DNA copy number alterations in radiation-induced thyroid cancer
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Abstract

For many years gene alterations of the MAP kinase pathway have been investigated in papillary thyroid carcinomas (PTC) and the radiation-specific induction of RET/PTC rearrangements has been discussed in the published literature. According to recent studies these alterations are now considered as age-related changes rather than radiation-specific changes in PTC. Thus, there is a strong motivation to search for novel alterations that might represent radiation-specific markers in PTC. DNA copy number alterations (CNA) are frequent in human cancers and are also prevalent in PTC. However, the only way to tease out radiation-specific CNA is a comparative analysis of CNA from closely matched tumour cohorts since various factors such as age of patients or histology of tumours also influence the type and frequency of CNA. Therefore, this review focuses on the current knowledge on CNA in PTC and on future strategies to identify radiation-specific changes in these tumours.

Introduction

The carcinogenic potential of ionizing radiation in the thyroid gland became apparent by the observation of an increased risk of thyroid cancer after external irradiation of children [1] and after exposure to the radioiodine fallout from the Chernobyl accident in the contaminated areas of Belarus, Ukraine and Russia [2] [3]. This suggests that the thyroid gland and that of children in particular, is vulnerable to radiation in a dose-dependent manner [4] [5] [6] confirming ionizing radiation as a risk factor for thyroid cancer. Interestingly, more than 95% of thyroid cancers that developed after the Chernobyl accident in children and adolescents are papillary thyroid carcinomas (PTC), one of the two main types of carcinomas derived from follicular thyreocytes [7]. There are several subtypes of PTC that have occurred at different times and frequencies in the exposed population of the Chernobyl accident. The classic PTC is most commonly found in adults whilst the follicular or solid variants are predominantly found in PTC of young onset. At the molecular level PTC is frequently associated with rearrangements of the Ret and Trk oncogenes and with mutations of the Braf oncogene, the latter of which are more common in PTC from adults. Ret/PTC rearrangements were frequently found in childhood PTC. In the course of the rearrangement the tyrosine kinase domain coding  part of the Ret gene is fused to the strong promoter of a fusion gene that consequently leads to constitutive expression of the Ret tyrosine kinase domain and subsequent activation of the the MAP-Kinase pathway in follicular epithelial cells [8]. The two most common types of Ret/PTC rearrangement, RET/PTC1 and RET/PTC3 involve paracentric inversion on chromosome 10 involving the partner genes CCDC6 (synonym: H4) and Ncoa4, which are located on the same chromosome. It has been shown that Ret/PTC3 rearrangements are most frequent in childhood PTC and are associated with the solid variant of PTC, whilst Ret/PTC1 is predominantly present in the classic subtype [9]. Another interesting observation was that occurences of Ret/PTC rearrangements and Braf mutations aremutually exclusive in PTC indicating activation of the same pathway by two different alterations. Initial studies have suggested Ret rearrangements as markers for radiation exposure [10] [11] whereas other studies have shown Ret/PTC rearrangements occurring in sporadic papillary carcinomas of children and young adults with a frequency of 40 to 70% [12]. Moreover, intra-tumour genetic heterogeneity of Ret/PTC rearrangements has been reported in several studies [13] [14] indicating an oligoclonal tumour development of PTC and RET/PTC being one gene alteration amongst others. It is also possible that RET/PTC is a later event in the tumourigenesis of PTC, which makes RET/PTC unlikely to be a radiation-specific alteration. In addition the correlation of RET/PTC rearrangements or Braf mutations with pathomorphology is not absolute since a substantial proportion (30%–50%) of PTCs do not carry these alterations. Altogether these findings suggest that RET/PTC rearrangements are not radiation-associated events and therefore provide a strong motivation to search for other gene alterations that may represent “drivers” of radiation-induced carcinogenesis of the thyroid gland.

