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SUNTO. – Il carcinoma tiroideo differenziato (DTC) è il tumore endocrino più fre-
quente ed in Italia si registra una elevata incidenza. Il rischio d’insorgenza di questa
malattia è significativamente maggiore nei parenti di primo grado degli individui
affetti suggerendo che anche le varianti genetiche germinali possano contribuire alla
sua insorgenza. Precedenti studi di associazione sull’intero genoma (GWASs) hanno
permesso l’identificazione di polimorfismi a singolo nucleotide (SNPs) associati con
il rischio di DTC localizzati nelle regioni 2q35, 9q22.33 e 14q13.3. Al fine di indivi-
duare nuovi loci di suscettibilità al DTC, è stato eseguito un GWAS sulla popolazione
italiana. In seguito, gli SNPs più interessanti sono stati analizzati in una popolazione
italiana più ampia e in altre casistiche europee. I risultati di questo studio hanno con-
fermato il ruolo del loci 2q35 e 9q22.33 nella suscettibilità al DTC. Inoltre, i polimor-
fismi nelle regioni 14q24.3 e 20q11.22-q12 sono risultati associati ad un incremento
del rischio di DTC nell’analisi combinata di tutte le popolazioni analizzate, e gli SNPs
localizzati in 3q25.32, 5q14, 7q21, 9q34.3, 11p15, 13q12.12 e 20p11 sono risultati
associati alla malattia soltanto negli Italiani. Secondo i dati del progetto ENCODE,
molti di questi polimorfismi si trovano all’interno di regioni di regolazione della tra-
scrizione e lo studio delle eQTL ha mostrato che cinque degli SNPs identificati in
questo studio sono associati alla regolazione dei loro geni più vicini in diversi tessuti,
compreso il tessuto tiroideo. In conclusione, tramite questo studio sono stati identi-
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ficati nuovi alleli di suscettibilità al DTC ed è stato proposto un loro possibile ruolo
funzionale.

***
ABSTRACT. – Differentiated thyroid cancer (DTC) is the most common endocrine tumor,
showing a high incidence in Italy. A significant higher risk of this cancer is described in
first-degree relatives of DTC patients compared to the general population suggesting that
germline genetic variants may contribute to its development. Previous genome-wide asso-
ciation studies (GWASs) on DTC have identified robust associations with single
nucleotide polymorphisms (SNPs) at chromosomes 2q35, 9q22.33 and 14q13.3. In order
to identify additional DTC susceptibility loci, a novel GWAS on the Italian population
was conducted. The GWAS was followed by validation studies, where the most interest-
ing SNPs were replicated in a larger Italian population and other European cohorts.
Previously observed association for 2q35 and 9q22.33 was confirmed. Moreover, a strong
relationship of DTC risk was found with SNPs on 14q24.3 and 20q11.22-q12 across all
populations and SNPs on 3q25.32, 5q14, 7q21, 9q34.3, 11p15, 13q12.12 and 20p11 only
among Italians. According to ENCODE Project data, many of these SNPs are located in
transcription regulatory regions and eQTL analyses showed that five of the associated
SNPs may affect the expression levels of their closest genes in different human tissues,
including thyroid. In conclusion, novel DTC risk alleles were identified and new insights
into their possible functional role were discovered.

1. INTRODUCTION

Thyroid cancer (TC) comprises approximately 1% of all human
malignancies and it is the most common endocrine malignancy, repre-
senting up to 80% of all cancers originating from endocrine organs [1].
Worldwide, thyroid cancer incidence varies in different geographic
regions and it is overall higher in more economically developed coun-
tries. In Europe particularly elevated age-standardised rates (ASRs)
were observed in Lithuania (ASR=15.5/100,000), Italy (ASR=13.5/
100,000) and Austria (ASR=12.4/100,000) (http://eco.iarc.fr/EUCAN/
and http://globocan.iarc.fr).

Approximately 90% of diagnosed TCs arise from the thyrocytes,
the thyroid hormone–producing cells, and are classified as differentiat-
ed thyroid cancers (DTCs). Among them, the most frequent subtype is
papillary (PTC, 75%), followed by follicular (FTC, 10%), Hurthle cells
(5%), and poorly differentiated carcinomas (1%–6%). Only a small
proportion of TCs, called medullary thyroid cancer (MTC), originates
from thyroid parafollicular cells [2].

There are few known TC risk factors except for exposure to ion-
izing radiation, female gender and a previous benign thyroid disease
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[3]. Interestingly, TC is characterized by having one of the highest her-
itability among all cancer sites, as demonstrated by a significantly high-
er risk in first-degree relatives of patients with DTC than in the general
population and suggesting that also germline genetic variants (e.g. sin-
gle nucleotide polymorphisms, SNPs) may contribute to the risk of the
disease [4].

