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divisions. This instability predisposes
to multiple errors during DNA replica-
tion and/or mitosis, thus increasing
the probability of later occurrence of
transforming mutations. This sequence
of events is designated as the delayed
or “indirect” mechanism of radiation
tumorigenesis. In this regard, Chern-
obyl-related cancers do not appear to
exhibit microsatellite instability, a
particular class of genomic destabiliz-
ation characterized by DNA mismatch
repair deficiency.” Our thinking in
this area is largely based on in vitro
experiments and has not been tested
in vivo. Post-Chernobyl radiation-
induced thyroid tumors offer a unique
opportunity for validation or disproval
of these hypotheses.

The ras Oncogene in
Radiation-Induced
Follicular Neoplasms

Some of the initial studies of the
Chernobyl tumors have focused on
the genes known to be mutated in
the sporadic (ie, non-radiation
induced) forms of the disease. One
of the first to be explored was the
proto-oncogene ras. A proto-oncogene
is the normal counterpart of the
cancer-producing oncogene carried
by some retroviruses. Ras is a
membrane-associated protein that
transmits signals arising after
ligand binding to tyrosine kinase
receptors. These ligands include
insulin, epidermal growth factor,
and platelet-derived growth factor.
In its inactive state, ras is bound
to guanosine diphosphate (GDP).
After activation, ras releases GDP
and binds GTP, and it becomes the
bridge to a series of serine-threonine
kinases that further transmit and
distribute the signal.

Point mutations in discrete

domains within the oncogene ras
that increase its affinity for GTP,
or inactivate the autocatalytic
GTPase function of the protein,
permanently switch the protein to
the “on” position. Ras mutations
are common in many types of benign
and malignant neoplasms, includ-
ing those of the thyroid, colon,
bladder, and pancreas. Point
mutations of the three ras genes
are reported in 18% to 62% of
papillary thyroid carcinoma and
with even greater prevalence in
follicular thyroid tumors (reviewed
in reference 27). Even more impor-
tant, several investigators have
proposed a role for ras mutations,
with a predilection for the subtype
K-ras, in radiation-induced thyroid
tumors. %%

The prevalence of ras mutations in
post-Chernobyl tumors was studied
in a series of 33 papillary carcinomas,
1 follicular carcinoma, and 22 benign
nodular lesions from Belarussian
children.® In contrast with previous
reports, post-Chernobyl papillary
carcinomas in children did not exhibit
mutations of N-, H-, or K-ras. There-
fore, ras oncogenes do not appear to
be mediators of radiation-induced
papillary thyroid cancer formation.
However, ras point mutations were
detected in 1/1 case of follicular carcin-
oma (N-ras codon 61 CAAZIN 5 AAAlys),
and in 3/7 follicular adenomas (N-ras
codon 61 CAAgIN CGAAE - two,
CAAgIn_,AAAlYS): presence of the
mutation suggests a possible role of
this genetic event in the origin of
follicular thyroid tumors. Indeed,
although the number of tumors
studied was small, it is conceivable
that radiation may induce at least
two distinct pathways of tumor initi-
ation, and that ras activation through
point mutations may predispose to
formation of follicular-type thyroid
neoplasms.

Absence of p53 Mutations
in Post-Chernobyl Thyroid
Cancers

The most commonly mutated gene in
human cancer is p53. The p53 pro-
tein is involved with the cell cycle
machinery, largely by its ability to
transactivate expression of genes
coding for proteins such as p21/WAF1,
which induce G1 arrest by inhibiting
cyclin-dependent kinase complexes.
In addition, p53 can help trigger a
program of apoptosis. The ability to
arrest the cell cycle and, under cer-
tain conditions, to activate a program
of cell death places p53 at a major
crossroads in the determination of
cell survival.

Levels of p53 increase after ex-
posure to agents that induce DNA
damage, such as ionizing radiation,
and certain drugs used in cancer
therapy. Presumably, p53 acts to
allow DNA repair to proceed under
more favorable conditions. However,
if the damage is severe, p53 can
initiate apoptosis so as to prevent
perpetuation of the flawed cell.
Inactivating point mutations of the
p53 tumor suppressor gene are highly
prevalent in anaplastic and poorly
differentiated thyroid tumors, but not
in well-differentiated papillary or
follicular carcinomas (reviewed in
reference 27). However, as was dis-
cussed, papillary carcinomas in children
after Chernobyl are characterized by
a high prevalence of solid growth and
other features of advanced disease.
In addition, p53 mutations have been
reported with a high frequency in
radon-associated lung cancers in
uranium miners.*®

