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Abstract

The process of carcinogenesis is permanently one of the most interesting and
significant issues for researchers in different fields of medicine. Therefore, we
attempted to bring closer the problem of neoplastic transformation in the thyroid
gland. This article covers the latest data about genetic factors, involved in thyroid
carcinogenesis. We have presented results of the most recent studies referred to
molecular biology of thyroid neoplasms. We have demonstrated not only the genetic
background of cancers, derived from the thyroid follicular cell, but also genetic
aspects related to medullary thyroid carcinoma and some benign thyroid lesions.
The review describes DNA methylation disturbances and the mutations in thy-
rotropin receptor and G protein genes. Furthermore, we introduce the results of
studies performed at our laboratory, concerning mutations in the following pro-
tooncogenes: RAS, RET, Trk, MET, and BRAF. Also, we present our data, regarding
the loss of heterozygosity (LOH) in the short arm of chromosome 3. Additionally,
we discuss overexpression of cyclin DI gene in benign and malignant thyroid
lesions. Previous studies performed at our laboratory indicate the role of IGF-I in
the pathogenesis and invasiveness of thyroid cancers.

The review indicates that progress in genetics of the thyroid cancer is extremely
rapid.
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INTRODUCTION

Carcinogenesis is a multistage process, preceded by
an initiation of neoplastic transformation at the level of
single cell. Taking into account the view about mono-
clonal origin of neoplasms, it should be kept in mind
that, in order - for a single cell - to be able to undergo
complete neoplastic transformation, it must have muta-
tions fixed in - at least — a few, or perhaps in several
genes. The inactivation of suppressor genes and the ac-
tivation of oncogenes play the key role in the neoplastic
transformation of the cell (Figure 1).

Protooncogenes are defined as genes, which undergo
expression in normal cells; they play an essential role
in the regulation of growth processes, as well as in
the differentiation and maturation processes of cells.
Protooncogenes become oncogenes in result of change
in DNA sequence, which - in turn - is caused by, at
least, one point mutation or by more extensive changes
of DNA sequence. Cellular protooncogenes have their
fixed localisation in chromosomes, constituting about
1% of all genes in normal cells. Similarly to the major-
ity of protein encoding genes, protooncogenes occur in
the haploid genome in single copies [50].

The following mechanisms of protooncogene activa-
tion have been found:

a) point mutation,

b) amplification,

¢) inversion,

d) translocation and

e) insertion.

The point mutation within protooncogene changes
the information for protein coding. The modified pro-

tein can induce one or more changes, which accompany
the development of the neoplasm.

Amplification consists in multiplication of the num-
ber of gene copies. The number of copies of certain genes
in neoplasms amounts to several, several dozen and even
— up to over 100 copies of single gene.

The mechanism of inversion is a rotation of chromo-
some fragment by 180 degrees with respect to its initial
position. There are pericentric inversions, in which cen-
tromere is the point of rotation, and paracentric ones, in
which the rotation proceeds around a point which is not
centromere.

Translocation consists in a displacement of protoon-
cogene to chromosomal site, which is under the regula-
tory effect of another gene expression.

Insertion is defined as an incorporation of strong
transcriptive signals of promoter type or of, so called,
transcription enhancing sequences into the region
which proceeds protooncogene or, sometimes, also into
the region adjacent to the protooncogene end.

Oncoproteins, encoded by oncogenes, are divided
into nuclear and cytoplasmic. With respect to their
localisation, as well as to the structural and functional
protein properties of protooncogene products, seven
classes of oncoproteins have been distinguished:

a) growth factors,

b) receptor and non-receptor proteins, revealing
the activity of tyrosine kinase,

c) receptor proteins without tyrosine kinase activity,

d) G-proteins, connected with cytoplasmic mem-
brane,

e) proteins revealing serine kinase activity,

f) cytoplasmic receptors,

g) proteins involved in gene transcription [50].
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Figure 1. Changes of the activity of protooncogenes and suppressor genes, leading to neoplastic transformation.
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Thyroid carcinoma is the most frequently observed
neoplasm of endocrine glands. In the majority of cases,
it is derived from thyroid follicular cell (TFC) and - in
almost 90% of cases — it is a differentiated carcinoma
(DTC) of papillary or follicular type (PTC-papillary
thyroid carcinoma, FTC - follicular thyroid carcinoma)
[98].

In addition, medullary thyroid carcinoma (MTC),
originating from the parafollicular cell (C cell) of the
thyroid gland, should be discussed, this type of cancer
being rarely observed. The hereditary predisposition to
MTC has been fairly well documented - about 25% of
cases of MTC are related to germinal mutations of RET
gene and occur as multiple endocrine neoplasia type 2
(MEN 2), including MEN 2A, MEN 2B, or as familial
medullary thyroid carcinoma (FMTC) [53]. These
problems will be discussed in detail in further parts of
this article.

Contrary to MTC, DTC is - most often — sporadic
carcinoma. The hereditary form of DTC is found very
rarely as familial non-medullary thyroid carcinoma
(FNMTC), as well as part of certain hereditary neo-
plastic syndromes. Out of all DTCs, only about 0.1% of
thyroid cancers are associated with familial adenoma-
tous polyposis (FAP) of the colon or with the, so-called,
Cowden’s syndrome (see further in the text).

Thyroid neoplasms, derived from TFC, provide an at-
tractive research model for studies in molecular genetics
and cytogenetics, since they include a broad spectrum of
phenotypes, from benign (adenomas) to highly malignant
(undifferentiated cell carcinoma). Below, we provide a
review of the genetic background of different types of
thyroid carcinoma [98].

GENETIC BACKGROUND OF THYROID
CARCINOMAS DERIVED FROM THE
FOLLICULAR CELL OF THIS GLAND

Disturbances of DNA methylation and oncogenesis

DNA methylation disturbances can also contribute
to neoplastic transformation of cells in its early stage.
Together with the four main nitric bases in DNA, there
can also be untypical bases, including 5-methylcytosine
(5-mC), which stands for 3-6% of the total cytosine
content in vertebrates [1,111]. DNA methylation is
- at its basis — a mutagenic process because 5-mC easily
deaminates into thymine. If resulting thymines are not
enzymatically cut off and replaced by cytosines, point
mutations occur.

It should also be noted that DNA methylation proc-
ess has also a number of positive functions in the cell,
including among others, stabilisation of DNA structure
and chromosome X inactivation, as well as it is respon-
sible for the phenomenon of genomic “imprinting”.
The presence of 5-mC as the fifth base in DNA chain
increases the information content in the fragments of
the same length.

Carcinogenesis in the thyroid gland

Disturbances of the normal pattern of DNA methyla-
tion are most probably either the causes of or they remain
in a close association with the process of development of
neoplasms. It has been found in a number of neoplasms
that generalised demethylation is accompanied by a
local hypermethylation in regions with a high density
of CpG (deoxycytidine-phosphate-deoxyguanosine) di-
nucleotides, containing cytosine in methylated form.

In turn, DNA methylation disorders in the develop-
mental processes of thyroid neoplasms are not clearly
understood. DNA methylation disorders in TFCs can
probably involve genes for RAS proteins, for Gs proteins,
as well as other gene sites, among others, the promoter
regions of suppressor genes. For example, disturbances
have been found in the normal pattern of DNA methy-
lation within the H-RAS oncogene in cells from both
benign and malignant thyroid neoplasms (hypermethy-
lation of regions with CpG dinucleotides) [109]. The
recent analysis also revealed hypermethylation of sup-
pressor gene RASSFIA in BRAF (v-raf murine sarcoma
viral oncogene homolog Bl)-mutation negative PTCs
[183]. While studying the cellular lines of PTC and FTC,
both hypomethylation of DNA and hypermethylation
of DNA within the first exon of pI6INK4A gene were
reported [12]. Additionally, DNA hypermethylation of
that suppressor gene was observed in some follicular
thyroid adenomas (FTA), PTC, FTC, poorly-differenti-
ated carcinomas and undifferentiated thyroid cancers
[183].

The proccess of hypermethylation has also been stud-
ied as a therapeutic target for antineoplastic agents (aza-
nucleosides: decitabine and its ribonucleoside analogue
- 5-azacytidine). Clinical trials of both azanucleocides
have been performed [42].

G proteins

G proteins (guanine binding proteins) have the
status of universal links between membrane receptors,
which receive extracellular signals, and cellular effector
proteins. The majority of data on the functioning of
G proteins have resulted from studies on Gs proteins,
i.e., a subgroup of proteins with an ability to stimulate
adenylyl cyclase. It has been observed that mutation
changes, occurring in genes which encode these pro-
teins, especially in the subunit a-encoding gene, lead to
their excessive activation [39,152].

The follicular cells, in which a chain mutations of
Gs proteins have occurred, can present with an activity
of adenylyl cyclase, leading to an excessive stimulation
of cellular growth and thyroid hormone secretion. Mu-
tations in Gs protein a chain have been found in cells of
clonal hyperfunctioning thyroid adenomas, as well as in
some malignant tumours of the thyroid gland.

Recent studies confirm the lack of thyrotropin
receptor (TSH-R) and Gs protein a chain mutations in
TSH-R antibody negative Graves' disease patients and
the observation that somatic gain-of-function TSH-R
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mutations are present in hyperfunctioning adenomas
and goitres but not in non-functioning thyroid lesions
[46]. However, it is believed that the mutational activity
of Gsa protein is not the solely cause of either nodule
formation or hyperfunctioning adenoma development,
and that the participation of a broad complex of signal
transduction regulating mechanisms should be pre-
sumed at the pathogenetic base of these lesions.

Thyrotropin receptor (TSH-R)

Receptors for TSH in the thyroid gland belong to the
family of receptors associated with G proteins; they can
also be regarded as potential oncogenes. The receptor for
TSH consists of an extracellular part (7 transmembrane
domains), connected by extra- and intracellular loops,
and of a cytoplasmic “tail”; it can undergo conforma-
tional changes in result of mutational substitution of
amino acids.

Somatic mutations of the TSH-R-encoding gene have
been found, according to different authors [40,134] - in
cells of 20-80% of studied hyperfunctioning adenomas.
Substitutions of amino acids were observed above all
in the third cytoplasmic loop of TSH-R in a number of
clonic hyperactive adenomas of the thyroid gland and
were associated with position 619 (Asp—>Gly) and posi-
tion 623 (Ala—Ile) [50].

Some authors underline the frequency of TSH-R mu-
tations to be much higher among inhabitants of regions
with marked iodine-deficiency, i.e., with ioduria below
50 ug/day [40]. Also, very recent studies confirmed that
activating mutations of the TSH-R or Gs protein a chain
genes were not involved in high iodine uptake thyroid
carcinoma [14].

It should be mentioned here that the gene mutation of
TSH-R, occurring in cells of the germinal line, results in
the inherited hyperthyroidism, leading to familial forms
of this disease. Congenital hyperthyroidism, associated
with mutation of this type, can manifest itself either in
the infancy or in the childhood, being characterized by
the occurrence of toxic diffuse goitre or toxic adenoma,
as well as by a severe clinical course of the disease [80].

RAS protooncogenes

The formation process of precursor cell can be
explained by mutations, activating protooncogenes of
the RAS family: N-RAS, K-RAS 1, H-RAS, and K-RAS
2. These protooncogenes have a fixed location; in man,
they are found on chromosomes 1, 6, 11, and 12, respec-
tively. The mutations in codons 12, 13 or 61 convert these
protooncogenes into active oncogenes [104]. The RAS
protooncogenes encode p21 membrane protein which
presents with an internal activity of GTP-ase. Products
of the protooncogenes are involved in the intracellular
transduction of the signal, affecting the proliferation
and differentiation of different cells. The p21 protein
manifests structural and functional features of G pro-
teins located in the cellular membrane. Mutations of the
RAS protooncogenes are met in various neoplasms and
with varying incidence.

