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Long term follow-up of individuals exposed to ionizing radiation dur-
ing atomic weapons testing, nuclear accidents, and external beam ra-
diation therapy identify thyroid disease, including thyroid cancer, as
a major long term consequence. The risk of thyroid carcinoma is di-
rectly related to the absorbed dose of radiation, and inversely relat-
ed to the age of the exposed individual. This manuscript reviews the
evidence to support these findings as well as the clinical features of
childhood thyroid cancer. The recent molecular changes identified in
radiation induced thyroid cancers are compared to the molecular
changes found in spontaneous thyroid cancers of children and young

adults.

Ionizing radiation damages DNA by
inducing thymidine dimerization and
DNA base-pair mismatch [1., 2.].
These events are stochastic and have
no threshold. However, the probabil-
ity of DNA damage is increased with
an increased number of ionization
events (dose). Infrequent DNA base-
pair mismatch can be repaired by the
DNA mismatch repair enzymes, the
most common of which are hMSH-2
and h-MLH-1 [3., 4.]. However, the
limited repair capacity can be ex-
ceeded, resulting in cell-cycle arrest
at the cell-cycle check point. If base-

pair mismatch is extensive, the cell is
directed into "programmed cell
death” or apoptosis. If base-pair mis-
match is less extensive, but occurs in
critical coding or regulatory elements
of an oncogene or tumor suppressor
gene, malignant transformation may
arise. Thus, radiation-induced acti-
vation of oncogenes or inhibition of
tumor-suppressor genes may result
in somatic tumors. If mutations take
place in germ cells, an inherited tu-
mor syndrome could develop.

Well documented follow-up of indi-
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Figure 1.: VEGF Expression in PTC From US and Russian Subjects. VEGF
Expression was determined by immunohistochemistry and Bemi-quantitatively
measured as absent/slight, moderate, or intense/diffuse. The percentege of PTC
with intense/diffuse staining is presented for spontaneous PTC from US children,
spontaneous PTC from US adults, and radiation-induced PTC from children who
were < 3 years of ege and living in Bryansk, Russia at the time of the accident.

viduals with different types of ioniz-
ing radiation exposure identify thy-
roid disease, including thyroid carci-
noma, as a major long-term conse-
quence. These include individuals ex-
posed during the Marshall Islands
Nuclear Testing Program, children ex-
posed to radioactive debris, food, and
milk from the Chernobyl nuclear re-
actor accident, and individuals treat-
ed with external beam radiation ther-
apy for primary malignant or benign
diseases. In the following section, the
data regarding thyroid disease in
these populations is reviewed.

First, we will examine the populéation

exposed to radioactive fali-out from
the 15 megaton Bravo Nuclear Test
which took place in the Marshall
Islands on March 1, 1954.5-8 An un-
expected change in wind direction
spread radioactive fali-out onto the in-
habited islands of Rongelap and
Utirik. Inhabitants reported seeing
the "sun rise in the west" and "snow"
which stuck to the skin.s-[9-12]. Due
to high ambient radiation levels, the
inhabitants were evacuated on the 3rd
and 4 of March. However, 28% de-
veloped cutaneous radiation burns
and 66% developed nausea and vom-
iting, indicating significant exposure
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for the majority of the population [5,
11, 12]. During the ensuing decades,
overall survival has been normal, but
there have been an increased number
of stillborns and miscarriages. This
increase was not, however, statisti-
cally significant. Ophthalmological
and slitlump examinations have been
normal, as have growth and devel-
opment for all children except those
who became hypothyroid. Malignant
diseases included one case of acute
myelogenous leukemia and one skin
cancer. Although genetic mutations
did not appear to be increased, there
was an increased number of dicentric
and ring chromosomes, as well as
translocations in the cultured lym-
phocytes from exposed inhabitants. In
contrast to the rarity of these events,
fully 1/3 developed thyroid disease
beginning as early as 9 years after the
Bravo test. Benign thyroid adenomas
reached a peak incidence in 12 - 14
years, about the time the first thyroid
carcinoma appeared (15 years after
the test). The peak incidence for thy-
roid carcinoma occurred somewhat
later, between 1980 and 1985 [5, 6, 13].

