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Context: Genome-wide association studies (GWASs) on differentiated thyroid cancer (DTC) have
identified robust associations with single nucleotide polymorphisms (SNPs) at 9q22.33 (FOXE1),
14q13.3 (NKX2–1), and 2q35 (DIRC3). Our recently published GWAS suggested additional suscep-
tibility loci specific for the high-incidence Italian population.

Objective: The purpose of this study was to identify novel Italian-specific DTC risk variants based
on our GWAS and to test them further in low-incidence populations.

Design: We investigated 45 SNPs selected from our GWAS first in an Italian population. SNPs that
showed suggestive evidence of association were investigated in the Polish and Spanish cohorts.

Results: The combined analysis of the GWAS and the Italian replication study (2260 case patients and
2218 control subjects) provided strong evidence of association with rs10136427 near BATF (odds ratio
[OR] �1.40, P � 4.35 � 10�7) and rs7267944 near DHX35 (OR � 1.39, P � 2.13 � 10�8). A possible role
in DTC susceptibility in the Italian populations was also found for rs13184587 (ARSB) (P � 8.54 � 10�6)
and rs1220597 (SPATA13) (P � 3.25 � 10�6). Only the associations between rs10136427 and rs7267944
and DTC risk were replicated in the Polish and the Spanish populations with little evidence of popu-
lation heterogeneity (GWAS and all replications combined, OR � 1.30, P � 9.30 � 10�7 and OR � 1.32,
P � 1.34 � 10�8, respectively). In silico analyses provided new insights into the possible functional
consequences of the SNPs that showed the strongest association with DTC.

Conclusions: Our findings provide evidence for novel DTC susceptibility variants. Further studies
are warranted to identify the specific genetic variants responsible for the observed associations and
to functionally validate our in silico predictions. (J Clin Endocrinol Metab 99: E2084–E2092, 2014)
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Thyroid cancer (TC) represents the most common ma-
lignancy of the human endocrine system (1). Al-

though the annual incidence rate is decreasing worldwide,
several reports have described a continuous increase in
some regions of the world. It remains unclear whether this
trend is true or whether it depends on increased detection
rates of small tumors due to the technological advances in
morphological and functional imaging techniques over
the last few decades (2, 3).

Approximately 90% of diagnosed TCs arise from fol-
licular cells or thyrocytes, the thyroid hormone–produc-
ing cells, and are classified as differentiated thyroid cancer
(DTC). Among them, the most frequent subtype is papil-
lary (75%), followed by follicular (10%), Hürthle cells
(5%), and poorly differentiated carcinomas (1%–6%)
(4).

There are few known DTC risk factors except for a
previous benign thyroid disease, exposure to ionizing ra-
diation, and female sex (5). In addition, a significantly
higher risk in first-degree relatives of patients with DTC
than in the general population suggests that genetic vari-
ation may contribute to the risk of the disease (6). To date,
candidate-gene association studies remain the most prev-
alent type of investigation to identify common DTC sus-
ceptibility alleles. More than 100 candidate-gene studies
have been published in the last decade, evaluating �300
single nucleotide polymorphisms (SNPs). Whereas some
of these variants may represent true associations with
DTC, many more are false-positive associations and fail to
replicate among additional populations (7).

During the past few years genome-wide association
studies (GWASs) have rapidly emerged worldwide as an
important strategy to reveal loci predisposing to common
diseases, such as DTC. Validation of the most significant
associations should include as a first step a replication in
a population similar to that used in the GWAS with the
purpose of ruling out false positivity. Replication in geo-
graphically distinct populations is also an important task
because the frequency of the predisposing alleles and en-
vironmental factors may show variations and account for
the observed large differences in the incidence rates world-
wide (8, 9).

