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Abstract

To date, few association studies have been done to better
understand the genetic basis for the development of sporadic
medullary thyroid carcinoma (sMTC). To identify additional
low-penetrance genes, we have done a two-stage case-control
study in two European populations using high-throughput
genotyping. We selected 417 single nucleotide polymorphisms
(SNP) belonging to 69 genes either related to RET signaling
pathway/functions or involved in key processes for cancer
development. TagSNPs and functional variants were included
where possible. These SNPs were initially studied in the largest
known series of sMTC cases (n = 266) and controls (n = 422),
all of Spanish origin. In stage II, an independent British series
of 155 sMTC patients and 531 controls was included to
validate the previous results. Associations were assessed by an
exhaustive analysis of individual SNPs but also considering
gene- and linkage disequilibrium-based haplotypes. This
strategy allowed us to identify seven low-penetrance genes,
six of them (STAT1, AURKA, BCL2, CDKN2B, CDK6, and COMT)
consistently associated with sMTC risk in the two case-control
series and a seventh (HRAS) with individual SNPs and
haplotypes associated with sMTC in the Spanish data set.
The potential role of CDKN2B was confirmed by a functional
assay showing a role of a SNP (rs7044859) in the promoter
region in altering the binding of the transcription factor
HNF1. These results highlight the utility of association studies
using homogeneous series of cases for better understanding
complex diseases. [Cancer Res 2007;67(19):9561-7]

Note: Supplementary data for this article are available at Cancer Research Online
(http://cancerres.aacrjournals.org/).
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Introduction

Medullary thyroid carcinoma (MTC) is a rare tumor arising from
parafollicular thyroid cells or thyroid C cells and constitutes
approximately 5% to 10% of all thyroid neoplasias (1). MTC
generates up to 50% of local metastases to cervical and mediastinal
nodal groups and ~ 20% of distant metastases to the lung, liver, or
bone (2).

Approximately 25% of all MTCs are associated with the
development of multiple endocrine neoplasia type 2 (MEN2; MIM
#171400""), a cancer syndrome with dominant autosomal inheri-
tance, a variable expression pattern, and almost complete
penetrance. Clinical classification of MEN2 has been established
based on the spectrum of germ-line mutations detected along
different exons of the proto-oncogene RET in large series of MEN2
families (3, 4). However, the intrafamilial and interfamilial
phenotypic variability concerning the age of onset and tumor
spectrum suggest that genetic modifying factors exist (5), and this
has been confirmed using animal models (6). However, data on
possible genetic factors involved in clinical MEN2 variability are
scarce (7, 8), which is partially due to the low prevalence of this
syndrome (1:30,000; ref. 9).

On the other hand, 75% of MTCs appear as sporadic tumors
and behave as a complex (or multifactorial) disease, probably
caused by multiple common genetic variants in different
susceptibility genes commonly known as “low-penetrance genes.”
Although linkage analysis has been very successful in the
identification of genes responsible for Mendelian diseases in
the last few decades, its application to complex diseases has had
limited success (10). It is now widely thought that large scale
genotyping methods in combination with an appropriate study
design may bring the genetics of complex diseases to a point of
success comparable with that of the genetics of Mendelian
diseases (11). Most of the studies aiming to identify low-
penetrance genes for sporadic MTC (sMTC) have been case-
control in design, with a relatively small number of subjects and
few genes included in the analyses (7, 12, 13).

14 http://www.ncbi.nlm.nih.gov/omim
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We have carried out a two-stage case-control study in independent
populations, focused on genes related to RET signaling pathway/
functions or key processes for cancer development, with the aim of
identifying low-penetrance genes involved in sMTC etiology.

Materials and Methods

Subjects

Two hundred and sixty-six Spanish patients with MTC, recruited between
1996 to 2005, were classified as sporadic because germ-line mutations along
exons 10 and 11 and exons 13 to 16 of the RET proto-oncogene were not
detected. Diagnosis of MTC was based on documented pathologic examination
by specialist physicians, and the mean age of diagnosis was 51.9 years (range,
14-91 years). Controls were 422 Spanish individuals free of thyroid cancer
recruited between 1999 to 2005 via the following sources: 93 (22%) individuals
attending the Unidade de Xenetica of the University of Santiago de Compostela
for paternity testing; 131 (31%) from the Menopause Research Centre at the
Instituto Palacios, Madrid, and 198 (47%) obtained from the National Blood
Transfusion Centre in Madrid. These controls presented a similar age (median
age, 48 years; range, 20-92 years) and sex distribution as the cases. An additional
and independent group of 48 controls was used to check Tagman probe
accuracy.

