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Besides functioning as the major
regulator of differentiated function
of thyroid cells, thyrotrophin (TSH)
is also a significant growth factor for
thyrocytes. TSH induction of thyroid
cell growth is mediated in part through
a cAMP-dependent signal transduc-
tion cascade. Proteins along this acti-
vation pathway are logical candidate
oncogenes if they are intrinsically
activated through somatic mutations.
Support for this concept comes from
the discovery of mutations in the
Gg-a chain in a subset of growth hor-
mone-secreting pituitary tumors, the
growth and function of which is also
CAMP-dependent.” Gy is the stim-
ulatory regulator of adenylyl cyclase.
Point mutations inhibiting the
intrinsic GTPase activity of the a sub-
unit of Gy also have been found in
about 25% of hyperfunctioning thy-
roid adenomas.*?*¢ Cells expressing
mutant Gg-o have constitutive activa-
tion of adenylyl cyclase, and simulta-
neous stimulation of cell growth as
well as thyroid hormone synthesis
and secretion. These data raise the
question whether proteins proximal
or distal to G4-or also may become
oncogenic through structural altera-
tions. The TSH receptor is a member
of the seven-transmembrane domain
family of G-protein coupled receptors,
and is also conceivably a candidate
oncogene. Parma et al. recently re-
ported constitutive activation of the
TSH receptor through somatic muta-
tions affecting the third intracellular
loop of the receptor uniquely in hyper-
functioning adenomas.” These mu-
tations evoked inappropriate activa-
tion of adenylyl cyclase, but not of
phospholipase C. Thus, mutational
activation of intermediates along the
adenylyl cyclase signal transduction
cascade (ie, TSH-R, Gg-0) explains
the stimulation of growth and differen-
tiated properties of many hyperfunc-
tioning thyroid adenomas (Figure 3).
In contrast, no mutations of the TSH
receptor were found in non-hyperfunc-
tioning sporadic thyroid adenomas
or in thyroid carcinomas.” In addition,
constitutive overexpression of the
guanine nucleotide binding protein
G;.1 has been demonstrated in some
hyperfunctioning adenomas, probab-
ly leading to an adenylyl cyclase-inde-
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Figure 3. Growth of thyroid cells is controlled in part by the interaction of TSH with its specific recep-
tor. Activating mutations of the TSH receptor (point mutations within the third intracytoplasmic loop) or
of the o subunit of the heterotrimeric stimulatory G protein (G40, asterisks) result in constitutive stim-
ulation of adenylyl cyclase and inappropriate promotion of cell growth and thyroid hormone production.

Activation of this cascade probably does not predispose to further genetic damage, explaining the
relative infrequency of malignant transformation of autonomously functioning adenomas.

pendent stimulation of cell growth.”
Because the overwhelming majority
of thyroid neoplasms display a de-
crease rather than an inappropriate
increase in differentiated cellular
function, one might predict that prox-
imal mutations along the cAMP-gen-
erating signal transduction cascade
will not be found to be major deter-
mining factors in the development of
malignant thyroid tumors, a concept
supported by the tumor surveys
published so far (Table 2).252528
Whereas ras mutations are found
in most thyroid tumor phenotypes, a
novel oncogene has been reported
that is unique to papillary thyroid
carcinomas.’ The PTC oncogene
arises through an intrachromosomal
inversion that juxtaposes unrelated
amino-terminal sequences (such as
the H4 gene) to the tyrosine-kinase
domain of the ret proto-oncogene, a
plasma membrane receptor for an as
yet unidentified ligand. The preva-
lence of PTC oncogene in papillary
carcinomas is relatively low (about
25% in Italy),®® and there are indica-
tions that there may be some region-
al variability. The prevalence of PTC
may have been underestimated in
some studies due to the fact that the
kinase domain of ret also can be in-

appropriately expressed through alter-
native gene rearrangements.” Other
tyrosine kinase oncogenes, such as
trk (the membrane receptor for nerve
growth factor), also have been found
to be activated in some papillary car-
cinomas either through intrachromo-
somal gene rearrangements or unequal
crossovers between the two copies of
chromosome 1.% It is not known
whether papillary carcinomas with
mutations of PTC/ret or trk are asso-
ciated with particular phenotypic
characteristics or clinical behavior.

