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1. Introduction 
 

After diagnostic investigations it is a common practice of pathological laboratory institutions to store left-over 

patient samples of cytogenetic or other pathological material. This may be in the form of chromosome spreads on 

glass slides, frozen methanol-acetic acid fixed cell suspensions, formalin-fixed paraffin-embedded (FFPE) tissue 

samples or frozen samples such as blood, bone marrow or other cell and tissue samples. Such left-over specimens 

that can be stored for many years have traditionally been a welcome source for scientific studies, as some of them 

contain rare chromosome abnormalities and the original patient source may not be available anymore (Barker et 

al. 1986). Molecular genetic and cytogenetic methods such as Southern Hybridization, polymerase chain reaction 

(PCR), fluorescence in-situ hybridisation (FISH) and comparative genomic hybridization (CGH), have been applied 

on them, amongst others. In this study, we want to explore the multi-faceted applications of pathological archives 

in the past and present and discuss future prospects. The usefulness of such archives, the challenges of DNA 

extraction, possible sample degradation, data analysis and interpretation as well as ethical questions shall be 

discussed.  

Starting with an outline on conventional and molecular cytogenetics and their techniques, array-based CGH is 

discussed in more depth, followed by a section on cancer genetics and cytogenetics. The core part of the literature 

review deals with pathologic and especially cytogenetic archives and their use, which are examined in detail. 

Therafter follows an overview on cytogenetics of hematologic malignancies and a more detailed discussion of 

cases carrying additional material on the long arm of chromosome 1 (referred to as 1q).  

In the experimental part we explore whether archived chromosome metaphase spreads and methanol-acetic acid 

fixed cells are suitable and reliable sources for array-based CGH (aCGH). Array-based CGH is a genome-wide, high-

throughput technique that it used for finding DNA copy number variants (CNV). Sample (e.g. cancer) DNA and 

reference (normal) DNA are simultaneously hybridized with thousands of DNA probes spotted on a microarray in 

a competitive manner. DNA copy number gains and losses can be viewed after scanning of hybridization signals 

and analyzing data with an appropriate software. This technique has been widely used in clinical settings for 

diagnosis and prognosis as well as in the research of cancer and other genetic conditions that are caused by 

abnormal CNVs. The usual DNA source are fresh or frozen cells, but aCGH has also been successfully applied on 

different archival material including formalin-fixed, FFPE tissues and cytogenetic fixed cells, however, not on DNA 

extracted from cytogenetic slides. In addition to that, we want to investigate whether we get new insights into 

chromosomal aberrations of hematologic malignancies with extra material on chromosome 1q. 1q+ is a common 
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chromosome aberration found in almost all hematologic malignancies, often in the form of partial or complete 

trisomies that are caused by unbalanced translocations. It is often associated with disease progression and poor 

outcome, the mechanisms of which are not fully understood yet. With this study, we are trying to shed further 

light on the reasons and consequences of gain of 1q in hematologic malignancies. Our results are reflected on the 

literature followed by discussion and conclusions about 1q+ in hematologic malignancies and future value and 

applicability of archival pathology and especially cytogenetic material. 

 
 
1. Literature review 
 
 
2.1. Cytogenetics – from G-banded slides to microarrays 
 

Human cytogenetics, the study of structure, function and evolution of human chromosomes, is a relatively young 

scientific discipline. It was established in 1956 with the discovery of the correct human chromosome count 2n = 

46 by Tjio and Levan and developed from a purely descriptive discipline into an important methodology for clinical 

and research purposes (Tjio & Levan 1956).  In the early years, chromosomes were counted and grouped into 

eight different categories (A – G and the sex chromosomes) according to their size and position of the centromere, 

before different banding techniques were developed in the early 1970s. These banding techniques made it 

possible to identify the individual chromosomes due to a unique banding pattern and thus enabled the detection 

of various structural as well as numerical chromosome aberrations. Another breakthrough, starting the field of 

molecular cytogenetics, was the development of in situ hybridisation techniques about a decade later, which used 

radioactively or fluorescently labelled probes for the detection of complex aberrations such as small 

submicroscopic deletions. A more recent development of this technique, array comparative hybridisation, utilizes 

the hybridization of flourescently labelled DNA onto thousands of genomic DNA probes spotted onto a glass slide 

for the high-resolution detection of chromosome and genetic imbalances. For historical reviews of cytogenetics 

see e.g. Trask 2002, Smeets 2004, Riegel 2014, Ferguson-Smith 2015 and Balajee & Hande 2018. 

 

 

2.1.1. Conventional cytogenetics 

 

In order to visualize chromosomes, dividing cells are needed, which are not easy to isolate from the organism. It 

is therefore common to culture cells such as lymphocytes or fibroblasts in media and use mitogens like 

phytohemagglutinin to stimulate cell division. With the addition of colchicine or colchemid, which destroy the 
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mitotic spindle, the cells are then arrested at the metaphase stage, at which they are highly condensed and best 

visible. Then they are treated with hypotonic solution to make them swell and facilitate spreading, fixed with 

methanol-acetic acid fixative (3:1 mixture of methanol and glacial acetic acid, also called as Carnoy’s fixative) to 

destroy cell structure and conserve the chromosomes, and spread onto microscopic glass slides. As a next step, 

the chromosomes are denatured or treated with enzymes and subsequently stained to bring about the typical 

banding pattern. Chromosome banding is based on the unbalanced distribution of GC-rich – or AT-rich regions 

within the chromosomes. In the case of G-banding, which is the most commonly used method developed by 

Sumner and colleagues in 1971, the chromosomes are treated with trypsin before being stained with Giemsa stain, 

which binds to AT-rich regions (Sumner et al. 1971). Under the microscope these regions appear as dark G-bands 

compared to the light GC-rich bands called R-bands. It has been shown that the chromatin of R-bands is less 

condensed and carries more genes compared to G-bands (e.g. Strachan et al. 2015). Chromatin loops are attached 

to chromosomes via scaffold attachment regions (SARs), which are responsible for darker and lighter staining: 

along the G-bands the scaffolds are smaller and more closely connected to the SARs, which means that there are 

more SARs per DNA unit and therefore stronger staining ability with AT-specific stains than in R-bands (Saitoh and 

Laemmli 1994). Other banding methods are Q-banding using fluorescence stain such as Quinacrine, R-banding 

using Giemsa in reverse pattern compared to G-banding (through heat denaturation), T-banding specializing on 

telomeres, and C-banding focussing on centromeres. Depending on the grade of chromosome condensation, 400, 

550 and 850 (in metaphase chromosomes) or even more than 1000 (in prometaphase chromosomes) bands per 

haploid genome can be discernible, corresponding to an average resolution of 50 to 25 genes per band (Smeets 

2004). Banding patterns are displayed in ideograms, examples of which are shown in Figure 2.7 on page 35. 
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Figure 2.1. G-banded karyogramm of a normal male (Smeets 2004). 

 

Banded chromosomes are analyzed by light microscopy and visualized with the help of a computer software which 

automatically allocates the chromosomes into a karyogramm. By convention, the chromosomes are sorted and 

numbered 1 to 22 decreasing in size, except for chromosome 21 being smaller than chromosome 22, and the sex 

chromosomes X and Y placed separately. As mentioned earlier they are divided into seven groups, group A 

containing the largest chromosomes (1-3), group B large and submetacentric chromosomes (4, 5), group C 

medium sized submetacentric chromosomes (6-12, X), group D medium sized acrocentric chromosomes (13-15), 

group E small metacentric and submetacentric chromosomes (16-18), group F small metacentric chromosomes 

(19, 20) and group G small acrocentric chromosomes (21, 22, Y). Figure 2.1 depicts an example karyogramm.  

 

The summary of cytogenetic observations or the karyotype of an individual gives the chromosome number first, 

followed by the sex chromosomes and possible chromosome aberrations. For normal individuals, the karyotype 

is 46,XX for females and 46,XY for males. Each chromosome features a short arm (called p for petit) and a long 

arm (called q for queue), which are held together by the centromere, and has telomeres at the end of the arms. 

Each arm is divided into regions that are delimited by two adjacent landmarks and numbered from the centromere 

(proximal) to the telomere (distal), e.g. p1, p2, p3 and q1, q2, q3. The regions are subdivided by bands and 

subbands that are defined by light and dark areas, e.g. p11, p12, p13, and p11.1, p11.2 and p11.3. These 
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cytogenetic descriptions are regulated in the International System for Human Cytogenetic Nomenclature (ISCN), 

which is updated in regular intervals (see McGowan-Jordan 2016).  

 

Conventional cytogenetics allows the detection of numerical and structural chromosome abnormalities up to a 

resolution of 4 Mb DNA. Abnormalities can be constitutional, i.e. present in all cells of an individual and usually 

stemming from an abnormal zygote, or somatic, i.e. acquired and limited to certain cells or tissues.  

 

Numerical abnormalities are defined by ploidy, which means the number of chromosome sets in a cell. Haploid 

gametes contain one set of chromosomes, i.e. one of each chromosome, referred to as n. Diploid cells contain 

two sets of chromosomes, 2n, which is the normal state in humans and therefore also called euploid (concerning 

all somatic cells). Polyploidy is the state of multiple sets of chromosomes per cell, e.g. triploidy (3n) and tetraploidy 

(4n), which do not concur with life in humans. Other abnormal forms are aneuploidy, which describes a cell with 

one or more chromosomes missing or gained, e.g. trisomy 21 (additional chromosome 21). Mixoploidy is the 

presence of two or more genetically different cell lines in one individual, called mosaic if derived from the same 

zygote, or chimaera if derived from different zygotes. Aneuploidy and mixoploidy can concur with life, but often 

have phenotypical consequences.  

 

Structural anomalies arise from chromosome breaks or faulty recombinations during meiosis or mitosis. They can 

be balanced, if no chromosome material is lost or gained, or unbalanced, which often results in phenotypical 

consequences. Examples for structural anomalies are deletions, inversions, translocations, duplications, 

insertions, isochromosomes and ring chromosomes. Table 2.1 gives an overview on the ISCN abbreviations of 

different chromosome anomalies.  

 

Table 2.1. Nomenclature of chromosome anomalies according to the ISCN (adapted from Strachan et al. 2015 and 2019). For a more complicated 
nomenclature covering any kind of chromosome abnormality see ISCN 2016 (McGowan-Jordan 2016). 
 

Nomenclature of chromosome anomalies  

Numerical anomalies                  Examples Explanations/notes 

Triploidy 69,XXX; 69,XXY; 69,XYY  three complete genomes per cell 

Trisomy 47,XXY; 47,XX,+21 gain of anautosome is indicated by + 

Monosomy 45,X; 445, XY, —21 loss of an autosome is indicated by — 

Mosaicism 47,XXX/46,XX a type of mixoploidy 

   

Structural anomalies  

Deletion 46,XY,del(4)(p16.3);  

46,XX,del(5)(q13q33) 
terminal deletion (breakpoint at 4p16.3) 

interstitial deletion (5q13-q33) 
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Inversion 46,XY,inv(11)(p11p15) paracentric inversion (breakpoints on same arm) 

Duplication 46,XX,dup(1)(q22q25) duplication of region spanning 1q22 to 1q25 

Insertion 46,XX,ins(2)(p13q21q31) a rearrangement of one copy of chromosome 2 by insertion of segment 

2q21-q31 into a breakpoint at 2p13 

Ring chromosome 46,XY,r(7)(p22q36) joining of broken ends at 7p22 and 7q36 to form a ring 

Marker chromosome 47,XX,+mar a cell that contains an extra unidentified chromosome 

Reciprocal translocation 46,XX,t(2;6)(q35;p21.3) a balanced reciprocal translocation with breakpoints at 2q35 and 6p21.3 

Robertsonian translocation 

(resulting in one derivative 

chromosome) 

45,XY,der(14;21)(q10;q10);  

 

46,XX,der(14;21)(q10q10)+21 

a balanced carrier of a translocation resulting in a derivative chromosome 

consisting of 14q and 21q, joined at the centromeres (q10) 

an individual with Trisomy 21 plus a Robertsonian translocation 14;21  

 

 

 

2.1.2. Molecular cytogenetics  

 

Molecular cytogenetics emerged as a new discipline in the 1980s with the introduction of in situ hybridisation 

(ISH) techniques, bridging the gap between conventional cytogenetics and molecular genetics. With their higher 

resolution these techniques are widely used in molecular diagnostics, cancer research and basic research in 

genetics and cell biology (Speicher & Carter 2005). They are usually based on FISH, which works after the following 

principle: a fluorescently labelled (or reporter molecule conjugated and later fluorescently marked) probe of a 

specific DNA sequence is denatured and hybridized onto chromosomal DNA, whereafter the slide is washed to 

remove excessive probe DNA, and analyzed with a fluorescence microscope. The same target can be 

simultaneously analyzed with several probes labelled with different fluorochromes. In conventional or 

metaphase-FISH, metaphase chromosome spreads are used as targets. Positive hybridisation signals appear as 

double signals corresponding to the two chromatids bound by the probe, at a resolution of   ̴5 Mb. Higher 

resolution is reached by the analysis of prometaphase chromosomes and interphase nuclei (interphase FISH, 50 

kb–2 Mb), and even higher resolution, 5 kb–500kb, by the analysis of chromatin fibres or artificially stretched DNA 

(fibre FISH). Concerning probes used for FISH, they can be specific for deleted or duplicated sequences in certain 

diseases or for certain chromosomal regions, e.g. centromeres or telomeres, or for whole chromosomes (used in 

chromosome painting). The latter method can be applied even for a whole set of human chromosomes in such a 

way, that the limited number of fluorescent dyes is combined and concentrated so that each chromosome carries 

a different colour combination, which is processed to a pseudocolour image (spectral karyotyping, SKY, and 

multicolour-FISH, mFISH) (Smeets 2004, Riegel 2014). Examples for some of these methods are shown in Figure 

2.2. Thanks to FISH techniques, translocations and complex or subtle aberrations can be detected, and even 

chromosome preparations with a low metaphases count can be analyzed by the use of interphase FISH.  
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Figure 2.2. Representative pictures showing diverse applications of FISH: (A) Detection of single genes (C-Myc - red colour; IgH - green colour); (B) Detection 
of locus specific region. (Chromosome 8 specific centromere-green colour; chromosome 8q24.3 locus - red colour); (C) Detection of telomeres and 
centromeres using peptide nucleic acid (PNA) probes (Centromeres-green colour; Telomeres-red colour); (D) Detection of whole chromosomes using 
chromosome specific paints (Chr.1 - red colour, Chr.2 - green colour and Chr.4 - yellow); (E) Detection of all the human chromosomes using multicolour FISH 
probe and (F) Detection of intra-arm chromosome changes using high-resolution multicolour banding (mBAND) probes. The insert shows the banded pattern 
of chromosomes in pseudo colours generated by the ISIS software based on the pixel intensities obtained by the combinatorial labelling of different 
fluorochromes (Balajee and Hande 2018). 

 

 

2.1.3 Comparative genomic hybridization  

 

A refinement of FISH techniques is comparative genomic hybridization, which was developed by Anne and Olli-

Pekka Kallioniemi and colleagues for the detection of relative DNA sequence copy number between genomes, 

thus identifying regions of gain and loss in the DNA (Kallioniemi et al. 1992). It was the first efficient approach to 

scan whole genomes for DNA copy number variations (Pinkel & Albertson 2005a), and has the advantage of not 

being dependend on the presence of mitotic cells in the specimen to be tested, neither does it require previous 

knowledge of chromosomal areas to be analyzed, as is the case in FISH.  
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In the original method reported by Kallioniemi and colleagues, biotinylated total tumor DNA and digoxigenin-

labeled genomic reference DNA from a healthy individual are co-hybridized to normal metaphase spreads in the 

presence of unlabeled human Cot-1 DNA for the blocking of repetitive sequences. Then tumor DNA is detected 

with green fluorescing fluorescein isothiocyanate (FITC)-avidin, and reference DNA with red-fluorescing 

rhodamine antidigoxigenin, and green-to-red fluorescence signals are measured and quantitatively analyzed by a 

digital image analysis system. A software program subtracts local background, integrates the data and eventually 

shows the fluorescence intensity profiles as strips orthogonal to the chromosome axis, representing loss (ratio <1) 

or gain (ratio >1) of genetic material in the tumor (Kallioniemi et al. 1992). Figure 2.3.B shows an example of a 

CGH digital image. 

 

Soon after its introduction, the technique was optimized and has been widely used in cancer research, especially 

in the analysis of solid tumors (Kallioniemi et al. 1994 and 1996), which had so far been difficult to analyze by 

conventional cytogenetic methods. At the present state of art, only 0.5-1 µg DNA of both tumor and reference 

DNA is needed, and in the case of very scarce sample material, e.g. originating from microdissected single cells,  

DOP-PCR (degenerate oligonucleotide-primed-PCR) and other techniques can be used for DNA amplification.  

