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sites. In most systems, EGF
appears to be mitogenic for thyroid
cell growth. However, it causes
dedifferentiation of specific thyroid
cell gene expression, such as
thyroglobulin synthesis. EGF also
antagonizes thyroid cell differen­
tiation induced by TSHYi Altered
EGF receptor binding has been
reported in thyroid carcinoma
cells. 6 These data are conflicting,
and further investigation is
required to clarify this question.

Insulin and insulin-like
growth factors. Insulin-like
growth factor 1 OGF-I, also
designated as somatomedin-C),
the target hormone for growth
hormone action, causes a stimula­
tion of thyroid DNA synthesis and
growth. This growth factor acts
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Figure 1. IGF-I mRNA content in thyroid tissue. Dot blot hybridization of total RNA (20-111g) immobi­
lized in Zeta probe nylon filter and hybridized with '''P-IGF-l cDNA. A,-A,: 3 different adenoma tissue
RNA extracts. N: normal thyroid tissue extract. These results suggest a substantially higher content of
IGF-I mRNA in adenomatous tissue.

effects ofTSH appear to be mim­
icked by agents such as forskolin
or cholera toxin, which induce
adenylate cyclase activity, as well
as by several cyclic AMP analogs.
These results imply that cyclic
AMP is a critical mediator ofTSH
action within the thyroid cell.

EGF as a thyroid growth
factor. The thyroid gland con­
tains both EGF and EGF binding

I
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Table 1: Thyroid Growth Factors

Growth Factors
As we shall discuss subsequent­

ly, the nature and function of
growth factors is closely related to
that of oncogenes. Growth factors
are broadly defined as polypeptide
molecules that stimulate cells to
divide or enter DNA synthesis.
Although present in low concen­
trations, they act on cells to effect
specific cellular responses. Besides
regulating the cell cycle, they are
necessary for the de novo induction
of certain cell-specific proteins,
and they regulate some functions
of differentiated cells by altering
the level of specific mRNAs.l The
thyroid gland contains and re­
sponds to several specific growth
factors (Table 1). The effect of
such growth factors on replicating
thyroid cells is generally assayed
by measuring DNA synthesis2;

however, specific responses of
thyroid cells, such as the synthesis
of thyroglobulin and thyroid
peroxidase or the uptake of iodine,
can also be used in such assays.

TSH as a growth factor. Two
pathways have been implicated in
the regulation of thyroid cell DNA
synthesis. A cyclic-AMP-depend­
ent pathway appears to be acti­
vated by thyrotropin (TSH) in the
absence of serum, whereas a
cyclic-AMP-independent pathway
is activated by serum and epider­
mal growth factor (EGF). TSH
itself can be considered a growth
factor. Thus, TSH has been shown
to induce DNA synthesis and
growth of thyroid cells grown in
serum-free medium.3 These

Endogenous

Nerve growth factor
Epidermal growth factor
Insulin-like growth factors
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The listed proto-oncogenes possess DNA sequences encoding for a specific cellular product that bears
striking homology to either a growth factor or a growth factor receptor, as indicated.

synergistically with TSH in stimu­
lating thyroid cell replication. 7

Interestingly, IgG antiserum ob­
tained from patients with Graves'
disease also binds to the thyroid
TSH receptor and causes a similar
synergistic stimulation of the
thyroid cell with IGF-P

The mitogenic effect ofIGF-I
on the thyroid cell appears to be
mediated by specific IGF-I recep­
tors, which are found on the
membrane of FRTL-5 rat thyroid
cells, a well-differentiated thyroid
cellline.8 Both IGF-I and insulin
regulate thyroglobulin gene expres­
sion in FRTL-5 cells. 9 These pep­
tides are additive with TSH in
stimulating the transcription of the
thyroglobulin gene and thus
regulating the level of the thy­
roglobulin messenger RNA
(mRNA). Rat thyroid cells have
been shown to synthesize the
IGF-I protein,lO and human thyroid
adenoma cells have been shown to
express IGF-I mRNA (Yamashita
S, Fagin J, Melmed S, unpublished
observations, Figure 1). IGF-II re­
ceptors have also been identified on
rat thyroid cell membranes; their
abundance has been shown to be
increased by TSH and by treat­
ment with propylthiouracilY The
functional significance ofIGF-II in
the thyroid is at present unclear.

