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Abstract

One of the major consequences of the 1986 Chernobyl reactor accident was a dramatic increase in papillary thyroid

carcinoma (PTC) incidence, predominantly in patients exposed to the radioiodine fallout at young age. The present study is
the first on genomic copy number alterations (CNAs) of PTCs of the Ukrainian-American cohort (UkrAm) generated by array
comparative genomic hybridization (aCGH). Unsupervised hierarchical clustering of CNA profiles revealed a significant
enrichment of a subgroup of patients with female gender, long latency (>17 years) and negative lymph node status. Further,
we identified single CNAs that were significantly associated with latency, gender, radiation dose and BRAF V600E mutation
status. Multivariate analysis revealed no interactions but additive effects of parameters gender, latency and dose on CNAs.
The previously identified radiation-associated gain of the chromosomal bands 7q11.22-11.23 was present in 29% of cases.
Moreover, comparison of our radiation-associated PTC data set with the TCGA data set on sporadic PTCs revealed altered
copy numbers of the tumor driver genes NF2 and CHEK2. Further, we integrated the CNA data with transcriptomic data that
were available on a subset of the herein analyzed cohort and did not find statistically significant associations between the
two molecular layers. However, applying hierarchical clustering on a ‘BRAF-like/RAS-like’ transcriptome signature split the
cases into four groups, one of which containing all BRAF-positive cases validating the signature in an independent data set.

Introduction

One of the major consequences of the 1986 Chernobyl nuclear
accident to human health was a dramatic increase in thyroid
cancer incidence among those who were children or adolescents
at the time of exposure (1,2). Several studies clearly related this
increase to radioiodine exposure (mainly I-131) from the reactor
accident (3-7). Numerous genomic studies on post-Chernobyl
papillary thyroid carcinomas (PTCs) have been published so far.
A study by Unger et al. (8) has shown intratumoral heterogene-
ity of RET/PTC rearrangements in post-Chernobyl PTCs suggest-
ing either a multiclonal origin of the tumors or RET/PTC being
a late subclonal event. A comparative study on global genomic

copy number alterations (CNAs) in two age-matched cohorts of
post-Chernobyl PTCs and sporadic PTCs revealed a radiation-
specific genomic copy number gain of the chromosomal bands
7q11.22-11.23, which was exclusively detected in exposed cases
by array comparative genomic hybridization (aCGH) (9). Further,
a significant mRNA overexpression of the CLIP2 gene, located
in the gained band, was shown (9). Among others, the largest
cohort of subjects who were exposed to the radioiodine-contam-
inated fallout from the Chernobyl accident under the age of 18
is the so called Ukrainian-American (UkrAm) cohort (10), which
was established by the US National Cancer Institute and the
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Abbreviations

aCGH array comparative genomic hybridization
AaE age at exposure

AaO age at operation

CNA copy number alteration

PTC papillary thyroid carcinoma

UkrAm Ukrainian-American cohort

Ukrainian National Academy of Medical Sciences (11). All subjects
of this cohort received direct thyroid I-131 measurements within
2 months after the accident, which built the basis for calculating
individual dose estimates. Along with comprehensive epidemio-
logical data available, UkrAm represents an excellent cohort for
the investigation of radiation-associated thyroid cancer risk. As
a result of four screening examinations conducted between 1998
and 2007 on ~13 000 subjects a total number of 110 thyroid can-
cer cases were detected, the majority of which were PTCs (11).
Dose estimates for the entire UkrAm cohort showed an arithme-
tic mean of 0.68 Gy, a geometric mean of 0.23 Gy, and a lognor-
mal distribution (12,13). At present, there are two transcriptomic
studies on the UkrAm cohort published by Abend et al. (14,15)
describing dose-dependent mRNA expressions in normal tissue
and tumor tissue, respectively. However, so far no comprehensive
studies on the genomic level have been conducted on the UkrAm
cohort. Hence, the present study on global genomic copy num-
ber changes in PTCs from patients of the UkrAm cohort comple-
ments the existing studies. The main aim of this study was an
explorative investigation of CNAs in 84 PTCs of the UkrAm cohort
and of possible associations with clinical parameters and patient
data including individual dose estimates. The results provide the
basic knowledge required for an integration of molecular data on
radiation-associated PTCs into epidemiology-based modeling of
radiation-associated papillary thyroid cancer risk.

Material and methods

Patient and tissue samples

We analyzed the tumor samples from 84 PTC patients of the Ukrainian—
American cohort (UkrAm). The tissue samples were collected by the
Chernobyl Tissue Bank after surgical removal of the thyroid gland due
to PTC diagnosis (11). The Chernobyl Tissue Bank pathology panel exam-
ined all PTC tissues that were provided by the Chernobyl Tissue Bank. The
entire UkrAm cohort comprises 13 243 persons from the Ukraine who
were younger than 18 years at the time of the Chernobyl nuclear accident
in April 1986. From all members, an individual direct thyroid dose meas-
urement was conducted within 2 months after the accident. Individual
doses were estimated and published by Likhtarov et al. (12). Between 1998
and 2008, 110 thyroid cancers were diagnosed, including 104 PTCs.