It seems that the activation of RAS protooncogenes
is but only one of many stages in the process of thyroid
tumour development, possibly being the initiation stage
[40]. However, this activation can also occur at the stage
of neoplastic promotion and progression. It has been
observed that the incidence of RAS oncogene activa-
tions is not the same in various histopathological types
of thyroid neoplasms. In Lemoine et al.’s studies [94], the
incidence rate amounted to 80% for the neoplastic cells
of follicular type and to 20% for the cells of papillary
type. In subsequent studies, different incidence rates
were reported by those and other authors (Table 1).
These differences depend on the histopathological type,
the extent of differentiation, and environmental factors,
e.g., iodine supplementation in diet.

It is interesting that the incidence rate of RAS proto-
oncogene mutations in cells of FTA and of FTC was much
higher in regions with confirmed iodine deficiency than
in iodine-rich regions, being 85% and 17%, respectively,
for FTAs, and 50% and 10%, respectively, for FTCs [156].
This observation suggests that in regions with iodine de-
ficiency and - in consequence — with goitre endemia, the
activation of RAS protooncogenes plays an important
role in the initiation and growth of follicular tumours.

Table 1. Activation of ras oncogene in neoplasms derived from follicular thyroid cell*.

CARCINOMA
Adenoma Literature
follicular papillary undifferentiated

8/24 8/15 2/10 6/10 Lemoine et al. [93]
6/24 0/3 3/14 — Namba et al. [125]
6/13 11 8/13 11 Suarez et al. [162]
0/9 2/14 1/15 — Karga et al. [79]
14/25 4/16 0/22 = Shi et al. [156]
0/19 5/21 0/31 4/16 Manenti et al. [108]

*Based on: Pierotti et al. [136]
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The occurrence of point mutations in H-RAS, K-RAS,
and N-RAS oncogenes in PTC has also been analyzed
at our laboratory. The presence of the two point muta-
tions was confirmed in tumour specimens obtained
from 29 cases of PTC. The first point mutation was a
heterozygous single base substitution (GAA/CAA) at
codon 31 of K-RAS oncogene, resulting in change from
the glutamic acid to glutamine. It should also be noted
that this new mutation has not been described before
in medical literature. The second alteration was a single
base substitution (CAA/CAC) at codon 61 of N-RAS
oncogene, resulting in an amino acid change from
histidine to glutamine. The polymorphism of H-RAS
oncogene was also found in one probe [35].

The investigations in vitro have proved that the activa-
tion of RAS oncogene leads to the loss of differentiation
markers such as: thyroglobulin (Tg), thyroid peroxidase
(TPO), TSH-R and to increased proliferation of cultured
TFC. However, the activation of RAS oncogene is not
sufficient alone to cause malignant transformation
of TFCs [13,118,138], but probably indirectly leads to
increased chromosomal instability and next genetic
disorders.

A problem has arisen what factor is necessary for the
transformation of adenoma into carcinoma. Some re-
ports have recently been published, suggesting that the
role in question may be held by PAX-8/PPARY rearrange-
ment. The PAX-8 (paired-box containing transcription
factor-8) gene (locus 2q13), belonging to the family en-
coding the transcription factors of organogenesis, plays
the key role in differentiating TFCs. In turn, PPARy
(peroxisome proliferator-activated receptor gamma,
locus 3p25) belongs to nuclear receptors, which form
heterodimers with RAR nuclear receptors for retinoic
acid. The proteins encoded by PPARY are involved in
the control of lipid-carbohydrate metabolism and - in a
broader aspect - in the control of cell proliferation and
differentiation. In result of t(2:3)(q13:p25) translocation,
fusion gene is formed and - next - the corresponding
protein, encoded by that gene [88,129]. PAX8-PPARy
chimeric protein may inactivate the wild type PPARYy,
which is a tumour suppressor [88,129,189]. Up to now,
it has not been documented whether PAX8-PPARy
takes part in dedifferentiation of FTC, however, the
high incidence rate of these rearrangements in poorly-
differentiated or undifferentiated carcinomas has been
recorded [129].

RET protooncogene

The product of RET protooncogene (locus in 10q11.2
region) presents with tyrosine kinase activity. The
expression of RET protooncogene plays an important
role in the embryogenesis of mammals, regulating the
growth, migration, and differentiation of neural crest
cells. The cells of neural crest, which are derived from the
neuroectoderm of the prosencephalon, mesencephalon
and rhombencephalon, participate in the development

Carcinogenesis in the thyroid gland

and differentiation of a number of tissues in growing
human embryo. The product of RET protooncogene
is a membrane protein, built of an extracellular part,
with a region rich in cysteine, a transmembrane and an
intracellular part, containing two domains of tyrosine
kinase.

The significance of the particular codons of RET
protooncogene will be discussed in detail in further
parts of the present review. Herein, it is to be mentioned
that, while either germinal point mutations or somatic
point mutations, deletions or insertions within RET
gene are responsible for the development of MTC
(hereditary vs. sporadic, respectively), RET-activating
chromosomal rearrangements (paracentric inversions
within long arms of chromosome 10 or translocations
between chromosome 10 and other chromosomes) are
the initiating factors in PTC; RET/PTC rearrangements
are, however, found only in the part of PTC cases (see
further in the text of this article).

Structural aberrations in the pathogenesis

of PTC related to RET protooncogene

So far, 11 oncogenic sequences of RET/PCT have
been identified and described. All of them result from
chromosomal rearrangements which link RET tyrosine
kinase domain with 5" end of other genes. Continuous
expression in the cell is a common feature of all RET/
PTC fusion genes, however, their functions are mostly
unknown. Fusion proteins demonstrate a constitutive
activity of the RET tyrosine kinase domain, while the
RET gene sequences, encoding extracellular and trans-
membrane domains, are lost and the fusion protein
alone floats in cytoplasm [97].

Rearrangements of RET gene have been found al-
most exclusively in PTCs. To be sure, the presence of
RET/PTC forms has been ascertained in only a small
number of cases of FTAs, however, only in case of PTC
it has been found that the activation of RET gene is a
clonal event, i.e., significant and specific for this type of
thyroid neoplasm.

It should be noted here that the above-mentioned
oncogenic sequences of RET/PTC lead to the develop-
ment of hybrid genes, which are characterised by an
overproduction of RET protein. On the other hand,
in MTC with point mutations in particular exons of
the RET gene, production of abnormal RET protein is
observed.

The RET/PTCI sequence results from paracentric in-
version of chromosome 10, inv(10)(q11.2q21). This type
of inversion leads to fusion of the 3" end of the tyrosine
domain of RET protooncogene with the 5" end of the
gene, marked by H4 probe (locus D10S170) [for review
see 97] (Figure 2).

The RET/PTC2 sequence results from a mutual trans-
location between chromosomes 10 and 17, t(10;17)(q11.2;
q23). This type of translocation leads to a fusion of the
3’ end of the tyrosine/kinase domain of RET protoon-
cogene with the 5’ end of the gene on chromosome 17,
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encoding the RIa regulating subunit for A protein kinase
[for review see 97] (Figure 3).

The RET/PTC3 sequence originates in result of the
fusion of the 3’ end of the tyrosine/kinase domain of RET
protooncogene with the 5’ end of ELEI gene, also known
as RFG (ret fused gene). It is a paracentric inversion
within the long arm of chromosome 10 [97] (Figure 4).
Moreover, some variants of RET/PTC3 were identified,
in which the part belonging to ELEI was shorter of 144pb
(RET/PTC3r2) or of 18pb (RET/PTC3r3) from that in the
typical form [97].

The RET/PTC4 sequence is formed in result of the
fusion of the 3’ end of tyrosine-kinase domain of RET
protooncogene with the 5" end of ELEI gene. The dis-
placement between the tyrosine/kinase domain of RET
protooncogene and ELEI gene took place in a different
location than it was in case of RET/PTC3 [97] (Figure 4).

Summing up, the RET/PTCI1, RET/PTC3 and RET/
PTC4 are formed in result of intrachromosomal rear-
rangement (a paracentric inversion within the long arm
of chromosome 10).

Interestingly enough, the RET/PTC2 is not the only
case of interchromosomal translocations among RET/
PTC rearrangements. All the other known forms of the
rearrangements in question are translocations; thus,
RET/PTC5 (GOLGA 5 gene, encoding the autoantigen of
Golgi apparatus, located on chromosome 14), RET/PTC6
(HTIFI gene, located on chromosome 7), RET/PTC7
[RFG7 gene (HTIFI-related gene) located on chromo-
some 1)], RET/PTCS8 (RFG8 gene, located on chromo-

some 18), RET/KTNI gene, encoding kinectine, located
on chromosome 14), RET/ELKS (ELKS gene located on
chromosome 12) and RET/PCM-1 (PCM-1 gene, located
on chromosome 8) originate in result of translocations
between chromosome 10 and different other chromo-
somes. The fusion is located within intron 11 of the RET
gene (on the area of ab. 2kb) between the two domains:
transmembrane and TK1 [97].

Additionally, it should be recalled that in cases of
PTC, developed in children after the accident at the
Chernobyl nuclear power station, the RET/PTC3 and
RET/PTC1 sequences were the ones most often identi-
tied (58% and 16%, respectively) [130]. Very recent study
analyzed the prevalence of RET/PTC1 and RET/PTC3 in
thyroid tumours from liquidators (workers who cleaned
up after the accident in Chernobyl), and showed that
liquidators, similarly to children exposed to Chernobyl
fallout, presented a high prevalence of RET/PTC3. This
finding suggests that irradiation exerts the same effect,
regardless of age [41].

Asmentioned above, ionizing radiation is an inducing
factor for RET/PTC rearrangements. An evaluation of a
dose-dependent induction of RET/PTC rearrangements
in TEC after the in vitro exposure to y-radiation was
performed [24]. The occurrence of RET/PTC1 (over 80%
of all rearrangements) and RET/PTC3 rearrangements
after exposure to the lowest dose of y-radiation has been
documented. That observation provided additional
evidence for a strong correlation between radiation ex-
posure and genetic events in PTC [24].

a )
RET s U2 RET/PTCI
>
e sb (H4-RET)
—/ —/
10 inv (10911.2 10g21)

p 1
p 1
1
RET = 12 q -
L RIa—> 2 5
2
q
3
2
RET/PTC2

10 der(10) 17 der (17)

Figure 2. A schematic presentation of the paracentric inversion,
leading to formation of RET/PTC1 oncogenic sequence.

Figure 3. A schematic presentation of the mutual translocation
between chromosome 10 and 17, leading to the formation of
oncogenic sequence RET/PTC2.
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Trk oncogene in pathogenesis of PTC

The formation of oncogenic sequences of protoon-
cogenes from the Trk family (Figure 5), the protein
products of which demonstrate tyrosine kinase activity,
may lead to a transformation of neoplastic cells towards
PTC. The NTRKI protooncogene, in its unchanged
(“wild”) form, encodes protein from the family of re-
ceptors for the nerve growth factor (NGF). In man, the
gene loci of NTRKI are localised within two regions of
chromosome 1 (1q23-24, 1q32-41).

The oncogenic sequence of Trk results from an in-
trachromosomal inversion within the long arms (q) of
chromosome 1, including the NTRK1 gene, what facili-
tates the formation of a new hybrid gene. In result of this
chromosomal aberration, a fusion takes place between
the 3’-end of the tyrosine/kinase domain of NTRKI
gene with the 5-end of the non-muscular tropomyosin
gene, localised in 1q31 region. The oncogenic sequence
of Trk is the most frequent one and characteristic for the
“spontaneous” PTC, i.e., PTC without previous irradia-
tion history [136,161].

