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Abstract RET sequencing has become an important tool in
medullary thyroid cancer (MTC) evaluation and should be
performed even in the absence of family history of MTC.
The most commonly studied exons in index cases are 8, 10,
11, and 13-16. To address the ATA guidelines regarding the
sequencing of the entire coding region of RET, we selected
50 patients with sporadic MTC (sMTC) without mutations
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in the hot spot regions of RET for extended investigation of
exons 1-7, 9, 12, 17, 18, and 19. Twenty-seven of 50
patients presented with one or more features suggesting famil-
ial disease. We found only a new RET variant (p.Gly550Glu)
in one patient with MTC. Several polymorphisms were ob-
served, and their frequency was histogram scaled by exons
and introns. Eight patients were also included for somatic
mutation search. We estimated the sequencing cost by strati-
fying into four investigation approaches: (1) hot spot exons in
a new patient, (2) the remaining exons if the hot spots are
negative in a patient with suspected familial disease, (3) a
relative of a carrier for a known RET mutation, and (4) tumor
sequencing. In spite of the increasing number of variants
being described in MTC, it appears that there is no direct
clinical benefit in extending RET germ line analysis beyond
the hot spot regions in sMTC. The cost evaluation in apparent
sMTC using a tiered approach may help clinicians make more
suitable decisions regarding the benefits of investigating only
the hot spots against the entire coding region of RET.

Introduction

Medullary thyroid cancer (MTC) originates from parafollic-
ular calcitonin-producing cells (C cells) and accounts for 3—
7 % of all thyroid cancers. It manifests as a sporadic tumor
in 75-80 % of patients and in the remainder as an autosomal
dominant inherited disease [1]. The hereditary forms of the
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disease are caused by germ line mutations in the RET
oncogene (RFEarranged during 7ransfection), resulting in
familial MTC (FMTC), multiple endocrine neoplasia
(MEN) 2A, and MEN 2B. In addition to a family history
of MTC or MEN 2, other features suggesting familial dis-
ease include multifocal medullary tumors, C cell hyperpla-
sia (CCH), and young age at diagnosis [2]. As for sporadic
tumors, it is known that somatic RET mutations are present
in as many as 64 % of cases [4, 9, 10].

Germ line RET testing should be offered to all patients
presenting with MTC, primary CCH, and MEN 2 and to
people with a family history of FMTC or MEN 2. Other
situations that should prompt RET testing are the presence of
cutaneous lichen amyloidosis in the central upper back and
individuals with a diagnosis of Hirschsprung’s disease [8].
RET analysis allows the early detection of asymptomatic
carriers and has become very useful for screening at risk
relatives of affected patients [13], as mutation carriers have a
high risk of developing MTC and, thus, can benefit from
prophylactic thyroidectomy.

When investigating index cases, some centers initially
test only exons 10 and 11; others additionally sequence
exons 13, 14, 15, and 16, and a few also investigate
exons 5 and 8 for mutations in the RET gene [8, 12]. In
our laboratory, we routinely sequence exons 8, 10, 11,
and 13-16. Nevertheless, when the initial genetic anal-
ysis is negative in the presence of MEN 2 or when
there is a discrepancy between the genotype and the
phenotype, the American Thyroid Association guidelines
recommend sequencing the entire coding region of RET
[8]. Given this recommendation and the clinical rele-
vance of this issue, in this study, we aim to evaluate the
benefits of sequencing the entire coding region of RET
in patients with apparently sporadic MTC. In addition,
we address the sequencing of selected exons using DNA
from tumor tissue from sporadic MTC patients.

Patients and Methods
Patients

From our cohort followed at the Thyroid Clinic, Hospital
Sao Paulo, Escola Paulista de Medicina, Federal University
of Sao Paulo, we selected 50 patients with MTC and no
mutations in exons 8, 10, 11, 13, 14, 15, or 16 to undergo
further investigation for other mutations in RET. Of the 50
patients, 27 also presented with one or more features sug-
gesting familial disease, such as a young age of onset of
MTC (16 patients), tumor multifocality (13 patients), or the
presence of CCH (10 patients). We defined young age of
onset based on a cutoff that was established by a statistical
analysis using an ROC curve performed by our group,
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which indicated that familial disease is more likely to be
present when the tumor is diagnosed at the age of 34 years
or under (Supplementary Fig. A). Based on this finding and
including a safety margin, we considered individuals
35 years old or younger as suspected of having familial
disease and selected them to undergo comprehensive RET
molecular evaluation. The other 23 individuals were con-
secutive patients seen for sporadic MTC. All subjects signed
a consent form in accordance to the policies of the univer-
sity’s ethical committee.
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Fig. 1 Evaluation of the family presenting the p.Gly550Glu variant. a
Pedigree chart; b electropherogram of germ line sequencing of the
index case; ¢, d electropherogram of germ line sequencing of her
mother and sister; e sequence alignment of human RET protein resi-
dues in which the position of the conserved glycine at residue 550 is
indicated (arrow). Multiple sequence alignment was generated with
Clustal Omega software available at the European Bioinformatics
Institute website (http://www.ebi.ac.uk/Tools/msa/clustalo/). Asterisk
indicate residues in the column are identical in all sequences in the
alignment, colon indicates conserved substitutions, and period indi-
cates semiconserved substitutions observed in the alignment
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Molecular Analysis