Material and Methods 

Global analysis of copy number alterations (CNA) using comparative genomic hybridization (CGH)

CGH approaches are used to determine the copy number of tumour genomes and to identify recurrently lost or gained chromosomal regions in patient cohorts. For this, tumour and reference DNA are differentially labelled with fluorescent dyes and hybridized simultaneously to target structures representing the whole human genome. In case of chromosomal CGH these target structures are metaphase chromosomes representing a normal karyoype at which fluorescence intensities of the bound tumour and reference DNA are measured along the chromosome axis. The genomic position of copy number alterations are subsequently determined using the microscopically detectable chromosome bands. CNAs are identified by a significant over-representation of one of the fluorescent dyes at a specific chromosomal location, whereas over-representation of tumour DNA specific fluorescence represents a genomic copy number gain and that of the reference DNA a copy number loss in the tumour genome. The major limitation of chromosomal CGH is its relatively low resolution which allows the detection of copy number changes of a size greater than 5-10 Mb. This restriction has been overcome by modification of classic CGH with respect to the target structure. Array-CGH uses DNA fragments which are derived from large-insert clones from DNA libraries that were used for the Human Genome Sequencing Project,  or smaller oligonucleotides generated by PCR or photolitography on solid glass slides. More recent approaches use DNA fragments bound to micro-beads as target structures.  For an excellent comprehensive review on the sensitivity of array-CGH and its potential in cancer research the reader is referred to Pinkel et al. [15]. The general workflow of array-CGH is demonstrated in Figure 1. 

Tumour samples

One of the key issues in array-CGH studies is the source of DNA used for analysis and its associated quality which has a huge impact on the quality of the data. DNA of the highest quality (integrity) can be extracted from blood samples followed by fresh frozen tissues whereas storage and, in case of fresh-frozen tissue, the tissue type and the way the tissue is treated during and after surgery introduces broad variability into the quality of the DNA obtained. However, the most widely available source of tumour tissues is formalin-fixed and paraffin-embedded (FFPE) tissues that are generated as part of clinical routine diagnostics. FFPE blocks or sections are archived in pathology departments of hospitals or in tissue banks. An example of a tissue bank that exclusively collects tissue from thyroid tumours is the Chernobyl Tissue Bank (CTB, www.chernobyltissuebank.com). FFPE tissues are often accompanied by clinical data which makes them a very valuable resource for tumour research. However, due to the fixation process, DNA from FFPE tissues is crosslinked to proteins and subsequently fragmented after extraction which consequently reduces the relative amount of intact DNA required for successful array CGH. It has been shown by van Beers et al. [16] that it is not the average fragment size but the minimum PCR amplicon size that can be generated from DNA extracted from FFPE tissue that predicts its suitability for array CGH. The van Beers paper also provides a multiplex PCR protocol that allows a check of DNA quality based on minimum amplicon size.  In general, due to DNA fragmentation, array CGH profiles generated from FFPE tissues tend to show a higher level of experimental noise when compared to profiles from blood or fresh frozen tissues. Currently, the majority of array CGH studies on FFPE tissues have deployed BAC array platforms, however it was shown recently that oligo array CGH arrays using 60mer DNA fragments perform as well as, or even better than, BAC array CGH [17]. A better preservation of DNA  could be achieved by new fixation chemistry such as the alcohol-based fixative PAXgene (Qiagen) that resulted in a significantly higher quality of the extracted DNA, RNA and proteins [18]. However, the quality of preservation in the long term has to be proven before it can be considered for routine use.

Another important issue is the presence of copy number variations (CNV) naturally occurring in individuals encompassing deletions, insertions, duplications and complex variants ranging from Kb to Mb in size (http://www.sanger.ac.uk/PostGenomics/decipher/;[19] [20]). The existence of CNVs needs to be taken into account in order to prevent misinterpretation of array-CGH data because the detected alterations may simply describe copy number variations between individuals rather than cancer-specific CNA. However, it has been shown that copy number variations also influence gene expression and phenotypic variation and thus are likely having an impact on tumourigenesis [21] [22]. There are two options for dealing with copy number variations detected in array-CGH analysis: firstly using individually matched DNA from normal tissue or blood from the same patient,. However significant experimental noise is introduced  if both the experimental tumour DNA and the matched normal DNA are from FFPE tissue. This is less of an issue if DNA can be extracted from blood, but often this is not available. Therefore in studies that use tumour DNA from FFPE tissue where no blood DNA is available from the same patient, the second option is to identify CNVs by comparing the identified CNAs with the CNVs published in publicly available CNV databases (an overview on existing databases http://www.humgen.nl/SNP_databases.html) and subsequently removing these from the downstream data analysis. In order to eliminate the effect of CNVs in the reference DNA one should use pooled genomic DNA from different individuals in order to dilute out the effect of DNA representing a particular CNV .

Tumour heterogeneity [23] is a widely unaddressed issue in array-CGH. It is represented by different cell populations within the same tumour and different CNAs specific for each of the populations. Since the relative amount of tumour cells representing particular CNAs may fall below the detection limit of array CGH these CNAs remain undetected although they are important for tumour development. Recently there have been attempts to address this complex problem by bioinformatic approaches [24] [25] which need to be validated in future studies.  