The first GWAS on DTC was published by Gud-
mundsson et al (10). The first stage of this study was based
on 192 histopathologically confirmed Icelandic case pa-
tients with TC and 37 196 control subjects. The follow-up
study confirmed the associations of 2 variants, rs965513
on 9q22.33 (near FOXE1) and rs944289 on 14q13.3
(near NKX2–1), with DTC in 2 case-control groups of
European descent (10). These robust associations were
also identified in the second GWAS focused on radiation-
related papillary thyroid cancer (PTC) and further con-

firmed by independent studies performed in different pop-
ulations (11–16). Additional TC risk variants were
revealed in a GWAS based on circulating TSH levels. Four
TSH level–associated SNPs, rs116909374 (NKX2–1) on
14q13.3, rs966423 (DIRC3) on 2q35, rs2439302
(NRG1) on 8p12, and rs334725 (NFIA) on 1p31.3, were
further associated with TC both in the Icelandic popula-
tion and in the replication studies, including individuals
from the United States (Ohio), The Netherlands, and
Spain (17).

Recently, we reported the results of a GWAS in a high-
incidence Italian population (age-standardized rate [ASR]
� 13.5/100 000; http://eco.iarc.fr/eucan), showing a ro-
bust association with the FOXE1 locus. The other most
significant variants were first replicated in 2 additional
Italian populations and then in 3 low-incidence popula-
tions: Polish, United Kingdom, and Spanish (ASR � 4.1/
100 000, ASR � 3.8/100 000, and ASR � 3.8/100 000,
respectively; http://eco.iarc.fr/eucan). Although the com-
bined analysis of all populations revealed a genome-wide
significant association with DTC only for rs6759952
(DIRC3) on 2q35, the analysis of the Italian cohorts alone
showed suggestive associations with rs7617304 (within
RARRES1) on 3q25.32, rs10238549 and rs7800391
(IMMP2L) on 7q21, and rs10781500 (SNAPC4) on
9q34.3 (18).

Here, we tested our hypothesis of Italian-specific DTC
susceptibility loci further and report the results of a study
focusing on 45 SNPs selected from our GWAS. We tested
each variant in an Italian population similar to the pop-
ulation studied in the GWAS. Then, SNPs that showed
suggestive evidence of association were investigated fur-
ther in the Polish and the Spanish cohorts. We used in silico
tools to predict functional consequences for the most sig-
nificantly associated variants.

Materials and Methods

Ethics statement
Study participants were recruited according to the protocols

approved by the institutional review boards in accordance with
the Declaration of Helsinki. All subjects provided written in-
formed consent.

Study populations
This study was conducted on 4 sets of samples (Italian GWAS

and replication set, Polish and Spanish), which were described
elsewhere (18) and are reported in Supplemental Table 1. All case
patients and control subjects were of Caucasian origin. In brief,
the GWAS comprised 701 Italian patients with PTC ascertained
through the University Hospital Cisanello in Pisa and 499
healthy individuals from the Meyer Hospital in Florence (390
blood donors and 109 workers from the Meyer Hospital). The
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Italian replication cohort included 1539 patients with DTC at-
tending the University Hospital Cisanello in Pisa. The control
group (1719)was recruited fromindividualswithoutany thyroid
disease and cancer history: 1079 were workers at the same hos-
pital of Pisa and 640 were blood donors from the Meyer Hospital
in Florence. The Polish group comprised 468 patients with DTC
and 470 healthy control subjects from the Department of Nu-
clear Medicine and Endocrine Oncology, Maria Sklodowska-
Curie Memorial Cancer Center and Institute of Oncology in
Gliwice. The Spanish cohort consisted of 446 patients with DTC,
recruited by the Department of Genetics and Microbiology of
Autonomous University of Barcelona and 420 healthy
individuals.

DNA isolated from peripheral blood leukocytes (Italian, Pol-
ish, and Spanish cohorts) and oral mucosa cells (Spanish cohort)
were used. DNA was extracted according to the protocols used
in the respective institutions that provided the samples. The
DNA concentration was evaluated with a NanoDrop spectro-
photometer. For the Italian replication set and Polish samples,
whole-genome amplification was performed using an Illustra
GenomiPhi V2 DNA Amplification Kit (GE Healthcare), accord-
ing to the manufacturer’s protocol.

