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Abstract: Multiple endocrine neoplasia type 2 (MEN2) is an autosomal dominant (AD) condition
with very high penetrance and expressivity. It is characterized into three clinical entities recognized as
MEN2A, MEN2B, and familial medullary thyroid carcinoma (FMTC). In both MEN2A and MEN2B,
there is a manifestation of multicentric tumor formation in the major organs such as the thyroid,
parathyroid, and adrenal glands where the RET proto-oncogene is expressed. The FMTC form differs
from MEN2A and MEN2B, since medullary thyroid carcinoma (MTC) is the only feature observed.
In this present brief report, we demonstrate a collection of RET proto-oncogene genotype data from
countries around the Mediterranean Basin with variable characteristics. As expected, a great extent
of the Mediterranean RET proto-oncogene genotype data resemble the data reported globally. Most
interestingly, higher frequencies are observed in the Mediterranean region for specific pathogenic
RET variants as a result of local prevalence. The latter can be explained by founder effect phenomena.
The Mediterranean epidemiological data that are presented herein are very important for domestic
patients, their family members’ evaluation, and ultimately their treatment.

Keywords: RET proto-oncogene; MEN2; medullary thyroid carcinoma; Mediterranean Basin

1. Introduction

The prevalence of multiple endocrine neoplasia 2 (MEN2) which is subdivided into
MEN2A and MEN2B is estimated to account for 1–3% of all thyroid malignant tumors [1,2].
MEN2A is an inherited disorder and is associated with three main types of malignancies:
MTC in 95%, pheochromocytoma in 50%, and parathyroid adenoma in 5–10% of the
incidences [2]. MEN2B manifests the most rare and aggressive form of MEN2 and is
associated with MTC, pheochromocytoma, marfanoid habitus, and mucosal and intestinal
ganglioneuromatosis [3,4].

Both MEN2A and MEN2B are caused by RET gene germline pathogenic variants [2,5,6].
The RET gene encodes a tyrosine kinase glycoprotein receptor that plays a role in the trans-
duction of signals during proliferation and differentiation stages in the neural crest. The
first RET pathogenic variants were reported in 1993 by two independent groups [7,8], and
since then, more than 100 pathogenic RET variants have also been identified in a large per-
centage of MEN2A patients who were clinically diagnosed with MTC, pheochromocytoma,
or both [6,9,10]. The most frequent pathogenic variants are positioned in exons 10, 11, 13,
14, 15, and 16 of the RET gene, and according to the American Thyroid Association (ATA)
and the European Thyroid Association (ETA), they are classified into three levels: high-
est (ATA-HST), high (ATA-H), and moderate risk (ATA-MOD) [2,10–13]. Concomitantly,
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several of those classified as MEN2 causing germline pathogenic variants in exon 10 of
the RET gene in codons 609, 611, 618, and 620 have also been reported in Hirschsprung
disease [2,5]. Several studies have shown that as a result of pathogenic variants in codons
609, 618, and 620, malignant pheochromocytomas can be determined as belligerent as com-
pared to the ones caused by the exon 11 five amino acid variations of codon 634 [10,14,15].
Nevertheless, the majority of the cases exhibited the highest countenance for 634, followed
by a diminishing manner for codons 609, 618, and 620 [16–19]. Recent geographical reports
regarding the spectrum of pathogenic variants reported in the RET gene in individuals
with MEN2 have also brought to light the clinically less aggressive forms of the disease, as
a result of mutations in exons 13–15 of the gene [1,20–22].

The objective of this brief review article is to produce a summary of the existing RET
pathogenic variants and their phenotypes in countries from the Mediterranean Basin. The
heterogeneity of pathogenic RET variants that is observed globally rationalizes the need
to further define the epidemiological data and genetic background from a historical and
exclusive region, such as the Mediterranean Basin.

1.1. Geographical Distribution of RET Pathogenic Variants in the Mediterranean Region

The Mediterranean region has always been a place of migratory flows. During the
European Neolithic expansion period (7000–2000 BCE), genetic influxes along with new
stone practices for making tools were introduced into endemic populations as a result of
groups of people with specific genetic material [23,24].