For visualization of fluorescence, image capturing and digital image analysis, several standardized hard- and 

software programs are available, which have been widely applied in research as well as in clinical diagnostic 

settings. Fig. 2.3.A illustrates the principles of conventional CGH schematically. 

A 
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B 

 

Figure 2.3. (A) Schematic depiction of comparative genomic hybridization. Tumor and reference DNA are labeled with green and red fluorochromes and 
hybridized to normal metaphase chromosomes. Green-to-red fluorescence intensities are measured and their ratio digitally transformed into a diagram 
showing DNA gains and losses along the chromosomal axis (Weiss et al. 1999). (B) Detail of a CGH analysis of chromosome 1. (a) Green regions represent a 
gain of specimen DNA while red areas reflect greater hybridization of reference DNA due to the depletion of specimen DNA. (b) Inverted DAPI (…) image 
allows for identification of the chromosome. (c) Computer-generated CGH fluorescence ratio profile. The normal, balanced ratio is set to 1.00. Ratios below 
0.75 are considered as losses, over 1.25 as gains, and over 1.5 as amplifications. In this example, loss in the short arm, dim (p21p31) and gain in the long 
arm, enh (q21q32.1) are illustrated (adapted from online source 1).  
 

To summarize, the advantages of CGH over conventional cytogenetics are the following: CGH allows the analysis 

of the entire genome for copy number gains and losses in one hybridization step, is not dependent on mitotic 

cells, requires small amounts of material that may even originate from a single cell, and can be used on archived 

FFPE material. The drawbacks, however, are (1) its rather low resolution of 10-20 Mb for deletions and 2 Mb for 

amplification limited by the resolution of the metaphase chromosomes, (2) the fact that the specimen might be 

contaminated by normal cells and thus produce weakened signals, and (3) the fact that only unbalanced 

rearrangements can be detected. For the detection of balanced rearrangements like reciprocal translocations or 

inversions, additional techniques must be used, such as m-FISH or SKY (Kallioniemi et al. 1992, Houldsworth and 

Chaganti 1994, Forozan et al. 1997, Weiss et al. 1999). 

 

Since its development CGH has found wide application in different areas. The most widespread use has been in 

cancer research for the detection of novel DNA copy number amplifications and deletions, leading to the discovery 

of new oncogenes and tumor suppressor genes.  
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Apart from research use, CGH has been applied in the diagnostic and prognostic evaluation of tumors and in tumor 

classification (Forozan et al. 1997). Moreover, it has been used in clinical genetics to study chromosomal 

aberrations in fetal and neonatal genomes (Weiss et al. 1999). 

 

 

2.1.4. Array-based comparative genomic hybridisation 

 

As mentioned earlier, the rather low resolution of CGH has been a great limitation for its application, especially 

when dealing with low copy number gains and losses or microdeletions and microduplications. This has led to the 

proposal of developing CGH microarrays, which were predicted to replace or supplement classical CGH 

(Kallioniemi 1996, Forozan et al. 1997).  

 

The development of array-based CGH has had a great influence on cancer cytogenetics. It has been one of the 

predominant methods in cancer cytogenetic research for a long time and is nowadays routinely used in clinical 

diagnostics. Array CGH, then called matrix-based CGH, was first reported by Solinas-Toldo in 1997 as a further 

development of CGH to enhance the resolution and simplify the analysis procedure (Solinas-Toldo et al. 1997). It 

works after the same principle as conventional CGH, with the difference that labeled tumor and control DNA are 

not hybridized onto metaphase chromosome preparations but onto glass-slides containing thousands of 

immobilized target DNA probes arrayed in small spots that are mapped directly to the genome sequence. After 

scanning and data analysis, each probe is depicted as a tiny spot on a vertical or horizontal axis representing the 

chromosomes, with those spots deviating right or left, or up or down from the zero axis, respectively, representing 

gains or losses of genetic material. This is schematically shown in Fig. 2.4. 
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Figure 2.4. The Principle of array CGH. Tumor and normal reference DNA are differentially labeled with cyanine-5 and cyanine-3 respectively and 
competitively hybridized to a genomic microarray. The array consists of DNA targets selected to span chromosome regions or the entire genome. These 
targets are typically spotted in replica. The ratio of the two fluorescence signal intensities reflects the relative copy number at that target. The ratio for each 
spot is plotted against its corresponding position in the human genome to generate a copy number profile (Chari 2006). Compare with Fig. 2.3. 
 

In the beginning, large insert genomic clones (LIC) from P1 bacteriophage-derived artificial chromosomes (PACs), 

bacterial artificial chromosomes (BACs) and cosmid vectors were used to produce the targets, with a resolution 

of 75–130 kb, which is ten times higher than in conventional CGH arrays (Solinas-Toldo et al. 1997). Soon after 

that, Pollack and colleagues used a different, less complex platform, namely complementary DNA (cDNA) 

microarrays. They created arrays containing over 3 000 radiation-hybrid (RH)-mapped cDNAs roughly representing 

the same number of human genes spread over the whole genome, and thus made the first genome-wide aCGH 

analysis (Pollack et al. 1999). Apart from higher resolution, the advantage of this platform is the widespread 

availability of cDNA clone-sets facilitating a large-scale production of microarrays and the possibility of analyzing 

copy number changes and gene expression at the same time, i.e. using the same set of genes. However, only 

protein-coding genes are included in cDNA banks, omitting any gene regulatory regions like promoters, introns 

and intergenic sequences and so limiting the application of cDNA aCGH. In addition to that, cDNA arrays have a 

low level of sensitivity and specificity for the detection of low copy number gains and losses, and they may contain 

a certain amount of redundant sequences, which complicates data interpretation.  
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To tackle the problem of redundant sequences, Mantripragada and colleagues developed a PCR-based, strictly 

sequence-defined, repeat-free strategy for the creation of microarray targets, with a resolution around 20 kb. This 

approach, however, could only be used for sequenced genomic segments, and had the disadvantages of expensive 

primers, labour-intensive procedures and lack of efficient bioinformatic tools for automated array design 

(Mantripragada et al. 2004). Other approaches employed reduced complexity representation of the genomic 

DNAs, e.g. representational oligonucleotide microarray analysis (ROMA) using cloned human DNA restriction 

fragments hybridized with reduced complexity representations of test and reference DNA with an average 

resolution of 30 kb (Lucito et al. 2003). Advantages of this method were the low amount of input DNA needed and 

the relatively easy way of obtaining large quantities of DNA spotting solutions, but the main disadvantages were 

the difficulty in detecting low-level DNA copy number changes and the possible distortion of results by the use of 

PCR (Lucito et al. 2003, Snijders et al. 2003). Furthermore, a tiling resolution CGH microarray with complete 

coverage of the human genome was constructed. This array consisted of over 32 000 overlapping BAC clones and 

was the first submegabase resolution tiling-set (SMRT) that contiguously covered the human genome in a tiling 

path manner (Ishkanian et al. 2004, Davies et al. 2005). Although this method had a higher resolution of 40-80 kb 

and a very high sensitivity identifying minute genomic changes, it was very labour- and cost-intensive and 

therefore not suitable to be used routinely. 

 

A further development in aCGH platforms was the use of oligonucleotides for full-complexity genomic DNA 

probes. Oligonucleotides are short sequences of DNA, usually consisting of 50-100 base pairs, which can be 

designed for any known part of the genome without the need for laborious amplification procedures. They are 

rapid and cost-effective to produce and flexible and easy to use. Carvalho et al. spotted nearly 19 000 60mer 

oligonucleotides on an array with the result of detecting amplifications at high accuracy, and single copy number 

changes with a resolution comparable to conventional CGH (Carvalho et al. 2004). Similar results, detecting even 

single-copy and homozygous lesions, were achieved by Barrett et al. who used a 60mer array containing over 21 

000 probes synthesized in situ by inkjet technology (Barrett et al. 2004). Brennan et al. used commercially available 

60mer oligonucleotide microarrays (Agilent, Palo Alto, CA) with 22 500 targets, and found that this platform is 

superior over earlier applied cDNA platforms due to higher resolution (approximately 80 kb), ease of quality 

control with respect to probe annotation, capacity to provide full genome coverage of known and predicted genes 

and the flexibility to design genome-wide or locus-specific custom arrays (Brennan et al. 2004). Nowadays oligo 

CGH arrays are one of the most used CGH platforms and are commercially available with genome-wide resolution, 

but can also be custom-made, targeting specific chromosomal regions. They can also be combined with SNP 
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arrays, which helps in detecting balanced rearrangements that lead to LoH (e.g. caused by uniparental disomy) 

(Heim & Mitelman 2015). 

  

Turning our view to technical considerations, the procedure of an aCGH experiment is described as follows: Total 

genomic DNA is isolated from test and reference material and differentially labeled with fluorochromes. Usually, 

Cy5 is used for the test, i.e. tumor DNA, giving a red pseudocolour after hybridization, and Cy3 for the reference 

DNA, resulting in a green pseudocolour. Note that the colours are switched around compared to conventional 

CGH. Labeled test and reference DNA are then mixed and co-precipitated with sufficient unlabeled human Cot-1 

DNA to block repetitive sequences and dissolved in hybridization solution. Consequently, this hybridization 

mixture is applied onto the microarray containing thousands of mapped genomic clones, thus competitively co-

hybridizing test and reference DNA to the targets. The array is then washed and analyzed with a microarray 

scanner detecting flourescent signals of each clone. Wherever test and reference DNA are in balance, the signal 

is yellow being a mixture of red and green. If the test DNA dominates over the reference, however, the signal is 

red, and vice versa, green. Suitable data analysis software converts the image into a ratio profile assessing ratios 

of the red-to-green intensities of each clone, which are ideally proportional to the relative copy number of those 

sequences in the test and reference genomes.  Data are then normalized so that on a linear scale, the modal ratio 

for the genome is typically set to 1.00 and on a logarithmic (log2) scale, to 0.0. This enables meaningful 

comparisons between results of different experiments. Log2 scales are more commonly applied than linear scales 

because they give balanced Figures between copy number changes and losses, which is not the case with the 

latter. Dosage differences between test and reference appear as a deviation from zero, with losses scoring below 

and gains above zero. A single copy deletion has the log2 ratio of < –0.5, a homozygous deletion has the log2 ratio 

of < –1, a single-copy gain has the log2 ratio of > 0.5, high level amplifications may have log2 ratios > 6. (e.g. 

Snijders et al. 2003, Shaffer & Bejjani 2004). 

 



14 
Introduction and literature review 

 
Figure 2.6. Factors influencing the success of aCGH. Amplifications are easier to detect than single copy number changes, similarly an aberration affecting a 
larger area of the array is detected more easily than one affecting only a single array element. Cell lines are more reliable to analyze than fresh or frozen 
tissue, due to the conformality of their cells, and fresh or frozen tissue is more reliable than fixed archival tissue, due to the often low DNA quality of the 
latter. Homogeneous material, containing mostly tumor cells, is more reliably analyzed than heterogeneous material, containing also normal cells. Moreover, 
it is easier to analyze abundant material than scarce material, and to obtain informative data of many specimen with highly recurrant aberrations than of a 
single specimen with small or rare aberrations. (Pinkel and Albertson 2005b). 

 

As reviewed by Pinkel and Albertson, the success of aCGH analysis depends on different factors, which are 

depicted in Figure 2.6 (Pinkel & Albertson 2005a and 2005b). The quality of hybridization signals needs to be 

sufficiently intense, specific and quantitative to enable the detection of copy number changes. Another factor 

influencing the success of aCGH is the presence of high copy repetitive sequences dispersed throughout the 

genome. To prevent binding of such sequences to the targets and overwhelming the signals of the unique 

sequences, repetitive sequences must be blocked, usually by adding unlabeled Cot-1 DNA as mentioned earlier, 

or they must be removed from probe or target DNA. Since blocking is never 100% efficient, signals are always 

biased to some degree. A third factor conributing to the success of aCGH is specimen heterogeneity. In solid 

tumors, some amount of connective or other surrounding tissue with a normal karyotype is always present, and 

even more so in hematologic malignancies, where normal cells often dominate. This must be taken into 

consideration when interpreting the results. The minimal percentage of cancer cells present in the sample to allow 

reliable detection of copy number changes is about 20% (Autio & Kairisto 2015). Other factors influencing aCGH 

performance are, amongst others, autofluorescence, nonspecific binding of genomic DNA to the array substrate, 

differences in the labels and nonlinearities in the imaging system. Moreover, low-copy number reiterated 

sequences and copy number polymorphisms present in the human genome may distort the results and falsely be 
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associated with disease. Therefore, previous literature or databases should be carefully reviewed when assessing 

the causes of copy number change (Pinkel & Albertson 2005a and 2005b). 

 

Another major contributor to aCGH success is specimen preparation. The better the specimen quality, the more 

reliable the results. Isolated DNA should be as complete and as pure as possible. Isolation of genomic DNA from 

fresh or frozen tissue usually is of good quality, but sometimes contains contaminants that produce abnormally 

high noise in the ratio, requiring repurification or reisolation of the DNA. Therefore, DNA quality must be assessed 

carefully (usually by gel electrophoresis) before conducting aCGH. This is especially the case when dealing with 

formalin-fixed archival tissue, which often yields low quality, fragmented DNA. Nevertheless, good to excellent 

results have been achieved even with archival tissue. In addition to quality, specimen quantity is of importance. 

If the specimen source is very scarce, it is possible to undertake whole-genome amplification (WGA) of the probe, 

e.g. by using the strand-displacing polymerase Φ29, degenerate primer PCR or ligation-circularization of degraded 

DNA. Interpretation of the results of such procedures, however, should be done with the necessary care since 

there may be some bias due to unbalanced amplification (Pinkel & Albertson 2005b). 

 

The last crucial factor influencing aCGH success is data analysis and interpretation. Different statistical models 

have been developed for the analysis of CGH data and based on these are software programmes available for 

automated data analysis, which enable even the statistically inexperienced to analyse their results. Nontheless 

some basic facts need to be understood before applying any kind of data-adjustment procedure, otherwise 

systematic errors may be introduced. One should keep in mind, however, that data analysis is not everything, but 

its interpretation is what counts. Data needs to be quality-checked and interpreted by a person with experience. 

 

Regarding aCGH quality, the two main influencing factors are signal-to-noise ratio and standard deviation of the 

intensity ratios. Signal to noise-ratio should be as low as possible, which can be achieved by optimizing labeling 

efficiency, probe concentration, slide type, target DNA concentration and hybridization efficiency across the slide. 

In addition to that, it is crucial that both probe and reference DNA are present in equal amounts, so that 

differences in signal intensities represent real differences in sample and reference DNA copy number. Secondly, 

the standard deviation of the intensity ratios should be as low as possible, for which low signal to noise-ratio and 

low Cot1 to probe-ratio are essential (Vermeesch et al. 2005). In commercially available arrays all these quality 

parameters are considered for optimal results and do not need to be changed. As part of the software used for 

aCGH analysis, summarized quality control (QC) data can be used for the evaluation and acceptance or discard of 

aCGH experiments. 
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One of the main aims of aCGH is the detection of novel cancer-related genes, which achieved for the first time 

when the candidate oncogene CYP24 in breast cancer was reported by Albertson and colleagues (Albertson et al. 

2000). Since then more novel oncogenes or tumor suppressor genes have been, and many more will be identified 

(see Inazawa et al. 2004 for review). Similarly, as in the case of conventional CGH, the use of aCGH in cancer 

research has additionally included tumor classification and the study of genetic changes corresponding to disease 

progression (Davies et al. 2005).  

 

Another field of research that utilizes aCGH has been the study of genetic variation. Being a characteristic of the 

normal human genome, genetic variation was already detected in the first aCGH experiments with BAC arrays, 

and includes single nucleotide polymorphisms (SNPs), microdeletions and microgains (Iafrate et al. 2004). In order 

to interprete aCGH data correctly, it is essential to know as much as possible about these polymorphisms, so that 

normal variations are not falsely associated with disease or vice versa, disease-related copy number changes are 

considered as normal polymorphisms. Therefore, relevant databases should be consulted when interpreting the 

results, such as the Database of Genomic Variants (online source: MacDonald et al. 2013) or the Human Genetic 

Variation Database (online source: Higasa et al. 2016). Apart from aCGH, NGS and SNP array platforms are used 

for genome-wide CNV mapping (Haraksingh et al. 2011).  