British cases (n = 155) were all individuals with histologically proven
MTC, who were referred to the National Health Service Genetic Diagnostic
Laboratory at Addenbrooke’s Hospital between 1996 to 2000 for testing
known RET mutations associated with MEN2. All these cases had tested
negative and their mean age at diagnosis was 48 years (range, 14-80 years).
British controls were 531 anonymous individuals selected from the
European Prospective Investigation into Cancer and Nutrition study (14),
a population-based cohort study of diet and health based in the East Anglia
region of the United Kingdom. Median age was 60 years (range, 45-74
years), and none of them had a recorded history of malignancy or endocrine
disease.

Informed consent was obtained from all participants in both studies.

Selection of Candidate Genes
A total of 69 genes were selected, 15 belonging to the RET pathway
(GFRAI, GFRA3, ARTN, GDNE NRIN, AKTI1, BRAFI, CDKN2A, CDKN2B,
GRB2, NFKBI, PIK3CB, PIK3RI, PIK3R2, and SOSI); 50 involved in cancer
processes in which RET has been described previously to participate: genes
involved in apoptotic events (APAFI, BAX, BCL2, BCL2LI, CASPI0, CASP3,
CASPS, CASP9, E2F1, NFKBIA, RELA, TRAF1, and WRN), signal transduction
pathways (AGTRI, ARHGDIB, BCR, CD44, COMT, EGE EGFR, ERBB2, FOS,
HIF1-0, HRAS, NFKB2, AURKA, and TRAF6), cell cycle regulation (CCDN3,
CDC254, CDK2, CDK4, CDK6, CDKN2C, MAP2KI, MAP2K3, MAP2K4,
MAP2K6, MAPK14, MAPKAPK2, MAPKAPK5, PCNA, PTEN, RBI, and STAT1),
and cell adhesion (APC, IL2, IL6, PTTGI, TNFRSF6, and TNFSF6); and 4
genes commonly associated with tumor development (ATM, MDM?2, TERT,
and VEGF).

In silico Tools and Criteria for the Selection of Polymorphisms

PupaSuite bioinformatics tool'® (15) was used to select single nucleotide
polymorphisms (SNP) considering their allele frequency and potential
functional effects. In total, 417 allelic variants in the 69 genes were selected
and genotyped (Supplementary Data) based on the following criteria: (a)
taking into account linkage disequilibrium (LD) blocks defined according to
the HapMap information'® (16) for each gene, we selected tagSNPs where
possible using HapMap CEU genotyping data (17) and Haploview software;
(b) genomic areas located between LD blocks were analyzed using a SNP
density of 1 per 8 to 15 kb; (¢) when possible, putative functional SNPs were
chosen; these included nonsynonymous coding SNPs, polymorphisms in

' http://pupasuite.bioinfo.cipf.es/
'® http://www.hapmap.org

intron/exon junctions, SNPs in putative transcription factor binding sites
(TFBS) in the promoter regions of the genes (up to 10 kbp upstream of the
transcription start site), and potential exonic splicing enhancers (ESE); (d)
interspecies conservation (human-mouse) was used either as a criterion for
reinforcing the prediction of functional motifs (TFBSs and ESEs) or as a tool
for the selection of phylogenetically conserved intronic variants; (¢) an allele
frequency >10% in case of intronic SNPs and >5% in case of potentially
functional SNPs; and (f) SNPs genotyped using the Illumina platform had to
have an assay score of at least 0.6 (see details in the Illumina platform
section below).

Genotyping Platforms

Two platforms were used to genotype the 417 polymorphisms: Tagman
(57 SNPs from 13 genes) and Illumina (366 SNPs from 59 genes). To test the
reliability of the techniques, six SNPs belonging to three genes (BRAE,
CDKN2A, and CDKN2B) were studied with both platforms. Duplicates and
negative controls were included on each plate as described below, as an
additional quality control measure. Moreover, each genotyping assay
contained both healthy controls and sMTC cases. Both Spanish and British
populations were genotyped under the same experimental conditions.

Tagman platform. Probe accuracy to discriminate the two alleles at a
specific locus was initially checked in a set of 48 DNA samples from
controls. Both this plate and those of cases and controls subsequently
genotyped included four DNA duplicates and a negative control. The assay
was first done at the default annealing and extension temperature
recommended by the manufacturer (a denaturing step of 15 s at 92°C,
followed by annealing and extension for 1 min at 60°C for 40 cycles; see
details at Applied Biosystems Web site).'” If these conditions did not
distinguish among the three possible genotype clusters, a second
amplification was done using a lower annealing and extension temperature
(58°C). Assays that did not give satisfactory results under the latter
conditions were excluded from the analysis.

