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1. BACKGROUND

1.1. THYROID CARCINOMA.

Thyroid cancer is the most common malignancy ofdhdocrine system and
accounts for approximately 1% of all newly diagrbsancer cased). The
incidence of this neoplasia is increasing, andhes fastest among common
human cancers, becoming the seventh most commoor ttmmwomen. Age-
adjusted global incidence rates vary from 0.5 to cB®es per 100,000
population, occurring in most of the cases betw&&and 50 years of ad).
The thyroid gland, which is the largest endocringaa in humans, regulates
systemic metabolism through thyroid hormones. tasposed of two distinct
hormone-producing cell types that have been dewgdnfollicular cells and
parafollicular C cells. Follicular cells comprisenst of the epithelium and are
responsible for iodine uptake and thyroid hormomatisesis. C cells are
scattered intrafollicular or parafollicular cellhat are dedicated to the
production of the calcium-regulating hormone cailib.

Thyroid carcinoma derived from follicular cells (pary and follicular
thyroid carcinoma (FTC), poorly differentiated thiyt carcinoma, and

anaplastic thyroid carcinoma) is the most commodoenne malignancy.



Approximately 95% of thyroid cancers are non-meatyll which arise from
follicular cells. Papillary carcinoma (FIG. 1) ibet most common type of

thyroid malignancy, comprising about 80-90% ofcalicinomag3-4).

Fig. 1 Classic papillary thyroid carcinoma is fohef papillae with fibrovascular
cores (H&E, original magnification _100).

Medullary thyroid carcinoma (MTC) refers to thossoplasms arising from the
calcitonin-producing C thyroid cells derived froreumal crest, and represents

approximately 5% of all thyroid tumo(5-7)



1.2. MODEL OF CARCINOGENESIS OF PAPILLARY THYROID

NEOPLASMS.

Recent years have been marked by dramatic expaimstbe understanding of
the molecular basis of thyroid carcinogenesis. A deho of thyroid
carcinogenesis has been proposed, based on gemsredpts and specific
pathways. In this model a three-way interactionveen environmental risk
factors genetic alterationandgenomic instabilityis supported. It has become
apparent that thyroid tumors, especially thosehefgapillary type, frequently
have genetic alterations leading to activationhaf initogen-activated protein
kinase (MAPK) signaling pathway. This crucial irte#lular cascade regulates
cell growth, differentiation, and survival in respe to growth factors,
hormones, and cytokines that interact with receptasine kinases present on
the cell surface. Oncogenic activation of MAPK silling increases genomic
instability, leading to later genetic alteratiorigatt involve other signalling
pathways, cell-cycle regulators and various adimesiolecules. Accelerating
the interactions between genomic instability andegje alterations promotes

progression from well-differentiated to undiffereted thyroid carcinoma.



1.2.1. ENVIRONMENTAL RISK FACTORS.

Radiation exposure, reduced iodine intake, lymptodhyroiditis, hormonal
factors are putative risk factors for thyroid camna. Radiation exposure as a
consequence of nuclear fallout is associated wdbillary carcinoma, as
evidenced by the sequelae of the atomic bombs aisHima and Nagasaki
(1945), nuclear testing in the Marshall Islandss@)%and Nevada (1951-1962),
and the more recent nuclear accident in Chernob38g) (2,8) After the
Chernobyl disaster, the effects of radiation exp®suvere most pronounced in
children; it is not clear if this is because thgrtihd is more susceptible to
radiation damage in childhood, most of the thyroetl mitoses happen before
10 years of age, whether it is a reflection of fieet that children drank more
contaminated milk, increasing their exposure taagactive iodine, or botli8-
10). External beam-radiation exposure in childhoodtlier treatment of benign
conditions of the head and neck also increasesigkef papillary carcinoma
(11). The predilection to radiation induced injury seam be closely linked to
chromosomal rearrangement as opposed to intragemt mutation as a mode
of aberrant gene activati¢h?2).

lodine is required for thyroid hormone organifioat Dietary iodine
deficiency results in thyroid proliferation, knovas goitre, as a compensatory
mechanism. The incidence of follicular carcinomaieas of iodine deficiency

is higher than in areas of an iodine-rich d{2i13) By contrast, papillary



carcinoma is the most frequent type of thyroid eaninn iodine-sufficient
regions(2,14) Interestingly, in animal models, iodine suppletaéon causes
experimental thyroid cancers to change from foléctio papillary morphology,
indicating that one of the roles of iodine in thgrocarcinogenesis is
modulating tumour morphology, rather than cancéiation (13). Despite
these well-documented relationships, the role ofline in thyroid
carcinogenesis is still unclear.

Lymphocytic infiltration is frequently observed ipapillary carcinoma,
indicating that immunological factors might be ihxexd in tumour progression.
Recent molecular analyses indicate that chronic phlymeytic thyroiditis
harbours potential precursor lesions of malignand@p). Most well-
differentiated thyroid carcinomas manifest in patisewho are 20-50 years of
age, and the disease is 2—4 times more frequdatriales than in malg4,2).
These sex and age distributions of incidence inelithat female hormones
might regulate thyroid carcinogenesis. Recentlglences have been collected

that prove a close relationship between PTC andhsexones.

1.2.2. GENETIC ALTERATIONS OF MAPK SIGNALLING PATHWY.
Molecular alterations found in papillary carcinomasgolve genes coding for

the receptor tyrosine kinases, RET and NTRK1, amlinhtracellular effectors



of the MAPK pathway, a GTP-binding protein RAS aadserine-threonine
kinase BRAF. Mutation of one of these genes cafobed in more than 70%
of papillary carcinomas and they rarely overlaghe same tumor, suggesting
that activation of this signaling pathway is essgrfor tumor initiation and
alteration of a single effector of the pathway isffisient for cell
transformation(17-19) BRAF and RET which are the two most frequently

affected genes will be reviewed.
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The RET protooncogene is localized on chromosomid 1.2 and codes for a
cell membrane receptor tyrosine king@®,21) It contains three functional
domains: an extracellular ligand binding domain, ydrophobic
transmembrane domain, and an intracellular tyrokinase (TK) domain. The
ligands of the RET receptor are growth factors hgilag to the glial cell line-
derived neutrophic factor family(GNDKR2). Binding of the ligand causes
receptor dimerization, autophosphorylation of tymesresidues within the
intracellular domain, and activation of the signglicascade. In the thyroid
gland, RET is expressed at high level in parafoliic C-cells but not in
follicular cells, in which it can be activated bfzromosomal rearrangement,
resulting in the fusion of the 3’ portion of the Rigene to the 5’ portion of
several unrelated genes, known as RET/PTC reamaatge At least 11 types
of RET/PTC have been reported to date, formed yRET fusion to different
partners (Fig. 3J23,24).The partner genes share some common characteristics
they are expressed in thyroid follicular cells ahdrefore provide an active
promoter for the expression of RET TK domain, tleae essential for
dimerization and ligand-independent activationhaf truncated RET protein.
The RET/PTC development is directly linked to theoant of radiation
exposure to which patients are exposed and itgibate is higher in papillary
carcinomas from patients with the history of radmtexposure, including

those subjected to either accidental or therapé@udidiation.



Virtually all breakpoints in the RET gene leaveaittthe TK domain of the
receptor and enabling the RET/PTC oncoprotein amivthe RAS-RAF-
MAPK cascade(25). The two most common rearrangement types are
RET/PTC1 and RET/PTC3, which account for the vastjonity of all
rearrangements found in papillary carcinomas. RET/Pis formed by fusion
with the H4 (D10S170) gen@4) and RET/PTC3 by fusion with the NCOA4
(ELE1, RFG, or ARA70) gend26,27) RET/ PTC1 and RET/PTC3 are
intrachromosomal paracentric inversions becaush behes participating in
the fusion are located on chromosome (@®j29) In contrast, RET/PTC2 and
other rare types of RET/PTC are interchromosonaaisiocations. RET/PTC is
tumorigenic in thyroid follicular cells; it trangfims thyroid cells in cultur€30)
and gives rise to thyroid carcinomas in transgemize (31-33)

In most studies, RET/PTC is found in 20-40% of adyoradic papillary
carcinomas. Indeed, the distribution of RET/PTCrnaaagement within each
tumor can vary from involving almost all neoplastalls (clonal RET/PTC) to
being detected only in a small fraction of tumdiscénonclonal RET/PTC{34,
35). This has to be taken into account when seleqtiaients for the RET
receptor-targeted therapy because tumors with noatIRET/PTC frequently
have other genetic alterations and are unlikelgegpond to such a treatment.
Among papillary carcinomas from children affectgdtbe Chernobyl nuclear

accident, RET/ PTC was found in up to 80% of tuntersoved 5-8 yr after
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the accident and 50-60% of those removed 7-11tgr akposurg36—39)
The formation of RET/PTC1 and RET/ PTC3 rearrangemafter radiation
exposure is likely to be predisposed by close mwsitg of the RET
chromosomal locus to its fusion partners within thelei of normal thyroid
cells, which would facilitate the simultaneous tage of both genes and their
end joining (40,41) RET/PTC is also found more frequently (40-70%) in
sporadic papillary carcinomas from children andngadults(42-44) Among
several functional clusters of genes found to bevaed after RET/PTC
expression, many genes are involved in regulatimg inflammatory and
immune responsgé5, 46)