 

Moreover, the study of congenital and acquired genetic diseases, developmental genetics, profiling of epigenetic 

changes, mapping of protein binding sites and evolutionary studies are applying aCGH. In addition to that, aCGH 

is used in clinical settings for diagnostic and prognostic purposes, in cancer genetics as well as in constitutional 

and developmental genetics (Pinkel & Albertson 2005a and 2005b, Mantripragada et al. 2004, Snijders et al. 2003, 

Shaffer & Bejjani 2004, Oostlander et al. 2004, Dave & Sanger 2007). 

 

Despite all advantages of aCGH over conventional techniques, it also has its limitations. As in conventional CGH, 

only aberrations that cause copy number changes are detected, which exclude all chromosomal abnormalities 

without net gain or loss of genetic material, such as balanced translocations and inversions (e.g. Balajee & Hande 

2018). Moreover, rearrangements need to be present in about 20% of sample cells, depending on sensitivity and 

spatial resolution of the array, in order to be detected (Autio & Kairisto 2015). This complicates the analysis of 

samples that contain large proportions of normal cells, as often is the case with hematologic malignancies, or 

abnormalities such as mosaicism or chimaerism. In addition to that, background signals and clone quality influence 

aCGH results, as well as copy number polymorphisms, all of which have been discussed above. For the routine use 
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of aCGH in clinical settings, diagnostic guidelines for the reliable and accurate detection of chromosomal 

imbalances, as well as the optimized technical aspects and data and image analysis are therefore important 

(Oostlander et al. 2004, Shaffer & Bejjani 2004). According to Balajee and Hande, aCGH “has revolutionized the 

field of molecular diagnostics and is continually proven to be an effective tool for disease specific gene discovery 

and prenatal diagnosis” (Balajee & Hande 2018). 

 

 

2.2. Cancer genetics and cancer cytogenetics  

 

2.2.1. The genetics of cancer in a nutshell 

 

Cancer is a disease of different etiologies and disease patterns, forms and stages, affecting various kinds of tissues 

or organs. It is commonly characterized by a population of cells that are able to grow and divide "out of the normal 

limits", have the ability to invade adjacent tissues and may spread to other anatomic locations. It is an 

evolutionary, multi-step disease resulting from a series of somatic mutations, and thus always a genetic disease. 

In the case of hereditary cancer, the mutation of the first step leading to cancer is already present. According to 

Hanahan and Weinberg, cells must acquire six essential capabilities during the development of cancer: (1) self-

sufficiency in growth signals, (2) insensitivity to antigrowth signals, (3) evading apoptosis, (4) limitless replicative 

potential, (5) sustained angiogenesis, and (6) tissue invasion and metastasis (Hanahan and Weinberg 2000). The 

same authors have later on added four more hallmarks, namely (7) deregulating cellular energetics, (8) avoiding 

immune destruction, (9) tumor-promoting inflammation and (10) genome instability and mutation (Hanahan and 

Weinberg 2011). As it is highly unlikely for a single normal cell to accumulate a number of mutations leading to all 

these alterations (with an average mutation rate of 10-7 per gene per cell generation), a prerequisite to the process 

is either a mutation enhancing cell proliferation, creating an expanded target population for the next mutation, 

or a mutation affecting the stability of the entire genome, and thus increasing the overall mutation rate.  

 

The target genes affected by mutations in cancer are divided into oncogenes and tumor suppressive genes (e.g.  

Weinberg 1994). Oncogenes, first discovered in the 1960s in cancer-causing viruses, are genes whose normal 

activity promotes cell proliferation. They are usually involved in cell cycle regulation, mitosis and cell 

differentiation. In cancer cells they have undergone a quantitative or qualitative gain of function-mutation, which 

leads to excessive or altered activity and consequently to cellular hyperproliferation or one of the other acquired 

hallmarks mentioned above. This gain of function is possible through point mutation, amplification, translocation 
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to a region of transcriptionally active chromatin, or by a novel fusion gene arisen by translocation. Alteration of 

one allele is enough for oncogene activation since they are dominant genes (Weinberg 1994). Point mutations 

often lead to qualitative gain of function by a modified gene product with new characteristics. Amplification, on 

the other hand, is a complex process caused by errors in DNA replication and telomere function or by fragile sites 

that produce a few to hundreds of extra copies of a gene, which usually results in a noticeable increase of gene 

expression (Myllykangas et al. 2006,  Albertson 2006). Another cause of qualitative gain of function is the 

translocation of the oncogene onto a transcriptionally active chromatin region, which leads to gene expressions 

at inappropriately high levels. An example for this is the translocation of the MYC oncogene close to an actively 

transcribed immunoglubuline locus in Burkitt's lymphoma. In addition to that, translocations can create novel 

fusion genes with abnormal properties by joining parts of oncogenes with other genes, an example of which is the 

9;22 reciprocal translocation of the Philadelphia chromosome in chronic myeloid leukemia. It joins a part of the 

ABL oncogene with a part of the BCR gene and results in expression of an abnormal tyrosine kinase (Weinberg 

1994). 

 

Tumor suppressor genes, on the other hand, have the duty to intervene if DNA damage or abnormal processes in 

cell growth, mitosis and differentiation are detected, thus inhibiting events leading to cancer. They function by 

arresting the cell cycle in order to carry out DNA repair, or they may lead cells from an active into a quiescent state 

or to apoptosis. Inactivation of tumor suppressors is a cause for cancer development, but contrary to oncogenes, 

they are recessive, requiring the inactivation of both alleles to function. This was discovered by Knudson in 1971, 

who postulated in his two-hit hypothesis that sporadic retinoblastoma requires two mutations or “hits” (affecting 

the RB tumor suppressor gene), whereas in the familial form it requires only one hit, the other hit being the 

inherited mutation (Knudson 1971 and 2001). Causes for tumor suppressor inactivation are deletions (reflected 

in loss of heterozygosity LoH), point mutations or epigenetic changes such as methylation of the promoter. These 

can be detected by e.g. LoH analysis, aCGH and mutation analysis or methylation-specific PCR. 

 

As far as the causes for cancer susceptibility are concerned, Knudson divides the population into four 

"oncodemes" (defined as “demographic units with different expectations of cancer, depending on environmental 

and hereditary variables”, Knudson 1977) in regard to the risk of tumor development: The first group carries an 

inborn instability of the genetic material, leading to tumor development at exposure to low, normal levels of 

mutagens in the environment. The second group has a normal capacity to handle mutagens but is exposed to 

excess amounts of them and therefore develops tumors. In the third oncodeme tumors are caused by a relative 

genetic insufficiency to tolerate normal level carcinogen exposure, and the fourth oncodeme comprises hereditary 
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cancers, where the initiating mutation is passed on from the parents and the second "hit" is acquired (Knudson 

1977).  

 

As mentioned earlier, a universal characteristic and prerequisite of cancer is genomic instability, occurring in the 

form of chromosomal instability (CIN) and microsatellite instability (MIN). CIN is very common and refers to the 

accumulation of numerous (mostly random) numerical and structural abnormalities. They arise in three ways, 

which are (1) loss of the spindle checkpoint, (2) DNA replication or mitosis with damaged DNA, and (3) damaged 

telomeres that are too short to protect chromosome ends. MIN occurs only in a few tumors, e.g. in hereditary 

nonpolyposis colon cancer (HNPCC), and refers to a DNA-level instability caused by mutations in mismatch repair 

genes (MMR) (Charames et al. 2003). Other DNA repair defects causing DNA-level instability and consequently 

cancer-prone genetic disorders are defects in nucleotide excision repair, base excision repair, double-strand break 

repair and replication error repair. The most common reason for genomic instability, however, is the inactivation 

of both alleles of the TP53 tumor suppressor gene, whose product, the p53 transcription factor, has been called 

as the 'guardian of the genome'. This protein responds to DNA damage by initiating cell cycle arrest or apoptosis. 

It is inactivated in more than 50% of human cancers, causing replication of damaged DNA and lack of apoptosis 

(e.g. Vogelstein et al. 2000, Freed-Pastor & Prives 2012). 

 

Additionally, some hereditary conditions exist, such as fragile sites and chromosome breakage syndromes, which 

have an altered damage-repair balance that leads to higher cancer susceptibility. Fragile sites are specific 

chromosomal loci that exhibit gaps and breaks on metaphase chromosomes, producing acentric fragments, 

deleted chromosomes or triradial Figures. Some rare fragile sites are associated with human genetic disorders, 

whereas common fragile sites, which are present in all individuals, are sensitive to replication stress and are 

frequently rearranged in tumor cells. Studying them has increased the understanding of the consequences of 

replication stress on DNA damage and genome instability in cancer cells (Durkin & Glover 2007). Chromosome 

breakage syndromes, on the other hand, are rare autosomal recessive disorders marked by chromosomal 

instability. Examples are xeroderma pigmentosum, ataxia telangectasia, Bloom syndrome and Fanconi anemia, all 

characterized by increased cancer frequencies of certain types. Their common characteristics are defects of 

specific proteins involved in DNA recombination, which cause abnormalities in DNA metabolism, DNA repair, cell-

cycle governance and control of apoptosis, the result of which is chromosomal instability and cancer (Duker 2002).  
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2.2.2. An overview of cancer cytogenetics 

 

As already mentioned, the genetic changes that contribute to the development of cancer are often caused by 

chromosomal rearrangements like translocations, inversions and loss or gain of parts of chromosomes. Cancer 

cytogenetics studies these cytogenetically detecTable changes in malignancy.  

 

There are of two principle kinds of cytogenetic rearrangements: random changes or background variation, which 

affect all chromosomes more or less equally often (also called as cytogenetic noise), and non-random changes, 

which accumulate on particular chromosomes or chromosomal areas. Specific non-random changes build the base 

of cancer cytogenetics: they are often associated with a particular disease or a disease group and may moreover 

be associated with a certain prognosis. They are unevenly distributed throughout the genome and often 

concentrate on specific chromosomes, regions or bands, depending on the kind of neoplasm (Heim & Mitelman 

2015). 

 

Tumorigenesis represents a multi-step process, which usually starts with a single aberrated cell that expands in a 

clonal way and gains more aberrations with time. These so-called clonal aberrations are divided into primary and 

secondary. Primary aberrations are the first changes seen in neoplasms, often as the sole karyotypic abnormality. 

They are essential in establishing the tumor and often associated with particular tumor types. However, primary 

aberrations might be submicroscopic and therefore too small to be detected by conventional methods (Heim & 

Mitelman 1995). The origin of primary aberrations has been widely speculated about, with two main theories: 

firstly, that they are chance events occuring throughout the genome, with those having proliferative advantage 

surviving and forming tumors. Secondly, that certain genomic rearrangements occur preferentially e.g. by direct 

interaction of a carcinogenic agent with a specific genomic site in the target cells. Supporting the latter theory, it 

has been shown experimentally that different carcinogens cause different aberrations (e.g. Mitelman 1981, Harris 

1993, Heim & Mitelman 1995). Many of these genotoxic agents induce chromosomal breaks, which correlate with 

an increased cancer risk (Heim & Mitelman 2015). Another interesting aspect concerning the origin of cancer 

chromosome abnormalities is the fact that they show geographic and ethnic heterogeneity, i.e. the same 

malignancies have varying aberration patterns in different parts of the world. This might be caused by different 

laboratory and computational methods, different age compositions of the patients, different etiologies or 

differences in response to carcinogens, the latter of which might be due to polymorphic variability in DNA repair 

capacity (Heim & Mitelman 1995 and 2015). 
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Secondary aberrations, on the other hand, develop in cells that already carry a primary abnormality. They might 

be quite numerous and often dominate the karyotypic picture in later disease stages. Their non-random features 

are dependent on primary aberration and disease type (Heim & Mitelman 1995 and 2015). 

They have been proposed to arise from an evolutionary process (see e.g. Nowell 1976, and Heim 1993): chance 

disturbances of the mitotic process inflicted by the primary abnormality cause a wide variety of rearrangements. 

The cells having the superior fitness over the less fit ones gradually expand and take over. Thus, the tumor 

karyotype evolves, a phenomenon which can also be seen in metastatic or infiltrating cells, or as a reaction of the 

tumor cells to cytostatic treatment (Heim & Mitelman 2015). 

 

While primary and secondary aberrations arise from clonal processes, cytogenetic noise is nonclonal with no two 

identical cells, and can cause extreme karyotypic complexity.  

 

Since the early years of cancer cytogenetics, karyotypic abnormalities in neoplasia have been gathered and 

reported in the “Catalog of chromosome aberrations in cancer” (first edition: Mitelman 1983), and are nowadays 

published in an online database, the Mitelman Database of Chromosome Aberrations and Gene Fusions in Cancer 

(online source: Mitelman et al. 2020). This publicly available database has been extended and overhauled over 

time and is quarterly updated. It “relates cytogenetic changes and their genomic consequences, in particular gene 

fusions, to tumor characteristics, based either on individual cases or associations” and presently holds 70 469 

cases with 32 551 unique gene fusions involving 14 014 genes (Mitelman et al. 2020, as of July 15, 2020). While 

this vast number might give the impression that every possible scenario of aberration has been covered, fact is, 

that many types of neoplasia, especially epithelial tumors, are underrepresented. There is a need of gathering 

even more data to establish the true prevalence of cytogenetic abnormalities in all neoplasias and to better 

understand the essential genomic rearrangements in early tumor development. The integration of this data with 

gene mapping and sequencing data for the establishment of molecular cancer gene profiles and the development 

of individualized targeted therapies are the ultimate goals (Heim & Mitelman 2015). 

 

The field of cancer cytogenetics has evolved remarkably over time. Besides the methodologies of conventional 

and molecular cytogenetics that have been discussed in earlier parts of this literature review, the whole genome 

high-throughput technique of massively parallel sequencing or NGS is more and more gaining importance, both 

in research and in clinical diagnostics. As there are advantages and disadvantages in all of these methodological 

approaches, however, they should not exclude, but complete each other. According to Heim and Mitelman, cancer 

cytogenetics is nowadays both a central methodology in basic cancer research as well as an important clinical tool 
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in oncology, having developed from a purely descriptive discipline to one that synthesizes information from 

several investigative approaches. For review and an extensive discussion on different aspects of the current state 

of cancer cytogenetics see e.g. Das & Tan, Heim & Mitelman, Ribeiro et al. and Liehr (Das & Tan 2013, Heim & 

Mitelman 2015, Ribeiro et al. 2019, Liehr 2019). 

 

 

2.3. Cytogenetic archives and the use of archival material in molecular genetics and cytogenetics 

 

The establishment of cytogenetic laboratories during the latter third of the last century was accompanied by the 

setup of cytogenetic archives, where leftover material was kept for possible later reference. This archival material 

has ever since been a valuable resource for scientific studies. In this subchapter we want to explore how, why and 

when archival material has been used, and what are the present trends and challenges of it. Since the boundaries 

of cytogenetic archives are not so clear but rather blurred with general pathologic archives, some material that is 

strictly speaking not cytogenetic will also be included in this overview. One of these are formalin-fixed, paraffin 

embedded (FFPE) histologic samples, which play a major role in present day molecular genetic and cytogenetic 

studies. Others are blood and bone marrow smears on slides and other histopathologic material. 

 

Before going into detail about the use of archival material, we should clarify what fixation is and why it is done. 

As already described earlier (see chapter 2.1.1, page 2), cytogenetic material is fixed, usually with Carnoy’s fixative 

(3:1 methanol: glacial acetic acid), to preserve chromosome structure. The methanol component denatures 

proteins, removes lipids and replaces water in order to break the cell membrane and expose the chromosomes, 

while the acetic acid component conserves nucleic acids (e.g. Amorim et al. 2007). Pathologic tissue and cell 

material are fixed, however, not to preserve chromosomes but rather to preserve cell structure and tissue 

components in order to facilitate the microscopic analysis of thin sections. Formalin is the most widely used 

reagent for fixation of archival tissue samples (Ghazani et al. 2006).  

 

 

2.3.1. Historical review 

DNA extraction 

The earliest use of archival material I found dates back to 1968, when Arrighi and colleagues reported the 

extraction of DNA from cells and tissues fixed with different kinds of fixatives. Using an EDTA-phenol/sodium 

perchlorate protocol, a modified Marmur's procedure (Marmur 1961), they extracted DNA from mammalian and 
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bacterial cells that had been fixed with a variety of at that time common fixatives, including mixtures of methanol 

and ethanol, Carnoy's fixative, 2-propanol, acetone and formalin. After comparing their purity and other 

biophysical parameters to DNA extracted directly from fresh or frozen samples, they came to the conclusion that 

cells fixed with common fixatives are a good DNA source for further analysis, with the exception of formalin-fixed 

cells, which were challenging to use due to formaldehyde-protein crosslinks (Arrighi et al. 1968). 

