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Abstract BRAF status. Multivariat@nalysis revealedo
interactionsbut additive effects oparameters
One of the major consequences of the 1G86&r- gender, latency and dose on CNAs. Tievi-
nobyl reactor accidemt was adramatic increaseusly identified radiation-associatedain of the
in papillary thyroid carcinomgPTC) incidence,chromosomal bands 7¢11.22-11.23 waeseh
predominantlyin patientsexposed to theadioio- in 29% of cases. Moreover, comparison oofr
dine fallout at young age. Theresen study radiation-associatepapillary thyroid carcnoma
is the first on genomic copy numbealterations (PTC)data set with the TCGA data set sjpo-
(CNAs) of PTCs of the Ukrainian American coadic PTCs revealed altered copy numbershef
hort (UkrAm) generated by ArrafComparatie tumor driver genes NF2 and CHEKZurther,
Genomic Hybridization (aCGH). Unsupervised we integratedthe CNA data withtranscriptomic
hierarchical clustering of CNA profiles revealaddata that were available on a subset oftteeein
significart enrichmert of a subgroup opatieris analyzed cohort and did not fislatisticallysig-
with female gender, long latencg> 17 years) nificant associations between th®o molecular
and negative lymph nodstatus. Furtherwe layers. However, applying hierarchicalustering
identified single CNAs that were significanths- on a "BRAF-like/RAS-like" transcriptomesig-
sociated with latency, gendamldiationdoseand nature split the cases into four groups, one of
which containing allBRAF-positive casesvali-
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dating the signature in @ndependert data set. the largest cohort of subjects who wepgosed
to the radioiodine-contaminatethllout from the
Chernobyl accidert under the age of 18 is the so
1 Summary called Ukrainian-American(UkrAm) cohort [10]
which was established by the US Natior@ancer
Institute and the Ukrainian NationaAcademy
of Medical Science§ll]. All subjects of this co-
hort received direct thyroid I|-13heasuremds
within two months after the accidentyhich
built the basis for calculating individual dose es-
timates. Along with comprehensiveepidemio-
logical data available UkrAm represents an ex-
cellert cohort for theinvestigationof radiation-
2 Introduction associated thyroid cancer risk. Asesut of four
screeningexaminationsconducted between 1998
One of the major consequences of the 188@&r- and 2007 on approx. 13,000 subjects a totah-
nobyl nuclear accidem to human health was ber of 110 thyroid cancer cases weleteced,
dramatic increase in thyroid canceincidence the majority of which were PTC§L1]. Dose es-
among those who were children adokscems timates for the entire UkrAm cohort showad
at the time of exposure[l, 2]. Severalstud- arithmeticmean of 0.68 Gy, a geometrimean
ies clearly related this increase tadioiodine of 0.23 Gy, and a lognormalistribution[12, 13].
exposure (mainly 1-131) from the reactacci- At present, there artwo transcriptomic studies
dent[3, 4, 5, 6, 7]. Numerous genomstud- on the UkrAm cohort published by Abend eil
ies on post-Chernobylpapillary thyroid carci- (2012)[14, 15]describingdose-dependémqmRNA
nomas (PTCs) have been published so farA expressions in normal tissue and tumissue,
study by Unger et al. (2004) has showtra- respectively. However, so far mmmprehensie
tumoral heterogeneityof RET/PTC rearrange-studies on the genomic level have beemducted
ments inpost-ChernobyPTCs suggestingither on the UkrAm cohort. Hence, theresem study
a multiclonal origin of the tumors d&RET/PTC on global genomic copy number changed?ifiCs
being a late subclonaévert [8]. A compara-from patientsof the UkrAm cohortcomplemers
tive study on global genomic copy numbel- the existing studies. The main aim of tlatudy
terations (CNAs) in two age-matched cohorteas an explorativeinvestigationof CNAs in 84
of post-ChernobyPTCs and sporadic PTG®- PTCs of the UkrAm cohort and of possilas-
vealed a radiation-specific genomic copym- sociations with clinicalparametersand patiert
ber gain of the chromosomal bands 7qll.2&ta including individual dose estimates.The
11.23, which was exclusively detected exposed results provide the basic knowledge required for
cases by arraycomparativegenomic hybridiza- an integration of molecular data omadiation-
tion (aCGH) [9]. Further,a significat mMRNA associated PTCs into epidemiology-baseddel-
overexpression of the CLIP2 gene, locatedtha ing of radiation-associatepapillary thyroid can-
gained band, was showf]. Amongst others, cerrisk.