This suggests a link between RET/PTC signalingiafldmmatory infiltrates,
which are frequently seen within thyroid tumor nleduand in surrounding

thyroid tissue and may play a role in promoting dumrogression and invasion.
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Figure 3 Schematic drawing of the RET protein Witk four extracellular cadherin-
like domains, the cysteine-rich box adjacent to thsma membrane, the
juxtamembrane domain and the split tyrosine kirdm®ain (TK). In PTCs, RET is
rearranged with diverse genes, encoding proteiridaation motifs (highlighted) that
mediate ligand-independent RET dimerization. Theowineads indicate RET
breakpoints.
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BRAF

BRAF belongs to the family of RAF proteins (ARAFRBF, CRAF), which
are intracellular effectors of the MAPK signallimgscade. Upon activation
triggered by RAS binding and protein recruitmenttte cell membrane, these
serine-threonine kinases phosphorylate activateMA®K cascade. Among
the three functional human RAF proteins, BRAF Has ltighest basal kinase
activity and is the most potent activator of MARK7-49. There have been
more than 40 mutations identified in the BRAF geamong which the
T1799A point BRAF mutation is the most common aodoants for more than
90% of all the mutations found in the BRAF g€B6). This mutation has been
found to occur frequently in thyroid cancé1-53) The T1799A BRAF
mutation causes a V600E amino acid change in th&FBBtotein, resulting in
the constitutive and oncogenic activation of theated BRAF kinas¢48,54)
BRAF mutation represents a somatic genetic altara@ind is not a germline
mutation in familial thyroid cancdb5). A striking finding on BRAF mutation
in thyroid cancer is its exclusive occurrence irCRTall cell and PTC-derived
anaplastic thyroid carcinoma, and it does not odcurfollicular thyroid
carcinomas of in other types of thyroid tum@sd). In those tumors, mutant
BRAF is detectable in both well differentiated apdorly differentiated or
anaplastic tumor areas, providing evidence thatcurs early in tumorigenesis

and predisposes to tumor dedifferentiation. Manglists have investigated the
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relationship of BRAF mutation with clinicopathologi characteristics of PTC
(56,57) Although the results are not entirely consistendst of the studies
from various ethnic and geographical backgroundaahstrate a significant
association of BRAF mutation with one or more cartianal high-risk
clinicopathological characteristics of PTC sucholtter age of patients, more
frequent extrathyroidal extension, advanced tuntages at presentation, and
tumor recurrenc€58,59) In a large comprehensive international multicente
study, Xing et al.(60) reported a close association of BRAF mutation with
extrathyroidal invasion, lymph node metastasis, addanced disease stages.
Importantly, BRAF mutations have also been assediatith the decreased
ability of tumors to trap 1-131 and treatment fa@wf the recurrent disease
(61). Recently another mechanism of BRAF activation b@sn identified. It
involves inversion of chromosome 7q that leadsntanaframe fusion between
BRAF and the AKAP9 gené62). This fusion is rarely found in sporadic
papillary carcinomas and is more common in tumgsoaiated with radiation

exposure.

1.2.3 GENOMIC INSTABILITY.
Chromosome instability is broadly classified intacrosatellite instability

(MIN) associated with mutator phenotype, and chreomae instability (CIN)
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recognized by gross chromosomal abnormalities.af been proposed that
genomic instability has a crucial role in the pesgion of thyroid neoplasms
(63).

Transfection of mutant HRASV12 or mutant BRAFV60DEuces genomic

instability in the PCCL3 rat thyroid cell line, m#esting as loss of

chromosomal material, mitotic bridge formation angaligned chromosomes
(64). These findings indicate that constitutive oncagesctivation of the

mitogen-activated protein kinase (MAPK) signallipgthway might further

promote genomic instability of thyroid carcinomallge possibly causing

additional somatic mutations during cancer progoess

1.3. FAMILIAL FORMSOF PAPILLARY THYROID CARCINOMA.

Familial forms of thyroid papillary neoplasms hdeen only acknowledged in
recent years. Presently, approximately 5% of papillthyroid cancers are
considered to be of familial origin. The papillatymors encompass a
heterogeneous group of diseases, including bottiregmc associated tumors,
and non-syndromic tumors. The first group has amemsed prevalence of

papillary thyroid carcinoma within a familial caerc syndrome with a
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preponderance of non-thyroidal tumors. Thyroidcreamas in multi-tumor
genetic syndromes are heterogeneous diseases ()abid tend to share some
similar characteristics including early age onsebulticentricity, and
bilaterality. = The familial syndromes associatedthwipapillary thyroid
neoplasia include familial adenomatous polypogt&R) which will be
discussed further, Carney complex, MEN1, MEN2A, ®Werner syndrome.

» Carney Complex is an autosomal dominant diseaswacterized by
skin and mucosal pigmentation, diverse pigmenked lgsions, non-
endocrine and a variety of endocrine neoplasigsitgry adenoma,
pigmented nodular adrenal disease, Sertoli andiges&ll tumors, and
thyroid tumors)(65). Patients with Carney Complex may share similar
components with other familial multiple endocrineoplasia. The
thyroid is usually multinodular with multiple adenatous nodules,
follicular adenomas, and both PTC and FTCpaesent in about
15% of patients with Carney Complex.

* Werner syndrome is an autosomal recessive coneetitisue disease,
characterized by premature aging, bilateral catsygcay hair, and skin
atrophy. Patients with this syndrome have increasédof a variety of
neoplasias, including benign thyroid lesions andnareased incidence
of PTC (only tumor present in white patients), ahd most common

tumor in Japanese patients (84%), followed by FTK4%) and
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anaplastic thyroid carcinomas (2%). This latterpi@em occurs in this
syndrome at a higher frequency as compared toghergl population.
Thyroid carcinoma occurs at a younger age (meanoad?l) with a
lower female to male ratio (2:166,67)

e Multiple Endocrine Neoplasia 2A (MENZ2A): The freaqoy of
microscopic PTC is approximately twice as greathiyroid glands of
MENZ2A patients if compared with general populatidrhese cases
usually present with multiple microscopic PTCs. 3dde
microcarcinomas are likely to carry only modeshickl significance,
as microscopic PTCs often remain clinically silantl affected subjects

carrying germline RET mutations undergo thyroidettoat a young

age(68-69)
Disorder Chromosomal location ~ Gene nheritance  Thyroid pathology
PTEN hamartoma tumor syndrome (PHTS)  10g22-23 PTEN AD MAN, FA, FC, PIC thyroiditis
Familial adenomatous polyposis (FAP) ~ 3g2 ARC AD CMv PTC sclerasis
Camey complex Ipl3-16, 172224 unknown PREARI  AD MAN, FC, FA, PTC
Werner syndrome fpll-21 RN AR PTC, FTC, muaplastic carcinoma
MEN [1gl3 MENI AD Rare
MENZA |0gl12 RET AD Micro PTC
McCune Albright syndrome 2gl3.1-132 GNASI Mossc  Follicular adenoma and FTC

Tab. 1 Non-medullary thyroid carcinoma as a component ofamilial tumor

syndrome
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In the second group the predominant neoplasm iglgrgpthyroid carcinoma
(familial tumor syndromes characterized by a predamce of PTC; fPTC),
although other neoplasms may occur with increassgiency. Non-syndromic
or familial tumor syndromes characterized by a preithance of PTC, are
subclassified in different groups as pure fPTC wittwithout oxyphilia, fPTC
with renal papillary tumor, and fPTC with multinddr goiter (Table 2).
Familial papillary thyroid carcinoma (fPTC) is chaterized by three or more
first degree relatives with papillary thyroid carema and occurs regardless of
the presence of another familial syndrome.

Familial papillary thyroid carcinoma has a highidence of multifocality and
association with multiple benign nodules. PTC patichave shorter disease-
free survival than do sporadic disease patientausscof frequent locoregional
recurrencg70-73) The genetic inheritance of PTC remains unknow,ithis
believed to be an autosomal dominant mode withnmaete penetrance and

variable expressivity.74,75)

1.3.1. Familial papillary thyroid carcinoma (fPTG$ characterized by
multicentric tumors and multiple adenomatous neslulith or without
oxyphilia. fPTC with oxyphilia has been mapped toracnosomal region

19p13 and fPTC without oxyphilia has also been redgp 19p13.
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1.3.2. The familial non-medullary thyroid carcinomgpe 1 (fNMTC1)
syndrome (chromosomal region 2q21) is characterlaedPTC without any
distinguishing pathologic features and without ahvious increase in

frequency of non-thyroidal neoplasms in kindred rhers(74).

1.3.3. Familial PTC associated with renal papillaepplasia, presents with the
usual classical variant of PTC, and with no spdeiatures. The papillary renal
neoplasia syndrome (fPTC/ PRN), mapped to chromabamgion 1921,
includes not only PTC and the expected benign tdyrmdules but also

papillary renal neoplasia and possibly other maligres as wel[75).

1.3.4. In familial multinodular goiter (FMNG) syraine, which is mapped to
14q, some patients may develop an associated (FOC FNMTC has been

shown to be associated with the presence of melliphign nodules, to behave
in a more aggressive clinical behavior, and to hawsorse prognosis than
sporadic non-medullary thyroid cancer. Individusaigh FNMTC have an

increased risk of multifocal disease, local invasiand increased local or
regional recurrence and lymph node metastasesg3 &)l These aggressive
features appear to contribute to the higher renogerate and decreased
disease-free survival seen in FNMTC patients coethér those with sporadic

differentiated thyroid cancer. Compared to theguati with sporadic disease,
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the FNMTC patients were more likely to have inteaglular dissemination.

