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CHAPTER 8

CHROMOSOMAL COPY NUMBER DETECTION AND 
FOCAL ABERRATIONS
The extent of focal chromosomal copy number aberrations (CNAs) in cancer, which has been 
uncovered through technical innovations, was discussed in Chapter 2. Detection of focal 
CNAs has been critical for the identification of new cancer driver genes in various genome 
studies and projects such as TCGA1. We concluded that, unlike constitutive copy number 
variations (CNVs), focal CNAs are the result of many selection events during the evolution 
of cancer genomes, whereby a single gene in a focal CNA would give the tumor a selective 
growth advantage. Despite the opportunities focal CNAs provide cancer research, a consensus 
definition was lacking. Therefore, we proposed a definition of focal CNAs in Chapter 2 based 
on pragmatic considerations. In this chapter we also described different bioinformatics 
procedures to identify focal CNAs and distinguish them from large CNAs and CNVs.

BIOINFORMATICAL CHALLENGES IN THE DETECTION 
OF FOCAL CNAs
In both Chapter 3 and Chapter 4 the detection limits of arrayCGH are calculated. FFPE 
archival tissue is an important source of DNA material. Although copy number analysis using 
DNA from FFPE archival tissue is challenging, several research groups have reported high 
quality and reproducible DNA copy number results with these samples. The aim of Chapter 
3 was to compare the commercially available arrayCGH platforms suitable for high-resolution 
copy number analysis with FFPE-derived DNA. Two dual channel arrayCGH platforms (Agilent 
and NimbleGen) and a single channel SNP-based platform (Affymetrix) were evaluated with 
seven FFPE colon cancer samples. Median absolute deviation (MAD), deflection, signal- to-
noise ratio, and DNA input requirements were used as quality criteria to compare the different 
array platforms. Large differences were observed between platforms; Agilent and NimbleGen 
showed better MAD values (0.13 for both) compared with Affymetrix (0.22). On the contrary, 
Affymetrix showed a better deflection of 0.94, followed by 0.71 for Agilent and 0.51 for 
NimbleGen. This however, resulted in signal-to-nose ratio’s that were comparable between 
the three commercially available platforms. Interestingly, DNA input amounts from FFPE 
material lower than recommended (500ng) still yielded high quality profiles on all platforms. It 
was concluded that copy number analysis using DNA derived from FFPE archival material is 
feasible using all three high-resolution copy number platforms and shows reproducible results. 
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Chromosomal content is often not necessarily uniform throughout cell populations. In cancer 
tissue specimens we often find admixed normal cells with normal DNA content and admixed 
tumor cell populations (intratumor heterogeneity). The sensitivity of arrayCGH to detect DNA 
copy number aberrations in heterogeneous cell populations was evaluated in Chapter 
4. Detection limits reported thus far are a compound of analytical software and laboratory 
techniques and do not account for the number of probes in relation to sample homogeneity. 
We were interested to evaluate the laboratory technique only and not the bioinformatical 
procedures to interpret the results and therefore restricted ourselves to simple t-test statistics 
to determine if a particular loss or gain could be detected in a heterogeneous cell population. 
Detection limits were explored with DNA isolated from a patient with intellectual disability and 
from the tumor cell line BT474. To simulate heterogeneity both DNA samples were diluted 
with increasing amounts of normal DNA to simulate different levels of heterogeneity. Single 
copy number alterations, represented by as little as 249 probes and present in 10% of a cell 
population, could be detected. Alterations encompassing as few as 14 probes could also be 
detected, but for that a 35% heterogeneity level was required.

The studies described in Chapters 3 and 4 have been the basis to develop software described 
in Chapter 5 and to analyze the clinical and biological implications as described in Chapter 
6 and 7. 