Tumor suppressor genes in
thyroid neoplasms. Tumor suppres-
sor genes can promote neoplasia for-
mation through loss of function. This
functional impairment usually
requires mutations in both copies of
the gene. One of these alleles is usual-
ly lost as part of a large chromosome
deletion. Loss of chromoscme materi-
al in tumors therefore can be a clue
to the localization of tumor suppres-
sor genes (Figure 4). Although these
events appear to be relatively infre-
quent in human thyroid tumors, some
sporadic follicular, but not papiliary,
neoplasms show evidence of a loss of
genetic sequences in the long arm of
chromosome 11 (11g13)."! This region
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Figure 4. Strategies to identify chromosomal loci harbor-
ing putative tumor suppressor genes in human thyroid neo-
plasms. Tumor suppressor genes are recessive, ie, both
alleles are inactivated through mutations to promote
transformation. One of the two alleles of tumor suppressor
genes is usually lost as part of a large chromosome deletion
(eg, the maternal chromosome in the right panel). A
common approach to localize tumor suppressor genes is to
screen the DNA of normal and tumoral tissue from the
same patient by Southern blotting, using DNA probes
(arrows) that map to highly polymorphic regions. In the
normal tissue (lower panel, left), both the paternal and
the maternal allele are distinguished by the DNA probe.
In contrast, the maternal copy is not observed in the DNA

neoplasms is still, however,
indirect. Confirmation will re-
quire identification of the actual
candidate genes on
chromosome 11g13 and 3p,
demonstration of the prevalence
of structural abnormalities of
these and perhaps other genes
in the specific tumor types, and
evidence that reestablishing
wild-type function in vitro can

is known to contain several genes as-
sociated with tumorigenesis, among
which is the putative gene conferring
predisposition to multiple endocrine
neoplasia type 1 (MEN1). Although
it has not yet been cloned, the MEN1
gene also is believed to act in a reces-
sive manner.** Indeed, the DNA of
endocrine tumors from patients with
MENT1 frequently have evidence of
loss of one of the 11q13 alleles. This

suggests that these patients inherit revert the malignant obtain_ed from the thyroid tumor. Consistent loss of one
tant MEN1 1113 d h t allele in various tumors of the same phenotype provides

a mutan geneon 1igio, an bhenotype. evidence for localization of a tumor suppressor gene within

that tumor cells develop when the the deleted segment.

function of the normal allele is lost, Mutations of the p53

which often occcurs through gene dele-  tumor suppressor gene gene in human cancers. It is believed

tion. Loss of function of a gene in the
11¢13 locus (perhaps the MEN1 gene)
thus may direct progression of spora-
dic thyroid neoplasms towards a fol-
licular phenotype.!’ Whereas this
latter defect may be common to benign
and malignant follicular neoplasms,
Herrmann et al. recently reported
cytogenetic and molecular evidence
of loss of genetic material on chromo-
some 3 specifically associated with
follicular carcinomas, and proposed
that a tumor suppressor gene impor-
tant for the progression from foilicu-
lar adenomas to carcinomas may be
located on chromosome 3p.3 The evi-
dence for a role for tumor suppressor
genes in the development of follicular

are associated with
undifferentiated thyroid cancer.
Anaplastic carcinomas represent the
most aggressive form of thyroid
cancer. Although fortunately rare,
these tumors display complete loss
of thyroid differentiated features and
are invariably fatal. We recently have
observed that anaplastic carcinomas
have a very high prevalence of point
mutations of the p53 gene, whereas
differentiated thyroid carcinomas do
not.* This provides strong evidence
that mutational inactivation of the
p53 tumor suppressor gene may be
the transitional step leading to pro-
gression to anaplastic carcinoma.
p53 is the most frequently mutated

to function as a transcriptional regula-
tor and is possibly involved in mech-
anisms to arrest the cell cycle after
environmental insults, presumably
to allow DNA repair to take place or
alternatively to activate the pathway
towards programmed cell death.
Disruption of its function is believed
to remove an important protective
mechanism for the structural integri-
ty of the genome. As opposed to ras
mutations that occur uniquely in two
discrete functional domains of the
protein, mutations of p53 are observed
at multiple sites within the evolution-
arily conserved regions of the molecule.
An exception to this pattern has been
reported in hepatocellular carcinomas,
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in which G:C to T:A conversions at
codon 249 are highly predominant.
These tumors were obtained from
patients living in regions where the
carcinogen aflatoxin Bl is a common
food contaminant.® Interestingly, we
found that anaplastic carcinomas
have a striking predilection for G:C
to A:T transitions at codon 273. All
five anaplastic carcinomas and an
anaplastic carcinoma cell line shared
this abnormality. These data raise
the question as to whether these
tumors also were subjected to a
common environmental mutagen.