From this and other studies, it has
been well documented that the risk
of developing thyroid carcinoma is
increased by radiation exposure [4,
15, 16, 17]. Several important rela-
tionships between the absorbed dose
and characteristics of the irradiated in-
dividual have been elucidated. First,
the risk of thyroid carcinoma is dose-
related with the relative risk = 7.7 /
Gy absorbed radiation dose.” 8 second,
the risk of thyroid carcinoma is age
(10 fold higher sensitivity for chil-
dren) and gender related (2 -4 fold

higher sensitivity for girls than
boys)’9. Of interest, the histologic
type of thyroid carcinoma is related
to the iodine content of the diet, so
that papillary thyroid carcinoma
(PTC) is more likely to develop with
high iodine intake, whereas follicular
thyroid carcinoma (FTC) is more like-
ly to develop with low iodine intake
[19].

A "veritable epidemic"” of childhood
thyroid carcinoma was reported by
DeGroot et al. in 1973 and was almost
entirely due to irradiation of children
for treatment of benign diseases such
as tinea capitis; acne, and thymic en-
largement."Fortunately, elimination
of radiation therapy for benign dis-
ease rapidly followed, and the num-
ber of new cases of childhood thyroid
cancer quickly declined. However,
childhood thyroid carcinoma has be-
come a major world-wide concern fol-
lowing the Chernobyl nuclear accident
in 1986. Throughout Belarus and
Ukraine; there was little public aware-
ness of the exposure, and no public
health programs for removal of con-
taminated foods or administration of
stable iodine prophylaxis. In heavily
contaminated regions such as Gomel,
the incidence of this previously un-
common disease (1 - 2 / million chil-
dren) increased by 193-fold [20, 49].
Of great concern, is an increase in the
incidence of childhood thyroid carci-
noma for countries which were not
known to be contaminated, including
England and parts of the United
States [43, 50].

This should be sharply contrasted
with the experience in neighboring
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Figure 2.: Ret/PTC Mutations in PTC from US and Russian Subjects. Tumor
RNA was extracted and amplified with intron-spanning primer pairs specific for
ret/PTC-1, ret]PTC-2 and ret/PTC-3. Data ere compared for spontaneous PTC
from US children and radiation-induced PTC from children who were < 3 years of
age and living in Bryansk, Russia at the time of the accident. The percentage of
PTC with any ret/PTC mutation, ret/PTC-1 mutations, and ret/PTC-3 mutations
is shown.

Poland, where air and water radiation
levels were continuously monitored
[51, 52]. Increased air and water ra-
diation levels were detected on the sec-
ond day following the accident, and
peaked on the 30" of April. Although
rapidly cleared from the atmosphere,
radiation levels were still elevated in
milk well into May. The Polish gov-
ernment recommended administra-
tion of stable iodine prophylaxis (15
mg to newborns, 50 mg to children,
and 70 mg to adults) as well as re-
moval of contaminated food and milk
products. Ingestion of leafy vegetables
was limited for children and preg-
nant women. By the next day, 10.5 mil-

lion children and 7 million adults had
received iodine prophylaxis and per-
haps as many as 6% of the popula-
tion self administered tincture of io-
dine. Nauman and Wolf reported the
long-term follow-up of this experi-
ence and found that 95.3% of children
received at least one dose of stable io-
dine 53. The only complication was
transient hypothyroidism which de-
veloped in 0.37% of infants. Of major
significance, there has been no in-
crease in the incidence of thyroid nod-
ules, goiter, or thyroid carcinoma.
Based on this success, the World
Health Organization recommends ad-
ministration of stable iodine prophy-
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laxis for exposed populations strati-
fied according to age. Infants (<3
years of age) should receive 25 mg,
children (3 - 12 years of age) should
receive 50 mg, and older children or
adults should receive 100 mg [51, 54].

The third population of children at in-
creased risk for thyroid carcinoma are
survivors of childhood malignancy
who were treated with external beam
radiation therapy. Survivors of child-
hood Hodgkin’s disease have an 18%
risk of second malignancy by 30
years, and a 30-fold increase in the in-
cidence of thyroid carcinoma.
However, if they received radiation
therapy prior to age 4 years, the inci-
dence of thyroid carcinoma is in-
creased by up to 790-fold.55 High
resolution ultrasound examination
has identified abnormal thyroid
glands in 100% of patients, and
roughly 6.4% have gone on to devel-
op thyroid carcinoma. Similar stud-
ies of children treated with external
beam radiation therapy for central
nervous system prophylaxis against
acute lymphoblastic leukemia also re-
port abnormal thyroid ultrasound in
50% of children and a 300-fold in-
crease in the incidence of thyroid can-
cer [56].