1.1.1. RET Pathogenic Variants in Italy

To date, the genetic makeup of Italian patients with MEN2 is quite comprehensive.
According to ATA guidelines, the pathogenic variants at codon 634 occupy about 36% of the
reported RET pathogenic variants, followed by the two moderate risk variants p.Val804Met
(21.9%) and p.Ser891Ala (9.7%) [2,10,21,25,26] (Table 1). The high frequency of p.Val804Met
was first described in the Sardinian population with a 59% prevalence which was initially
attributed to the role of genetic drift and the effect phenomenon [26]. A few years later,
haplotype analysis for p.Val804 excluded the possibility of a founder effect in Sardinia
and the Italian peninsula [1] (Table 1). An estimated 6.3% of the Italian patients were also
genotyped with the ATA-MOD risk RET pathogenic variants at codon 618 in exon 10 [10]
(Table 1). A recent report covering patients with MTC from Northern Italy identified an
unexpectedly high frequency of the ATA-MOD risk p.Ser891Ala and uncovered a founder
effect phenomenon [27] (Figure 1). More specifically, all of the 28 unrelated patients from
Northern Italy shared a common haplotype, estimating that they all had a common ancestor
dating back to 1493 AD [27]. The MEN2B phenotype, caused by the ATA-HST risk RET
pathogenic p.Met918Thr variant, was likewise found in patients of Italian descent and
its prevalence (6.8%) corresponded to between 4.6–13.5% of the affected patients [1,10]
(Table 1).

1.1.2. RET Pathogenic Variants on the Iberian Peninsula: Spain and Portugal

In Spain, numerous studies over the last two decades have demonstrated the ATA-H
risk RET pathogenic variant p.Cys634Tyr to be the most frequent in nearly 70% of MEN2A
cases, followed by the ATA-HST risk p.Cys634Arg, which is the predominant variant in
the rest of Europe [28–33] (Table 1). Reports from various countries with high prevalence
of p.Cys634Tyr and p.Cys634Arg have confirmed that the clinical phenotype of the latter
usually confers a more aggressive MEN2A phenotype [14,32]. Other less frequent germline
missense pathogenic variants of variable expressivity have also been detected in Spanish
patients with MEN2A in codons 609, 611, 618, 620, and 630 [10,28,29] (Table 1). The ATA-
HST pathogenic p.Met918thr variant was also identified in Spanish patients with MEN2B,
and its prevalence ranged between 4.6–13.5% of the affected patients [10] (Table 1).
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Since they are both located on the Iberian Peninsula and the fact that Spain and Portu-
gal are two of the oldest countries in Europe, one would expect their genetic makeup to be
similar. This is not the case though based on the identified RET-proro-oncogene pathogenic
variants reported so far. In the recent comprehensive review by Maciel et al. [10], only
3 out of 20 (p.Cys634Arg, p.Cys634Tyr, and p.Met918Thr) reported RET proto-oncogene
pathogenic variants are common between Spanish and Portuguese patients [27,34–41]
(Table 1). In Portugal, a total of fourteen RET pathogenic variants have so far been reported.
Interestingly, two of these pathogenic variants, p.Cys611Tyr and p.Arg886Trp, were found
in cases from the central region of Portugal and they all shared a common haplotype, thus
suggesting a possible founder effect [10,34,41] (Table 1).

1.1.3. RET Pathogenic Variants in France

There are currently no specific reports regarding the prevalence of RET pathogenic
variants that are exclusively found in the Southern part of France and the major metropoli-
tan cities located close to the Mediterranean Sea. The current French data regarding the
RET pathogenic variants emanate from past and recent reports, such as the multicenter
study directed by the French Group of Endocrine Tumors which included information
from 18 different centers and a collection of others [42–45]. As depicted in the recent
geographical variation review by Maciel et al. [10], the most frequent RET pathogenic
variants in a large French cohort of MEN2 patients (n = 437) were the ATA-H risk RET
pathogenic variant p.Cys634(Phe/Gly/Arg/Ser/Trp/Tyr) (32.9%), followed by the ATA-
MOD risk p.Val804(Leu/Met) (21.0%) and p.Leu790Phe (9.9%) (Table 1). The ATA-H risk
p.Cys634Arg, which is the predominant variant in the rest of Europe, was also found in
6.9% of the patients from this specific French cohort [10,42,43] (Table 1).

1.1.4. RET Pathogenic Variants in Greece and Cyprus

The present territory of modern Greece as a Mediterranean entity was unavoidably
influenced during the Neolithic expansion era by the arrival of immigrant farmers from the
Near East [46]. During this distinctive period, along with the obvious innovative stone-age
technologies that were brought to the indigenous population, new genomic variations were
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also introduced, as a result of multi-phase mixing contributing in that way to their genetic
distinctiveness [46,47].

In Greek patients with MEN2, a total of twelve pathogenic variants have so far been
reported, with the MEN2A causing ATA-MOD risk p.Gly533Cys (36.3%) and ATA-MOD
risk p.Cys618Arg/Tyr/Ser (32.8%) being the most frequent types, followed by the MEN2A
causing ATA-MOD risk p.Cys620Tyr/Arg/Phe, the ATA-H risk p.Cys634Arg/Tyr/Phe, and the
ATA-MOD risk p.Leu804Met and the MEN2B causing ATA-HST risk p.Met918Thr [10,48–51]
(Table 1).