This study reports on genomic copynm-
ber alterations(aCGH) in the post-Chernol
Ukrainian-American PTC cohort and acom-
parison of the results with previouspublished
knowledge onpost-ChernobylPTCs and witha
comprehensive multi-level omics study epo-
radic PTCs.
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3 Material and Methods 33 BRAF VG600E mutation and
RET/PTC rearrangements

31 Patient and tissue samples Data on the BRAF V600Enutation status

and RET/PTC rearrangement®re included

we ana_lyzed the turr_10_r sampl_es from g4 published by Selmansberger et gR014)
PTC patientsof the Ukrainian-American coh(br[le]_ Additional data summarized iheeman-

(UkrAm). The tissue samples were collect®d ngijj et al. (2013)[17] were added fomdividual
the Chernobyl Tissue Bank (CTB) afteurgica ,seq after personatommunicationwith Prof.
removal of the thyroid gland due to PT@ag- vy Nikiforov (Division of Molecular Geromic

nosis[11]. The CTB pathology panetxamined p,ihqiogy,University ofPittsburgh,U.S).
all PTC tissues that were provided by GdB.

The entire UkrAm cohort comprises 13,24&-
sons from the Ukraine who were youngtran 3.4 Array CGH analysis and hierar-
18 years at the time of the Chernobyluclear chical clustering

acciden in April 1986. From all membersan ) ) )
individual direct thyroid doseneasuremenwas T8y CGH profiles were generated using Agi-

conducted withintwo month after theaccident, €Mt Sure Print 60K oligo microarrays (Agilent,
Individual doses werestimatedand published St Clara, CA, USA, AMADID 021924PNA

by Likhtarov et al. 2006L2]. Between 199&nd labeling and purification was carried out ds-

2008, 110thyroid cancers were diagnoseimclud- scribed by Hess et al. (201[]. Quality of
ing 104PTCs. labeled DNA was assessed by determiniribe

"specific labeling efficiency", which had to ex-
ceedincorporationof a minimum of 15 pmotye
per ug DNA and the labeling yield whichad
3.2 DNA and RNA samples to be greater than [g. A detailed description
of the QA measures applied is given Buyffart
Prior to nucleic acicextractionall FFPE tissueet al. (2007)[18]. Hybridization and washing
sections were macro-dissected in ordermax- of arrays andextractionof raw data wagoer-
imize the proportion of tumor cells in thena- formed according to thenanufacturer’protocol.
lyzed tissues. The resulting cellularities ipo- Raw data quality assessment, dgieepracess-
portion of tumor cells per tissue rangbdtween ing, and subsequengeneration of copywumber
50 and 90%. All DNA and RNA samplemna- profiles were performed using trstatistical plat-
lyzed in this study werextractedfrom formalin form R and the MANOR, CGHbaseCGHcall
fixed paraffin embedded FFPE)tissue sections, (provided with cellularities from histologgata),
using the Qiagen AllPre@®DNA/RNA FFPE kit and CGHregions packages, available from Bio-
(Venlo, Netherlands)@according to themanufac- conductor [19, 20, 21, 22]. A detaileddescrip-
turer's protocol. Quantification of the nucleic tion of data preprocessing and data analgsis
acid samples was conducted with NenoDrop be found in[23]. Unsupervised hierarchicatlus-
spectrophotometdiThermo scientific Waltham, tering of the obtained aCGH profiles wper-
USA). formed on copy number calls using Euclidedis-
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tance and was visualized using an in-housé- fixed thresholds were used falichotomization
ten function. and the resulting groups wersubsequety
tested forsignificart differences in thefrequency
of copy number changes for each regionfhe
thresholds for theparameteffatency was seto
Genome wide gene expression profiling datare 17 years, which is in accordance with timedian
generated usinggilent 44K oligo microarraysby (16.6 yrs) and mean (17.4 yrs) latency tbe
the Bundeswehrinstitute of Radiobiology and investigatedsamples. Thresholds of 5 years for
raw data were provided in personebmmuni- age at exposure (AaE) and 20 years for age
cation (Abend et al.,, 2012). Details arele- operation (AaO) were taken froBelmansberger
scribed by Abend et al. 2012. Qualigs- et al. [25]. For the association witlthyroid
sessmen and preprocessing of the mRNA erose, three groups were formed accordiag
pression data was carried out using 8tatis- Abend et al. [15] i.e a low-dose group<( 300
tical platform R and the limma package afite mGy), anintermediatedose group (306- 1000
Agi4x44PreProcess package available from BioGy), and a high dose group (LOOOMGYy).
conductor (Lopez-Romero; Smyth, 2005).tdA