SNP selection
Candidate SNPs were selected based on the results of the

Italian GWAS reported by Köhler et al (18), in which the best 100
SNPs had already been investigated. Here, the following 150
SNPs were visually screened for the quality of their clustering
pattern. The Manhattan plots (�100 kb from the SNP position)
were also investigated, and the SNPs were screened for other
SNPs in linkage disequilibrium (LD) with the variant of interest.
Finally, we selected 45 SNPs for further evaluation. All of them
represented a region with at least 2 SNPs associated with DTC.

SNP genotyping
Depending on the SNP, genotyping was performed using ei-

ther the TaqMan SNP genotyping assay (Life Technologies) or
the KASPar v4.0 allele-specific PCR (KBioscience), according to
the manufacturer’s guidelines. All populations were genotyped
using the same assay for the same SNP. To assure the genotyping
reliability, repeated analysis was performed in a randomly se-
lected 5% of samples (the average concordance rate was 99%).
After excluding samples with �50% missing genotypes, all
markers had a call rate of �95%, with a mean call rate of 97%.
The original GWAS samples were regenotyped with TaqMan
(rs10136427, rs7267944, and rs1220597) or KASPar
(rs13184587) assays, and the results confirmed the GWAS data
(concordance of �99%).

Statistical analysis
We tested the genotype distributions in controls for Hardy-

Weinberg equilibrium by using the �2 test. For each SNP, logistic
regression analysis was performed to determine allelic odds ra-
tios (ORs) with 95% confidence intervals (CIs) and allelic P
values. The calculations were done for each cohort separately for
unadjusted models as well as with adjustment for sex and age/age
at diagnosis. The results for adjusted models were similar to the
unadjusted results and are not reported. For the Italian cohorts,
further adjustments for the enrollment center (University Hos-
pital Cisanello in Pisa and Meyer Hospital in Florence) or the
place of birth (Southern Italy or Northern and Central Italy) did

not substantially change the associations. For all replication
studies combined, calculations were performed, correcting for
age, sex, and cohort. The Cochran Q statistics were calculated to
test for heterogeneity, and the I2 statistics were calculated to
quantify the proportion of the total variation due to heteroge-
neity. All analyses were performed using SAS version 9.2 (SAS
Institute Inc).

Imputation
To evaluate the associated loci more thoroughly, we imputed

genotypes of all SNPs that were not genotyped in the GWAS
located 100 kb upstream or downstream of the most significant
SNP. We used genotype information from the CEU panels of the
publicly available HapMap3 (www.hapmap.org/) and 1000 Ge-
nomes Project (www.1000genomes.org/) databases. We used the
software IMPUTE2 to perform imputation analysis on each as-
sociated locus. Regional plots were generated using LocusZoom
(http://csg.sph.umich.edu/locuszoom/).

Computational analysis
We searched for SNPs in a strong LD (r2 � 0.8) with SNPs that

showed the strongest associations with DTC predisposition
based on the CEU data of the 1000 Genomes Project pilot release
(www.1000genomes.org/) (Supplemental Figure 1). To explore
the epigenetic profile of these regions, we checked the chromatin
state segmentation profile (ChromHMM) in the lymphoblastoid
cell line (GM12878) data generated by the ENCODE project and
available at the University of California, Santa Cruz (UCSC)
Genome Browser (http://genome.ucsc.edu/). To assess the pos-
sible functional role of each SNP we used the freely available tool
HaploReg v2 (www.broadinstitute.org/mammals/haploreg), an
ENCODE-based tool for investigation of noncoding genome
variants. In particular, it provides evidence of function associ-
ated with a SNP due to alterations in regulatory protein binding,
chromatin structure, histone modifications, and putative tran-
scription factor binding sites. In addition, we examined the ex-
pression quantitative trait loci data available for the closest gene
to each SNP (cis-eQTL) by using SNPexp (http://tinyurl.com/
snpexp). We tested each SNP for the 210 unrelated HapMap
phase II individuals pooled together using the additive model,
and we calculated the unadjusted P value and the P value after
Bonferroni correction. For the intronic SNPs, the effect on the
splicing mechanism was investigated by the online prediction
software developed within the Berkeley Drosophila Genome
Project, freely available at http://www.fruitfly.org/seq tools/
splice.html. This software analyzes the structure of the splice
donor and acceptor sites using a separate neural network rec-
ognizer for each site. Moreover, we used SpliceAid (http://
www.introni.it/splicing.html) to explain the effect of the intronic
alteration on the intronic splicing enhancers or silencers.