Illumina platform. Information concerning the methodologic principle
and other technical characteristics of this genotyping platform is available
at [lumina web page.'® Tllumina established an assay score based on the
nucleotide composition of the DNA region and on the presence of
duplicated or highly repetitive sequences, palindromes, and neighboring
polymorphisms. Polymorphisms showing an Illumina quality score <0.6
were rejected for the final pool of genotyped SNPs. Rejected SNPs were
substituted by neighboring genetic variants fulfilling the specific Illumina
criteria. One DNA intra-assay duplicate, one interassay duplicate, and one
negative control were included in each 96 sample assay.

Statistical Analysis for Individual Polymorphisms

Departure from Hardy-Weinberg equilibrium (HWE) for all SNPs was
tested in controls using the genAwi command in STATA version 8.
Associations between individual SNPs and thyroid cancer risk were assessed
by comparing minor allele frequencies (MAF) between controls and cases
using Pearson’s X’ test. Genotype frequencies in cases and controls were
compared and odds ratios (OR) were estimated by applying unconditional
logistic regression, using homozygotes in the more frequent allele in
controls as the reference group. For each SNP, the best fitting model among
dominant, recessive, and multiplicative (single variable) codominant models
was determined by parsimony, and this was tested against the two-variable
codominant model via the likelihood ratio test. Associated nominal P values
for the best fitting model were determined using the likelihood ratio test.

Two methods were considered to address the issue of multiple testing in
the analysis of the Spanish series. A modified Bonferroni-corrected nominal
threshold of P = 0.05/N* was used, where N* is the “effective number of
independent marker loci” after consideration of LD between SNPs on the same
chromosome. N* was calculated using the formula of Li and Ji (18), by applying
the web-based program SNPSpD ' (19, 20) to SNPs on individual chromosomes

'7 http://www.appliedbiosystems.com/
'8 http://www.illumina.com/
' http://genepi.qimr.edu.au/general /daleN/SNPSpD/
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and summing estimates across chromosomes as described above (19). This
approach, which appropriately accounts for the nonindependence of SNPs on
the same chromosome due to LD, has been shown to closely approximate
results from adjustment for multiple testing using permutation methods (19,
20). The distribution-free method of controlling the false discovery rate (FDR) of
Benjamini and Liu (21), which is robust to the presence of nonindependent
explanatory variables, was also applied.

Candidate SNPs identified in the Spanish series were tested for
associations with sMTC in the British series using one-sided
P values based on the relative frequencies in Spanish cases versus controls.
Analyses of pooled data were adjusted for country as a dichotomous
variable, although this was not possible for all SNPs due to genotyping
failure in the British series.

Computational Inference of Haplotypes

Haplotypes for each gene were inferred using PHASE version 2.0% (22), a
computational tool based on Bayesian methods. Case-control comparisons
of haplotype distributions were carried out by applying a gene-based
analysis, considering all the polymorphisms genotyped for each gene
independently of LD blocks. This analysis was done for Spanish subjects
with complete data for all SNPs genotyped per gene by applying the inbuilt
permutation test, based on 10,000 permutations. Genes with overall Phase P
< 0.05 were reanalyzed by LD blocks (16), where applicable, to narrow down
the putative candidate region. These analyses were repeated for British data
and later for data from both studies pooled, to validate results.

Associations between specific haplotypes and risk of MTC were assessed
for those genes with Phase P < 0.05 using the Haplo.Stats package in R,
which generates haplotype-specific score statistics as well as their
associated P values. Haplotype-specific ORs were calculated by comparing
the frequency of a specific haplotype with the combined frequency of the
remaining haplotypes in cases versus controls.

Electrophoretic Mobility Shift Assay

Electrophoretic mobility shift assays (EMSA) were carried out to assess
the biological role of the two polymorphisms (rs2106119 and rs7044859),
respectively, located at putative Pax6 and HNFla binding sites of the
CDKN2B promoter. Purified nuclear protein extracts of the mTT human
MTC cell line were obtained through routine procedures (23). Seven
micrograms of these protein extracts were incubated with 200 ng of the
following Pax6- or HNFla-related dsDNA probes, which were labeled
previously with y-ATP (25 pCi):

Pax6 consensus binding region (24), rs2106119 normal allele: 5-
CTTTATTCAAGAA[T]GAGTTTCAAT-3 and its corresponding complemen-
tary sequence; rs2106119 Polymorphic allele: 5-CTTTATTCAAGAA[C]-
GAGTTTCAAT-3 annealed to its antisense oligonucleotide.

HNFla consensus binding region (25), rs7044859 normal allele: 5-
TATATTACAGATAGCTAATT|[T]TTCAAGATTTCATGTTCACA-3" annealed
to its complementary sequence; rs7044859 polymorphic allele: 5-TATAT-
TACAGATAGCTAATT[A]TTCAAGATTTCATGTTCACA-3" and its
corresponding complementary sequence.