A SOFTWARE PACKAGE FOR THE DETECTION OF 
FOCAL CHROMOSOMAL CNAs
Chapter 5 described the software package FocalCall; an R-package to identify somatic focal 
chromosomal CNAs in cancer specimens and to distinguish them from germ-line CNVs. 
FocalCall allows user-defined size cut-offs to recognize focal CNAs and builds on established 
arrayCGH segmentation and calling algorithms. A default setting to call focal CNAs is 3Mb of 
chromosomal length, as defined in Chapter 2. To differentiate CNAs from CNVs the algorithm 
can either make use of a matched normal reference signal or, if this is not available, an external 
CNV track. FocalCall furthermore differentiates between homozygous and hemizygous 
deletions as well as gains and amplifications and is applicable to high-resolution array and 
sequencing data. 
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CLINICAL AND BIOLOGICAL IMPLICATIONS OF FOCAL 
CNAs
Chapters 6 and 7 evaluated the clinical and biological relevance of focal CNAs in human 
cancer. 

Cervical cancer results from persistent infection with high-risk human papilloma virus (hrHPV). 
Common genetic aberrations encompass large genomic regions with numerous genes, 
hampering identification of driver genes. Chapter 6 aimed to identify genes functionally 
involved in HPV-mediated transformation by examination of focal CNAs (<3 Mb) in high-
grade cervical intraepithelial neoplasia (hgCIN). First, CNAs were obtained for 60 hgCIN 
by arrayCGH. Next, focal CNAs were identified using the R-package FocalCall with default 
settings, delineating only those aberrations of maximally 3Mb in size and disregarding 
CNVs of germ-line origin. In total, 74 focal CNAs were identified, encoding for 305 genes. 
Subsequently, we determined which genes would classify as drivers within the focal CNAs 
identified. To distinguish drivers from passengers we determined which genes are differentially 
expressed during cervical carcinogenesis by looking at two external gene expression 
datasets. Concurrent altered expression in hgCIN and/or cervical carcinomas compared with 
normal cervical samples was shown for ATP13A3, HES1, OPA1, HRASLS, EYA2, ZMYND8, 
APOBEC2, and NCR2. Furthermore, functional validation of two candidate driver genes; 
EYA2 at focal gain at chromosome 20q13 and hsa-miR-375 at focal loss at chromosome 
2q35 was performed by siRNA-mediated knock-down and overexpression, respectively, in 
hrHPV-containing cell lines. Gene silencing of EYA2 significantly reduced viability, migratory 
capacity, and anchorage-independent growth of HPV16-transformed keratinocytes. For hsa-
miR-375, a direct correlation between a (focal) loss and significantly reduced expression was 
found. Down regulation of hsa-miR-375 expression was confirmed in an independent series 
of cervical tissues. Ectopic expression of hsa-miR-375 in two cervical carcinoma cell lines 
reduced cellular viability. 

Our data provided a proof of concept that focal CNAs are actively contributing to HPV-induced 
carcinogenesis and identify EYA2 and hsa-miR-375 as oncogene and tumor suppressor gene, 
respectively. 

Chapter 7 shows that focal CNAs are not limited to solid tumors but are also present in 
hematological malignancies. Nodal marginal zone lymphoma is a poorly defined entity 
in the WHO classification, largely based on criteria of exclusion and the diagnosis often 
remains subjective. Follicular Lymphoma, lacking a translocation between chromosome 14 
and chromosome 18, referred to as t(14;18)-negative, have similar characteristics to nodal 
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marginal zone lymphoma resulting in a major potential diagnostic overlap. This study aimed to 
dissect these tumor types. As a reference, localized t(14:18)-positive Follicular Lymphoma and 
disseminated t(14;18)-positive Follicular Lymphoma were included. These four subgroups of 
lymphoma samples were analysed with high-resolution arrayCGH.

Gains on chromosomes 7, 8 and 12 were observed in all four subgroups. The mean number 
of aberrations was higher in disseminated t(14;18)-positive Follicular Lymphoma compared 
to localized t(14:18)-positive Follicular Lymphoma (p<0.01) and the majority of alterations in 
localized t(14:18)-positive Follicular Lymphoma were also found in disseminated t(14;18)-
positive Follicular Lymphoma. Nodal marginal zone lymphoma was marked by 3q gains with 
amplifications of four genes. A different overall pattern of aberrations was seen in t(14;18)-
negative Follicular Lymphoma compared to t(14;18)-positive Follicular Lymphoma. t(14;18)-
negative Follicular Lymphoma is marked by specific (focal) gains on chromosome 3, as 
observed in Nodal marginal zone lymphoma. 