Results

Recently, we conducted a GWAS on the high-incidence
Italian population, including 701 case patients and 499
control subjects. After application of stringent GWAS
quality control criteria, 572 042 SNPs were tested for as-
sociation with DTC in 690 case patients and 497 control
subjects (18). Here, using 3 independent cohorts (Italian,
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Spanish, and Polish), we tested 45 new candidate loci iden-
tified in this GWAS. Characteristics of the participants in
the initial GWAS and in the present study were described
elsewhere (18) and are reported in Supplemental Table 1.

Association study
First, we genotyped 1539 Italian patients with DTC

and 1719 healthy control subjects to validate the 45 se-
lected SNPs (Supplemental Table 2). Two SNPs
(rs10464672 and rs1053005) demonstrated a deviation
from Hardy-Weinberg equilibrium in control subjects
(P � .005) and were excluded from the analyses.

A statistically significant association (P � .05) at the
same direction as in the GWAS was found for
SNPs rs13184587 in ARSB, rs1220597 in SPATA13,
rs10136427 upstream of BATF, and rs7267944 down-
stream of DHX35. Moreover, rs2281016 upstream of
TIPRL, rs1159444 upstream of GPD1L, and rs2245026
upstream of DACH1 showed the same direction of asso-
ciation as in the GWAS, although not statistically signif-
icant (Table 1). Combining the GWAS results with the
present Italian data (2260 case patients and 2218 control
subjects), we found that the most significant associations
were observed for rs10136427 (OR � 1.40; 95% CI,
1.23–1.60; P �4.35 � 10�7) and for rs7267944 (OR �
1.39; 95% CI, 1.24–1.56; P � 2.13 � 10�8). Moreover,
borderline associations were reported for rs13184587
(OR � 1.28; 95% CI, 1.15–1.43; P � 8.54 � 10�6) and
rs1220597 (OR � 1.26; 95% CI, 1.14–1.38; P � 3.25 �
10�6) (Table 1).

We proceeded to genotype the 7 SNPs in the Polish and
the Spanish cohorts (Table 1). Only the associations for
the SNPs rs10136427 and rs7267944 showed little evi-
dence of between-study heterogeneity and the joint anal-
ysis of all replication studies (Italian, Polish, and Spanish),
including 2453 case patients and 2609 controls, revealed
an association with DTC: rs10136427 (OR � 1.24; 95%
CI, 1.10�1.39; P �3.45 � 10�4) and rs7267944 (OR �
1.25; 95% CI, 1.12–1.40; P �4.56 � 10�5). When we
combined the statistical evidence from the previous
GWAS with the present replication studies (2985 case pa-
tients and 3727 control subjects), these 2 SNPs surpassed
the threshold of genome-wide significance (OR � 1.30;
95% CI, 1.17–1.44; P � 9.30 � 10�7 and OR � 1.32,
95% CI, 1.20–1.46; P �1.34 � 10�8, respectively). The
highly significant associations observed in both Italian
cohorts for rs13184587 and rs1220597 decreased after
addition of the Polish and the Spanish samples, also
indicated by the considerable between-study heteroge-
neity (Table 1).

To increase the knowledge about the associated re-
gions, we conducted imputation over a 200-kb interval

spanning the rs10136427, rs7267944, rs13184587, and
rs1220597 loci (Figure 1). In chromosome 14, the region
near the BATF gene was associated with DTC predispo-
sition, as demonstrated by the low P values of SNPs
rs10136427, rs3759738, rs17103360, and rs10144160
analyzed in our GWAS and by several imputed SNPs. Im-
putation analysis in the region surrounding rs7267944 did
not reveal any additional SNPs that were more signifi-
cantly associated with DTC risk. In chromosome 5, many
associations resulted from SNPs in strong LD with the
marker SNP rs13184587 in the intronic region of ARSB.
In chromosome 13, rs1220597 within SPATA13 and less
associated common variants, not in LD with the SNP of
interest, defined the association.