DNA and RNA samples

Prior to nucleic acid extraction, all FFPE tissue sections were macrodissected in
order to maximize the proportion of tumor cells in the analyzed tissues. The
resulting cellularities, i.e. proportion of tumor cells per tissue ranged between
50 and 90%. All DNA and RNA samples analyzed in this study were extracted
from formalin fixed paraffin embedded (FFPE) tissue sections, using the Qiagen
AllPrep DNA/RNA FFPE kit (Venlo, Netherlands) according to the manufactur-
er’s protocol. Quantification of the nucleic acid samples was conducted with a
NanoDrop spectrophotometer (Thermo scientific, Waltham, MA).

BRAF V600E mutation and RET/PTC rearrangements

Data on the BRAF V600E mutation status and RET/PTC rearrangements
were included as published by Selmansberger et al. (16). Additional data
summarized in Leeman-Neill et al. (17) were added for individual cases
after personal communication with Prof. Yuri Nikiforov (Division of
Molecular Genomic Pathology, University of Pittsburgh).

aCGH analysis and hierarchical clustering

aCGH profiles were generated using Agilent Sure Print 60K oligo microar-
rays (Agilent, Santa Clara, CA, AMADID 021924). DNA labeling and purifica-
tion was carried out as described by Hess et al. (9). Quality of labeled DNA
was assessed by determining the ‘specific labeling efficiency’, which had to
exceed incorporation of a minimum of 15 pmol dye per pg DNA and the
labeling yield which had to be greater than 1 pg. A detailed description of
the QA measures applied is given by Buffart et al. (18). Hybridization and
washing of arrays and extraction of raw data was performed according to
the manufacturer’s protocol. Raw data quality assessment, data preproc-
essing and subsequent generation of copy number profiles were performed
using the statistical platform R and the MANOR, CGHbase, CGHcall (provided
with cellularities from histology data) and CGHregions packages, available
from Bioconductor (19-22). A detailed description of data preprocessing and
data analysis can be found in [23]. Unsupervised hierarchical clustering
of the obtained aCGH profiles was performed on copy number calls using
Euclidean distance and was visualized using an in-house written function.

Gene expression data

Genome wide gene expression profiling data were generated using Agilent
44K oligo microarrays by the Bundeswehr Institute of Radiobiology and
raw data were provided in personal communication (14). Details are
described by Abend et al. (14). Quality assessment and preprocessing of
the mRNA expression data was carried out using the statistical platform R
and the limma package and the Agi4x44PreProcess package available from
Bioconductor (Lopez-Romero; Smyth, 2005). A total number of 31 UkrAm
cases were included in the data set, while 23 of which also were present
in our aCGH data set which allowed systematic integration of the two
data layers. The gene expression data set was subjected to unsupervised
hierarchical clustering using 59 genes out of the 71 ‘BRAF-like’-signature
genes as published in a large study (n = 391) on sporadic PTCs (24).

Association of genomic CNAs with clinical data

Univariate testing

The initial association testing was performed using the CGHtest approach
(http: //www.few.vu.nl/~mavdwiel/CGHtest.html (25)), that is based on per-
mutation t-testing. We conducted our calculations with 10 000 permutations.
All available clinical data [i.e. age at exposure (AaE), age at operation (AaO),
latency, histological subtype, TNM status, thyroid dose) were tested for asso-
ciations with CNAs. For continuous variables such as age or thyroid dose,
fixed thresholds were used for dichotomization and the resulting groups
were subsequently tested for significant differences in the frequency of copy
number changes for each region. The thresholds for the parameter latency
was set to 17 years, which is in accordance with the median (16.6 years) and
mean (17.4 years) latency of the investigated samples. Thresholds of 5 years
for AaE and 20 years for AaO were taken from Selmansberger et al. (26). For
the association with thyroid dose, three groups were formed according to
Abend et al. (15), i.e. a low-dose group (<300 mGy), an intermediate dose
group (300-1000 mGy) and a high dose group (>1000 mGy).

Multivariate testing

A substantial overlap of significantly associated regions between the
parameters dose, gender and latency was the motivation to assess the
statistical interactions between these variables. The multivariate analysis
was conducted using a logistic two-way model for the binary variable Y
(gain versus no-gain/loss versus no-loss). For this purpose, the model Y
~A + B+ A+ B (model 1) was tested, were Y is the dependent variable
(i.e. occurrence of the CNA), A and B are the two parameters, and A*B is
the interaction of the two parameters. Significance of the A*B interaction
term was tested by the comparison of the pure additive model Y ~ A + B
(model 2) to the full model 1 (with interaction term) with respect to their
deviance difference (27). First, for each CNA region the significance of
the full model was tested and the P values were FDR adjusted using the
Benjamini-Hochberg approach (28). In a second step, the significance of
the interaction term of model 1 was tested for those CNA regions with a
significantly better fit of model 1 compared to the null model. If there was
no significant interaction observed, the additive contributions of A and/or
B were assessed with model 2. P values were adjusted for FDR and signifi-
cance was generally accepted for FDR < 0.05. Details on the multivariate



testing approach can be found in Supplementary Material, available at
Carcinogenesis Online.

Dosimetry

Individual thyroid doses on the investigated subset of 84 cases were used
as published previously (12,13,29). The doses are summarized in Table 1
and shown as categorized values for individual cases in Supplementary
Table 1, available at Carcinogenesis Online and Figure 2.