tal number of 31 UkrAm cases was includied Multivariate testing

the data set, while 23 of which also wg@mesem A substantialoverlap of significantly assaiated
in our aCGH data set which alloweystematicregions between thgarametersdose, gender
integrationof the two data layers. The gene eand latency was thenotivationto assess thsta-
pression data set was subjectedutesupervised tistical interactionsbetween these variableSThe
hierarchical clustering using 59 genes outhef multivariate analysis was conducted using a
71 "BRAF-like"-signaturegenes as publisheih gistic two-way model for the binary variabley
a large study(n=391)on sporadic PTC{Cance (gain vs. no-gain/ loss vs. no-loss). Fothis

Genome Atlas Researc014). purpose the modef - A +B +A *B (model
1) was tested, were Y is thdependen variable
3.6 Association of genomic copy num- (i.e. occurrence of the CNA), A and B diee
ber alterations with clinical data two parametersand A*B is theinteractionof the
two parametersSignificance of the A*Binterac
e A\ B ] tion term was tested by the comparisonthe
The initial association testing waper- pure additive modeY - A +B (model 2) tothe
formed using theCGHitest approach (Wttp: ¢ model 1 (with interactionterm) with respect
[ 1w, Few. vu. nl'/ ~mavdw el /CGHtest. html g their deviance differend@6]. First, foreat
[24]), that is based ompermutationt-testing. cNA region the significance of the full modehs
We conducted our calculations with 10,000ted and the p-values were FDR adjustising
permutations. All available clinical data(i.e. e Benjamini-Hochbergpproach[27]. In a sec-
age at exposure, age at operatidafency ong step, the significance of thateraction term
histological subtype, TNMstatusthyroid dose) of model 1 was tested for those CNA regiovith

were tested for associations with CNASOr 4 significantly better fit of model 1 compared
continuous variables such as age or thyrdabe, he nyll model. If there was reignificart inter-

3.5 Gene expression data

O-

Univariate testing
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action observed, the additiveontributionsof A exact test wasised.
and/orB were assessed with model P-values

were adjusted for FDR and significance vges- 39 Comparison of CNAs in UkrAm

erally accepted for FDR< 0.05. Details orthe PTCs and sporadic PTCs of
multivariatetesting approach can be foundSh TCGA cohort
addendum1.

In order to comparethe genomic copynum-
37 Dosimetry ber' results of our study with the data spo-
radic PTCs published by the TCGéonsortium
Individual thyroid doses on thievestigated sub{30] we downloaded the latest analysiersion
set of 84 cases were used as publispegviously (04/02/2015)of the GISTIC2 typed copy num-
[12, 28, 13]. The doses are summarizedTable ber data of the TCGA papillary thyroidan
1 and shown as categorized valuesifmlividual cer data se("THCA") from the Broadlnstitute
cases in Sl Table 1 and Figu?e server using the "firehose get" command Ibie
nary. The sample barcodes of the data thate

38 Unsupervised hierarchical cluster- included in the[30] paper were downloadeftom
ing based on MRNA expression CBioportal [31] as part of the clinical datéable.

data and comparison with TCGA & 28 0 e teyounger than
n radic PT ;
study on sporadic c 35 years at the time of diagnosis wamneluded,