 

Southern hybridization 

With the discovery of the importance of genetic changes in the process of carcinogenesis and the development of 

molecular genetic techniques, the screening of the genome for mutations and other genetic alterations became 

a pivotal part in cancer research. For this, DNA needed to be isolated, and for the fact that fresh or frozen material 

was not always available, scientists started looking for alternative sources.  

FFPE 

Goelz et al. isolated DNA from FFPE- histopathological samples of different kinds of tumors, analysed it with 

Southern hybridization and compared the results to those from fresh or frozen tissue-extracted DNA. They stated 

that this material, even though it produced fragmented DNA, was suitable for standard hybridization experiments 

and suggested it to be also used for other analyses where small fragments of DNA were required (Goelz et al. 

1985). 

Fixed cells 

Barker and colleagues reported the isolation of high molecular DNA from methanol-acetic acid fixed cells including 

leukocytes and bone marrow cells that had originally been used for the preparation of chromosome spreads and 

had been stored at –20 ºC for up to 441 days. Comparable to the previously mentioned study, most of the isolated 

DNA was of good enough quality to be successfully cleaved with restriction enzymes and analysed with Southern 

blotting (Barker et al. 1986). Other groups followed with similar experiments using DNA from fixed cells for 

Southern hybridization. Nishigaki and colleagues, who analysed rearrangements of the breakpoint cluster region 

in CML using DNA from fixed cells that had been stored in Carnoy's fixative at –20 ºC for up to 6 years, observed 

some degree of DNA degradation and suspected the extent of degradation to increase with sample age (Nishigaki 

et al. 1988). Interestingly, Ohyashiki and colleagues undertook similar experiments using fixed cell pellets of Ph+ 

-CML cases that had been stored for one to four years at –70 ºC, but noted no apparent degradation of the isolated 

DNA and no particular difference when comparing the Southern blot results of fixed-cell DNA with those obtained 

from fresh material (Ohyashiki et al. 1988). Barrios et al. developed a simpler and more rapid method for the 

extraction of DNA from fixed cells stored at –70 ºC, and observed – as Ohyashiki's group did – no apparent 
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degradation and no difference in the results between DNA from fixed cells and from fresh material (Barrios et al. 

1992). 

Bone marrow smears 

Shortly after Barker's group had isolated DNA from fixed cells, another kind of archived material was used for the 

first time as a source of DNA, namely bone marrow slides (smears). Fey and colleagues extracted DNA from 

unstained bone marrow slides that had been stored at room temperature for more than 10 years by scraping off 

the cell material from the glass slides and applying a phenol-chloroform protocol for DNA isolation. For 

comparison reasons, they also extracted DNA from fresh blood and bone marrow and freshly prepared stained 

and fixed bone marrow smears, and analysed all DNA material with restriction enzyme digestion, gel 

electrophoresis and Southern hybridization to screen for Ig (Immunoglobulin gene) rearrangements in 

hematological disorders. Likewise, as in the above-mentioned studies, the results showed that this source of DNA 

was eligible for molecular genetic analyses. Even though the slide DNA was partially degraded, high molecular 

weight DNA was present in most of the archived cases, and neither fixation nor staining made a difference to DNA 

quality (Fey et al. 1987). Grünewald and colleagues undertook a wider study comparing the quality and usability 

of DNA extracted from air dried bone marrow smears, fixed cytogenetic cells as well as FFPE tissues, which had 

been stored up to several years, for molecular genetic analysis. They were able to retrieve high molecular weight 

DNA from bone marrow smears and fixed cells in most cases, with no difference in yield and quality of DNA 

concerning sample age and whether bone marrow smears were stained or unstained and fixed or unfixed. DNA 

from FFPE tissues on the other hand showed a high degree of degradation and was therefore not suitable for 

detecting rearrangement bands with a molecular mass above 1 kb, but could be used for analyses requiring small 

DNA fragments, e.g. RAS oncogene mutations (Grünewald et al. 1991).   

 

PCR 

With the coming up of polymerase chain reaction (PCR) techniques, it was possible to amplify and analyse even 

small DNA fragments.  

Fixed chromosomal spreads  

Jonveaux reported the amplification of specific DNA sequences from fixed chromosomal spreads that had been 

stored at room temperature for one to five years. To be more exact, a fragment of the p53 gene was amplified 

equally well in DNA extracted from fixed banded, as well as unbanded chromosome spreads. They showed thus 

that despite DNA depurination caused by fixation, PCR amplification of specific sequences of DNA extracted from 

chromosome spreads could be carried out successfully, which was useful for retrospective studies, when 

additional material was not available (Jonveaux 1991).  Sago et al. reported a point mutation analysis of patients 
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with Charcot-Marie-Tooth disease, applying multiple independent PCR amplifications and sequencing of DNA 

extracted from Giemsa-stained cytogenetic slides. It succeeded well despite extensive depurination (Sago et al. 

1996). In similar experiments, PCR was applied on DNA from archived cytogenetic slides for sex determination and 

dystrophin gene mutation screening (Choi et al. 1999) and detection of cryptic Y chromosome mosaicism in Turner 

syndrome (Kim et al. 2000). Another group reported the confirmation of suspected cases of leishmaniasis by PCR 

analysis of DNA extracted from archived Giemsa-stained lesion smears (Motazedian et al. 2002). Vince et al. 

compared six rapid methods of DNA extraction from Giemsa-stained bone marrow slides. They concluded that 

the more sophisticated the extraction method, the higher the efficiency (Vince et al. 1998). 

Blood/bone marrow smears 

Yap and Mc Gee developed a technique of applying PCR directly on archived glass slides that contained cultured 

cells or blood/bone marrow smears, a method they called “slide PCR”. They proposed this technique as an 

alternative for samples that were available on slides only. Without the need of scraping off cell material, the risk 

of contamination was minimized (Yap & McGee 1991). 

Fixed cells 

Li and colleagues described a method of PCR analysis directly from methanol-acidic acid fixed cells without the 

need of DNA extraction. They screened cell material for several gene loci both on autosomes and on sex 

chromosomes, and the quality of the amplified products did not differ to amplified products obtained from fresh 

cell material (Li et al. 1995). Smith and colleagues assessed the use of archival fixed preimplantation embryonic 

cells for DNA analysis by PCR, concluding that it was a valuable source for retrospective analysis, which needed to 

be developed further for possible use in clinical settings (Smith et al. 1997). Velinov and colleagues reported the 

use of fixed cells for PCR-based methylation testing in suspected Prader-Willi or Angelman syndrome (PWS and 

AS) cases. While conventional cytogenetic and FISH analyses tested negative for 15q microdeletions, PCR-based 

methylation testing using archived material confirmed PWS or AS without the need for additional blood samples 

from previously tested patients. The authors showed that the process of fixation did not alter methylation patterns 

(Velinov et al. 2001). 

FFPE 

FFPE samples also started to be used for PCR analysis in the beginning of the 1990s. For example Lo et al. reported 

a successful allele-specific PCR analysis for hepatitis B virus (HBV) mutations in FFPE liver tissue samples of 

hepatitis B patients (Lo et al. 1992). Through the possibility of DNA amplification by PCR, FFPE samples were also 

shown to be eligible for the use in forensics, which had not been possible earlier because of DNA fragmentation 

caused by the fixative (Romero et al. 1997). There are numerous other examples of the use of PCR analysis with 
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DNA from FFPE samples in the literature, with over a hundred publications per year until the present day (online 

source: PubMed database, September 2020). 

 

In situ hybridization 

Another type of molecular analysis that has been utilized on archived material is in situ hybridization.  

Blood/bone marrow smears 

Hammond and colleagues reported the use of FISH on archived bone marrow smears. They found hybridization 

signals in all cases but noted that the hybridization efficiency and accuracy of results was dependent on the age 

of the material, with older samples (aged up to 20 years) performing poorer than fresher ones. Despite this, the 

authors proposed archived slides to be a source for the collection of retrospective data on rare chromosomal 

changes (Hammond et al. 1994). More recently a study assessed the suitability of archival methanol-fixed bone 

marrow and blood smears for the molecular diagnosis of CML, using interphase FISH. The authors concluded that 

this archival material was valid to be used for the detection of the BCR-ABL transcript in CML diagnosis, especially 

in surroundings where fresh/wet samples could not readily be processed on the spot but needed to be transported 

to better equipped facilities (Charwudzi et al. 2014). 

Fixed chromosomal spreads 

El-Rifai and Knuutila described a simple pre-treatment procedure for chromosomal in situ suppression 

hybridization (CISS) on archived G-banded slides and suggested this method to be used for the re-analysis of 

previously identified cases with marker chromosomes or complicated aberrations (El-Rifai & Knuutila 1996). 

A study in retrospective dosimetry by da Silva and da Cruz demonstrated the successful use of FISH-whole 

chromosomal painting probes (WCP) on archived metaphase slides that had been stored for about 12 years in 

unfavourable conditions of high temperature and humidity (da Silva & da Cruz 2002). 

FFPE 

Kitayama and colleagues reported a method of treating FFPE tissue sections of gastrointestinal tumor with a 

modified FISH protocol that included short intermittent microwave irradiation during the initial period of 

hybridization. Through this, FISH signals were enhanced and the analysis of samples with poor fixation conditions 

was improved (Kitayama et al. 2000). In a following study, the same group investigated chromosomal or 

centromerical numerical abnormalities in gastric cancer of archival material using the same FISH protocol 

(Kitayama et al. 2003), and in a later study, the same technique was used successfully for the analysis of brain 

tumor sections (Kitayama 2005). A study by Lambros et al. deals with the application of FISH and chromogenic in 

situ hybridization (CISH) to FFPE tissue sections (FFPETS). They described a protocol for generating probes that 

could be used for both FISH and CISH analysis of FFPETS, applying Φ29-amplified BAC clones. CISH has the 
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advantage that it does not need a fluorescence microscope but is performed on a bright field microscope, which 

enables direct correlation of chromosomal abnormalities with morphological features. The authors suggested this 

technique to be used for validation of aCGH studies with tissue microarrays (Lambros et al. 2006). More examples 

of the use of different ISH techniques on FFPE sections can be found in the literature. At present, these techniques 

are used in diagnostic settings on a routine basis and in research, often for confirming results obtained by other 

molecular techniques. 

 

CGH 

CGH as a further development of in situ hybridization started to be used in cytogenetic laboratories in the early 

1990s.  

FFPE 

Speicher et al. applied CGH for the first time on archival material, namely FFPE tissue samples of solid tumors. 

Coupled with universal DNA amplification by PCR, this enabled analysis of DNA copy number changes of solid 

tumors even if the available amount of tumor cells was very limited (Speicher et al. 1993). Another application of 

CGH is reported by Bell et al., who investigated aneuploidy in archival FFPE pregnancy loss tissues and proposed 

this technique to be used for retrospective karyotyping or when conventional cytogenetic analysis was 

unsuccessful (Bell et al. 2001). 

 

Array CGH 

As discussed earlier, array CGH was developed as a refinement of conventional CGH and enabled high-throughput 

analysis of DNA copy number variations in human disease. It was first used on genomic DNA isolated from frozen 

solid tumor samples, but soon after that was also applied on DNA from archival material. 

FFPE 

In order to find an ideal method of whole genome amplification (WGA) of FFPE samples for aCGH, Devries et al. 

tested several WGA protocols of both random-primed amplification and degenerate oligonucleotide-primed 

(DOP) amplification approaches. Using 50 ng of DNA from FFPE breast tumor tissues after manual microdissection, 

they stated that random-primed amplification was superior to the DOP method and generated as high quality 

aCGH results as DNA from fresh or frozen tumors; however, exact DNA quantitation was essential to assure 

adequate amounts of reagents for the amplification reaction (Devries et al. 2005). Similarly, Little and colleagues 

evaluated two different systems of WGA on fresh-frozen and on FFPE material for their suitability in aCGH 

experiments. GenomePlex® WGA, which amplifies universal adaptor-linked DNA fragments, produced more 

representative and more reliable results than DOP-PCR, and only needed as little as 5 ng of starting material. 
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Compared to unamplified samples, the aCGH results of amplified DNA were qualitatively identical (Little et al. 

2006). 

There are many more examples of aCGH with FFPE material in the literature, most of which include WGA. Wang 

et al. reported aCGH analysis with DNA from RCA-RCA (Restriction And Circularization-Aided Rolling Circle 

Amplification) -amplified DNA from FFPE samples. They stated that this amplified DNA was representative of the 

original material at the nucleotide level, despite modest or substantial DNA degradation (Wang et al. 2004). 

Investigating the impact of WGA and fixation times of FFPE samples on aCGH, Ghazani et al. came to the conclusion 

that a short, less than 20 hours, fixation time with formalin does not influence the outcome, whereas a longer 

exposure increases the degree of fragmentation and loss of high molecular DNA (Ghazani 2006). De Witte and 

colleagues addressed the problems of DNA quality from FFPE samples and presented an FFPE labelling protocol 

for the Agilent aCGH platform, based on non-enzymatic direct labelling, which produced reliable results (De Witte 

et al. 2007). Huang et al. detected a high correlation between aCGH results from FFPE material before and after 

Φ29-based WGA but pointed out the importance of following a carefully optimized and controlled protocol. 

Although the results of amplified DNA showed similar patterns of gains and losses as the results of unamplified 

DNA, they had much higher background noise (Huang et al. 2009). Potluri and colleagues focussed on DNA 

extraction of FFPE material for aCGH, comparing three different extraction methods, phenol-chloroform-based, 

column-based and adaptive focus acoustics (AFA)-based. They found that the method of DNA extraction had a 

direct impact on DNA quality and quantity. While the column-based method produced a higher DNA yield, the 

AFA method generated larger chromosome fragments and had lower PCR failure rates (Potluri et al. 2015). 

Fixed cells 

Evers et al. investigated 5q deletion and hidden aberrations in MDS, using left over samples of fixed bone marrow 

cells, which had been stored for up to 10 years at –20 ºC. Since these aberrations were not necessarily present in 

abundance, the percentage of cells with del(5q) needed to be determined by FISH, and only cases with at least 

35% of cells containing del(5q) were selected for aCGH. As a result, deletion of 5q was detected in all cases in 

addition to small aberrations that had not been detected by conventional cytogenetics.  The authors thus showed 

that marker chromosomes and cryptic aberrations could be determined by aCGH analysis of left-over fixed cells 

even if the blast count was low and aberrated clones were present in only 35% of cells (Evers et al. 2007). They 

had not, however, compared their results to results from fresh or frozen material. When validating the Agilent 

244K oligonucleotide aCGH platform for clinical diagnosis, Yu et al. used cytogenetically fixed cell pellets as a 

source of DNA, amongst others. They showed that the slightly degraded DNA from fixed cells did not have any 

obvious side effects on the aCGH results (Yu et al. 2009). Bystřická and colleagues investigated the use of aCGH 

for the analysis of complex karyotypes in MDS. They compared the karyotypes earlier obtained by conventional 
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cytogenetics, mFISH and high-resolution multicolour banding (mBAND), to results from aCGH. For the latter, DNA 

was extracted from fixed bone marrow cells that had been stored at –20 ºC and amplified it by WGA, utilizing the 

GenomePlex® Complete WGA kit. In most cases, aCGH confirmed and refined the karyotypes obtained by the 

other methods, except in the presence of balanced translocations. In one case, however, the aCGH results differed 

from the other results largely, which led to the assumption that the DNA quality must have been too poor before 

WGA, which led to the amplification of initial errors. Nevertheless, the authors concluded that WGA of DNA from 

fixed cells was suitable for aCGH studies. (Bystřická et al. 2010). 

 

The most covering aCGH study involving cytogenetic fixed cell material was undertaken by MacKinnon et al. They 

assessed the suitability of both fixed cells and long-term refrigerated bone marrow for for aCGH and SNP array 

analysis, which had not been done before. After estimating the cell count for an optimum yield, DNA extraction 

was performed with a modified protocol of Qiagen’s Cell and Tissue Kit. Concerning DNA quality, DNA from fixed 

cells that had been stored at –80 ºC showed some degradation that did not increase with storage time, whereas 

DNA from refrigerated bone marrow decreased in size the longer the specimen had been stored at 4 ºC.  Before 

aCGH, DNA quality was checked with the Quality Control (QC) tool that is included in the Agilent aCGH analysis 

software, and also SNP array images were checked for their reliability. Array CGH and SNP array analysis were 

performed with DNA extracted from both fixed and fresh cells of the U937 cell line, and the same array analyses 

were done with DNA from refrigerated bone marrow of various storage time, ranging from one to over 40 days. 

