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The main consequence of the Chernobyl accident has been an
increase in papillary thyroid carcinomas (PTCs) in those exposed to
radioactive fallout as young children. Our aim was to identify
genomic alterations that are associated with exposure to radiation.
We used array comparative genomic hybridization to analyze a
main (n = 52) and a validation cohort (n = 28) of PTC from patients
aged <25 y at operation and matched for age at diagnosis and
residency. Both cohorts consisted of patients exposed and not exposed to radioiodine fallout. The study showed association of a gain
on chromosome 7 (7q11.22–11.23) with exposure (false discovery
rate = 0.035). Thirty-nine percent of the exposed group showed
the alteration; however, it was not found in a single case from
the unexposed group. This was conﬁrmed in the validation set.
Because only a subgroup of cases in the exposed groups showed
gain of 7q11.22–11.23, it is likely that different molecular subgroups and routes of radiation-induced carcinogenesis exist. The
candidate gene CLIP2 was speciﬁcally overexpressed in the exposed cases. In addition, the expression of the genes PMS2L11,
PMS2L3, and STAG3L3 correlated with gain of 7q11.22–11.23. An
enrichment of Gene Ontology terms “DNA repair” (PMS2L3, PMS2L5),
“response to DNA damage stimulus” (BAZ1B, PMS2L3, PMS2L5,
RFC2), and “cell–cell adhesion” (CLDN3, CLDN4) was found. This
study, using matched exposed and unexposed cohorts, provides
insights into the radiation-related carcinogenesis of young-onset
PTC and, with the exposure-speciﬁc gain of 7q11 and overexpression
of the CLIP2 gene, radiation-speciﬁc molecular markers.
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I

onizing radiation is a major known risk factor for thyroid cancer
and particularly for papillary thyroid carcinoma (PTC), which is
the most common cancer type of the thyroid gland. Both external
and internal radiation exposures due to medical therapeutic
schemes and accidental events, such as nuclear reactor accidents,
have been shown to lead to an increased thyroid cancer risk (1).
The most recent evidence for such an association between radiation exposure and an increased thyroid cancer risk comes from
the Chernobyl power plant accident in 1986, which resulted in an
excess of childhood PTC in regions of Ukraine, Belarus, and
Russia contaminated by the radioiodine fallout (2). To date, PTC
has developed in more than 4,000 individuals who were children
or adolescents at the time of exposure. Thus, young age at exposure is a signiﬁcant risk factor for the development of radiationinduced PTC. The Chernobyl Tissue Bank (CTB) has provided
a systematic collection of thyroid tumors from those resident in
the contaminated regions of Ukraine and Russia since 1998 (www.
chernobyltissuebank.com). The CTB collection now also includes
a substantial number of thyroid tumors from those who were
conceived more than 3 mo after the accident and were therefore
not exposed to radioiodine either in utero or in early childhood.
It is crucial for any study of genetic factors that might be involved
www.pnas.org/cgi/doi/10.1073/pnas.1017137108