In order to identify SNPs associated with DTC genetic predispo-
sition case-control association studies were conducted [5]. To date, can-
didate gene/pathway association studies remain the most prevalent type
of investigation with more than 100 studies published and more than
300 SNPs examined. Of them, SNPs within genes involved in DNA
repair pathways, cell-cycle control, xenobiotic metabolism and in the
MAPK pathway were frequently investigated. While some of these vari-
ants could represent true associations with DTC, many failed to be repli-
cated among additional populations and could be false-positive [6].

During the past decade genome-wide association studies (GWASs)
emerged worldwide as an unbiased approach, independent of a priori
knowledge on the disease, to reveal SNPs and genomic regions associated
with human cancer risk. GWASs rely on the phenomenon of linkage dis-
equilibrium (LD) wherein SNPs are not inherited individually but
instead are in LD blocks, with many nearby SNPs being highly correlat-
ed. This allows obtaining information on ~50,000 variants by analyzing
only one SNP (formally named “tag-SNP”) and therefore it may be used
to study the entire genome by evaluating ~500,000-700,000 tag-SNPs
[7]. GWASs are commonly performed using a multistage approach. In
the first stage (e.g. the discovery phase), all tag-SNPs are tested on a small
subset of cases and control. During the second stage (e.g. the validation
phase), significant tag-SNPs, are analyzed in a population similar to that
used in the previous phase with the purpose of ruling out false positive
associations. Moreover, validations in different populations represent
also an important task to check if the observed effects are specific for the
discovery population or if they may be extended to different geographic
groups [8, 9]. Once the association of a SNP is confirmed, the next chal-
lenge lies in discovering its functional role and in the identification of its
target gene. While few GWAS-identified SNPs are predicted to disrupt
protein-coding regions, the great majority of them, approximately 88%,
lie in intergenic or intronic regions and could be located within transcrip-
tional regulatory elements (such as promoters, enhancers, transcription
factor binding sites [TFBSs] and DNaseI hypersensitive sites [DHSs]).
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All these functional elements of the human genome were annotated by
the ENCODE (ENCylopedia Of DNA Elements) project and they could
be mined to uncover the possible functional role of GWAS-identified
SNPs [10, 11]. Moreover, it was clearly reported that inherited genetic
variants within several genomic regions, called expression quantitative-
trait loci (eQTLs), are associated with expression of many transcripts.
Thus, studying the associations between SNPs and gene expression levels
may represent a useful way to connect risk variants to their putative genes
or transcripts. eQTLs can be located either near (1 Mb) the gene they
regulate (cis-eQTL) or at a significant distance away from it (trans-eQTL)
[12, 13]. At this regard, the Genotype-Tissue Expression (GTEx) pro-
gram has recently provided expression levels of human genes in trans-
formed fibroblasts and in several tissues from healthy individuals allow-
ing the characterization of the eQTLs and the interpretation of GWAS-
identified SNPs [14].

In 2009 Gudmusson and collaborators published the first GWAS
on DTC. The strongest signals were found for the SNP rs965513 on
9q22.33, 57 kb upstream FOXE1 with (OR=1.75, 95% CI 1.59-1.94)
and rs944289 on 14q13.3, near NKX2-1 (OR=1.37, 95% CI 1.24- 1.52)
[15]. The importance of FOXE1 in the disease genetic predisposition
was confirmed in a second GWAS performed on radiation-related
PTCs. In particular, the association for rs965513 was confirmed
(OR=1.65, 95% CI 1.43-1.91) and a statistically significant association
was found for rs1867277 (OR=1.48, 95% CI 1.27-1.71) [16]. Additional
DTC risk variants were found through a GWAS on circulating TSH lev-
els. In this study the strongest association was observed for rs116909374
on 14q13.3 with an OR of 2.09 (95% CI 1.68-2.60). Similarly, the vari-
ants rs966423 on 2q35 (within DIRC3) and rs2439302 on 8p12 (within
NRG1) were significantly associated with DTC with OR of 1.34 (95%
1.22-1.47) and 1.36 (95% CI 1.23-1.50), respectively [17].

In order to search for additional variants predisposing to DTC a
novel GWAS on the high-incidence Italian population was performed
thanks to a successful collaboration among the Department of
Endocrinology and Metabolism of the University Hospital Cisanello of
Pisa (Italy), the Department of Biology of the University of Pisa (Italy)
and the Division of Molecular Genetic Epidemiology of the German
Cancer Research Center (DKFZ, Heidelberg, Germany). The GWAS
was followed by the replication of SNPs that showed suggestive evi-
dence of association in other European cohorts and by the assessment
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of the cumulative effect of the identified SNPs. The functional role of
the best-associated SNPs was also investigated by using ENCODE
project experimental data and by eQTL analyses.