Retroviruses and oncogenes.
Transforming retroviruses, which
may cause neoplastic changes in

Table 2

Proto-oncogene

c-sis
c-erb A
c-erb B
c-fms
c-ras

mammalian cells, are also related
to oncogenes. These viruses
possess unique "transformation­
specific" DNA sequences that
differ from the sequences of other
viral genes.12,13 Several specific
oncogenes capable of inducing cell
transformation have been identi­
fied by the molecular cloning of
retroviral DNA sequences. Inter­
estingly, normal mammalian cells
possess genes that are homologous
to the sequences of these viral
oncogenes. These cellular genes
(termed proto-oncogenes) have
been implicated in the control of
normal growth and differentiation,
as well as in the induction of
several human malignancies.12,13

Retroviruses possess the capac­
ity to enter cells and to incorporate
their genetic information into the
host cell. Reverse transcriptase is
an enzyme that promotes tran­
scription of single-stranded viral
RNA templates into double­
stranded DNA. The DNA of viral
origin is integrated in the native
cellular chromosomal DNA of the
host cell. This genetic integration
allows the cell to express viral
gene copies during its own process
of DNA expression. Several
mechanisms may explain how the
altered cellular genome causes tu­
morigenesis. The integration of
viral DNA into the host cell may
directly damage cellular gene
or may actually begin regulating

Growth factor-related product

Platelet-derived growth factor
T

3
receptor

EGF receptor
CSF-I receptor
Insulin receptor

the expression of cellular genes
(insertional mutagenesis), or
cellular genes may themselves be
rendered oncogenic by recombina­
tion with the viral DNA.

Cellular proliferation, dif­
ferentiation and tumor­
igenesis. Normal circulating
hormonal growth factors and their
receptors may function by mini­
mizing the cell's ability to restrain
its intrinsic potential for prolifera­
tion. With a loss or alteration of
such factors, the cell may become
transformed and rendered neo­
plastic. The same may happen
with the loss of an autocrine (from
the same cells) and paracrine
(from adjacent cells) growth factor.
Initiation of tumorigenesis may
also require the participation of a
tumor promoter to achieve true
carcinogenesis.14 Several growth
factors or their respective cell
receptors are products of proto­
oncogenes (Table 2). As in the
case of ras, growth factor may
signal from the cell surface to the
cell nucleus by phosphorylating
other proteins by virtue of their
intrinsic protein kinase enzyme
activity. Other oncogenic growth
factors such as fos and myc may
regulate cell proliferation entirely
at the nuclear level.

Several mechanisms have been
proposed by which normal proto­
oncogenes may cause and sustain
neoplasia.12,13 Thus, structural
damage (eg, by carcinogens or
irradiation) may lead to develop­
ment of a point mutation on the
gene. The damaged proto-onco­
gene now may begin to direct ab­
normal cell growth. Chromosomal
rearrangement at specific sites
may also result in activation of the
cellular proto-oncogene. Alterna­
tively, circumstances that result in
a quantitative amplification of the
number of oncogenes in the cell
may result in abnormal growth
and carcinogenesis.

Conclusive evidence for a proto­
oncogenic role in abnormal cellular
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Figure 2. Time course of c-myc mRNA induction by TSH in human thyroid adenoma and normal cells.
Cells were grown m monolayer in serum-containing medium for 48 hours. Medium was then changed to
serum-free defined medium with or without added TSH (10 mU/m!) for the times indicated. RNA was
extracted ~nd subjected to cytoplasmic blot hybridization. Autoradiographs were scanned, and inte­
grated optIcal deTl~lty umts are shown. Each bar represents the mean ± SE of triplicate dots. Each dot
contamed lmmoblllzed RNA YIelded from 5 x 10' cells. Reproduced from reference 25, with permission.

Table 3: Factors That Stimulate
Thyroid Cell Proto-Oncogene Expression

ally employed highly sensitive
assays for specific oncogene mRNA
molecules. The mRNA sequences
are detected and quantitated by
hybridizing them with DNA,
designated cDNA that is comple­
mentary to the mRNA. Alterna­
tively, the mRNA is measured by
allowing the mRNA to direct the
synthesis of the protein for which
it codes (translational assay). The
second approach to studying the
role of oncogenes in thyroid
disorders involves visualization of
the proto-oncogene DNA sequence
itself by Southern blot analysis
and the direct sequencing of its
constituent nucleotides.

