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Abstract

Purpose Germline mutations in DNA repair-related genes have been recently reported in cases with familial non-medullary
thyroid carcinoma (FNMTC). A Portuguese family from the Roma ethnic group with four members affected with papillary
thyroid carcinoma (PTC), and three members with multinodular goiter (MNG) was identified. The aim of this study was to
investigate the involvement of DNA repair-related genes in the etiology of FNMTC in this family and in the Roma
ethnic group.

Methods Ninety-four hereditary cancer predisposition genes were analyzed through next-generation sequencing. Sanger
sequencing was used for variant confirmation and screening. Twelve polymorphic markers were genotyped for haplotype
analysis in the CHEK?2 locus.

Results A germline pathogenic frameshift variant in the CHEK2 gene [c.596dupA, p.(Tyr199Ter)] was detected in
homozygosity in the proband (PTC) and in his brother (MNG), being heterozygous in his mother (PTC), two sisters (PTC),
and one nephew (MNG). This variant was absent in 100 general population controls. The screening of the CHEK? variant
was extended to other Roma individuals, being detected in 2/33 Roma patients with thyroid cancer, and in 1/15 Roma
controls. Haplotype segregation analysis identified a common ancestral core haplotype (Hcac), covering 10 Mb in the
CHEK? locus, shared by affected CHEK?2 variant carriers. Analysis of 62 individuals CHEK?2 wild-type indicated that none
presented the Hcac haplotype. The estimated age for this variant suggested that it was transmitted by a relatively recent
common ancestor.

Conclusions We identified a founder CHEK?2 pathogenic variant, which is likely to underlie thyroid cancer and other cancer
manifestations in the Roma population.

Keywords Thyroid * Familial non-medullary thyroid carcinoma (FNMTC) - DNA repair + Founder pathogenic variant
CHEK?2
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inheritance pattern of FNMTC is autosomal dominant with
incomplete penetrance and variable expressivity. It may
occur as a minor component of familial cancer syndromes
— syndromic FNMTC, or as the predominant feature —
non-syndromic FNMTC [3]. The Ilatter accounts for
approximately 95% of all FNMTC cases [3, 5]. The genetic
alterations underlying syndromic forms are well defined [6]
and these include several familial cancer syndromes such as
Cowden syndrome, familial adenomatous polyposis/Gard-
ner’s syndrome, Carney complex, Werner syndrome and
DICERI1 syndrome [7—12]. The genetic background of non-
syndromic FNMTC is not as well understood. Nevertheless,
several susceptibility loci [MNGI1 (14q32), TCO (19p13.2),
PRN (1q21), NMTC1 (2q21), FTEN (8p23.1-p22), 6q22,
8q24] for the non-syndromic forms have already been
mapped [13-18]. Furthermore, the analysis of candidate
genes, located in these mapped regions, and/or that had
suggestive roles in thyroid physio/pathology, together with
the recent advent of high-throughput technologies, such as
next-generation sequencing (NGS) for whole exome and
genome analyses, allowed the identification of several sus-
ceptibility genes for FNMTC, such as: NKX2.1 [19],
DICERI [20], SRGAPI [21], FOXEI [22], HABP2 [23],
SRRM?2 [24], RTFC [25], and more recently, MAP2K5 [26]
and MYOIF [27]. These genes have distinct functions and
participate in diverse cellular processes. In addition, recent
studies in patients with NMTC (both familial and not spe-
cified for familial status), identified germline mutations in
DNA repair genes, namely in BRCA1/2, ATM, and CHEK?2,
suggesting a role for these genes in the predisposition to
familial thyroid cancer [28-32]. Although these findings
support a high genetic heterogeneity, the etiology of
FNMTC continues poorly understood, since the predispos-
ing genes involved in this disease have not yet been iden-
tified for the great majority of the families [3, 6].

In the present study, 94 cancer predisposition genes were
analyzed through NGS in a family with FNMTC. Interest-
ingly, a pathogenic germline variant in CHEK2 was
detected in homozygosity in affected members from a
Portuguese Roma family, suggesting that it could be a
founder variant. Therefore, the role of this variant in the
etiology of FNMTC in the Roma family and in the Roma
ethnic group was investigated.