Somatic point mutations of p53
were found in only 1/33 Chernobyl-
related papillary carcinomas: a mis-
sense mutation in exon 5 (codon 160




ATGmet_GTGval) * One tumor had a
silent mutation of unknown signifi-
cance (codon 182, TGCCcys —>TGToys),
More recently, absence of p53 muta-
tions was also reported in another
series of 34 tumors from Belarus and
Ukraine.* These data indicate that
inactivation of the p53 tumor suppres-
sor gene is not involved in radiation-
induced papillary thyroid tumor for-
mation. It should be said that, by and
large, these cancers were removed rel-
atively early in their progression. We
cannot exclude the possibility that in
the future, cancers removed at a more
advanced stage may acquire p53 muta-
tions as part of their microevolution.

Activation of ret in Post-
Chernobyl Thyroid
Cancers

Ret is an important membrane recep-
tor in cells of neuroendocrine lineage,
such as the parafollicular C cells. This
gene is not normally expressed in
thyroid follicular cells. A chromosomal
rearrangement linking the promoters
of unrelated genes to the C-terminal
fragment of ret results in the aberrant
production of a truncated form of the
receptor in thyroid cells. This chimeric
protein contains the region involved
in the transmission of the growth
signal, but it lacks the sites allowing
signal reception (igand binding) and
anchorage to the plasma membrane.
The mutant ret is then able to activate
downstream effectors in an unregu-
lated fashion.

At least three types of ret rearrange-
ments are found in human thyreid
papillary carcinomas. These are formed
by the fusion of the intracellular tyro-
sine kinase domain of the gene with
different 5’ gene fragments (Figure
6). Ret /PTC1 is formed by a para-
centric inversion of the long arm of
chromosome 10 leading to fusion

B Figure 6
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Schematic representation of the wild-type ret gene and activated forms of ret / PTC rearrange-
ments (ret/PTC1, ret/ PTC2, and ret / PTC3) in human papillary thyroid carcinomas. (EC, extra-
cellular domain; TM, transemembrane domain; TK, tyrosine kinase domain of rez). Hatched and
crossed hatched boxes indicate regions contributed by the chimeric partners of ret. Arrows
indicate the breakpoints.

B Table 1

Prevalence of ret Rearrangements in Radiation-Induced
and Sporadic Pediatric Thyroid Papillary Carcinomas

Number of
Oceurrence cases studied . ret/PTC] retiPTC2 - retiPTCS
Radiation-induced
Fugazzola et al¥ 6 0 1(17%:) 3(50%)
Klughauer et al? 12 2017%) 0 6(50%)
Nikiforov et al” 38 6(16%:) 163%) 22(58%)
Sporadic
Nikiforov et al’” 17 8&(47%) Y] 3(18%)
Bongarzone el al” g 333%) U22%) H11%)

with a gene named H4/D10S5170.%
Ret /| PTC3 is also a result of an intra-
chromosomal rearrangement and is
formed by fusion with the RFG/ELE1
gene. " Ret [ PTCZ2 is formed by a
reciprocal translocation between
chromosomes 10 and 17, resulting
in the juxtaposition of the tyrosine
kinase (TK) domain of c-ret with a
portion of the regulatory subunit of
RIa cAMP-dependent protein kinase
A% In all cases, the truncated frag-
ment of ret lacks the transmembrane

domain, and the aberrant protein is
located within the cytosol.*® The ex-
pression of this chimeric product is
driven by the respective promoters of
the genes upstream of the rearrange-
ment. Rearrangements of ret are
found in less than half of papillary
carcinomas in the adult population
(reviewed in reference 40).

By contrast, a high prevalence of
ret rearrangements has been reported
in post-Chernobyl papiliary carcin-
omas'®* (Table 1). Three separate
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8 Table 2

Prevalence of ret Rearrangements in Morphological
Variants of Pediatric Papillary Carcinomas®

Morphological Number

Variant of cases ret/PTC T ret/PTCS ret/iPTC3
Typical papillary 21 8 (38%) 1 (5%} 4 (19%)
Solid and mized 17 I (6%) G 14 (82%;

* Modified from Nikiforov et al®

studies analyzed a total of 56 cases,
73% of which were positive for one of
the three types of ret/ PT'C. Prevalence
of ret | PTC may be even higher amid
this population, since some tumors
appeared to have ret/ PTC3 variants
that were not resolved with the
initial screening strategies. 5434

