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Abstract: Multiple endocrine neoplasia type 2 is historically composed
of three clinical subtypes, all of which are associated with germline
mutations in the RET proto-oncogene. Multiple endocrine neoplasia
type 2A, familial medullary thyroid carcinoma, and multiple endocrine
neoplasia type 2B are collectively associated with a 70—-100% risk of
medullary thyroid carcinoma by age 70 years. Pheochromocytomas are
identified in 50% of individuals with multiple endocrine neoplasia type
2A and multiple endocrine neoplasia type 2B. Furthermore, those with
multiple endocrine neoplasia type 2A have a 20-30% risk for primary
hyperparathyroidism. Individuals with multiple endocrine neoplasia
type 2B often have distinct physical features including mucosal neuro-
mas of the lips and tongue, medullated corneal nerve fibers, ganglion-
euromatosis of the gastrointestinal tract, distinctive facies with enlarged
lips, and a “Marfanoid” body habitus. Clinical recognition and accurate
diagnosis of individuals and families who are at risk of harboring a
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germline RET mutation is critical for the prevention and management of
potentially life-threatening neoplasms. This overview summarizes the
clinical description of multiple endocrine neoplasia type 2, diagnosis
and testing strategies, management and surveillance, and differential
diagnosis for other related syndromes. Genet Med 2011:13(9):755-764.
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he identification and phenotypic characterization of germ-

line high-penetrance gain-of-function mutations in the RET
proto-oncogene, encoding a receptor tyrosine kinase, as causing
the great majority of multiple endocrine neoplasia (MEN) type
2 (MEN 2) heralded the era of accurate, evidence-based molec-
ular diagnosis, predictive testing, genetic counseling, gene-
informed cancer risk assessment, and preventative medicine.
MEN 2, occurring in 1:200,000 live births, is an autosomal
dominant neuroendocrine neoplasia predisposition syndrome
characterized by variable penetrance of medullary thyroid car-
cinoma (MTC), pheochromocytoma, and hyperparathyroidism
(HPT). Age at presentation, frequency, and age-related pen-
etrances of component neoplasias vary between each subtype of
MEN 2 and most likely are genotype dependent.

CLINICAL DESCRIPTION OF MEN 2

Historically, MEN 2 has been divided into three subtypes
depending on clinical features. With the identification and char-
acterization of RET and genotype-associated phenotypes, it
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became obvious that all three subtypes are allelic and that MEN
2A and familial MTC (FMTC) are merely manifestations of
different penetrances of RET mutations.!-?

Multiple endocrine neoplasia type 2A (OMIM#
171400)

MEN 2A makes up approximately 70—80% of cases of MEN 2.
As genetic testing for RET mutations has become available, it has
become apparent that 70-95% of individuals with MEN 2A de-
velop MTC, approximately 50% develop pheochromocytoma, and
approximately 15-30% develop HPT.!3

MTC is generally the first manifestation of MEN 2A. Pro-
bands with MTC typically present with a neck mass or neck
pain, usually before age 35 years. Up to 70% of such individuals
already have cervical lymph node metastases.# Diarrhea, the
most frequent systemic manifestation, occurs in affected indi-
viduals with a plasma calcitonin concentration of more than 10
ng/mL and implies a poor prognosis. All individuals with an
MTC-predisposing mutation who have not undergone prophy-
lactic thyroidectomy demonstrate biochemical evidence of
MTC by age 35 years.>¢

Pheochromocytomas usually present after MTC or concom-
itantly; however, they are the first symptom in 13-27% of
individuals with pheochromocytomas and MEN 2A.7-° Pheo-
chromocytomas in persons with MEN 2A and MEN 2B are
diagnosed at an earlier age, have subtler symptoms, and are more
likely to be bilateral than sporadic tumors.'%-!'! Malignant transfor-
mation occurs in approximately 4% of cases.!> As pheochromo-
cytoma can be the first manifestation of MEN 2A, the diagnosis of
pheochromocytoma in an individual warrants further investigation
for MEN 2A and other syndromes with this neoplasia as compo-
nent such as von Hippel Lindau (VHL) disease and hereditary
paraganglioma—pheochromocytoma syndrome.”-13

HPT in MEN 2A is typically mild and may range from a
single adenoma to marked hyperplasia. Most individuals with
HPT have no symptoms; however, hypercalciuria and renal
calculi may occur.'* If HPT is longstanding and unrecognized,
symptoms may become severe. HPT usually presents many
years after the diagnosis of MTC; the average age of onset is 38
years.>!3

A small number of families with MEN 2A have pruritic cuta-
neous lichen amyloidosis (CLA), also known as CLA.'® This
lichenoid skin lesion is located over the upper portion of the back
and may appear before the onset of MTC.!” Individuals with MEN
2A and CLA almost always carry codon 634 mutations.!'8

Familial medullary thyroid carcinoma (OMIM#
155240)

The FMTC subtype comprises approximately 10-20% of
cases of MEN 2. By operational definition, MTC is the only
clinical manifestation of FMTC. The age of onset of MTC is
later in FMTC, and the penetrance of MTC is lower than what
is observed in MEN 2A and MEN 2B.1-3:19:20 To avoid neglect-
ing the risk of pheochromocytoma, strict criteria should be met
before a family is classified as having FMTC. In the past, some
believed that a kindred with FMTC should have more than 10
members with a RET mutation, multiple individuals with a RET
mutation over the age of 50 years, and all members should have
an adequate medical history demonstrating a lack of pheochro-
mocytoma or HPT.'* Today, FMTC is typically viewed as a
variant of MEN 2A with decreased penetrance of pheochromo-
cytoma and HPT, rather than a distinct subtype.?