Materials and methods

Patients

One family with FNMTC from our cohort, followed in the
Endocrinology Department from Instituto Portugués de

Oncologia de Lisboa Francisco Gentil (IPOLFG), was
chosen for the present study. This family belongs to the

Roma ethnic group, and benign and malignant thyroid
lesions were the most common phenotypes, as follows: four
family members were affected with non-medullary thyroid
carcinoma (NMTC), namely with PTC (in some cases in
concomitance with goiter) (IL.2, III.1, III.3, and II1.6), and
four members affected with goiter only (1.2, 114, IV.1, and
IV.2) (Family fA, Supporting Table S1). In addition, of the
four cases affected with NMTC, three of them were also
affected with other types of cancer: two with breast cancer
(IL.2 and III.6) and one with prostate cancer (III.1). Fur-
thermore, the proband’s father (I.1), already deceased, had
lung cancer.

DNAs from peripheral blood leukocytes from seven
patients of this family were available to study. DNAs from
peripheral blood leukocytes from 48 additional Roma indi-
viduals [18 with FNMTC or familial multinodular goiter
(FMNG), 15 with apparently sporadic NMTC, and 15 con-
trols] (Supporting Table S2), and from 100 non-Roma
Portuguese healthy controls (67% females and 33% males,
average age 63.9 years; supplied by Biobanco-iMM, Lisbon
Academic Medical Center, Lisbon, Portugal) were also used.

DNA extraction from blood

DNA from peripheral blood leukocytes was extracted and
purified using the Puregene” Blood Core Kit (Qiagen, Hil-
den, Germany), according to the manufacturer’s protocol.
Extracted DNA was quantified by UV spectrophotometry
(NanoDrop ND-1000, Thermo Fisher Scientific, Wilming-
ton, DE, USA).

Next-generation sequencing (NGS)

A commercial multigene panel (TruSight Cancer Panel,
Mlumina, San Diego, USA) was used for NGS as an
enrichment system targeted to exons (and splice site
regions) of 94 genes. Libraries were subjected to cluster
generation and paired-end sequencing in a MiSeq sequencer
platform (Illumina). Sequence data were analyzed with the
instrument software MiSeq Reporter v.2.5.1 (Illumina), and
the reads were aligned against the human reference
sequence GRCh37. The resulting VCF files were visualized
using the VariantStudio v.3 Software (Illumina), which
supplies the report of all detected sequence variants and the
respective annotation. Details of bioinformatic analysis are
described in the Supporting Information.

Polymerase chain reaction (PCR)
PCRs were performed using Taq DNA polymerase (Invi-
trogenTM, California, USA) protocol. The primers and

conditions for PCR amplification are listed in Supporting
Table S3.
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Sanger sequencing and mutational analysis

Sanger sequencing was used to confirm selected genetic
variants detected by NGS, and to analyze variant segrega-
tion in the family. Details of the methodology are described
in the Supporting Information.

Microsatellite and single-nucleotide polymorphisms
(SNPs) analysis

For haplotype analysis, a total of 71 DNA samples (25
individuals from nine FNMTC/FMNG families, 15 appar-
ently unrelated NMTC patients, and 15 controls, all
belonging to the Roma ethnic group, as well as 16 healthy
controls from the Portuguese population) (Supporting
Tables S1 and S2) were genotyped using 11 microsatellite
markers and one single-nucleotide polymorphism (SNP),
localized at a 16.5-Mb region encompassing CHEK?2 (cen-
D228420-D225446-D22S257-D225421-D2281163-D22S6
89-D22S570-CHEK2(rs743185)-D22S275-D22S1150-D22
S273-D22S1162-tel) on chromosome 22q12.1. The markers
and their chromosomal locations are represented in Sup-
porting Fig. S1. Details of microsatellite and SNPs analyses
are described in the Supporting Information.