Unsupervised hierarchical clustering based on
mMRNA expression data and comparison with the
TCGA study on sporadic PTC

The TCGA study presented a so-called ‘BRAF-RAS score’, enabling the clas-
sification of PTC cases into ‘RAS-like’ or ‘BRAF-like’ (24). A gene signature
composed of 71 genes that built the basis for calculating the BRAF-RAS
score was derived from a differential expression analysis between a set of
tumors with BRAF V60OE mutation and a set of tumors with RAS muta-
tion. Fifty-nine out of these 71 genes were also present in our available gene
expression microarray data set and we subjected the appropriate expression
values of this subset to unsupervised hierarchical clustering. Subsequently,
we tested possible associations of the parameters, gender, lymph node sta-
tus, latency, AaO, AaE, CLIP2 marker status, BRAF V600E mutation status,
RET/PTC1 and RET/PTC3 status, and dose with grouping of cases according
to clusters of the first and second hierarchy (see Supplementary Figure 1,
available at Carcinogenesis Online). For this, Fisher’s exact test was used.

Comparison of CNAs in UkrAm PTCs and sporadic
PTCs of the TCGA cohort

In order to compare the genomic copy number results of our study with the
data on sporadic PTCs published by the TCGA consortium (30), we down-
loaded the latest analysis version (04/02/2015) of the GISTIC2 typed copy
number data of the TCGA papillary thyroid cancer data set (‘THCA) from
the Broad Institute server using the ‘firehose_get’ command line binary.
The sample barcodes of the data that were included in the (30) paper were
downloaded from CBioportal (31) as part of the clinical data table. In order
to match the TCGA data set to our data set, only data from patients younger
than 35 years at the time of diagnosis were included, resulting in a subset of
113 patients. Matching according to histological data was not possible since
different histopathology classifications were used. The clinical data table
for the TCGA data subset can be found in the Supplementary Table 5, avail-
able at Carcinogenesis Online. The GISTIC2 called copy number data retrieved

Table 1. Main features of patients
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via ‘firehose’ were subjected to the following comparisons with our data set:
(i) Overlap between regions statistically significantly associated with BRAF
mutation status (our data) or ‘BRAF-like’ status (TCGA data), (ii) overlap
between regions statistically significantly associated with gender in both
data sets, (iii) presence of gain of CLIP2 or the 7q11.22-11.23 region in the
TCGA subset and (iv) presence of the groups ‘isolated loss of 22q’, ‘gain of
169’ and ‘silent SCNA’ according to the classification given in [30] in the
UkrAm copy number data set. Association testing of CNAs was performed
using the R package CGHtest (http://www.few.vu.nl/~mavdwiel/CGHtest.
html) while associations were considered as statistically significant if both
the P value and FDR were below 0.05. Frequencies of alterations of the TCGA
THCA subset were plotted using a customized version of the function ‘fre-
quencyPlot’ from the Bioconductor CGHregions package (21).

Integrative analysis of aCGH profiles and global

mRNA expression data

The integration of 24 aCGH profiles and the corresponding global mRNA
expression data was carried out with tailor-made approaches implemented
in the Bioconductor sigaR R package (32,33) using the default values pro-
vided by the package for all parameters during the different analysis steps.

Results

BRAF V600E mutation and RET/PTC
rearrangement rates

From the complete data set, a total number of 70 cases were
typed for RET/PTC1 and RET/PTC3 rearrangement status.
Overall, 31% of the cases showed a rearranged RET gene while 18
out of 70 cases showed RET/PTC1 and 4 out of 70 cases showed
RET/PTC3 rearrangement. From 70 cases we obtained valid
BRAF V600E Sanger sequencing profiles, while 9 out of 70 cases
showed a BRAF V600E mutation (13%).

aCGH analysis

High-resolution aCGH profiles from 84 PTC samples were gener-
ated. All 84 cases fulfilled the quality criteria after isothermal
amplification and labeling. Figure 1 shows the cumulative fre-
quencies of CNAs in the complete data set. A subset of 24 out of
84 (29%) cases showed a copy number gain of the chromosomal

n cases AaE AaO Latency Dose
Female 51 Mean (years) 8.4 25.7 17.4 Arithmetic mean (Gy) 0.95
Male 33 Median (years) 9.0 26.0 16.6 Geometric mean (Gy) 0.32
Total 84

84 UkrAm cases
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Figure 1. Frequency plot of CNAs of the PTCs investigated in our study. Green bars starting from the top indicate the percentage of CNA profiles with copy number gain
in the data set and red bars starting from the bottom indicate the percentage of CNA profiles with copy number loss in the data set.
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bands 7q11.22-11.23. The most frequently detected DNA gains
were on chromosome 11q with 44% and chromosome 19q with
42% of cases harboring the gain (see Supplementary Table 2,
available at Carcinogenesis Online: region No. 258/259, region No.
405). The most frequently detected DNA loss was on chromo-
some 169 with 33% of cases showing the loss. Detailed informa-
tion on all detected CNAs are listed in Supplementary Tables 2
and 3, available at Carcinogenesis Online.