By comparing the results, the authors confirmed the reliability of using fixed cells for aCGH, moreover showed for 

the first time that fixed cells were suitable for SNP array analysis, and in addition to that demonstrated the 

successful use of unprocessed bone marrow that had been refrigerated for several days to weeks. The authors 

claimed DNA extracted from fixed cells to outperform DNA from FFPE material in terms of higher sensitivity and 

suggested it to be used for other DNA analysis methods, like massive parallel sequencing, as well (MacKinnon et 

al. 2012). 

 

High-resolution melting curve analysis (HRM) 

Fixed cells 

In order to study genetic variation in the MTHFR gene, which is allegedly involved in the development of different 

cancers and congenital anomalies, Sinthuwiwat and colleagues analyzed DNA from left over fixed cells of ALL 

patients with two methods, HRM analysis and probe hybridization genotyping. The first of them turned out to be 

superior in terms of cost-effectiveness and running time, while the latter had a higher genotyping success rate 

when the amount and quality of DNA was low. DNA extracted from fixed cells which had been stored at –20 ºC 
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for one year was thus shown to be an eligible source for this kind of sequence variation analysis, even though it 

was mostly degraded into small fragments (Sinthuwiwat et al. 2008).  

 

Next Generation Sequencing (NGS) 

Since the recent development of direct sequencing into high throughput, more cost-effective and less time-

consuming techniques, massively parallel sequencing or NGS is nowadays used more than ever in cancer and other 

medical research, and it seems to be slowly taking its place in diagnostics of genetic diseases and cancer. Although 

it performs best with DNA from fresh or frozen material, NGS has been applied on archived specimens too, most 

notably on FFPE material. Schweiger et al. showed for the first time that despite its fragmented DNA, FFPE material 

was suitable for analysis of copy number alterations (CNAs) as well as mutation analysis by second generation 

sequencing (Schweiger et al. 2009). Many more articles dealing with NGS on FFPE material have been published 

since then, with a rising tendency (online source: PubMed database, September 2020). Concerning the use of NGS 

on archived cytogenetic material like fixed cells and cytogenetic slides, there seem to be no publications so far 

(online source: PubMed database, September 2020). 

 

Present day use of cytogenetic and other pathologic archived material 

To date, archival pathologic material is a very important resource for research, especially for retrospective studies. 

Formalin-fixed, paraffin-embedded (FFPE) tissue samples represent the largest source of archival biological 

material, with an estimated holding of several hundred million to over a billion samples worldwide (e.g. Ghazani 

et al. 2006, De Witte et al. 2007). For that reason, such samples have been and are constantly being used for 

various medical and scientific studies including e.g. gene expression, sequencing as well as cytogenetic analyses. 

Cytogenetic specimens play a rather smaller role in research, but are still counted as valuable, especially if there is 

no other material available.  

 

 

2.3.2. Summary of the most important factors influencing the use of archival material  

 

Apart from retrospective epidemiological and other medical studies, several other reasons for the use of fixed or 

archived material can be found, for example if the extraction of DNA is not possible on the spot, “such as on field 

trips” (Arrighi et al. 1968) or if the facilities are not available and fresh or wet samples cannot be readily processed, 

as might be in developing countries (Charwudzi et al. 2014). Moreover fixed cells may represent rare specimens 

with unusual chromosome abnormalities and the original patient may no longer be available for further studies 
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(Barker et al. 1986, MacKinnon et al. 2012), furthermore they can be used for retrospective studies of disease 

evolution, for the re-evaluation, confirmation or refinement of karyotypes (Barker et al. 1986, Bystřická et al. 2010) 

or retrospective karyotyping (Bell et al. 2001), and for the analysis of complicated or cryptic aberrations and 

previously identified marker chromosomes (El-Rifai & Knuutila 1996, Evers et al. 2007). 

 

As fixatives have an influence on the chemical structure of the DNA, further use of fixed material is partly 

compromised. Carnoy’s fixative, for example, may introduce depurination, acid nicking and degradation of DNA 

(Jonveaux 1991, Sago et al. 1996, MacKinnon et al. 2012). Formalin fixation may cause formaldehyde-protein 

crosslinks (Arrighi et al. 1968), cross-linking between nucleic acid strands, DNA strand breaks and acid 

depurination of DNA, amongst others (DeWitte et al. 2007). This again may have inhibitory effects on DNA 

amplification, aCGH and RT-PCR (Wang 2004). Several authors noted the degrading effect of formalin-based 

fixation to increase the longer the specimens had been exposed to fixative (Ghazani et al. 2006, DeWitte et al. 

2007). Apart from fixatives, different kinds of stains may have an influence on cell and DNA structure (see e.g. 

Kawauchi et al. 2007). However, in many of the sources found in the literature, neither fixative nor staining had an 

adverse effect on the results, even though DNA was slightly degraded (e.g. Fey et al. 1987, Grünewald et al. 1991). 

With FFPE samples, some authors reported that DNA quality was too low for the successful use of the respective 

analysis or suggested FFPE samples to be used only if small DNA fragments were required (Grünewald et al. 1991). 

 

The way archival specimens are stored may or may not have an influence on specimen quality, depending on the 

kind of specimens. In the case of G-banding slides and blood/bone marrow smears, all it needs for archiving is 

enough space, as they can virtually be stored forever at room temperature (e.g. Kim et al. 2000). In the same way 

FFPE material is stored at room temperature, since it is preserved by formalin. Less stable leftover material such 

as fixed cell preparations, blood and bone marrow samples, tissue samples and DNA is refridgerated or frozen in 

small plastic tubes. Interestingly, there seem to be different policies with the freezing temperature: some 

laboratories store their fixed cell material at –20 ºC, while others at –70 ºC or –80 ºC. 

 

In addition to that, age is a factor that often influences the further use of archived material. Concerning fixed cell 

material, some authors observed that the extent of DNA degradation increased with sample age (e.g. Nishigaki et 

al. 1988, Mezzanotte et al. 1988), while others did not notice this effect (e.g. Ohyashiki et al. 1998, MacKinnon et 

al. 2012). Similarly, degradation of DNA from unfixed material like refridgerated bone marrow increased the longer 

they had been stored (MacKinnon et al. 2012), and FISH efficiency and accuracy of blood or bone marrow smears 

decreased, the older the sample was (Hammond et al. 1994).  
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Another major element that plays a role in the possible use of DNA from archival material is the method of DNA 

extraction. Many different protocols have been developed over time, which often try to find a balance between 

maximum DNA quality and yield and minimum time and cost input. Most protocols are multistep procedures that 

contain the risk of contamination, working for example with phenol/chloroform extraction and ethanol 

precipitation. Some groups have aimed at minimizing this risk, e.g. by applying PCR amplification directly on glass 

slides of blood or bone marrow smears (Yap & McGee 1991) or directly on fixed cell suspensions (Li et al. 1995). 

Others have tested different methods and stated the more sophisticated the protocol, the higher the DNA 

extraction efficiency (Vince et al. 1998). As Potluri et al. observed, column-based methods had a higher DNA yield, 

while the newly developed AFA method had lower PCR failure rates and produced larger DNA fragments 

requirements (Potluri et al. 2015), so the choice of the most suitable extraction method often depends on the 

requirements of further analysis. 

 

When conducting experiments with molecular genetic or cytogenetic techniques, DNA material may either be 

used directly or amplified. Amplification is especially important where DNA material is scarce, which is often the 

case with archival material. There are some challenges concerning WGA, however. The aim of WGA is to amplify 

genomic DNA material evenly, so that it represents the whole genome. If DNA quality is low or the starting material 

very scarce and/or contaminated, initial errors may occur and be amplified, which can produce misleading results 

(e.g. Bystřická et al. 2010). It is therefore essential to carefully check DNA quantity and quality, to choose a reliable 

WGA method and adjust reagent quantities as needed, to use QC tools if available and to interprete the results 

with care (e.g. Devries et al. 2005, Huang et al. 2009). As we have seen, many groups have used or evaluated 

different methods of WGA (Speicher et al. 1993, Bell et al. 2001, Wang et al. 2004, Devries et al. 2005, Ghazani et 

al. 2006, Little et al. 2006, Huang et al. 2009, Bystřická et al. 2010), whereas others have not seen the necessity to 

make use of it (De Witte et al. 2007, Evers et al. 2007, Yu et al. 2009, MacKinnon et al. 2012). It seems that both 

approaches have the potential to produce reliable results. 

 

An important issue that needs to be considered with the use of archival material, are ethical questions:  

Before a medical study is carried out, it needs to be approved by the local Research Ethics Committee. For the use 

of biological specimens, in our case archival pathological and cytogenetic material, free informed consent by the 

patients is required. In cases where this is unavailable, samples and medical data must be anonymized (e.g. 

Schweiger et al. 2009, online source: Karatzas 2013, online source: Medical Research Act 1999). 
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2.4 Hematologic malignancies and their cytogenetic aberrations 

 

Hematologic malignancies are cancers affecting blood and lymph system. They are marked by an abnormal 

number or morphology of cells and they are mostly clonal disorders, in which a new cell population derived from 

a single abnormal cell expands and suppresses or replaces the growth and development of normal cells. They 

include leukemias, lymphomas and multiple myeloma. Depending to the origin of the affected cells, they are 

grouped into myeloid and lymphoid disorders. Leukemias are moreover divided into acute and chronic types. 

Related disorders, some of which may lead to cancer, are myelodysplastic syndrome (MDS), myelofibrosis, 

myeloproliferative disease (MPD) and amyloidosis. In many of these diseases typical non-random primary or 

secondary karyotypic changes have been found. Table 2.2 gives an overview of the most common chromosomal 

or genetic rearrangements in the hematologic malignancies acute myeloid leukemia (AML), MDS, chronic myeloid 

leukemia (CML), MPD, acute lymphoblastic leukemia (ALL), B-cell lymphomas and T-cell lymphomas, malignant 

myeloma (MM). A more detailed description of these diseases can be found in the appendix, section 7.1.   

 

Table 2.2. Common chromosome and gene aberrations in hematologic malignancies (compiled from Alitalo et al. 2007, Porkka et al. 2015 and Heim & 

Mitelman 2015) 

Malignancy and chromosome aberration/genetic aberration Prevalence (%) 

AML                                                                                                                            childhood AML         adult ALL 
chromosomal aberrations  ~̴75 ~̴50 

NPM1 mutation chr 5 ~̴30 

FLT3 mutation chr 13 20-25 

t(15;17)(q22;q21) PML/RARA fusion gene 5-10 

t(8;21)(q22;q22) RUNX1/RUNX1T1-fusion gene 5-10 

inv(16)(p13q22)/t(16;16)(p13;q22) CBFB/MYH-fusion gene 5-10 

CEBPA double mutation chr 19 5-10 

t(5;11)(q35;p15) NSD1/NUP98-fusion gene 10-15                        2-3 

t(6;9)(p22;q34) DEK/NUP214-fusion gene 1-3 

t(9;11)(p21;q23) MLLT3/MLL-fusion gene rare 

+8 10-20 

-5/del(5q) 5-10 

-Y 5-10 

-7/del(7q) 10 

t/del(11q23) MLL gene 5-6 

+21 5 

+22 4 

t/del(12p) 3-4 

del(9q) 3 

+13 1-5 

del(20q) 1-5 
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MDS  

abnormal karyotype 50-70 

+8 20 

del(5q), del(20),-Y as sole aberrations                                                                   good prognosis 10-20/5/ 

-7, del(7q) or other aberration on chromosome 7                                                poor prognosis 20 

> 3 aberrations                                                                                           very poor prognosis  

CML  

t(9;22)(q34;q11)  BCR-ABL1-fusion gene ~̴85 

variants of t(9;22) 5-10 

changes in addition to Ph: -Y, +8, +Ph, i(17q) 10-20 

del(der9)(q34): poor prognosis 15 

  

MPD  

many aberrations same as in MDS   

dup(1q) 1-5 

ALL childhood ALL adult ALL 

abnormal karyotype 90 60 

≥ 50 chromosomes (high hyperdiploidy) – chALL: good prognosis, if no other aberrations present 40 25 

t(9;22)(q34;q11) BCR-ABL1-fusion gene 2-3 30 

t(1;19) E2A-PBX1-fusion gene 4-8 1-3 

t(4;11) MLL-AF4-fusion gene 3-5 3-4 

t(12;21) ETV6-RUNX1-fusion gene ~̴30 1-3 

TAL1 del, SIL-TAL1-fusion gene 1-3 1-3 

IKZF1-microdeletion 10-15 ~̴ 25 

Ig-/TCR-genes rearrangements > 95 > 95 

t(22q11) 20 

+21 15-20 

+X 15-20 

t(14q32) 10 

t(14q11) 5 

t(8;14)(q24;q32) 5-10 

+8 5-10 

-5 5 

del(9)(p21-22) 3-10 

del(6q) 2-10 

del/t(12p12) 2-10 

dup(21q)/abn(21) 1-5 

B-cell lymphomas  

Follicular lymphoma: t(14;18)(q32;q21) 80-90 

Diffuse large B-cell lymphoma (DLBCL): t(14;18)(q32;q21); 3q27 rearrangements ~̴30 

Mantle cell lymphoma: t(11;14)(q13;q32) 50 

MALT-lymphoma: t(14;18)(q32;q21), t(11;18)(q21;q21) 30-50 

Burkitt’s lymphoma: t(2;8)(p12;q24) 

                                 t(8;14)(q24;q32) 

                                 t(8;22)(q24;q11)  

~̴5 

80-90 

10-15 
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structural rearrangement of chromosome 1 as secondary rearrangement 30 

Splenic marginal zone lymphoma: del(7q) 20-50 

Chronic lymphocytic lymphoma (CLL): trisomy 12 

                                                         del(13q14) 

                                                         del(11q22) 

                                                         del(17p13) 

15-20 

ca. 50 

ca. 20 

ca. 10 

most lymphoma types: del(6q), +3, +7, +12, +18, t(14q32)  

NHL: del(3)(p21-25), +3, del(6q), i(7)(q10), del(7)(p14p22), +12, t(14;17)(q32;q23), 
del(16)(q22),chromosome 1 aberrations 

 

+7 10-15 

HD (Hodgkin’s disease): abnormal karyotype 20-80 

  

MM  

t(14q32) IGH 50-70 

-13/del(13q) 40-80 

t(11;14)(q13;q32) CCND1, IGH 15 

t(4;14)(p16;p32) FGFR3, IGH                                                                                poor prognosis 10 

t(1q21;14q32) IGH, IRTA1/IRTA2 1-2 

structural aberrations of chromosome 1                       adverse prognostic impact, poor outcome  

NK-/T-cell neoplasms  

i(8q) or t(8;8)(p23;q11) or +8  

inv(14)(q11q32) or t(14;14)(q32;q11)  

del(6q), del(11q)  

+9q31-qter  

i(7q)  

+8  

t(2;5)(p23;q35) and variants  

t/der(14q32), t/der(14q11), del(6q)  

+3  

+X, +5/5q  

+21, +3q, del(6q)  
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2.5 Rearrangements of chromosome 1q in hematologic malignancies 

 

Chromosome 1 is the largest human chromosome, spanning about 249 Mb, which represents approximately 8% 

of all human genetic information and is about six times longer than the smallest human chromosomes 21, 22 and 

Y (Gregory et al. 2006). It is gene-rich, but also contains the widest heterochromatin area of all chromosomes. The 

248 956 422 nucleotide base pairs code for 4 131 - 4 149 genes, of which 2 001 - 2 059 are protein coding and 883 

- 2 090 are non-coding RNA genes. In addition, 1 195 - 1 293 pseudogenes have been found (online sources: HGNC 

HUGO Gene Nomenclature Committee 2020, Yates et al. 2020). Figure 2.7 depicts cytogenetic diagrams of 

chromosome 1 in different resolutions. The grey areas around the centromeres indicate heterochromatin. 

 
Fig. 2.7. Schematic diagrams of chromosome 1 with different banding resolutions of approximately 300, 400, 550, 700 and 850 band levels. (by Nicole Chia, 
from ISCN 2013, Shaffer et al. 2013). 
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Because of its size chromosome 1 is most 

susceptible to mutagenic lesions (Djordjević et 

al. 2008). It is of great medical importance: 

there are about 890 medical conditions 

associated with aberrations of its sequence, 

including cancers, developmental and 

neurological disorders and over 350 

Mendelian diseases. Examples of the latter are 

Alzheimer’s disease, Charcot-Marie-Tooth 

disease and Parkinson’s disease. One example 

of the developmental phenotypes is the 1p36 

deletion syndrome. In cancer, alterations of 

chromosome 1 are one of the most common 

chromosome abnormalities (all: Gregory et al. 

2006). See Figur 2.8 for common conditions 

associated with chromosome 1. 

