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Medullary thyroid cancer (MTC) is a unique form of thyroid cancer and
distinct from the more common differentiated variants (papillary and follic-
ular). As a neuroendocrine tumor, MTC is derived from the parafollicular
cells, or C cells, of the thyroid; the secretion of calcitonin and carcinoem-
bryonic antigen (CEA) enables these serum peptides to be utilized as pre- and
postoperative tumor markers, which correlate with the extent of disease and
tumor burden. This is in contrast to papillary and follicular thyroid cancer
where the use of thyroglobulin as a measure of disease extent is much less
sensitive and specific. Serum levels of calcitonin and CEA can be utilized to
guide the extent of preoperative imaging, the results of which influence the
extent of initial surgery. MTC which is localized to the neck remains largely
a surgical disease as there is no effective adjuvant therapy currently available
to minimize disease recurrence. In addition, while the majority of patients
have sporadic disease, approximately one-fourth of patients with newly
diagnosed MTC will have an inherited form, secondary to multiple endocrine
neoplasia (MEN) type 2A or 2B, or the related syndrome of familial MTC.

These unique biologic features can make the management of patients with
MTC quite challenging and require the multidisciplinary expertise of inter-
nists, pediatricians, endocrinologists, genetic counselors, medical oncolo-
gists, pathologists, and thyroid surgeons. This text is not meant to replace the
current American Thyroid Association guidelines, last published in 2015,
which serves as the point of reference for the management of patients with
MTC; but rather, we hope to provide a more in-depth discussion of some
of the clinical challenges which physicians and patients face.

We would like to extend our deepest thanks to each of the contributors to
this text for their clinical expertise and generosity of time and talent. We
would also like to thank the editors, Maria Smilios and Samantha Lonuzzi,
for their patience and assistance in the production of this book. Most
importantly, we are grateful for the courageous patients and families who
have formed the basis of our experience and reinforce the importance of
multimodality care, clinical trials, and translational research.

Milwaukee, WI, USA Tracy S. Wang
Douglas B. Evans
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Mary M. Mrdutt and Terry C. Lairmore

Medullary thyroid carcinoma (MTC) was not
recognized as a distinct pathologic type of thy-
roid cancer until relatively recently. The correct
classification of this thyroid neoplasm followed
earlier histopathologic studies that identified a
separate population of parafollicular or C-cells,
the recognition that these cells had an embry-
ologic origin from the neural crest, and the dis-
covery that this cell population was responsible
for the production of the peptide hormone cal-
citonin. Subsequent clinical studies established
the strong familial patterns for the development
of MTC and its association with specific hered-
itary cancer syndromes. The unique features of
MTC include its intermediate level of biologic
aggressiveness within the spectrum of thyroid
cancer types, the production of a specific hor-
mone product that can serve as a sensitive tumor
marker for occult or recurrent disease (calci-
tonin), and its lack of susceptibility to radio-
iodine, making complete surgical removal of all
cancer and lymphatic metastases the primary
treatment goal. In addition, there have been great
advances in the understanding of the molecular
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pathogenesis of MTC with the identification of
germline-activating mutations in the RET
proto-oncogene that are responsible for its
development in association with the multiple
endocrine neoplasia type 2 (MEN2) syndromes,
as well as similar somatic mutations that underlie
a significant proportion of sporadic tumors.
Importantly, direct genetic testing allows for
presymptomatic identification of patients who
have inherited a disease-associated RET mutation
and are at essentially 100 % risk of developing
thyroid cancer during their lifetime. This ability
to make a definitive genetic diagnosis prior to the
detection of clinical, sonographic, or biochemical
evidence of neoplasia allows the unique oppor-
tunity to perform an early thyroidectomy to
remove the end organ at risk before invasive
malignancy develops. Early prophylactic thy-
roidectomy for patients with MEN2 was one of
the first and is perhaps still one of the best
examples of a surgical intervention based on
genetic testing that is intended to completely
prevent subsequent cancer development in
patients with an inherited cancer susceptibility.