Prediction of the biological effect of the
associated regions

To discover the functional relevance of the associated
loci, we investigated the epigenetic profiles of the associ-
ation signals and we functionally annotated the LD block
containing each SNP.

The region including rs10136427 at chromosome 14
was reported as a weak enhancer region (Figure 1A).
Many SNPs in the LD block containing rs10136427 were
predicted to alter transcription factor binding sites by
HaploReg v2, and, in particular, the risk C allele of
rs10136427 removes a FOXD3 binding site. Several reg-
ulatory consequences were reported for rs4903324, lo-
cated 18 kb upstream of rs10136427 and in strong LD (r2

� 0.92) with it. Analysis of the position weight matrix
suggested that rs4903324 is located in the binding site of
transcription factors Gm397 and Pax-6. Chromatin im-
munoprecipitation sequencing data revealed that this vari-
ant also alters the binding of several regulatory proteins,
such as SRF, YY1, and FOS. Moreover, it seems that
rs4903324 is located at a site of multiple histone markers
(Supplemental Table 3). Nevertheless, according to
SNPexp none of the SNPs in the LD block of rs10136427
are associated with the expression level of BATF (Supple-
mental Table 4).

For chromosome 20, the chromatin state segmentation
profile did not reveal any functional consequences for
rs7267944 (Figure 1B). HaploReg v2 analysis indicated
that the minor allele of rs7267944 (downstream DHX35)
may affect the binding affinities of CEBPB (CCAAT/en-
hancer-binding protein �) transcription factor (Supple-
mental Table 3). eQTL analysis indicated that rs7267944,
rs6101462, and rs12329618 are associated with tran-
scription level of DHX35 gene (P � .05) and the associ-
ation of rs7267944 with the expression was statistically
significant also after the Bonferroni correction (P � .03)
(Supplemental Table 4).
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Table 1. Risk of DTC Associated With the 7 SNPs in All Cohorts

dbSNP
Identification
No. Chr Positiona Gene

Risk
Allele Cohort

No. of Case
Patients/
Control
Subjects

Risk Allele
Frequency
(Case
Patients/
Control
Subjects)

Allelic OR
(95% CI)b Pb

rs2281016 1 166414516 TIPRL A GWAS 646/414 0.27/0.20 1.49 (1.21–1.83) 1.84 � 10�4

Italianc 1437/1534 0.25/0.23 1.11 (0.99–1.26) 0.07
Both Italian cohorts 2083/1948 1.21 (1.08–1.35) 1.16 � 10�3

Polishc 448/424 0.18/0.20 0.87 (0.68–1.10) 0.24
Spanishc 375/408 0.26/0.21 1.32 (1.05–1.67) 0.02
All replications 2260/2366 1.09 (0.98–1.21) 0.10
Joint 2906/2708 1.16 (1.06–1.27) 2.03 � 10�3

Phet � 5.4 � 10�3, I2 � 76.34%
rs1159444 3 32121192 GPD1L T GWAS 646/414 0.14/0.09 1.67 (1.26–2.20) 2.83 � 10�4

Italiand 1486/1595 0.13/0.11 1.15 (0.98–1.34) 0.08
Both Italian cohorts 2132/2009 1.37 (1.18–1.58) 3.35 � 10�5

Polishd 456/447 0.06/0.09 0.59 (0.41–0.85) 3.8 � 10�3

Spanishd 375/405 0.15/0.12 1.40 (1.04–1.87) 0.02
All replications 2317/2447 1.15 (1.00–1.31) 0.05
Joint 2963/2861 1.23 (1.09–1.39) 9.13 � 10�4

Phet � 1 � 10�4, I2 � 85.95%
rs13184587 5 78242539 ARSB G GWAS 646/414 0.77/0.69 1.51 (1.24–1.83) 3.60 � 10�5