The TCGA study presented a so-call&RAF- resulting in a subset of 1J&atients. Matching
RAS score", enabling the classification BTC according to histological data was npobssible
cases into "RAS-like" of'BRAF-like" [29]. A sincedifferent histopathologyclassificationswere
gene signature composed of 71 genes thailt used. The clinical data table for the TCGkata
the basis for calculating the BRAF-RAScore subset can be found in tfeipplementarylable
was derived from a differential expressiamaly- 5. The GISTIC2 called copy number date-
sis between a set of tumors with BRAFGOOE trieved via "firehose" were subjected to the fol-
mutationand a set of tumors with RA®wuta- lowing comparisons with our data set: @yer-
tion. 59 out of these 71 genes were gisesem lap between regionstatistically significantly as-

in our available gene expression microardsta sociated with BRAFmutationstatus (ourdata)
set and we subjected tlappropriate expressionr "BRAF-like" status (TCGAdata),b) overlap
values of this subset to unsupervishierardi- between regionstatistically significantly ass@i-
cal clustering. Subsequentlywe tested possible ated with gender in both data sets c) presence of
associations of theparameters,gender, lymph gain of CLIP2 or the 7911.22-11.23 regiontire
node status,latency, age at operatiofAaO), TCGA subsé d) presence of the groupsolated
age at exposure (AaE), CLIP2 markstatus, loss of 229", "gain of 16q" antsilent SCNA" ac-
BRAF V600E mutation status, RET/PTC1 armbrding to the classification given i80] in the
RET/PTC3status and dose with grouping OkrAm copy number data set. Associatitest
cases according to clusters of the first and $eg-of copy number alterationswas performed
ond hierarchy (see Figure Sl 1). For thHissher's using the R packag€GHtest(ht t p: // www. f ew.
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vu. nl /~mavdwi el / CGHt est . ht m ) whilst ass@i- the quality criteria after isothermahmplifica-
ations were considered agatisticallysignificart tion. Figure 1 shows the cumulatiieequencies
if both the p-value and the false-discoveate of CNAs in the complete data set. A subset of
were below 0.05. Frequencies alferationsof the 24 out of 84 (29%) cases showed a copyrber
TCGA THCA subset were plotted usingcas- gain of the chromosomal bands 7q11.22-11.23.
tomized version of the functiofifrequencyPIdt The most frequently detected DNA gainere
from the CGHregions packadgl]. on chromosome 11q with 44% ambdromosome
19q with 42% of cases harboring the gain (See

310 Integrative analysis of aCGH Table 2: region No. 258/259, region Nd05).

profiles and global MRNA ex-
pression data

The integrationof 24 aCGH profiles and theor-
responding global mRNA expression datgas
carried out withtailor-madeapproachesimple-

The most frequently detected DNA loss veas
chromosome 16q with 33% of cases showihg
loss. Detailed information on all detect€fNAs
are listed in Sl Table 2 and Sl Takde

4.3 Unsupervised hierarchical cluster-

mented in the sigaR R packaf#2, 33]Jusingthe
default values provided by the package forpalt
rameters during thdifferent analysissteps.

ing of aCGH profiles

Figure 2 shows the result of thensupervised
hierarchical clustering of 84 aCGH profiles-
ing Euclidean distances, thdistribution of the
sample parametersgender, lymph nodesta-
tus, latency (categorized),AaO, AaEk, CLIP2
41 BRAF VG600E mutation and marker status,BRAF V600E mutation status,
RET/PTC rearrangement rates RET/PTC statusgnd dose. The CLIP2Znaiker
status was assessed as described in détail

From the complete data set, a totimber Selmansberger et al. (201f)6]. The clus-
of 70 cases weretyped for RET/PTC1 andtering revealedtwo main clusters (C1 an€2)
RET/PTC3rearangemenstatus.Overall, 31% and three parameterswere significantly differ-

of the cases showed mearrangedRET gene entially distributedacross C1 and C2Firstly,
whilst 18 out of 70 cases showd®ET/PTC1- there were more females in C1 comparedC®
and 4 out of 70 cases show&®ET/PTC3 e- (p=0.0054,Exact Fisher's Test), secondiyore
arrangement. From 70 cases we obtainedalid patientswith lymph nodemetastasewere inC2
BRAF V600E Sanger sequencing profiledlilst compared to CIp=0.025),and thirdly morepa-
9 out of 70 cases showed a BRAF V600Hta- tients with latency greater than 17 yearsOh
tion (13%). compared to CZp=0.0028). Interestingly, the
clustering can be completely rebuilt by omlgn-
sidering changes of chromosomes 1p, T%wus,
profiles of cluster C1.1 showed no copymber
High-resolution aCGH profiles from 8BTC change of chromosome 1p but gainchfomo
samples were generated. All 84 cases fulfiledme 20. For cluster C1.2 all but one profile