756

Multiple endocrine neoplasia type 2B (OMIM#
162300)

The MEN 2B subtype comprises approximately 5% of cases
of MEN 2. MEN 2B is characterized by the early development
of an aggressive form of MTC in all affected individuals.?!
Individuals with MEN 2B who do not undergo thyroidectomy at
an early age (<1 year) are likely to develop metastatic MTC at
an early age. Before intervention with early prophylactic thy-
roidectomy, the average age of death in individuals with MEN
2B was 21 years.

Pheochromocytomas occur in 50% of individuals with MEN
2B; approximately half are multiple and often bilateral.

Clinically significant parathyroid disease is absent in MEN 2B.

Individuals with MEN 2B may be identified in infancy or
early childhood by the presence of mucosal neuromas on the
anterior dorsal surface of the tongue, palate, or pharynx and a
distinctive facial appearance. The lips become prominent (or
“blubbery”) over time, and submucosal nodules may be present
on the vermilion border of the lips. Neuromas of the eyelids
may cause thickening and eversion of the upper eyelid margins.
Prominent thickened corneal nerves may be seen by slit lamp
examination.

Approximately 40% of affected individuals have diffuse gan-
glioneuromatosis of the gastrointestinal tract. Associated symp-
toms include abdominal distension, megacolon, constipation, or
diarrhea. In one study of 19 individuals with MEN 2B, 84%
reported gastrointestinal symptoms beginning in infancy or
early childhood.??

Approximately 75% of affected individuals have a Mar-
fanoid habitus, often with kyphoscoliosis or lordosis, joint lax-
ity, and decreased subcutaneous fat. Proximal muscle wasting
and weakness can also be seen.

DIAGNOSIS AND TESTING

MEN 2 includes the phenotypes MEN 2A, FMTC, and MEN
2B. Each can be diagnosed based on clinical features; but with
the advances of RET testing, genotype-specific risks, and man-
agement, molecular genetic testing is virtually mandatory and is
most often used to distinguish sporadic from hereditary MTC.

Clinical diagnosis: MEN 2A

MEN 2A is diagnosed clinically by the occurrence of two or
more specific endocrine tumors (MTC, pheochromocytoma, or
parathyroid adenoma/hyperplasia) in a single individual or in
close relatives.

Clinical diagnosis: FMTC

FMTC is historically operationally diagnosed in families
with four or more cases of MTC in the absence of pheochro-
mocytoma or parathyroid adenoma/hyperplasia.’3-23 Because
RET accounts for all clinical subtypes of MEN 2, FMTC may be
viewed as MEN 2A with reduced organ-specific penetrance.

Clinical diagnosis: MEN 2B

MEN 2B is diagnosed clinically by the presence of mucosal
neuromas of the lips and tongue, as well as medullated corneal
nerve fibers, distinctive facies with enlarged lips, an asthenic
“Marfanoid” body habitus, and MTC.2

Histological, biochemical, and imaging studies

MTC and C-cell hyperplasia

MTC originates in neural crest-derived calcitonin-producing
cells (C cells) of the thyroid gland. MTC is diagnosed histolog-
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ically when nests of C cells appear to extend beyond the
basement membrane and to infiltrate and destroy thyroid folli-
cles. Immunohistochemistry for calcitonin expression may be
performed as a pathologic diagnostic adjunct.

C-cell hyperplasia (CCH) is diagnosed histologically by the
presence of an increased number of diffusely scattered or clus-
tered C cells. In MEN 2, the age of transformation from CCH to
MTC varies with different germline RET mutations.?*

MTC and CCH are suspected in the presence of an elevated
plasma calcitonin concentration, a specific and sensitive marker.
However, CCH has been described occasionally in the setting of
HPT, chronic lymphocytic thyroiditis, and aging. Secondary
CCH rarely transforms to MTC.25

In provocative testing, plasma calcitonin concentration is
measured before (basal level) and 2 and 5 minutes after intra-
venous administration of calcium (stimulated level). Other cal-
citonin secretagogues are also used, such as pentagastrin (avail-
able in Europe and limited in the United States). Reference
levels for basal calcitonin vary across laboratories: <10 pg/mL
for adult males and <5 pg/mL for adult females are typically
considered normal. A basal or stimulated calcitonin level of
=100 pg/mL is an indication for surgery.22¢ Caution should be
used when interpreting calcitonin levels in children younger
than 5 years.?

Pheochromocytoma

Pheochromocytoma is suspected when biochemical screen-
ing reveals elevated excretion of catecholamines and catechol-
amine metabolites (i.e., norepinephrine, epinephrine, metaneph-
rine, and vanillylmandelic acid) in plasma or 24-hour urine
collections.'’27 In MEN 2, pheochromocytomas consistently
produce epinephrine or epinephrine and norepinephrine.?”