History
Description of the Thyroid C-Cells
The story of MTC begins with the discovery of a

separate population of cells dispersed in very
small numbers within the thyroid parenchyma

T.S. Wang and D.B. Evans (eds.), Medullary Thyroid Cancer,

DOI 10.1007/978-3-319-39412-1_1



that are embryologically, histologically, and
functionally distinct from the thyroid follicular
cell. In his communication to the Royal Society
of London on January 27, 1876, entitled “Con-
tributions to the Minute Anatomy of the Thyroid
Gland of the Dog,” E. Cresswell Baber first
described this morphologically distinct popula-
tion of cells [1]. Baber was studying the lym-
phatics of the gland and aptly declared during his
preamble that the thyroid “is one of those organs,
commonly known by the name of ductless or
blood glands, about which our knowledge is still
in a very unsatisfactory condition.” Baber termed
the separate population parenchymatous cells.
These non-follicular cells were subsequently
referred to descriptively as parafollicular cells,
as proposed by Nonidez in 1932 [2]. This term is
not entirely accurate, however, as the cells occur
in both parafollicular and intrafollicular loca-
tions. The early studies of this cellular population
were performed on animal thyroid glands, which
have more prominent and larger numbers of
“parafollicular” cells when compared to their
human counterparts. José Fernandez Nonidez, an
anatomist at Cornell Medical College in New
York, performed histochemical studies as part of
his work on the innervation of the thyroid gland
of the dog. He utilized the reduced silver nitrate
method of Cajal to characterize these cells based
on their argyrophilic cytoplasmic granules. He
recognized that these cells differed from the fol-
licular cells in the thyroid glands of young pup-
pies, in that they were larger and contained clear
vesicular nuclei [3, 4]. Nonidez rediscovered
Baber’s “parenchymatous cells,” and in dis-
cussing his elegant studies, he correctly proposed
that the argyrophil granules represented ‘“the
antecedent of an endocrine secretion poured
directly into the vessels.” As reviewed by
Roediger [5] and Hazard [6], these cells were
recognized variously in subsequent studies of the
mammalian thyroid as protoplasm-rich cells [7],
ovoid cells [8], interfollicular cell [9, 10], neu-
rohormonal cell [11], giant-light cell [12],
mitochondrion-rich cell [13, 14], macrothyro-
cytes [15, 16], argyrophilic cell [17], gray cell
[18], and stem cell [19]. The descriptive terms
above were offered during precise early anatomic

M.M. Mrdutt and T.C. Lairmore

studies that focused on the morphology and
histologic location of the cells within the thyroid
gland. Pearse in 1966 [20] proposed the term
C-cell, accurately indicating their function in the
secretion of calcitonin.

The reasons for the late identification of this
distinct cellular population in the human thyroid
gland include their presence in very small num-
bers and non-specific appearance on routine
histology. In the human thyroid, the C-cells exist
singly or in small groups and are not easily dis-
cernible from the surrounding follicular cells
unless special techniques are employed. On
standard hematoxylin and eosin staining, the
cells are slightly paler than the surrounding fol-
licular cells but not sufficiently to provide posi-
tive identification. The most important historical
staining method to identify the C-cells is the
Grimelius silver nitrate argyrophil method [21],
which results in characteristic, dark granular
staining of the numerous secretory granules in
the cytoplasm. Specific immunoperoxidase
staining based on the presence of the hormone
calcitonin was used in subsequent detailed stud-
ies of the distribution of C-cells in the human
thyroid [22-24]. Ultrastructurally, C-cells are
characterized by numerous round secretory
granules that fill the cytoplasm, a well-developed
Golgi complex, and moderate numbers of mito-
chondria. Electron microscopy studies have
demonstrated that these cells are found in close
proximity to follicular cells and within the fol-
licular basement membrane. Thus, the “parafol-
licular cells” may occur in both a parafollicular
and intrafollicular location.