4 Results

4.2 aCGH analysis
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showed gains of both 1g and chromoso2@ ence oftwo or more parameter®n a third vari-
Profiles of cluster 2.1 do not show any of tnen- able (i.e. the occurrence of CNAs) that nimn-
tioned alterations,whilst cluster 2.2 onlyshavs additive. Themultivariateapproach revealedo

a loss of chromosome 19. Thebgo regions, significart interactionsbetween CNAass@iated
therefore, seem to be most informative tbe parameterdatency, gender, and dose. véoer,
grouping accordingto unsupervisedhierartical the majority of copy numbealterationswere de-
cluster analysis. termined by additive effects of thparametey
dose, gender and latency (see Suppl. Ta)le
In detail, out of the total number of 2CNAs
that were associated with BRAF V600gender,
latency or dose, 139 copy number regiavere
Significart testing results from thenivariate ap-not determinedby additive effects of any dhe
proach (p< 0.05 and FDR< 0.05) wereobtaned parameterss by simultaneous additive effects of
for the parameterBRAFV600E mutation sta-dose/gender, latency/gendand latency/dose,
tus, latency, gender, and dose. With regerd44 by dose/gendeand latency and gender, 13
BRAF V600Emutationgain of 6 regions ochro- by latency/dosealone and 9 byatency/gender
mosomes 1 and 5 were associated wtsitive alone. With regard to copy number losses, 205
BRAF V600E status. Although the resut was regions were notdeterminedby additive effects
statistically significant, the finding is basedn at all and 10 regions batency/dosealone. Fora
only 9 samples with anutationof BRAF V600E detailed overview of alktatisticalsignificart re-
and was therefore not suitable fowltivariate gions from theunivariateor multivariate analysis
analysis. An overview on thenivariate testingsee Sl Tables 26.

results ofparameterdatency, gender andlose

can be found in Table 2. 52 gained regiams 45 Comparisons with findings from
chromosomes 1, 2, 3, 4, 6, 7,10, 11, 12, 15, 16, the TCGA study on sporadic

17 and 19 and loss of a region on chromosadime PTCs

were associated with female gender. g@ined

and 26 deleted chromosomal regionschromo- We compared our findings on genomiopy
somes 1, 2,3,4,5,6,7,8,9, 10, 11, 12, 14, 15, dénber alterationswith that published om
17, 19, 20, 21, and 22 were associated Wty large study on sporadic PTCs conducted thog
latency and 128 gained regions dwwomosomes TCGA consortium (Cancer Genome AtldRe-
1, 2,3, 4,5,6,7, 8,9, 11, 12, 14, 15, 16, 1§earch, 2014). Including onlyatientsyounge
19, 20, 21 and 22 were associated with ititer- than 35 years at thBme of diagnosis resultedn
mediate dose group. We observed mahgomo- a subset of 113 cases. The cumulatireguencies
somal regions commonly associated WBIRAF of all CNAs in this subset are shown in Figuse
VG600E status,dose, gender and latencyhich 2. The majority of cases (94 out of 113)aved
motivatedus to analyze thesparametersvith a no CNAs at all and correspond the "SCNA-
multivariateapproach in order to test fpossibe quiet" category which also wamesert in 45 out
statistical interactioror additive effects.Statis- of the 84 UkrAm cases. 16/113 cagé4%)
tical interactiondescribes the simultaneousflu- showed a copy number loss on chromosome 22q