Abdominal magnetic resonance imaging (MRI) and com-
puted tomography (CT) are performed whenever a pheochro-
mocytoma is suspected clinically and whenever plasma or uri-
nary catecholamine values are increased. MRI is more sensitive
than CT in detection of a pheochromocytoma. ['*F]-fluorodo-
pamine positron emission tomography (PET) is the best overall
imaging modality in the localization of pheochromocytomas. If

['®F]-fluorodopamine PET is unavailable, '*’I- or '*'I-metai-
odobenzylguanidine scintigraphy should be used for further
evaluation of individuals with biochemical or radiographic ev-
idence of pheochromocytoma.28

Parathyroid abnormalities

The diagnosis of parathyroid abnormalities is made when
biochemical screening reveals simultaneously elevated serum
concentrations of calcium and elevated or high-normal parathy-
roid hormone. Postoperative parathyroid localizing studies with
99mTe_sestamibi scintigraphy may be helpful if HPT recurs. For
preoperative adenoma localization, three-dimensional single-
photon emission CT may also be used.?®

Molecular genetic testing

RET is the only gene known to be associated with MEN 2.
RET molecular genetic testing is indicated in all individuals
with a diagnosis of MTC, a clinical diagnosis of MEN 2, or
primary CCH.214 The algorithm for testing is summarized in the
most recent American Thyroid Association MTC Practice
Guidelines (Table 1).2 Features such as young age of onset,
significant CCH, and/or multifocal disease suggest an inherited
disorder.

All individuals with MTC, irregardless of other features or
family history, and those with clinical features suspicious for
MEN 2 and/or with family history suspicious of MEN 2 should
be offered germline RET testing for exons 10, 11, and 13-16;
ideally, testing should be completed preoperatively and with
genetic counseling. Approximately 98% of families with MEN
2A have a RET mutation in exon 10 or 11.23 Families with
FMTC have an identifiable RET mutation approximately 95%
of the time.2-32 In addition to exons 10, 11, and 13-16, a small
percentage of mutations occur in exons 5 and 8§ in FMTC
families. In the setting of a clinical diagnosis of MEN 2A,
sequencing of the entire RET coding region should be com-
pleted if exon-specific testing is negative.

For individuals with features suggestive of MEN 2B, targeted
mutation analysis or sequencing of exons 16 and 15 to detect the
p-M918T and p.A883F mutations should be completed first. If

Table 1 Algorithm for RET genetic testing

Patient/familial presentation

Initial testing

Potential reflex testing

Apparently isolated MTC at any age

Two of the following: MTC, HPT, PHEO
FMTC
Features suggestive of MEN 2B

Apparently isolated adrenal PHEO
Known familial RET mutation Site-specific testing

HSCR disease Exon 10 sequencing

Apparently isolated CLA of upper back
testing

Intestinal ganglioneuromatosis

Exons 10, 11, and 13-16

Exons 10, 11, and 13-16
Exons 10, 11, and 13-16

Targeted mutation analysis or sequencing of
exons 15 and 16 for p.M918T and p.A883F

Exon 11 sequencing or targeted codon 634

Targeted mutation analysis or sequencing of
exons 15 and 16 for p.M918T and p.A883F

Full sequencing of coding region, based
on clinical suspicion”

Full sequencing
Full sequencing

Testing for p.V804M in exon 14 followed
by full sequencing

See algorithms for pheochromocytomas39-3!

None

Full sequencing, chromosomal analysis,
other single genes as indicated

None

Evaluate for features of Cowden syndrome
and/or neurofibromatosis type 1

“Factors such as young age of onset, significant c-cell hyperplasia, and multifocal disease increase likelihood of MEN2.

HSCR, Hirschsprung disease; HPT, hyperparathryoidism; PHEO, pheochromocytoma.
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mutation negative, testing for p.V804M in exon 14 followed by
sequencing of the entire RET coding region should be per-
formed. Although an isolated p.V804M mutation is associated
with FMTC, p.V804M co-occurring with a second RET variant
seems to result in MEN 2B.!! This strategy will detect more
than 98% of mutations in individuals with MEN 2B.2

RET molecular genetic testing may be warranted in subsets
of individuals presenting with apparently isolated adrenal pheo-
chromocytoma, although other differential diagnoses such as
VHL and succinate dehydrogenase-associated pheochromocy-
toma should also be considered.'? Testing algorithms for genes
associated with paraganglioma and pheochromocytoma have
been proposed based on age of onset, location, laterality, ma-
lignancy, and family history.3%-3! It is important to note that
unexpected germline RET mutations are rarely (if ever) found in
head and neck paraganglioma presentations in the absence of
other features of MEN 2 or in the absence of a family history of
MEN 2 phenotype.33

Other clinical presentations may prompt consideration of
genetic testing. Exon 10 sequencing should be considered in
individuals with Hirschsprung disease (HSCR).2 CLA of the
central upper back may prompt molecular genetic testing for the
presence of a codon 634 mutation.? The differential diagnosis in
persons with intestinal ganglioneuromatosis should include
MEN 2B, and RET testing may be considered.?

Rarely, a germline RET mutation may not be detected in a
family with a clinical diagnosis of MEN 2A or 2B, or FMTC.
At-risk relatives should be periodically screened for MTC with
neck ultrasound examination, and basal and/or stimulated calci-
tonin measurements; for HPT with albumin-corrected calcium or
ionized calcium; and for pheochromocytoma with measurement of
plasma or 24-hour urine metanephrines and normetanephrines, as
appropriate.?