Several oncogenes in thyroid
cells are stimulated by well-char­
acterized cell growth factors (Table
3). TSH, a potent physiologic
trophic hormone necessary for
thyroid hormone synthesis and
secretion,19 behaves as a growth
factor for thyroid cells2 and has
been shown to stimulate the
expression of the proto-oncogenes
c-ms, c-myc and c-ros in quiescent
primary rat thyroid cells (FRTL),
which retain differentiated thyroid
function in vitro.20-24 TSH also
induced c-myc expression in

c-myc, c-ras, c-fos
c-ras, c-myc
c-ras, c-myc
c-myc
c-myc

Oncogene

Thyroid Oncogenes
Tumors of the thyroid exhibit a
wide spectrum of neoplastic
pathology. These tumors range
from the common, well-differenti­
ated benign thyroid adenomas,
well-differentiated slow-growing
papillary and follicular carcinomas
and, finally, poorly differentiated,
rapidly growing and highly malig­
nant anaplastic carcinomas.18

Thyroid neoplasms, therefore,
provide a unique model for study­
ing molecular mechanisms of
neoplastic cell transformation and,
possibly, the transitional differ­
ences between different degrees of
differentiation and malignancy.

Two main approaches have
been used to study the role of onco­
genes in thyroid disorders. The
first approach involves studying
the products of the proto-onco­
genes within the thyroid cells.
These measurements of thyroid
oncogene expression have gener-

chromosomal translocation sites
for several malignancies are
located in the vicinity of specific
oncogenes.17

Factor

TSH
Cyclic AMP
Forskolin
Interleukin-I
Normal serum

NORMAL CELLS

4.0

1.0

~ 3.0

::l
~ 2.0
8
.Jll
~ 1.0
~

o 2 4 6 8
TSH treatment time (hours)

ADENOMA CELLS

growth is still unavailable. As
mentioned, however, transforming
retroviruses that are able to
induce malignancy show sequence
homologies to cellular proto­
oncogenes. In fact, it is very likely
from an evolutionary standpoint
that viral oncogenes represent the
capture of cellular proto-oncogenes
by the virus. Because of this
structural similarity, abnormal
regulation of proto-oncogenes may
possess a potential similar to that
of transforming retroviruses for
altering cells. fn the laboratory,
abnormal cell growth has been
achieved by transfecting proto­
oncogenes into cells grown in pri­
mary culture. Activation of proto­
oncogenes and subsequent cell
transformation have also been
produced by retroviruses lacking
viral oncogene sequences. Non­
oncogenic retroviruses can there­
fore also induce genetic changes,
perhaps by rendering the en­
dogenous proto-oncogene
"oncogenic."

In humans, proto-oncogene
expression has been demonstrated
in some cancers,15 and amplifica­
tion of proto-oncogene content has
led to increased expression in
several tumors.16 In addition,
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c-myc expression

Table 4: Putative c-myc Abnormalities in Thyroid Cancer

c-myc gene structure

Stimulation of c-myc mRNA
Larger-sized mRNA transcript

c-myc RNA transcript was de­
tected in some thyroid carcinoma
extracts. 25 In another study, no
difference between c-myc expres­
sion in normal or adenomatous
thyroid tissue was noted.30 Both
TSH and calf serum stimulate the
induction of c-myc mRNA in pri­
mary monolayer cultures of
normal thyroid cells. Adenoma
cells, however, are more respon­
sive to TSH with respect to the
accumulation of the oncogene
mRNA content.

Analysis of thyroid proto­
oncogenes. Several groups have
now investigated the structure of
the thyroid oncogenes themselves
using techniques of restriction
enzyme DNA cleavage and South­
ern blot analysis.29,31,32 Restriction
enzymes cut DNA at specific nu­
cleotide sequences and allow char­
acterization of the DNA by the
fragments separated by gel
electrophoresis. Mter nucleotide
sequencing of the fragments, the
structure of the gene can be
inferred. Proto-oncogenes have
been identified in tissue samples
obtained from patients harboring
well-differentiated thyroid carci­
noma. Because c-myc gene prod.
ucts are expressed in both quies­
cent and stimulated thyroid cells,
studies of this gene have received
the most attention.