in the development of radiation-associated PTC that appropriate
tumor, sex, and age-matched cohorts with exposed cases and
nonexposed individuals for comparison are used. This approach
minimizes variability in the study that results particularly with
respect to age at diagnosis. Studies of early Chernobyl-related
tumors by several groups found that a very high proportion
showed RET rearrangements, predominantly RET/PTC3 (3–6).
It was speculated that this rearrangement might be a marker
for radiation-induced tumors (7). However, more recent papers
have suggested that this may be related more to the young age of
the patients in the study, because frequent RET/PTC rearrangements have also been observed, with similar prevalence, in sporadic papillary carcinomas from children and young adults (8, 9).
These ﬁndings may therefore reﬂect more the association between the solid morphological subtype with RET/PTC3 rearrangement and the age of the patient at diagnosis, rather than the
etiology of the tumor (5, 10). In addition, the level of RET/PTC
expression in PTC has been shown to be highly variable as a result
of heterogeneous distribution of RET/PTC within a particular
tumor (11–14). This suggests that rearrangement of the RET
oncogene may not be an initiating event and, therefore, the
presence of a high frequency of this alteration is not directly
linked to radiation exposure. Further studies have shown that
PTCs diagnosed in childhood also show a much lower frequency
of mutation of the BRAF oncogene, the most common molecular
feature of adult-onset PTC (8, 15, 16). Taken together, the data
from the previous studies suggest that childhood PTCs differ
signiﬁcantly from their adult counterparts and provide a strong
motivation to search for gene alterations as alternative drivers of
thyroid tumorigenesis in general and for radiation-speciﬁc DNA
changes in Chernobyl-related PTC in particular. For this purpose, a genome-wide screening approach for the detection of
somatic copy number alterations (CNAs) was used. PTCs of
differing etiology and occurring at different ages have already
been analyzed using array comparative genomic hybridization
(CGH) to identify additional genomic changes in RET/PTCpositive tumors (17). We applied the same strategy to a cohort of
52 PTCs from patients who were matched for age at diagnosis
and ethnicity, consisting of 33 PTCs from patients who were
young at the time of exposure (median 1.3 y) and 19 PTCs from
unexposed patients, who were born when the environment was
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Table 1. Characteristics of the discovery and validation set
Exploratory set
Characteristic
No. of cases
Age at exposure (y)
Age at operation (y)
Tumor size (cm)
BRAF V600E
RET/PTC
Lymph node positive

Validation set

Exposed

Not exposed

Exposed

Not exposed

33
1.26 (0.095–4.04)
16.87 (13.99–18.99)
2.0 (0.7–5.0)
5/27 (18.5)
15/28 (53.6)
20/33 (60.60)

19
NA
14.15 (7.70–18.66)
1.8 (0.6–7.5)
3/15 (20)
13/19 (68.4)
11/19 (57.89)

16
2.55 (0.29–8.33)
19.83 (16.37–24.55)
1.5 (0.5–3.8)
5/15 (33.33)
5/12 (41.67)
7/16 (43.75)

12
NA
16.82 (11.01–20.65)
2.45 (0.8–3.8)
3/10 (30)
1/8 (12.5)
7/12 (58.33)

Values are median (range) or n (%).

no longer contaminated with radioiodine (i.e., more than 9 mo
(equal to ≈33 half-lives of radioiodine) after the accident). A
second, independent cohort of 28 PTC cases (16 exposed and 12
unexposed cases) was used to validate the previous ﬁndings of
CNAs. The overall aim of this study was to identify genomic
CNAs that are associated with exposure to ionizing radiation on
an age- and residence-matched cohort of radiation-exposed and
unexposed PTC.
Results
RET/PTC Status, Lymph Node Status, and Tumor Size Separate Copy
Number Proﬁles After Unsupervised Hierarchical Clustering. We an-

alyzed genomic CNAs in PTCs from 52 patients. The RET/PTC
expression status, BRAF mutation status, and the patients’ demographic and clinical data are brieﬂy summarized in Table 1
and in full in Table S1. The overall copy number changes of the
52 PTC cases are shown in Fig. 1. In general, DNA gains (n =
81) were more frequent than DNA losses (n = 63). Five regions
on chromosomes 1, 3, 4, and 12 were lost, and six regions on
chromosomes 12, 19, 20, and 22 were gained in all cases investigated. Hierarchical cluster analysis (Fig. S1) separated the
array CGH proﬁles into two main clusters, 1 (n = 23) and 2 (n =
29). Cluster 2 was subdivided into two subclusters, 2-1 (n = 14)
and 2-2 (n = 15). Cluster 1 contained signiﬁcantly more RET/
PTC-positive cases compared with cluster 2 (P = 0.0096). Large
tumors (pT2 and pT3) were associated with cluster 1 (P =
0.00087). Tumors that have metastasized to local lymph nodes
(N1) were predominant in cluster 1 and cluster 2-2 (P = 0.04).
Estimation of Irradiation Dose and Proportion of Radiation-Induced
Tumors. Estimated dosimetry data were used because no in-
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dividual dose measurements of the patients were available. The
average thyroid dose of the patients was calculated using county-