Genetically related (allelic) disorders

Hirschsprung disease

HSCR is a complex genetic disorder characterized by agan-
glionosis of the gut, likely due to absent gut ganglia from
premature apoptosis of the ganglia anlage. HSCR typically
results in enlargement of the bowel and constipation or even
obstipation in neonates. Because of a seemingly similar clinical
presentation, the clinician should be careful differentiating the
diagnosis of HSCR from the constipation/obstipation resulting
from ganglioneuromatosis of MEN 2B. After MEN 2A and
FMTC families were noted to segregate HSCR, a seemingly
unrelated neurocristopathy and developmental disorder, linkage
studies indeed showed that some HSCR families were linked to
10q as well.3435 Up to 50% of familial cases and up to 35% of
simplex cases (i.e., a single occurrence in a family) of HSCR are
caused by germline loss-of-function mutations in the RET
proto-oncogene.34-37 Germline mutations causing HSCR occur
throughout the coding sequence of RET.3® Subsets of families
and individuals harboring germline RET mutations in exon 10,
especially affecting codons 618 and 620 cosegregate MEN
2A/FMTC and HSCR.2-3° Functional studies proved that mis-
sense mutations that were more N-terminal (5') in the RET
receptor had a tendency to be retained in the Golgi apparatus,
thus resulting in a functional haploinsufficiency.*>-4! This ob-
servation could explain the presence of both MEN 2A/FMTC
and HSCR in the same individual or same family segregating a
single RET mutation (e.g., C618 or C620). Based on these data,
constitutional activation of the receptor tyrosine kinase is nec-
essary and sufficient for neuroendocrine neoplasia, irrespective
of number of receptors. However, a certain threshold number of
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RET receptors on the cell surface is important for proper de-
velopment and maintenance of the nervous system of the gut.

Papillary thyroid carcinoma

Approximately 20-40% of papillary thyroid carcinoma
(PTC) is associated with somatic gene rearrangements that
cause juxtaposition of the tyrosine kinase domain of RET to
various gene partners.*>43 A few families with rare RET exon
13 and exon 14 germline mutations have demonstrated concom-
itant medullary and papillary thyroid cancer (see “Genotype-
Phenotype Correlations”),**4> although other studies have
shown that the family-specific RET mutation does not segregate
with the PTC phenotype.4¢

GENOTYPE-PHENOTYPE CORRELATIONS

RET genotype-MEN 2 phenotype correlations were the first
clear genotype-phenotype associations to be found in inherited
neoplasia syndromes.> The most striking observation was that
gain-of-function mutations affected several hotspot codons, with
the great majority mutating cysteine residues in exons 10 and 11.
Notably, mutations of codon 634 in exon 11 were highly associated
with the full-blown phenotype of MEN 2A, i.e., with a high
prevalence of pheochromocytoma and hyperparathyroidism, with
p-C634R being the most common, the most highly penetrant, and
the most fulminant.!'347 Interestingly, the fulminant nature was
reconfirmed recently where a report of 12 Brazilian families indi-
cated that p.C634R is associated with a higher probability of
having metastases at diagnosis of MTC than other codon 634
mutations.*® Although 25% of FMTC kindreds harbor a mutation
in codon 634, most commonly p.C634Y, p.C634R mutations are
virtually absent in this subtype.!-32

Codon 634 mutations are also associated with development
of CLA.'7 Among 25 individuals from three families with a
codon 634 mutation, 36% had CLA.#°

RET germline p.M918T mutations are only associated with
MEN 2B; however, somatic mutations at this codon are fre-
quently observed in MTC in individuals with no known family
history of MTC and are overrepresented in individuals with
sporadic MTC who have a particular germline RET variant,
¢.2439C>T; p.S836S.50

Although the initial genotype-phenotype studies would sug-
gest that the exon 10 codon mutations, in particular at codons
609 and 611, would carry the lowest penetrance, a recent large
multicenter study of 103 families with exon 10 mutations dem-
onstrated an incidence of MTC in 77%, pheochromocytoma in
17%, and HPT in 3%.° Although the original observations of
low incidence of pheochromocytoma and HPT hold true, the
incidence of MTC is quite high and should be noted.

Mutations involving the cysteine codons 609, 618, and 620 in
exon 10 of RET are associated with MEN 2A or FMTC coseg-
regating with HSCR (mechanism described earlier).39-51-52 Ini-
tially, it was believed that 30% of individuals carrying p.C618R
and p.C620R also cosegregated HSCR3; however, this was
likely an overestimate, potentially due to referral bias. In an
unselected, multinational series of exon 10 mutation carriers,
only 7.5% of informatic carriers were found to also have a
HSCR phenotype.®

Mutations at codons 768, 804, and 891 that were initially
only associated with FMTC have subsequently been found in
rare families with MEN 2A.53-57 Phenotypic expression of
mutations at codon 804 has been shown to be highly variable,
even within the same family.®>° Some individuals with such
mutations have MTC at age 5 years and fatal metastatic MTC at
age 12 years, whereas other individuals with the same mutation

© 2011 Lippincott Williams & Wilkins
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have been shown to have normal thyroid histology at age 27
years, normal biochemical screening at age 40 years, and no
clinical evidence of MTC at age 86 years. In a large family with
a high level of consanguinity, biochemical testing indicated
expression of thyroid disease in individuals homozygous but not
heterozygous for p.V804M.®® CLA in the background of a
p-V804M mutation has been reported in one individual.®!

One study suggests that in addition to their association with
MTC, mutations in codons 790 or 804 may be associated with
PTC.#* In a large Italian family, 40% of family members with a
p-V804M mutation who were examined in detail had concomi-
nant medullary and PTC.#>

The American Thyroid Association Guidelines Task Force
has classified mutations based on their risk for aggressive MTC
(Table 2). The classification may be used in predicting pheno-
type and recommendations for age at which to perform prophy-
lactic thyroidectomy and to begin biochemical screening for
pheochromocytoma and hyperparathyroidism.?