Italianc 1429/1541 0.76/0.72 1.19 (1.06–1.33) 4.15 � 10�3

Both Italian cohorts 2075/1955 1.28 (1.15–1.43) 8.54 � 10�6

Polishc 442/434 0.76/0.74 1.10 (0.88–1.36) 0.41
Spanishc 382/403 0.72/0.74 0.91 (0.73–1.14) 0.42
All replications 2253/2378 1.10 (0.99–1.21) 0.07
Joint 2899/2792 1.17 (1.07–1.27) 7.16 � 10�4

Phet � 6.4 � 10�3, I2 � 75.61%
rs1220597 13 23716013 SPATA13 C GWAS 646/414 0.48/0.39 1.42 (1.20–1.70) 7.11 � 10�5

Italiand 1458/1575 0.47/0.43 1.20 (1.08–1.33) 5.02 � 10�4

Both Italian cohorts 2104/1989 1.26 (1.14–1.38) 3.25 � 10�6

Polishd 435/449 0.44/0.43 1.01 (0.84–1.22) 0.92
Spanishd 332/407 0.47/0.47 1.00 (0.82–1.23) 0.99
All replications 2225/2431 1.09 (1.00–1.19) 0.06
Joint 2871/2845 1.16 (1.07–1.25) 2.64 � 10�4

Phet � 0.02, I2 � 70.16%
rs2245026 13 71387788 DACH1 G GWAS 644/414 0.21/0.14 1.56 (1.32–1.97) 1.62 � 10�4

Italiand 1446/1558 0.19/0.17 1.13 (0.99–1.29) 0.07
Both Italian cohorts 2090/1972 1.26 (1.11–1.42) 3.84 � 10�4

Polishd 444/439 0.23/0.23 1.04 (0.83–1.29) 0.75
Spanishd 249/404 0.24/0.23 1.07 (0.82–1.39) 0.61
All replications 2139/2401 1.09 (0.97–1.22) 0.14
Joint 2783/2815 1.17 (1.06–1.30) 2.09 � 10�3

Phet � 0.04, I2 � 65.14%
rs10136427 14 75049642 BATF C GWAS 646/414 0.88/0.81 1.62 (1.28–2.06) 5.73 � 10�5

Italiand 1515/1598 0.87/0.84 1.26 (1.09–1.45) 1.32 � 10�3

Both Italian cohorts 2158/2012 1.40 (1.23–1.60) 4.35 � 10�7

Polishd 458/444 0.79/0.76 1.19 (0.95–1.48) 0.12
Spanishd 380/406 0.84/0.83 1.05 (0.81–1.37) 0.72
All replications 2350/2448 1.24 (1.10–1.39) 3.45 � 10�4

Joint 2999/2862 1.30 (1.17–1.44) 9.30 � 10�7

Phet � 0.12, I2 � 49.06%
rs7267944 20 37380848 DHX35 C GWAS 646/414 0.26/0.18 1.54 (1.24–1.90) 6.60 � 10�5

Italiand 1477/1601 0.23/0.19 1.29 (1.14–1.45) 5.83 � 10�5

Both Italian cohorts 2123/2015 1.39 (1.24–1.56) 2.13 � 10�8

Polishd 454/442 0.17/0.16 1.10 (0.85–1.41) 0.45
Spanishd 374/406 0.21/0.18 1.23 (0.96–1.57) 0.11
All replications 2305/2449 1.25 (1.12–1.40) 4.56 � 10�5