4.4 Association of copy number alter-
ations with patient data
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only ("SCNA-22qg-del")and 3/113 cases (2.7%) expression from a subset of the heremesti-
copy number gain on 1 SCNA-low-1g-amp"). gated UkrAm cases (Abend et al., 2012Dur
In the UkrAm dataset7/84 cases (8%3¥haved exploratory omics approach aimed at tigen-
loss on 22g which, however, never appeatesb- tification of molecular subtypes reflected by ge-
lated" as described for a subgroup temorsin nomic copy numberalterationsthat correspond
the TCGA study[30]. Further, 19/84 (23%) to clinical features and mosimportantly to
cases showed gain of 1q in the UkrAm daat. the radiation-associated parameteisse andla-
The chromosomal bands 7q11.22-11.2@hich tency. Several previous studies concludédt
contain the CLIP2 gene and was gained in igeizing radiation potentiallyalters geneexpres-
nomic copy number in 29% of the UkrAcgases,sion as a result of CNAs and subsequently
was not presem at all in the TCGA datasub- duces the carcinogenic process, evencampa-
set. With regard to gene expression pex- rably low doses ofadiation[34]. In a study
formed unsupervised hierarchical clustering by [9] that compared genomic copy humbgro-
the 31 UkrAm PTC cases (Figure Sl Hasedfiles of PTCs frompatientswho were exposal
on the mMRNA expressions of a subset ofygfies at very young age with PTCs froage-matched
from the TCGA 71-gensignature.The missing non-exposedpatientsthe first radiation-sgcific
21 genes were nopresen in the Abend etal. CNA, gain of the chromosomal bands 7q11.22-
(2012) expression data sgt4]. The clustering 11.23, has been reported Further, a signifi-
revealed four main clusters C1, C2, C3, d@d cant overexpression of CLIP2 which encaled
whilst notably all cases with a BRAF V600&- on 7¢g11.23 in exposed compared non-exmsed
tation accumulatedn cluster C3. Nostatistical cases at the mRNA and protein levels baen
association with any of the other testpdrame-demonstrated9, 16]. Of note, the sets ab-
ters wasfound. mors investigatedin these studies differ withe-
spect to mean age at exposure (approx.years

46 Integrative analysison aCGH pro- Hess et al. and approx. 8 years UkrAmean

files and global MRNA expression age at operation (approx. 16 years Hesalet
data and 25 years UkrAm), and average dsepro.

o _ _ 0.15 Gy Hess et al. and 0.68 Gy UkrAmJhis
Systematic integrationof genomic copynunmber |o,q o markedlydifferert estimates of thepro-

alterationswith_global Qe gxpression didot h5tions  ofradiation-inducedPTCs  in the ex-
reveal any significart associations betweeti_we posed set of the Hess et al. (2011) st(ep-
copy number status of genes acudrrespondlngprox_ 85%) and the PTCs of the UkrAm co-
expression at the mRNA level in thewailable ¢ (55-75%)[3, 9, 16, 6]. Consequentlywe hy-
data set. pothesized and also confirmed a loilquency
of gain of 7911.22-7q11.23 in the UKrAmRTCs
5 Discussion (29%) compared to the exposed set of PTCs of
the Hess et al. (2011) study (39%). Irsubsé
Our study is the first reporting on genon@itNAs of the published TCGA cohort of sporadi€TC
in PTCs of the UkrAm cohort thaintegrateshe [30] that we matched to the herein analyzed co-
findings with published data on globalRNA hort with regard to age the gain was mpoesen
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at all. This supports the role of gain of 7q11.284stribution of histological subtypes in the dif-
11.23 as a radiation-specific marker since satfaferert tumor sets sinceRET/PTC and BRAF
was detected imadiation-associateBTCs only. V600E have been associated withrticular his-
Classification of the UkrAm PTCs intaadiation- tological subtypes ompredominam histological
induced or sporadic cases based onrgegrated structures[35]. Unfortunately, Agrawal et al.
analysis of CLIP2 protein expression a@dIP2 (2014) [30] only differentiated "classcal-type",
genomic copy number revealed a frequency "@dllicular-variart”, "tall cell variant" and "un-
75% radiation-inducedcases which was ifine common PTCvariants"whereas our PTCsvere
with the above mentioneastimated frequencylassified using more detailed subtypategories,
of 55-75% ofradiation-inducedcases[16]. The which did not allow a one-to-on€omparison.