Finally, infiltration of the analysed tumour tissues with non-tumour cells such as stromal cells or lymphocytes, also reduces the relative amount of tumour cells and can lead to some CNAs of the investigated tumours being undetected. One way of reducing this effect is to enrich the proportion of tumour cells by macro- or microdissecting the tumour tissue prior to array-CGH analysis. Another way of addressing this problem is to use  an algorithm that corrects for the cellularity of the tumour samples, when macro- or microdissection is not possible [26].

Array-CGH platforms and data analysis

Various array-CGH platforms are currently available differing in the source of DNA arrayed on the slides such as large-insert clones (e.g. BACs and PACS), cDNA clones and various oligonucleotide-based systems [27] [15]). Since the genomic resolution of a CGH array is mainly determined by the number and size of its probes, large-insert clone arrays provide the lowest and oligonucleotide arrays the highest theoretical resolution [28]. Whereas the array resolution determines the minimum size of copy number alterations that can be detected, an equally or even more important aspect is the applicability of a platform to the input material i.e. DNA extracted from cell lines, blood, fresh-frozen tissue or formalin-fixed paraffin-embedded (FFPE) tissue that is available for a study. The successful application of DNA from FFPE tissue on BAC arrays and arrays deploying longer oligonucleotide probes (e.g. using Agilent CGH arrays, [17]) has been shown in numerous studies, whereas the performance of DNA arrays with shorter probes (e.g. Affymetrix) in combination with fragmented DNA from archived tissues still remains unproven [29].

Another important determinant of the potential to identify significant biomarkers from an array CGH study is the quality of the downstream analysis of raw data which needs to be specifically tailored to the platform that is used. The first step (primary data analysis) aims to identify the gains and losses in individual tumours which are subsequently used to classify the tumours into groups by e.g. unsupervised hierarchical clustering, or for the analysis of association of copy number changes with clinical data (e.g. survival or tumour size) and molecular phenotypes (e.g. BRAF mutation status). The greatest challenge in array CGH analysis is the distinction of true and random events (false positives) as a consequence of experimental noise introduced by DNA fragmentation. . It is impossible to define a standard procedure of array CGH data analysis since there are too many parameters, such as type of the array platform, sort and quality of input material etc., which  influence the characteristics of array CGH data sets. However, an excellent review on array CGH data analysis was published by van de Wiel et al. [30]. Since the results of the analysis of array CGH data are always based on statistical testing and therefore can include false-positive results, the findings from array CGH studies should ideally be validated, if possible, on an independent set of samples using a different technique such as FISH.

Gene-specific analysis of CNA using Fluorescence in situ hybridization (FISH)

Single or multicolour FISH approaches that are used to investigate known gene targets allow a gene copy number analysis of a single or a few genes at a single cell level in metaphase or interphase cells of archived tissues. Usually, large-insert clones are used as DNA probes that are labelled with fluorescent dyes and hybridised onto target cells or tissues. For the detection of copy number changes it is state-of-the-art to hybridise simultaneously a differentially labelled reference DNA probe that allows determination of  the physical completeness of the analysed cells (e.g. exclusion of artefacts generated by cutting of tissue sections) and correction of the gene-specific signal with regard to aneuploidy of the tumour cell. Many different FISH protocols exist for the hybridisation of FFPE tissues all of them containing pre-treatment steps to make the formalin-fixed DNA accessible to the labelled DNA probes. Such pre-treatments include proteolytic digestions, chemical treatments and denaturation steps. A major challenge is the evaluation of FISH signals in hybridised tissue sections. Because of the thickness of the target tissues, which can consist of more than one layer of cells, FISH signals may not be spatially distinguishable from each other and therefore lead to misinterpretation of the results. This problem is resolved by using technically sophisticated three-dimensional microscopy  such as laser-scanning confocal  microscopy [31] or optical sectioning microscopy [32]. FISH approaches also have the advantage that they can, in addition to validating array-CGH findings, reveal valuable information about heterogeneity and distribution of copy number alterations within individual tumours.

Another way of validating the results from copy number analyses is to use  quantitative PCR (qPCR, [33]) or probe hybridisation approaches such as Multiplex Ligation-dependent Probe Amplification [34]. Both approaches use the same tumour DNA that was used for the array CGH analysis and which is the hybridisation target for the fluorescence-labelled probes. The fluorescence intensity of the hybridised gene-specific probe is measured and normalised against the fluorescence-intensity of a gene that is assumed to show normal gene copy number. The relative copy number of the investigated gene is determined using a calibration curve. A disadvantage of these approaches is that they face the same problems as array CGH such as tumour heterogeneity and infiltration of tumour tissue with non-tumour cells.