Interestingly, several studies that have investigated MEN2A patients from Greece
reported the ATA-MOD risk p.Gly533Cys to be the most prevalent pathogenic variant
and that it resulted from a possible founder effect phenomenon [48–54] (Figure 1). Not
long ago, the p.Gly533Cys pathogenic variant was also found in four patients from a
Brazilian cohort, and the possibility of a common ancestral origin was examined along
with another unrelated eight carriers of Greek descent. Not unexpectedly, all p.Gly533Cys
carriers shared an identical core haplotype, indicating a common ancestor, and as a result
of the frequent migratory currents in the Mediterranean region, this was also likely taken
to the Iberian Peninsula [53,55,56]. Recent reports from Cyprus and Israel identified the
ATA-MOD risk p.Cys618Arg variant as the most prevalent, found in 69% and 55% of the
probands, respectively [57–61]. The p.Cys618Arg variant was reported in nine apparently
unrelated families from Cyprus who all shared a common haplotype (Table 1). This finding
was explained as an ancestral pathogenic variant which prevailed on the island as a result
of a possible founder effect [57] (Figure 1).

1.1.5. MEN2-Related RET Pathogenic Variants from Other Mediterranean Countries

The prevalent p.Cys618Arg variant in Israel in nearly all Israeli cases that have been
reported so far is linked to two large families of Moroccan Jewish descent with familial
medullary thyroid carcinoma and Hirschsprung disease [62] (Table 1). As a result of the
close proximity of Israel to Cyprus, the possibility of a common ancestor and a shared
haplotype cannot be excluded and could be the subject of an investigation in a future study.
Interestingly, the p.Tyr791Phe RET variant that has been considered as a putative Slavic
ancestry variant because of its high prevalence in the Czech Republic, Poland, and Central
Europe has also been frequently reported in sporadic appearing and less aggressive MTC
cases in Ashkenazi Jews, thus also implying a possible founder mutation [63] (Figure 1).
A recent review detected that few reports have pointed to the misclassification of RET
p.Tyr791Phe as a likely pathogenic variant and, therefore, to the manifestation of needless
thyroidectomies. The present notion is that the RET p.Tyr791Phe alone shows no association
with MTC susceptibility and only when inherited in cis with p.Cys634Tyr does it confer
penetrance of MTC and pheochromocytoma [64,65].

In a retrospective multicenter study, it was demonstrated that patients with MTC from
Turkey had a comparable pathogenic RET variant distribution when compared to other
Mediterranean countries including Italy and France [66]. Among the reported patients
identified with RET mutations, p.Cys634Arg was the most prevalent (54.9%), followed by
p.Val804Met (25.4%) and p.Cys634Tyr (8.5%) [66–68] (Table 1).

Several reports from Slovenia, a Mediterranean country with a border in the Adriatic
Sea, determined the type of RET mutation in Slovenian MTC patients [69,70]. A recent
report from the Cancer Registry of the Republic of Slovenia specified that the basic yearly
incidence rate of MTC in the Slovenian population was 0.34/100,000, as 143 patients
were identified with MTC between 1995 and 2015 [71,72]. The most frequently altered
codons in MTC patients from Slovenia were not different from those reported in the other
Mediterranean neighboring countries, such as France and Italy, and were mainly the codons
634 and 618, followed by codon 790, codon 804, and codon 918 [69–72] (Table 1).

In the neighboring country of Croatia with borders also in the Adriatic Sea, a recent
report described a cohort of 21 MTC patients all sharing MEN2B causing ATA-HST risk
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p.Met918Thr which seems to be quite frequent in this generally isolated population [73]
(Table 1).

Since Morocco is a neighboring country located in the northwest corner of Africa and
also bordered by the Mediterranean Sea, it is somewhat anticipated that the RET pathogenic
variant spectra detected in Moroccan patients with MEN2 are comparable to those pre-
viously described in other nations. Up-to-date Moroccan MTC patients have only been
reported with three ATA-H risk germline mutations in codon 634 (p.Cys634Arg/Phe/Trp),
and this finding could be elucidated as an outcome of genetic drift or a founder effect phe-
nomenon regarding the history of these people who lived remote for numerous hundreds
of years [74,75] (Figure 1).

Table 1. Mutations and founder effect phenomena described in countries of the Mediterranean region
with their corresponding clinical phenotype.