The demonstration that these non-follicular
cells synthesized, stored, and secreted calcitonin
was the next major advance in the understanding
of the thyroid gland’s cellular structure and
function. Copp and colleagues [25] in 1962
demonstrated the presence of calcitonin in canine
thyroid—parathyroid preparations, but interpreted
the source of the hormone to be the parathyroid
glands. Foster [13] found that these
“mitochondrion-rich” cells in the canine thyroid
were responsive to hypercalcemia and proposed
the name thyrocalcitonin to distinguish the “en-
zyme levels” from the hormone believed to be



1 History and Epidemiology

produced by the parathyroid glands in the earlier
studies by Copp. Bussolati and Pearse [26] sub-
sequently demonstrated calcitonin in the C-cells
of the porcine thyroid by direct immunofluores-
cent studies. Pearse [20] introduced the term
“C-cells” to indicate the role of these cells in the
production of calcitonin, which is most appro-
priate to describe their function. The C-cells
belong to a dispersed family of peptide
hormone-producing cells that Pearse [27] inclu-
ded under the descriptive term amine precursor
uptake and decarboxylation (APUD) cells, based
on common cytochemical and ultrastructural
features, as well as his hypothesis that they
shared a common embryological origin from the
neural crest.

Dr. Anthony “Tony” G.E. Pearse was a
pioneering pathologist and histochemist born in
Kent, England, in 1916. He served as Surgeon
Lieutenant during the Second World War and
held an academic post in the Department of
Morbid Anatomy (Histopathology) at the Ham-
mersmith Hospital and the Royal Postgraduate
Medical School of London, where he was
appointed to Chair and first Professor of Histo-
chemistry. Although subsequent studies demon-
strated that some of the cells in the group did not
derive from neural crest or even neuroectoderm,
his pioneering work in expanding field of histo-
chemistry, enzyme localization, and experimen-
tal embryology inspired a large number of
scientists and contributed immeasurably to
insight into the origins of the diffuse endocrine
system and the biochemistry of peptide
hormone-producing cells. He died in South
Molton, Devon, on May 24, 2003.

The thyroid gland has a dual embryologic
origin, originating from both the primitive phar-
ynx and the neural crest. The main thyroid pri-
mordium develops as a midline thickening or
proliferation of endodermal epithelial cells on the
surface of the developing pharyngeal floor
between the first and second pouches, in a loca-
tion termed the foramen cecum. This prolifera-
tion begins as a hollow structure and later
becomes solid and bilobed. The stem remains as
the thyroglossal duct that does not descend into
the lateral lobes. The rudimentary lateral thyroid

anlage has origins from the pharyngeal endoderm
and neural crest cells. The early ultimobranchial
body arises from the pharyngeal endoderm and is
subsequently populated by neural crest cells. The
resulting ultimobranchial body gives rise to the
C-cells. The derivation of parafollicular or
C-cells from the neural crest was established by
the experiments [28] with grafts of neural
rhombencephalic primordium from 6 to 10
somite quail embryos implanted into the devel-
oping chick. The neural crest cells of quail have
easily identifiable nuclear characteristics. Trans-
plantation of these cells into non-quail neural
crest was performed with the subsequent
demonstration of cells with quail nuclei popu-
lating the ultimobranchial body in chick
embryos, supporting the conclusion that C-cells
arise from the neural crest and migrate during
embryologic development. These cells associate
embryologically with the ultimobranchial body,
which is a ventral derivative of the fourth (or
fifth) pharyngeal pouch. Some additional more
recent studies, however, have suggested that
revision of the concept of origin of the C-cells in
mammals entirely from neuroectoderm may be
necessary [29].