Both FISH or qPCR/MLPA are excellent tools to follow up candidate genes from array CGH studies on larger validation sets and give a good cost-benefit ratio. In additionthey provide much more accurate information about the actual copy number of genes which in array CGH can only be determined in broad categories such as loss, normal, gain and high-level amplification.

Results

CNA in sporadic papillary thyroid carcinoma (PTC)

DNA copy number changes in PTC are only available from low case numbers. Table 1 summarizes the most commonly cited alterations in the published literature. Some studies have used conventional CGH in order to detect CNA whilst others used array-CGH. Gains on 1q and 12q and loss of chromosome 22 [35] [36] [37] [38] are copy number changes that were commonly found in most studies indicating that these are very frequent alterations in PTC.  Genomic CNA patterns in tumours are different in young and adult patients. This became apparent in the studies by Unger et al. [39] and Kimmel et al. [35]. In two reports, recurrent CNAs were cited which discriminate RET/PTC-positive and –negative tumours [39] or are typical for wildtype Ret or Braf tumours [40]. Focal PTC in follicular-patterned thyroid nodules showed trisomy 17, which could reflect a specific marker of this subset of thyroid lesions [41]. In a small number of cases a RET oncogene amplification has been detected by FISH analysis which was linked to progression of thyroid carcinogenesis and a high-grade malignant potential of thyroid cancers [42].

CNA in radiation-induced PTC

It is important question if CNAs exist that discriminate radiation-induced and sporadic PTC. So far, five studies have addressed this question, however, all of them failed to demonstrate a radiation-specific marker [43] [37] [35] [39] [38]. However, it is conspicuous that a larger number of CNAs have been reported in radiation-associated compared with sporadic cases. The low number of cases analysed and inappropriate control cohorts are the likely limitations of all of these studies.

Discussion

CNAs in human cancers can be characterised by CGH or array-CGH. More recently next-generation sequencing also allows genomic copy number alteration analysis [44]. However, Array-CGH allows analysis of chromosomal regions that are altered in copy number and also accurate mapping of the corresponding alteration boundaries at high-resolution. The Integration of genome-wide copy number data with clinical data can be used for the discovery of copy number changes that have the potential for a more accurate tumour classification, and for being used as prognostic and predictive markers in the diagnosis and treatment of malignant diseases. Whereas single CNAs or CNA signatures, regardless of their mechanistic significance, can be used as biomarkers, the high-resolution of state-of-the-art array CGH platforms [45] allow the researcher to drill deeper into the biological networks that are deregulated by CNAs on a single gene level.  This is vastly empowered by integrating data from different molecular levels, such as micro RNA, mRNA methylation and proteome data, with gene copy number data. Compared with conventional CGH, array-based CGH studies appear to detect larger numbers of recurrent CNAs which might be due to a lower detection limit of the approach (Table 1). In studies that used conventional CGH recurrent CNAs are either reported in a relatively small proportion of cases (12% of adult PTC cases; [46]) or occur in larger chromosomal regions affecting whole chromosomes or chromosome arms (gains on chromosomes 4, 7, 13, 21 and losses on chromosomes 16p/q, 20q, 22q; [37]). Thus, the higher resolution of array-CGH clearly has a proven  higher potential to reveal CNAs that may represent specific markers in PTC and which would remain hidden if using conventional chromosome-based CGH.