FNMTC is an independent predictor of shorter disdase surviva(76).

Disorder Chromosomal ~ CGene [nhertance ~ Thyroid pathology
location

Familial papilary thyroid [9pl3.2 (TCOYwknown ~ AD PIC with or without

carcinoma with oxyphilia oxyphilia, multicentric

Fanilial papillary thyroid carcinoma 19p132 Unknown AD PTC without oxyphilia,

without oxyphilia multicentric

Familial papilary thyroid carcinoma with g2l Unknown Classical PTC

papillary renal cell neoplasia (fPTC/PRN)

Familial papllary thyroid carcinoma 22l Unknown Classical PTC

(PMTC1)

Familial multinodular goiter with g3 Unknown AD PTC in a background

papillary thyroid carcinoma Apl multmedular cyst formation

Tab. 2Familial tumor syndromes characterized by a predamge of non-medullary

thyroid carcinoma

1.4. FAMILIAL ADENOMATOUSPOLYPOSIS SYNDROME.

Familial adenomatous polyposis (FAP) is a colon ceanpredisposition

syndrome, characterized by the presence of hundtedshousands of

adenomatous colorectal polyps, which is inheritedn autosomal dominant
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manner. It is caused by germline mutations in thenamatous polyposis coli
(APC) gene mapped at chromosome 5g21. Since stedéscription of FAP in
1847(77), the syndrome has been extensively investigatddlaacribed in the
literature. In 1975, the clinical characteristicelanatural history of FAP were
described by Bussey.

The prevalence of FAP is estimated at 1 in 500@a,78). Patients develop
hundreds to thousands of adenomatous polyps in ¢bkrectum during their
second and third decade of life (Fig.3). These p®ly not surgically treated
inevitably develop colorectal carcinoma by the a§d0-50 years. A clinical
diagnosis of FAP can be made when more than 100oau&ous polyps are
identified in the colorectun(77). About 10% of FAP patients have a milder
course of disease with less than 100 colorectati@das and a later onset of
disease. This variant is termed attenuated FAP (AKA9).

In FAP patients not only colorectal adenomas bsab alarious extracolonic
manifestations are observed, including desmoid tusjoosteomas, dental
abnormalities, congenital hypertrophy of the rdtifagment epithelium
(CHRPE), lipomas, epidermoid cysts and upper geséstinal polyps.
Moreover, cancers of the thyroid, brain and heph#ob tract are found to be

associated with FAP.
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Fig. 4 Fig. 5

Fig. 4 Example of familial adenomatous polypositwvei severe phenotype. Both the
small adenomas carpeting the mucosa (too humesargunt) and the two larger
adenomas were tubular adenomas with low-grade alyispl

Fig. 5 Colorectal microadenoma in a case of familial adestous polyposis
(Hematoxylin and Eosin).

Periodical screening of the colorectum by sigmaidpy is recommended,
starting between 10 and 12 years. In most pati@npgseventive colectomy is

performed by the age of 20 yeé89).

1.41. MOLECULAR GENETICS.
In 1991, the APC gene (chromosome 5q21-22) wadifeeghand found to be

mutated in FAP patien{81-83) The coding region of the gene consists of 15
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exons, encoding a protein consisting of 2843 anaitids. The APC gene is a
tumour suppressor gene. It contains a variety ottfonal domains and is
involved in several cellular processes, includimgnscription, cell cycle
control, migration, differentiation and apoptoé#},85) Mutations follow the
classical two-hit model of tumour suppressor inatton. FAP patients inherit
one germline mutation and develop tumours fromehaels in which a second
hit, or loss of the other allele of APC, is somallic acquired84-86)

Most mutations will result in stop codons and léadruncation of the APC
gene product resulting in a non-functional protéiihese mutations have a
nearly complete penetrance of the colonic phengtypea variable penetrance
of extra-colonic manifestations of the disease.(B)gModifier genes, variable
interfererence of different mutant APC proteinstioa wild-type APC function
and environmental factors may play a role in eximgestinal tumor formation
(87). The APC protein is a large scaffolding proteinhnseveral functiong34).

It is involved in the Wnt signallingascade.
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Fig. 6 Genotype—phenotype correlations of extradtial familial adenomatous
polyposis (FAP) manifestations according to theilalste literature. The APC gene
consists of 15 exons. The highest cumulative freqies of extra-colonic

manifestations are found between codons 976-1,0671 810-2,011. The margins of
codon regions associated with extra-intestinal featdtions are not absolute and
merely provide a guideline CHRPE congenital hypgtty of the retinal pigment

epithelium.

As part of a multiprotein complex, the APC proteiownregulate$-catenin
activity (88). In the absence of a Wnt signal, APC forms a complih the
protein b-catenin, allowing it to be targeted foesttuction. When APC
function is lost,-catenin accumulates in the cytoplasm and bindseteral

transcription factors , thereby altering the exgi@s of various genes affecting
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proliferation, differentiation, migration and apopis of cell§84). In addition,
APC stabilizes microtubules, leading to chromosostability. Inactivation of
APC can lead to defective chromosome segregatidnaberrant mitosi¢89-
91) . Since the identification of the APC gene, mthan 825 germline
mutations have been reported to the APC mutationtabdae
http://www.perso.curie.fr/Thierry.Soussi/APC.hjnt02). Mutational hotspots
are located at codons 1309 and 1061, accountingdproximately 17% and
11% of all germline APC mutations, respectivd§2). Because of the
accumulation of mutations from codon 1250 to 1464 region is termed the
“mutation cluster region” (MCR(93,94)

Data were retrieved from the online APC mutationtadase at
http://www.perso.curie.fr/Thierry.Soussi/APC.html

In 30-50% of patients with the FAP or AFAP phenetypo germline APC
mutation is detecte(®4,95) In 10-15% of mutation-negative patients with the
classical phenotype large genomic deletions wetectll. These deletions
were not found in AFAP patients. Recently, anotpelyposis causing gene
was detected on chromosome 1p33-34, the MUTYH gkhaations in this
gene have been found to be associated with a reegsesherited form of
colonic polyposis. MUTYH mutations appear to caasattenuated phenotype
and have been reported in 10-30% of FAP and AFARRma without an APC

mutation(96-99)
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1.4.2. PAPILLARY THYROID CARCINOMA IN FAP.

Papillary thyroid carcinoma is one of the extraoedomanifestations of FAP,
and occurs in approximately 2% of patients. Thyrcancer in a patient with
FAP was first reported by Crail in 1964, but theportance of this association
was fully appreciated when Camiel et al. reported sisters with FAP who
developed thyroid carcinoma and suggested thyrardimoma to be another
manifestation of FAR100,101) In 1987, Plail et al. reviewed 998 patients
with FAP and found that thyroid carcinoma occuratd higher frequency in
FAP patients than in the general populaiip®2). Young women with FAP are
at particular risk of developing thyroid cancer atiir chance of being
affected is approximately 160 times higher tharnt tifanormal individuals,
with a female to male ratio of 17/1, while in spdica papillary thyroid
carcinomas the ratio is 2.5/1. PTC occurs in FARepts with a frequency of
about 10 times greater than that expected for dppRTC. The mean age of
diagnosis of thyroid carcinoma has been report@8 gtears. Approximately in
one third of the patients FAP is diagnosed befdre onset of thyroid
carcinoma, in one third FAP and thyroid carcinomee aliagnosed
simultaneously, and in one third thyroid carcinosdiagnosed before FAP is

recognized103).

26



Thyroid carcinomas associated with FAP are usuailteral and multifocal
(Fig. 7). The histological features of these tunsoare represented by the
classic, the follicular and by the cribriform- mtauvariants (Figs. 8, 9, 10).
The cribriform-morular variant of papillary thyroidarcinoma (CMV-PTC)
described originally as only FAP-associated thyrcagdcinoma is a very rare
subtype of papillary thyroid carcinoma representapproximately 0.1-0.2%

of all papillary carcinoma cases. Among patienthwiAP who

Fig. 7 Gross appearance of a multinodular thyroid in an year-old
female, associated with FAP syndrome and FAP naratihe cut
surface of the thyroid shows numerous multicentwaite firm, well-
circumscribed nodules measuring from 0.1 cm tocing
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have synchronous PTC, between 12 and 90% of tlesss tiave been reported

to exhibit histologic features of the cribriform-natar variant(103-105).

Fig. 8 Low power microscopy (x100) view of thyrdigmor associated
with FAP syndrome. The cribriform appearance andapsulation is
characteristic of the tumor

This variant is characterized by lobules of tureeparated by fibrous septa.
The tumor lobules have cribriform architecture elcéerized by rigid spaces in

the lobules formed by arches of cells with no fiascular cores (Figure 8).
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Spindles cells and squamous morules also can béfidd. There is a report of
a somatic APC gene mutation rather than a germtin&tion in one example
of this tumor. Although it is rare, the pathologstould be aware of this
variant and raise the possibility of underlying ARErmline mutations in

patients with these variants of PTC.