Unsupervised hierarchical clustering of aCGH
profiles

Figure 2 shows the result of the unsupervised hierarchical clus-
tering of 84 aCGH profiles using Euclidean distances, the dis-
tribution of the sample parameters gender, lymph node status,
latency (categorized), AaO, AaE, CLIP2 marker status, BRAF V60OE
mutation status, RET/PTC status and dose. The CLIP2 marker
status was assessed as described in detail by Selmansberger
et al. (16). The clustering revealed two main clusters (C1 and C2)
and three parameters were significantly differentially distrib-
uted across C1 and C2. Firstly, there were more females in C1
compared to C2 (P = 0.0054, Exact Fisher’s Test), secondly, more
patients with lymph node metastases were in C2 compared to
C1 (P = 0.025) and thirdly more patients with latency greater
than 17 years in C1 compared to C2 (P = 0.0028). Interestingly, the
clustering can be completely rebuilt by only considering changes
of chromosomes 1p, 19. Thus, profiles of cluster C1.1 showed no
copy number change of chromosome 1p but gain of chromo-
some 20. For cluster C1.2 all but one profile showed gains of both
1q and chromosome 20. Profiles of cluster 2.1 do not show any of
the mentioned alterations, while cluster 2.2 only shows a loss of
chromosome 19. These two regions, therefore, seem to be most

Latency (categorized)

Lymph Node Status
AaO (categorized)
AaE (categorized)
CLIP2 marker status
BRAF V600E
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informative for the grouping according to unsupervised hierar-
chical cluster analysis.

Association of CNAs with patient data

Significant testing results from the univariate approach (P < 0.05
and FDR < 0.05) were obtained for the parameters BRAFV600E
mutation status, latency, gender and dose. With regard to BRAF
V600E mutation gain of six regions on chromosomes 1 and 5
were associated with positive BRAF V600E status. Although the
result was statistically significant, the finding is based on only
nine samples with a mutation of BRAF V600OE and was, therefore,
not suitable for multivariate analysis. An overview on the uni-
variate testing results of parameters latency, gender and dose
can be found in Table 2. Fifty-two gained regions on chromo-
somes 1, 2, 3, 4, 6, 7,10, 11, 12, 15, 16, 17 and 19 and loss of a
region on chromosome 7p were associated with female gender.
One hundred and sixty one gained and 26 deleted chromosomal
regions on chromosomes 1, 2, 3,4, 5, 6, 7, 8, 9, 10, 11, 12, 14, 15,
16, 17, 19, 20, 21, and 22 were associated with long latency and
128 gained regions on chromosomes 1, 2, 3,4, 5,6, 7, 8,9, 11, 12,
14, 15, 16, 17, 19, 20, 21 and 22 were associated with the inter-
mediate dose group. We observed many chromosomal regions
commonly associated with BRAF V600E status, dose, gender
and latency which motivated us to analyze these parameters
with a multivariate approach in order to test for possible sta-
tistical interaction or additive effects. Statistical interaction
describes the simultaneous influence of two or more param-
eters on a third variable (i.e. the occurrence of CNAs) that is
non-additive. The multivariate approach revealed no significant
interactions between CNA associated parameters latency, gen-
der and dose. However, the majority of CNAs were determined
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Figure 2. Unsupervised hierarchical cluster analysis of CNA profiles resulting in a heatmap corresponding to the clustered CNA profiles (left, copy number gains are
depicted in blue and losses in red). The status of the parameters gender, lymph node status, latency, AaO, AaE, CLIP2, BRAF V600E, RET/PTC1/3 and dose are indicated
by colored bars on the right side of the heatmap. The clustering dendrogram is shown on the right.
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Table 2. CNAs associated with the parameters latency, gender and
dose

Test parameter Groups n Gains Losses
Latency <17 years 47 3 3
>17 years 37 174 36
Gender Female 51 73 1
Male 33 — —
Latency (females) <17 years 27 3 —
>17 years 24 162 45
Dose <300 mGy 40 — —
301-1000 mGy 18 28 —
>1000 mGy 26 — —

by additive effects of the parameters dose, gender and latency
(see Supplementary Table 2, available at Carcinogenesis Online).
In detail, out of the total number of 215 CNAs that were associ-
ated with BRAF V60OE, gender, latency or dose, 139 copy number
regions were not determined by additive effects of any of the
parameters, 5 by simultaneous additive effects of dose/gen-
der, latency/gender and latency/dose, 44 by dose/gender and
latency and gender, 13 by latency/dose alone and 9 by latency/
gender alone. With regard to copy number losses, 205 regions
were not determined by additive effects at all and 10 regions
by latency/dose alone. For a detailed overview of all statistical
significant regions from the univariate or multivariate analysis
see Supplementary Tables 2-6, available at Carcinogenesis Online.