speciﬁc doses that were estimated for inhabitants that were born
between 1968 and 1985 (18). Because the patients included in this
study were considerably younger (age at the time of exposure, ≈2
y) than the birth cohort 1968–1985, the estimated thyroid dose
was corrected by a factor of 2 (19). The resulting average dose for
the patients was ≈150 mGy. An excess relative thyroid cancer risk
of 6.5 for these patients was calculated using an estimation curve
published in a study by Jacob et al. (19). Consequently, the estimated proportion of patients with radiation-induced PTC in our
study was ≈85%.
CNAs Associated with Tumor Size and Sex. Univariate supervised
analysis showed associations [false discovery rate (FDR) <0.05;
Table S2] of CNAs with tumor size (gain of 1q21.1–23.3, 7q22.1,
9p24.3, 10p15.3–15.1, 10q26.13–26.3, 11p11.12-cen, 12q24.11–24.23,
and 16q22.1–23.3) and sex of patients (loss of 5q23.3–31.3).
Candidate genes located in the altered regions were selected on
the basis of their reported functional role or association with
cancer risk in the literature and are summarized in Table S3.
Correlation analysis (Spearman) showed that tumor size and age
at operation are independent variables (P = 0.58 and ρ = −0.05).
Therefore, age can be excluded as an underlying factor for the
CNAs that were found to be associated with tumor size.
CNA Associated with Exposure to Radioiodine. A DNA gain on
chromosome 7 (7p14.1-q11.23, 32.1 Mb in size) was exclusively
associated with a subgroup of patients exposed to the radioiodine
fallout (univariate supervised analysis; FDR <0.05; Fig. 1 and
Table S2). The alteration was present in 13 out of 33 cases from
the exposed group and in none of the cases from the unexposed
group (P = 0.0015, FDR = 0.035). This ﬁnding was veriﬁed by
array CGH analysis of an independent validation set consisting of
28 PTC cases (16 exposed and 12 unexposed; Table 1 and Table S4).

Fig. 1. Frequency plots of copy number changes in the unexposed (Upper) and exposed (Lower) cases. The green bars (starting from the top) represent the
frequencies (proportion of cases) showing a copy number gain at the according position in the genome, whereas the red bars (starting from the bottom)
represent the frequencies of copy number losses. The blue frame points out the copy number gain on chromosome 7 that is only present in the exposed cases
and that is associated with radiation exposure.
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Validation of the Gain on Chromosome Band 7q11 by FISH. The copy
number gain of chromosome 7q11.22–11.23 was investigated further by FISH on formalin-ﬁxed, parafﬁn-embedded tissue sections
of the same PTC cases used for array CGH analysis and was
conﬁrmed in all cases analyzed. FISH conﬁrmed gain of 7q11.22–
11.23 that was found by array CGH in 17 of the exposed cases
(signal to reference ratio: 3/2; Fig. S2), whereas cases with normal
copy number of the region in array CGH (n = 11, 6 exposed and 5
unexposed cases) also showed normal copy number of the region
after FISH (signal to reference ratio: 2/2).
Assessment of Expression of the Candidate Genes of the Chromosome
Region 7q11.22–11.23 by Quantitative RT-PCR. To assess whether the

gain in copy number of 7q11.22–11.23 also resulted in an increased expression at the mRNA level, quantitative RT-PCR
(qRT-PCR) was performed on the key genes located in the gained
region (CLDN3, CLDN4, CLIP2, LIMK1, PMS2L2, PMS2L3,
PMS2L11, RFC2, and STAG3L3). Expression levels in tumors
harboring the gain were compared with those with a normal copy
number at this region. The mRNA expression of three out of the
nine genes (PMS2L11, PMS2L3, and STAG3L3) was signiﬁcantly
elevated in cases showing the gain (P < 0.05). The genes LIMK1
and PMS2L2 showed twofold increased expression in the gained
cases compared with those not showing the gain (Fig. S3 and
Table 2). CLIP2 was the only gene to show signiﬁcantly elevated
mRNA expression between the exposed and nonexposed groups,
irrespective of the gain of 7q11 (P = 0.04; Fig. S4 and Table 2).
Characterization of the Gain on Chromosome Band 7q11 by HighResolution Array CGH. To characterize the radiation-associated