Three oncogenic sequences from the Trk family
(Trk-T1, Trk-T2, Trk-T3) in PTC cells were identified
(Figure 5) [68].

The oncogenic Trk-T1 and Trk-T2 sequences, which
differ from each other by the molecular size, are formed

in result of fusion of the 3’-end of the tyrosine kinase
domain of NTRKI protooncogene (as it has already been
mentioned, this fragment of the gene is a part of Trk
oncogene) with the 5-end of the translocated promoter
region (TPR) gene. The TPR gene, localised in 1q25
region, encodes the protein which - probably - is a
component of the cytoskeleton. It has been postulated
that the deletions, inversions and mutual translocations,
occurring between a pair of chromosomes 1, lead to
revealing of these oncogenic sequences [68].

The Trk-T3 oncogenic sequence results from the
fusion of the 3’-end of the tyrosine kinase domain of
NTRKI1 protooncogene with the 5’ end of Trk fused gene
(TFG) or of Trk activating gene (TAG) [68].

The TFG (TAG) gene, which encodes the forma-
tion of a cytoplasmic protein (of molecular weight
- 68kDa), was localised on chromosome 3. Therefore,
the oncogenic sequence of Trk-T3 results from mutual
chromosomal translocation t(1;3) [68].

The resulting hybrid oncogenes are found in PTCs
with variable frequency, depending on examined popu-
lation. Estimatation of the frequency of rearrangements
of RET and/or NTRKI protooncogenes in PTC in the
Polish population and evaluation the possible relation-
ships between presence of RET oncogenes and such
parameters, as patient’s age, gender, histopathological
variant of tumour and clinical staging was performed at
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Figure 5. A schematic presentation of the NTRKT protooncogene product and of the products of oncogenic sequences, TRK, TRK-T1, TRK-T2,
and TRK-T3 (based on: Suarez [161]). The signalling sequence (SP), the transmembrane part (TM), and the domain of tyrosine kinase (TK)
are presented within NTRK1 protein. The domain of tyrosine kinase (TK) and the incomplete products of the gene for tropomyosine, TPR
gene, and TFG gene are presented within the products of the oncogenic sequences of TRK family. The arrows mark fusion points.

our laboratory. Expression analysis of RET and NTRK1
was carried out by duplex reverse transcription-poly-
merase chain reaction (duplex RT-PCR) and OneStep
RT-PCR, respectively, in tumour tissues obtained from
33 patients with PTC. Rearrangements of the RET pro-
tooncogene (RET/PTC1, RET/PTC2, RET/PTC3) were
detected in 7 out of 33 PTCs (21%) and rearrangements
of NTRKI [Trk-T1 and Trk(TPM3)] were detected in 4
out of 33 examined samples (12%). In none of exam-
ined cases, did the RET and NTRKI rearrangements
occur in the same sample. No correlations were found
between RET/PTC sequences and patients age, gender,
the histopathological variant of PTC and assignment
to particular stage in clinical staging system (TNM
Staging, the University of Chicago Clinical Class, and
Ohio State University Staging) [17]. The frequency of
RET/PTC rearrangements in PTC in the Polish popu-
lation was studied earlier by other authors and it was
estimated as 27% [179]. In our study cited above [17], we
have identified RET/PTC rearrangements with similar
frequency of 21%. It is worth considering the period of
time when both studies have been performed (i.e., the
first study during 1995-2000 and our present study
during 2001-2004), taking into account their relation in
time to the introduction of obligatory model of iodine
prophylaxis in Poland (1997). Hypothetically, normal-
ization of iodine supply could also have affected gene

rearrangements (and, possibly the oncogene-derived
hybrids) but, unfortunately, neither RET nor NTRKI
gene rearrangements in PTC in the Polish population
had exclusively been examined in the time period before
the obligatory iodine prophylaxis was introduced, thus
making the comparison impossible.

MET protooncogene and PTC formation

The MET protooncogene (locus in 7q21-q31 region)
encodes the formation of the transmembrane receptor
protein, the ligand of which is the hepatocyte growth
factor — scatter factor (HGF-SF), a multifunctional
polypeptide cytokine. HGE-SF is a potential mitogen
for epithelial cells and a promotor of cellular migration
and invasion. The MET receptor protein is a heterodi-
mer, built of two subunits — o and p (molecular weight
- 190kDa), linked by a bisulphide binding. The a subunit
(molecular weight - 50kDa) is localised in the extracel-
lular region, being affected by a marked glycation. The 8
subunit (molecular weight — 143kDa) consists of an ex-
tracellular part, with the domain participating in ligand
binding, a transmembrane fragment and a cytoplasmic
part with tyrosine kinase domain. The functionally
mature receptor is formed from a precursor of molecular
weight equal to 170 kDa, which undergoes glycation and
extracellular enzymatic cutting by urokinase [177].
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The activation of MET oncogene can be the result of:

1) gene amplification, what leads to an overexpres-
sion of its product,

2) disorders of posttranslating mechanisms,

3) dimerisation of the receptor, or

4) the expression of the receptor precursor, which
has not been enzymatically cut into two subunits
[43,117].

An overexpression of MET protein has been reported
in cells of about 50% of the studied carcinomas, mainly
in cells from PTCs [43]. In cases of the remaining histo-
logical types of thyroid tumours, the expression of MET
protein was either low or absent.

At our laboratory, c-MET oncogene expression in 18
samples of PTC - compared with macroscopic normal
tissue samples from the same patients - has been ana-
lyzed. Three times higher relative expression of c-MET
oncogene has been demonstrated in PTC samples, when
compared with normal thyroid tissue. It has also been
shown that in some cases of examined paired tissues the
expression of oncogene c-MET has been proved only in
PTC samples, but not in normal thyroid tissue from the
same patients [36].

The overexpression of MET oncogene is usually as-
sociated with the presence of PTC with high histological
and clinical degree of malignancy and the resulting
invasiveness.

Moreover, the presence of MET gene mutation
has been confirmed in metastases of human thyroid
carcinoma. Mutation induces alteration of intracel-
lular adhesion and leads to the increased motility and
invasiveness of cancer cells. In conclusion, the overex-
pression of MET oncogene and MET protein has been
confirmed in cancer cells of tumours and metastases.
This also suggests that the MET oncogene could be a
promising molecule to target with pharmacological
therapy, impairing tumour cell metastatic potential
[106].

It should also be noted that MET point mutation,
located in exon 14 at the position 3223, changing the
codon 1010 from ACT to ATT and leading to substitu-
tion of threonine with isoleucine, has been relatively
frequent in DTC. However, the correlation between the
presence of this mutation and clinical and molecular
significance is still unclear [176].

It should be stressed here that the identification of
papillary microcarcinoma, a separate form of PTC in
clinical pathology, has been a step forward in the defini-
tion of factors, prognostically significant for this type
of neoplasm; one of them might be - in certain cases of
papillary microcarcinoma - MET oncogene.

Carcinogenesis in the thyroid gland

BRAF oncogene

The BRAF gene (official name: v-raf murine sarcoma
viral oncogene homolog BI) encodes B-type RAF protein
- MEKK [Mitogen activated protein kinase(MAPK)/Ex-
tracellular signal-regulated protein kinase(ERK) Kinase
Kinase], one of the elements of the ERK/MAPK kinase
pathway that plays a key role in cell proliferation, dif-
ferentiation and apoptosis [31] (Figure 6)

The BRAF gene mutation has been shown to cause the
continuous uncontrolled activation of kinases pathway;,
what induces excessive proliferation and transformation
into cancer cells. There have been few recognized muta-
tions in the BRAF gene:

- exon 15, T1799A: V600E [89] (formerly, position
1796 and residue 599) - in melanoma and thyroid
carcinoma [in PTC and in anaplastic thyroid
carcinoma (ATC) derived from PTC];

- exon 15, TG1799-1800AA: V600E - the lymph
node metastasis of PTC [173];

- exon 15, T1800-1802GAAdel and T1799A or
T1799-1801TGAdel: K601del - the lymph node
metastasis of PTC [133];

- exon 15, A1802G, K601E - FTA and follicular
variant of PTC [159,158,169,170];

- exon 15, TGA1799-1801del, VK600-1E - solid
variant of PTC [171];

- inv (7) q21-22q34 - the radiation-induced PTC
[29];

- exon 15,C1787G: L596V - the non-small cell lung
cancer — NSCLC (the cellular line NCI-H2087)
(38];

- exon 11, G1403C: G468A - the non-small cell lung
cancer — NSCLC (the cellular line NCI-H1395)
(38].

The mutation of the BRAF gene has also been detected
in PTC and a poorly-differentiated or undifferentiated
thyroid cancer derived from PTC.

The occurrence of BRAF mutation in PTC, according
to different authors, is varied within the range from 29%
to 69% cases of PTC (Table 2). The occurrence of BRAF
mutation in PTC in Polish population was recorded in our
laboratory by the real-time PCR reaction in 5 out of 13
cases of PTC (38,5%) and SSCP (single-strand conforma-
tion polymorphism) analysis showed the BRAF mutation
in 13 out of 33 cases of PTC (39%) [18].

The most frequent genetic event in BRAF gene in
thyroid cancer is a point mutation, being a transversion
of thymine to adenine at nucleotide 1799 (T1799A),
resulting in valine (V) to glutamic acid (E) substitution
in the evolutionary conservative segment of the BRAF
protein chain in the position 600 (V600E) (Figure 7).
Mutation is believed to mimic the phosphorylation in
activation segment by the contiguity of glutamic acid
COOH residue that leads to stimulation of the site of the
regulated phosphorylation at serine 599 [33,61,82].

The BRAF mutation in thyroid cells has probably a
direct influence on the histopathological phenotype of
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Figure 6. The MAPK pathway. Once activated, receptors by binding the ligand(A) activate the protein RAS (B), which in turn binds BRAF (C)
by inducing a conformational change and activation and promote activation of the MEK (D) and then ERK (E). The activation of the MAPK

pathway results in synthesis of DNA (F).

the malignant thyroid tumours. V600E mutation of the
BRAF gene is most often found in the tall-cell variant of
PTC (6 of 6 cases), more seldom - in classic variant (28
of 53 cases) and the most seldom - in follicular variant
(2 of 30 cases) [132]. Trovisco et al. [169] have recently
demonstrated the BRAF mutation in 6 out of 8 cases of
Warthin-like PTC, 28 out of 53 PTC (classic variant),

Table 2. The occurrence of BRAF mutation in PTC and ATC
according to different authors.

CARCINOMA

Literature

papillary undifferentiated

69% (24/35)

Cohen et al. [33]

53% (40/76) 0% (0/7) Fukushima et al. [61]
46% (23/50) — Soares et al. [159]
38% (21/56) — Xu et al. [186]
38% (39/104) 60% (3/5) Nikiforowa et al. [132]
36% (28/78) — Kimura et al. [82]
29% (49/170) 33% (2/7) Namba et al. [126]
38.5% (5/13) — Brzezianska et al. [18]
13% (2/6) 35% (6/17) Soares et al. [158]

6 out of 15 PTC (oncocytic variant with conventional
growth pattern) and 1 of 3 PTC (tall-cell variant). Re-
cently, a new mutation of the BRAF gene - A1802G,
resulting in substitution of lysine with a glutamic acid
in codon 601 (K601E), has been reported. It is charac-
teristic for FTA and for the follicular variant of PTC (4
of 54 cases) [159,169,171]. It has also been proved that
V600E mutation of BRAF gene leads to about 2.5 times
higher BRAF kinase activity than K601E mutation [175].
Another new mutation of the BRAF gene results from
triplet deletion - TGA1799-1801del - and has been found
in solid variant of PTC [171]. The deletion leads to conver-
sion of codons 600 (GTG) and 601 (AAA) into a single
one (GAA) and brings about a substitution of valine and
lysine by glutamic acid in the protein BRAF activation
segment — VK600-1E [171].