For competition, a 100-fold excess of the same unlabeled oligonucle-
otide or an unrelated (Crel) oligonucleotide was used. EMSA conditions
were similar to those described previously (23).

Results

SNP analysis. The SNP success rates of the Illumina and
Taqman platforms were 90% (328 of 366 SNPs) and 86% (49 of 57
SNPs), respectively. Among the 46 SNPs that failed genotyping, 9
were monomorphic in the Spanish population, 6 exhibited more
than three clusters, and 31 variants had a call rate <80%. In
addition, one SNP did not fulfill HWE after correction for multiple
testing (P < 0.0002, based on N* = 254 independent comparisons)

20 http:/ /www.stat.washington.edu/stephens/software.html

and therefore was also excluded from further analyses. More than
99% of results for the six SNPs genotyped using both platforms
were concordant (data not shown). Discordant results for these six
genetic variants were mainly obtained for common samples with
low fluorochrome intensities. The 371 successfully genotyped
polymorphisms showed 100% concordant results for interassay
and intra-assay duplicates.

Comparisons of MAFs between cases and controls from the
Spanish population to assess associations between individual SNPs
and thyroid cancer showed unadjusted P < 0.05 for 22 variants
(5.9% of those considered), belonging to 14 genes. Table 1 gives the
reference sequence code and other characteristics of each of these
SNPs. Dominant, recessive, and single variable (additive) codom-
inant models best explained the behavior of 5, 2, and 15
polymorphisms, respectively. Two of these (rs10173099 and
rs1462129 in STATI and BCL2, respectively) remained statistically
significant after more restrictive adjustment using FDR and
Bonferroni-adjusted P = 0.05 (the latter based on N* = 253
independent SNPs analyzed; Table 1). Whereas these two SNPs
were the best candidates, we considered all 22 variants as
potentially associated with thyroid cancer, to be validated in the
British series.

Table 2 summarizes the results of the validation for the SNPs
genotyped in the British case-control series. Seven SNPs failed
genotyping (call rate, <80%). The 15 successfully genotyped SNPs
showed 100% concordant results for intra-assay and interassay
duplicates. The MAF frequency in cases relative to controls was in
the opposite direction to that observed in the Spanish series for
seven SNPs (P = 1; Table 2). Among the remaining eight SNPs, two
were validated (unadjusted P < 0.05) in the British data set (rs8-
CDK6 and rs911160-AURKA). Interestingly, the AURKA polymor-
phism remained significant after Bonferroni correction for 15 tests
in the British population (adjusted one-sided P = 0.02) and fits with
a dominant model both for the Spanish and British series. In
addition, rs8-CDK6 and further four SNPs (rs10173099 in STATI,
rs165849 in COMT, rs643319 in CDKN2B, and rs4987825 in BCL2)
appeared as significant findings (unadjusted P < 0.05; data not
shown) when both series were pooled but with ORs that were
similar and in the same direction for the two data sets (Spanish
and British) independently (Tables 1 and 2).

Haplotype analysis. Evidence of a different haplotype distribu-
tion between sMTC cases and controls (P < 0.05) was observed in
the Spanish series for six genes (STAT1, BCL2, HRAS, CDKN2B,
AURKA, and AGTR1). In addition, haplotype estimation considering
LD blocks of these genes allowed us to narrow down the candidate
region for BCL2, CDKN2B, and AGTRI. Interestingly, all these genes
or LD blocks were represented by significant individual SNP
findings (P < 0.05). Three of these haplotype associations (STATI,
AGTRI, and AURKA) also appeared as significant findings in the
independent British series, whereas the other three could not be
evaluated due to genotyping failure.