Fig. 9 Prominent cribriform pattern, with interspersepiamoid islands or morules,
with minimal nuclear features of papillary caraima (x600)

Fig 10. Beta catenin immunohistochemistry demotisggastrong expression in
cytoplasm and nuclei in the morular and cribrifareas in CMvPTC (x400)

The characteristic cellular and nuclear findindssporadic PTC, such as
nuclear grooving, overlapping, intranuclear inatuns, and clear nuclei are rare

to absent in this subtyd@04,105) The overall prognosis of the CMV-PTC is
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similar to that of classical variant of PTC withs$ethan 10% of cases
demonstrating an aggressive clinical behavior. disénct CMV-PTC seen in
FAP-related thyroid carcinomas is very unusual poradic PTC and its
identification should raise the possibility of ttigsmilial tumor syndrome. Any
patient presenting with this rare subtype of papyllcarcinoma should be
evaluated for FAP. A recent stu@{06) showed a 12% prevalence of thyroid
cancer in FAP, which is significantly higher thameyiously reported (2%), and
recommended close follow-up ultrasound screeningyrdid carcinomas
associated with FAP show a very good prognosid) veite metastases or poor
outcome reported in most series with a long-terhovieup (103,107) Recent
reports suggest that APC germline mutations inep#ti with FAP associated
thyroid carcinoma are significantly more commorihia 3 portion of the APC
gene, outside the mutation cluster region (MCR:oootl250-1464§108-113)
Specifically, a mutation at codon 1061 is the nfesjuently reported mutation
in patients with FAP associated thyroid cand€3,108,113)

The adenomatous polyposis coli (APC) gene is ubogsly expressed in
normal tissue, and it is a negative regulator ot Yathway. Inactivation of the
APC tumor suppressor gene initiates colorectal lasgp and is also involved
in FAP-related thyroid tumors. Mutations of the AB€ne lead to a truncated
protein that lacks th@- catenin binding site and therefore cannot degfade

catenin. One of the biochemical activities assediavith the APC protein is
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down-regulation of transcriptional activation medabyp-catenin. Colorectal
tumors with intact APC genes were found to congativating mutations df-
catenin that altered functionally significant ppberylation sites. These
results indicate that regulation ®fcatenin is critical to APC tumor suppressive
effect.

Uchino et al(114) found no mutation of thp-catenin gene on the thyroid (12
CMV-PTC) specimen or in peripheral blood of a FARtignt. Somatic
mutation in exon 3 of-catenin was reported in two patients with FAP-
associated thyroid carcinoma and in three casesidened “sporadic” CMV-
PTC (Xu et al.(115) Cetta et al(116) recommended intensive screening for
thyroid nodules after the age of 15 years if alsingatient or entire kindred

have CHRPE and/or mutations in the 5’-portion>afre15.
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2. AIM OF THE STUDY.

The present research is a part of a long term siddgh have been conducted

by our group concerning all the extracolonic mastddon of the FAP

syndrome.
In particular the aims of the study will be:
a. A review of the literature about the FAP associate@C and a report
of the cases collected by our group in order t@iobt
I. a better definition of the details concerning the
genotype-phenotype correlations.
ii. a deeper insight into the pathogenesis of FAP ssoc
PTC according to multifactor hypothesis based amege
function and environmental interaction.
b. Evaluate the feasibility of a screening methoddtedt FAP patients in

a particular subset of subjects affected by PTC.
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3. MATERIAL AND METHODS.

3.1. A review of the literature have been condudteckecruit the cases of FAP
associated PTC from 1999, according to the data bbBubMed library. Then
we have included in our data base the 18 patieiits MAP-associated PTC
selected during an international cooperative stachong various European
countries including different FAP registers. Onbtipnts available for genetic
analysis were included. Eight of these patientsewabserved in a single
institution. In particular, 3 of them, all femaldslonged to the same kindred.
The extended pedigree of this kindred (23 siblimgg generations) has been
reported previously together with a detailed list all extracolonic
manifestations (117). All living patients underwent colonoscopy, upper
gastrointestinal endoscopy (supplemented by x-ragménation of the
gastrointestinal tract in selected cases), andiphellbiopsies. In addition,
patients were screened for osteomas, dental ablitesmia desmoid tumors
and other extracolonic manifestations of FAP. Tinedtus oculi was examined
for congenital hypertrophy of the retinal pigmenggaithelium (CHRPE) in 12
patients. All patients underwent ultrasound exationaof the thyroid gland.
Fine needle aspiration (FNA) of nodules larger thamm was performed.
Some patients underwent multiple ultrasound and FNdPocedures.

Cytological examination of the FNA specimens wadggeed according to
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standard methods. In 8 patients, search for LOHtler APC gene and for
activation of the Ret/PTC oncogene in the thyraithdral tissue was also
performed. In 6 patientsp-catenin activation by immunohistochemical

staining was also performed.

3.2. 260 patients, below the age of 30 years, wectuded in a multi-
institutional study developed by a collaboratiortween the Department of
Surgery of Pisa University and the Institute of gicel Pathology of Siena
University. Between 2000 and 2005 all of thesegatsi were submitted to a
total thyroidectomy at the same Institution (thepBement of Surgery of Pisa
University) after a diagnosis of papillary carcirmnvas achieved. There were
63 men (24.2%) and 197 women, the mean age was&8.\Each one of these
patients was collected for this study. An enveloges sent to everyone which
contained a letter explaining the aim of the stadgt a questionnaire (Fig 11).
It consisted of several questions regarding thegmee in the patient and in the
kindred of diseases associated to the papillargimama which could be

found in the FAP syndrome.
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Fig. 11
NAME ... ..eeeveeeeeeeee e,

LASTNAME......cooi

QUESTIONNAIRE

1) After you underwent your surgical procedure (thgemitomy) did you
suffer of any other disease, in particular:

yes no
* Benign tumours of the colon (polyps of the colon)? [J O
yes no
* Malignant neoplasia of the colon? O O
2) Did your relatives present or die because of:
yes no
* Benign tumours of the colon (polyps of the colon)71 O
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* Malignant neoplasia of the colon O O
3) Did you or your relatives present a retina diseeaed congenital
hypertrophy of the pigmented retinal epithelium @PE). (Please

specify who was affected).

yes no

4) Did any of your relatives have a diagnosis treatment for tumours in
one of these sites.

Stomach yeEl noO
Breast yegl] nad
Pancreas ydd naod
Liver yesO] noO
Gallbladder, biliary tract yeis] noO
Bones yegl noO
Brain yed] noO
Desmoid tumours ydd noO
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3.3. Histological techniques

All grossly identifiable nodules as well as normiddyroid areas were
extensively sampled. Sections were routinely sthingth hematoxylin and
eosin. Immunohistochemistry was carried out ushregfollowing monoclonal
antibodies: thyroglobulin (BioGenex Laboratoriesic.] San Ramon, CA;
diluted 1:500), chromogranin A (Dakopatts, GlostrDpnmark; diluted 1:200),
carcinoembryonic antigen (Immunotech, MarseillesnkEe; diluted 1:10), and
cytokeratin AE1/AE3 (Roche Molecular Biochemicdiéannheim, Germany;
diluted 1:1000). Color was developed using the APARAethod. A polyclonal
antibody against calcitonin (BioGenex Laboratorikes;,. diluted 1:200) was
also used, and the color was developed with 3aRroliobenzidine

tetrahydrochlorid€118).

3.3.1.DNA extraction.

Extraction of normal and tumor DNA from fresh saegplas performed using
standard methods. Formalin-fixed, paraffin-embeddedtions, 5-10 um in
thickness, were collected on glass slides and esdaith hematoxylin. After

pathological review, areas of normal tissue andotuwere marked and
microdissected; if the areas of interest couldb®etlearly separated from the

surrounding tissue, selective ultraviolet radiaticactionation was performed.
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To extract genomic DNA, microdissected samples virecebated in xylene,
spun in a microcentrifuge, and washed twice witsodite ethanol. Pellets
were resuspended in 100 ul digestion buffer comgih00 pg/ml proteinase K.
After overnight digestion at 55 C, the samples werated at 80 C for 10 min
to inactivate proteinase K, rapidly cooled, andedcat 4 C. One microliter of

DNA was used to set up 10-uL PCR reactions.

3.3.2.Sngle strand conformation polymorphism (SSCP) and sequencing. The
entire coding region (8532 bp) of the APC gene wamaalyzed by the PCR-
SSCP method in all patients. All the amplified segis were 250-400
nucleotides long. PCR-SSCP analysis was perforrsegreviously described
(119-121) To increase PCR specificity, a two-step protoews used,
consisting of a nonradioactive external PCR folldvig a radioactive internal
PCR that used a 1:10,000 final dilution of the @yPCR as a template. The
external PCR was performed in 10 pl of a mixturetaming 10 mmol/L Tris
(pH 8.3), 1.5 mmol/L MgCl2, 50 mmol/L KCI, 200 uniol of each
deoxynucleotide triphosphate, 10 pmol/L of eachmpri 0.1 ug
complementary DNA, and 0.3 U Taq polymerase (PeBimer Corp./Cetus,
Norwalk, CT). Samples were denatured at 94 C famib and processed

through 30 temperature cycles, consisting of 9058aC, 90 s at 72 C, and 1
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min at 94 C, followed by 1 cycle at 72 C for 10 m@ne microliter of the
resulting PCR product was used as DNA template idOguL reaction
containing the internal pair of primers. PCR prdadueere denatured, cooled
on ice, and electrophoresed overnight through g6Btacrylamide gel under 2
conditions: 4 C (25 watts) in a buffer containing ghmol/L Tris-borate, 1
mmol/L ethylenediamine tetraacetate, and 24 C (#syvain the same buffer
plus 5% glycerol. Gels were autoradiographed for2 ldays without
intensifying screens. PCR products correspondingataples showing unique
SSCP conformers were directly sequenced as prdyidescribed(119-120)
Sequence variants were also confirmed using DNAnfindependent blood

samples.