BRAF mutations were more often confirmed in tu-
mours diagnosed in older patients, with extrathyroidal
extension, lymph node metastases and distant metas-
tases, therefore presenting IIT and IV clinical stage of
the disease [132]. However, according to Fugazzola et al.
[60], V60OE mutation tended to be associated only with
bigger volume and extension of the tumour and with
lymph node metastases. Trovisco et al. [170] have proved
that the mean age of patients with classic variant of PTC,
harbouring V600OE BRAF mutation, is higher when com-
pared with age of patients bearing PTC without V600E
BRAF mutation.
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A very recent report has shown a new genetic altera-
tion of BRAF gene, resulting from either T1800_T1802
GAA del in addition with T1799A translocation or from
T1799_T1801 TGA del; these aberrations brought about
lysine deletion at position 601 (K601 del) in three (3) cases
of matched lymph node metastases but not in primary
tumours [133]. Similarly to these findings, Vasko et al.
[173] have confirmed a new lymph node PTC metastasis
- specific tandem BRAF mutation TG1799-1800AA,
leading to the change of codon 600 and resulting in
V600E mutation of BRAF gene. It is possible that the
presence of BRAF mutation in lymph node-metastasized
PTC tissues predisposes to novel BRAF alterations in
lymph node and - this way - a survival of PTC cells and
subsequent metastases to next lymph nodes.

It is supposed that the radiation is not an initiating
factor of the aforementioned BRAF point mutation
[131,185]. This BRAF point mutation is characteristic
for sporadic and there is higher occurrence of chro-
mosomal rearrangements of BRAF in the radiation-
induced carcinomas [64]. Also it is worth noting that
Ciampi et al. [29] have revealed the intrachromosomal
inversion in radiation-induced PTCs. The fusion of
the A-kinase anchor protein 9 gene (AKAP9) with C-
terminal encoding region of BRAF gene resalts from
paracentric inversion [inv (7) (q21-22q34)] of the long
arm of chromosome 7.

Mutation of the BRAF gene was also examined in
benign lesions of the thyroid gland. However, in case
of autonomously functioning thyroid nodules (AFTN),
the presence of BRAF mutation has not been confirmed
[83]. Furthermore, Krohn and Paschke [85] did not con-

Carcinogenesis in the thyroid gland

firm the existence of BRAF mutations in cold thyroid
nodules.

It is worth recalling that the detection of the mutation
is usually performed, using molecular biology methods,
for example PCR-SSCP (PCR-single-strand conformation
polymorphism), PCR-RFLP (PCR-restriction fragments
length polymorphism) and sequencing, as well as the
real-time PCR method [76]. The material is obtained from
specimens, collected during operations or from fine-
needle aspiration biopsies (FNAB). It seems that the de-
tection of the BRAF mutation in material from FNAB will
improve the preoperative diagnostics of thyroid tumours
[32,184]. In near future, the detection of V599E mutation
(currently - V60OE) from blood plasma will be an impor-
tant step forward in thyroid carcinoma diagnosing [174].

On the whole, there are wide expectations related
to the introduction of BRAF protein inhibitors, as an
extremely selective method of thyroid cancer treatment.
Studies have already been performed, focused on the
clinical use of MEK inhibitor — C1-1040 - in neoplastic
lesions [116]. It has been proved that the application of
U0126 - the inhibitor of MEK phosphorylation - causes
suppression of the cellular line with the BRAF muta-
tion growth. Currently used MEK inhibitors decelerate
the growth of colon tumours in vivo [154]. Recently,
BAY-439006 has been introduced by Bayer Co. and it
is in I1I stage of clinical trials. Bay 43-9006 seems to be
a promising one as it has an excellent safety profile in
humans and the effectiveness in inhibiting RAF kinases
[11,92]. Treatment with this compound can inhibit cell
proliferation and induce apoptosis in melanoma cells
with BRAF mutation.
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Figure 7. Molecular mechanism of the V600E point mutation
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Correlation between BRAF, RAS
mutations and RET rearrangements

BRAF mutation causes not only uncontrolled stimu-
lation of the kinase pathway but also most probably
diminishes the sensibility of the stimulation by RAS
protein. The very recent analysis revealed that hyper-
methylation of suppressor gene RASSFIA is found only
in BRAF mutation negative PTCs [185]. Furthermore,
other studies have not confirmed the coexistence of mu-
tations of RAS and BRAF genes in thyroid carcinoma.

Also study, performed by Domingues et al. [44] on
RET/PTC rearrangements and BRAF V600E mutation
in thyroid aspirates from FNAB - proved the mutual
exclusivity among these common genetic aberrations. In
only one case both genetic alterations have been dem-
onstrated (case of patients with breast cancer and lung
metastasis). Other studies also suggest that there is no
overlap between BRAF and RET/PTC rearrangements
[142,159,82].

On the other hand, Xu et al. [186] have suggested that
BRAF cooperates with RET/PTC and Frattini et al. [58]
has demonstrated the similar global gene expression pro-
files of PTCs, harbouring BRAF mutation or RET/PTC
rearrangements. The explanation of this outcome could
be based on the fact that both BRAF and RET proteins
are related to the same proliferation pathway in cells.

It has also been proved that gene expression is a
consequence of the adequate mutation and this fact
may have clinical and diagnostic significance. At the
same time, it predicts success for therapies designed to
prevent the consequences of these mutations. An analysis
of gene expression in PTC (BRAF, RET/PTCI, RET/PTC3,
K-RAS, H-RAS, N-RAS) has segregated PTC cases into
three groups which reflect tumour morphology and
mutational status [67].

It is worth noting that BRAF mutation predisposes
to other genetic alterations, leading to the more aggres-
sive course of PTC; however, it is probably not sufficient
- acting alone - to transform PTC to ATC [132,155].

Furthermore, Quiros et al. [145] demonstrated the
overlap between BRAF mutation and P53 mutation (but
not RASand RET/PTC oncogenes). This finding supports
the thesis that BRAF mutation favours accumulation of
P53 mutations in DTC that progresses to ATC.

Recent views on the hereditary forms of DTC
(familial differentiated thyroid carcinoma
- FDTG; familial non-MTC - FNMTC)

The term DTC designates both PTC and FTC. At the
same time, it requires a certain amount of consideration
why the familial form of DTC should be understood
as PTC only. Although the FNMTC term concerns
the familial non-medullary thyroid carcinoma, it is, in
fact, identified with the familial PTC. Despite strong
clinical suggestions, neither gene nor a group of genes,
responsible for the familial form of DTC, has yet been

identified. Familial DTC is diagnosed in families with
history of, at least, 2 cases of this neoplasm [95].

Already in the 70ties of 20th century, the first reports
appeared in literature about familial aggregation of
malignant thyroid neoplasms, observed after exclusion
of cases of MTC. Familial aggregation in DTC, not
included into other hereditary neoplastic syndromes,
was described for the first time by Nemec et al. [127].
It is believed that from 3 to 6% of patients with DTC
reported some incidence of the same neoplasm among
1st degree relatives.

As mentioned before, no gene has been identified
which would be responsible for the familial form of
DTC. Some reports have suggested — most probably
- the role of locus 1q21 for the familial PTC gene, which
has been shown to undergo segregation together with
papillary renal carcinoma, resulting in the, so-called
PTC-PRN (papillary thyroid carcinoma - papillary
renal neoplasia) syndrome [107]. Another proposed
gene-candidate for the familial form of PTC of oxyphilic
type (thyroid cell oxyphilia - TCO gene) was the gene
localised in the short arm of chromosome 19 (locus
19p13.2) [23]. Other studies demonstrated a possible
role of MNGI (multinodular goitre 1) gene, localised in
chromosome 14 and responsible for the familial form
of thyroid nodular goitre (NG) [9,10,128]. However, in a
large multicentre study, an evaluation of association of
the two latter genes with the familial PTC did not reveal
any significant correlation [115]. Recently, locus 2q21
has been proposed as a site which is conjugated with the
familial PTC, especially of follicular type [114,167].

Some hereditary neoplastic syndromes, in which
the inherited form of DTC occurs, should be shortly
characterized. Cowden’s syndrome is a hereditary
syndrome, in which an increased incidence of thyroid
carcinoma, especially of follicular type (in 10% of pa-
tients), is observed. It is characterized by the presence of
multiple hamartomas, disorders of the osseous system
and of a 50-percent risk of breast carcinoma. Thyroid
diseases, are found in 2/3 of the patients with Cowden’s
syndrome. The phosphatase and tensin homologue,
deleted on chromosome ten (PTEN) gene, responsible
for Cowden’s diseases, belongs to suppressor genes and
islocated on the short arm of chromosome 10 - this gene
will be discussed in detail in further part of this article
[150].

In patients with familial adenomatous polyposis
(FAP), multiple polyps of the colon develop, some of
which undergo neoplastic transformation [160]. This
syndrome is inherited in autosomal dominant manner
and is the cause of 1% of all cases of adenocarcinomas
of the colon. The APC (adenomatous polyposis gene)
gene, responsible for FAP, is located within the long arm
of chromosome 5 (locus 5q21) and consists of 15 exons.
The protein product of APC gene is built of 2843 amino
acids. This protein, in its central domain, is linked with
B-catenine, belonging to adhesive molecules of the
E-cadherin group. This protein facilitates degradation
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of B-catenine, what prevents activation of the genes par-
ticipating in proliferation. The deletions and insertions
of base pairs were the most frequently found mutations
within the APC gene, the majority of those mutations
being localised at the 5" end of gene. Mutations of APC
gene and disturbances of the gene expression were also
observed in the neoplasms originating from TFC. It is
assumed that PTC, accompanying FAP in about 1.2%
of cases, is an extragastrointestinal manifestation of
this pathological syndrome, since somatic mutations
of the APC gene were either rarely or not at all found
in cells of the sporadic PTC [21,25]. Patients with FAP
showed a rare histopathological subtype of PTC - the
cribriform-morular variant (CMV) [78,91,168]. Strong
protein expression and genetic aberration of -catenin
have also been confirmed in this subtype of PTC [187].

Turcot’s syndrome is another hereditary syndrome,
which results from mutation in the APC gene or in
MLHI or PMS2 genes, involved in DNA repair. It is
characterized by multiple polyps of the colon, which
- similarly as in FAP syndrome - undergo neoplastic
transformation [15]. Additionally, neoplasms of other
localisations [malignant neoplasms of the central nerv-
ous system (CNS), stomach, the small intestine] are
found in these patients.

Thyroid carcinoma has also been described in pa-
tients with Peutz-Jeghers’ syndrome, which develops in
result of mutation in STK11 gene, encoding the protein
from the group of serine-treonine kinases [3,72,188].
This syndrome belongs to hereditary diseases from
the lentigioma group. It is characterized by multiple
pigmented naevi of mucous membranes and by the oc-
currence of polyps of the gastrointestinal tract, which
- however - are very rarely susceptible to neoplastic
transformation.