Haplotype-specific analyses. A very similar haplotype distri-
bution was found between cases and controls in each of the series
for STATI and AURKA (Supplementary Tables S1 and S2).
Considering only statistically significant haplotypes (P < 0.05)
and comparing those with positive ORs versus negative ORs for
each gene, it was possible to identify SNPs acting as risk markers:
rs10173099 and rs1547550 (both in STATI), and rs911160 (in
AURKA). With the exception of rs1547550, these were also
identified as candidates in the individual SNPs analysis (Table 1),
reinforcing the results. With regard to AGTRI, haplotype-specific
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Table 1. Significant SNPs shown for the Spanish population
SNP Gene Location Chromosome Minor MAF P (HWE) Unadjusted Adjusted P Adjusted P Best fitting OR (P)
allele P (1 dfy  (Bonferroni) (FDR) model
rs10173099 STATI Intronic 2q32.2 T 0.22 0.8 0.0000024 0.00061 0.00089 Codominant 2.19 (0.000004)
rs1462129  BCL2 Intronic 18q21.3 T 0.50 0.5 0.00010 0.025 0.019 Recessive 0.55 (0.00009)
rs2075786  TERT Intronic 5p15.33 T 0.39 0.7 0.00090 0.23 0.11 Dominant  0.56 (0.0004)
rs165849 comr 3 Dws 22ql1.21 G 0.37 0.8 0.0017 043 0.16 Codominant 0.67 (0.002)
rs1801018  BCL2 ESE 18q21.3 G 0.39 0.1 0.0022 0.56 0.16 Codominant 1.48 (0.002)
rs1977971  BCL2 Intronic 18g21.3 G 0.49 0.7 0.0050 1 0.31 Codominant 1.39 (0.006)
rs2106119* CDKN2B  TFBS 9p21 C 0.46 0.5 0.0050 1 0.27 Codominant 1.47 (0.006)
152069418 ! CDKN2B 5 Ups 9p21 C 0.41 0.8 0.0068 1 0.32 Codominant 0.68 (0.007)
rs8176332  HRAS Intronic 11p15.5 A 0.09 1.0 0.0080 1 0.33 Codominant 1.63 (0.01)
1s643319"  CDKN2B 5 Ups 9p21 T 0.46 0.7 0.013 1 0.48 Codominant 0.75 (0.02)
rs2850763  BCL2 Intronic 18qg21.3 T 0.50 0.6 0.017 1 0.57 Dominant  0.59 (0.005)
rs251409 PIK3R1 Intronic 5q13.1 G 0.18 0.6 0.023 1 0.71 Codominant 0.68 (0.02)
rs3756668  PIK3R1 3 UTR 5ql3.1 A 0.47 09 0.024 1 0.68 Recessive 0.55 (0.008)
151579074 " oprT GI 5 Ups 5q35.1 C 0.39 0.3 0.026 1 0.69 Codominant 0.75 (0.02)
rs8 CDK6 Intronic 7q21-q22 T 0.18 0.9 0.026 1 0.64 Codominant 0.69 (0.03)
1s17349°  PCNA Intronic 20pter-p12 T 0.16 1.0 0.029 1 0.67 Dominant  0.63 (0.02)
rs3730447  PCNA 3’ Dws 20pter-p12 A 0.16 1.0 0.029 1 0.63 Dominant 0.63 (0.02)
15718858 AGTRI Intronic 3q21-g25 T 0.15 0.7 0.029 1 0.60 Codominant 1.41 (0.03)
rs4987825  BCL2 Intronic 18q21.3 A 0.15 1.0 0.033 1 0.64 Codominant 0.68 (0.03)
rs911160  AURKA Intronic 20q13.2 C 0.24 0.5 0.035 1 0.62 Dominant  1.45 (0.03)
rs3218108  CCND3 3 UTR 6p21 A 0.23 09 0.037 1 0.62 Codominant 1.33 (0.04)
rs3731239  CDKN2A  Intronic 9p21 C 0.36 0.6 0.040 1 0.65 Codominant 0.77 (0.04)
NOTE: P (HWE), P value for HWE; unadjusted P (1 df), unadjusted P value of each SNP comparing allele frequencies in cases versus controls (1 df);
adjusted P (Bonferroni), P values adjusted for multiple testing using the Bonferroni correction (assuming 253 independent SNPs); adjusted FDR, P
values adjusted for multiple testing using control of the FDR; OR (P), OR and P value according to the best fitting model of each polymorphism, as
specified.
Abbreviations: 3’ Dws, 3’ downstream; 5 Ups, 5 upstream; 3' UTR, 3" untranslated region.
*SNP located in a putative Pax6 binding sequence.
T Polymorphisms located in regulatory elements (promoter or 5 upstream).
t Highly conserved intronic polymorphisms according to PupaSNP.

analysis gave inconsistent results in the two case-control series,
with ORs in opposing directions (data not shown), reflecting the
observed behavior of rs718858 in each data set [P for British series
= 1 [1 degree of freedom (df)]; Tables 1 and 2]. We therefore
deemed that there was no evidence for AGTRI as a low-penetrance
gene. Results of the haplotype analysis for the other five significant
genes are summarized in Table 3.