Genomic DNA was extracted from peripheral blood
using an in-house method. Tumor DNA from eight
patients who underwent thyroidectomy was extracted
from paraffin-embedded tumor tissues through deparaf-
finization with xylol or n-octane heated baths followed
by standard protocols. DNA was amplified through
polymerase chain reaction with Platinum Taq DNA
Polymerase (Invitrogen, Carlsbad, CA, USA), and spe-
cific primers for the entire coding region of RET and
for tumor hot spots were designed using the public
primer design method available at http://ihg.gsf.de/ihg/
ExonPrimer.html in a way to avoid SNP regions in
accordance to the reference sequences from the Univer-
sity of California Santa Cruz database (Supplementary
Table A).

PCR products were purified using Illustra GFX PCR
DNA and Gel Purification Kit (GE Healthcare, Bucking-
hamshire, UK) and submitted to direct sequencing by the
Sanger method, using Big Dye™ Terminator Cycle Se-
quencing Ready Reaction Kit, ABI PRISM 3100 Genetic
Analyzer (Applied Biosystems, Foster City CA, USA).
Each exon was sequenced at least twice and in both
directions.

The sequences were analyzed by two separate evaluators
using BioEdit Sequence Alignment Editor and CLC Main
Workbench 6 (http://www.clcbio.com) and compared to ref-
erence data available at the NCBI GenBank (RefSeq
NG _007489) and the Ensembl Genome Browser. Somatic
mutations were referred using the Catalog of Somatic

Mutations in Cancer database (http://www.sanger.ac.uk/ge-
netics/CGP/cosmic/).

Results

Fifty patients with MTC negative for mutations in the hot
spot exons of RET were analyzed for mutations in exons 1,
2,3,4,5,6,7,9,12,17, 18, and 19. In one of these cases, a
patient who had been diagnosed with a 1.3-cm MTC staged
T1bNOMO at the age of 32, a p.Gly550Glu variant was
identified in the acceptor splicing region of exon 9
(Fig. 1). The patient’s disease is now in clinical and bio-
chemical remission. Her mother and one of her sisters tested
positive for this variant (Fig. 1), but their serum calcitonin
was undetectable as well as the ultrasound examination
revealed no thyroid nodules. All the other patients investi-
gated were negative for RET mutations in all exons. Several
polymorphisms were also found, both intronic and exonic,
as depicted in Fig. 2 (details in Supplementary Table B).
We were able to investigate tumor tissue from eight of the
patients who underwent total thyroidectomy. Sequencing
revealed mutations in five of these samples (Fig. 3); one
of the identified mutations is the most frequent one, p.
Met918Thr, whereas the other mutations have not been
described previously. The presence of these mutations was
confirmed by cloning the PCR products into pCR4 vector
(Invitrogen) followed by sequencing. A p.Cys620Arg mu-
tation was detected in one of the clones from the tumor
sample from one of the patients (Fig. 3). The clinical char-
acteristics of these patients are outlined in Table 1.
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Fig. 2 Histogram of the frequency of polymorphisms. y-axis: total
number of times the polymorphisms were detected in each exon and
intron, which are represented in the x-axis. Exon 1—rs10900296,
rs10900297; intron 1—rs12267460; exon 2—rs1800858; intron 2—
rs2435351; exon 3—rs1800859; intron 3—rs35906041, rs2472739,
rs115766280; intron 4—rs2435352, rs2742243; intron 5—rs1864404,
1s3026742; exon 6—new; intron 6—1s9282835; exon 7—rs1800860;

intron 8—r1s3026750, rs111463326; intron 9—new; exon 11—
rs1799939; intron 11—rs2256550; intron 12—rs760466; exon 13—
rs1800861; intron 13—rs112200125, rs111264957, rs3026767; exon
14—rs1800862; intron 14—rs111306965, rs11238441; exon 15—
rs1800863; intron 15—1s3026771; intron 16—1s3026772; intron 17—
new; exon 18—rs17158558; intron 18—rs2742236; intron 19—
rs2075912
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Fig. 3 RET somatic sequencing A
analysis. a—f Electropherograms
of MTC tissue sequencing

of five patients
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Discussion

In this study, 1 out of 50 patients with sporadic MTC presented
with a variant in RET that has not been described before. It is
not clear whether this newly identified variant has a pathogenic
role. The nucleotide change occurs in a position that has the
potential to alter RNA splicing, and its analysis through the
Variant Effect Predictor (www.ensembl.org) suggests that it is
probably damaging. In addition, this sequence is highly con-
served in several species, at both the nucleotide and amino acid
levels (Fig. 1). Despite these assumptions, the clinical and