Carney’s syndrome belongs to endocrine adenomato-
sis syndromes. In the analysis of conjugations, two loci:
2p.16 and 17q22-24 were found, undergoing segregation
with the syndrome, however, no gene responsible for the
syndrome development has been characterized yet. In
the syndrome, beside characteristic pigmentary changes
of the lentigioma type, hypermelanosis and blue naevi,
myxoid (mucous) tumours of internal organs are diag-
nosed, especially of the heart. Out of endocrine tumours,
autonomous adrenal adenomas, leading to Cushing’s
syndrome, are most often recognised. Thyroid carcino-
mas are rare, with the most frequent - PTC.

Multiple endocrine neoplasia of type 1 (MEN 1) is
a syndrome with an autosomal dominant inheritance,
which includes germinal mutations, causing function
loss in one of the suppressor gene alleles. The MEN 1
gene is located within the long arm of chromosome 11
and encodes menin, a 610-amino acid nuclear protein.
The function of menin has not yet been recognised
in detail; it is only known that menin is a suppressor
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protein, linked with transcription factors. Disturbances
in MEN 1 gene function lead to development of various
neoplasms of the endocrine system, e.g., adenomas of the
parathyroid glands, pancreatic islets and the pituitary.
Although thyroid tumours, derived from TFCs, are not
frequent, the probability rate of PTC is higher in those
patients than that in general population [149].

3p chromosome and follicular thyroid carcinoma

In the last decade, a cytogenetic and molecular evi-
dence has been provided for the loss of genetic material
in the short arm of chromosome 3 (3p) in cells of FTC.
A loss of heterozygosity (LOH) in the 3p21-24.3 region
of certain FTCs was observed. Probably, the suppressor
gene is located at this region, the normal function of
which is protection against the transformation of FTA
into FTC, while a loss of the gene favours such a malig-
nant transformation.

The genetic consequences of LOH within the short
arms of 3 (3p21) chromosome are a subject of intensive
research; as it is known, an inactivation of genetic ma-
terial in this localisation is one of the most frequently
observed changes in solid tumours, including FTCs.

Recently, a new suppressor gene (RASSFIA), present
in this locus, has been characterised. It has been docu-
mented that in non-differentiated thyroid carcinomas
in men, a simultaneous inactivation of RASSFIA gene
and of pl6 gene is the one, most frequently observed.
The inactivation of RASSFIA gene is accomplished via
hypermethylation [96,151]. Participation of RASSF1A
protein in apoptic signal transferring, microtubule
stabilization and regulation of cell cycle have been con-
firmed [37]. Methylation de novo of RASSFIA promoter
has very frequently been shown in different carcinomas
(lung cancer, breast cancer, prostate cancer, renal can-
cer, pancreatic cancer, liver cancer, thyroid cancer) and
leads to silencing of expression of RASSF1A protein [37].
Methylation of RASSFIA promoter has been confirmed
in both benign and malignant lesions of thyroid gland,
indicating that this could be an early event in thyroid
tumour pathogenesis and progression. The presence of
RASSFIA methylation could be useful early prognostic
factor of carcinoma [124].

It should be emphasized that THRp (thyroid hormone
receptor beta) protooncogene is located in 3p24.3 region,
the expression of which leads to the synthesis of receptor
proteins of many hormones, including triiodothyronine
(T3). Most probably, the suppressor gene is located at the
similar region. This observation prompted us to study
the loss of genetic material at that localisation in PTC
cases. However, studies performed by our research
group failed to demonstrate the LOH presence in locus
3p24.3 (THRP gene) in 22 out of 23 studied patients with
follicular variant of PTC (96%) [19].
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Participation of different suppressor genes
and of CCND1 or CCNE genes in the
pathogenesis of thyroid neoplasms

As it has already been mentioned, out of the genes,
the function of which is associated with the process
of carcinogenesis, cell growth inhibiting genes are
distinguished, called either suppressor genes or anti-
oncogenes. The most recent reports indicate that the
process of carcinogenesis is strongly associated with
disturbances of the cellular cycle regulation. The deter-
mination of cellular division occurs usually at the end of
G1 phase of the cellular cycle in the, so-called, internal
(restrictive) cell cycle checkpoint (G1/S). The transi-
tion through the G1/S checkpoint regulates a number
of proteins, among others, serine/treonine protein
kinases (cdk2, cdk4, cdké), known as cyclin-dependent
kinases, cyclins D and E, as well as the products of
suppressor genes, i.e., of p53 gene, Rb (retinoblastoma)
gene and pI6INK4A.

A number of publications have been issued during the
recent decade, reporting on the observed incidence rates
and types of mutations, occurring in these genes, located
in cells from various neoplasms, including neoplasms
of the thyroid gland [69,77,144,153]. The presence or
absence of protein products of these genes in neoplastic
cells was also analyzed by means of immunohistochemi-
cal methods [55,157].

P53 gene
The mutations, occurring in P53 suppressor gene

(locus in 17p13.1 region) are the most frequently
observed molecular changes in human neoplasms.
The majority of P53 gene mutations, found in human
neoplasms, are mutations of the missence type, i.e., such
mutations which cause one amino acid to be substituted
by another one. The most numerous mutations in P53
gene were observed in codons 175, 248, and 273. New
hotspots were identified at codons 179, 195, 196, 213, 217,
249, 254, 278, 281, and 298 in breast tumours by a DNA
microarray method [165]. The products of non-mutated
P53 gene are suppressor proteins and only a mutation
occurring within the gene in question can equip p53
protein with oncogenic properties.

One of the main functions of p53 protein in normal
cells is genome stability maintenance by cell cycle regula-
tion at the level of gene transcription. The control of DNA
defects is the second important role, held by normal p53
protein. It has been observed that, following the effect of
a DNA impairing factor exerted onto cell, e.g., ionising
radiation, the quantity of normal p53 protein consider-
ably increases. GI phase is then extended in order to
enable repairs of damages before the S phase of the cell
cycle is entered. Normal p53 protein is also an important
regulator of apoptosis process, i.e., a programmed cell
death. In this process, p53 protein controls the expres-
sion of apoptosis genes, among others, of Bax and Bcl-2
genes, by activation and inhibition, respectively.

It is presumed that the transformation of DTC into
poorly-differentiated or undifferentiated carcinoma has
a genetic background. In cells of poorly-differentiated
or undifferentiated thyroid carcinoma, the observed
incidence rate of mutations within P53 gene remains
- according to different authors — between 60 and 90%.
A performed sequencing revealed a mutation of the
transition type — G:C—->A:T in codon 273 of P53 gene.
On the other hand, in immunohistochemical studies,
the observed percent of cells revealing a positive nuclear
reaction for p53 protein, was 14.3% for FTC, 21.1% for
PTCand as much as 80% for undifferentiated carcinomas
[27]. It should be noted that the frequency of mutations
within P53 gene, as observed in cells from malignant
neoplasms of the thyroid gland, did not always correlate
with the overexpression of p53 protein.

The role of P53 inactivation in dedifferentiation in
TFCs has experimentally been proven. Transgenic mice
with expression of RET/PTC1 and RET/PTC3 developed
PTC, but after crossing them with P53 -/- mice, the
new strain of mice underwent dedifferentiation to ATC
[90,139]. Additionally, the recovery of wild-type P53
expression in cultured anaplastic thyroid cells caused
the decrease of the proliferation rate and return of TPO
and PAX-8 expression and TSH stimulation responding
[48,119].

Rb gene (retinoblastoma)

The Rb gene is localised on chromosome 13q14 and
consists of 27 exons. This gene encodes the formation
of nuclear phosphoprotein (pRb) (molecular weight of
105-110kDa) which manifests suppressor activity. The
inactivation of Rb gene suppressor function results from
deletion, insertion, or point mutations of the gene. In
turn, Rb protein demonstrates an ability to bind viral
oncoproteins, e.g., SV 40 virus, human E1A adenovi-
ruses, papilloma E7 viruses, the consequence of which
is its inactivation [178].

The molecular mechanisms, by which Rb protein
controls the proliferation of cells, affecting the G1/S
phase of the cellular cycle, can be summarized in the
following way: 1) the unphosphorylated form of Rb
protein binds the transcription factor of the E2F family;
2) a gradual phosphorylation of Rb protein is made by
a complex, consisting of cdk4 and cdké kinases and of
D1 cyclin; 3) the phosphorylated Rb protein releases the
E2F transcription factor; 4) the E2F activates the process
of transcription of a number of genes, among others, of
cyclin E and of itself (regulation of its own expression),
responsible for crossing the barrier between the Gl
phase and S phase of the cell cycle [178].

A deletion of exon 21 of Rb gene was found in the ma-
jority of cells of malignant thyroid tumours. The percent
of positive cells for Rb protein was significantly lower.

Recent studies showed that the Rb protein overex-
pression in FTC did not differ significantly from FTA
(p=0,486), however confirmed the existence of mutual
regulation mechanism of Rb and cyclin D1 protein ex-

Copyright © 2007 Neuroendocrinology Letters ISSN0172-780X « www.nel.edu



pression, which are observed in cells from various
carcinomas [52].

PI16INK4A gene
The PI6INK4A gene, also called CDKN2A or

MTSI (multiple tumour suppressor 1), which encodes
pl6INK4A protein, is localised on chromosome 9p21.
The loss of genetic material in the 9p21 region was ob-
served in cells of many neoplasms. Besides the deletion
of the entire gene and point mutations, INK4A gene is
also inactivated in result of cytosine methylation in the
region rich with CpG pairs, located in the promoter
region of this gene [12].

P16INK4A protein forms complexes with cdk4 and
cdké6 kinases, in which cyclins of D class (D1, D2, D3)
play the role of regulating subunits. The basic function
of p16INK4A protein in the regulation of the cell cycle is
realised by the cdk4 binding, competitive for D1 cyclin.
In this way, pl6INK4A protein inhibits the phosphoryla-
tion process of Rb protein, performed by cyclin-depen-
dent cdk4 and cdké kinases. Thus, pl6INK4A protein
takes part in the regulation of the cell cycle together
with the Rb gene product [30] (see earlier in the text)
and cyclin D1 [120].

High immunohistochemically-detected expression
of P16INK4A protein in FTC suggests that the altered
expression pattern of PIGINK4A may disturb the regu-
latory mechanism of TFC cell cycle and plays a signifi-
cant role in the formation of benign neoplasm and their
malignant counterparts derived from TFC [51].

nm23 genes
The nm23-HI and nm23-H2 genes (locus 17q21-22)

are regarded to be suppressor genes in the mechanism
of metastases of neoplastic cells originating from vari-
ous tissues. The nm23-HI and nm23-H2 genes encode
subunit A and subunit B, respectively, of nucleotide-di-
phosphatic B kinase (NDPK) (EC 2.7.4.6), taking part
in the metabolism of purine nucleotides. The protein
products of these genes demonstrate 88% homology
and their physiological role is reduced to the regula-
tion of proliferation, differentiation and intercellular
adhesion. Moreover, it has been observed that the
transcript (mMRNA) of nm23-H2 gene is identical with
the transcript of PuF transcription factor gene, which
is an activator of c-myc oncogene promoter [109]. It has
been observed that the allelic mutations of nm23-HI
gene and/or the decreased expression of the product
of that gene were correlated with the degree of clinical
malignancy and the ability to form distant metastases
[71,148).

The level of nm23-HI gene expression did not differ
significantly between the cells derived from NG and
cells of DTC [193]. On the other hand, the decrease in
expression of the nm23-HI gene, but not of the nm23-
H2 gene in PTC cells of patients with metastases to
lymph nodes has been demonstrated [2]. However, the
relationships between nm23-H1 immunoreactivity and
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age, gender, differentiation status, local recurrence or
distant metastases have not been observed [190].

Molecular abnormalities associated with the devel-
opment and progression of epithelial neoplasms of the
thyroid gland, derived from TFC are presented in the
Figure 8.