Our results supported the notion that localized t(14:18)-positive Follicular Lymphoma 
represents an early phase of disseminated t(14;18)-positive Follicular Lymphoma. t(14;18)-
negative Follicular Lymphoma bears aberrations that are genetically more alike Nodal marginal 
zone lymphoma, suggesting a relation between these two entities. 

FUTURE PERSPECTIVE
In this thesis we have shown that accurate detection of focal CNAs has been instrumental 
in the identification of potential cancer driver genes2,3. We also showed the limitations and 
challenges researchers face in the accurate detection of these focal CNAs4,5. 

Despite the great possibilities and importance of focal CNAs, cancer driver genes can be altered 
by additional events, such as point mutations, methylation and structural rearrangements. The 
study by Bierkens and Krijgsman et al.2 (Chapter 6) identified a recurrent focal chromosomal 
aberration which contains the miRNA hsa-mir-375 and identified this miRNA as a potential 
tumor suppressor gene2. Follow-up studies confirmed the potential driver function of hsa-
mir-375, but also showed that expression can be decreased by DNA methylation of its 
promoter region besides genomic loss6. This shows that in future research a combination of 
techniques is likely to reveal more candidate driver genes in cancer, which are missed upon 
data analysis through a single technique only. 

During the period in which the research of this thesis was conducted, DNA copy number 
detection has shifted from array based methods, such as arrayCGH and SNP, to next-
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generation sequencing7,8. Next generation sequencing now plays an important role in genomics 
for the detection of DNA copy number aberrations, mutations and structural rearrangements in 
cancer. Our bioinformatics tool ‘FocalCall’, as described in chapter 5, was developed to work 
both with arrayCGH as well as with sequencing based DNA copy number detection. 

Next generation sequencing also makes the combined analysis of DNA copy number and 
other somatic changes possible. Next to the detection of additional cancer driver genes, this 
might also shed more light on the mechanisms underlying focal CNAs. In an initial report, 
non-homologous end joining (NHEJ) and alternative end joining (alt-EJ) were found to be the 
dominant mechanisms to give rise to focal aberrations, although other mechanisms were 
observed9. Moreover ‘chromothripsis’10 and ‘chromoplexy’11, which both result in extensive 
genomic rearrangements, are suggested to give rise to focal CNA. However, many focal 
aberrations in these regions of massive genomic rearrangements are likely to be passenger 
effects. In cancer types that result from a viral infection, focal CNAs might result from integration 
of viral DNA in the genome of the human cell. In Chapter 6 we observed a focal gain that 
contains the gene EYA2. In a recent paper focal gain of EYA2 could be directly linked to HPV 
integration in the genome12. Since the necessary datasets to analyze the mechanisms that 
underlie focal CNAs are available, for example in TCGA13,14 or ICGC15, this will mostly be a 
bioinformatics challenge followed by thorough validation. 

Bioinformatics has played an ever-increasing role in genomics since the introduction of the 
microarrays and subsequent next-generation sequencing techniques16. More research groups 
now have at least one embedded bioinformatician for the analysis of large datasets and the 
development of specialized tools for their specific research question. As a result bioinformatics 
is an integral part of current genomics research, which relies on multidisciplinary teams 
including molecular biologists and clinicians. 

The major challenge ahead is the translation of the new knowledge on tumor genomics into 
clinical benefit for the patient. Results from the studies in lymphoma (Chapter 7) and cervical 
pre-curser lesions (Chapter 6) showed focal CNAs could provide a viable option for improved 
classification of tumor types17 or biomarker development2. MiRNAs for example are very stable 
molecules that are detectable at low amounts in exfoliated cells. This implies that hsa-mir-375, 
as described in Chapter 6, could serve as a potential candidate biomarker to be applied in 
cervical cancer screening to detect advanced transforming CIN lesions in need of treatment18. 

However, it must be noted that additional technical and clinical validations studies will be 
needed before the results obtained by genomics research, such as focal CNAs and cancer 
driver genes described in this thesis, can be implemented in a clinical setting. 
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