The c-myc proto-oncogene is
present in both normal and adeno­
matous thyroid tissue (Table 4).

Multiple small restriction fragment polymorphism
Gene amplified
Gene demethylated

factors, including IGF-I and EGF,
may playa role in thyroid cell pro­
liferation by activating nuclear
proto-oncogene expression. The
second messengers for several of
these growth factors differ, and
all may not involve cyclic-AMP
activation.

Thyroid disorders associ­
ated with enhanced proto­
oncogene expression. Proto­
oncogene expression has been
tested in thyroid tissue derived
from patients with various thyroid
disorders. Generally, two types of
studies have been performed. In
some instances, thyroid tissue has
been dispersed for monolayer
culture, and oncogene expression
tested after several days of in vitro
incubation and experimental
treatment. In other studies,
oncogene expression has been
tested directly on thyroid tissue
obtained immediately after surgi­
cal excision. The former method
allows a more detailed study of the
direct effects of various growth Or
trophic factors, while the latter
approach provides a more faithful
reflection of the in vivo situation
at the time of surgical excision.

In three studies, c-myc proto­
oncogene expression was minimal
in normal thyroid tissue and
enhanced in thyroid disorders,
including thyroid carcinoma,
thyroid adenoma, Hashimoto's
thyroiditis and Graves' dis­
ease.25,28,29 In fact, a larger-sized

normal and adenomatous human
thyroid cells in culture (Figure
2).2.5 In fact, the nucleotide se­
quence of the regulatory region
of the ras oncogene has been de­
duced using a thyroid cell genomic
library.26

In the thyroid, cyclic-AMP acts
as an intracellular second messen­
ger for the trophic action of TSH.
Dibutyryl cyclic AMP, a cyclic­
AMP analog that readily enters
the cell, stimulates the induction
of c-myc and c-fos expression in
rat FRTL cells.20-22 In the absence
of TSH, the compound forskolin
activates adenyl cyclase, the
enzyme responsible for cAMP
induction, at the outer membrane
of the thyroid cell. Like TSH,
forskolin also stimulates thyroid
oncogene expression.20 These data
imply that TSH, in addition to its
direct trophic action on thyroid
hormone synthesis, is also a
potent inducer of thyroid cell
proto-oncogene expression. In­
creased thyroid cell proliferation
may therefore be mediated by the
cellular products such as growth
factors or receptors, induced by
the expression of fos or c-myc
nuclear proto-oncogenes.

1nterleukin 1, a lymphokine
produced by macrophages, also
stimulates the expression of the
c-myc proto-oncogene in FRTL
cells. 27 As autoimmune thyroid
disorders are associated with
macrophage and lymphocyte
infiltration, these observations
raise the possibility that locally
produced thyroid lymphokines
may playa role in the pathoge­
nesis of disordered thyroid cell
proliferation.

Interestingly, addition of the
normal serum to both rat and
human thyroid cell cultures
induced the expression of the
proto-oncogenes c-myc and c-fos.
The effect of serum in the induc­
tion of these oncogenes is additive
to that of TSH and other growth
factors. Other serum growth
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The molecular size of the EcoRI
restriction fragment digest of this
gene is normally about 12.5 kb in
these tissues. By contrast, in
several thyroid carcinomas, addi­
tional, smaller c-myc gene frag­
ments have been detected, thus
suggesting the presence of differ­
ent DNA restriction sites in the
carcinoma.32 Interestingly, one
patient with a well-differentiated
thyroid carcinoma also exhibited
a similar c-myc restriction abnor­
mality in his leucocytes. This may
suggest a germ cell genetic defect
associated with well-differentiated
thyroid carcinoma. However, this
observed variation in the size of
the restriction fragments (polymor­
phism) for the c-myc gene may
have occurred randomly. Larger
numbers of patients are required
to substantiate these interesting
observations.

A relative twofold amplification
of the c-myc proto-oncogene has
been demonstrated in well-differ­
entiated papillary thyroid carcino­
mas. 29 The relationship of such
gene amplification to thyroid ma­
lignancy is at present unclear
(Table 4). Methylation of DNA is
frequently associated with specific
genes that are not expressed. For
example, the prolactin (PRL) gene
in leucocytes appears to be fully
methylated, in contrast to the
lactotroph PRL gene, which is
demethylated at its CCGG sites.
The c-myc proto-oncogene present
in thyroid malignancies also
appears to be demethylated, thus
suggesting active expression of the
gene in these tumors.