The haplotype distributions of CDKN2B, BCL2, and HRAS could
only be analyzed in the Spanish series. There was evidence of
increased risk associated with the most common haplotype in
CDKN2B (OR, 1.48; P = 0.01; Supplementary Table S3). This haplotype
was tagged at the first and the third nucleotides (rs2069418 and
rs2106119, respectively), which were both identified as candidates
in the individual SNP analysis (Table 1). The two most common
haplotypes in a LD block in BCL2 (LD block 11 according to
the updated version of HapMap; Supplementary Table S3), which
account for >85% of the genetic variation, were complementary
(CG versus TA) and appeared as risk and protective haplotypes
(P < 0.001), respectively (Supplementary Table S4). These haplotypes
are tagged by rs1801018 and rs1462129 and were both identified as
candidates in the individual SNP analysis (Table 1). Results for
haplotypes also confirmed the results for individual SNPs.

SNPs as potential regulators of CDKN2B transcription. Given
that the CDKN2B promoter was identified as a susceptibility region

both by individual SNP analysis and by haplotypes, EMSA
experiments were done to assess the role of certain SNPs in
CDKN2B transcription. In this regard, rs2106119 behaves as a risk
variant and potentially alters the binding of the Pax6 transcription
factor (Table 1). However, the EMSAs did not reveal any binding
between Pax6 protein and the nucleotide region containing this
SNP (data not shown). Additional studies were carried out for
rs7044859 (allele frequency, ~0.5), a PupaSNP-predicted HNFla
TFBS in complete LD with rs2106119 (Fig. 14). The EMSA shows
direct binding of HNF1a only to the A allele of rs7044859 (Fig. 1B).
Taking into account the transcriptional role of HNF1e, its binding
to the A allele may increase the expression of the CDKN2B tumor
suppressor gene and therefore exert a protective role. This result is
in accordance with the opposite effect observed for C allele of
rs2106119 (OR, >1; Table 1; CDKN2B Supplementary Data), given
that both alleles are located in opposite haplotypes (Fig. 1B).

Discussion

In this genotyping study, we have identified seven low-
penetrance genes related to the development of sMTC, using the
largest series of patients reported to date and validating the results
with an independent series from a different population and doing
functional assays to confirm the biological role of one of the

Cancer Res 2007; 67: (19). October 1, 2007 9564 www.aacrjournals.org

920z A1enige 90 uo Jesn seolbojoouQ seuoioebiseu| ap [eUOIOBN 04ua) Aq Jpd- L 9G6/5995/52/1956/6L/29/3pd-8|onie/salieoued B0 s|euinolioee)/:dny wouy papeojumoq



sMTC and Low-Penetrance Genes

associated variants identified. For both STATI and BCL2, an
individual SNP was significantly associated with sMTC after
correction for multiple testing in the Spanish series. For AURKA,
the SNP association seen in the Spanish series was validated by a
significant association after correction for multiple testing in the
independent British series. For all three of these genes (although for
a different SNP for BCL2) plus COMT, CDKN2B, and CDKB6,
individual SNPs were associated with sMTC (P < 0.01) in the
pooled data set and gave consistent OR estimates in the two
samples independently. Haplotype analyses confirmed these
associations for STATI and AURKA in both series and for BCL2
and CDKN2B in the Spanish series (but could not be evaluated in
the British due to genotyping failure). The seventh gene (HRAS)
could not be genotyped in the British series but was identified as a
low-penetrance gene because both an individual SNP and
haplotypes were associated with sMTC in the Spanish series.
Approximately 10% of the initially selected candidate genes (7 of
69) showed association. This success in identifying low-penetrance
genes is probably related with the clinical behavior of MTC tumors
itself, which, unlike other complex diseases analyzed through
association studies, represents a quite homogeneous entity. This
fact, together with gene selection based on knowledge of the
disease, may outweigh any lack of statistical power due to sample
size. Furthermore, given that little evidence of population
stratification has been found for European-derived populations

(26, 27), we assume that these findings are probably not due to the
effect of differential ancestry between cases and controls. More
importantly, our validation of significant findings through a
sufficiently large and independent different European series should
reduce the effect of false-positive findings and the effect of
population stratification, as has been described previously (28).

Biological significance of the identified low-penetrance
genes. Both STATI and BCL2 are involved in apoptosis
regulation and directly linked to the phosphatidylinositol
3-kinase (PI3K)-AKT-nuclear factor-xp (NF-kf3) pathway, a signal-
ing cascade downstream of RET (29, 30). The PI3K/AKT cascade
up-regulates BCL2 expression through a cyclic AMP response
element (31). In addition, the suppression of MEN2A-RET
oncogenic signaling leads to a decrease in cell viability, reduced
AKT phosphorylation, and apoptosis stimulation via decreased
levels of BCL2 (32). The accumulation of positive findings around
the exon 2-intron 2 boundaries of BCL2 may point to a causal
variant altering the alternative splicing of BCL2 or to a nearby
nonsynonymous coding SNP located in the highly conserved exon
2. Indeed, a nonsynonymous SNP (Thr43Ala; rs1800477) that
reduces the antiapoptotic activity of the BCL2 protein has been
described previously (33). However, this polymorphism was not
found among 500 healthy controls (data not shown). Therefore,
more functional studies are needed to define the causal variant in
this gene.