DIFFERENTIAL DIAGNOSIS

Apparently sporadic MTC

There is only one genetic differential diagnosis for MTC and
that is MEN 2. Therefore, it is important for medical manage-
ment of the individual and his/her family to distinguish MTC
presentations who have MEN 2 from those with truly sporadic
MTC. In various studies of individuals with simplex MTC (i.e.,
no known family history of MTC or personal history of other
endocrine disease), 6—9.5% were found to have disease-causing
germline mutations in the RET gene.®3-%¢ Because of this rela-
tively high frequency of germline RET mutations, genetic coun-
seling and testing should be offered to all individuals with
MTC, a clinical diagnosis of MEN 2, or primary CCH.?

Pheochromoctyoma

The probability that pheochromocytoma is hereditary is es-
timated to be 84% for multifocal (including bilateral) tumors
and 59% for tumors with onset on or before age 18 years.!3
Approximately 25% of individuals with pheochromocytoma
and no known family history of pheochromocytoma may have
an inherited disease caused by a mutation in one of the follow-
ing four genes, RET, VHL, SDHD, or SDHB.'3-°7 SDHC germ-
line mutations are rare in apparently sporadic pheochromocy-
toma. The algorithm for prioritizing which gene to test is
outlined by Erlic et al.3!

In a large population-based study, approximately 5% of
individuals with nonsyndromic pheochromocytoma and no fam-
ily history of pheochromocytoma demonstrated a RET muta-
tion.'3 Of those individuals with hereditary pheochromocytoma
treated at a single institution, 12% had MEN 2A, with 27%
presenting with pheochromocytoma as the first manifestation of
disease.” A recent analysis of individuals with RET exon 10
mutations found that 25% of those with pheochromocytoma
were diagnosed at least 1 year before MTC.?

Any individual presenting with a pheochromocytoma should be
evaluated for VHL disease.?! In a population-based series, Neu-
mann et al.!3 identified germline VAL mutations in 11% of indi-
viduals with nonsyndromic pheochromocytoma and no family
history of pheochromocytoma. VHL is characterized by pheochro-
mocytoma, renal cell carcinoma, cerebellar and spinal hemangio-
blastoma, and retinal angioma. Some families with apparent auto-
somal dominant pheochromocytoma have VHL gene mutations in
the absence of other clinical manifestations of VHL.7.13.68

Approximately 8.5% of individuals with apparently sporadic
nonsyndromic pheochromocytoma have been shown to have a
mutation in one of the succinate dehydrogenase subunit genes,
SDHD or SDHB, that cause hereditary paraganglioma-pheo-
chromocytoma syndrome.!3> These genes are associated with

Table 2 Risk of aggressive MTC based on genotype® and recommended interventions

Age of prophylactic

Age to begin screening Age to begin screening

ATA risk level Mutations® surgery for PHEO for HPT
Level D p-A883F, p.M918T, As soon as possible within 8 yr NA
(highest risk)  p.V804M + p.E805K, first year of life

p.-V804M + p.Y806C,
p.-V804M + p.S904C

Level C p-C634R/G/F/S/W/Y Before age 5 yr 8 yr 8 yr

Level B p-C609F/R/G/S/Y, p.C611R/G/F/S/W/Y, Consider before 5 yr, may 8 yr for those with a codon 8 yr for those with a codon
p.C618R/G/F/S/Y, p.C620R/G/F/S/W/Y,  delay if criteria met® 630 mutation, 20 yr for 630 mutation, 20 yr for
p-C630R/F/S/Y, p.D631Y, p.633/9 bp all others all others
dup, p.634/12 bp dup,
p.-V804M + p.V778l1

Level A p-R321G, p.531/9 bp dup, p.532 dup, May delay surgery beyond 20 yr 20 yr

p.C5158S, p.G533C, p.R600Q,
p-K603E, p.Y606C, p.635/insert
ELRC; p.T636P, p.K666E, p.E768D,
p-N777S, p.L790F, p.V804L/M,
p.G819K, p.R833C, p.R844Q,
p-R866W, p.S891A, p.RI12P

age 5 yr if criteria met®

“Adapted from Thyroid. 2009;19:565-612. Levels A-D are defined in Ref. 2. Level D carries evidence of the highest risks and highest penetrances (potentially youngest
ages) of developing the neoplasias. Levels are used to guide timing of prophylactic thyroidectomy and of screening for pheochromocytoma.

p.S649L and p.Y791F removed from this list as they have been reclassified as polymorphisms.

“A normal annual basal = stimulated serum calcitonin, normal annual neck ultrasound examination, and family history of less aggressive MTC.

HPT, hyperparathryoidism; PHEO, pheochromocytoma.
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familial paragangliomas, which are also known as extra-adrenal
pheochromocytomas or glomus tumors.®®-70 Although head and
neck paragangliomas are common in individuals with SDHB,
SDHC, and SDHD mutations, they are extremely rare in MEN
2 and VHL.”! When head and neck paraganglioma are associ-
ated with MEN 2 or VHL, individuals almost always have other
syndromic features or a suggestive family history.

Although NF 1 is always included in the genetic differential
diagnosis of pheochromocytoma, virtually all such presenta-
tions are accompanied by clinical features of NF 1.72 Similarly,
pheochromocytoma and paraganglioma are considered rare
components of MEN 1. Personal or family history of MEN 1
features should be evident.

Hyperparathryoidism (HPT)

HPT is almost never (some believe never) a first presentation of
MEN 2, and so, a formal differential diagnosis section for this
organ has been omitted. In contrast, HPT is commonly (said to be
>80%) the first manifestation of MEN 1.