These studies clearly identify the thy-
roid, and especially the thyroid of
children, as highly vulnerable to ma-
lignant transformation from radiation
exposure. Although activation of
oncogenes or inactivation of tumor
suppressor genes are postulated re-
sults from radiation exposure, few
studies have examined the pattern of
gene expression in radiation induced

thyroid cancers compared to sponta-
neous thyroid cancer [56].

Our laboratory has a major interest in
childhood thyroid cancer [57, 69]. For
all patients under 21 years of age, thy-
roid carcinoma is predominantly
found in Caucasian females and there
is a significant increase in the incidence
during puberty [59]. Disease-specific
mortality is generally low (under 1 %}
but the risk of recurrence is high
(19%). Recurrence is more likely to de-
velop in children with large tumors
(> 2 cm), multifocal tumors, or more
extensive disease at diagnosis (re-
gional lymph node or distant metas-
tasis) [59, 61].

Several tyrosine kinases have been
implicated during carcinogenesis, but
the vascular endothelial growth fac-
tor, VEGF, is frequently implicated in
sustaining the growth and even
metastasis of many different tumors.
We recently examined a cohort of
spontaneous and radiation induced
childhood thyroid carcinomas for
VEGF expression 66.69. We found
that expression of both VEGF and the
VEGF receptor were increased in PTC
compared to normal thyroid, and
even greater in radiation-induced
PTC (Figure 1.). Most importantly, the
only tumors which recurred had in-
tense VEGF expression. Tumors with
little of no VEGF expression never re-
curred. These findings suggest that
VEGF is critically important in the
clinical behavior of PTC and possibly
important in defining the more ag-
gressive clinical course for radiation-
induced thyroid carcinoma.
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We have also examined these same tu-
mors for the presence of rearrange-
ments in the ret protooncogene which
result in the PTC specific gene re-
arrangements known as ret/PTC-1,
ret/PTC-2 and ret/PTC-3 [67, 68].
These mutations splice different up-
stream regulatory elements onto the
tyrosine kinase domain of the ret
oncogene and result in unregulated
tyrosine kinase activity. We found that
ret/PTC rearrangements are more
common in childhood (47%) than
adulst PTC (3 - 30%). In addition, the
rearrangements were predominantly
ret/PTC-1 in spontaneous but
ret/PTC-3 in radiation-induced child-
hood PTC (Figure 2.). These observa-
tions suggest that the ret/PTC-3 re-
arrangement may be a particularly
frequent result from radiation injury.

In conclusion, thyroid carcinoma is a
major risk following radiation expo-
sure from nuclear weapons, reactor ac-
cidents, and external beam radiation
therapy. Children are at increased
risk, and, from all studies, the
youngest children have the highest
risk of thyroid carcinoma. Pro-
phylaxis, including removal of cont-
aminated food and water as well as
stable iodine administration, can be
achieved and proved highly effective
in Poland. The identity of the onco-
genes and tumor suppressor genes
that might be damaged from radia-
tion injury is only now being inves-
tigated. Recent studies have identified
increased expression of VEGF and ge-
netic rearrangements in the ret pro-
tooncogene as being of major impor-
tance.
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Prof. Dr. G. L. Francis Ph.D.

Az ionizalé sugarzasok hatasa a
pajzsmirigy megbetegedésének ki-
alakulasara

Az atomfegyver, a nuklearis balesetek
és a gyogyaszati alkalmazas késdi
kovetkezményeit vizsgalva megal-
lapitottdk, hogy a késéi kovet-
kezmények rdkos megbetegedések

formajaban jelentkeznek. Ezek el6-
fordulasdnak szama filigg az abszor-
beélt do6zistdl és forditottan ardnyos
az életkorral. A beszamol6 a gyer-
mekkori rakos megbetegedések
kérdéseivel foglalkozik megallapitva,
hogy milyen molekularis valtozasok
jelentkeznek az ionizadlé sugarzas
okozta és a spontan fellépd pajzs-
mirigy tumorok esetében gyer-
mekkorban és az un. , fiatal” felnst-
teknél.

Prof. Dr. G. L. Francis
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