Anatomic studies have detailed the distribu-
tion of C-cells within the human thyroid gland.
The C-cells have been shown to have an unequal
distribution within different regions of the thy-
roid parenchyma. An early study of goitrous
thyroid glands by Englund and coworkers [30]
using argyrophil and fluorescent microscopy
found that the extreme periphery of the lateral
lobes just beneath the capsule and the isthmus
was largely devoid of C-cells. In 1974, Wolfe
et al. [24] and Tashjian et al. [22] mapped the
distribution of C-cells in nonpathologic adult
thyroid glands with detailed study of serial sec-
tions using immunoperoxidase localization and
correlation of the histologic findings with ra-
dioimmunoassay for calcitonin in adjacent paired
sections. These investigators concluded that the
C-cells represent less than 0.1 % of the epithelial
mass of the gland. The cells were shown to be
primarily parafollicular, but also occurred in an
intrafollicular location adjacent to the basement
membrane and covered by a thin cytoplasmic



layer of the adjoining follicular cells which pro-
vided separation from the colloid within the
follicle. These studies also demonstrated that
C-cells are predominantly located within the
deep portions of the middle and upper thirds of
the thyroid lobe and are essentially absent in the
isthmus. Wolfe et al. [23] performed a detailed
study of six neonatal thyroid glands obtained
immediately postmortem from normocalcemic
subjects without associated endocrine disorders.
They employed an immunoperoxidase localiza-
tion technique with correlation by bioassay and
immunoassay for calcitonin. In their study of
neonatal thyroid glands, the C-cells were also
distributed primarily in the middle to upper thirds
of the lateral lobes. These cells were more
numerous in the neonate than in adult (up to 75
C-cells per low power field) and more frequently
intrafollicular in contrast to the findings from
prior studies of the adult thyroid gland. The
reason for the finding of increased numbers of
C-cells in the neonatal thyroid was not clearly
revealed in these studies, although it was spec-
ulated that the increased proportion might reflect
the relative fraction in relation to the smaller
gland volume, or alternatively that calcitonin
might have an important role for the developing
fetus. The anatomic distribution of C-cells within
upper to middle thirds of the thyroid parenchyma
corresponds to the most frequent location for the
clinical development of medullary carcinoma
within the gland.

Medullary Thyroid Carcinoma Arises
from the Thyroid C-Cells

In his comprehensive contemporary 1977 review
article “The C-Cells (Parafollicular Cells) of the
Thyroid Gland and Medullary Thyroid Carci-
noma” [6], Hazard attributes the first record of
MTC as a specific pathologic diagnosis for a
thyroid tumor to his unpublished observations in
1947. The solid cellular arrangement of the
tumor type had previously resulted in its inclu-
sion in the group of undifferentiated thyroid
carcinomas, which were characterized by a
highly aggressive malignant growth pattern. Dr.
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Hazard recognized a select subset of tumors with
a characteristic “uniformity of cell type, a mod-
erate number of mitoses as compared with the
undifferentiated or anaplastic carcinoma, a uni-
form arrangement of cell sheets separated by
stroma, and especially, the presence of amyloid
in the tumor features that identified it as a dis-
tinctive histologic type.”

Descriptions of malignant thyroid tumors
containing amyloid have been found in the
German literature from the early twentieth cen-
tury, as cited by Ljungberg [31]. Horn in 1951
[32] published the findings from a series of 7
cases of a distinct variant of thyroid carcinoma
with a moderate grade of malignancy and the
gross and histologic features of medullary car-
cinoma, without description of the associated
amyloid-containing stroma. A case report by
Brandenberg in 1954 [33] characterized a thyroid
tumor as “metastasizing amyloid struma,” and
Laskowski in 1957 [34] proposed the term
“carcinoma thyroideum hyalinicum.”

In 1959, a landmark paper by Hazard, Hawk,
and Crile [35] from the Cleveland Clinic pro-
vided the first complete description of medullary
(solid) carcinoma of the thyroid and identified
this type of thyroid cancer as a distinct clinico-
pathologic entity. They reviewed the pathologic
material from 600 carcinomas of the thyroid
removed at the Cleveland Clinic Hospital
between 1926 and 1957 and identified 21 cases
with unique features warranting classification as
a separate type of thyroid carcinoma. This report
distinguished medullary carcinoma by its solid
non-follicular histologic pattern, the presence of
amyloid in the stroma, and a high incidence of
lymph node metastasis. They noted that these
tumors demonstrated an intermediate grade of
malignancy, in distinction to the aggressive
undifferentiated thyroid carcinomas with which
they had been previously grouped.