3.3.3.Search for germline mutations of the APC gene.

To extract genomic DNA (gDNA), 1 mL whole fresh btbfrom each sample
was spun in a microcentrifuge, and peripheral bllyotbhocytes were washed
twice with phosphate-buffered saline (1x). ThenNgDwas isolated using the
QIAmp Blood Kit 50 (QIAGEN, Chatsworth, CA). One enoliter of DNA

was used to set up 10-pL PCR reactions.
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3.3.4.Search for somatic mutations of the APC gene.

Paraffin-embedded sections from thyroid tumor tssmere collected on
microscope slides. Areas representative of tumal aarmal tissue were
identified within single deparaffinized sectionghily counterstained with
hematoxylin and microdissected into 1.5-mL polyplepe vials using a

hematoxylin/eosin-stained step section from theeséfock as a guide. The
samples were incubated in xylene for 15 min andefsal at full speed in a
microcentrifuge. The xylene was then removed, &edpellet was washed in
ethanol. One hundred microliters of digestion bufentaining 1 mol/L Tris-

HCI, 0.5 mol/L ethylenediamine tetraacetic acid &), 0.02% Tween-20,

and 100 mg/mL proteinase K were added to each fAifber. an incubation of 3

h at 55 C, the samples were pelleted, and the safzert was stored at -20 C

until use(120).

3.3.5. Analysis of LOH

We used PCR amplification of polymorphism at thbofeing loci to assess
LOH on chromosome arm 5q: four dinucleotide repd&s) at D5S644

(5914-15), at D5S82 and D5S299 (5q15-23) proximéhé APC gene, and at
D5S346 (30-70 kb downstream from the APC ge(i)0) A two-step

protocol was used, consisting of a non radioaakternal PCR, followed by a
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radioactive internal PCR (nested PCR), and usidgl@4 dilution of primary

PCR products as template. The radioactively anepliffCR products were
then run on a formamide denaturing acrylamide tpaitephoretic system and
analyzed by autoradiography. Loss of a chromosanaaker was considered
to be present when the PCR assay showed the absenuare than 50% loss
of intensity of a heterozygous band from a tumanga compared with the

corresponding nontumor sample.

3.3.6.Search for Ret/PTC activation.

The ret gene, which is also involved in multiplelecrine neoplasm 2A and B,
encodes a receptor-type tyrosine kinase for neapmtmmolecules belonging to
the glial cell-line derived neurotropic factor fdyni After ribonucleic acid
extraction from paraffin-embedded samples, RT-P&Rdescribed previously
(117) was used for subsequent identification of Ret/P@xpression as
Ret/PTC1, -2, or -3 (which are the most frequeotosns of the Ret/PTC). In
fact, the ret/PTC oncogene derives from the fusibrthe tyrosine kinase
domain of the ret protooncogene with the 5’-terrhirgagion of other genes.
Ret/PTCL1 is fused with another gene, named H4,latsaied on the long arm
of chromosome 10, whereas the 5’-portions of th#FR&2 and Ret/PTC3 are

represented, respectively, by the regulatory subitia of the cAMP-
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dependent protein kinase A and the RFG/ELE1 gehe. Sequences of the
forward primers used were: Ret/PTC1l, 5-ATTGTCATGICCGTTC-3
(nucleotides 196-214), Ret/PTC2, 5-TATCGCAGGAGAGHKET-3’
(nucleotides 483-503), and Ret/PTC3, 5-AAGCAAACCICGAGTGG-3
(nucleotides 697-714). The sequence of there vergeer, synthesized
accordingly to the ret tyrosine Kkinase sequence, s w&'-
TGCTTCAGGACGTTGAAC 3’ (16). Further details of thimethod were

reported previously110,111)

3.3.7.Immunohistochemical analysis for S-catenin accumulation.

The surgical specimen was fixed in neutral, phosgpbaffered, 10% formalin,
and paraffin-embedded sections were stained witle H&nmunostaining for
B-catenin was performed usinf-catenin-1 antibody (DAKO, Glostrup,
Denmark), following the manufacturer’s instructipmblution 1:300. Results
were considered positive when, in addition to membus pattern staining,

strong cytoplasmatic and nuclear staining were albs®erved122).
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4. RESULTS.

Table 3 shows data from the personal series cetletttanks to an European
cooperation. Data concerning cases 1 to 15 haaxgqusly been published in
part (14), whereas cases 16-18 are new casesatidings were females, (18 of
18, mean age 25.6; range 18-39). CHRPE was praser of 15, in whom
CHRPE was available (86.7%); 2 patients (3 and|€) aad Brain tumors
(BTs). In one kindred there was also one patierih Wepatoblastoma (HB).
None had LOH for the APC gene (n = 9); 6 of 8 had/IRTC activation; 4 of 6
had B-catenin nuclear accumulation in the tumoral tiss@oncerning
extracolonic manifestations in our personal se(ress 18, belonging to 15
kindred) 12 of 15 (80%) had CHRPE, whereas thers Wanember of the
kindred with patients 7, 8 and 9, who had hepatibtaa and later
hepatocarcinoma, at age 2 and 12, respectively2andmbers who had brain
tumors.

There were 9 patients in whom the definitive diagisavas CMV, (mean age
23.8 yr; range 18-31 yr), 7 patients with convemsiioPTC (mean age 29.7 yr;
range 20-39 yr) and 2 aged 19 and 20, respectiwelyyhom pathologists
recognized in one case the prevalently solid variand in the other the so-

called encapsulated follicular variant.
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Actually, a wide range of different histological rimts was observed, in
particular in patients with multiple nodules. Tumomere considered
conventional PTC when, on a background of follicuend trabecular
architecture, papillary architecture was prevatent nuclear chromatin pattern
showed a typical ground glass appearance .

On the contrary, they were considered CMV whenneivethe presence of
follicular trabecular architecture, with focal pkgmy formation, they also
contained a great proportion of areas with crdonf architecture. In these
cases, tumors consisted of empty cribriform spacdgscent to focal squamous
morules, and cribriform spaces were formed by la$di-2 cells wide. Nuclei
of malignant cells were oval, pale and grooved.

However, even in patients belonging to the samdrkih (patients 7-9, with a
germline mutation at codon 1061) a wide range ohiggctures and also of
genetic alterations were found. In particular, guatti7 had a conspicuous
proportion of papillary foci, with few cribriform orular areas, patient 8 had a
prevalence of CMV with a few papillary foci, whesegatient 9 had
conventional PTC. Interestingly, whereas the fori2gratients had Ret/PTC
activation (Ret/PTC1 isoform) angtcatenin nuclear staining, the latter had
neither detectable Ret/PTC activation, faratenin nuclear staining.

In addition to the striking female prevalence (38i@ the present series the

prevalence of CMV was also associated with youmger. In particular, if we
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set an arbitrary cut-off point at age 30, thereeng®patients with CMV aged 18
to 30 and 1 aged 31 or more, whereas there wesgi@nps with conventional
PTC aged 30 or less than 30, and 5 aged 31¥3% 6.11 p=<0.05) (Table 3).
Table 5 shows PTC in FAP patients with known gamnlAPC mutations
reported in the literature after year 2000. Theezen5 cases, all females but
one. They were pooled up to FAP associated PTGsouisy published by our
team in year 2000.

In this series, even if data concerning the speéifiC variant were not always
reported in detail in every patient, among thoséhveufficient indications,
there were 31 additional cases. Concerning agee there 17 patients with
CMV aged 30 or less and 4 with older age, whera@siemts with conventional
PTC were 7 younger and 7 older than age 30. Poalingata together, there
were 25 and 5 patients with CMV and 9 and 12 p#dieith conventional PTC,
aged less or more then 30 respectively.

Table 4 reports PTC associated with typical FAPRatients without detection
of the APC germline mutation. These patients welded to the 97 previously
reported without APC mutations for a total numbed82 (171 F:11M; F:M
ratio = 16:1). They include either patients withtedted APC mutation or
patients with clinical diagnosis of FAP.

However, it must be outlined that a great proportof these patients are

historical case reports (often single case repyrtad the absence of APC
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mutation detection. In particular, there were 24 ofi112 patients (23%)
(101F:11M) with APC germline mutations in the fomseries, (up to 1999)
and 45 of 65 with APC gene mutations (68%) inphesent series.
Concerning the sites of germline APC mutationsy taee listed in Table 3
(personal series n = 18-2=16), Table 5 (series fthenliterature after year
1999, n =45) and in Cetta et al. Table 5 (n =7).

Pooling together all of them, a total of 68 pateenith FAP associated PTC
and APC mutations have been accrued. Interestimgipost of cases they tend
to cluster outside the MCR (mutation cluster regmorcodons 1286-1513),
where most of sporadic APC mutations are found.