gain of 7q11.22–11.23 in more detail, three of the cases that
showed the copy number gain were analyzed using high-resolution
oligo array CGH. The Agilent 180-k arrays that were used give a

theoretical resolution of 17 kb, whereas 1-Mb bacterial artiﬁcial
chromosome (BAC) arrays only allow copy number typing at a
resolution greater than 1000 kb. Fig. 2 illustrates the results of the
oligo array CGH analysis. The gain of 7q11.22–11.23 was conﬁrmed in all three cases analyzed. The position of breakpoints
ﬂanking the gained region varied slightly between the three cases,
whereas the consensus region of the gain (7:73096427–76001049,
2.9 Mb) is approximately 1.4 Mb smaller than the consensus region
found by BAC array CGH. This is due to an uncertainty interval of
approximately 1 Mb in BAC array CGH, whereas that of highresolution array CGH proﬁles is much narrower. However, the
consensus region found by high-resolution array CGH covers the
core of the BAC array CGH consensus region and hence conﬁrms
the BAC array results at a much higher resolution.
Association of the Gain on Chromosome Band 7q11 with Clinical
Characteristics. The gain of chromosome band 7q11 was not as-

sociated with any clinical characteristics of the patients such as
sex, lymph node status, tumor size, morphological subtype, RET/
PTC, or BRAF mutation status. The only association that was
identiﬁed was gain of the region with exposure to radiation.
Discussion
In this study we describe genomic CNAs in two age-matched
cohorts of PTC from young patients who were either exposed or
not exposed to the radioiodine contaminated fallout from the
Chernobyl accident. There is evidence from several studies that
radiation exposure alters gene expression during the carcinogenic
process by the induction of CNAs, even at low doses of radiation
(20). However, direct linkage of speciﬁc genetic changes to radiation exposure in cancers that have arisen many years after the
exposure to radiation is a challenge, because although radiationinduced effects such as an increased incidence of cancer can be
clearly detected in an exposed population, in an individual cancer
they may be hidden among a number of non–radiation-associated
changes. The only way to tease out the radiation-induced changes
is to use cohorts of closely matched cancer cases to minimize the
number of variables for which genetic effects are known (e.g., age,
sex, and ethnicity). For thyroid cancer, it is well established that
age has a signiﬁcant inﬂuence on the molecular biology of the
tumors. This is evidenced by data showing that the prevalence of
the type of RET rearrangement varies with the average age of
patients, with RET/PTC3 being more common in children and
RET/PTC1 being more common in adults (5, 9, 21). There are
also age-speciﬁc changes in the predominant pathomorphology
of PTCs; hence the solid subtype of PTC is more common in

Table 2. Summary of results of qRT-PCR analysis of the candidate genes from the gained region on 7q11.22–11.23
Gene

Function

mRNA gene expression

P value

CLDN3: 0.9; CLDN4: 1.5

0.733; 0.078

LIMK1: 2.4

0.078

PMS2L2: 4.8; PMS2L3:
2.1; PMS2L11: 4.9
STAG3L3: 1.8

0.256; 0.027;
0.037
0.042

RFC2: 1

0.886

CLIP2: 1.5

0.039

†
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Comparison, exposed/gain* with exposed/no gain
CLDN3‡ CLDN4‡
Integral membrane proteins, components of tight junction strands;
overexpressed in various human tumors (32–36)
LIMK1
LIM kinase, regulates actin dynamics (accurate spindle orientation);
role in tumor-cell invasion and metastasis (47–49)
PMS2L2, PMS2L3§,¶,
Belong to family of PMS2-related genes; highly conserved motifs among
PMS2L11
MutL proteins, suggesting a role in DNA mismatch repair (40–42, 57)
STAG3L3
Stromal antigen 3-like 3, encodes a protein of as yet unknown function
Comparison, exposed with nonexposed
RFC2¶
Part of protein complex required for DNA replication and repair;
ampliﬁed in glioblastomas and colorectal carcinomas (54, 55, 58)
CLIP2
Cytoplasmic linker protein, links organelles to microtubules;
ampliﬁed in glioblastomas and colorectal carcinomas (50, 54, 55)