2.  RISK VARIANTS ASSOCIATED WITH DIFFERENTIATED THYROID
    CANCER RISK

The local Ethical Committee approved this study and all partici-
pants gave their written informed consent to participate according to
Helsinki declaration.

The discovery phase of the GWAS was performed on Italian his-
tologically confirmed DTC patients and healthy controls. A total of 701
cases were recruited at the Department of Endocrinology and
Metabolism of the University Hospital Cisanello in Pisa. The control
group comprised 499 healthy individuals without any thyroid disease
and cancer history and included workers who underwent a routine
check-up at the same hospital of Pisa and blood donors from the Meyer
Hospital in Florence. After the application of strict quality controls
572,042 SNPs were analyzed for association with DTC in 690 cases and
497 controls. The results of this phase confirmed the role of the SNPs
identified in previous GWASs on DTC predisposition. In particular, a
robust evidence for a relationship between FOXE1 and the risk of the
disease with multiple SNPs annotating in the region having p-
value<5.0×10-8. Because the association between FOXE1 and DTC was
already well-established, SNPs in this region were excluded from the
following phases of analysis (Fig. 1) [18].

Validation studies were conducted on four European cohorts. The
Italian cohort (Italian1+Italian2) included 1,539 patients and 1,719 con-
trols collected in the same hospitals of the samples of the discovery phase.
The Polish group comprised 468 patients with DTC and 470 healthy con-
trols from the Department of Nuclear Medicine and Endocrine Oncology,
Maria Sklodowska-Curie Memorial Cancer Center and Institute of
Oncology in Gliwice. The Spanish cohort consisted of 446 patients,
recruited at the Department of Genetics and Microbiology of
Autonomous University of Barcelona, and 420 healthy individuals. The
United Kingdom series consisted of 509 cases, ascertained through the
Institute of Cancer Research/Royal Marsden Hospital National Health
Service Trust, and 1,118 controls recruited through the National Study of
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Colorectal Cancer. A total of 109 SNPs, selected within regions showing
stronger association signals (e.g. lower p-value) with DTC risk, were vali-
dated in the larger Italian population. Of them, 24 SNPs positively repli-
cate the GWAS associations and were also analyzed in Polish, UK and
Spanish cohorts. The joint analysis of all populations (2,985 cases and
3,727 controls) revealed a genome-wide significant association with DTC
for rs6759952 near DIRC3 on 2q35 (OR=1.25, 95% CI 1.16-1.34, p-
value=6.4×10-10), rs10136427 near BATF on 14q24.3 (OR=1.30, 95% CI
1.17-1.44, p-value=9.30×10-7) and rs7267944 near DHX35 on 20q11.22-
q12 (OR=1.32, 95% 1.20-1.46, p-value=1.34×10-8). The role of the SNPs
was also assessed only in the Italian population, totaling 2,260 cases and
2,218 controls. The most significant associations were observed for
rs7617304 upstream RARRES1 on 3q25.32 (OR=1.25, 95% CI 1.12-1.39,
p-value=4.6×10-5), rs13184587 within ARSB on 5q14.1 (OR=1.28, 95% CI
1.15-1.43, p-value=8.54×10-6), rs10238549 (OR=1.27, 95% CI 1.15-1.40,
p-value=4.1×10-6) and rs7800391 downstream IMMP2L on 7q21
(OR=1.25, 95% CI 1.14-1.38, p-value=5.7×10-6), rs10781500 downstream
SNAPC4 on 9q34.3 (OR=1.23, 95% CI 1.12-1.36, p-value=3.5×10-5),
rs7935113 within GALNTL4 on 11p15.3 (OR=1.36, 95% CI 1.20-1.53, p-
value=7.41×10-7), rs1220597 within SPATA13 on 13q12.12 (OR=1.26,
95% CI 1.14-1.38, p-value=3.25×10-6) and rs1203952 upstream FOXA2
on 20p11 (OR=1.29, 95% CI 1.16-1.44, p-value=4.42×10-6) (Tab. 1) [18-
20]. The cumulative effect of the 11 independent susceptibility SNPs in
10 genes identified in the Italian population was also evaluated. A dose-
dependent increase in risk of DTC was observed with an increasing num-
ber of risk alleles (OR=1.30, 95% CI 1.26-1.35, p-trend=3.13×10-47). In
particular, individuals carrying ≥14 risk alleles had 7.68 times higher risk
of getting DTC as compared to those with ≤7 risk alleles (Fig. 2) [19].