TCGA study on sporadic PTCEO] already il-
lustratedthe dominart and mutually exclusive
role of driver geneticalterationsin PTC, inpar
ticular in the MAPK and PI3Kpathways. lter-
estingly, the frequency of the BRAF V600&U-
tation in ourinvestigatedJkrAm cases wasnly
13% (9 out of 70 cases) and thus wamificartly
lower compared to the frequency 'B®BRAF-

Another interestingresult of the large-scalanal-
ysis by the TCGA consortium is theolecular
sub-classification of PTC int6BRAF-like" and
"RAS-like" PTCs using the so calletBRAF-
RAS score". Since théBRAF-RAS score" is
derived from a 71-gene-signature, which vidas
termined by differential expression analysistuf
mors harboring either BRAF V600E or RABuU-

like" cases of theage-matchedTCGA subsettations,we hypothesizedhatthis signature isa-
(62.8%). Likewise sporadic PTCs MAPK sigable to discriminateBRAF-mutatedcasesand
naling is also deregulated madigion-asseiated RAS-mutatedtases to a certain extent. Tpab-
PTCs [17], most frequently by eitherearrange-lished signature has been derived fr&@NAseq
mert of the RET gene (referred to BRET/PTC) data, whilst the UkrAm expression dataigi-
or by mutation of the BRAF gene (referredo nate from gene expression array data (Abehd
as BRAF V600Emutation)in a mutually exclu- al., 2012). Thismight explain that the Abenet
sive manner. In our study we foulRET/PTC1 al. array data lack some genes sinceartrast
or RET/PTC3 rearrangememdh a frequencyto RNAseq microarrays cannot reliabtjetect
of 31% (22 out of 71 cases) which is time genes that are weakly expressed. Howeawasu-
lower range of earlier reported frequencies pafrvised hierarchical clustering based on tke
RET/PTC in young adults. In all, theb- maining 59 genes resulted in four distindustes
served frequencies of RETearrangements andnd, consistently, all cases with a BRAFGOOE
BRAF V600E mutationsin our study weren mutationwere preset in one single cluste(C1)
good agreemet with the findings on PTCs olvhich reflects the'BRAF-like" cases. Henceal-
the UkrAm cohort reported by Leeman-Nell though we were not able to calculateBRAF-
al. (2013)[17] (15% BRAF V600Emutated casefRAS score due to the fact we did not h&®AS
and 35%RET/PTC positive cases). Ircon- mutationdata available we could prove thse-
trastthe age-matchedCGA [30] PTC subsetfulness of the underlying gene expresssigna-
showed a much lower frequency BET/PTC ture for thediscriminationof PTCs intoBRAF-
rearrangementg13.3%) compared toUkrAm like and non-BRAF like. Moreover, thinding
which is likely to be due to differences the suggests that the BRAF V600E drivemlecu-
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lar phenotype is well reflected by tH8RAF- identified as a fusiompartnerof the NTRK1 gene
like" associated genes. Concerningcamparisonin PTC [39]. In addition totheseexemplarily
of the genomic copy numberlterationsof the mentioned thyroid cancer associated genas
PTCs investigatedin our study and that dhe can speculate that more genes locatedltered
age-matchedubset of the Agrawal et a(2014) chromosomes 1qg and 19 may play iarportart
[30] study we observed marked differences. 888te in driving radiation-inducedPTC. There-
of the TCGA subset did not show any CNa fore, we suggest an in-deptimtegrated analy-
all, referred to as'SCNA-quiet” group in the sis of these genomic regioperticularly with re-
Agrawal et al. (2014) papdB0]), whereasonly sped to mRNA and protein expressions tbfe
53% of the UkrAm PTCs (cluster C2.1 Figureaffected genes. The systematictegration anal-
can beattributedto this group, althoughhone ysis of the genomic copy number level withe
of the UkrAm PTCs did not show no CN&t transcriptomelevel that we carried out ithis
all, but only a few smaller ones. Nonetbé& study unfortunatelydid not result in anyposi-
other groups i.e. "SCNA-22g-del" an@&CNA- tive findings which might, on the one hande
low-1g-amp" were found in our data seThis due to the limited number of casHsat over-
is likely to be due to the fact that tmmbsé lapped between our array CGH and thkeend
of the Agrawal et al. (2014)30] we used foret al. (2012) expression microarray data [$d}
comparison was purely sporadic anmorewer, On the other hand, it alsmight be an effect
differed from our data set with regard tws- caused byintratumoral heterogeneitsince the
tological subtypes. With regard to thggobal nucleic acids used in array CGH amdpressio
genomic copy number unsuperviséderardical microarray analysis werextractedrom differert
clustering of the of the CNA profiles of the 8parts of the tumors. Many of the CNAs frahis
UkrAm PTCs resulted imwo main clusterswith study have already been described for PiRC
significantly more females, cases witholytmph young patientspreviously [9, 40, 41]. Stein e#l.
node metastasisand long latency(> 17 years) [40] reported inpost-Chernobykthildhood PTCs
in cluster C1. This partly reflects thindings chromosomal gains on 1q, 12q, 22q and a ¢oss
reported by Hesetal. [9] who described &im 21q in post-Chernobylchildhood PTCs. Also,
ilar result for CNA associations with tHgmph Hess et al. (2011) and Unger et al. (20p8)-
node status[36, 29, 37]. Interestingly,the groups sented overlapping CNA®, 41] with this study
as they were defined by unsuperviseierardi- of the UkrAm cohort (gains on 1q, 946p/q,
cal clustering can also be built consideriogly 19p/q, 20, 21q and loss on 11p). WkrAm
copy number changes of chromosomes 1q Hdcases CNAs could be associated with latercy
Hence, thesealterationsare the mostdiscrimi- 17 years,absem lymph nodemetastasisand fe-
nating ones amongst all CNAs. Chromosofiree male gender. Association testing alewealed
harbors, among many others, the gehB#3 a region on chromosome 22q (region no. 429,
and TRIM33 (synonym RFG7) that haséready includes NF2 and CHEK2), significantigssai-
been shown to be associated with PTWhile ated with latency. 35% of all cases withagency
in radiation-associateBTCs TRIM33 hadeen > 17 years harbored the 22qg gain, compated
shown to be fused to the RET gene as parthef6% of cases with latency 17 years. Thigesult
RET/PTC7rearrangemdr{38], TMP3 hasbeen was even morgrominert when only femalewere
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and pointing to furtherradiation-associatede-