There is evidence from several studies that ionising radiation is able to induce CNAs, even at low doses of radiation [47]. However, to find radiation-induced CNAs that have developed many years after exposure to radiation is a challenge because it is difficult to distinguish these from changes that are not radiation-induced and which developed in the course of the evolution of the tumour. Both the effects of different radiation doses that the patients may have received and latency effects introduce even more complexity and confuse the issue. A number of other factors, such as age and gender of patients, individual copy number variations, histological subtypes of tumours and the genetic background such as alterations of the MAP kinase pathway, have been shown to affect CNA profiles in PTC [40]. Age-specific differences of CNA profiles have been reported in gastric cancers  [17],  in early and late onset colorectal cancer [48] and also in PTC [39]{Citation}. The age-specific CNAs of PTCs are also reflected by the pathomorphology of the tumours [38]. Moreover it is likely that  the histological subtypes of PTCs (i.e. classic, follicular, solid and mixed variants)  are linked to specific copy number changes. RET/PTC3 rearrangements occurring predominantly in solid-follicular variants [9] demonstrate the coupling of pathomorphology with the molecular make-up of tumours. Another case underlining this concept is the study by Unger et al. [39] which showed a correlation of RET/PTC rearrangements in PTC with specific CNAs along with the candidate genes located within these RET/PTC specific CNAs. Also the RET/PTC-positive tumours showed various CNAs which together with previous reports on the presence of RET/PTC in only a subset of tumour cells [13] [14] [49], strongly suggests a distinct genetic intra-tumour heterogeneity of PTC. This also calls into question the role of RET/PTC as a strong genetic driver of PTC as  was reported in various studies [50].. Although this hasonly been shown for RET/PTC rearrangements  it is very possible that the same is true for other changes affecting the  MAP kinase pathway, such as mutation of the BRAF gene.

Taking all these confounding factors into account it appears that the only way to identify radiation-specific CNAs in PTC is the investigation of tumour cohorts that were matched for as many parameters as possible. This ensures that the case and the control group ideally only differ in exposure status and that the effects on CNA profiles of factors other than radiation  are minimised. Some studies that identified radiation-specific markers in PTC did not follow this route and have compared molecular profiles from post-Chernobyl PTC in different age groups or in groups with different gene alterations (e.g. BRAF mutations and of RET/PTC rearrangements), or in cohorts composed of different histological subtypes (e.g. classic papillary type and solid-follicular subtypes). The Chernobyl Tissue Bank (CTB) which exclusively collects thyroid tumours from the areas that were affected by the radioactive fallout (Ukraine and Russia) from the reactor accident provides researchers with access to cohorts of patients with closely matched tumours. Extensive use of such unique tumour collections will improve the quality and power of future genomic copy number studies and other studies on radiation-induced PTC and thereby will contribute to the uncovering of radiation-specific alterations.

One of the projects that already uses biomaterial (DNA, RNA and FFPE sections) from the CTB is the EU-funded multi-centre consortium project GENRISK-T, which seeks to find radiation-associated molecular profiles (genomic copy number and mRNA expression) in highly matched cohorts of PTCs from young patients that were either exposed at a young age or not exposed to the radio-iodine fallout from the Chernobyl accident.

Genomic copy number changes are not always reflected by altered mRNA expression of all of the genes located within their regions [51]. However, assuming that a particular CNA contributes to the development of a tumour – otherwise the alteration would not be sustainable during tumourigenesis – a subgroup of the genes encoded within the region of a CNA must be deregulated by the change in copy number. In order to identify these genes, which would be important for the identification of deregulated networks in radiation-associated thyroid tumourigenesis, bioinformatic strategies have been proposed, all of which use copy number and mRNA expression data [52]. GENRISK-T is the first project to compare global mRNA expression and genomic copy number data generated from the same pieces of tissues of highly-matched PTC cohorts (Figure 2).

Conclusion

It is obvious from the published literature that DNA copy number alterations are prevalent in PTC and therefore are likely to have a substantial impact in thyroid carcinogenesis. There is also  great potential in the use of genomic copy number analysis to gain insights into radiation-specific changes occurring during PTC development. For this purpose, only closely matched tumour cohorts should be investigated since there are a number of parameters, such as age and pathomorphology, that influence genomic copy number profiles and which make it difficult to identify the radiation-associated alterations. Biobanks such as the Chernobyl Tissue Bank (CTB) enable the selection and investigation of tumour cohorts that will facilitate identification of radiation-specific changes in PTC.
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Figure 1: Workflow of array comparative genomic hybridisation (array CGH)

[image: image1.png]bridisation and Generation of Fluorescence ratios

Tumour1 Tumour2 Tumour3 Tumourd  Cy3

Normal ~ Normal ~ Normal Normal  cys
Cot1 Cot1 Cotl  Cotl

Co-hybridisation of tumour DNA, normal DNA and
Cot-1 DNA with DNA probes on the arrays

ZLABh

Wash and Scan

Probe  chromosome.

o 1
ey 1
e 1
preey 1

Copy number gain

B) Data Processil

and Co

sunwp)  Enawp
Goians  anTise
bLOw 61201250
B5TROGOR  AS7ROACA
SraszEs 745296

|

Number Callin

Log Ratio
oaer
004506
D27
o.om0n

Sorting of Log2-ratios according
to genomic position of probes

san@p)  End@p)

7Bu45n
ToveaL
sozaca
s

|

704517
709600
0zmz
e2e023

Log Ratio
002908
02835
00012
07

Segmentation (breakpoint
detection) and calling of copy
number gains and losses.