In particular, setting an arbitrary cut-off poirnt @don 1220, there were 57
patients with germ line mutations 5’ to codon 122@ 10 3’ to this codon, and
comparing with a reference population of FAP pdsiemthout PTC, there was
a statistically significant differencey = 11.77 p< 0.001). However, since
there were 21 patients who belonged kindreds witiblings (n = 6) or 3
siblings (n = 3) with FAP associated PTC, compariseas made not only
among individuals (57 to 10), but also among kiddré48 to 9). Difference

was also statistically significantd = 9.39, p<0.002).
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B)

Of 260, 95 envelopes came back. In our series weaddhat none of the
patients was affected by any of the diseases mgantthe questions. Only in
three cases (3%) relatives were affected by imtalsgiolyps, in six cases (6.3%)
relatives were diagnosed of a colon cancer, andnim case a relative died
because of that tumour. We had 4 diagnosis of CHRRE) in relatives of
our patients. We also had 2 (2.1%) gastric can&efweast cancers (5.2%),
one pancreatic cancer (1%) and 2 (2.1%) liver aanae the kindred. We
carefully considered the cases of CHPRE positiveepis’ relatives. The
specimens of the histological analyses were reuelme a pathologist of the
Pathology Department of Pisa University looking fibre cribriform and
morular hystotype. Patients with relatives affecdbydCHPRE were proposed

in continuing the study by a genealogical tree agenetic analyses.
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Table 3. PTC in FAP patients with APC germline mutations=(h8, personal series).

LOH for | ret/PTC | p-catenin

Se| Ag . . . No. No. |CHRP L .

No. x | e Histologic variant codon exon E BT| APC |activatio accumulatio
gene n n
1 F |30 PTC 140 3 - - n.p. n.p. n.r.
2 | F 19| Prevalently solid 593 14 + - n.p. n.p. n.r.
3 F |22 PTC 778 15 + + - + n.r.
4 | F |18 CMV 976 15 + - n.p. n.p. n.r.
5| F |27 CMV 993 15 + - n.p. n.p. n.r.
6 F |26 CMV 1061 15 + - - + +
7| F | 22 o V\VA 1061 15 + - - + +
8* F |20 CMV? 1061 15 + - - + +
9*| F | 36 PTC 1061 15 + + - - -
10 F | 24 CMV 1061 15 + - - + n.r.
11| F | 39 PTC 1105 15 + - n.p. n.p. n.r.
12| F | 20 Epcapsula_ted 1309 15 + - n.p. n.p. n.r.

follicular variant

13| F | 27 PTC 1309 15 na. | - n.p. n.p. n.r.
14 22| CMvV-follicular n.a. 15 na | - n.p. n.p. n.r.
15| F | 20 PTC n.a. n.a. na. | - n.p. n.p. n.r.
16° F |31 CMV 937 15 - - - - n.r.
17° F |25 CMV 1068 15 + - - + +
18° F |34 PTC 1105 15 - - n.p. n.p. -

FAP = Familial Adenomatous Polyposis; APC = Adentmua Polyposis Coli; PTC =
Papillary Thyroid Carcinoma; CMV =
Congenital Hypertrophy of the Retinal Pigment Eglitthm; BT = Brain tumor.
n.p. = not performed
n.a. = not available
* - Hepatoblastoma and hepatocellular carcinonmarimember of this kindred.
No. 1-15 = patients already reported in Cetta.g800)
° - No. 16-18 = new cases

1 PTC with few CMV areas.
- CMV with some solid areas.

48

Cribriform Momd Variant; CHRPE =




Table 4. Papillary Thyroid Carcinoma (PTC) in FAP patiemigh unknown APC
germline mutations from the literature after ye@@@ (n = 22).

No. |Authors, Year Pts. no. | Sex Age(PTC) | TC Histology |Age (FAP)
1. Xu, 2003 1. F 34 CMV-PTC n.r.
2. F 23 CMV-PTC n.r.
2. |Truta, 2003 3. F 27 PTC 19
4. F 34 PTC 34
5. F 35 PTC 35
6. F 32 CMV-PTC 32
3. |Rohaizak, 2003 7. F 16 CMV-PTC 16
8. F(s) 19 CMV-PTC 19
9. F(s) 17 CMV-PTC 17
10. F 17 PTC 17
4. |Richards, 2003 11. F 32 PTC 32
5. |Tomoda, 2004 12. F 26 CMV-PTC n.r.
6. |Chikkamuniyappa, 2004|13. F 32 CMV-PTC 32
14. F 34 CMV-PTC 34
7. |Hirokawa, 2004 15. F 32 CMV-PTC n.r.
16. F 30 CMV-PTC n.r.
8. |Dalal, 2006 17. F 36 CMV-PTC n.r.
18. F 34 CMV-PTC 20
9. |Yagci, 2007 19 F 26 PTC 34
10 Nosé 2008 20 F 17 CMV-PTC 17
11 | Dotto 2008 21 F
12. |Donnellan 2009 22. F 30 CMV-PTC n.r.

FAP = Familial Adenomatous Polyposis; APC = Adentwua Polyposis Coli;
PTC = Papillary Thyroid Carcinoma (conventional)MZ = Cribriform
Morular Variant of PTC; TC = Thyroid Carcinoma.

Pts. = patients.

(s) = siblings

n.r. = not reported
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Table 5. PTC in FAP patients with known APC germline muas from the literature after
year 2000 (n = 45). CHRPE = Congenital Hypertrophthe Retinal Pigment Epithelium;

Pts. Age . Age APC
Author, year no. Sex (FAP) Histotype (PTC) mutations ECM
Miyaki, 2000 1. F n.r. PTC 26 175 n.r.
2. F n.r. PTC 21 1110 n.r.
Chong, 2000 3. F(s) 21 CMV-PTC 16 848 n.r.
4. F(s) 15 PTC 12 848 n.r.
5. F(s) 12 CMV-PTC 12 848 n.r.
Fenton, 2001 6. F 29 CMV-PTC 20 1061 CHRPE, MB
Lynch, 2001 7. F 22 PTC 34 1068 Endometrium
Sakai, 2002 8. F 31 PTC 20 302 UGIP, MEN 1
Xu, 2003 9. F 30 CMV-PTC 30 512 n.r.
Truta, 2003 10. | F 31 CMV-PTC 25 159 -
11. | F 17 CMV-PTC 17 1275 -
12. | F 42 PTC 43 499 S&EC
13. | F 35 CMV-PTC 35 1-804 UGIP, DT
14. | F 25 PTC 45 686-1217| CHRPE, UGIP,
15. | F 52 PTC 49 937-938 UGIP, EC
16. | F 24 CMV-PTC 23 2092 UGIP, OSTEOM
17. | F 21 CMV-PTC 22 1061 UGIP
18. | F 24 CMV-PTC 21 1309 UGIP, DT, EC
19. | F 18 PTC 42 1061 UGIP, DT
20. | F 25 PTC 21 1068 DT
21. | F 29 PTC 55 2092 CHRPE, UGIP
Lee, 2004 22. | F 29 CMV-PTC 31 1309 CHRPE, UGIH
Tomoda, 2004 23. F 30 CMV-PTC 30 512 n.r.
24, F 32 CMV-PTC 32 exon 9 n.r.
Plawski, 2004 25. F 19 PTC n.r. 1162 n.r.
Kameyama, 2004 26. F(s) 21 CMV-PTC 21 278 n.r.
27. | F(s) 10 CMV-PTC 18 278 n.r.
Kim, 2005 28. | F 30 PTC n.p. 622 UGIP, EC
29. | F 38 PTC n.p. 935 n.r.
30. | F 29 PTC n.p. 1061 CHRPE
31. | F 38 PTC n.p. 1309 CHRPE, UGIP
Gadish, 2005 32.| F 21 PTC 19 1061 PB (BT)
Uchino, 2006 33. F 19 CMV-PTC 25 554 n.r.
Chung, 2006 34.| F 19 CMV-PTC 19 302 ???
Herraiz, 2007 35. | F(s) 29 CMV-PTC 25 1948 UGIP, DT
36. | F(s) 21 CMV-PTC 34 1948 UGIP, DT
37. | F 33 PTC 51 564 UGIP, DT
38. | F 19 CMV-PTC 18 302 UGIP
39. | F(s) 22 CMV-PTC 22 segment 2 UGIP
40. F(s) 48 CMV-PTC 49 segment 2 -
Brozek, 2008 41. F(s) 28 PTC 35 intron 3 n.r.
42. F(s) 33 PTC 23 intron 3 n.r.
Cameselle-Teijeiro 43 | M CMV-PTC 42 1493 n.r.
2009
Martayan 2010 44 | F 30 PTC 30 3183 n.r.
45 | F 28 PTC 26 9080 n.r.
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BT = Brain tumor.; ECM = Extracolonic ManifestatioMB Medulloblastoma; PB =
Pinealoblastoma; UGIP = Uper Gastrointestinal pslyMEN 1 = Multiple Endocrine
Neoplasia 1; S&EC = Sebaceous and Epidermoid Cdts; Desmoid Tumor.
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5. DISCUSSION

Papillary thyroid carcinoma is one of the extraoedomanifestations of FAP,
and occurs in approximately 2-12% of patigdi®3,124) PTC occurs in FAP
patients with a incidence much higher than thateetgu for sporadic PTC,
which is between 0.5 to 10 cases per 100000 igeheral populatiof2) . The
mean age of diagnosis of FAP associated thyroidriama has been reported
at 28 years. Young women with FAP are at particuisk of developing
thyroid cancer and their chance of being affectedpproximately 160 times
higher than that of normal individuals, with a fdenéo male ratio of 17/1,
while in sporadic papillary thyroid carcinomas tiagio is 2.5/1(125-128) All
these epidemiological data show that PTC developimeRAP population is
not casual but that it is the result of the coofpenaof coexisting determining
agents. A total of 182 patients was collected as tiepresented by Table 3, 4
and 5, they resulted: 1) from a personal series8opatients (Table 3: n = 15
plus 3 new cases); 2) from the literature reviewl year 1999(116) 3) from
the literature review after year 2000 (Table 4(607,114,114,122,124,128-

147)
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5.1. GENOTYPE PHENOTYPE CORRELATION.