 

Duplications producing total or partial trisomy 

1q, unbalanced whole-arm translocations or 

translocations of parts of 1q are common in 

cancer, which implies an important role of 1q 

in carcenogenesis (Djordjević et al. 2008). As 

reviewed by several authors, rearrangements 

of 1q are observed in various hematologic 

malignancies, including BL, DLBCL, FL, B-ALL 

and AML (e.g. Busson-Le Coniat et al. 1999, 

Fournier 2007, Djordjević et al. 2008). They represent the most common structural chromosomal changes in MM, 

MPDs and MDS, with prevalences of up to 70%, 29% and 19%, respectively (Djordjević et al. 2008, Smetana et al. 

2014, Kim et al. 2019, Yu et al. 2020). Gain of 1q appears with a frequency of ~15% of in MDS, mostly consequences 

of unbalanced translocations. The same frequency, about 15%, has been reported for partial gain of 1q in the 

hyperdiploid subgroup of B-ALL (Bacher et al. 2009, Heim & Mitelman 2015). In many cases, 1q rearrangements 

Figure 2.8. Examples of conditions associated with Chromosome 1. Adapted from 
Human Genome Project Information Archive 1990-2003, courtesy of U.S. 
Department of Energy, http://www.ornl.gov/hgmis  
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are accompanied by additional, often complex aberrations, whereas sole abnormalities of 1q are rather rare 

(Alfaro et al. 2008, Bacher et al. 2009). 

 

The most common aberrations of chromosome 1 in hematologic dieseases are centromeric or pericentromeric 

fusions of different chromosomes with an extra 1q, often involving the hetrochromatin area (Djordjević et al. 

2008). Concerning characteristics and breakpoint areas of these rearrangements, there is a wide scope.  

 

In ALL, the most frequent recurrent translocation involving 1q is t(1;19)(q23;p13), which leads to the fusion of the 

E2A gene on chromosome 19p13 with the PBX1 homeobox gene on chromosome 1q23. Other recurrent 

established translocations in ALL are t(1;11)(q21;q23), t(1;12)(q21;p13) and t(1;14)(q21;q32), all of which have a 

breakpoint on 1q21 (Busson-Le Coniat et al. 1999, Djordjević et al. 2008). Bilic and colleagues reported a case of 

BCR/ABL-positive ALL with a jumping translocation (JT) of 1q with a breakpoint at 1q23. JTs are relatively rare 

chromosomal rearrangements, in which one donor chromosome translocates onto different recipient 

chromosomes within single cells or cell clones. The donor translocation breakpoint varies from case to case but is 

consistent within a case. JTs are notably most common in hematologic diseases, involving 1q, and are associated 

with a poor clinical outcome. Regarding a possible origin of hematologic malignancy with JT, Bilic et al. suggest an 

association with autoimmune disease or autoimmune disease therapy (Bilic et al. 2007). Other hypothesized 

causes for JTs are abnormal methylation and viral interaction (Busson-Le Coniat et al. 1999). Manola et al. reported 

JT with a breakpoint at 1q10 as a secondary change in AML-M1, BL and BCR/ABL-positive ALL, all with aggressive 

clinical course, and suggested it to contribute to disease progression rather than to the pathogenesis of leukemia 

(Manola et al. 2008). La Starza et al. described three ALL cases and one BL case with 1q duplications, with a 

minimal common duplicated DNA sequence at 1q21.2, extending over 93 kb. This sequence contains three 

putative oncogenes or tumor suppressors, namely SF3B4, OTUD7B, MTMR11. Thus, these rearrangements might 

be involved in leukemogenesis or disease progression (La Starza et al. 2007).  Liu et al. reported two rare cases of 

AML with t(8;16)(p11.2;p13.3) and 1q duplications that shared the same extra copy at 1q32~1q44, and suggested 

dup(1q) to be associated with unfavourable outcome (Liu et al. 2020).  

 

In MDS, duplication dup(1)(q21q32) as well as inverted duplication dup(1)(q32q21) have been found as sole 1q+ 

aberrations, which are rather rare in hematologic malignancies. These were associated with leukemic 

transformation to secondary AML and poor prognosis (Alfaro et al. 2008, Bacher et al. 2009). The same inverted 

dup(1)(q32q21) was found in three cases of B-precursor ALL, where it was suggested to be a typical primary 

alteration, laying the foundation for further abnormalities. These duplications are assumed to be generated 



39 
Introduction and literature review 

through chromosomal instability in the 1q12~q21 region by paralogous identical genetic sequences. In B-ALL they 

seem to cause a proliferative advantage that promotes clonal evolution, and in MDS they might be associated 

with leukemic transformation (Bacher et al. 2009). In pediatric MDS, unbalanced translocations involving 1q and 

quadruplication of 1q21~q42 have been observed, most of which had a poor outcome (Morerio et al. 2006). A 

recent study that analyzed MDS cases with chromosome 1 abnormalities found translocations to be the most 

common 1q rearrangements (~25% of cases), followed by trisomy 1 (~22%), duplication of 1q (16%), 

translocations of 1p (~14%) and der(1) (~12%). Interestingly, dup (1q) was found to be associated with better 

survival than cases with other 1q aberrations,  supposedly due to the high occurrence of U2AF1 variants, due to 

the younger age of patients and due to the low occurrence of complex karyotypes (Yu et al. 2020). 

 

Regarding MM, 1q rearrangements are one of the most common chromosome aberrations. Partial gains of 1q 

have been reported in about 70% and gain of the whole 1q arm in about 30% - 50% of cases (Smetana et al. 2014, 

Abdallah et al. 2020). 1q12~q32 duplications, whole-arm translocations or JTs are associated with deregulated 1q 

expression, aggressive disease and disease progression, complex karyotypes and poor prognosis (Fournier et al. 

2007, La Starza et al. 2007). The major 1q breakpoint in MM as well as in B-NHL is the constitutive heterochromatin 

area 1q12. Rearrangements in this area result in complex oncogenetic processes that target multiple genes 

through genetic and epigenetic mechanisms, like aberrant gene silencing or inappropriate derepression of genes 

through heterochromatin rearrangements (Fournier et al. 2007). There are several speculations about the cause 

of chromosome 1 heterochromatin rearrangements, including abnormal pairing between two partner 

chromosomes due to heterochromatin heteromorphism, increased chromosome breakage due to altered 

methylation status of centromeric DNA, increased chromosome instability due to the presence of 

retrotransposons within chromosome 1 heterochromatin (Busson-Le Coniat et al. 1999), furthermore viral 

infections and immunodeficiency (Djordjević et al. 2008). 

Analysis of MM cell lines with high resolution aCGH and gene expression profiling resulted in a list of gene 

candidates within a minimal common region (MCR) at 1q21~23. Amongst these were previously identified target 

genes for 1q rearrangements in B cell malignancies, which play a major role in MM pathobiology, plus novel genes 

and microRNAs that might be of importance to disease development (Fournier et al. 2007). E.g. CKS1B on 1q21, 

which is involved in cell-cycle control, has been associated with aggressive clinical course in MM (Shaughnessy et 

al. 2005, Chakraborty & Gertz 2017). Moreover, transcriptome profiling studies have shown a significant 

overexpression of genes mapping to 1q in poor risk MM groups, and FISH/aCGH studies have linked 1q gains or 

amplifications to inferior survival or progression to overt disease. It is, however, unclear whether 1q gain/1q 

deregulation is a cause or just a substitute marker for high risk MM (Fournier et al. 2007). 
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To briefly summarize this supchapter, aberrations of 1q are found in several hematologic diseases, in various forms 

and with variable consequences. The most common kind of 1q aberrations are trisomies in the form of unbalanced 

translocations and whole-arm duplications. Rarer forms of 1q aberrations are partial duplications, inversions, 

insertions and jumping translocations. The breakpoint areas of these rearrangements vary according to the type 

of aberration and disease class. However, areas close to the centromere, containing heterochromatin, are 

frequently disrupted. Possible consequences of 1q aberrations are increased cell proliferation, disease progression 

and poor outcome. In many cases it is still unclear whether 1q rearrangements are a cause or a consequence of 

malignant development.  
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3. Experimental part  

 

3.1. Aim of the study 

 

As already mentioned in the introduction, the idea of the experimental part of this study was to investigate and 

confirm whether archived cytogenetic material in the form of chromosome spreads and cytogenetic fixed cells 

were suitable for aCGH analysis and whether we would get new insights into aberrations of 1q in hematologic 

malignancies. DNA was to be extracted from slide material, fixed cells and frozen bone marrow of left-over 

samples of hematology patients with extra material on chromosome 1q. After checking DNA quality, a selection 

of cases was to be analyzed with aCGH and the results compared with each other, with the anticipation that DNA 

from chromosome spreads, fixed cells and bone marrow would yield similar results. As a platform, the Agilent 60-

mer oligonucleotide 44K human CGH microarray platform (Agilent Technologies, Palo Alto, CA) was to be used, 

and data analysis was to be undertaken with Agilent Feature Extraction 8.1 and Agilent CGH Analytics 3.2 

softwares (both: Agilent Technologies, Palo Alto, CA). Moreover, aberrations of chromosome 1q were to be 

analyzed in detail and compared with the literature.  

 

In short, the aims of this study were: 

 to optimize extraction of DNA from archived cytogenetic material, 

 to show or confirm whether archived cytogenetic slides and fixed cell material were suitable for array 

CGH analysis, and 

 to find out more about copy number changes on chromosome 1q in hematologic malignancies. 
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3.2. Material and methods 

 

The experimental part of this study was realized at the cytogenetic laboratory of the pathology department of 

Helsinki University Hospital, which maintains a rich archive that contains thousands of cytogenetic left-over 

samples in different forms. The work consisted of a “scanning” of the patient database and the archive for 

samples, of DNA extraction and DNA quality examination, of aCGH, data analysis and interpretation. Figure 3.1 

illustrates the workflow of the study.  

 

Figure 3.1. Workflow of the study (bm refers to bone marrow) 

 

 

3.2.1. Screening for samples and ethical considerations 

 

With the permission of the head of the department, a search in the patient database was performed, using the 

following terms: *1q+*, *add (1)(q?)* for additional material on the long arm of chromosome 1, *der* *t(1;* for 

translocations, *amp* *1q* for amplification on 1q, *enh* *1q* for enhanced signal on 1q, *abn* *1q* for 

abnormal 1q and *dup* *1q* for duplification on 1q. This resulted in a list of 464 samples, which, after discarding 

all aberrations not involving 1q (11q and 21q), and all samples other than bone marrow (blood, lymph node, solid 

tumor, paraffin block), was reduced to 74 samples from 45 patients. The next step was to search the archive for 
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existing patient files and samples, which meant another drop to 48 samples from 38 patients, due to the absence 

of some material. The remaining cases were grouped into two types of 1q aberration: 1q+, abn(1), enh(1), dup(1), 

+1, add(1), r(1) on the one hand (24 cases, group A), and translocations involving 1q on the other (14 cases, group 

B). In group A, there were 12 cases with ALL, two with CML, four with lymphoma, four with MDS or myeloma, and 

two with unavailable diagnosis. In group B, eight patients had been diagnosed with ALL, two with AML, one with 

CML, and three with MDS or myeloma. Patient age ranged from one to 72 years with an average of 27 years and 

a median of 15.5 years. Concerning sample age, the oldest had been archived for 19 years and the newest was 

obtained just a few months before starting this project, with an average of 6 years and a median of 4.5 years. 

Table 7.1 in the appendix on page 112 summarizes cytogenetic and clinical data of the patients including sample 

age and availability. 

 

Ethical considerations 

As soon as the samples had been selected, they were anonymized, and personal patient data was removed. There 

was no possibility of obtaining informed patient consent. 

 

 

3.2.2. DNA extraction 

 

DNA extraction was done from three different DNA sources: G-banded slides, acetic acid fixed cells and frozen 

bone marrow. 

 

G-banded slides 

Archived G-banded slides had been prepared in a standard way, which is described in brief:   

 

Culturing and fixation of cells 

2 ml heparinated bone marrow aspirate was cultured for one to three days in 200 ml RPMI 1640 (HaartBio Ltd, 

Helsinki, Finland) medium containing 40 ml Fetal Bovine Serum, 2 ml 100 × L-Glutamin and 2 ml Penicillin-

Streptomycine mixture (10 000 IU/ml and 10 000 µg/ml, respectively), after which the cells were arrested at 

metaphase stage by incubating them with 0.1 ml Colcemid (all: Gibco Invitrogen Corporation, Carlsbad, CA, USA) 

per 10 ml culture at 37 ºC in a CO2 chamber for either 1.5 hours or 17 hours (depending on the type of preparate 

needed). After centrifuging the probe and removing most of the supernatant, the cells were treated with 10 ml 

hypotonic solution (0.056 M KCl; Merck & Co., Inc., NJ, USA) to make them swell, and incubated at 37 ºC for 10 
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min. The centrifuging step was repeated, and supernatant discarded as before. By carefully adding 3:1 methanol-

acetic acid fixative with constant vortexing, the cells were killed and preserved in this swollen state and the cell 

membrane was made very fragile, ready for the chromosome harvest.  

 

Chromosome preparation 

The tubes containing fixed cells were centrifuged, supernatant was discarded, and a few drops of fresh fixative 

was added so that the consistency is cloudy. Then 2–4 drops of cell suspension were dripped and spread onto a 

microscope slide and air dried. Before continuing with banding treatments, the slides were left to air dry for one 

day, or dried in a heat chamber at 37–55 ºC for 30 min. 

 

G-banding 

Slides were treated with 0.5–3 ml 2.5% trypsin (Gibco Invitrogen Corporation, Carlsbad, CA, USA) in 1x PBS, three 

times rinsed in 1x PBS and dyed in 1.5–2ml Giemsa stain (Merck & Co., Inc., NJ, USA) in 80 ml deionized water for 

8–10 min after which they were rinsed with tap water and air dried. Finally, they were mounted with Entellan 

(Merck & Co., Inc., NJ, USA) and covered with a 24 × 60 mm cover slip before being used for karyotyping. After 

that they were stored in cardboard cases at room temperature. 

 

DNA extraction 

The slides used for this study had been archived for up to 19 years. Several slides were available for each case, 

often with different culture durations.  

 

Before starting DNA extraction, the cell count per slide needed to be estimated, which turned out to be rather 

difficult due to the uneven distribution of cells on the slides. Nevertheless a few example slides with a medium 

cell density were selected and the cell number was estimated after drawing a fine grid on the slides and counting 

an appropriate number of squares with the help of a light microscope, which led to a rough estimation of 750 000 

to 1 000 000 cells per slide. Every single slide was checked and classified into low, medium and high cell density.  

 

As a next step, the slides were soaked in Xylene (Riedel de Haën, Seelze, Germany) for 5–14 days at room 

temperature until the cover slips came off spontaneously and transferred into a fresh Xylene bath for one more 

day to remove remaining Entellan. After that they were immediately immersed in a series of ethanol baths (100%, 

80 % and 70 %) for 5 minutes each to remove the stain, and air dried. 
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Since there had not been much experience with DNA extraction from cytogenetic slides in the laboratory, an 

appropriate method had to be found. Puregene® DNA purification kit (Gentra Systems, Minneapolis, USA) was to 

be used with certain adjustments, as there was no kit or protocol available for G-banded slides. After trying out 

different variations, two main methods for DNA extraction were used: 

 

Protocol 1 

This method was based on the “Puregene® DNA Purification Kit Protocol for 1–2 Million Fixed Cells”, with additions 

from the literature. After removal of the cover slips with Xylene, the slides were destained in three baths of 100% 

ethanol for 5 min. each and hydrated in three baths of distilled water for 5 min. each (Choi et al. 1999, Kim et al. 

2000). Then 100 µl of Cell Lysis Solution mixed with 0.5 µl Proteinase K Solution (both Gentra Systems, 

Minneapolis, USA) were spread on the slide surface and the slides were covered with a 25 × 55 mm rectangular 

piece of Parafilm M (Alcan Inc., Neenah, WI, USA) and incubated for 1 hour at 55 ºC. After removing the Parafilm, 

another 50 µl of Cell Lysis Solution was applied and the cell material was scraped off with a sterile razor blade on 

a clean bench (Choi et al. 1999, Kim et al. 2000, Sago et al. 1996).  

 

The lysed cell yield of 4 slides of the same patient sample was collected in a 1.5 ml microcentrifuge tube and 

cooled on ice, then 200 ml Protein Precipitation Solution (Gentra Systems, Minneapolis, USA) was added, the 

sample was vortexed for 20 sec. and then centrifuged at 16 000 × g for 5 min. The supernatant containing DNA 

was poured into a new microcentrifuge tube containing 600 µl 100% isopropanol (2-propanol) and 1 µl glycogen, 

gently inverted 50 times, cooled down to –20 ºC for one hour at least, and centrifuged at 16 000 × g for 5 min. 