Recently, a unique human proto­
oncogene, identified in five patients
with thyroid papillary carcinoma,
was cloned.33 The gene bears no
homology to any of the known
oncogenes and can transform a line
of mouse fibroblast cells.33 The
same oncogene was detected in
lymph node metastases of two
thyroid carcinoma patients, one of
whom had previously been exposed
to a high dose of ionizing radia-

6

tion. This is the first report of a
thyroid-specific transforming gene
associated with thyroid papillary
carcinoma, an observation that
undoubtedly will stimulate further
investigation.

Potential mechanisms for
thyroid cell proliferation.
These newer insights, combined
with knowledge gained from other
systems, prompt the following
speculations to explain the "es­
cape" of the thyroid from its phys­
iologic dependence on trophic and
growth factors. The proto­
oncogene product within the thy­
roid cell may cause unrestricted
cell proliferation by behaving like
an endogenous thyroid growth fac­
tor or by inducing growth factor
receptors or portions of growth fac­
tor receptors. The oncogene pro­
duct of a thyroid cell may itself be
a growth factor receptor, or by ex­
hibiting homology with a surface
receptor, act like one. A putative
increase in such receptor activity
could result in an overstimulation
by growth factors such as TSH or
interleukin I, thus causing an ab­
normal proliferation of the thyroid
cell. An alternate mechanism
might be the permanent activation
of the oncogene receptor-products.
For example, the transduction of
the TSH signal from the cell sur­
face to the nucleus may be un­
coupled by an oncogene product,
which does not require a ligand­
receptor interaction. The surface
receptor expressed by the onco­
gene may be permanently signal­
ing the cell to proliferate because
of the uncoupling of the require­
ment for TSH or other growth
factors.

Practical Implications
Although the observations de­
scribed above are largely prelimi­
nary, several practical applica­
tions of these findings to patient
care should be considered:
1. TSH and cAMP, its intracellu-

lar messenger, have convinc­
ingly been shown to stimulate
the proto-oncogene expression
of normal and neoplastic thy­
roid tissue. Although no direct
evidence is yet available to sug­
gest that proto-oncogene prod­
ucts are able to transform nor­
mal diploid cells, these findings
underscore the necessity of com­
pletely suppressing TSH levels
in patients with thyroid malig­
nancies. The sustained sup­
pression of TSH should be as
complete as possible, without
rendering the patient thyro­
toxic. The suppression should
be confirmed by a highly sensi­
tive TSH assay.

2. Future refinement of the sensi­
tivity of Southern DNA blots
will allow visualization and
assessment of proto-oncogene
size, restriction fragment poly­
morphisms, amplification and
possible methylation patterns
in thyroid tissue specimens ob­
tained at fine needle aspiration.
Such refinement will allow this
technique to become a more
valuable diagnostic tool.

3. Analysis of proto-oncogene
products (eg, mRNA or specific
proteins) will be possible in
thyroid biopsy specimens. It is
hoped that these sophisticated
uses of the aspiration specimen
will allow for a more definitive
preoperative diagnosis of malig­
nancy in borderline situations
where the cytology is nonconclu­
sive. This is significant because
it may potentially prevent un­
necessary thyroid surgery.

4. The inductions of proto-onco­
gene expression by interleukin I
and the preliminary reports of
the presence of proto-oncogene
products in autoimmune thyroid
disorders will add a novel
dimension to understanding
the molecular pathophysiology
and, ultimately, the treatment
of these disorders.



Glossary of Terms
Cellular transformation:
changes in cell growth properties
that render them "immortal" in
vitro and cause the cells to form
tumors after being injected into
appropriately susceptible animals.
Gene: a segment of DNA that
transmits specific hereditary
structural or functional traits.
Oncogene: discrete segment of
DNA that encodes for protein
products that have the capacity
to induce neoplastic change in
certain cells.
Proto-oncogene: normal cellular
gene that exhibits homology to a
retroviral oncogene.
Retrovirus: an RNA virus that
has the capacity to synthesize
DNA from RNA. This DNA replica
of the RNA genome is integrated
into the host cell genome and
directs subsequent transcription
of new viral RNA copies.
Transcription: the synthesis of a
complementary copy of RNA from
a DNA template.
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