Table 2. Validation of the 22 SNPs in the British data set

SNP Gene Location Chromosome MAF P (HWE) P (1 df) Model OR (P)
rs10173099 STATI Intronic 2q32.2 0.08 0.1 Codominant 1.21 (0.1)
rs1462129 BCL2 Intronic 18qg21.3 — — — —
152075786 TERT Intronic 5p15.33 — o — .
rs165849 comT 3’ Dws 22q11.21 0.2 0.3 Codominant 0.90 (0.3)
rs1801018 BCL2 ESE 18g21.3 — — — —
151977971 BCL2 Intronic 18qg21.3 0.04 1 — —
rs2106119* CDKN2B TFBS 9p21 — — — -
1s2069418 " CDKN2B 5 Ups 9p21 — — — —
158176332 HRAS Intronic 11p15.5 — o — .
1s643319 " CDKN2B 5" Ups 9p21 0.5 0.1 Codominant 0.87 (0.1)
12850763 BCL2 Intronic 18g21.3 0.9 04 Dominant 0.96 (0.6)
15251409 PIK3RI Intronic 5ql13.1 0.6 1 — —
1s3756668 PIK3RI 3’ UTR 5ql3.1 0.001 1 — -
151579074 ' PITGI 5" Ups 5q35.1 0.9 0.4 Codominant 0.97 (0.8)
rs8 CDK6 Intronic 7q21-q22 0.1 0.01 Codominant 0.67 (0.02)
1s17349°* PCNA Intronic 20pter-p12 — — — —
1s3730447 PCNA 3’ Dws 20pter-p12 0.8 1 — —
15718858 * AGTRI Intronic 3q21-q25 0.003 1 — —
rs4987825 BCL2 Intronic 18q21.3 0.07 0.06 Codominant 0.67 (0.1)
15911160 AURKA Intronic 20q13.2-q13.3 0.02 0.0013 Dominant 1.66 (0.002)
rs3218108 CCND3 3 UTR 6p21 0.0001 1 — —
rs3731239 CDKN2A Intronic 9p21 0.4 1 — —
NOTE: MAF (minor allele as defined among Spanish controls; see Table 1); P (HWE), P value for HWE; P (1 df), unadjusted one-sided P value of each
SNP comparing allele frequencies in cases versus controls (1 df); OR (P), OR and one-sided P value associated to the best fitting model of each
polymorphism (based on results for the Spanish data set) for British data set.

Abbreviations: 3 Dws, 3’ downstream; 5 Ups, 5 upstream; 3" UTR, 3 untranslated region.

*SNP located in a putative Pax6 binding sequence.

T Polymorphisms located in regulatory elements (promoter or 5 upstream).

¥ Highly conserved intronic polymorphisms.
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Table 3. P values obtained using the Phase program for
the haplotype distribution between sMTC cases and
controls

Spanish Phase British Phase Pooled
P value P value P value
STAT1 0.0001 0.0326 0.0001
BCL2 0.0461 (0.0002) NA NA
HRAS 0.0093 NA NA
CDKN2B 0.0321 (0.0178) NA NA
AURKA 0.0397 0.0032 0.0011

NOTE: Phase values for LD blocks (where defined) are shown in
parentheses: BCL2 (LD block 11, rs1462129 and 1801018) and CDKN2B
(LD block 2, rs2069418, rs573687, rs2106119, and rs643319). AGTRI
Phase P values are not shown in this table because individual
haplotypes had opposing effects in the two series.

Abbreviation: NA, data not available due to genotyping failure.

With respect to STATI, it has been described recently that
acetylated forms of its protein bind to NF-kp, thus decreasing the
expression of antiapoptotic NF-k targets and regulating carcino-
genic events (34). This well-known transcription factor is not only
implicated in the RET pathway but is also constitutively expressed
in C cell carcinoma and required for RET-mediated malignant
transformation (35). STATI also independently activates the NF-«3
and mitogen-activated protein kinase (MAPK) pathways.

The variant rs911160 in AURKA, one of the other five genes
identified in this study, is located ~4 kb upstream of two
nonsynonymous polymorphisms (rs1047972, pVal57Ile; rs2273535,
plle31Phe). Various different studies have shown the role of this last
SNP in the development and invasiveness of neoplasias both in human
and in mouse (36, 37). Moreover, using HapMap data and covering all
the gene sequence, we confirmed that all these variants were included
in the same LD block. The role of both nonsynonymous variants in
SMTC development remains to be elucidated.