After discarding the supernatant and draining the tube on absorbant paper, 600 µl 70% ethanol was added and 

the cooling, centrifuging and draining steps were repeated. The samples were dried at 55 ºC for 10–15 min and 

DNA was rehydrated with 25 µl DNA Hydration Solution (Gentra Systems, Minneapolis, USA) at 65 ºC for one hour. 

Before measuring DNA concentration, the samples were left at room temperature over night. 

 

Protocol 2 

This was a modified version of the “Puregene® DNA Purification Kit Protocol for Blood Smears”, which was kindly 

provided by the technical support team of Gentra systems, Minneapolis, USA. All reagents mentioned were part 

of the Puregene® kit. 

First, the slides were destained in three baths of 100% ethanol for 5 min each and air dried. 50 ml of Cell Lysis 

Solution was pipetted on each slide, which was then gently scraped with a sterile razor blade on a clean bench 

and the cell material was pipetted into a 1.5 ml microcentrifuge tube. In order to gain as much material as possible, 
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the slide was washed with another 20 µl Cell Lysis Solution and the remaining material carefully pipetted into the 

tube. This was repeated with 4–9 slides per sample. The following amounts of reagents are given per one slide 

and were accordingly multiplied by the number of slides used.  

 

For the effective digestion of cell proteins, 0.5 µl Proteinase K was added, the sample was pipetted up and down 

to lyse the cells, and incubated at 65 ºC for 5 min. Then 0.5 µl RNAse A Solution was added, and the tube was 

inverted 25 times and incubated at 37 ºC for 15 min.  

 

Next, the sample was cooled on ice for 5 min, 20 µl Protein Precipitation Solution was added and it was vortexed 

vigorously for 20 sec. at high speed and subsequently centrifuged at 16 000 × g for 5 min. Then the supernatant 

containing DNA was poured into a new 1.5 ml microcentrifuge tube that contained 60 µl 100% Isopropanol (2-

propanol) and 0.5 µl Glycogen, and the tube was gently inverted 50 times. After centrifuging the sample at 16 000 

× g for 5 min, supernatant was poured off and the tube was drained on absorbent paper, after which the DNA 

pellet was washed with 60 µl 70% ethanol by inverting the tube several times before repeating the centrifuging 

(for 3 min) and draining steps. Finally, the tube was dried at 55 ºC for 10–15 min. and DNA was rehydrated by 

addition of 5 µl DNA Hydration Solution and incubation at 65 ºC for one hour or over night. 

 

Acetic acid fixed cells 

Archived acetic acid fixed cells are used for metaphase spreading, and any “leftovers” are routinely labeled, sealed 

with Parafilm to reduce evaporation, and frozen at –70 ºC in 1.5 ml microcentrifuge tubes. For this project, fixed 

cells consisting of one or two tubes per case were available for 10 patient cases (original patient numbers 6, 7, 9, 

19, 26, 27, 29, 32, 33 and 38), with a sample age ranging between one and 13 years and an average of 2.4 years. 

Again, Puregene® DNA extraction kit was to be used, and this time ready protocols for fixed fells were available. 

Comparable to the slides, the cells needed to be counted in order to dose the reagents appropriately. This was 

done with the help of a Bürker counting chamber under a light microscope, using the following formula: 

                                   number of cells 
             --------------------------------------------------- = cells/1µl suspension 
             counted area (mm2) × depth × dilution 

 
For each sample, two fields of 1 mm2 each were counted, and the average was taken as a cell count. It varied 

between 300 000 and 5 million cells. According to this, the Puregene® DNA extraction kit protocols for “1–2 Million 

Fixed Cells” and for “3–5 Million Fixed Cells” were used, as there was no protocol for lower cell numbers available. 

DNA extraction was done in the following way (all reagents were part of the Puregene® DNA extraction kit; 

amounts are given for the protocol for 1–2 million fixed cells and in brackets for 3–5 million fixed cells): 
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The sample tubes were centrifuged for 5 sec at 16 000 × g, vortexed vigorously after removal of most of the 

supernatant, 300 (600) µl Cell Lysis Solution was added and the cells were pipetted up and down. To increase DNA 

yield, 1.5 (3) µl Proteinase K Solution (20 mg/ml) was added, the tubes were inverted 25 times and incubated at 

55 ºC over night. Then 1.5 (3) µl RNAse A (4 mg/ml) was added, the tubes were again inverted 25 times and 

incubated at 37 ºC for 15 min, after which they were cooled on ice for 5 min.  

 

Protein precipitation was done by addition of 100 (200) µl Protein Precipitation Solution, vigorous vortexing for 

20 sec at high speed and centrifugation at 16 000 × g for 3 min. Then the DNA containing supernatant was poured 

into new 1.5 µl microcentrifuge tubes containing 300 (600) µl Isopropanol (2-propanol) and 0.5 (1) µl glycogen (20 

mg/ml), and the tubes were gently inverted 50 times. After centrifugation at 16 000 × g for 5 min, DNA was visible 

as a small white pellet. Supernatant was poured off and the tubes were drained on absorbent paper. To wash the 

DNA, 300 (600) µl 70% ethanol was added and the centrifuging and draining steps were repeated. Before 

rehydration of DNA with 35 (50) µl DNA Hydration Solution at 65 ºC over night, the tubes were dried at 55 ºC for 

10–15 min. 

 

Frozen bone marrow 

Frozen bone marrow samples were available for 17 cases. They had been stored in tubes containing 1.5–5 ml bone 

marrow at –70 ºC for up to 18 years (average sample age 6.6 years). DNA was extracted using the standard 

protocol of the laboratory which is described as follows (reagent amounts are given per ml bone marrow sample):  

 

The samples were thawed in a 38 ºC waterbath, transferred into 15 ml Falcon tubes, 1ml TKM1+Nonidet solution 

(see appendix 7.2.) was added and they were incubated 10 min at room temperature. Then they were centrifuged 

for 15 min at 2500 rpm and supernatant was discarded. 1 ml TKM1 buffer (see appendix 7.2.) was added and the 

samples were shaken vigorously to fragment the pellet, and again centrifuged for 10 min at 2500 rpm, after which 

supernatant was discarded. This step was repeated once.  

 

Next, 160µl TKM2 buffer (see appendix 7.2.) was added and the pellet was broken by a Pasteur pipette. After 

transferring the solution into a 2 ml microcentrifuge tube and adding 10 µl 20 % SDS solution, the samples were 

vortexed and incubated over night at 55 ºC. To precipitate proteins, 72 µl cold 5 M NaCl was added and the 

samples were vortexed immediately and centrifuged for 10 min at 4 ºC at 12000 rpm. The supernatant containing 

DNA was transferred to 15 ml Falcon tubes, and DNA was precipitated by adding 1 ml cold absolute ethanol, after 
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which the visible DNA string was fished out with a Pasteur pipette. It was washed in 70 % ethanol for 1–2 hours in 

a rotator to dissolve salts, dried in new microcentrifuge tubes and dissolved in 20 µl TE buffer (pH 8, see appendix 

7.2.). 

 

Other DNA sources 

Frozen DNA 

For seven cases, frozen DNA was available as a leftover of earlier array CGH or other molecular genetic analyses, 

with a sample age ranging between 0.5 and 13 years.  

CPT™ tubes 

One of the samples was available as CPT™ (Cell Preparation Tube™, Becton, Dickinson and Company, Franklin 

Lakes, NJ) only. CPT™ cells are peripheral blood mononuclear cells (PBMCs) obtained by centrifugation of blood or 

bone marrow through a gel barrier, which separates these mononuclear cells and plasma from erythrocytes and 

granulocytes (e.g. Puleo et al. 2017). DNA was extracted with the Puregene® DNA extraction kit following the 

protocol for “1-2 Million Cells”, which is described in brief (all reagents are part of the kit): 

Firstly, the cells were counted in a Bürker counting chamber in the same way as it had been done with fixed cells 

(see previous page for details) 1:10 diluted with acetoacid. This proved to be very difficult due to cells 

aggregations. Nevertheless, a count of 1–2 million was estimated and the above-mentioned protocol followed. 

The CPT™ cells were centrifuged in a 1.5 ml microcentrifuge tube at 16 000 × g for 5 seconds and supernatant was 

discarded less a few µl of liquid to resuspend the cells. After vortexing the tube vigorously, 300 µl Cell Lysis Solution 

and 1.5 µl Proteinase K Solution were added and the cells were resuspended and incubated at 55 ºC for one hour. 

As cell clumps were still visible after that, another 150 µl CLS was added. The rest of the protocol was similar to 

the protocol for “1–2 Million Fixed Cells” (see p.45), with the following amounts of reagents: 150 µl Protein 

Precipitation Solution for protein precipitation, 450 µl Isopropanol + 0.75 µl Glycogen and 450 µl 70% Ethanol for 

DNA precipitation, and 50 µl DNA Hydration Solution for DNA hydration. The expected yield was 6-18 µg DNA.      

 

 

3.2.3. Concentration measurement 

 

DNA concentration was measured with a GeneQuant pro-spectrophotometer (Amersham, Cambridge, UK), using 

a 10 mm pathlength, a 320 nm wavelength, ng/µl as unit and a dilution factor of 80 (2 µl DNA + 78 µl TE buffer pH 

8). Only samples with a 260/280 ratio between 1.8 and 2.0 were accepted for aCGH. 
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3.2.4. DNA quality assessment 

 

Since aCGH requires intact genomic DNA, it was a crucial step to check DNA quality by agarose gel electrophoresis 

(AGE). Of each probe, 0.5–1 µg DNA was diluted with distilled water to a volume of 10 µl, 2 µl 6 × loading buffer 

was added, and the mixture was run on a 1.5 % TBE agarose gel at 120–140 V for 60–90 min. DNA was visualized 

and photographed  with an ultraviolet transilluminator (Alpha Imager System, Alpha Innotech).  

 

 

3.2.5. Selection of cases, array comparative genomic hybridization 

 

Based on the relevance of the cases and on the results of DNA extraction and quality assessment, which will be 

presented in the next chapter, twenty samples of 15 patient cases were chosen for further analysis. Array CGH 

was performed on high resolution 60-mer oligonucleotide 44K human CGH microarrays (Agilent Technologies, 

Palo Alto, CA), which contain more than 43 000 coding and non-coding human sequences with an average spatial 

resolution of 75 kb, and which require only 0.5 µg total genomic DNA as a minimum input. Sequence data source 

for this platform is the UCSC hg17 human genome (NCBI build 35, May 2004).  

 

For digestion, labeling and hybridization of DNA and washing and scanning of the arrays, the protocol 

“oligonucleotide Array-Based CGH for Genomic DNA Analysis”, Version 2.0, August 2005 (Agilent Technologies, 

Palo Alto, CA), was mostly followed, which will be described in brief in the following paragraphs. As DNA 

references for hybridization, DNA extracted from male and female pooled blood provided by the Finnish Red Cross 

was used. DNA was extracted using a standard DNA extraction protocol for frozen blood, which is very similar to 

the protocol for frozen bone marrow and is therefore not further described here. 

 

Digestion and purification of DNA 

For each array, 5 µg sample DNA was mixed with nuclease-free water to a volume of 50 µl and digested in a 1.5 µl 

microcentrifuge tube with 5 µl each of restriction enzymes Alu I (10 U/µl) and Rsa I (10 U/µl) in the presence of 10 

µl 10 × L Buffer (all: Sigma-Aldrich, St.Louis, MO) in a circulating water bath at 37 ºC for two hours. The same was 

done for reference DNA. After that, digested DNA was cleaned up from the enzymes with QIAprep Spin Miniprep 

Kit (QIAGEN GmbH, Hilden, Germany) in the following way (all reagents are part of the kit):  
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Each sample was mixed with 500 µl Buffer PB, applied to a QIAprep Spin Miniprep column and centrifuged at 16 

000 × g for 60 sec. After discarding of flow-through, 750 µl of Buffer PE was added to each column and the 

centrifugation step was repeated twice. Then the QIAprep Spin Miniprep column was turned upside down into a 

new 1.5 µl microcentrifuge tube, 50 µl Buffer EB was added to the center of the column to elute DNA. After letting 

it stand for 60 sec. at room temperature, the column was centrifuged for another 60 sec. at 16 000 × g to collect 

purified DNA. 

 

DNA concentration measurement, quality assessment and DNA concentration 

DNA concentration was measured with a GeneQuant pro-spectrophotometer (Amersham, Cambridge, UK) at a 

dilution factor of 20 (95 µl TE buffer, 5 µl probe). In case it proved to be too low, the samples were concentrated 

by centrifuging them in Microcon YM-30 filters at 8 000 × g for 1–2 min., turning the filters upside down into new 

microcentrifuge tubes, and centrifuging again at 1 000 × g for 3 min. Then the samples were carefully analyzed 

with AGE, as described earlier. Only properly digested DNA was chosen for array CGH.  

 

DNA labeling and hybridization to arrays 

Before the actual hybridization process, sample and reference DNA needed to be labeled with flourenscent dyes. 

This was done by using 1.5 µg of digested, purified and concentrated DNA template (both sample and reference) 

in 21 µl buffer or nuclease-free water, adding 20 µl 2.5 × Random Primers Solution and the Labeling Master Mix 

containing 5 µl 10 × dUTP mix, 3ul Cy5-dUTP (green fluorescent dye for patient sample) OR 3ul Cy3-dUTP (red 

fluorescent dye for reference), and 1 µl exo-Klenow. After incubation in a circulating water bath at 37 ºC for two 

hours, 5 µl of Stop Buffer was added to each tube to halt the labeling reaction (all reagents were part of BioPrime 

Array CGH Genomic Labeling Kit, Amersham, NJ, USA).  

 

As a next step, appropriate patient sample and reference were combined and cleaned up by adding 400 µl of 1 × 

TE buffer (pH 8), transferring them to Microcon YM-30 filters placed in new 1.5 µl microcentrifuge tubes, 

centrifuging them at 7 000 × g for 10 min. and discarding the flow-through, adding another 480 µl of 1 × TE buffer 

and repeating the centrifugation step. Then the filters were inverted into new 1.5 µl microcentrifuge tubes and 

centrifuged at 7 000 × g for 1 min. to collect the purified samples. All samples were brought to a volume of 150 µl 

either by repeating the filtering and centrifugation steps or by adding nuclease-free water. 
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After that, the samples were prepared for hybridization by adding 50 µl Human Cot-1 DNA (1.0 mg/ml), 50 µl 

Agilent 10 × Blocking Agent, and 250 µl Agilent 2 × Hybridization Buffer, pipetting the mixture up and down and 

spinning it quickly to the bottom of the tubes. DNA was denaturized for 3 min. at 95 ºC followed by pre-annealing 

of Cot-1 DNA at 37 ºC for 30 min. (all reagents are part of Agilent Oligo aCGH Hybridization Kit, Agilent 

Technologies, Palo Alto, CA). 

 

Finally, after centrifuging them for 1 min. at 16 000 × g, the samples were slowly dispensed into Agilent SureHyb 

chambers mounted with clean gasket slides, carefully covered with new 44K oligo arrays and the chamber cover, 

and hybridized in a rotating hybridization oven at 65 ºC for 40 hours, with 10 rpm. For washing and drying the 

arrays, the manufacturer’s wash procedure B “with no Stabilization and Drying Solution” was followed for all 

arrays. In brief, the arrays were disassembled in a slide-staining dish filled with Oligo aCGH Wash Buffer 1 (Agilent 

Technologies, Palo Alto, CA) at room temperature, then placed onto a slide rack and washed in Oligo aCGH Wash 

Buffer 1 at room temperature for 5 min., after which they were washed in pre-warmed Oligo aCGH Wash Buffer 

2 (Agilent Technologies, Palo Alto, CA) at 37 ºC for one minute (both steps with the dishes placed on a shaker at 

low speed), and then slowly and carefully removed from the liquid to minimize droplets. After that the arrays 

were scanned with Agilent’s microarray scanner G2565B (Agilent Technologies, Palo Alto, CA) at the Helsinki 

Biomedicum Biochip Center.  

 

 

3.2.6. Calibration arrays and quality control  

QC Metrics 

BGN Background Noise 
This metric is calculated as the standard deviation of negative 
control probes after rejecting feature nonuniform outliers, saturated 
features, and feature population outliers 

Excellent: <5 
Good: 5-10 
Poor: >10 

SI Signal Intensity 
This metric is calculated as the median background-subtracted signal 
after rejecting nonuniform outliers and saturated features. 