PTEN and PIK3CA genes

The PTEN gene located in chromosome 10q22-23
encodes tyrosine phosphatase which shows a suppres-
sive function (inhibits cell growth), opposite to tyrosine
kinase [63]. Germinal deletion of this gene is associated
with Cowden’s syndrome [16]. It has been observed
that the PTEN can dephosphorylase the PIK3CA gene
product — phosphatidylinositol 3-kinase (PIP3) [63].
Phosphatidylinositol 3-kinase is essential in kinase
B transport (AKtl, PKB) to cell membrane, where it
is phosphorylased and it activates kinases pathway
[16,150].

The PIK3CA geneislocated in chromosome 3 (3q26.3)
and encodes PIP3. The somatic mutations in catalytic
subunit of PIK3CA are frequent in various tumours (of
the colon, stomach, breast, ovary and brain). PIK3CA
mutations have also been confirmed in undifferentiated
thyroid carcinoma, markedly less common in DTC. The
possibility of use of PIK3CA gene as a potential target in
therapy of ATC is still studied [66,150].

Cyclin D1 gene (CCND1) and cyclin E gene (CCNE)

The cyclins D1 and E are the essential proteins
controlling the cell cycle. The overexpression of these
proteins causes the disorders of cell cycle and leads to
uncontrolled proliferation. The CCNE gene, located in
chromosome 19 (19q13.1), encodes cyclin E [4]. It has
been suggested that expression of cyclin D1 and E, as
well as of cyclin-dependent kinase inhibitors — p27 and
p21, and their subcellular localization may be a use-
ful adjunct in differentiating benign from malignant
thyroid neoplasms and in predicting tumour behaviour
[135].

The PRADI (CCNDI) gene located in locus 11q13
encodes cyclin D1. The role of cyclin D1 in proliferative
change of thyroid gland is not clear yet. The expression
of cyclin D1 has not been found in normal thyroid tis-
sue. On the other hand, the overexpression of cyclin
D1 has been confirmed in neoplastic thyroid tissue by
immunohistochemical examination [52]. Increased
expression of cyclin DI has been proved in poorly-dif-
ferentiated and undifferentiated thyroid carcinoma
when compared with DTC. This fact suggests that cyclin
D1 takes part in the progression of a thyroid carcinoma
and could have prognostic significance. The investiga-
tion of cyclin DI gene expression in neoplastic lesions of
thyroid (PTC, MTC, FTA) in the Polish population has
been performed using the RQ real-time PCR method.
Our research group have proved the increased level of
cyclin DI gene expression in neoplastic thyroid tissue
(FTA, PTC, MTC), when compared with control thy-
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Figure 8. Molecular abnormalities associated with the development and progression of epithelial neoplasms of the thyroid gland, derived
from the follicular cell of this gland. The figure presents proved and assumed molecular changes (based on: Fagin [47], Farid et al. [49],
and Suarez [161] in our own modification). The abnormalities of genes above the arrows have the primary role in subsequent phases of

the thyroid neoplasm development.

Gsp - Gs protein, TSH-R - receptor for TSH, ras, met, RET, Trk — protooncogenes; P53, Rb, p16INK4A, nm23 - suppressor genes; CCNDT - D1

cyclin gene; LOH - loss of heterozygoticity; inv(10) — paracentric inversion within chromosome 10; t(10;17), t(1;3) - translocations; 11q13
- striated region on the long arm of chromosome 11; 3p - short arm of chromosome 3, E-cadherin - an adhesive molecule. Inactivating

mutations or microdeletions (LOH), involving suppressor genes or activating mutations (ras, met) or structural aberrations (RET/PTC, Trk)
of protooncogenes are necessary for the transition from one phase to another (following the direction of arrows).

roid tissue. The observed differences in the level of gene
expression among studied tumours have not been statis-
tically significant (p>0.05). The correlation between the
level of CCNDI gene expression and histopathological
type of tumour has not been recorded [20].

Involvement of other genes and factors in
the process of thyroid carcinogenesis

CTNNBI gene
The CTNNBI gene encodes a multifunctional cyto-

plasmic protein B-catenin. Beta-catenin is an adherens
junction protein. Adherens junctions are critical for
the establishment and maintenance of epithelial layers.
B-catenin links together E-cadherin with a-catenin.
E-cadherin is a transmembrane protein which is
involved in intracellular adhesion. Beta-catenin influ-
ences transcriptional activity of c-myc and c-fos genes,
as well as CCNDI gene. Accumulation of B-catenin in
the cell nucleus and continuous activation of the above
mentioned genes, resulting from point mutation in exon
3 of CTNNBI gene, have been observed in many tu-

mours [172]. This mutation has been confirmed in 7 out
of 28 (25%) of poorly-differentiated and in 19 out of 29
(66%) of undifferentiated thyroid carcinomas [65,112].
Other studies have also confirmed observation that cell
differentiation degree in FTC and in metastases of PTC
are positively correlated with expression of E-cadherin
[105].

Thyroid hormone receptor (TR or THR)

The TR geneis a cellular homologue of virus oncogene
v-erbA. Alternative splicing of the primary transcripts of
two T; genes (TRa and TRP) divide into four isoforms
al, a2, 1, B2. Abnormal TR gene and protein expression
has been noticed in various neoplasms; THR receptor
has an important role in carcinogenesis. Triiodothy-
ronine influences almost all the processes which have
been disturbed in cancerous cell (regulation of prolif-
eration, differentiation and apoptosis). Furthermore,
the cooperation between TR and other protooncogenes
(¢c-Jun, Mdm2), as well as suppressor gene (P53) has been
proved.
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Additionally, the LOH chromosomal regions with
loci of the TR gene allele have been observed in thyroid
carcinoma. The “missense” point mutations of TR gene,
resulting in changing receptor function as a transcrip-
tion activator, have been confirmed in neoplasms of the
liver, kidney, thyroid and pituitary gland. Puzianowska
et al. [143] have demonstrated that the mean expres-
sion level of TR mRNA and TRa mRNA is markedly
reduced, whereas the level of proteins TRp and TRa is
considerably increased in PTC tissues, when compared
with normal thyroid tissue.

The transformation of TFCs into cancer cells was
proved in the experiment with knock-in mutant mice
(TRBPV/PV), bearing a mutation (PV) of the thyroid
hormone receptor gene [81]. TRBPV mutation was
originally identified in patients suffering from thyroid
hormone resistance syndrome. It has been shown that
both the presence of mutation in two alleles of TR gene
or mutation in one allele, together with inactivation of
wild type allele of gene, leads to FTC [81]. The obtained
results allowed the authors to postulate a tumour sup-
pressor role for thyroid hormone receptor in a mouse
model of thyroid carcinogenesis [81].

The demonstration of suppressor role for TRfS opens
new therapeutic perspectives for TRf isoforms analogs
and its native ligand T;. Silencing of the TRfS gene by
hypermethylation or by chromatic modifying agents
could help to understand the mechanism of suppressive
function of this gene. Further studies will explain the
presence and function of various factors involved in
suppressive signal, transferring to the cell nucleus [86].

C-myc and c-fos genes

The c-myc and c-fos genes code nuclear proteins
which are components of the transcription complexes,
regulating the expression of specific genes. Their prod-
ucts participate in the transduction of mitogenic signal
on the pathway of the, so-called, “rapid response”. Point
mutations, amplifications or translocations of these
genes into another chromosomal region lead to their
activation and an increase of expression. Differences in
the expression of these genes were noted, depending on
the degree of differentiation among thyroid neoplasms
[113]. It is thought that the disturbed expression of the
c-myc and c-fos genes, as observed in cells of the carci-
nomas derived from the TFC, is not a primary change
but a secondary consequence of the formed tumour
phenotype [182].

Neither the presence nor the absence of c-myc pro-
tein, as localised by the immunohistochemical method,
has any significant meaning in the prognosis of the
follicular tumours [5].

Growth factors, cytokines and neuropeptides

The effect of growth factors on cell proliferation
in the thyroid gland and the assessment of a potential
role of these factors in the development of neoplastic
changes, are the subject of studies at a number of re-
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search centres. Out of many growth factors, cytokines
and neuropeptides, which may affect the proliferation
processes in normal TFCs and the growth of benign
and malignant neoplasms of the thyroid gland, an at-
tention is focused on the activity of EGF, as well as of
IGF-1, IGF-II, TGF-a, TGF-f, FGF, TNF-q, interferons,
interleukins and somatostatin. A review of reports on
this vast subject was presented in other publications
[99,102].

Studies in our laboratory were performed in order
to examine the expression of IGF-I gene and of genes
for IGF-binding proteins (IGFBP)-1, -2, -3, -4 in human
thyroid cells from NG, FTA and FTC, cultured in
monolayers. The experiment has demonstrated that in
cells derived from benign lesions (NG, FTA) the expres-
sion in question was evidently lower than in cells of
malignant tumours (FTC). Concluding, the differences
in the expression of IGF-I and IGFBP 1-4 genes between
benign (NG, FTA) and malignant (FTC) lesions may
allow for differentiation between these two types of le-
sions by molecular biology techniques [100].

Additionally, further research on the influence
exerted by exogenous IGF-I on the expression of IGF-I
and IGFBP-1, -2, -3, -4 genes in cells from NG and from
different human thyroid carcinomas (PTC, ATC, MTC)
was performed; IGF-I revealed a stimulatory influence
on the expression of its own gene, that effect being the
most expressed in ATC cells. These facts indicate an
important role of IGF-I in the pathogenesis and inva-
siveness of the examined malignant neoplasms [101].

Thyroglobulin (Tg) and thyroid peroxidase (TPO)

In normal thyroid cells, the biosynthesis of iodotyro-
sines and iodothyronines depends on the availability of
iodine, the appropriate activity of TPO, the effectiveness
of the system which generates hydrogen peroxide, and
on the normal structure of Tg. In turn, TSH is regarded
to be the main regulator of thyroid growth and of active
iodine transportation. While in autoimmunological
diseases of the thyroid gland, antibodies are observed
against TSH-R, Tg, and TPO [62,75], in conditions of
iodine deficiency the incidence of RAS family oncogene
mutations increases [156].

Only few convincing data — at least so far — have been
found, which would indicate direct effects of disturbed
Tg and TPO gene expression on the neoplastic transfor-
mation of TFC.

The transcription factors, TTF-1 (thyroid transcrip-
tion factor-1) and PAX-8, are the main regulators of the
promoter expression of Tg and TPO genes, respectively.
The neoplastic transformation of thyroid cells in vitro,
by means of the RAS viral oncogene, was associated with
the loss of expression of Tg and TPO genes and with a
decreased cellular uptake of iodine [57].

The gene expression of TSH-R, Tg, TTF-1 and
PAX-8 has been compared. In well-differentiated cell
lines (WRO), the expression of all four genes has been
documented; on the contrary, in the anaplastic cell lines
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(ARO) only the expression of TTF-1 and the reduced
expression of TSH-R have been confirmed [28].

Telomerase

Telomerase is a specialized ribonucleoprotein
polymerase that regulates the synthesis of telomerase
repeats at chromosome ends. Much evidence has been
accumulated indicating that telomerase activity is
markedly repressed in normal human somatic tissues
but reactivated in cancers and immortal cells, what sug-
gests that the increased telomerase activity plays a role
in carcinogenesis and cell immortalization. Telomerase
activity is detected in the majority of thyroid cancers at
advanced stages, frequently in PTC, even at early stages,
and less frequently - in benign and hyperplastic tissues.
These results suggest that telomerase reactivation plays
a role during thyroid cancer development as an early
indicator of the progress [26].