Intestinal ganglioneuromatosis

Germline analysis for the RET p.M918T and p.A883F mu-
tations should be offered for infants and children presenting
with intestinal ganglioneuromatosis.”> The only other genetic
differential diagnoses to consider in intestinal ganglioneuroma-
tosis are Cowden syndrome and type 1 neurofibromatosis.”-7¢
Individuals with Cowden syndrome are more likely to exhibit
ganglioneuromatous polyps than those with MEN 2B or NF
1. It is important to distinguish the constipation/obstipation
associated with MEN 2B-related ganglioneuromatosis from
the same symptoms derived from the colonic aganglionosis
seen in HSCR.

DISEASE MANAGEMENT

Treatment of manifestations

Standard treatment for MTC is surgical removal of the thy-
roid with regional lymph node dissection.? Standard chemother-
apy and radiation are not effective in the treatment of MTC.#
Resection and autotransplantation of parathyroid tissue are
not typically performed at the time of thyroidectomy unless
there is evidence of HPT.2 It is always important to ensure
that pheochromocytomas are not coexistent before thyroid
surgery (see later).

Pheochromocytomas detected by biochemical testing and
radionuclide imaging are removed by adrenalectomy, which
may be performed using video-assisted laparoscopy. Antihyper-
tensive treatment before adrenalectomy involves the use of a-
and B-adrenergic receptor blockade.!! Historically, some spe-
cialists recommended bilateral adrenalectomy at the time of
demonstration of tumor even within a single adrenal gland
because of the strong probability that the other adrenal gland
would develop a tumor within 10 years. However, because of
the risk of adrenal insufficiency and Addisonian crisis after
bilateral adrenalectomy, most experts now recommend uni-
lateral adrenalectomy in unilateral tumors and cortical-spar-
ing adrenal surgery with close monitoring of the remnant
tissue in persons with one remaining adrenal gland or bilat-
eral pheochromocytoma.?

Parathyroid adenoma or hyperplasia diagnosed at the time of
thyroidectomy is treated with resection of the visibly enlarged
parathyroid gland(s), subtotal parathyroidectomy, or total para-
thyroidectomy with forearm autograft.2 However, in most indi-
viduals with MEN 2A, HPT is diagnosed many years after
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thyroidectomy. Individuals with biochemical evidence of pri-
mary HPT who have undergone prior thyroidectomy should
have preoperative localization with excision of the localized
hypertrophied parathyroid glands and forearm autotransplanta-
tion. Therapy with medications to control primary HPT should
be considered in individuals with a high risk of surgical mor-
tality, limited life expectancy, or persistent or recurrent primary
HPT after one or more surgical attempts.?

Prevention of primary manifestations

Prophylactic thyroidectomy is the primary preventive mea-
sure for individuals with an identified germline RET muta-
tion.>* Prophylactic thyroidectomy is safe for all age groups in
the hands of those facile with this operation; however, the
timing of the surgery is controversial.”” According to the con-
sensus statement from the American Thyroid Association
Guidelines Task Force, the age at which prophylactic thyroid-
ectomy is performed can be guided by the codon position of the
RET mutation (Table 2).2 However, these guidelines continue to
be modified as more data are available.

Thyroidectomy for CCH, before progression to invasive
MTC, may allow surgery to be limited to thyroidectomy with
sparing of lymph nodes.!478

For all individuals with a RET mutation who have not had a
thyroidectomy, annual biochemical screening is recommended
with immediate thyroidectomy if results are abnormal.” Annual
serum calcitonin screening should begin for children with MEN
2B at age 6 months and at age 3—5 years for those with MEN 2A
or FMTC.2 However, caution should be used in interpreting
calcitonin results for children younger than 3 years, especially
children younger than 6 months.?

Prevention of secondary manifestations

Before any surgery, the presence of a functioning pheochro-
mocytoma should be excluded by appropriate biochemical
screening in any individual with MTC, MEN 2A, or MEN 2B.
Individuals with undiagnosed pheochromocytoma may die from
a cardiovascular hypertensive crisis perioperatively. In a pro-
spective study of at-risk family members with the disease-
causing mutation, 8% had pheochromocytoma detected at the
same time as MTC.30 If pheochromocytoma is detected, adre-
nalectomy should be performed before thyroidectomy to avoid
intraoperative catecholamine crisis.8!

Surveillance

Medullary thyroid carcinoma

Approximately 50% of individuals diagnosed with MTC who
have undergone total thyroidectomy and neck nodal dissections
have recurrent disease.* Furthermore, thyroid glands removed
from individuals with a RET disease-causing mutation who had
normal plasma calcitonin concentrations have been found to
contain MTC.2! Therefore, continued monitoring for residual or
recurrent MTC 1is indicated after thyroidectomy, even if thy-
roidectomy is performed before biochemical evidence of dis-
ease. The screening protocol for MTC after prophylactic thy-
roidectomy is an annual measurement of serum calcitonin.?
More frequent follow-up is recommended for those with resid-
ual disease.

Pheochromocytoma

For individuals whose initial screening results are negative
for pheochromocytoma, annual biochemical screening is rec-
ommended, followed by MRI and/or CT if the biochemical
results are abnormal.?!" Women with MEN 2 should be
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screened for pheochromocytoma before a planned pregnancy or
as early as possible during an unplanned pregnancy.? Other
screening studies, such as scintigraphy or PET, may be war-
ranted in some individuals. Annual biochemical screening be-
ginning at age 8 years has been recommended for individuals
with MEN 2A or FMTC caused by mutations of codons 630 and
634 and at age 20 years for mutations in all other codons (Table
2).2 Individuals with MEN 2B should begin screening for pheo-
chromocytoma at age 8 years.?