How do the findings in the pedia-
tric thyroid carcinomas consequent to
Chernobyl compare to papillary can-
cers from unexposed children? The
ideal “nonexposed” control popula-
tion should be matched for age, sex,
and ethnicity and geographical area.
Such comparison was not feasible
because of the very low prevalence of
pediatric thyroid cancer in Belarus
before 1986, and because of the diffi-
culty in accessing suitable samples.
We therefore examined thyroid carcin-
omas arising in age-matched children
from Cincinnati and Los Angeles.**
Interestingly, the prevalence of ret
rearrangements was very high in both
radiation-exposed and sporadic cases,
but the frequency of specific types of
rearrangement was significantly
different (see Table 1). The dominant
chimeric gene in the radiation-induced
tumors was ret/PTC3, whereas
ret { PTC1 was more common in the
sporadic cancers. Similar data on pre-
dominance of ret / PT'C1 over ret | PTC3
in sporadic pediatric thyroid carcino-
mas has been reported in Italian
children and adolescents younger
than 19 years,* indicating that

regional variations are not a likely
explanation for the predilection for
ret /PTC1 in cancers arising in the
absence of documented radiation
exposure.

These data indicate that radiation
exposure may favor formation of a
particular fusion gene (ie, ret / PTC3
over ret/PTC1I), and they raise the
question of whether this predilection
has any phenotypic consequences.
Interestingly, morphological variants
of papillary carcinoma showed differ-
ences in prevalence of the specific
types of ret rearrangement (Table 2).®
Solid variant tumors had a striking
preponderance of ret/ PT'C3, whereas
ret /PTC1 was associated more com-
monly with typical papillary carcin-
omas both in radiation-induced and
sporadic groups. Although both the
ret/PTC1 and ret/PTC3 gene
products result in overexpression of
the tyrosine kinase domain of the ret
receptor, they differ in the structure
of the N-terminus (donated by the
respective partner in the chimera)
and, presumably, in the activities of
the promoters of the H4 and elel
genes that drive expression of the
fusion protein (see Figure 6). Further
support for the concept that the differ-
ent ret fusion genes may have distinct
functional properties is provided by
preliminary evidence that ret/PTC3-
positive tumors may have more
aggressive growth characteristics.*

It remains unclear whether ret

rearrangements are a direct result of
radiation-induced DNA damage or if
they occur later in the evolution of the
neoplastic clone. Occurrence of ret/
PTCI rearrangements has been
demonstrated in cultured human un-
differentiated thyroid carcinoma and
fibrosarcoma cells harvested 48
hours after x-irradiation with 50 and
100 Gy.* However, these data were
obtained in vitro on clonal carcinoma
cell lines that presumably have a
fairly unstable genome, after expo-
sure to very high levels of radiation,
and it is premature to extrapolate
these findings to the in vivo setting.

Cancer Susceptibility and
Radiation Exposure

Although exposure of children in the
affected territories was widespread,
only a minority was affected with thy-
roid cancer with the unusually short
latency described here. The explan-
ations for this are likely to be complex
and may include differences in indivi-
dual susceptibility to carcinogenic
effects of radiation. Several cases
were reported in siblings, reflecting
either higher levels of exposure or a
familial predisposition to neoplasia.®
Well-recognized human genetic dis-
orders, such as ataxia-telangiectasia,
xeroderma pigmentosum, and tricho-
thiodystrophy, are characterized by
defective DNA repair and increased
sensitivity to ionizing and/or ultra-
violet (UV) radiation.”

As mechanisms controlling mam-
malian DNA repair become better
understood, perhaps other, subtler
defects conferring genetic predisposi-
tion to radiation-induced neoplasia
will be discovered. If so, the experi-
ence of the Chernobyl population may
prove to be particularly informative in
this regard.




Lessons From the
Chernobyl Experience

Recent disclosures indicate that a sig-
nificant segment of the US population
was exposed to radioiodines by the
series of nuclear bomb explosions at
the Nevada test site in the 1950s.”
Predictions of excess relative risk of
thyroid cancer vary but may prove to
be significant. However, at present it
is not possible to determine whether
individual tumors arose as a result
of radiation or as sporadic events.

By contrast, the accident at
Chernobyl has resulted in the most
clearly defined epidemiological con-
nection between radiation exposure
and solid tumor formation in humans;
all but a few cases of cancer in this
population are likely to have been
directly caused by the nuclear catas-
trophe. It will be interesting to deter-
mine whether some of the character-
istics of the post-Chernobyl tumors
(ie, high prevalence of solid variant
papillary carcinomas, predilection for
ret | PTC3 rearrangements) are truly
signature events of radiation-induced
tumors and whether they apply to
thyroid cancers arising in other radi-
ation-exposed populations.
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