Functional studies. The analyzed 8.1 kb of the CDKN2B
promoter showed positive association using both approaches and
included the putative TFBS SNP (rs2106119). Although this SNP
potentially alters the binding of PAX6 (PupaSuite prediction), a
transcription factor participating in the development of neuroen-
docrine tissue (38), molecular studies showed that it was not
functional. However, we showed that the transcription factor HNF1
differentially binds to the alleles of rs7044859, as predicted by
PupaSuite. This finding pinpoints the SNP rs7044859 as a
functional variant that may explain the association observed in
this study with the marker rs2106119 because these two SNPs are
in complete LD according to HapMap data.

Different studies have assumed that most SNPs that increase the
susceptibility to developing complex human genetic diseases are
located at regulatory genomic regions (39). Despite that this TFBS
SNP is located 85 kb upstream of the transcription start of
CDKN2B, the putative relation between the transcription factor
HNF1 and CDKN2B expression is supported by the existence of
transcription enhancers located at even greater distances, as
occurs with the f-globin gene (40, 41). Moreover, no other genes
overlap with the region around rs7044859. All these data reinforce
the role of this functional SNP of CDKN2B in sMTC susceptibility,
given that it may be modifying the expression levels of this well-
known tumor suppressor gene. In fact, the decreased expression of
CDKNZ2B as a consequence of promoter hypermethylation has been
described to be involved in the development of hematologic
malignancies, melanoma, and ovarian cancer (42, 43). Inversely,
CDKNZ2B expression is increased in response to HRAS-Raf-MAPK/
extracellular signal-regulated kinase (ERK) kinase signaling (44), a
cascade involved in RET signaling. Another fact that supports the
relation between CDKN2B and sMTC involves an intronic CDKN2B
polymorphism (rs974336), associated previously not only with the
development of papillary and medullary thyroid cancer but also
with a higher prevalence of extensive lymph node metastasis (45).

HRAS and CDK6 are related to CDKN2B, the former through
signaling as mentioned above (29, 30) and the latter through its
involvement in cell cycle regulation. This offers biological support
for our finding that both are low-penetrance genes for sMTC. Little
is known about how the function of COMT might be related to the

A rs2106119 rs7044859
— | s—
BF wsesasmsia T 0.500
T e A 0.500
B  mTTextracts = F % de dn B oo
Related probe et 5 2 + 5 2 ¥
Unrelated prabe - - + = = +
HNF| consensus binding sequence + + + +
rs7044859 Normal allele (T) - - - - + + +
rs7044859 Polymorphic allele (A) - - - - - = = +
1 2 3 4 5 6 7 8

Figure 1. A, schematic representation of the LD
between rs2106119 and rs7044859. The C allele
(marked with an asterisk) of rs2106119, and therefore
the C-T haplotype, was shown to act as a risk factor
through individual SNP and haplotype analysis. B,
EMSA using protein extracts from mTT cells (derived
from a MTC) and dsDNA probes (HNF1 consensus

+ - binding sequence and normal or polymorphic
rs7044859 allele). A 100-fold excess of unlabeled
related (lanes 4, 7, and 10) or unrelated (Cre1; lanes 3,
* 6, and 9) oligonucleotides were used for competition.
HEPG2 nuclear protein extracts were used as positive
controls for the expression of HNF1 (lane 11). The
PO EMSA shows binding exclusively for the polymorphic
allele of rs7044859 (A allele), which therefore
potentially could act as a protective SNP (marked

with square in A) due to an increased transcription of
CDKNZ2B, a well-known tumor suppressor gene.
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sMTC and Low-Penetrance Genes

development of MTC, but its identification in this study may open
new avenues for exploring the etiology of this complex disease.
Conclusions. To date, RET and its ligands and coreceptors have
been linked to sMTC development. However, no association studies
have been done for the RET downstream effectors. Our study
identified seven low-penetrance genes (BCL2, STATI, HRAS,
CDKNB2B, CDK6, COMT, and AURKA), five of which are directly
and indirectly involved in RET signaling either through the PI3K
cascade or through the RAS-RAF-ERK cascade (29, 30). The
potential role of CDKN2B was confirmed by a functional assay
showing the role of a SNP in the promoter region in altering the
binding of the transcription factor HNF1. The elucidation of the
global effect of such genetic risk variants acting in combination will
be essential to better understand the behavior of sMTC and to
verify the potential modifier role of these variants in the
development of MEN type 2-associated MTC. This will be an
important first step in the application of low-penetrance gene

discovery to the clinical management of these patients. Further
studies involving a larger international series will be necessary to
analyze the interactions between the identified low-penetrance
genes and how they may influence the phenotype in familial forms.
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