Haplotype construction and mutation age
estimation

Haplotype construction for patients from the Roma ethnic
group family was performed manually based on the index
case and family members genotypes. For the remaining
patients and controls, there was no DNA available for study
from the relatives, as such, their genotypes were phase-
unknown, meaning that there was no information to assign
alleles to the paternal and maternal chromosomes. With the
available data, the age of the mutation was estimated from
the variation accumulated in their ancestral haplotypes, as
described in [33]. Details are described in the Supporting
Information.

Results

Investigation of a founder effect for the CHEK2
¢.596dupA variant

In the present study, a screening for germline mutations
in 94 cancer predisposing genes was performed in the
DNA of the proband from a Roma FNMTC family,
through NGS analysis, using the TruSight Cancer panel.
Bioinformatic analysis of the NGS data revealed a
germline variant in the CHEK2 (checkpoint kinase 2)
gene (NM_001005735.2:¢.596dupA), which creates a
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Fig. 1 Detection of the ¢.596dupA CHEK?2 variant. The upper panel
shows the wild-type sequence in a non-carrier of the CHEK? variant,
the middle is representative of the sequence found in a patient carrying
the ¢.596dupA CHEK? variant in homozygosity, and the lower panel
shows the sequence found in a patient carrying the variant in hetero-
zygosity. The red arrow indicates the position of the insertion of the
additional adenine

premature translational stop signal [NP_001005735.1:p.
(Tyr199Ter)], being expected to result in an absent or
truncated protein. This variant was confirmed by Sanger
sequencing (Fig. 1). This variant has not been reported in
the literature, and was only described once, as a patho-
genic variant, in the context of hereditary breast carci-
noma [ClinVar ID: 947569; NM_007194.4:c.467dupA
(p-Tyr156Ter)]. In the present study, the CHEK2 germ-
line variant was detected in six family members, being
homozygous in the proband (III.1), who presented PTC
and also prostate cancer, and in his deceased brother with
MNG (III.4). The variant was heterozygous in the pro-
band’s mother (II.2), who presented PTC and breast
cancer, in the sisters (III.3 and III.6), who had PTC and
nodular goiter and one also had breast cancer, and in one
nephew with goiter (IV.1) (Figs. 1 and 2 and Supporting
Table S1). The proband’s father had died with lung
cancer, thus DNA was not available to study. However,
homozygosity in his offspring indicated that he was also
a CHEK? variant carrier. Since the variant was detected
in homozygosity, and the proband’s parents, who
belonged to Roma ethnic group, were possibly related
(cousins of unknown degree), the possibility of a founder
effect was put forward.

In order to further investigate the role of CHEK? in the
etiology of FNMTC in this family, in particular as a
tumor suppressor, the CHEK?2 variant identified was
sequenced in thyroid tumor DNA from one affected
family member who carried the variant in heterozygosity
(II1.6), to search for loss of heterozygosity (LOH).
However, no pattern suggestive of LOH was found,
because the variant was found in heterozygosity in the
tumor (data not shown).