Parathyroid adenoma or hyperplasia

Annual biochemical screening with serum calcium concen-
trations and parathyroid hormone is recommended for at-risk
individuals who have not had parathyroidectomy and parathy-
roid autotransplantation. In MEN 2A, screening should begin at
age 8 years for individuals with mutations of codons 630 and
634 and by age 20 years for individuals with other RET muta-
tions (Table 2).2 Periodic screening is recommended for indi-
viduals with FMTC beginning at age 20 years.2 Screening is
likely unnecessary in MEN 2B as these individuals do not have
an increased risk of HPT.

Hypoparathyroidism

All individuals who have undergone thyroidectomy and au-
totransplantation of the parathyroids need monitoring for pos-
sible hypoparathyroidism.

Agents/circumstances to avoid

Dopamine D, receptor antagonists (e.g., metoclopramide and
veralipride) and 3-adrenergic receptor antagonists (3 blockers)
have a high potential to cause an adverse reaction in individuals
with pheochromocytoma. Other medications including mono-
amine oxidase inhibitors, sympathomimetics (e.g., ephedrine),
and certain peptide and corticosteroid hormones may also cause
complications, whereas tricyclic antidepressants are inconsis-
tent in causing adverse reactions.®?

Testing of relatives at risk

RET molecular genetic testing should be offered to probands
with any of the MEN 2 subtypes and to all at-risk members of
kindreds in which a germline RET mutation has been identified
in an affected family member.2#3 American Society of Clinical
Oncologists identifies MEN 2 as a group 1 disorder, i.e., a
well-defined hereditary cancer syndrome for which genetic test-
ing is considered part of the standard management for at-risk
family members.83

RET molecular genetic testing should be performed as soon
as possible after birth in all children known to be at risk for
MEN 2B.2.14 In families with MEN 2A or FMTC, molecular
genetic testing should be offered to at-risk children by age 5
years, as MTC has been documented in childhood.?!#

Therapies under investigation

Clinical trials of tyrosine kinase inhibitors, such as vandet-
anib (ZD6474), are currently underway. In a Phase II trial, 73%
(22/30) of individuals with hereditary metastatic MTC who
were treated with vandetanib experienced a partial response or
stable disease.3* Tyrosine kinase inhibitors are promising po-
tential treatments for patients with unresectable, locally ad-
vanced, or metastatic MTC.

Other

Genetics clinics, staffed by genetics professionals, provide
information for individuals and families regarding the natural
history, treatment, mode of inheritance, and genetic risks to
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other family members and information about available con-
sumer-oriented resources. The GeneTests Clinic Directory is
a resource available to the public to assist in the identifica-
tion of genetics clinics.

Genetic counseling

Genetic counseling is the process of providing individuals
and families with information on the nature, inheritance, and
implications of genetic disorders to help them make informed
medical and personal decisions. The following section deals
with genetic risk assessment and the use of family history and
genetic testing to clarify genetic status for family members. This
section is not meant to address all personal, cultural, or ethical
issues that individuals may face or to substitute for consultation
with a genetics professional.

Mode of inheritance

All the MEN 2 subtypes are inherited in an autosomal dom-
inant manner.

Risk to family members

The proportion of individuals with MEN 2 who have an
affected parent varies by subtype. Approximately 95% of indi-
viduals with MEN 2A have an affected parent, and approxi-
mately 5% of cases are due to de novo germline mutations.85
Because incomplete penetrance of the mutant allele is possible,
some parents who have a RET mutation are asymptomatic. It is
appropriate to evaluate the parents of an individual with MEN
2A for manifestations of the disorder and offer molecular ge-
netic testing if the RET mutation has been identified in the
proband.

By operational definition, individuals with FMTC have mul-
tiple family members who are affected by MTC. However, if,
for example, a p.C634R mutation was identified in an individual
from an FMTC family, then the clinician should be cautious that
the individual has a high likelihood of developing pheochromo-
cytoma and HPT.2:8¢

Approximately 50% of affected individuals with MEN 2B
have a de novo germline mutation, and 50% have inherited the
mutation from a parent.®” The majority of de novo mutations are
paternal in origin, but cases of maternal origin have been
reported.8®

The risk to siblings depends on the genetic status of the
parent, which can be clarified by pedigree analysis and/or mo-
lecular genetic testing. If a parent has the gene mutation, the risk
is 50%. In situations of apparent de novo germline mutations,
germline mosaicism in an apparently unaffected parent needs to
be considered, even though such an occurrence has not yet been
reported.

Each child of an individual with MEN 2 has a 50% chance of
inheriting the RET mutation. The probability that the offspring
of an individual with simplex MTC (i.e., no known family history
of MTC) and no identifiable RET germline mutation would inherit
a RET mutation is 0.18%.'48° This estimate is based on a 95%
mutation detection rate and on empiric data that 7% of individuals
with sporadic MTC have a germline mutation.

Related genetic counseling issues

Testing of at-risk individuals. Consideration of molecular
genetic testing of at-risk family members is appropriate for
surveillance. Molecular genetic testing can be used for testing of
at-risk relatives only if a disease-causing germline mutation has
been identified in the family. When a known disease-causing
mutation is not identified, linkage analysis can be considered in

761



Moline and Eng

Genetics IN Medicine ® Volume 13, Number 9, September 2011

families with more than one affected family member from
different generations. Because early detection of at-risk individ-
uals affects medical management, testing of asymptomatic chil-
dren is beneficial.®3 Education and genetic counseling of at-risk
children and their parents before genetic testing are appropriate.