Fold-changes greater than 1.5 and signiﬁcant P values (<0.5) are in bold.
*Exposed/gain: cases from the exposed group that showed DNA gain on chromosome 7q11.22–11.23 on array CGH.
†
Exposed/no gain: cases from the exposed group that showed no DNA gain on chromosome 7q11.22–11.23 on array CGH.
‡, §, ¶
Genes linked to signiﬁcantly enriched GO terms (P < 0.05) ‡”cell-cell adhesion,” §”DNA repair,” and ¶”response to DNA damage stimulus.”
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Supervised analysis found a smaller proportion of the alteration
(7q11.22–11.23, 4.3 Mb in size; Table S2) associated with exposure to radioiodine fallout (P = 0.024; 6 out of 16 exposed cases,
none out of 12 unexposed cases) in the validation set. LIMK1,
RFC2, CLIP2, CLDN4, and CLDN3 were identiﬁed as tumor
associated-candidate genes located on chromosome 7q11.22–
11.23. Analysis of the genes mapped on chromosome 7q11.22–
11.23 (68 Ensembl annotated genes) revealed signiﬁcant enrichment of Gene Ontology (GO) terms associated with DNA
repair (PMS2L3 and PMS2L5; P = 0.047), response to DNA
damage stimulus (BAZ1B, PMS2L3, PMS2L5, and RFC2; P =
0.034), and cell–cell adhesion (CLDN3 and CLDN4; P = 0.041).
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Fig. 2. High-resolution oligo array CGH proﬁles of PTCs UA0886T (A), UA0771T (B), and UA0905T (C), which were positive for gain of 7q11.22–11.23. (D and
E) Copy number proﬁles (1 Mb) of case UA886T, which is positive for gain of 7q11.22–11.23, and of UA1053T, which is not gained in 7q11.22–11.23. The black
dotted lines mark the gain on chromosome 7q11.22–11.23, as identiﬁed after 1-Mb array CGH and the gray area the consensus region of the gain after oligo
array CGH. The high-resolution array CGH proﬁles show varying positions of breakpoints ﬂanking the gain, whereas the consensus region covers the core of
the gained region identiﬁed by BAC array CGH. The gap (≈280 kb) within the gained region of the 180-k proﬁles relates to the array design, which does not
cover this particular region.

younger cohorts and the follicular and papillary subtypes in older
cohorts (22, 23). Previously published studies suggesting a radiation gene expression signature in post-Chernobyl cases (24, 25)
therefore need careful interpretation, because the nonirradiated
comparator population is usually drawn from an adult series of
PTCs instead of childhood cases. We therefore aimed to identify
radiation-speciﬁc CNAs in PTCs by directly comparing agematched tumor cohorts, for which the main difference between
them was exposure to radioiodine fallout. The systematic collection of thyroid cancers through the CTB project has enabled us to
select appropriately matched cohorts of patients.
Unsupervised clustering of copy number proﬁles separated the
cases into two main groups that correlated with the RET/PTC
status of tumors, tumor size, and lymph node status. These ﬁndings indicate that the CNAs correlate with the morphological and
molecular phenotypes of the investigated cases. The various copy
number changes that are present in addition to the RET/PTC
rearrangement in RET/PTC positive cases concur with the ﬁndings of previous studies reporting that RET/PTC only occurs in
a subset of tumor cells and therefore is unlikely to be the only
driver of PTCs (12, 13, 26). Many of the CNAs described in this
study have already been described in PTCs from children in one of
our previous studies (17) (Table S5).
The main ﬁnding of the study is that, in addition to the association of CNAs with the above-mentioned tumor phenotypes,
a chromosomal gain of 7q11.22–11.23 is associated with tumors
from patients exposed to radioiodine in fallout from the Chernobyl accident. This result was conﬁrmed in a second independent
set of tumors by array CGH and by FISH in a subset of cases in
which up to 24% of tumor epithelial cells of individual cases
showed the alteration. The gain on 7p14.1-q11.23, which was
originally found to be associated with exposure to radiation in the
main data set, was narrowed down to a smaller region on 7q11.22–
11.23 after analysis of CNAs in the validation set. The gain was
shown to be absent in all unexposed cases from both tumor sets
9598 | www.pnas.org/cgi/doi/10.1073/pnas.1017137108