Endocrine (2021) 73:588-597

591

1
Lc

1

0

2
BC

Died in PA: 84 yr
2004 +/- AD: 43 yr
e - — —
D228420 143 | 136 133 |[135
D22S446 226 224 ||226
D228257 123 129 ||123
D228421 162 160 ||162
D2251163 145 161 ||145
D22S689 208 216 ||208
D228570 99 99 || 99
¢.596dupA Mut! wt || Mut
CHEK2 { rs743185 T cll T
D228275 166 162 || 166
D2251150 221 223 || 221
D228273 173 179 || 173
D2281162 161 151 || 153
g = B —
pc |1 2 3 ) 4 5 6
i PA: 65 yr [ PA:56yr Died (61 yr) _O PA: 59 yr
AD: 35 yr AD:46yr AD:53yr AD: 47 yr
N +/- ++
A+ N 7
D228420 |135||135 143 | | 139 135 |]133 143 ||135 135|133
D225446 |226 | | 226 226 | | 226 226 ||224 226 ||226 226|224
D228257 123|123 121 [|129 123 [|129 123 ||123 123 ||129
D225421 |162 || 162 166 | | 172 162 ||160 162 ||162 162 ||160
D2281163 | 145 | | 145 151 []151 145 ||151 145 ||145 145|151
D225689 |208 | | 208 220 | |212 208 ||216 208 ||208 208|216
D228570 | 99 99 99 99 99 || 99 99 || 99 99 || 99
¢.596dupA| Mut| | Mut Wt || wt Mut|| Wt Mut ||Mut Mut || Wt
CHEK2 { rs743185 | T T o o4 T o T T T o4
D228275 |166 || 166 170 | n64 166 ||162 166 ||166 166 ||162
D2281150 | 221 | | 221 2189|1217 221 ||223 221|| 221 221|223
D228273 |173||173 181|179 173 ||179 173|] 173 173|179
D2281162 | 161 | | 153 \161 151 161 ||151 161|| 153 161|]151
1 2 3 4 5
v PA: 34 yr PA: 28 yr I:l
AD:32yr AD: 26 yr*
+f- -f-
D225420 [143] [135 [139] [133]
D22S446 226||226 226 || 224
D228257 121|123 1291129
D225421 166|162 172|160 Legend: - .
D2251163 151]|145 151|151 0] wale onsenguinecus mArge
D22S689 220|208 212 (1216 ¥ ciassic Papillary Thyroid Carcinoma
D22S570 99 || 99 99 (1991 | ~ Female
¢c.596dupA Wt | | Mut Wt Wt E Papillary Thyroid Carcinoma (unknown subtype)
CHEK2 { rs743185 o4 T o4 o4 / Deceased
D228275 170||166 164 || 162 oroband B Nodular goiter
D2281150 219]|221 217 || 223 N Fioban
D225273 18111173 17911179 ] BC, breast cancer; LC, lung cancer;
D2281162 161|161 181|151 PC, prostate cancer

Fig. 2 Pedigree of a family with FNMTC from the Roma ethnic group.
Results of ¢.596dupA CHEK? variant screening, and haplotype seg-
regation analysis at the CHEK?2 locus, in the family members are
shown. +/4-, homozygous for CHEK?2 variant c.596dupA; +/—, het-
erozygous for CHEK?2 variant ¢.596dupA; —/—, negative for the

Screening of the CHEK2 c.596dupA p.(Tyr199Ter)
variant in patients with thyroid cancer and in
Portuguese controls

To investigate the hypothesis of a founder effect, the
screening of the c.596dupA p.(Tyr199Ter) variant was
extended to 48 additional Roma individuals (18 with
FNMTC or FMNG, 15 with apparently sporadic NMTC,
and 15 controls) (Supporting Table S2) and to 100 healthy

variant. Wt, wild-type; Mut, CHEK? variant; PA, present age; AD, age
at diagnosis of thyroid disease; yr, years; *, refused fine-needle
aspiration cytology (FNAC). Haplotypes H1, H2, and H3 highlighted
in red, green, and blue, respectively; inferred haplotype is indicated in
brackets

controls from the general Portuguese population. Interest-
ingly, the variant was detected in two additional Roma
patients with apparently sporadic thyroid cancer (As.1 and
As.2; Supporting Table S1), being absent in the 100 con-
trols from the general Portuguese population. Additionally,
one male control from the Roma ethnic group (Cr.l),
asymptomatic at age 52, also carried the CHEK?2 variant.
Overall, this variant was only found in individuals origi-
nating from the Roma ethnic group, being present in 9/55
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Table 1 Haplotypes at the CHEK? locus in representative ¢.596dupA CHEK? variant carriers from the Roma ethnic group