Chromosomal aberrations

If chromosomal aberrations in neoplastic diseases of
the hematopoietic system are significant not only in the
diagnostics but also in prognosing, then the to-date’s cy-
togenetic observations of solid tumours do not allow for
an explicit determination of the role of the aberrations
found in clinical prognoses. In certain types of neoplas-
tic tumours (including thyroid tumours), attempts have
been undertaken to correlate the occurrence of a given
chromosomal aberration (one or many) with the further
clinical course of the disease.

Till now, nobody has succeeded to determine the
extent, by which the chromosome aberrations, found in
cells from tumour tissue cultures, affect the process of
initiation, promotion or progression of these changes in
vivo. Neither do we know to what extent are the observed
aberrations secondary changes, caused by metabolic
disorders in the already neoplastically transformed cells,
and what is the character of the selection process into
normal and aneuploid cells in the conditions of tissue
culture.

In the cytogenetics of neoplasms, a rule has been ac-
cepted that only clonic abnormalities of chromosomes
should be submitted to analysis. In case of thyroid
tumours, it should be noticed that clonic chromosome
aberrations were found for benign tumours in ap-
proximately 20% of cases. In that material, trisomy of
chromosome 7 was the one most frequently observed
among numerical aberrations, while structural aberra-
tions involved most often the 19q13 chromosome [8].

A number of chromosome aberrations were found in
cells from FTA. The most frequent clonic aberrations
are associated with the presence of additional chromo-
somes, pairs 5, 7, and 12 [147]. A deletion in the long arm
of 11q13 chromosome was sporadically observed in the
cells from FTA [110].

As it has already been mentioned, the loss of genetic
material in the short arm of 3(3p) chromosome may

be associated with the transition of the benign form of
follicular neoplasm into the undifferentiated thyroid
carcinoma.

The structural aberrations of chromosomes, observed
in PTC of the thyroid gland, concerned mainly chromo-
somes 10 and 17. An attention is to be pointed onto the
clonic structural aberrations, namely: inv(10)(q11.2;q21)
and t(10;17)(q11.2;q23) which, as it has been mentioned
before, lead to the formation of oncogenic sequences:
RET/PTCI and RET/PTC2, respectively. Many other
chromosomal aberrations were also observed in the cells
of PTC, e.g., trisomy of chromosome 5 [70] and trisomy
of chromosome 12 [164]. In turn, structural and numeri-
cal aberrations of chromosome 7 were associated with
the occurrence of PTC, characterised by high histologi-
cal and clinical malignancy [166].

The chromosome aberrations, as observed in undif-
ferentiated thyroid carcinoma, manifested a complex
character. The dominating forms included polyploid
karyotypes and chromosome translocations, including
the Robertsonian type (i.e., translocations within the
pairs of acrocentric chromosomes - 13, 14, 15 (Group D)
and 21, 22 (Group G). Also observed are dicentric and
ring chromosomes, as well as “double minute” chromo-
somes [136]. The latter term denotes tiny chromosomes,
appearing in metaphases in the numbers from several to
several hundred. They are mainly observed in neoplastic
cells, however, their presence has also been reported
in cells submitted to the activity of certain mutagenic
compounds. It is assumed that the “double-minute”
chromosomes are a cytological effect of gene amplifica-
tion [103].

Destabilization of the genome can lead to progresion
of thyroid carcinoma to poorly-differentiated carcino-
mas and ATC. The loss of specific chromosomal regions
containing loci for suppressor genes favours neoplastic
transformation. Chromosomal abnormalities in DTC,
as well as in poorly- and undifferentiated thyroid car-
cinomas have been noticed in the following regions:
gains - 5pl15, 5q11-13, 8q23, 19p, 19q and deletions - 8p
and 22q; additionally, other gains - 1p34-36, 6p21, 9934,
17q25, and deletions - 20q 1p11-31, 2q32-33, 4q11-13,
64921 and 13q21-31 have been observed only in poorly-
and undifferentiated thyroid carcinomas; finally, there
have been several aberrations characteristic solely for
undifferentiated thyroid carcinoma: gains - 3p13-14
and 11q13, as well as losses of genetic material in region
5q11-31 [181].

Studies of Polish authors from Gliwice and Gdansk
showed that the incidence rate of LOH was very similar
in PTC and FTC, particularly in case of patients over
45 years old; LOH examinations were carried out using
14 highly polymorphic markers, previously described as
frequently lost in thyroid tumours [180].
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S100A4 gene
The SI00A4 gene located in chromosome 1 (1q21)

encodes the calcium-binding protein A4 (or calcium
placental proteins CAPL). The S100A4 protein is associ-
ated with cell proliferation and progression of neoplastic
processes. The overexpression of SI00A4 gene has been
observed in the most advanced thyroid carcinomas and
lymph node metastases. Furthermore, this overexpres-
sion has been associated with very poor prognosis of the
thyroid carcinoma. The results of performed studies
suggest that SI00A4 gene overexpression could be the
prognostic marker of thyroid carcinoma and potential
target for therapeutic intervention [192].

It is worth noting that the expression of S100A4
protein has not been observed in normal TFCs and FTA
cells, however, the presence of S100A4 has been shown
in PTC cells and papillary microcarcinoma [74]. The
invasive types of FTC more often demonstrate overex-
pression of SI00A4 than the minimally invasive ones. In
addition, in case of undifferentiated thyroid carcinoma,
the overexpression of S100A4 protein has been proved
in 61.9% of examined cases, however, the incidence rate
has been lower than in PTC [74]. Unfortunately, the cor-
relation between expression of SI00A4 and clinical and
pathological features of PTC has not been confirmed,
although, it has been demonstrated that SI00A4 protein
plays an important role in PTC pathogenesis and it could
be a new specific marker of differentiation of thyroid
cells [74].

Further investigations, searching for a correlation
between overexpression of SI00A4 gene and invasion
or metastases, presented the increased S100A4 protein
expression in 24 out of 28 cases of PTC node and distant
metastases (86%) in contrast to the normal thyroid tis-
sue and benign multinodular goitre. It should also be
noticed that the expression of S100A4 protein has con-
siderably been more intensive in invading fronts than
in central portions of primary tumour and metastases.
It has also been shown that the level of SI00A4 mRNA
in node metastases is considerably higher, comparing to
primary tumour [191].

In order to find new early diagnostic screening mark-
ers of the material from thyroid FNAB, the microarray
technology has been performed. The overexpression of
S100A4 gene in PTC has been demonstrated [141].

MEDULLARY THYROID CARCINOMA
— GENETIC ASPECTS AND SCREENING
TESTS

Medullary thyroid carcinoma is a malignant neo-
plasm, derived from parafollicular cells (C) and occur-
ring in two forms: sporadic and hereditary (Table 3). The
hereditary form of MTC is found either as a component
of multiple endocrine neoplasia type 2A and 2B (MEN
2A and MEN 2B) or - without any other endocrinopa-
thies — as non-MEN FMTC.
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MEN 2A, MEN 2B, and FMTC are three clinically
different neoplastic syndromes, characterised by auto-
somal, dominating inheritance. The formation of these
neoplasms is associated with point mutations within
RET protooncogene, which is located on chromosome
10. In result of this type of mutations, an abnormal RET
protein is produced. A strong correlation has been dem-
onstrated between the type and location of mutations in
RET protooncogene and the phenotype of the disease in
question. The hereditary form of MTC, when compared
with the sporadic one, presents with certain differences
in clinical pathology, including - among others - bilat-
eral localisation in the gland, the occurrence in younger
age, and development on the basis of previously existing
foci of C cell hyperplasia.

The diagnosis of the hereditary form of MTC can be
made if two members of the same family are affected
by this disease, or if MEN 2 syndrome is present in the
patient with MTC. Molecular definition of hereditary
MTC consists in an identification of germinal mutation
of RET protooncogene. All the known mutations are
missence mutations and lead to a substitution of cysteine
by another amino acid. Diagnosis of a RET mutation in
patients with MEN 2 syndrome enables presymptomatic
genetic testing of other members of family, and leads to
early reaction to prevent death and serious morbidity
from MTC [73].

RET protooncogene and its protein product

The RET (rearranged during transfection) was dis-
covered by Takahashi et al. [163] in cells of the NIH
3T3 line transfected with human DNA, isolated from
lymphocyte-derived lymphoma.

RET protooncogene (locusin 10q11.2 region) contains
20 exons and includes more than 60 kb of genomic DNA.
The human RET protooncogene encodes the formation
of RET protein, i.e., membrane receptor, demonstrating
tyrosine kinase activity. The receptors belonging to this
group, form a family of transmembrane tyrosine-spe-

Table 3. Approximate prevalence rates of sporadic and hereditary
MTC among all types of this carcinoma.
(Ponder [137]; Ferenc et al. [53])

Medullary thyroid carcinoma %

Sporadic form 75

Hereditary form:

- MEN 2A 15
- MEN 2B 3
- familial (FMTC) 7
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cific protein kinases, which play the role of receptors for
growth factors.

It has been shown that the glial cell-derived neuro-
trophic factor (GDNF) is a ligand for RET. However,
the extracellular part of RET protein does not have any
area to bind the ligand. Another molecule is required for
signal transmission, the molecule being called GDNF
receptor a (GFR-a). In other words, the RET molecule
plays the role of a coreceptor for the GDNFR-a which,
in complex with GDNEF, activates the RET molecule.
Subsequent years have brought discoveries of three other
proteins which are ligands for RET: neurturine (NRTN),
persefine (PSPN) and arthemine (ARTN). Theyare struc-
turally similar to GDNF (GDNF family of proteins) [6].

It has recently been documented that the growth
arrest-specific gene 1 (Gasl) shows high structural
similarity to the GDNF and compromises RET-medi-
ated GDNF-dependent survival effects by modifining
signalling downstream of RET [22].

The schematic organisation of RET protooncogene in
juxtaposition with RET protein is presented in Figure 9.
The exons 1-10 encode the extracellular part of RET
protein which contains — beginning from the amine end
(NH,) - a signalling sequence and, then - a domain,
demonstrating a similarity to proteins from the cad-
herin family and a conservative region, rich in cysteine;
this cysteine-rich region plays presumably an essential
role in the determination of the three-dimensional
structure of the extracellular part of RET protein, while
cysteine residues themselves take part in the receptor
dimerisation process. The transmembrane part of RET
protein is encoded by exon 11. Exons 12-20 encode the
intracellular part of RET protein, which contains two
regions presenting with tyrosine kinase activity (TK1
and TK2). The interkinase region (TK), consisting of 27
amino acids, separates TK1 region from that of TK2.

Medullary thyroid carcinoma - the sporadic form

Somatic mutations of RET protooncogene are as-
sociated with sporadic incidence of MTC. In 23-67% of
this form of MTC, mutations were noted in codon 918
(exon 16), leading to the replacement of methionine by
threonine (ATG-ACG) [45]. The mutations comprised
only the DNA, which originated from tumour tissue,
while, for example, they have been not found in the DNA
from peripheral blood lymphocytes. Less often, the mu-
tations concerned codons 768 and 883, resulting from
replacements of glutaminic acid by asparaginic acid
and alanine by phenyloalanine, respectively. It was also
observed that the already mentioned mutation in codon
918 of RET protooncogene, increases the development
rate and the spread out of this form of MTC, deteriorat-
ing the prognosis.

Also, there are other - extremely rare — somatic mu-
tations of RET protooncogene, resulting in a sporadic
MTGC, i.e., deletions or insertions of RET sequence frag-
ment (usually in exons 10 and 11).