Joint 2951/2863 1.32 (1.20–1.46) 1.34 � 10�8

Phet � 0.18, I2 � 38.63%

a According to National Center for Biotechnology Information (NCBI) build 36.
b For each analyzed cohort, unadjusted allelic ORs with corresponding 95% CIs and P values are shown. The joint analysis of all cohorts was
adjusted for age, sex, and cohort. Threshold P values using the Bonferroni correction: GWAS, P � 5 � 10�8; Italian replication, P � .001; Polish
and Spanish replications, P � .01.
c Genotyped with the KASPar assay.
d Genotyped with the TaqMan assay.
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Our in silico prediction revealed many functional roles
for the SNPs in the LD block of rs13184587, located in a
weak or poised enhancer region (Figure 1C). For example,
rs13154740 was predicted to affect binding sites for sev-
eral transcription factors (eg, SOX) and other regulatory
proteins (EGR1 [early growth response protein 1], TCF12
[transcription factor 12], NFKB [nuclear factor-�B], and
OCT 2 [POU class 2 homeobox 2, POU2F2]). Moreover,
these genetic variants affect chromatin structure and chro-
matin state (Supplemental Table 3), suggesting that they
may have an impact on ARSB regulation. According to
NNSplice, none of these intronic variants alter the accep-
torordonor splice sites (datanot shown),butmostof them

may have an effect on the intronic splicing enhancer and
silencer motifs (Supplemental Table 3).

The SNP rs1220597 is located in an intron of SPATA13
and according to the 1000 Genomes Project, there are no
SNPs in LD with it. The chromatin state segmentation
profile and HaploReg v2 analysis did not reveal any func-
tional consequence for rs1220597 (Figure 1D and Sup-
plemental Table 3). The variant C allele did not alter the
acceptor or the donor splice sites (data not shown). How-
ever, the substitution T to C was predicted to introduce an
additional RNA sequence (GCCCAG) target for the hn-
RNP-K factor, a component of the intronic enhancer com-
plex (Supplemental Table 3).

Figure 1. Regional association plots and chromatin state segmentation profile of the strongest associated variants after imputation. A–D,
rs10136427 is located upstream of BATF (A), rs7267944 is located downstream of DHX35 (B), rs13184587 is located in an intron of ARSB (C), and
rs1220597 is located in an intron of SPATA13 (D). In each plot, �log (10)P values (y-axis) of SNPs are shown according to their chromosomal
position (x-axis). SNPs of interest are indicated by a violet circle. SNPs that were genotyped in the GWAS are marked by circles; imputed SNPs are
marked as squares. The color of the SNPs represents the strength of the LD with the SNP of interest. The blue line indicates the local
recombination rate (cM/Mb). On the bottom, the chromatin state segmentation profile (ChromHMM) in a lymphoblastoid cell line (GM12878) is
shown.
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Discussion

To uncover new DTC risk variants, we investigated 45
SNPs from the loci that showed evidence of association
with DTC in a high-incidence Italian population in our
recent GWAS, which comprised 572 042 SNPs (18). The
associations between the SNPs rs10136427 and
rs7267944 and DTC reached close to a genome-wide sig-
nificance in the combined Italian populations. These as-
sociations were slightly strengthened by the Polish and
Spanish study populations. In addition, SNPs rs13184587
and rs1220597 showed a borderline association with
DTC in the Italian populations only.

rs10136427 at chromosome 14 is located in an inter-
genic region upstream from BATF (basic leucine zipper
transcription factor, ATF-like). BATF proteins form het-
erodimers with the Jun proteins and although the BATF/
Jun dimers bind as well as the Fos/Jun dimers to the target
DNA sequences, they possess a reduced ability to trans-
activate gene expression. For this reason, BATF proteins
are considered “AP-1 inhibitors” and experiments on
mouse myeloid leukemia cells have suggested that they can
act as tumor suppressors by promoting growth arrest and
differentiation (19, 20). Thus, the possibility that BATF
could play a similar role in other cell lineages, such as the
follicular cells of the thyroid, cannot be ruled out, but these
kinds of studies are still lacking.