In summary, information on the
relative prevalence of gene defects in
the various human thyroid tumeor
phenotypes provides insights on the
sequence of events involved in
tumor initiation and progression
(Figure 5). Aberrant methylation
patterns of geromic DNA may
predispose to subsequent structural
defects affecting the function of
oncogenes and/or tumor suppressor
genes.”” Ras mutations appear to be
an early event, because they are
common to benign and malignant
tumors. Mutational activation of the
ret and trk tyrosine kinase receptor
oncogenes is specific to papillary
carcinomas. Conversely, loss of
function of a gene on chromosome
11q13, possibly the MEN1 gene, may
help direct the tumor clone towards
a follicular phenotype. Mutational
inactivation of a putative tumor
suppressor gene on chremosome 3p
could be important in the critical
progression from follicular adenoma
to follicular carcinoma. Finally,
mutations of p53 are highly
prevalent in anaplastic thyroid
carcinomas and may represent the
transitional step in the development
of these aggressive undifferentiated
cancers.

Much of the information on the
molecular determinants of thyroid
tumor initiation and progression,
however, remains sketchy. Little is
known about genetic changes which
confer thyroid neoplastic cells with
the ability to metastasize. A better
understanding of the molecular basis
for loss of differentiated function in
thyroid tumors also is of paramount
importance. Some of the defects de-
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Figure 5. Genetic defects in thyroid neoplasms. Based on the relative prevalence of genetic lesions in
the various phenotypes, a hypothetical model for the initiation and progression of thyroid neoplasms
can be proposed, by which the sequence of mutations affecting specific oncogenes or tumor suppressor
genes determines thyroid tumor histotype and biological behavior (see text).

scribed in this review are not highly
prevalent and may represent only a
subset of the respective tumor types.
For instance, mutations of ras are
present in less than half of thyroid
tumors. However, recent clarification
of the mechanisms of tyrosine kinase
receptor signaling through ras (identi-
fication of the adaptor protein Grb2
and the ras-activating guanine-
nucleotide exchange factor Sos) hold
promise that other “gain of function”
mutations along this pathway may be
uncovered. Although papiliary carcin-
omas are the most common differen-
tiated thyroid cancer, they are rela-
tively difficult to study because tumor
cells are often interspersed with stro-
mal cells, which obscure the clonal
nature of any molecular defect.
There is no data on the prevalence of
molecular abnormalities in mixed
papillary/follicular carcinomas. Fur-
thermore, there appear to be signif-
icant differences in the frequency of
the various molecular abnormalities
(eg, ras, ret) between geographical
locations. Environmental mutagens
may contribute to this (eg, K-ras
mutations in thyroid tumors from
radiation-exposed individuals).*

The future: Development of
better tumor markers. One of the
major problems in clinical thyroidol-
ogy is the difficulty in diagnosing
follicular carcinoma preoperatively.
Furthermore, present strategies to
determine a prognosis remain unre-
liable. Partly because of this, there is

a need to develop good tumor mar-
kers. Because many mutated variants
of the pb3 protein are more stable,
an increase in immunostaining for
p53 is indirect evidence for mutation-
al inactivation, and may serve as a
prognostic indicator in thyroid
tumors.”® Based on present informa-
tion, however, it is probably prema-
ture to translate the newly derived
knowledge on the molecular genetics
of thyroid tumors to clinical practice.
We first must better define molecular
defects present in a high proportion
of the critical phenotypes (ie, follicular
carcinomas). In addition, sensitive
and specific detection strategies must
be established. As these developments
take place, it is likely that the easy
access of thyroid nodules to tissue
sampling will allow application of
some of this information to better
support diagnosis and follow-up of
these frequently occurring neoplasms.

The future: Thyroid tumors as
targets for differentiation ther-
apy. Most patients who die of thyroid
cancer have tumors that have lost the
ability to trap radioiodine. This pro-
cess of dedifferentiation is linked to
the specific oncogenic defects that
drive the expansion of the neoplastic
clone. Much has been learned about
the mechanisms that determine thy-
roid-specific gene expression, and,
more recently, about the ways in
which oncogenes can disturb this pro-
cess. Overexpression of mutant ras
proteins in rat thyroid FRTL-5 cells




inhibits expression of thyroid
peroxidase and thyroglobulin at
least in part by interfering with the
production or action of the thyroid
specific enhancer TTF-1.2° Because
mutations of the p53 tumor
suppressor gene are associated with
anaplastic carcinomas, there is great
interest in understanding the
potential role of p53 in maintaining
the differentiated state. Normal p53
function may be required for ade-
quate activity of the transcriptional
machinery that controls thyroid-spe-
cific genes. As the iodine transporter
has not been cloned, there is scant
informaticn about molecular factors
that control its production or its activ-
ity. Ultimately, thyroid neoplasms
represent a unique model to explore
approaches to improve therapy by
promoting cell differentiation. As
opposed to other forms of cancer,
even partial restoration of
differentiated features would
conceivably allow neoplastic tissue
to be treated successfully with
radioactive iodine. A better
understanding of the molecular fac-
tors that determine and maintain
thyroid differentiation—and of the
transforming events that disturb
this process—is needed to provide a
rational basis for novel approaches
to thyroid cancer therapy.
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