John Beach Hazard was born on January 7,
1905, in White Horse, Pennsylvania. After
completing his training at the Mallory Institute of
Pathology, Boston City Hospital, he was a con-
sultant in Pathology at the Robert Bent Brigham
Hospital (1937-1946) and then ultimately
chairman of the Division of Pathology at the



1 History and Epidemiology

Cleveland Clinic Foundation (1958-1970). His
many important contributions included the
definitive first description of MTC and the orig-
inal description of the presence of amyloid in the
tumor. Known to his friends as “Beach,” he had
lifelong interest in horses and passion for horse
racing and was regularly seen in attendance at the
Kentucky Derby with his wife Mae. Dr. Hazard
died in Key Biscayne, Florida, on September 13,
1994.

The origin of MTC from the C-cell was pro-
posed by Williams [36] in 1966, and he sug-
gested that the neoplasm was the source of a
product with hypocalcemic activity. Meyer and
coworkers provided support for this proposal
through ultrastructural studies [37, 38] demon-
strating the similarities of the cytoplasmic
secretory granules of the tumor cells and C-cells,
as well as the thyrocalcitonin-like activity
exhibited by the tumor in tissue culture studies
[38]. Subsequent additional studies [39, 40]
confirmed the production of calcitonin by MTC
tumor cells, and specific demonstration of calci-
tonin in the parafollicular C-cells was shown
with the use of fluorescein-labeled antibody to
calcitonin [41, 42]. The presence of an amor-
phous material in the stroma was a characteristic
feature of the early descriptions of MTC, and this
material ~ was  identified as  amyloid.
Albores-Saavedra et al. [43] identified amyloid
fibrils by electron microscopy and confirmed that
the amyloid material was a product of the MTC
cells by tissue culture studies. Ultrastructural
studies [37, 38] further characterized the amyloid
fibrils and revealed that the formation of amyloid
was predominately extracellular, but suggested
that the secretory granules in MTC cells were
involved in production of the material. Calcitonin
was subsequently directly identified within the
amyloid stroma by immunohistochemistry and
immunofluorescence [44, 45]. Sequence analysis
of the isolated amyloid medullary carcinoma of
thyroid (AMCT) protein confirmed the presence
of calcitonin, but with a higher molecular weight.
This finding leads to the conclusion that an
alternatively processed prohormone of calcitonin
was a component of the amyloid material [45].
More recently, elegant mass spectrometry studies

of the amyloid in MTC by Khurana et al. con-
cluded that the full-length calcitonin was present
[46], and mass spectrometry-based proteonomic
analysis identified the peptides calcitonin and
katacalcin [47]. Katacalcin is a member of the
calcitonin gene family and flanks calcitonin in
the human calcitonin precursor which is subse-
quently cleaved into calcitonin and katacalcin.

