SNPs were 
significantly and independently associated with risk of PTC, 5 
SNPs with risk of FTC and 10 SNPs with risk of DTC.

Of a priori interest for effect modification of DTC risk, we eval-
uated how the associations with SNPs in the SCARB1 and FTO 
genes belonging to the metabolism pathway might vary accord-
ing to BMI (Supplementary Table  3, available at Carcinogenesis 
Online). None of the interaction tests was significant except for 
one between FTO (rs8047395) and BMI (P = 0.0321). The associa-
tion with the latter SNP among those normal or underweight 
was stronger (ORper allele  =  1.67, 95% CI: 1.23–2.27) than among 
those overweight or obese (ORper allele = 1.09, 95% CI: 0.86–1.39). We 
found no evidence of effect modification by gender, age or BMI 
for other SNPs after multiple comparisons correction (data not 
shown). There was one significant, negative SNP by SNP inter-
action between TICAM1 (rs8120) and FOXE1 (rs10984377) that 
withstood correction for multiple testing (P  <  0.0001, data not 
shown).

The AUC values for the three predictive models of DTC risk 
were 0.63 (95% CI: 0.60–0.66) for a model with 10 SNPs, 0.80 (95% 
CI: 0.77–0.82) for a model with BMI, age and sex, and 0.82 (95% CI: 
0.79–0.84) for a model with sex, age, BMI and 10 SNPs.

Discussion
We confirmed the well-known association with DTC of the 
9q22.31 region that includes the FOXE1 gene (9–12). In this inde-
pendent and separate case–control study conducted in Germany, 
we replicated associations with PTC risk that we reported previ-
ously in SERPINA5 (21) and FTO (17) genes. Other candidate vari-
ants in EVPL, TICAM1 and SCARB1 previously identified (17,21) 
were also associated with PTC risk. We found several new asso-
ciations between SNPs in SERPINA5, FTO, TICAM1 and HSPA6 
genes, and risk of FTC. In contrast to several studies, we did not 
observe associations for NKX2-1 SNPs (9,25,26). We also did not 
replicate earlier findings on the associations with HDAC4 (16) 
and the 8q24 region SNPs for PTC (18).

The rs965513 SNP in 9q22 has been most consistently asso-
ciated with risk of PTC or DTC in different populations (9–12). 
The association was observed in familial DTC (27,28) and PTC 
attributed to exposure to ionizing radiation (16). Here, we con-
firmed such an association in a previously unstudied German 
population. The rs965513 resides ~60 000 bases upstream of 
FOXE1 gene known as thyroid transcription factor 2 that is 
important in thyroid development, differentiation and function 
(28). Although several functional studies demonstrated that 
AA risk genotype of rs965513 SNP is associated with decreased 
coexpression of FOXE1, PTCSC2 and TSHR in unaffected thyroid 
tissue of PTC patients (29,30), one study suggested that this 
effect may be due to multiple, coinherited with rs965513 non-
coding variants located in long-range enhancers that control 
FOXE1 expression (31).

Previously, we reported strong associations with several 
SERPINA5 SNPs in the US study of PTC (21). In the German study, 
we not only confirmed an association for PTC with the intronic 
rs2069974 SNP but also extended it to FTC. SERPINA5 gene (chro-
mosome 14q32) codes the protein C inhibitor, a member of the 
plasma serine protease inhibitor family. Although it was origi-
nally discovered as an inhibitor of activated protein C, today 
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protein C inhibitor is known to play a role in many biological 
processes beyond hemostasis including inflammation, innate 
immunity, fertilization and carcinogenesis (32). The potential 
role of SERPINA5 in thyroid cancer initiation and progression 
has not been studied extensively. However, one recent study 
found that expression of SERPINA5 in tissue of PTC patients was 
decreased (through increased promotor methylation) and asso-
ciated with the presence of BRAF mutation (33), believed to be 
one of the major drivers of thyroid carcinogenesis.

Another intronic SNP in FTO gene (chromosome 16q12), 
rs8047395, was also strongly associated with risk of PTC in both 
German and US studies (17). The FTO gene is involved in regu-
lation of energy homeostasis, body size and fat accumulation, 
and genetic variants in this gene have been associated with 
obesity, diabetes and metabolic syndrome (reviewed in ref. 34). 
Increased BMI has emerged as a novel risk factor for thyroid 
cancer in several large and well-conducted studies (35–37). In 
the current study, we similarly found that PTC and FTC cases 
were significantly more likely to be overweight or obese. When 
the effect of rs8047395 and BMI was evaluated simultaneously, 
the magnitude of either association was not meaningfully 
affected by mutual adjustment and remained significant; how-
ever, the association with rs8047395 was significantly stronger 
in underweight or normal weight individuals than in overweight 
or obese individuals.

Based on association studies of SNPs with disease out-
comes, it is not possible to infer whether the validated variants 
are causal or show associations due to linkage disequilibrium 
with undetected causal variants. Even though all of the above 
validated variants are intronic, there is accumulating evidence 
that introns may be a larger mutational target due to numer-
ous functional elements located within them (38). It has been 
shown that intronic variants can exert their effects by altering 
DNA conformation (39), transcriptional activity, RNA second-
ary structure (40) or splicing efficiency of their host genes. In 
addition, disease-associated intronic SNPs may play a role in 

long-range gene regulation. To establish the biological relevance 
of these variants, functional follow-up studies are needed.