Comparisons with findings from the TCGA study on
sporadic PTCs

We compared our findings on genomic CNAs with that published
on a large study on sporadic PTCs conducted by the TCGA consor-
tium (24). Including only patients younger than 35 years at the time
of diagnosis resulted in a subset of 113 cases. The cumulative fre-
quencies of all CNAs in this subset are shown in Supplementary
Figure 2, available at Carcinogenesis Online. The majority of cases
(94 out of 113) showed no CNAs at all and correspond to the ‘SCNA-
quiet’ category which also was present in 45 out of the 84 UkrAm
cases. About 16/113 cases (14%) showed a copy number loss on
chromosome 22q only (‘SCNA-22qg-del’) and 3/113 cases (2.7%) a
copy number gain on 1q (‘SCNA-low-1g-amp’). In the UkrAm data
set, 7/84 cases (8%) showed loss on 22q which, however, never
appeared ‘isolated’ as described for a subgroup of tumors in the
TCGA study (30). Further, 19/84 (23%) cases showed gain of 1q
in the UkrAm data set. The chromosomal bands 7q11.22-11.23,
which contain the CLIP2 gene and was gained in genomic copy
number in 29% of the UkrAm cases, was not present at all in the
TCGA data subset. With regard to gene expression, we performed
unsupervised hierarchical clustering on the 31 UkrAm PTC cases
(Supplementary Figure 1, available at Carcinogenesis Online) based
on the mRNA expressions of a subset of 59 genes from the TCGA
71-gene signature. The missing 21 genes were not present in the
Abend et al. (14) expression data set. The clustering revealed four
main clusters C1, C2, C3 and C4 while notably all cases with a BRAF
V600E mutation accumulated in cluster C3. No statistical associa-
tion with any of the other tested parameters was found.

Integrative analysis on aCGH profiles and global
mRNA expression data

Systematic integration of genomic CNAs with global gene
expression did not reveal any significant associations between
the copy number status of genes and corresponding expression
at the mRNA level in the available data set.
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Discussion

Our study is the first reporting on genomic CNAs in PTCs of the
UkrAm cohort that integrates the findings with published data
on global mRNA expression from a subset of the herein inves-
tigated UkrAm cases (14). Our exploratory omics approach
aimed at the identification of molecular subtypes reflected by
genomic CNAs that correspond to clinical features and most
importantly to the radiation-associated parameters dose and
latency. Several previous studies concluded that ionizing radia-
tion potentially alters gene expression as a result of CNAs and
subsequently induces the carcinogenic process, even at com-
parably low doses of radiation (34). In a study by Hess et al. (9)
that compared genomic copy number profiles of PTCs from
patients who were exposed at very young age with PTCs from
age-matched non-exposed patients the first radiation-specific
CNA, gain of the chromosomal bands 7q11.22-11.23, has been
reported. Further, a significant overexpression of CLIP2 which
is encoded on 7q11.23 in exposed compared to non-exposed
cases at the mRNA and protein levels has been demonstrated
(9,16). Of note, the sets of tumors investigated in these studies
differ with respect to mean age at exposure (~2 years Hess et al.
and ~8 years UkrAm), mean age at operation (~16 years Hess
et al. and 25 years UkrAm) and average dose (~0.15 Gy Hess
et al. and 0.68 Gy UkrAm). This lead to markedly different esti-
mates of the proportions of radiation-induced PTCs in the
exposed set of the Hess et al. (9) study (~85%) and the PTCs of
the UkrAm cohort (55-75%) (3,6,9,16). Consequently, we hypoth-
esized and also confirmed a lower frequency of gain of 7q11.22-
11.23 in the UkrAm PTCs (29%) compared to the exposed set of
PTCs of the Hess et al. (9) study (39%). In a subset of the pub-
lished TCGA cohort of sporadic PTC (30) that we matched to the
herein analyzed cohort with regard to age the gain was not pre-
sent at all. This supports the role of gain of 7q11.22-11.23 as a
radiation-specific marker since so far it was detected in radia-
tion-associated PTCs only. Classification of the UkrAm PTCs
into radiation-induced or sporadic cases based on an inte-
grated analysis of CLIP2 protein expression and CLIP2 genomic
copy number revealed a frequency of 75% radiation-induced
cases which was in line with the above mentioned estimated
frequency of 55-75% of radiation-induced cases (16). The TCGA
study on sporadic PTCs (30) already illustrated the dominant
and mutually exclusive role of driver genetic alterations in
PTG, in particular in the MAPK and PI3K pathways. Interestingly,
the frequency of the BRAF V600E mutation in our investigated
UkrAm cases was only 13% (9 out of 70 cases) and thus was
significantly lower compared to the frequency of ‘BRAF-like’
cases of the age-matched TCGA subset (62.8%). Likewise spo-
radic PTCs MAPK signaling is also deregulated in radiation-
associated PTCs (17), most frequently by either rearrangement
of the RET gene (referred to as RET/PTC) or by mutation of the
BRAF gene (referred to as BRAF V600E mutation) in a mutually
exclusive manner. In our study, we found RET/PTC1 or RET/
PTC3 rearrangements with a frequency of 31% (22 out of 71
cases) which is in the lower range of earlier reported frequen-
cies of RET/PTC in young adults. In all, the observed frequen-
cies of RET rearrangements and BRAF V600E mutations in our
study were in good agreement with the findings on PTCs of the
UkrAm cohort reported by Leeman-Neil et al. (17) (15% BRAF
V600E mutated cases and 35% RET/PTC positive cases). In con-
trast the age-matched TCGA (30) PTC subset showed a much
lower frequency of RET/PTC rearrangements (13.3%) compared
to UkrAm, which is likely to be due to differences in the distri-
bution of histological subtypes in the different tumor sets
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since RET/PTC and BRAF V600E have been associated with par-
ticular histological subtypes or predominant histological struc-
tures (35). Unfortunately, Agrawal et al. (30) only differentiated
‘classical-type’, ‘follicular-variant’, ‘tall cell variant’ and
‘uncommon PTC variants’ whereas our PTCs were classified
using more detailed subtype categories, which did not allow a
one-to-one comparison. Another interesting result of the large-
scale analysis by the TCGA consortium is the molecular sub-
classification of PTC into ‘BRAF-like’ and ‘RAS-like’ PTCs using
the so called ‘BRAF-RAS score’. Since the ‘BRAF-RAS score’ is
derived from a 71-gene-signature, which was determined by
differential expression analysis of tumors harboring either
BRAF V600E or RAS mutations, we hypothesized that this sig-
nature is capable to discriminate BRAF-mutated cases and
RAS-mutated cases to a certain extent. The published signa-
ture has been derived from RNAseq data, while the UkrAm
expression data originate from gene expression array data (14).
This might explain that the Abend et al. array data lack some
genes since in contrast to RNAseq microarrays cannot reliably
detect genes that are weakly expressed. However, unsuper-
vised hierarchical clustering based on the remaining 59 genes
resulted in four distinct clusters and, consistently, all cases
with a BRAF V60OE mutation were present in one single cluster
(C1) which reflects the ‘BRAF-like’ cases. Hence, although we
were not able to calculate a * BRAF-RAS score due to the fact we
did not have RAS mutation data available we could prove the
usefulness of the underlying gene expression signature for the
discrimination of PTCs into ‘BRAF-like’ and ‘non-BRAF like’.
Moreover, this finding suggests that the BRAF V600E driven
molecular phenotype is well reflected by the ‘BRAF-like’ associ-
ated genes. Concerning a comparison of the genomic CNAs of
the PTCs investigated in our study and that of the age-matched
subset of the Agrawal et al. (30) study we observed marked dif-
ferences. 83% of the TCGA subset did not show any CNA at all,
referred to as ‘SCNA-quiet’ group in the Agrawal et al. paper
(30)), whereas only 53% of the UkrAm PTCs (cluster C2.1
Figure 2 can be attributed to this group, although none of the
UkrAm PTCs did not show no CNA at all, but only a few smaller
ones. None of the other groups, i.e. ‘SCNA-22g-del’ and ‘SCNA-
low-1g-amp’ were found in our data set. This is likely to be due
to the fact that the subset of the Agrawal et al. (30) we used for
comparison was purely sporadic and, moreover, differed from
our data set with regard to histological subtypes. With regard
to the global genomic copy number changes, unsupervised
hierarchical clustering of CNA profiles from the 84 UkrAm PTCs
resulted in two main clusters with significantly more females,
cases without lymph node metastasis and long latency
(>17 years) in cluster C1. This partly reflects the findings
reported by Hess et al. (9), who described a similar result for
CNA associations with the lymph node status (24,36,37).
Interestingly, the groups as they were defined by unsupervised
hierarchical clustering can also be built considering only copy
number changes of chromosomes 1q and 19. Hence, these
alterations are the most discriminating ones amongst all CNAs.
Chromosome 1q harbors, among many others, the genes TMP3
and TRIM33 (synonym RFG7) that have already been shown to
be associated with PTC. While in radiation-associated PTCs
TRIM33 has been shown to be fused to the RET gene as part of
the RET/PTC7 rearrangement (38), TMP3 has been identified as
a fusion partner of the NTRK1 gene in PTC (39). In addition to
these exemplarily mentioned thyroid cancer associated genes,
one can speculate that more genes located on altered chromo-
somes 1q and 19 may play an important role in driving radia-
tion-induced PTC. Therefore, we suggest an in-depth integrated