3.  BIOINFORMATIC AND eQTL ANALYSES OF THE RISK VARIANTS

Computational approaches were employed to functionally anno-
tate the associated SNPs. Briefly, ENCODE Project data were quarried
using the HaploReg v2 tool and eQTL analyses were performed taking
advantage of data free available on GTEx Portal [14, 21]. Among the
three variants that were found associated with the risk of DTC in the
combined analysis of all the European populations, rs6759952 (DIRC3)
and rs10136427 (BATF) were found to map in regions of weak and
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strong enhancers. Both SNPs alter the binding sites for regulatory pro-
tein: rs6759952-T risk allele introduces the consensus sequence for
Pou1f1, Pou2f2, TLX1 and YY1 proteins and rs10136427-C risk allele
removes a FOXD3 site. Little support for the functional role of
rs7267944 (DHX35) was found.

Fig. 1 –Manhattan plot of simple 2 allelic test of association p-values from the GWAS.
The plot shows the –log10p-values for each tagSNP against chromosomal location.
Values for each chromosome are reported in different colors for visual effect.

Fig. 2 – Cumulative risk assessment. (A) Sample distribution according to the number
of risk alleles in eleven SNPs associated in the Italian DTC cases (black columns) and
controls (grey columns). (B) Plot of the increasing ORs for DTC with increasing num-
ber of risk alleles. The category ≤7 was chosen as reference (OR=1.0); vertical bars cor-
respond to 95% confidence intervals.

A possible regulatory consequence was identified for all the SNPs
associated with the disease only in the Italian population, except for
rs1220597 (SPATA13). The variants rs7617304 (RARRES1),
rs10238549 and rs7800391 (IMMP2L) and rs7935113 (GALNTL4) are
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Tab. 1 – Risk of differentiated thyroid cancer associated with single nucleotide polymor-
phisms identified in the present study. Significant results at a genome-wide level are
highlighted in bold.



located within enhancer histone markers and DHSs in different human
cell lines and in silico analyses showed that they may affect binding sites
for several regulatory proteins. The genomic regions comprising
rs10781500 (SNAPC4) and rs13184587 (ARSB) were found enriched of
transcriptionally active regions, including enhancers and promoters.
rs1203952 (FOXA2), was predicted to alter the binding of Evi-1,
Foxp1, Pou2f2 and SIX5 TFs and of the regulatory protein FOXA1
and to have an effect on the chromatin structure in breast cancer cells
[19, 20].

eQTL analyses indicated that five of the associated SNPs may
affect gene expression levels and for three of them a role on thyroid tis-

sue was reported. The strongest GWAS signal was found for rs6759952
and the GTEx Portal tool showed that the T risk allele is associated
with an increased expression of DIRC3 gene in testis (p-value=2.2×10-
7). The rs7617304-A risk allele was found to alter the mRNA levels of
six genes in different tissues (GFM1, LXN, MLF1, RP11-379F4.4,
RP11-379F4.7 and RP11-379F4.4) and in particular, it reduces the
expression of RP11-379F4.4 in thyroid tissues (p-value=9.3×10-11). On
7q21 the rs7800391-T allele affects the AC003088.1 in human trans-
formed fibroblasts with a (p-value=2.2×10-20). The C allele of the SNP
rs10781500 was associated with the increased expression of four differ-
ent genes in thyroid, GPSM1 (p-value=2.0×10-5), INPP5E (p-
value=5.3×10-28), PMPCA (p-value=4.1×10-8) and SDCCAG3 (p-
value=1.8×10-5) and similar results were also observed in other human
tissues. Instead, the rs1203952-G seems to have a thyroid-specific role
where it causes the down-regulation of the FOXA2 (p-value=1.6×10-18),
LINC00261 (p-value=3.6×10-11) and RP4-788L20.3 (p-value=5.0×10-17)
(Tab. 2, unpublished data).

4.  CONCLUSIONS AND FUTURE PERSPECTIVES

In conclusion, through a GWAS followed by validation studies
novel common genetic variants influencing DTC genetic predisposition
were identified. Following this study, two further GWASs on the
European populations were published and SNPs on 1q42.2, 3q26.2,
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Tab. 2 – eQTL analysis based on Genotype-Tissue Expression (GTEx) program data.
Significant results on thyroid tissues are highlighted in bold. Up=up-regulation,
Down=down-regulation.



5p15.33, 6q14.1, 10q26.12, 10q24.33 and 15q22.33 emerged as novel
DTC risk factors [22, 23]. However, current evidence from available
GWASs explains only a small proportion of the disease heritability.
Several explanations for the missing heritability were proposed. These
included rare variants in novel pathways that are undetectable through
traditional GWAS study design, structural variants, such as CNVs, that
are poorly captured by existing technologies, insufficient power to
detect gene-gene interactions and environmental factors. Thus, further
studies on large sample sets and based on novel experimental
approaches, as array-based fine-mapping, next generation sequencing
and gene- environment association studies, are warranted to identify
the predisposing factors that could explain a greater percentage of
DTC heritability.
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