CHEK? variant carriers from the Roma ethnic group

Roma Family

Marker Position (Mb) (proband) As.1 As2 Crl

1111

Male Female Female Male

PTC cPTC+MNG fvPTC Roma Control

AD: 35 yr AD: 39 yr AD: 44 yr
Haplotypes H2/H1 Unphased H1/H1 Unphased
genotypes genotypes
o bmseo 3 1S BULS_ ] 135135 137143
: D22S446 -7.02 226/226 226/226 226/226 200/208 :
: D22S257 -5.46 123/123 121/123 123/123 121/129 :
: D22S421 -3.13 162/162 168/162 162/162 164/162 :
1 D22S1163 -1.16 145/145 151/145 145/145 145/145
N : D22S689 -0.23 208/208 220/208 208/208 216/208 :
E’ : D22S570 -0.03 99/99 99/99 99/99 99/99 :
: g ¢.596dupA Exon 5 Mut/Mut Wt/Mut Mut/Mut Wt/Mut :
! EJ rs743185 Intron 8-9 T/T T/T T/T C/T !
: © D228S275 - 166/166 164/166 166/166 170/166 :
1 D22S1150 +0.36 221/221 217/221 221/221 221/221
L___.bmsa3__ BAl_____1BOT . TONT9 . 133 18Y173_
D22S1162 +5.17 161/153 167/167 153/153 155/153

The common ancestral core haplotype (Hcac) is identified by a dashed line. Patients with Haplotypes H1 and H2 are indicated; Alleles in bold are
shared by all variant carriers. The distance in megabase pairs (Mb) from each marker to the CHEK?2 gene is also shown

PTC, papillary thyroid carcinoma; cPTC, classic PTC; fvPTC, follicular variant PTC; MNG, multinodular goiter; Wt, wild-type; Mut, ¢.596dupA
CHEK? variant; AD, age at diagnosis refers to thyroid disease and to the date of histological report; yr, years

(16.4%) individuals from this ethnicity, of whom six had
thyroid cancer, two had nodular goiter, and only one was
apparently unaffected, thus suggesting that they may have a
common ancestor.

Haplotype segregation analysis

Founder mutations reside on haplotypes that are shared by
all carriers of the mutation because they are inherited from a
common ancestor. Mutation carriers, whom have a shared
founder, exhibit allele sharing at markers near the mutation
locus by linkage disequilibrium [34].

Hence, to determine whether all occurrences of the
¢.596dupA p.(Tyr199Ter) CHEK?2 variant descended from
a single ancestral mutation event or arisen independently, a
haplotype segregation analysis was performed. For this
purpose, a total of 71 DNA samples (described in the
“Materials and methods” section) were genotyped using 11
polymorphic microsatellite markers and one SNP (Sup-
porting Fig. S1). Whenever possible, chromosomal phasing
was used to identify the alleles that were positioned on the
same chromosome, and helped to determine on which of the
two parental chromosomes, or haplotypes, a particular allele
was present. Haplotypes were established manually based

@ Springer

on the genotypes obtained from family members. For
unphased samples, both alleles were considered to ascertain
the founder haplotype status. The obtained genotypes are
shown in Fig. 2 for the Roma family under study, for
CHEK? variant carriers (Table 1), and for all individuals
analyzed (Supporting Table S4).

Alleles in the CHEK?2 locus were phased for the indivi-
duals from the original FNMTC family from the Roma
ethnic group, in which two main haplotypes linked to the
CHEK?2 variant were observed: H1:135-226-123-162-145-
208-99-T-166-221-173-153, transmitted from the proband’s
mother (and likely to be the ancestral haplotype), and
H2:135-226-123-162-145-208-99-T-166-221-173-161
transmitted from the father (inferred haplotype) (Fig. 2 and
Supporting Table S4). Patient II1.4, besides haplotype H1,
also showed another mutation linked haplotype H3:143-
226-123-162-145-208-99-T-166-221-173-161, possibly
resulting from a single centromeric recombination, rela-
tively to haplotype H2. This family member, who died in
2018 (age 61), was diagnosed with MNG when he was 53
years old, but the presence of thyroid cancer could not be
evaluated because he refused thyroid fine-needle aspiration
cytology. The presence of other tumors was also not
investigated in this case.
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Table 2 Frequency of haplotypes H1, H2, H3, and Hcac in ¢.596dupA CHEK?2 variant carriers from the Roma ethnic group

Haplotype®

Number of individuals

Percentage in carriers of the CHEK2 variant

H1: 135-226-123-162-145-208-99-T-166-221-173-153 4
H2:135-226-123-162-145-208-99-T-166-221-173-161 4
H3:143-226-123-162-145-208-99-T-166-221-173-161 1
Hcac: 226-123-162-145-208-99-T-166-221-173 7