analysis of these genomic regions particularly with respect to
mRNA and protein expressions of the affected genes. The sys-
tematic integration analysis of the genomic copy number level
with the transcriptome level that we carried out in this study
unfortunately did not result in any positive findings which
might, on the one hand, be due to the limited number of cases
that overlapped between our aCGH and the Abend et al. (14)
expression microarray data set. On the other hand, it also
might be an effect caused by intratumoral heterogeneity since
the nucleic acids used in aCGH and expression microarray
analysis were extracted from different parts of the tumors.
Many of the CNAs reported in this study have already been
described for PTC in young patients previously (9,40,41). Stein
et al. (40) reported in post-Chernobyl childhood PTCs chromo-
somal gains on 1q, 12q, 22q and a loss on 21q in post-Chernobyl
childhood PTCs. Also Hess et al. (9) and Unger et al. (41) pre-
sented CNAs that overlapped with that from the present study
on the UkrAm cohort (gains on 1q, 9q, 16p/q, 19p/q, 20, 21q and
loss on 11p). In UkrAm cases CNAs could be associated with
latency >17 years, absent lymph node metastasis, and female
gender. Association testing also revealed a region on chromo-
some 22q (region no. 429, includes NF2 and CHEK2) signifi-
cantly associated with latency. About 35% of all cases with a
latency >17 years harbored the 22q gain, compared to 6% of
cases with latency <17 years. This result was even more promi-
nent when only females were considered for whom 46% of
cases with latency >17 years and only 4% of cases with latency
<17 years showed the gain. This represents an important obser-
vation with regard to radiation exposure of the UkrAm cases
which is further complemented by the fact that copy number
gains of two genes FAM38A and MTA1 were associated with
radiation dose. Of special interest, these two genes were among
the 11 genes that showed a statistical significant association of
gene expression with radiation dose in the Abend et al. (14)
study. Both genes showed a significantly higher expression in
the intermediate dose group (300-1000 mGy) in the initial
study. In the same dose group we found a significant enrich-
ment of cases with the corresponding chromosomal gain con-
firming the findings by Abend et al. (14) at the genomic level
and pointing to further radiation-associated genetic altera-
tions in addition to gains of 7q11.22-11.23 and associated CLIP2
alterations. In conclusion, we present the first study on CNAs
of PTCs from the UkrAm cohort and show that the carcinogen-
esis reflecting genomic landscape of these tumors is very het-
erogeneous. With regard to gain of 7q11.22-11.23 which was
identified as a radiation-specific CNA in PTC in a previous
study on radiation-associated PTC (9), we observed a compara-
ble frequency in our data set. Thus let us conclude that the
subset of UkrAm cases showing the gain are similar to the radi-
ation-induced PTCs from the previous Ukrainian cohort and
also are likely to be radiation-induced (9). Additionally, we con-
sidered findings that were published in a comprehensive mul-
tilevel omics study on a large set of sporadic PTCs suggesting
that a subset of cases from UkrAm cohort is also of sporadic
origin.