Lately, a new mutation has been disclosed in Czech
patients with sporadic MTC, namely - triplesomatic
mutation Gly911Asp, Met918Thr, and Glu921Lys in
exon 16 and double-somatic mutation Val591Ile in exon
10, with a concomitant somatic mutation Met918Thr
in exon 16 [45]. There are also data suggesting that
single-nucleotide polymorphisms (SNPs) could act as
genetic modifiers in the development of some forms of
hereditary and sporadic MTC [7,34].

Cases of the sporadic MTC form always demand of a
detailed clinical evaluation, since some of them may be
assigned to the MEN 2A syndrome (either incomplete
family history or a de novo mutation which occurred in
the parental generation) or turn out to be the classical
form of familial MTC, as discussed in further parts of
thisarticle. An analysis of RET protooncogene mutations
in genomic DNA is decisive for the final diagnosis.

Medullary carcinoma - associated with type
2A multiple endocrine neoplasia (MEN 2A)

The MEN 2A syndrome is a rare, hereditary neoplas-
tic syndrome, in which MTC develops in all the affected
patients, while pheochromocytoma is found in 50% of the
patients, and either parathyroid hyperplasia or adenoma
is observed in about 5-10% of the patients.

Approximately 92% of MEN 2 cases are caused by
mutations in exons 10, 11, 13-16 of the RET protoon-
cogene. There exists inter- and intrafamilial phenotypic
variability among the MEN 2 families, even when the
disease is caused by the same RET mutation, suggesting
a role for genetic modifiers, such as polymorphisms/
haplotypes [54].

Characteristic for MEN 2A is a change of the base in
one of codons: 609, 611, 618, 620 (exon 10) or 634 (exon
11) caused - in the region of RET protein rich in cysteine
- a substitution of that amino acid with another amino
acid. It is to be recalled that the region rich in cysteine
is located close to the transmembrane domain of RET
protein (Figure 9).

In patients with the MEN 2A syndrome, each
mutation of RET protooncogene in codon 634, which
substitutes cysteine by another amino acid, predisposes
to the development of pheochromocytoma. In turn, the
specific mutation in this codon (TGC-CGC), causing
the replacement of cysteine by arginine, highly correlates
with the occurrence of either parathyroid hyperplasia or
adenomal/as of parathyroid glands.

Primary hyperparathyroidism in the MEN 2A syn-
drome is usually characterised by mild hypercalcemia
and by a mostly asymptomatic clinical course.

In general, no other developmental abnormalities
are associated with the MEN 2A syndrome, however, in
certain families, two clinical variants of this syndrome
can be observed: 1) with cutaneous lichen amyloidosis,
2) with Hirschsprung’s disease [87,146]. Hirschsprung’s
disease (megacolon) is caused by point mutations of
RET gene or by deletion of the entire gene; the disease
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can occur in sporadic, as well as in hereditary form.
If it coexists with the MEN 2A syndrome, these cases
are always associated with mutations in codons 618
or 620 of RET gene. The pathogenesis of megacolon is
related to the lack of nerve plexuses of the submucous
and muscular layer, especially of ganglion cells. From
the clinical point of view, this disease is characterized by
strong constipations, connected with meteorism, often
leading to intestinal obstruction and ileus, already in
the neonatal period.

Medullary carcinoma - associated with type
2B multiple endocrine neoplasia (MEN 2B)

In about 40-50% of MEN 2B cases, MTC coexists
with adrenal pheochromocytoma. Extensions of this
pathological process onto the parathyroid glands are
observed either rarely or never in the MEN 2B syn-
drome. Thus, consequently, no hyperparathyroidism is
observed in the MEN 2B syndrome. Medullary thyroid
carcinoma, associated with the MEN 2B syndrome,
generates local metastases in cervical and mediastinal
regions (lymph to the nodes), and distant metastases to
the liver, the lungs or bones.

Carcinogenesis in the thyroid gland

Unlike MEN 2A syndrome, does the MEN 2B syn-
drome - beside medullary carcinoma and pheochro-
mocytomas — reveal other characteristic features, first
of all, neuromas and gangliomas occur (mainly mucous
neuromas, often localized on the lips, on the tongue,
and in the colon), together with marphanoid features
of body build (long, thin limbs, the abnormal upper to
lower body part ratio, frequent dislocations of femoral
bone epiphysis, Gothic palate).

Also very characteristic is an increased number
of autosomal ganglia and hyperplasia of autonomic
nerve fibres in intestinal wall, what leads to disorders
of motor intestinal activity. The association between
MEN 2B and its most common RET mutation, colonic
dysmotility, and low density of substance P (SP) in the
colonic circular muscle has been presented. Larger
numbers of patients need to be studied to investigate
whether low SP is primarily associated with the consti-
pation or RET mutation and if it is a common feature
of MEN 2B [84].

In more than 90% of patients with the MEN 2B syn-
drome, a substitution of single base in codon 918 (exon
16) of RET protooncogene was identified in genomic
DNA, leading in each case to the replacement of ATG by
ACG. The mutation in codon 918 of this protooncogene
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609, 611, 618 634 768 883 018
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r-‘ T | ] **I
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Figure 9. The structure and mutations of RET protooncogene, identified in patients with sporadic and hereditary form of MTC (following

Mulligan and Ponder [123]).

The exons of RET protooncogene (1 to 20) are presented as black rectangles. The dotted lines link the exons with associated RET protein
domains. The mutated codons of RET protooncogene and the phenotypes, associated with each mutation, are demonstrated above the
map of exons. Within RET protein - the gene product - the following elements are presented: the signalling sequence (S), the homolo-
gous sequence to cadherins (Cd), the region rich in cysteine (Cy), the domain in the transmembrane part (TM), the domain of tyrosine

kinase (TK1 and TK2) and the interkinase domain (IK).
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seems to affect the specificity of cytoplasmic substrates
of RET protein tyrosine kinase. No mutations in exons 10
and 11 were observed in patients with MEN 2B [140].

Non-MEN familial MTC - FMTC

According to Mulligan et al. [121], the familial form
of MTC includes such cases of this neoplasm, which are
found in families (even through several generations, af-
fecting minimum 4 persons in a family), in which MTC
has been diagnosed without any symptoms of adrenal
pheochromocytoma or of hyperplasia and adenoma
of parathyroid glands (i.e., without any symptoms of
MEN 2).

A number of hereditary MTCs remain unclassi-
fied because it often cannot be decided if, in case of
hereditary MTC without any other symptoms, the
observed pathology is not the MEN 2A syndrome,
in which adrenal tumours may occur later on, usu-
ally 10 years after MTC. Therefore, it is possible to
wrongly diagnose FMTC instead of MTC as a part of the
MEN 2A syndrome.

Both FMTC and MTC coexisting with MEN 2A
syndrome are characterized by the development of neo-
plastic foci in both thyroid lobes. It is to be noted that
FMTC occurs later on, i.e., in age of 40-50 years, when
compared with MTC in the MEN 2A syndrome (in age
of 20-30 years).

In more than 80% of patients with FMTC, mutations
in genomic DNA concerned the same five codons (609,
611, 618, 620, 634), similarly as in the MEN 2A syndrome.
However, the percentage distribution of mutations in
FMTC was almost the same for codons: 618 (35%), 620
(25%), and 634 (30%) [121,122,123]. In turn, other authors
observed a mutation of RET protooncogene in codon 618
in 50% of examined patients with FMTC [59].

At present, it is not yet possible to differentiate FMTC
from MTC coexisting with the MEN 2A syndrome, at
the molecular level.

It is intriguing why mutations in the same codons
of RET protooncogene, while causing the same sub-
stitutions of amino acids, lead to the manifestation of
clinical symptoms, which are different in the MEN 2A
syndrome and in FMTC. Perhaps, it is either an effect of
an additional mutation within the RET protooncogene
or in another closely located site, or — an effect of tissue-
specific varying gene expression. In turn, an attempt to
explain the problem on the basis of genomic imprint-
ing, i.e., the influence of either maternal or paternal
RET allele (depending on the origin of mutation) on
the enhancement of mutation effect in cells of adrenal
medulla and/or parathyroid glands, requires further
studies.

In few patients with FMTC, just as it is reported for
some MEN 2A patients, cases are observed, which are
accompanied by Hirschsprung’s disease; these cases are
always associated with mutations in codons 618 or 620.

Screening examinations for mutations in
families with an increased risk for MTC

The screening examinations, searching for the he-
reditary form of MTC, include:
1) family history with genealogical analysis,
2) clinical examination, as well as USG-guided
cytological examination (FNAB),
3) DNA analysis and biochemical tests.

The goals of DNA analysis are the following:

a) differentiation of the sporadic (non-hereditary)
MTC from the hereditary form of this neo-
plasm,

b) an identification of mutated RET gene carriers
in families with increased risk, i.e., in those with
history of hereditary MTC.

In screening examinations towards the hereditary
form of MTC, the genomic DNA is analyzed, being most
often isolated from peripheral blood lymphocytes. The
most important determination in biochemical studies is
serum calcitonin concentration, especially in dynamic
test with pentagastrin. Pentagastrin administration (in a
dose of 0.5 pg/kg b.w.) is followed by calcitonin concen-
tration measurement by the immunoradiometric assay
(IRMA), before the test and then, after 2, 5 and 10 or 15
minutes from pentagastrin administration.

In each patient with diagnosed MTC, its hereditary
forms (MEN 2A and 2B) and FMTC - are to be ex-
cluded.

The diagnosis of MTC, regardless of its histological
form, allows to decide on possibly the most radical thy-
roidectomy to be performed; in these cases, the extent
of performed surgery is directly associated with further
therapeutic prognosis. In cases with confirmed presence
of mutations of RET protooncogene (asymptomatic car-
riers), radical thyroidectomy is postulated already at the
age of 6 years (in cases of FMTC and MEN 2A) and even
immediately after diagnosis of RET mutation in cases
of MEN 2B (in the latter syndrome, genetic examina-
tion should be performed as soon as by the age of 12
months).

Figure 10 presents the scheme of diagnostic manage-
ment, applied to identify cases of hereditary MTC among
family members of the proband in whom MTC has been
diagnosed on the basis of FNAB and histopathological
studies. DNA is isolated from peripheral blood lym-
phocytes and tumour tissue of patients with diagnosed
MTC (probands), in order to look for mutations in RET
protooncogene. Using the PCR technique, an amplifica-
tion of a studied DNA fragment is possible. In molecular
diagnostics of MTC, a combination of PCR with SSCP
and/or sequencing methods is applied.

The presence of mutation only in DNA from tumour
tissue indicates the sporadic form of MTC. In this
situation, no further biochemical tests are required.
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MEDULLARY THYROID CARCINOMA
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Figure 10. The proposed diagnostic management to differentiate between the sporadic and hereditary forms (FMTC, MEN 2A,
MEN 2B) of medullary thyroid carcinoma (based on: Forster-Gibson and Mulligan [56], in our own modification).
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Pentagastrin stimulation test, performed in patients
with this form of MTC, serves the purpose of assessing
the radicality of performed surgery, as well as it may be
used for postoperative follow up.

The presence of mutations in DNA from peripheral
blood lymphocytes, as well as in DNA from tumour tissue
of patients with diagnosed MTC, indicates the heredi-
tary form of MTC. In such situation, screening tests are
to be performed in family members of the proband (the
1t and the 2nd degree of relationship), including serum
calcitonin level determination, pentagastrin stimulation
test and an evaluation of DNA from peripheral blood
lymphocytes. The presence of mutations in DNA from
peripheral blood lymphocytes in a family member of the
proband is an indication to periodic (every 6 months)
- but repeated for many years - monitoring with the use
of pentagastrin test.

Summing up, it should be concluded that the genet-
ics of thyroid neoplasms is now the most dynamically
developing branch of thyroidology.
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