45% (4/9)
45% (4/9)
1% (1/9)
78% (7/9)

*Polymorphic markers: D22S420, D22S446, D22S257, D22S421, D22S1163, D22S689, D22S570, rs743185, D22S275, D22S1150, D22S273,
and D22S1162 (from centromere to telomere). The alleles from the ancestral haplotype in which the CHEK?2 variant c.596dupA probably occurred

are indicated in bold

Haplotype analysis in the remaining thyroid cancer cases
and controls, suggested that only CHEK? variant carriers,
namely As.l, As.2, and Cr.1, all from the Roma ethnic
group, shared between them and with the Roma family a
common region, of ~3.5Mb, extending from marker
D225421 to D22S1150 (Table 1). The shared haplotype
increases to 11.7 Mb, from marker D22S420 to D22S1150
if only the Roma patients affected with thyroid cancer are
considered (excluding control Cr.1). However, although this
sharing is not questionable for patient As.2, who is homo-
zygous, for patient As.1, since she is heterozygous and in
this study there was no access to DNA from her family
members, there was no information to confirm the assign-
ment of alleles to the paternal and maternal chromosomes
(phase-unknown) [35].

Taken together, haplotype analysis suggested that the
ancestral haplotype, in which the mutation probably
occurred was H1, as it was found in the Roma family and in
patient As.2 in homozygosity, and that a common ancestral
core haplotype (Hcac), from D22S446 to D22S273
(10.2 Mb), was shared by all affected and CHEK?2 variant
carriers with phased alleles (Fig. 2 and Table 1).

Haplotypes HI, H2, H3, and Hcac were detected,
respectively, in 45% (4/9 carriers), 45% (4/9), 11% (1/9),
and 78% (7/9) of these Roma mutation carriers (Table 2).

The most parsimonious relationships among flanking
haplotypes are presented as a phylogenetic network in Fig. 3.

In order to further investigate whether the linkage of
specific haplotypes to the CHEK?2 variant was indeed the
result of a founder effect, the genotypes for the whole set of
markers were also determined in the remaining 62 indivi-
duals (FNMTC/FMNG, NMTC, and controls), who were
non-carriers of the CHEK?2 variant (Supporting Table S4).
This analysis suggested that none of these individuals pre-
sented the H1, H2, or H3 haplotypes, and neither the Hcac
haplotype. In the general population controls, a random
population frequency of ~1/139,620,524, 1/17,452,566, 1/
6,544,712, and 1/1,636,178 was estimated for haplotypes
H1, H2, H3, and Hcac, respectively; and specifically in
Roma controls it was estimated to be: 1/15,066,964, 1/
3,766,741, 1/33,900,670, and 1/301,339, respectively.
These are approximate frequencies as some alleles were not

Fig. 3 Phylogenetic network. The network shows the most parsimo-
nious relationships among flanking short tandem repeat based haplo-
types in FNMTC families/individuals carrying the ¢.596dupA CHEK?2
pathogenic variant. Circle sizes are proportional to the number of
individuals with the haplotype that is written within these, and dia-
monds indicate recombination events

found in any of the controls. These data suggest that the
likelihood of finding any of these haplotypes in the Portu-
guese population and Roma ethnic group is very low.

Estimation of the CHEK2 mutation age

Since there was no access to DNAs from relatives of some
individuals included in this study, recombinants could not
be identified unambiguously, which would be necessary to
estimate the age of this founder CHEK?2 variant by
likelihood-based methods, as these take into account the
variation accumulated in the ancestral haplotypes and
include both recombination and mutation rates in the gen-
eration of variation [33, 36, 37]. Nevertheless, assuming
that alleles were phased in case As.2 (who is homozygous
for all markers), it was possible to identify an ancestral
haplotype (H1), co-segregating with the CHEK?2 variant in