Supplementary material

Supplementary Table 1-7 and Figures 1 and 2 can be found at
http://carcin.oxfordjournals.org/

Funding

European Commission, EpiRadBio project (FP7 269553); European
Commission, DoReMi project (249689).


http://carcin.oxfordjournals.org/lookup/suppl/doi:10.1093/carcin/bgv119/-/DC1

Acknowledgements

We thank the International Pathology Panel of the Chernobyl
Tissue Bank for confirmation of diagnosis: Profs. A. Abrosimov,

G.

Fadda, G. Hant, V. LiVolsi, J. Rosai and ED Williams; the

Chernobyl Tissue Bank for collection of thyroid tissue samples;
Prof. G. Thomas as coordinator of the Chernobyl Tissue Bank;
Prof. Y. Nikiforov for the exchange of BRAF V600E and RET/
PTC data; Aaron Selmeier for technical support. The results
shown here are in part based upon data generated by the TCGA
Research Network: http://cancergenome.nih.gov/.

Conflict of Interest Statement: None declared.

References

1.

10.

11.

12.

13.

14.

15.

1

[}

Cardis, E. et al. (2011) The Chernobyl accident-an epidemiological per-
spective. Clin. Oncol. (R Coll Radiol), 23, 251-260.

. Ron, E. (2007) Thyroid cancer incidence among people living in areas

contaminated by radiation from the Chernobyl accident. Health Phys.,
93,502-511.

. Brenner, A.V. et al. (2011) I-131 dose response for incident thyroid can-

cers in Ukraine related to the Chornobyl accident. Environ. Health
Persp., 119, 933-939.

. Cardis, E. et al. (2005) Risk of thyroid cancer after exposure to 131I in

childhood. J. Natl. Cancer Inst., 97, 724-732.

. Davis, S. et al. (2004) Risk of thyroid cancer in the Bryansk Oblast of the

Russian Federation after the Chernobyl Power Station Accident. Radiat.
Res., 162, 241-248.

. Tronko,M.D. et al. (2006) A cohort study of thyroid cancer and other thy-

roid diseases after the chornobyl accident: thyroid cancer in Ukraine
detected during first screening. J. Natl. Cancer Inst., 98, 897-903.

. Zablotska, L.B. et al. (2011) Thyroid cancer risk in Belarus among chil-

dren and adolescents exposed to radioiodine after the Chornobyl acci-
dent. Br. ]J. Cancer, 104, 181-187.

. Unger, K. et al. (2004) Heterogeneity in the distribution of RET/PTC rear-

rangements within individual post-Chernobyl papillary thyroid carci-
nomas. J. Clin. Endocrinol. Metab., 89, 9, 4272-4279.

. Hess,]. et al. (2011) Gain of chromosome band 7q11 in papillary thyroid

carcinomas of young patients is associated with exposure to low-dose
irradiation. Proc. Natl. Acad. Sci. USA, 108, 9595-600.

Bozhok, Y. et al. (2006) A cohort study of thyroid cancer and other
thyroid diseases after the chornobyl accident. Cyto-histopathologic
correlation and accuracy of fine needle aspiration biopsy in nodules
detected during the first screening in Ukraine (1998-2000). Cancer, 107,
2559-2566.

Tronko, M. et al. (2012) Thyroid cancer in Ukraine after the Cherno-
byl accident (in the framework of the Ukraine-US Thyroid Project). J.
Radiol. Prot., 32, N65-N69.

Likhtarev, I. et al. (2006) Questionnaireand measurement-based indi-
vidual thyroid doses in Ukraine resulting from the Chornobyl nuclear
reactor accident. Radiat. Res., 166, 271-286.