The significant associations with other SNPs replicated in 
the German study were less convincing statistically and the 
biological basis of these associations remains unclear. Further 
replication in other populations is important to establish robust 
relationships. Some genetic variants may be specific for pap-
illary versus follicular thyroid tumors, but large studies are 
required to establish associations for the less common FTC.

To evaluate a predictive value of 10 unlinked SNPs signifi-
cantly associated with risk of DTC in the current study, we added 
the 10 SNP risk score to a model that included sex, age and BMI 
to predict thyroid cancer risk. The AUC improved by 2%, which 
is a noticeable improvement in discriminatory performance (41). 
Thus, in the presence of these personal characteristics, the SNP 
score might improve predictive ability. However, this is only a 
proof of concept, and careful evaluation in independent, prefer-
ably prospective studies is needed.

Considering that there are few known risk factors for thy-
roid cancer besides ionizing radiation exposure, gender and age 
(reviewed in ref. 5), and given that family-related risk of thyroid 
cancer is high (6–8), it is likely that multiple environmental and 
genetic factors or their combination contribute to risk. Although 
studies of gene–environment interaction require large sample 
size, we explored interaction between each genotyped SNP and 
sex, age and BMI in an attempt to identify strong interactions, if 
such exist. However, none of the interaction tests survived cor-
rection for multiple testing. We also assessed SNP by SNP inter-
action among those SNPs showing significant associations with 
DTC; one such negative interaction between rs8120 (TICAM1) 
and rs10984377 (FOXE1) was significant after multiple com-
parisons correction suggesting that the joint effect of the two 
SNPs may be lower than expected based on the multiplicative 
interaction model.

Our study has several strengths. Selected tag SNPs had high 
priors based on associations found in the previous studies. The 

Table 1.  Descriptive characteristics of papillary, follicular and differentiated thyroid cancer cases and controls recruited from three German 
hospitals between February 2008 and March 2010

PTC cases FTC cases DTC cases Controls

P valueaCharacteristic N % N % N % N %

Total 422 100 130 100 552 100 752 100
Gender
  Female 307 72.7 81 62.3 388 70.3 258 34.3
  Male 115 27.3 49 37.7 164 29.7 494 65.7 <0.001
Hospital
  Hannover Medical Schoolb 212 50.2 59 45.4 271 49.1 662 88.0
  University Hospital Würzburg 140 33.2 51 39.2 191 34.6 0 0
  Armed Forces Hospital Koblenzb 70 16.6 20 15.4 90 16.3 90 12.0 <0.001
Age at diagnosis or blood draw
  19–34 85 20.1 23 17.7 108 19.6 392 52.1
  35–44 126 29.9 26 20.0 152 27.5 142 18.9
  45–54 107 25.4 37 28.5 144 26.1 125 16.6
  55–80 104 24.6 44 33.8 148 26.8 93 12.4 <0.001
BMI (kg/m2)
  Underweight (<18.5 kg/m2) 5 1.2 1 0.8 6 1.1 5 0.7
  Normal (18.5–24.9 kg/m2) 132 31.3 42 32.3 174 31.5 368 48.9
  Overweight (25.0–29.9 kg/m2) 168 39.8 48 36.9 216 39.1 285 37.9
  Obese (≥30.0 kg/m2) 115 27.2 38 29.2 153 27.7 75 10.0 <0.001
  Unknowna 2 0.5 1 0.8 3 0.5 19 2.5

aP values based on chi-square differences in proportions for controls versus all cases combined.
bControls from Hannover Medical School were healthy blood donors and controls from the Armed Forces Hospital Koblenz were surgery patients.
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study population was independent and not evaluated before 
with respect to genetic susceptibility to thyroid cancer. There 
are also some limitations. Cases and controls came from dif-
ferent source populations and were not optimally matched on 
sex or age. Therefore, all analyses were controlled for hospital 
site, sex and age. Also, to assure genetic comparability, we evalu-
ated the distribution of allele frequencies in controls by recruit-
ing hospital, sex and age, and found no meaningful differences. 
Limited covariate information was available, and among con-
trols, some covariates such as family cancer history were not 
collected. The moderate sample size limited our ability to assess 
weak and moderate interactions. Chance could be an explana-
tion for some of our findings, particularly for FTC, although rep-
lication was our motivation for conducting the study of PTC in 
order to minimize chance associations.

In summary, we independently confirmed associations with 
PTC and FOXE1/HEMGN SNPs, as well as selected findings from 
our previous thyroid cancer i-Select study for SERPINA5, FTO, 
EVPL, TICAM1 and SCARB1 genes. We also found several new 
associations with FTC and noteworthy interactions. As more 
thyroid cancer risk variants are discovered and evaluated in 
conjunction with known risk factors, the pathogenesis of this 
disease will be better understood.

Supplementary material
Supplementary Tables 1–3 can be found at http://carcin.oxford-
journals.org/
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