@ Springer



594 Endocrine (2021) 73:588-597
Table 3 Age estimation of the ..‘
ancestral ¢.596dupA CHEK?2 Haplotype Number of families Number of mutation steps (Ayf)ea +0
mutation

H1:135-226-123-162-145-208-99-T-166- 2 0 109 +63

221-173-153

H2:135-226-123-162-145-208-99-T-166- 1 1

221-173-161

H3:143-226-123-162-145-208-99-T-166- 1 2

221-173-161

“The recombination rate (c) was based on the physical distance between the two most distant markers
(165,356 kilobases; ¢ = 0.16536 cM, assuming that 1 cM is equivalent to ~1 Mb). The estimated probability
of mutation per generation and per haplotype was 0.00858 (as 11 dinucleotide short tandem repeats were

studied) [37]. yr, years

patient As.2 and in some patients from the original Roma
family with FNMTC. Two additional haplotypes linked to
the variant were identified, H2 and H3, but in the latter case
it is debatable if it should be considered for age estimation
because it was identified in the same family, in a first degree
relative. Still, if H3 haplotype is considered, and assuming a
generation time of 25, the estimated age for this mutation
would be 109 =63 years (Table 3). Taken together, these
results suggest that this mutation in CHEK2 may have
occurred at approximately four generations ago, and was
transmitted by a relatively recent common ancestor.

Discussion

In this study, a germline CHEK?2 pathogenic variant
[c.596dupA, p.(Tyr199Ter)] was identified in the proband
and in additional five members of a Roma FNMTC family
affected with (multi)nodular goiter and/or PTC.

CHEK? gene encodes a serine/threonine protein kinase,
which is required for checkpoint-mediated cell cycle arrest,
activation of DNA repair and apoptosis in response to the
presence of DNA double-strand breaks [38]. This gene has
22 exons, and the c.596dupA pathogenic variant, located in
exon 5, leads to the change of a tyrosine residue to a pre-
mature stop codon, being expected to encode a truncated
protein, lacking part of the forkhead-associated domain and
the entire serine/threonine protein kinase catalytic domain.
It is, however, possible that the mutant mRNA is not
translated, due to nonsense-mediated decay (NMD). Zhao
et al. showed that a CHEK2 (p.Tyr139Ter) heterozygous
germline mutation, which also introduces a premature stop
codon, resulted in a strong decrease in mutant mRNA, in
patients from a family with PTC, indicating that the NMD
pathway may be triggered, and that some CHEK?2 mutants
may contribute to tumorigenesis via the haploinsufficiency
mechanism due to low CHK2 protein levels [32].

Tumor initiation and progression mechanisms were also
investigated in the present family. A putative second hit in
CHEK? gene inactivation process was evaluated in the PTC
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from one affected member of the family. However, no LOH
was suggested by this analysis. As regards to tumor pro-
gression, our group previously demonstrated that somatic
BRAF, HRAS, NRAS, and TERT promoter mutations are
likely to have a role in the development and aggressiveness
of FNMTC [39, 40]. However, it is noteworthy that in that
earlier study [40], no alterations of these genes were
detected in the PTC from the proband of the Roma family
here reported.

Here, in order to investigate the possibility of a founder
effect, the screening of the CHEK? variant was extended to
other individuals from the Roma ethnic group. This analysis
led to the identification of this variant in three additional
individuals (two with apparently sporadic thyroid cancer and
one control), totalizing nine CHEK2 c¢.596dupA positive
Roma individuals. Deepening the clinical history of the two
apparently sporadic cases revealed that one had a sister with
unspecified thyroid disease, and the other had a follicular
lymphoma and a family history of other neoplasias. Geno-
typing of the nine carriers allowed us to identify three dif-
ferent haplotypes, in the variant carriers with phased alleles,
and a common ancestral core haplotype (Hcac) spanning
about 10.2Mb in the CHEK?2 locus. Haplotype analysis in
the 62 CHEK?2 wild-type Roma patients and controls indi-
cated that none presented any of the four mentioned hap-
lotypes. These evidences strongly suggested that the CHEK?2
¢.596dupA variant was linked to a specific and rare haplo-
type and that all carriers shared a common ancestry. The
large size of this core haplotype suggests a recent founder
effect in the Roma ethnic group, which is in agreement with
the CHEK2 mutation estimated age of 109 + 63 years. The
difficulty in obtaining more samples of cases and controls
from the Roma ethnic group was a limitation in this study.
Hence, the accuracy of the mutation age estimation might be
improved if further data regarding clinical history and gen-
otypes from first degree relatives of the CHEK2 variant
carriers As.1, As.2, and Cr.1 become available.