Considerations in families with de novo mutations. When
the parents of a proband with an autosomal dominant condition
do not have the disease-causing mutation or clinical evidence of
the disorder, it is likely that the proband has a de novo mutation.
However, possible nonmedical explanations including alternate
paternity or undisclosed adoption could also be explored.

Genetic cancer risk assessment and counseling. For com-
prehensive descriptions of the medical, psychosocial, and
ethical ramifications of identifying at-risk individuals
through cancer risk assessment with or without molecular
genetic testing, see:

e Genetic Cancer Risk Assessment and Counseling: Recom-
mendations of the National Society of Genetic Counselors.

e Elements of Cancer Genetics Risk Assessment and Coun-
seling (part of PDQ®, National Cancer Institute).

Family planning. The optimal time for determination of ge-
netic risk and availability of prenatal testing is before preg-
nancy. It is appropriate to offer genetic counseling (including
discussion of potential risks to offspring and reproductive op-
tions) to young adults who are affected or at risk.

Prenatal testing

Prenatal diagnosis for pregnancies at increased risk is possi-
ble by analysis of DNA extracted from fetal cells obtained by
amniocentesis usually performed at approximately 15-18
weeks’ gestation or chorionic villus sampling at approximately
10—-12 weeks’ gestation. The disease-causing allele of a family
member must be identified in the family before prenatal testing
can be performed.

Preimplantation genetic diagnosis

Preimplantation genetic diagnosis may be available for fam-
ilies in which the disease-causing mutation has been identified.?

MOLECULAR GENETICS

RET proto-oncogene maps to 10q11.2 and encodes the re-
ceptor tyrosine kinase REarranged during Transfection protein.

Molecular genetic pathogenesis

RET encodes a tyrosine kinase receptor that plays an integral
role in transducing signals for growth and differentiation in
tissues derived from the neural crest. Gain-of-function muta-
tions that produce a constitutively active protein or decreased
specificity for its substrate cause MEN 2.90 In contrast, loss-of-
function mutations are associated with a subset of HSCR.!

Normal allelic variants

The RET proto-oncogene is composed of 21 exons spanning
more than 55 kb of genomic sequence.

Normal allelic variants and variants of uncertain significance
have been described. A database of normal, uncertain, and
pathologic RET variants is maintained by ARUP Laboratories
(http://www.arup.utah.edu/database/MEN2/MEN2_welcome.php).°!
The variants p.S649L and p.Y791F were recently reclassified as
nonpathogenic, although whether they act as modifiers of risk is
unknown. 62
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Pathologic allelic variants

The major disease-causing mutations are nonconservative
gain-of-function substitutions located in one of six cysteine
codons in the extracellular domain of the encoded protein.8¢-92
They include codons 609, 611, 618, and 620 in exon 10 and
codons 630 and 634 in exon 11. All these variants have been
identified in families with MEN 2A, and some have been
identified in families with FMTC. Mutations in these sites have
been detected in 98% of families with MEN 2A.3

Approximately 95% of all individuals with the MEN 2B
phenotype have a single point mutation in the tyrosine kinase
domain of the RET gene at codon 918 in exon 16, which
substitutes a threonine for methionine.> A second point muta-
tion at codon 883 has been found in 2-3% of individuals with
MEN 2B.9394 Tandem RET mutations of codons 805, 806, and
904 in cis configuration with the p.V804M mutation have also
been reported in individuals with MEN 2B.2.95-97

Normal gene product

RET produces a receptor tyrosine kinase with extracellular,
transmembrane, and intracellular domains. The extracellular
domain consists of a calcium-binding cadherin-like region and
a cysteine-rich region. The encoded protein plays a role in
signal transduction by interaction with the glial-derived neu-
rotropic factor (GDNF) family of ligands: GDNF, neurturin,
persephin, and artemin. Ligand interaction is by the ligand-
binding GDNF family receptors to which RET protein binds the
encoded protein complexes. Formation of a complex containing
two RET protein molecules leads to RET autophosphorylation
and intracellular signaling whereby phosphorylated tyrosines
become docking sites for intracellular signaling proteins.’® The
RET tyrosine kinase catalytic core, which is located in the
intracellular domain, interacts with the docking protein FRS2
and causes downstream activation of the mitogen-activated pro-
tein kinase signaling cascade.®® Normal tissues contain tran-
scripts of several lengths.!00

Abnormal gene product

Mutations in codons in the cysteine-rich extracellular domain
(609, 611, 618, 620, and 634) cause ligand-independent RET
dimerization, leading to constitutive activation (i.e., gain of
function) of tyrosine kinase.!°!

The disease-causing point mutation codon 918 that causes
95% of the MEN 2B phenotype lies within the substrate spec-
ificity pocket of the catalytic core of the tyrosine kinase and
causes both a constitutive activation (i.e., gain of function) and
perhaps loss of substrate specificity of the RET kinase in its
monomeric state, independent of the normal ligand-binding and
dimerization steps.'0!

In contrast to the activating mutations in MEN 2, mutations that
cause HSCR result in a decrease in the transforming activity of
RET.102 For families in which MEN 2A and HSCR cosegregate,
models to explain how the same mutation can cause gain of
function and loss of function have been proposed.!03
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