Mediterranean Country ATA Category/
Clinical Phenotype RET Protein Change Founder Effect

Italy

ATA-H/MEN2A
ATA-MOD/MEN2A
ATA-MOD/MEN2A
ATA-HST/MEN2B

p.Cys634Arg/Gly/Phe/Ser/Trp/Tyr/Val
[10,21,25];

p.Cys618Arg/Tyr/Gly [10,21,25];
p.Val804Met [26]; p.Ser891Ala [27]

p.Met918Thr [10,21]

p.Ser891Ala (Northern Italy)
[27]

Spain

ATA-H/MEN2A
ATA-MOD/MEN2A
ATA-MOD/MEN2A
ATA-HST/MEN2B

p.Cys634Tyr/Arg [10,28–33];
p.Cys609Ser, p.Cys611Phe, p.Cys618Arg,
p.Cys620Ser, p.Ser589Cys, p.Glu768Asp,

p.Val804Met, p.Ser891Ala [10,29]
p.Met918Thr [10,29,30]

Portugal

ATA-H/MEN2A
ATA-MOD/MEN2A
ATA-MOD/MEN2A
ATA-MOD/MEN2A
ATA-MOD/MEN2A
ATA-HST/MEN2B

p.Cys634Tyr/Arg, p.Ala883Phe [35–37];
p.Cys515Trp, p.Cys531Arg, p.Cys609Arg,
p.Cys611Tyr, p.Cys620Arg, p.Cys630Gly,
p.Thr636Met, p.Ser649Leu, p.Val804Leu,

p.Arg886Trp [34,36,38,39,41];
p.Met918Thr [36,37]

p.Cys611Tyr (Central Portugal)
[34];

p.Arg886Trp (Central Portugal)
[34]

France

ATA-H/MEN2A
ATA-MOD/MEN2A
ATA-MOD/MEN2A
ATA-HST/MEN2B

p.Cys634(Phe/Gly/Arg/Ser/Trp/Tyr) [42,43];
p.Cys618Phe/Gly/Arg/Ser/Tyr [42,43];
p.Leu790Phe, p.Val804(Leu/Met) [42,43];

p.Met918Thr [43]

Greece

ATA-H/MEN2A
ATA-MOD/MEN2A
ATA-MOD/MEN2A
ATA-HST/MEN2B

p.Cys634Arg/Tyr/Phe [51];
p.Gly533Cys, p.Cys618Arg/Tyr/Ser;
p.Cys620Tyr/Arg/Phe, p.Leu804Met

[49,51–54];
p.Met918Thr [51,76]

p.Gly533Cys (Central-Western
Greece) [52–54]

Israel
ATA-H/MEN2A

ATA-MOD/MEN2A
ATA-HST/MEN2B

p.Cys634Arg [59,60];
p.Cys618Arg, p.Val804Met, p.Tyr791Phe

[62,63] *;
p.Met918Thr [60]

p.Cys618Arg (Moroccan Jewish
descent) [62] *;

p.Tyr791Phe (Ashkenazi Jews)
[63]

Cyprus ATA-MOD/MEN2A
ATA-HST/MEN2B

p.Cys618Arg, p.Glu632_Leu633del [18,57,58];
p.Met918Thr [57]

p.Cys618Arg (Southern Cyprus)
[57,58]

Turkey ATA-H/MEN2A
ATA-MOD/MEN2A

p.Cys634Arg/Tyr [66,67];
p.Val804Met [68]

Slovenia
ATA-H/MEN2A

ATA-MOD/MEN2A
ATA-HST/MEN2B

p.Cys634Arg/Tyr/Gly [69–72];
p.Cys618Arg/Ser, p.Leu790Phe, p.Val804Met,

p.Ala639Thr [69–72]
p.Met918Thr [69–72]

Croatia ATA-HST/MEN2B p.Met918Thr **
p.Met918Thr (Isolated

population possible founder
effect) **

Morocco ATA-H/MEN2A p.Cys634Arg/Phe/Trp [74,75]
p.Cys634Arg/Phe/Trp (Isolated

population possible founder
effect) [74,75]

ATA: American Thyroid Association, ATA-HST: highest risk, ATA-H: high risk, and ATA-MOD: moderate risk. *
Moroccan Jewish descent; ** Isolated population possible founder effect.
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2. Conclusions

The region enclosing the Mediterranean Sea is a densely populated area and is his-
torically characterized by complicated and intense human activity between the various
ethnic groups. Inevitably, this irregularity has also led to genetic heterogeneity of various
inherited diseases including MEN2. In the current review, we present the phenotypic
spectrum of RET pathogenic variants reported so far that have been transmitted to off-
spring for centuries. Interestingly, several haplotype analysis studies delineated the high
prevalence of specific RET pathogenic variants in specific ethnic groups to be the result
of founder effect phenomena. In the years to come, the use of contemporary diagnostic
approaches, such as next-generation sequencing, will enable more countries from around
the globe including the Mediterranean Basin to be analyzed for more and explicit diagnoses
regarding MEN2.
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