In silico analysis demonstrated that the risk allele of
rs10136427 removes the consensus sequence 5�-A[AT]T-
[AG]TTTGTTT-3� recognized by the FOXD3 transcrip-
tion factor. FOXD3 belongs to the forkhead family of
transcription factors and acts as a tumor suppressor in
melanoma cells, colorectal cancers, and gastric cancers
(21–23). A heterozygous mutation in the promoter region
of FOXD3 was identified in a large family with autosomal
dominant vitiligo (OMIM: 607836), an autoimmune dis-
order frequently associated with other autoimmune dis-
eases, comprising Hashimoto thyroiditis (OMIM:
140300) (24, 25). Moreover, many genetic variants in the
LD block containing rs10136427 may alter the binding of
proteins and the function of regulatory elements (eg, en-
hancers). Nevertheless, they are not associated with the
expression level of the nearest gene (BATF). Thus, it is also
possible that this locus acts as a trans-regulatory region
controlling the expression of genes that reside further
away in the same or even in a different chromosome
(trans-eQTL).

Similarly, rs7267944 is located in a gene desert down-
stream of DHX35 [DEAH (Asp-Glu-Ala-His) box poly-
peptide 35] on chromosome 20. The gene product belongs
to the DEAD/H box protein family. These proteins are
classified as RNA helicases because they are involved in

every aspect of RNA synthesis and function (26). Dereg-
ulation of the enzymes implicated in such RNA processes
could affect cellular homeostasis and contribute to malig-
nant transformation. In fact, expression of the DEAD/H
box genes has been found to be deregulated in many types
of tumors (27). Their role in DTC has not yet been inves-
tigated, but a similar role could be supposed according to
our computational prediction. DEAD/H box proteins may
also be involved in the transcriptional regulation of genes
implicated in cell cycle or growth regulation (28). For ex-
ample, DP103 modulates the apoptotic activity of FOXL2
(29), belonging to the same FOX family as FOXE1, the
strongest gene associated with DTC risk identified so far
(10, 11, 14).

The rs7267944 risk allele destroys the CEBPB binding
site in silico. CEBPB belongs to the CACAAT/enhancer-
binding protein family involved in cell proliferation, dif-
ferentiation, and inflammation (30). Moreover, func-
tional studies performed on the strong DTC-associated
variant rs944289 on 14q13.3 have shown that the minor
allele of this SNP affects the CEBPB consensus sequence
(31), suggesting that CEBPB could have a key function in
DTC development and progression.

A possible role in DTC susceptibility was found for
rs13184587 on chromosome 5 (intron of ARSB) and
rs1220597 on chromosome 13 (intron of SPATA13) only
in the Italian cohorts. By using the SpliceAid web tool, we
found that both regions may be involved in deregulation
of splicing events and thus in protein synthesis. However,
the role of ARSB and SPATA13 in thyroid tissue has never
been investigated.

The strengths of the present study include the valida-
tion of the GWAS data in a large set of case patients and
control subjects from the same high-incidence Italian pop-
ulation as in the original GWAS. A replication in the Polish
and Spanish cohorts gave us an opportunity to further
evaluate the associations in 2 low-incidence populations.
Both genetic and environmental factors can contribute to
the differences in the incidence rates of DTC in Europe
(32). It is possible that the identified risk variants are in
high LD with rare functional variants (eg, related to
founder effects and eliciting intermediate/high risks)
among Italians but not in the Polish or the Spanish pop-
ulations used in the replication phase. Similar population
differences have previously been shown, eg, for breast,
prostate, and pancreatic cancer (33–35). Population-spe-
cific environmental factors or gene-environmental inter-
actions may also contribute to the SNP associations. Un-
fortunately, lack of information on the demographic,
dietary, occupational, or lifestyle factors of the partici-
pants did not allow us to analyze the interactions between
these factors and the SNPs. Finally, the relatively small
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sample size of the Polish and the Spanish cohorts limited
the statistical power to detect small effect sizes and may
partly explain the lack of replication.

In conclusion, we performed a case-control association
study of GWAS candidate loci for DTC in three European
populations. Although a strong significant association for
SNPs rs10136427 and rs7267944 was found in the com-
bined analyses of all cohorts, a possible role in DTC sus-
ceptibility was found for rs13184587 and rs1220597 only
in the Italian cohorts. In silico analyses provided new in-
sights into possible functional influence for these loci. Fur-
ther studies are warranted to identify the specific genetic
variants responsible for the observed associations as well
as functional assays to validate our bioinformatic predic-
tions and to reveal underlying biological processes.
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