Gain N
© & Log,(-32) =058

Loss

- z Log,(=12) -1

Copy number loss

‘segmentation line




A: Labelled tumour (Cy3, green) and reference DNA (Cy5, red) are co-hybridised to the array slide in the presence of human cot-1 DNA. Non-specifically bound DNA is washed off the array slide. The slide is scanned and fluorescence intensities of the array spots are extracted. If a spot represents a genomic region of the tumour with normal copy number the linear ratio of tumour to reference is 2:2 (Log2-ratio:0). If the region is gained in copy number the ratio is greater or equal than 3:2 (Log2-ratio greater or equal 0.5) and if the region has reduced copy number the ratio is equal or smaller 1:2 (Log2-ratio equal or smaller than -1). These values are theoretical values and due to normalisation of the datasets, tumour heterogeneity and infiltration of the analysed tissue with non-tumour cells copy number changes are typically reflected by median Log2-ratios of +/- 0.5.

B: The fluorescence ratios along with their genomic annotation information are written into table format files and sorted after the genomic position of probes. Replicates are averaged and data points not fulfilling QA criteria are removed. The raw Log2 profiles are then normalised and segmented whereas the changing points of segments represent the breakpoints of altered copy number regions. Finally the decision whether a segment represents a copy number alteration is made using a copy number calling algorith  (e.g. CGHcall  by van de Wiel et al., 2007). 

Figure 2: Design of array CGH studies for the identification of genomic radiation signatures
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The schema describes the workflow of a study investigating radiation-associated CNAs in tumours. 

Tables

Table 1: DNA copy number changes in thyroid follicular-cell neoplasia 

	Tumour type
	Number of tumours analysed
	Frequent copy number changes1
	References

	Sporadic PTC
	
	
	

	
	26 tumours
	CGH
Gains: 1q23-qter, 5q, 7, 17, 21
	[46]

	
	10 tumours adult patients,

5 tumours young patients
	Array-CGH

Gains: 1q21.1, 1q42.12, 6q22.33, 12q23.1, 16p13.12, 17p11.2, 19q13.2, 19q13.31, 22 

Losses : 2q24.2, 22q12.2
	[35]

	
	8 tumours, 3 cell lines
	Array-CGH
Gains: 1, 5, 7, 11, 15, 17, 22

Losses: chromosomes 4, 18, 19
	[40]

	
	17 tumours
	CGH

Gains: 4q, 5p/q, 6q, 7p/q, 12q, 14q, 16p, 17q

Losses : 1p, 9p/q , 11q, 13q, 22q
	[53]

	
	9 tumours
	FISH

+17
	[41]

	Radiation-induced PTC
	
	
	

	
	1 childhood tumour
	CGH

Gains: 1p34, 1q21, 2p11.1-pter, 2q11.2-13, 3q26.2-26.3, 5q23-31, 6p21.3-pter, 7q11, 9q13-q33, 12q22-qter, 13q32-qter, 17q11.1-qter, 19, 20, X

Losses: 1q42, 13q21, 15q11.1-14
	[43]

	
	60 childhood tumours
	CGH

Gains: 2, 4, 7q11.2-21, 13q21-22, 21

Losses: chromosomes 16, 20q, 22
	[37]

	
	10 tumours young patients
	Array-CGH

Gains: 1p36.23, 1q32.1, 1q42.13, 5q31.3, 6p24.3, 6p22.2, 7p11.2, 7p14.1, 7q21.13, 7q32.1, 8p23.1, 14q32.33, 16p13.3, 16q12.2, 17q11.2, 17q25.1-25.3, 19p13.11, 19p13.43, 20q13.33, 21q22.3, 22q13.2, Xp22.33

Loss: 4q35.2
	[35] 2006

	
	14 tumours
	FISH

RET amplification (only in three radiation-associated cases)
	[42]

	
	13 childhood tumours
	Array-CGH

Gains: 19, 21

Losses:1p36.31-35.3, 1p33-cen, 1q23.2-32.1, 6, 9p21.1-pter, 9q31.1, 9p23-q33.2, 13
	[39]

	
	10 tumours of young patients
	Array-CGH

Gains: 1p, 5p, 9q, 12q, 16p, 21, 22
	[38]


1 : array-CGH or conventional CGH (CGH)