Table 1 Clinical features of the patients who underwent tumor se-
quencing and the detected mutations

Patient’s clinical features Exon Mutation

25 years old; pT2N1bMx 16 p-Met918Thr

27 years old; pT1N1aMx - -

56 years old; pT4N1bMx - -

58 years old; pT3NOMx; 11 p-Val706Ala
7-cm tumor

32 years old; pT2NOMx; CCH 15 p.Gly894Ser

59 years old; pTImNI1Mx 10 p.Glu615Lys,

p-Cys620Arg
48 years old; pT2mN1aMx 11 p-GIn681Stop

69 years old; pT3NOMx - -

Age at diagnosis, pathological TNM staging—AJCC 2010
CCH C cell hyperplasia
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biochemical investigation of the family so far suggests this is
a variant unlikely to be related to MTC. This led us to presume
that sequencing the entire coding region of RET in this study
did not bring immediate clinical benefits, at the cost of greatly
increasing the price of testing. Nevertheless, it is very impor-
tant that the patient carrying the p.Gly550Glu variant and her
relatives be carefully monitored for signs and symptoms of
MTC or MEN.

In addition, this study demonstrated the presence of a
large number of polymorphisms throughout the RET gene;
to our knowledge, such a broad investigation has never been
published. Whether there is a causative association between
these polymorphic RET nucleotides and disease remains to
be clarified [3, 5, 6, 14]. Interestingly, one of these poly-
morphic regions has been identified as a fragile site
concerning DNA breaks [7].

Regarding the novel somatic mutations detected in our
study, the patients bearing them will be closely observed

Table 2 Estimated costs for a stratified RET mutational analysis

RET sequencing coverage Technical-operational

cost
Hot spots in a new patient USD 720.00
Additional exons if selected exons negative USD 831.00
Testing of a relative for a specific USD 305.00

known mutation

Tumor testing (from 1 to 4 exons) USD 305.00-513.00
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during clinical follow-up and the mutations will be subject
of further molecular and functional investigations. It is
known that somatic RET mutations in MTC are present in
as many as 64 % of cases and occur mainly in exons 16
(Met918Thr in up to 79 % of the cases) and 11 (up to
21.2 %), followed by exons 10 and 15 in similar proportions
[4, 9, 10]. Based on these frequencies, tissue analysis can be
performed through a tiered approach—first sequence exon
16; only if negative, proceed to exon 11; if no mutations are
found, then analyze exons 10 and 15. This tiered approach
would add less cost to the investigation than extended germ
line sequencing would. Along with the fact that somatic
mutations have been related to disease prognosis in some
studies [4, 10], this information is currently used in clinical
trials to evaluate any possible influence on the patients’
response to new target drug therapies, and somatic mutation
analysis may be useful in the near future. Thus, although
currently somatic mutation analysis has little clinical benefit
to the MTC patients and their families, it offers a more
complete molecular diagnosis that can be used in clinical
decision making.

Considering the importance of the genetic screening for
RET mutations and, on the other hand, the scarcity of trained
labs in many areas and the cost for an accurate molecular
diagnosis, we estimated the cost of this type of screening in
an academic institution, taking into account our experience
over the past 10 years in testing RET in more than 1,000
individuals. We stratified this analysis into four situations:
sequencing select exons in a new patient, sequencing the
remaining exons if the hot spots are negative in a patient
with suspected familial disease, sequencing a relative of a
carrier for a known RET mutation, and tumor sequencing
(Table 2). The cost analysis for such cases may help clini-
cians make more suitable decisions regarding the benefits of
investigating only one specific RET mutation, investigating
hot spot exons, examining the entire coding region or
performing tissue analysis for prognosis assessment, and
predicting drug response. It is important to note that, espe-
cially in diseases caused by multiple genes or by genes with
a longer coding sequence, whole exome sequencing might
become a useful tool and, as its application increases, its
cost will likely reduce in the forthcoming years [11].

In spite of the increasing number of variants being de-
scribed in MTC and MTC tumor tissue, it appears there is no
direct clinical benefit in extending RET analysis beyond the
hot spot regions, reinforcing the recommendation of the
American Thyroid Association guidelines. However, when
assisting a young adult whose tumor histopathology reveals
multifocal disease or CCH, which are more related to inher-
itance, complete RET testing might be able to unmask a
hidden familial MTC. Therefore, the challenge for endocri-
nologists and biochemical and molecular diagnostic labora-
tories will be to determine which test(s) to offer and how to

best test for these mutations in a way that is relevant to
patient care and has a reasonable cost-benefit trade off.
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