and was exclusively present in approximately one third of the
exposed cases from both tumor sets and thus seemed to be very
robust. Our results suggest that the group of exposed cases is, in
fact, composed of a number of molecular subgroups. These subgroups show both inter- and intratumor heterogeneity with respect to copy number gains and losses, and therefore it is likely
there is more than one molecular route associated with radiationinduced carcinogenesis. It is assumed that a critical event that is
required to initiate genomic ampliﬁcation is a DNA doublestrand break, which is instantly followed by the formation of a
large so-called DNA palindrome (27). Although double-strand
breaks are induced even at very low doses of radiation (28), the
subsequent misrepair of primary DNA lesions may vary in a dosedependent manner, thus leading to different genomic phenotypes
deﬁned by CNAs and chromosomal rearrangements.
The frequency of sporadically occurring PTCs in young people
is on the order of 1.5 per million per year (29), and the increase
in this age group after Chernobyl is on the region of 100-fold (2).
Moreover, the estimated proportion of radiation-induced PTCs
in our study is ≈85% (18, 19). Thus, it is unlikely that there were
a signiﬁcant number of sporadic PTCs among the exposed group
of our study. Moreover, exposed and nonexposed tumors were
matched, as far as possible, for as many parameters that could
potentially bias the results, such as age, residency, and RET/PTC
status, and thus it seems reasonable to propose that copy number
gain of 7q11.22–11.23 represents a marker for exposure to radiation. To substantiate this observation, this study needs to be
validated by typing of cases from a larger independent validation
set, matched for the same criteria as used in the present study,
and which, in addition, incorporates detailed data on individually
received dose of irradiation and on latency of tumors.
Enrichment analysis of GO terms associated with the genes of
the gained region on chromosome band 7q11 revealed the terms
“DNA repair,” “response to DNA damage stimulus,” and “cell–
cell adhesion” (Table 2). This suggests deregulation of DNA reHeß et al.

Materials and Methods
Patient Data and Tumor Tissues. For this study a frequency-matched case–
control design (56) was used, and sequential cases of PTC who were born
after ﬁrst January 1987 (nonexposed) were identiﬁed from the CTB database. For inclusion in the Genrisk-T cohort, these cases must have frozen
tissue available for extraction of RNA and DNA from both normal and tumor
tissue and be resident in one of the following areas of Ukraine (receiving an
average thyroid dose of 40–120 mGy): Zhytomir, Cherkasse, Chernigov, Kiev,
Rovno, or Sumy. Cases were matched as closely as possible on residency, age
at operation, and sex to cases of PTC born before April 26, 1986 (exposed).
Experimental Procedures. DNA from tumors of the discovery and validation
cohort was analyzed by BAC array CGH. After primary data analysis the data
were subjected to unsupervised hierarchical cluster analysis. To check
whether CNAs are associated with radiation exposure or clinical features of
the patients, supervised univariate testing was conducted. Selected alterations found by array CGH were validated by FISH on formalin-ﬁxed parafﬁnembedded sections of the same cases analyzed by array CGH. Three of the
cases that showed a gain that was found to be associated with exposure to
radiation and one case that did not show the gain were further characterized
by high-resolution array CGH. Moreover candidate genes were tested for
differential expression in the groups of cases. A detailed description of the
experimental procedures can be found in SI Materials and Methods.
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pair processes and subsequent chromosomal instability, which is
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genes associated with DNA damage response. Therefore, those
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to reﬂect response to the DNA-damaging radiation the patients
were exposed to. Further, deregulated cell–cell adhesion is an
important feature of malignant cells (31), leading to tumor invasion and metastasis. The genes CLDN3 and CLDN4, located on
chromosome 7q11.22–11.23, are associated with the GO term cell–
cell adhesion and have already been reported to be overexpressed
in various human tumors (32–36). qRT-PCR analysis of nine genes
located on chromosome 7q11.22–11.23 revealed signiﬁcantly elevated mRNA expression of the three genes PMS2L11, PMS2L3,
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compared with those that did not show the gain. This correlation
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