The Gypsies are described as a population with Indian
origins, that has subsequently spread throughout Europe by
the fifteenth century [41]. The Roma ethnic group has a
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strong history of consanguineous unions, and a common
ancestry is a well-known feature of this population. There
are nearly 40,000 Roma individuals in Portugal [42].
Although in this study most patients were from Central/
Southern Portugal, it is very likely that the CHEK?2 variant
can be found in individuals from the North region, where
the Roma community is also well represented [42].

CHEK?2 mutations are presently known to increase
breast, colon, prostate, and kidney cancer risk, being con-
sidered a multiorgan cancer susceptibility gene [43], with
moderate penetrance [44]. Accordingly, the Roma family
analyzed in this study had members with other neoplasias
besides thyroid cancer, such as breast, lung, and prostate
cancer. Noteworthy, this variant was described once in the
ClinVar database, in the context of hereditary breast carci-
noma. Interestingly, it has been reported that a prior history
of thyroid cancer is a risk factor for breast cancer and vice
versa [45—47]. Furthermore, and in line with our findings, it
has been reported that CHEK2 mutations predispose to
thyroid cancer, and possibly to familial aggregation of
breast and thyroid cancer [48]. There are already some well-
studied CHEK?2 variants, with low to relatively frequent
occurrence in the populations, either truncating (c.444 +
IG>A, p.(?7) and c.1100del, p.Thr367fs) or missense
(c.470T > C, p.Ile157Thr), found to be differentially asso-
ciated with the risk of prostate, breast, and thyroid cancers
[43, 48-52]. Different mutations in the CHEK?2 gene, and
distinct zygosities (homo or hetero) may lead to different
cancer risks [49]. In thyroid cancer, it was seen that the
c.470T > C (p.lle157Thr) substitution in the CHEK?2 gene
was associated with an almost twofold increase in the risk
of PTC in the Great Poland population, and that in homo-
zygous women, it increased the risk of PTC almost 13-fold
[50]. As regards to the consequence of the germline variant
type, truncating or missense, different studies showed that
prostate, breast, and thyroid cancers were associated with
both types of variants [43, 51, 52]. Strikingly, the frequency
of the truncating CHEK?2 alleles was particularly high
(3.5%) in patients with thyroid cancer, being the highest
among all the cancers studied [43]. In line with those
findings and with the present study, the association of rare
germline CHEK? variants with thyroid cancer predisposi-
tion has recently been reported in two families [31, 32], and
they also had truncating mutations.

Unlike in the case of an unquestionably high-risk gene, a
CHEK? pathogenic variant should be cautiously interpreted
as a part of the explanation in a family history of thyroid
cancer. Future studies may help to define all genetic players
in cancer risk in these families.

In the present study, evidence of strong linkage dis-
equilibrium of a common ancestral core haplotype and
CHEK?2 c.596dupA pathogenic variant, in all phased car-
riers, whom were all from the Roma ethnic group, and the

absence of that haplotype in non-carriers, suggests that these
patients descend from a common founder. Thus, screening
of this variant should be extended to Roma families with
thyroid cancer, and also to those who have breast cancer.
The identification of founder mutations can greatly facilitate
the molecular diagnosis of hereditary cancer syndromes by
allowing targeted gene analysis as the first step of the genetic
testing strategy. Having access to further information
regarding the other carriers of this CHEK?2 pathogenic var-
iant will help to clarify the risk for several cancers in high-
risk individuals and possibly to modify the incidence and
mortality by cancer in these families. The present work also
highlights DNA repair deficiency as a potential mechanism
driving FNMTC susceptibility.
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