Peptide Hormones and Tumor Markers

Hirsch et al. [48] in 1964 purified a factor from
extracts of porcine thyroid glands that was
demonstrated to lower serum calcium and inor-
ganic phosphate in rats. This agent, termed thy-
rocalcitonin, appeared to be a polypeptide that
was distinct from thyroxine and triiodothyronine.
The peptide hormone, later identified as calci-
tonin, assumed great importance as a tumor
marker for MTC. Calcitonin plays a role in cal-
cium homeostasis especially in lower animals,
with a less prominent influence in humans. In
common with other cells belonging to the dis-
persed neuroendocrine system derived from
neural crest and the APUD cell concept of
Pearse, the C-cells are capable of producing a
variety of peptides, as well as biogenic amines,
prostaglandins [49], and ectopic hormones such
as ACTH [50], as reviewed in [51]. Baylin et al.
[52, 53] demonstrated increased histaminase
activity in the serum of patients with MTC and
further reported that high levels of histaminase
are present only in malignant C-cells suggesting
that this activity might serve as a marker to dis-
tinguish microscopic carcinoma from C-cell
hyperplasia. Elevated plasma levels of carci-
noembryonic antigen (CEA) in patients with
MTC were reported by Ishikawa and Hamada
[54]. Wells et al. [55] studied 37 patients with
MTC and demonstrated that serum CEA levels
were elevated in 62 %, whereas serum calcitonin
levels were elevated in 72 % of patients.

The finding that calcitonin is elaborated by
normal C-cells and MTC tumor cells represented
the next major advance in the diagnosis and
clinical characterization of patients with this
specific tumor type. The production of calcitonin



by C-cells and MTC tumor cells provides the
ability to utilize circulating levels of this hor-
mone as a sensitive tumor marker and proved to
be a sensitive method to detect even small
amounts of subclinical disease. Tashjian and
Melvin [56] in 1968 reported their findings of a
hypocalcemic agent, thyrocalcitonin, in studies
of plasma and tumor extracts from two patients
with medullary thyroid carcinoma. In the same
year, they presented a case [40] of a
thyrocalcitonin-secreting thyroid carcinoma with
resultant hypocalcemia and ‘“secondary hyper-
parathyroidism” from increased levels of circu-
lating thyrocalcitonin. Further work described
the clinical measurement of calcitonin and stud-
ies in patients, including the early diagnosis by
means of the calcitonin immunoassay [57, 58].

The discovery that calcitonin secretion was
stimulated by pentagastrin [59] and calcium [60]
provided a sensitive clinical test to detect the
presence of increased numbers of C-cells or
occult carcinoma, even with very small numbers
of neoplastic cells. Measurement of calcitonin
response to secretagogues such as calcium and
pentagastrin combined [61, 62] was employed
clinically for the early diagnosis of MTC as well
as to detect microscopic residual disease or fol-
low patients for recurrence.

Familial Occurrence of Medullary
Thyroid Carcinoma and Association
with Specific Hereditary Endocrine
Neoplasia Syndromes

The initial observation that eventually led to the
recognition of the autosomal dominant inheri-
tance pattern of hereditary cases of MTC, and its
association with the specific MEN2 familial
endocrine cancer syndromes, was the recognition
that thyroid cancer occurred more frequently in
patients with pheochromocytoma than would be
expected by chance. Decourcy and Decourcy in
1952 [63] and Sipple in 1961 [64] noted an
increased incidence of thyroid cancer in patients
with pheochromocytoma. Sugg [65] recorded the
interesting historical aspects Dr. Sipple’s original
observations based on direct personal interviews.
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Dr. John H. Sipple carefully documented the
clinical findings in a case report of a 33-year-old
index patient with both pheochromocytoma and
carcinoma of the thyroid that he saw in a
third-year medical student and later attended the
patient’s autopsy. Through an extensive literature
review, he made the important observation that
among 537 reported cases of pheochromocy-
toma, there were 5 additional cases also associ-
ated with thyroid cancer. Dr. Sipple was not an
endocrinologist or a surgeon, but rather a pul-
monologist. He graduated from Cornell Univer-
sity Medical College in 1955 and was a resident
in internal medicine at State University of New
York (SUNY) in Syracuse. After completing a
fellowship in Pulmonary Disease at Johns Hop-
kins Hospital in Baltimore, he returned to SUNY
where he was appointed Clinical Professor of
Medicine in 1977. Sipple’s observation of the
association of pheochromocytoma with carci-
noma of the thyroid gland is an early recognition
of the dominant features of a specific genetic
syndrome which eventually became Sipple’s
syndrome, or MEN2A.