The review of the literature and the analysis aof matients have confirmed our
preliminary findings that there is an evident gepetphenotype correlation
for FAP associated PTCs. In 87% of our patientg1@4Table 3) and in 66%
of the patients reviewed by the literature, in whtita genetic analysis was
performed (28/45, Table 4), PTC were associatech vAiPC germ-line
mutations 5' to codon 1220, i.e. outside the nratluster region (MCR).
Moreover our data show a frequent co-segregaticheoPTC with CHRPE in
FAP patients. In our personal series 80% of theept&t, in whom this
phenotype was evaluated (12/15 Table 3), showedsanciation with PTC.
This data have been confirmed by the genetic aisalffsat point out a very
similar clustering between the germline’s APC motad in the CHRPE and in
the PTC affected patients. In fact CHRPE patiersigehbeen proved to be
related with APC germline mutations localized betwecodons 311-1444,

outside the MCR148,149)
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5.2.GENE FUNCTION AND ENVIRONMENTAL INTERACTION.

The germline mutation of the APC gene is crucialtfee development of the
colon cancer in the FAP syndrome. In FAP affectatiepts the colonic polyps,
if not surgically treated, invariably transformantolorectal cancer before the
age of 40 years. As previously reported the APGegera tumour suppressor
gene which is involved in several cellular processecluding transcription,
cell cycle control, migration, differentiation amgoptosig84,85) Mutations,
leading to colorectal cancer, follow the classibab-hit model of tumour
suppressor inactivation. FAP patients inherit oregndine mutation and
develop tumours from those cells in which a secbibdor loss of the other
allele of APC, is somatically acquired. This is athmpgenetic model that
explains the onset of colonic cancer but it is exitaustive for the description
of the development of FAP associated extracoloewmptasia in particular the
PTC. In FAP associated PTC, as in all tumors betgngo a multitumoral
syndrome, the inherited germline mutation of thedu suppressor gene (the
APC germline mutation) confers an increased susmkyt to tumor
development, but the germline mutation is insudinti by itself for the
occurrence and clinical manifestation of the PTiColir data we have proved
the absence of LOH for APC in the thyroid tumorssie (8 out of 8 cases),

(Table 3). This means that other factors affectrdttacally the occurrence of
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FAP associated PTC, suggesting that, in individuwath the same germline
mutations, different mechanisms determine the w@eoge of extra-colonic
tumors, with infrequent or absent LOH of the AR&hig(110).

In particular, analysis of sporadic APC mutatiomghe thyroid tumoral tissue
has been performed in 3 different sel®50-152) There was only one patient
with somatic mutation of the APC gene. These datmest that the APC gene
is usually not involved in the development of moksporadic thyroid tumors
(150-152) On the other hand, the frequent occurrence of RT€blings with
APC germline mutations suggests a causative dlitédiig role of this genetic
alteration. In fact, we have collected, only ameungjects with APC germline
mutations, 3 kindreds, with 3 siblings showing F&$3ociated PTC including
our own, and 6 kindreds with at least a couple ibfirgs. But, adding
historical caseg,100-101, 125Yhe number of PTC in siblings belonged to the
same FAP kindreds is even greater.

The investigation of the model of carcinogenesisthe sporadic PTC may
contribute to better define which are the genetithways that cooperate with
the germline APC mutation, in the occurrence of F&g¢3ociated PTC. As
previously reported RET/PTC oncogenes are amongntist frequent genetic
alteration in the sporadic PTC. The products ok¢hecarranged genes are
constitutively active oncoproteins, that have lts transmembrane domain

(153-155) Experimental evidence supports RET/PTC rearramggneas
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causative factors in the pathogenesis of sporati. Espression of RET/PTC
in human thyrocytes has been shown to stimulaie pineliferation(45) and to
induce typical changes in nuclear envelope and nchtim, which are
diagnostic for PTQ156) The ability of RET/PTC to initiate carcinogenesis
has been confirmed in transgenic m{t&7) Recent studies have investigated
the contribution of RET/PTC1 arftcatenin mislocation, in the pathogenesis
of sporadic PTC. This study has been accomplistsagun vitro model of
human thyroid carcinogenesis and the human PTC lbed, TPC-1,
endogeonously expressing the RET/PTC1 oncogef@slbeen demonstrated
that RET/PTCL1 effects includecatenin nuclear translocation, associated with
an increased expression of its transcriptionaleiaggne cyclin D1. This effect
have suggested [&catenin functional switch from adhesive to tradornal
activity (158) Other AA have identified a novel REPB-catenin signalling
pathway that, even if demonstrated for medullagyrdld carcinoma, may be
applied also for our research. This pathway istecal contributor to enhanced
cell proliferation and tumor progression in thyraidncer. This study have
shown that RET induceB-catenin-mediated transcription, cell proliferation
and transformationn vitro and thatp-catenin nuclear localization and the
resultant RET-mediategtcatenin signalling is a key secondary event indum

growth and spreading in vid59)
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These data seems to be confirmed by our studyadty in addition to APC
germline mutation, in the same thyroid tumors, iy Vegh rate of activation of
the Ret/PTC gene was found (Table 3). Furthermard, of 6 patients, who
had sufficient tumoral tissue, there was a congpisunuclear staining of the
cell nucleus fo3-catenin, with a moderate staining in the remairgngases
(Table 3).

It has been suggested tigatatenin nuclear staining and CD+ in morules in
tumors with the CMV of PTC is a quite specific marlof tumors showing
disruption of the Wnt-pathwaf122) The hypothesis that can be drawn by
these data is that, in the absence of LOH for tR&€ Ayene, the second hit in
the multi-step tumorigenesis process, can be septed by the RET/PTC
activation. p-catenins could represent the common substratevofdifferent
signalling pathway: the Wnt and the MAPK with thesult of B-catenins
nuclear translocation and promotion of thyroid tuigenesis.

Analyzing our data it is possible to observe thardiution of FAP associated
PTCs according to the sex of the patients. Theree &0 females and 12
males; with a F:M ratio of 16:1 in the overall ptgtion. Considering that the
F:M ratio in sporadic PTC is usually 3:1, this fdengreponderance is
noteworthy. The temporal series also seems to bmpdrtance. However, a
great proportion of these patients were histogeale reports (often single case

reports) with thyroid carcinoma in kindreds wilinal diagnosis of FAP, but
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with no detected APC germline mutation. In patacudue to the increased
diffusion of genetic analysis during the last degatiere were only 24 of 112
patients (23%, 101 F and 11 M) with APC germlinautation in the former
series (up to 1999) versus 43 of 65, (68%) in dieet (after year 2000).
Interestingly, whereas the F:M ratio was 9:1,1@1 F to 11 M, in the former
series (and we reported a F:M ratio of 17:1, bseane restricted the analysis
only to those kindreds with at least a couple bfisgs in the same family, i.e
kindreds in which FAP associated PTC could not baesitlered a casual
finding), the F:M ratio in the latter series was¥dn particular, the only male
was an atypical FAP patient with aggressive CMVspamsible for lung
metastases at age 53, in the absence of colonypgp@Germ-line mutation
intron 1-3). The causes of this striking prevaletePTC in FAP females
deserves further evaluation.

Recent report$159-161)have demonstrated that the gender differencedan th
development of sporadic thyroid cancer may be arfaed by sex hormones,
particularly by the estrogen f-éstradiol (E2), which has been shown to
interact and promotes the growth and progressiorthgfoid tumors. The
molecular mechanisms by which estrogens affectscéiecycle regulatory
apparatus to induce cellular proliferation have nbeducidated(161) 173-
estradiol stimulates cell cycle progression eanlyG, phase by induction of

cyclin D1 gene expression (which is the same taggeie of thgl catenins)
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(159) The possible mechanism by which E2 promotes ttiyroells
carcinogenesis is mainly due to the interactiorhtite estrogen receptar
(ERa), that results in the activation of the MAPK patwy at the level of
ERK1/2. This activation promotes expression of mila of antiapoptotic
proteins Bcl-2 providing a survival signal for ttieyroid tumoral cells(161).
The mechanism by which E2 contributes to proliferatand population
growth of thyroid cancer cells might explain, atde in part, the higher
incidence of FAP associated PTCs in females.

It might be proposed a model of cooperation in fienpatients among the role
of E2 and ERua in the activation of the ERK1/2, MAPK cascade, Hane
activation of this cascade by RET/PTC chimeric géigand independent
activity and the interruption of the Wnt pathwaymoted by the germline
mutation of the APC gene.