netic alterationsin addition to gains on 7¢q11.22-

11.23 and associated CLIP&terations.In con-

clusion, wepresem the first study on CNAs of

PTCs from the UkrAmcohoit and showthat

the carcinogenesis reflecting genonémdscap

of these tumors is very heterogeneous. Wih

gard to gain of 7911.22-11.23 which waken

tified as a radiation-specific copy numbeiter-

ation in PTC in a previous study oadiation-

associated PTC (9), we observedcamparald

frequency in our data set. This let esnclude

that the subset of UkrAm cases showihg gain

are similar to theradiation-induced®TCs from

the previous Ukrainian cohort and also bkely

to beradiation-induced9]. Additionally, wecon-

sidered findings that were published it@rpre-

hensive multi-level omics study on a large set of

sporadic PTCs suggestirthata subset otases

from UkrAm cohort is also of sporadiarigin.
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Table 1: main features glaients

n cases AaE | AaO | Latency Dose
female| 51 mean [yrs]| 84 | 257 | 17.4 arithmetic ”"['ga;r]‘ 0.95
male| 33 | median [yrs]| 9.0 | 26.0 | 16.6 geomeric r?g?r]‘ 0.32

Total 84

Table 2: CNAs associated with tigaramatersatency, gender andose

Test parameter Groups n  Gains Losses

L atency < 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 - -
301-1000mGy 18 28 -

> 1000 Gy 26 - -
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Figure 1: Frequency plot of CNAs tiie PTCs investigatedn our study. Green barstarting from
the top indicate the percentage of CNA profiles with copy number gains in the data setand
bars from the bottom indicate the percentage of CNA profiles with copy number losseslamtahe
set.
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Figure 2: Unsupervised hierarchical cluster analysis of CNA profiles resultinghéatanap corre-
sponding to the clustered CNA profiles (left, copy number gains are depicted in blue andnlosses
red). The status of thparametergender, lymph nodstatus,latency, AaO, AaE, CLIP2BRAF
V600E, RET/PTC1/3and dose and indicated by colored baght of the heatmap.The clustering
dendrogram is shown on theght.
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