Cushman subsequently recognized the asso-
ciation of pheochromocytoma, MTC, and
parathyroid adenoma as a distinct clinical entity,
in his 1962 report of a three-generation family
with these tumors [66]. He noted that the specific
type of thyroid carcinoma was medullary and
correctly concluded that the syndrome was
inherited in an autosomal dominant fashion. In
1965, Schimke and Hartmann described two
families with inherited MTC, one with MTC
only and one with MTC and pheochromocytoma,
and identified amyloid-producing medullary
carcinoma as the specific pathologic type of
thyroid cancer with a strong familial association
[67]. In that same year, Williams [68] reported
the occurrence of thyroid carcinoma with
pheochromocytoma in 17 patients, including 2
personal patients and 15 from the literature. In
his report, Williams observed that MTC is the
specific type of thyroid cancer associated with
pheochromocytoma, the adrenal tumors may be
bilateral, and that there is a frequent familial
pattern of inheritance of these tumors. His report
also recognized a few cases that involved
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parathyroid tumors, raising the possibility of this
pattern was related to a “multiple endocrine
adenoma” syndrome. He emphasized, however,
that this combination of endocrine tumors was
distinct from the previously described syndrome
of MENI1. A subset of Williams’ cases also
included multiple neuromas, and based on the
neural crest origin of pheochromocytomas, he
correctly surmised the possible neural origin of
MTC. The complete description of the associa-
tion and familial occurrence of MTC,
pheochromocytoma, and parathyroid tumors as a
distinct clinical entity was provided by Steiner
et al. [69] in 1968, designating this constellation
of findings MEN2. In this same year, a related
syndrome including MTC, bilateral pheochro-
mocytomas, and mucosal neuromas was descri-
bed [70, 71], which was later recognized as
MEN2B [72].

Genetic Basis for the Multiple
Endocrine Neoplasia Type 2
Syndromes

A familial cancer trait is characterized by the
occurrence of an unusual combination of otherwise
rare endocrine tumors in a single patient, which is
inherited from generation to generation. This pat-
tern of clinical findings is ultimately the result of a
disease-associated mutation in a specific human
gene. In the 1980s, almost all of the human genetic
sequence was uncharted territory and only a
handful of human disease gene mutations had been
identified. Prior to the human genome project, the
only specific gene mutations that had been asso-
ciated with human diseases had been identified
either by first isolating the abnormal protein
responsible, or in unusual circumstances where an
obvious chromosomal abnormality gave a clue to
the gene location (e.g., Duchenne muscular dys-
trophy and retinoblastoma). For researchers at the
time, it was a formidable problem to search for and
identify a disease mutation within the vast genome
sequence, when the protein or gene location was
not known. Genetic linkage analysis provided a
way to follow the inheritance of markers within

families and “map” a disease trait within the gen-
ome and to a specific chromosome region. The
earliest human disease genes discovered were
successfully identified through a laborious process
termed positional cloning or “reverse genetics”
[73], which involved searching for markers that are
consistently inherited with the disease trait and
using these signposts as a starting point to create a
physical map of the disease gene region. “Chro-
mosome walking” and ‘“‘chromosome jumping”
were strategies to cover associated areas [74, 75],
but ultimately an exhaustive search of the nearby
genes to uncover base-pair changes that only
occurred in patients with disease was required. By
1990, only a few disease gene mutations had been
identified, including genes for chronic granuloma-
tous disease [76], Duchenne muscular dystrophy
[77], cystic fibrosis [78, 79], retinoblastoma [80],
and neurofibromatosis type 1 [81]. Identification of
the specific gene mutations associated with familial
adenomatous polyposis (FAP)/inherited colon
cancer [82, 83], and inherited breast and ovarian
cancer [84, 85] followed in the early 1990s.

The MEN2A disease gene was mapped by
linkage analysis to the pericentromeric region of
human chromosome 10 in 1987 [86, 87]. The
three clinically distinct syndromes of MEN2A,
MEN2B, and familial medullary t