Likhtarov, I. et al. (2005) Post-Chornobyl thyroid cancers in Ukraine.
Report 1: estimation of thyroid doses. Radiat. Res., 163, 125-136.
Abend, M. et al. (2012) Iodine-131 dose dependent gene expression in
thyroid cancers and corresponding normal tissues following the Cher-
nobyl accident. PLoS One, 7, 7, €39103.

Abend, M. et al. (2013) lodine-131 dose-dependent gene expression:
alterations in both normal and tumour thyroid tissues of post-Cherno-
byl thyroid cancers. Br. J. Cancer, 109, 2286-2294.

. Selmansberger, M. et al. (2014) CLIP2 as radiation biomarker in papil-

lary thyroid carcinoma. Oncogene, 3917-3925.

17.

1

0]

19.

20.

21.

22.

23.

24,

25.

2

[}

2

~N

28.

29.

30.

31.

32.

33.

34

35.

36.

37.

38.

39.

40.

41.

M.Selmansberger etal. | 1387

Leeman-Neill, RJ. et al. (2013) RET/PTC and PAX8/PPARgamma chro-
mosomal rearrangements in post-Chernobyl thyroid cancer and their
association with iodine-131 radiation dose and other characteristics.
Cancer, 119, 1792-1799.

. Buffart, T.E. et al. (2007) DNA quality assessment for array CGH by iso-

thermal whole genome amplification. Cell Oncol., 29, 351-359.
Gentleman, R.C. et al. (2004) Bioconductor: open software develop-
ment for computational biology and bioinformatics. Genome Biol.,
10, R80.

Neuvial, P. et al. (2006) Spatial normalization of array-CGH data. BMC
Bioinformatics, 7, 264.

Vosse, S. et al. (2009) CGHregions: Dimension Reduction for Array CGH
Data with Minimal Information Loss. R package version 152.

Vosse, S. et al. (2012) CGHbase: Base functions and classes for arrayCGH
data analysis. R package version 1200.

Vucur, M. et al. (2013) RIP3 inhibits inflammatory hepatocarcinogenesis
but promotes cholestasis by controlling caspase-8 and JNK-dependent
compensatory cell proliferation. Cell Reports, 4, 776-790.

Cancer Genome Atlas Research. (2014) Integrated genomic characteri-
zation of papillary thyroid carcinoma. Cell, 159, 676-690.

van de Wiel, M.A. et al. (2005) CGHMultiArray: exact P-values for multi-
array comparative genomic hybridization data. Bioinformatics, 21, 14,
3193-3194.

. Selmansberger, M. et al. (2015) Dose-dependent expression of CLIP2 in

post-Chernobyl papillary thyroid carcinomas. Carcinogenesis, 748-756.

. McCullagh, P. et al. (1989) Generalized Linear Models, 2nd edn. Chapman

and Hall/CRC.

Benjamini, Y. et al. (1995) Controlling the false discovery rate: a practi-
cal and powerful approach to multiple testing. J. Roy. Stat. Soc. Series B,
57, 289-300.

Likhtarov, I. et al. (2006) Post-Chernobyl thyroid cancers in Ukraine.
Report 2: risk analysis. Radiat. Res., 166, 375-386.

Agrawal, N. et al. (2014) Integrated genomic characterization of papil-
lary thyroid carcinoma. Cell, 159, 676-690.

Gao, . et al. (2013) Integrative analysis of complex cancer genomics and
clinical profiles using the cBioPortal. Sci. Signal., 6, 269.

van Wieringen, W.N. et al. (2012) Matching of array CGH and gene
expression microarray features for the purpose of integrative genomic
analyses. BMC Bioinformatics, 13, 80.

van Wieringen, W.N. et al. (2009) Nonparametric testing for DNA copy
number induced differential mRNA gene expression. Biometrics, 65,
19-29.

. Mullenders, L. et al. (2009) Assessing cancer risks of low-dose radiation.

Nat. Rev. Cancer, 9, 596-604.

Santoro, M. et al. (2006) RET/PTC activation in papillary thyroid carci-
noma: European Journal of Endocrinology Prize Lecture. Eur. J. Endo-
crinol., 155, 645-653.

Alfthan, K. et al. (2004) Cyclic AMP-dependent protein kinase phosphoryl-
ates merlin at serine 518 independently of p21-activated kinase and pro-
motes merlin-ezrin heterodimerization. J. Biol. Chem., 279, 18559-18566.
Hartmann, M. et al. (2015) Tumor suppressor Nf2 blocks cellular migra-
tion by inhibiting ectodomain cleavage of Cd44. Mol. Cancer Res, 879-890.
Rabes, H.M. (2001) Gene rearrangements in radiation-induced thyroid
carcinogenesis. Med. Pediatr. Oncol., 36, 574-582.

Greco, A. et al. (2010) Rearrangements of NTRK1 gene in papillary thy-
roid carcinoma. Mol. Cell Endocrinol., 321, 44-49.

Stein, L. et al. (2010) Copy number and gene expression alterations in
radiation-induced papillary thyroid carcinoma from chernobyl pediat-
ric patients. Thyroid, 20, 475-87.

Unger, K. et al. (2008) Array CGH demonstrates characteristic aberra-
tion signatures in human papillary thyroid carcinomas governed by
RET/PTC. Oncogene, 27, 4592-602.


http://cancergenome.nih.gov/