An important environmental interaction in the paéoesis of FAP associated
PTC have been proposed during the last years. Airyd¢termined role could
be played by nuclear disasters, which could fatditPTC occurrence in
predisposed patients with APC germline mutafiblR)

In particular, after a boom of reports during tkeeipd between 1995 and 2001,
it seems that reports of this manifestation areabesing in the last few years.
One could “hypothesize” a “Chernobyl effect”, aaseé in reports from Europe,

l.e., an increasing occurrence 8-15 years after Ginernobyl disaster,
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suggesting that, in a subset of frail predisposdgjests, a long-term, long-
distance effect of nuclear disasters should besaged. In particular, radiation
could determine an increased incidence of thyramcinooma, namely in

children, not only within a 250-300 km distancet, &lso at greater distance, in

subjects with inherited predispositi¢hl3,163)

5.2 FEASIBILITY OF A SCREENING METHOD TO DETECT FAP
PATIENTS IN A PARTICULAR SUBSET OF SUBJECTS AFFECDEBY

PTC.

The real incidence of FAP associated PTC has rer Hefinitively evaluated,
but it has been estimated approximately betweef%2(123-124) According

to these data a screening method for an early tilmteaf the papillary thyroid
carcinoma in all FAP patients has not been consterorthwhile. The studies
of the genotype-phenotype correlation which haveved a frequent
occurrence of the APC germline mutations 5’ to toelon 1220 and the
association of the PTC with the CHRPE has offereches criteria that has

permitted to restrict the range of patients at.riskthis subset of patients, a
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screening method by intensive ultrasonography etudould be considered
cost-effective.

The attempt we have done in this study, has beaonsider this issue from
the opposite point of view, namely to evaluate firasibility of a screening

method in the population of patients affected byrdld carcinoma in order to

early detect the FAP syndrome. The mean age ghdss of PTC and/or

thyroidectomy was 25.7 year in our series, 28.1r yrapatients from the

literature, and 25,9 years in the entire seried8# patients. In our personal
series the histological type was always PTC amdvériants were: CMV

(cribriform morular variant) in 9 patients (mearea2B.8 yr; range 18-31 yr),
conventional PTC in 7 patients (mean age 29.7ayrge 20-39 yr) and 2, aged
19 and 20, respectively, with the so called enalapsd follicular variant in 1

case and the trabecular variant in another. Agtuallwide range of different

histological variants was observed: classic endapsl trabecular , even in
patients belonging to the same kindred with theesgermline APC mutations
(patients 7, 8, 9) (Table 3). The prevalence of CM\bubjects studied after
2000 was of 38/55 (69%). According to these dataovesidered as restriction
criteria the patients’ age below 30 years and #qallary hystotype of thyroid

cancer. We selected 260 patients, of whom 95 amsiner our tests. None of
these patients was affected by any of the diseapested in the questions. In

3 cases patients’ relatives were affected by sporemlonic polyps and in 6
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cases we found, again in patients’ relatives, gporeolon cancers. In 4 cases
there was a diagnosis of CHRPE in the clinicaldmsbf 2 grandfathers and 2
parents of 4 different subjects of our study. Weettdly considered the cases
of CHPRE positive patients’ relatives. The specimai the histological
analyses were reviewed by a pathologist of thedbadly Department of Pisa
University looking for the cribriform and morulay$totype, which has been
shown to be strictly related to thyroid carcinoraasociated to FAP syndrome,
but the result was negative. Patients with relatiaected by CHPRE were
however proposed in continuing the study by a degéezal tree and a genetic
analyses and in all the cases we were not ablebtaimoa consent. These
patients were followed-up for 3 years and there wasevidence of the
occurrence of colonic polyps.

The number of patients obtained with our restrictioiteria was really high if
considered that we did not include the papillaryrdid carcinomas of patients
aged more than 30 years. We have calculated thattio between our group
and the one of all papillary thyroid carcinoma I8.1To obtain these numbers
it has been necessary the collaboration with dthlgn referral centre for the
thyroid surgery. Despite this we have not been abfend any FAP associated
PTC, so even under these conditions it appearsositeffective to propose a
screening method for the detection of FAP in aridsd cohort of PTC

patients. On the contrary the diagnosis of the Qh¥iant of papillary thyroid
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carcinoma in the specimen of patients with mulédcand multinodular thyroid
disease should suggest to the pathologist a stotdtboration with the
clinician in order to initiate in these subjectdan the family members a
screening for detection of the colonic and extraeim manifestations of the

FAP.
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n a recent paper by Uchino et al." reported on a patient
with the cribriform-morular variant of papillary thyroid
carcinoma (CMV/PTC), associated with familial adeno-
matous.polyposis (FAP). They analyzed both.exons 1-15
of the APC gene and exon 3 of the g-catenin gene in the
peripheral blood and in 12 CMVPTC nodules from a 25-
year-old woman with FAP and previous total colectomy.
In particular, they found a germ-line mutation of the APC
gene at codon 544 and six somatic mutations between
codons 308 and 935. There were no mutations of the -
catenin gene either in peripheral blood leukocytes or in
the 12 CMVPTC specimens. In particular, loss of het-
erozygosity was not observed in the tumor tissues without
somatic APC mutations."
We would like to comment on this paper, supporting
some conclusions, while criticizing others.
The interesting data which are further documented
by this study are following:

1. APC somatic mutations were detected in 6 out of 12
tumoral nodules from from the same patient. The
germ-line APC mutation was at codon 544, whereas
all 6 somatic APC mutations were 5' to codon 935, i.e.
out of the mutation cluster region (codons 1286—
1513), where most somatic APC mutations occur in
sporadic colorectal carcinoma/or in colonic polyps.

2. No p-catenin mutation, either germ-line .or somatic,
was observed in this patient, whereas the same
Authors reported a somatic mutation in exon 3 of

Correspondence to: F. Cetta, MD, e-mail: cetta@unisi.it

97

B-catenin in 7 CMVPTC. Five of these 7 had no APC

mutations.2®

The former data give further evidence to the fact that
germ-line (and somatic) APC mutations in patients with
FAP associated PTCs occur in the 5’ position of the gene,
usually associated with CHRPE (Congenital hypertrophy
of the retinal pigment ephitelium). This was first docu-
mented in our series of 15 patient with FAP associated
PTC, and subsequently confirmed by others.*®

The latter suggest that APC mutations and f-cate-
nin mutations are mutually exclusive of each other in
disrupting the Wnt signal transduction; in thyroid carci-
noma as well as in hepatoblastoma, -catenin mutations
usually occur in the absence of APC mutations and
viceversa.®

In addition, we would make some critical remarks: 1)
somatic mutations of the APC gene are very rare in FAP
associated thyroid carcinoma, and in sporadic thyroid
carcinoma. They were almost never found in multiple
consecutive series of patients with sporadic PTC; 2) LOH
of the APC gene is extremely rare even in FAP associ-
ated thyroid carcinoma. We found no LOH for APC in 6 of
6 patients with FAP associated PTC.”

Other criticisms are more specific. They include: 1)
an incorrect quotation of our papers. In fact, in a series of
9 patients, only 4 (not 12) PTCs had at least some crib-
riform-morular aspects.®>” The remaining were typical
papillary carcinomas occurring in patients with typical
FAP. Twenty-two of 24 germ-line mutations occurred in
the genomic area between codons 140 and 1219 2 (not
codons 463 and 387 as reported in the paper by Uchino



et al)). 2) The attempt at drawing general conclusions on
the basis of data from a single patient. In our series the
most frequent germ line mutation ( in 5+1 cases out of 14)
was a 5p deletion at codon 1061,* whereas Uchino et al.
in their conclusion restrict their “critical region” between
codons 308 and 935."

In conclusion, cumulative data, associated with 1) the
low incidence of PTC in FAP patients (< 2%), 2) the al-
most exclusive occurrence in females (F:M ratio > 17:1),
(3,4) a very high rate of RET/PTC activation (> 50%),
similar to that observed in post Chernobyl children,®®
suggest that mechanisms other than biallelic loss of
function of the APC gene, which is found only in a
minority of patients, are responsible for the occurrence of
most FAP associated PTCs. Interestingly, in 6 of the 12

tumoral nodules reported"by Uchino, CMVPTC developed

in the absence of LOH of APC or of f-catenin mutations.
Therefore, we suggest that in most of cases APC germ-
line mutations only give a generic susceptibility to thyroid
cancer development, whereas other concomitant factors
(sex related factors, modifier genes, environmental fac-
tors, namely exposure to radiation or even long distance
nuclear disasters) ° all play a role in the actual occurrence
of PTC in FAP patients. However, there are 2 recent
biological data which could be relevant from a clinical
point of view: 1) most of APC germ-line mutations (90%)
are located 5’ to codon 1287, in the same genomic area
associated with an easily detectable extracolonic feature
of FAP, namely CHRPE; 2) at least one third of FAP
associated PTCs (the remaining are typical papillary tu-
mors associated with typical FAP) show CMV/PTC, an
otherwise extremely rare histologic variant (0,16 % of
sporadic tumours).

Therefore, even if intensive screening for PTC has
not been suggested in all FAP patients or relatives, due to
the very low incidence of PTC, it could be recommended
in those kindreds that show CHRPE in one affected
member or have a germ-line APC mutation 5" to 1287.
Conversely, screening for undiagnosed FAP is recom-
mended in thyroidectomized patients with CMP/PTC.

Anyway, in a complex and certainly multifactorial
matter such as FAP associated PTC which is far from
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being completely elucidated, only suggestions deriving
from cumulative data (instead of single cases) could be
of importance for both clinical and pathogenetic pur-
poses.
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