Excellent: >150 
Good: 50-150 
Poor: <50 

SNR Signal to Noise Ratio This metric is calculated as the Signal Intensity divided by BGNoise. 
Excellent: >100 
Good: 30-100 
Poor: <30 

R Reproducibility 
This metric calculates the Median %CV (coefficient of vatiation) of 
background-subtracted signal for replicate non-control probes after 
outlier rejection. 

Excellent: <0.05 
Good: 0.05-0.2 
Poor: 0.2 

DLRSpread 
Derivative Log2 
Ratio Spread 

This metric calculates probe-to-probe log ratio noise of an array and 
hence the minimum log ratio difference required to make reliable 
amplification or deletion calls. 

Excellent: <0.2 
Good: 0.2-0.3 
Poor: >0.3 

Table 3.1. QC Metrics tool to define Array Performance (CGH Analytics 3.2.32, Agilent Technologies, Palo Alto, CA) 
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As recommended in the CGH Analytics manual, normal human DNA samples – male vs. male and male vs. female 

(blood samples provided by the Finnish Red Cross) – were used for producing calibration arrays in order to analyze 

this study’s samples with the CGH Analytics software. Genome views of these calibration arrays generated by the 

CGH Analytics program can be found in the appendix section 7.3., Figures 7.1 and 7.2. Furthermore, quality control 

was realized with the help of the QC Metrics tool (CGH Analytics 3.2.32, Agilent Technologies, Palo Alto, CA). Table 

3.1 lists the QC metrics. 

 

 

3.2.7. Data Analysis 

 

The scanned microarray images were extracted with Agilent Feature Extraction Software 8.1 and analyzed with 

CGH Analytics Software 3.2.32 (both softwares: Agilent Technologies, Palo Alto, CA). Feature Extraction Software 

8.1 automatically assigns gene template grid files to the microarray image files and produces a textfile containing 

log ratios of signal intensities, gene names, processed signal, mean signal and dye-normalized signal of each probe. 

It rejects outliers, calculates statistical confidences and subjects the results to quality control. For normalization 

of the signal intensities, lowess was used. 

 
Fig. 3.2. A view of the CGH Analytics program displaying gene copy number variations on the genome level on the left, on the chromosome level in the 
middle and on the gene level on the right. In this example, chromosome 9 has a loss of the whole p-arm and a gain of the q arm, which can be interpreted 
as an isochromosome 9q. In addition, there is a deletion on the p arm. The gene view shows this deleted area depicting the single oligo probes and names 
of the corresponding genes. 
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The Feature Extraction textfiles were imported into CGH Analytics Software 3.2.32. This program visualizes the 

gene copy number gains and losses for each chromosome as deviations from zero towards the right or the left, as 

in conventional CGH, but has a much higher resolution. It simultaneously displays aberrations on genome, 

chromosome and gene levels and allows the detection of single gene deletions or amplifications. Other functions 

include different filters, quality control (QC Metrics) and graphical summary reports. Moreover, textfiles of 

aberrations containing feature names, positions and aberration scores can be generated. Fig. 3.2 shows an 

example view of CGH Analytics. 
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3.3. Results 

 

3.3.1. DNA extraction and quality assessment 

 

G-banded slides 

Protocol 1 

To start with first trials, protocol 1 was used for 13 patient samples consisting of 51 slides. DNA yield was very 

poor, ranging from zero to 0.3 µg per slide, with an average of 0.067 µg DNA per slide, and DNA concentration 

was low, with an average of 40.25 ng/µl.  

 

Protocol 2 

This protocol was used for 123 slides from 36 samples, which was most of the G-banding slides available, since it 

was much more successful than method 1. Practically all extractions yielded DNA, with a range between 0.11 and 

3.74 µg, a median of 1.28 µg and an average of 1.28 µg DNA per slide. DNA concentrations ranged between 34 

and 748 ng/µl with an average of 210.3 ng/µl and a median of 178 ng/µl. The results of both DNA extraction 

protocols can be seen in Table 3.2.  

 

DNA quality assessment with agarose gel electrophoresis 

Due to the fact that a certain DNA amount, between 0.5 and 1 µg, is needed for successful gel electrophoresis, it 

took a while until enough DNA material was obtained to proceed to electrophoresis, since not all material was to 

be used up if the yield was low. Unfortunately, electrophoresis showed that all DNA material tested was degraded 

and could therefore not be used for aCGH. Figure 3.3 depicts an example of an agarose gel electrophoresis result.  

 

 

 

 

 

 

 

 
 
Fig. 3.3. Quality assessment of DNA extracted from cytogenetic 
slides: lanes 2–5 and 7–10 show fragmented DNA. The amount of 
DNA in lane 5 is so low that it does not show at all. Lanes 1 and 11: 
100 bp DNA ladder.  

  1           2           3            4           5           6            7            8           9           10         11      
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Table 3.2. Results of DNA extraction from G-banded slides  

DNA extraction from g-banded slides - Method 1 
Patient 
number 

Sample age 
(years) Number of slides Total DNA yield(µg) 

DNA concentration 
(ng/µl)1 

DNA yield per slide 
(µg) 

      
11 14 2 0 inv. 0 

 6 2 0 inv. 0 
12 10 6 0 inv. 0 
15 16 6 0 inv. 0 
16 11 1 0 inv. 0 
21 18 7 1.55 62 0.22 

 16 4 0.525 21 0.13 
 16 4 1.19 34 0.30 
 16 4 0.88 44 0.22 
 15 6 0 inv. 0 
 13 4 0 inv. 0 

22 11 2 0 inv. 0 
 11 3 0 inv. 0 

      
average 13.3 3.9 0.32 40.25 0.07 
median 14 4 0 39 0 
     

DNA extraction from g-banded slides - Method 2 
Patient 
number 

Sample age 
(years) Number of slides Total DNA yield 

DNA concentration 
(ng/µl) 

DNA yield per slide 
(µg) 

      
1 18 7 1.66  55 0.24 
2 

10 4 3.915          135 0.98 
10 4 14.96  748 3.74 

3 7 4 4.8  160 1.2 
4 6 2 4.62 420 2.31 
5 4 3 4.2 140 1.4 
6 4 3 7.2 240 2.4 
7 2 2 3.633 330 1.82 
8 11 2 2.97 270 1.485 
9 1 3 2.4 80 0.8 
10 0 2 4.62 420 2.31 
11 14 9 0.965 34 0.11 
15 16 2 1.68 168 0.84 
16 12 6 8.25 275 1.375 
17 11 4 4.65 155 1.16 
18 8 2 2.97 270 1.485 
19 6 4 2.79 93 0.7 
20 4 2 2.81 255 1.4 
21 15 4 2.52 84 0.63 
22 12 6 8.34 278 1.39 
23 9 2 3.52 320 1.76 
24 1 3 3.72 124 1.24 
25 12 7 7.2 240 1.03 
26 2 3 5.4 180 1.8 
27 1 3 5.64 188 1.88 
28 13 4 2.32 116 0.58 
29 2 2 3.3 300 1.65 
30 5 7 5.28 176 0.75 
31 4 5 2.6 104 0.52 
32 3 5 3.09 103 0.61 
33 2 11 5.52 184 0.5 
34 0 3 1.05 35 0.35 
35 4 2 4.09 445 2.45 
36 19 9 2.25 49 0.25 
37 3 3 4.68 156 1.56 
38 1 2 2.64 240 1.32 
      

average 7 4 4.23   210.28 1.28 
median 5.5 3  3.68 178 1.28 

      
1: inv. = invalid     
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Acetic acid fixed cells 

DNA extraction was done from 19 fixed cell tubes of 10 patient cases, using the Puregene® DNA extraction kit 

following the protocols for “1–2 Million Fixed Cells” and for “3–5 Million Fixed Cells”, depending on the cell count. 

The extractions were successful in most cases, yielding 0.75 to 101.9 µg DNA per ml fixed cell suspension. The 

average yield was 25.5 µg and the median 13.5 µg DNA. There was a difference in yield between the protocols 

used: the protocol for “1–2 Million Fixed Cells” (12 tubes) had an average yield of 18.5075 µg and a mean of 10 

µg DNA per ml fixed cell suspension, and the protocol for “3–5 Million Fixed Cells” (7 tubes) had an average yield 

of 37.4 µg and a mean of 18.6 µg DNA per ml fixed cell suspension. See Table 3.3. for the results of DNA extraction. 

 

Table 3.3. Results of DNA extraction from acetic acid fixed cells. 

DNA extraction from acetic acid fixed cells – Protocol for 1-2 Million fixed cells 

Patient 
number 

Sample 
number 

Total cell 
count  
(x106) 

Volume 
(ml) 

Total 
DNA 

yield (µg) 

DNA yield (µg) 
per ml cell 
suspension 

DNA 
concentrati
on (ng/µl) 

DNA quality 
(AGE)1 

        

6 
a 1.95 1.35 67.9 50.3 1940 degr. 
b 0.52 1.4 17.3 12.3 128 degr. 

7 
a 1.44 1.5 12.0 8 343 ok 
b 0.945 1.5 17.7 11.8 354 degr. 

29 a 1.49 1 38.9 38.9 1112 ok 
19 a 1.54 1.4 3.4 2.4 96 degr. 
26 a 0.93 1.5 8.5 5.7 243 ok 

b 0.66 1.5 26.3 17.5 525 ok 
32 a 1.2 1.5 8.9 5.9 255 ok 
33 c 1.43 1 8.3 8.3 236 ok 

d 1.73 1 60.2 60.2 1720 ok 
38 a 0.36 1.5 1.12 0.8 32 t.l.c. 
        

average  1.18 1.35 22.5 18.5 582  
median  1.315 1.45 14.6 10.0 299  

        

DNA extraction from acetic acid fixed cells – Protocol for 3-5 Million fixed cells 

Patient 
number 

Sample 
number 

Total cell 
count  
(x106) 

Volume 
(ml) 

Total 
DNA 

yield (µg) 

DNA yield (µg) 
per ml cell 
suspension 

DNA 
concentrati
on (ng/µl) 

DNA quality 
(AGE)1 

        

9 
a 5.475 1.5 27.9 18.6 558 ok 
b 4.695 1.5 20.5 13.7 410 ok 

19 b 3.92 1.4 139.6 101.9 2792 ok 
27 a 2.88 1.5 20.3 13.5 405 ok 
33 

a 5.166 1.4 26.4 18.9 528 degr. 
b 2.08 1.3 16.8 12.9 336 ok 

        
average  3.90 1.4 48.9 37.4    977.3  
median  3.92 1.4 26.4 18.6 528  

        
1: AGE = agarose gel electrophoresis, degr. = degraded, ok = intact DNA, t.l.c. = too low concentration 
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DNA quality assessment with agarose gel electrophoresis  

Out of the 19 fixed cell samples, 13 samples of 8 patient cases had intact genomic DNA, which is 68.4 %. Five 

samples had degraded DNA, and one 

sample was too small and too low in 

concentration for gel electrophoresis. 

Figure 3.4 shows an example of an AGE 

result from fixed cells. 

 

 

 
 
Fig. 3.4. AGE with DNA extracted from fixed cells. Lanes 2, 
3 and 5–9 show high molecular weight DNA and some 
amount of fragmented DNA. DNA in lane 4 is entirely 
degraded. Samples in lanes 5 (Case 3) and 7 (Case 4) were 
used for aCGH. Lanes 1 and 10: 100 bp DNA ladder.  
 

 

 

Othe DNA sources 

Frozen bone marrow 

DNA extraction from frozen bone marrow was done in a standard way that is routinely used in cytogenetic 

laboratories. DNA quality of all samples was intact, as expected. 

 

Frozen DNA  

Archived DNA was also assessed with AGE, and although it contained high molecular DNA, some of the samples 

were partly degraded. 

 

Cell Preparation Tube™ (CPT™) cells  

According to the DNA extraction protocol, the sample consisting of CPT™ cells was expected to have a DNA yield 

of 6-18 µg. However, the resulting yield was a multiple of the expected with a primary concentration of 1040 ng/µl 

DNA in 50 µl, corresponding to a yield of 52 µg. There were obviously many more cells in the sample than had 

been estimated, due to the earlier mentioned cell aggregations. Gel electrophoresis proved the DNA quality to be 

intact. 

 

 

      1                2              3                4              5               6              7              8              9             10 



58 
Results 

 

3.3.2. Selection of samples and hybridization to arrays 

 

As mentioned earlier, twenty samples were selected for oligo array CGH based on the relevance of the cases, the 

results of DNA extraction and DNA quality assessment. Because of the fact that all DNA extracted from G-banded 

slides was too degraded, the original idea of using this material had to be abandoned. The use of WGA to amplify 

slide DNA was not an option for this study. Two pooled samples were nevertheless digested for aCGH as a trial, 

but the quality was so poor that we could not continue with these. The final sample choice consisted of 15 patient 

cases, out of which six were available as bone marrow samples, five as DNA samples, and four as both acetic acid 

fixed cells and bone marrow, CPT™ or frozen DNA samples. We mainly chose cases out of group A, because they 

contained cytogenetically more interesting 1q rearrangements than the translocations in group B. Sample and 

reference DNA were sex-mismatched as a quality control in order to ensure whether aCGH had performed well. 

After successful hybridization, the arrays were scanned and analyzed as described before, using Feature Extraction 

Software 8.1 and CGH Analytics 3.2 software. 

 

 

3.3.3. Array CGH performance and quality control  

 

Before the results of aCGH were analyzed, array performance was evaluated with the QC Metrics tool that is part 

of the CGH Analytics program. Table 3.4 lists the QC results. Unfortunately, not everything was as it should have 

been during processing of the samples and/or the microarrays. To be more accurate, half of the arrays, namely 

A1B, A2B, A3D, A4D, A5C, A6D, A8D, C1B, C2B and L2B had one or more metrics evaluated as “poor” (values with 

grey shading) and were therefore assigned the QC status “marginal” instead of “pass. Despite these results, we 

decided to continue with analyzing and discussing all the arrays but would take these metrics into consideration 

during analysis of the results. 

 

Furthermore, we noticed that some of the fluorescence ratio profiles showed strong scattering (deviations from 

the zero-axis), that were obvious artefacts, probably due to partially degraded DNA. This will be discussed in more 

detail in the next section. 
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Table 3.4. QC Metrics results of oligo CGH arrays. 

Case (s.) QC Status DLRSpread SNRGreen SNRRed SIGreen SIRed BGNGreen BGNRed RGreen RRed 
1 (A1B) marg. 0.288 17.58 17.88 264 346 15.0 19.4 0.17 0.19 
2 (A2B) marg. 0.431 18.17 19.29 142 102 7.8 5.3 0.10 0.23 
3 (A3D) marg. 0.361 14.28 18.13 146 91 10.2 5.0 0.11 0.21 
3 (A3F) pass 0.248 53.70 74.30 232 337 4.3 4.5 0.19 0.19 
4 (A5C) marg. 0.525 57.38 67.62 238 251 4.14 3.71 0.18 0.18 
4 (A5F) pass 0.250 39.30 43.53 256 292 6.51 6.71 0.12 0.12 
5 (A8D) marg. 0.631 36.25 35.48 162 200 4.48 5.63 0.13 0.33 
6 (A4D) marg. 0.402 14.48 15.80 195 227 13.49 14.39 0.19 0.28 
7 (A10D) pass 0.299 41.66 48.33 208 374 4.98 7.73 0.16 0.17 
7 (A10F1) pass 0.196 33.20 35.58 152 175 4.58 4.91 0.18 0.19 
7 (A10F2) pass 0.241 47.94 51.98 251 271 5.24 5.22 0.17 0.17 

8 (A6D) marg. 0.684 19.94 41.34 115 194 5.78 4.70 0.10 0.23 
9 (C1B) marg. 0.372 24.20 23.41 191 120 7.88 5.11 0.14 0.25 
10 (C2B) marg. 0.405 43.80 40.34 131 114 2.98 2.83 0.07 0.20 
11 (L1D) pass 0.199 40.09 40.85 276 362 6.90 8.86 0.16 0.16 
12 (L2B) marg. 0.192 34.13 33.54 317 348 9.30 10.40 0.14 0.13 
13 (L3B) pass 0.237 30.32 32.56 206 307 6.78 9.43 0.14 0.14 
13 (L3F) pass 0.200 36.39 34.76 228 346 6.27 9.95 0.14 0.16 
14 (L4B) pass 0.193 39.87 43.56 363 391 9.10 8.97 0.16 0.17 
15 (M1B) pass 0.228 39.04 40.21 290 357 7.42 8.89 0.10 0.10 
s. = sample, marg. = marginal, grey background: poor turnout 

 

Another circumstance that was perceived in the results of some cases was a phenomenon called centralization 

error, meaning that values that should be neutral are shifted to one side of the zero axis, in our case to the left. 

This bias can result from loess normalization, if gains and losses are not in balance and fluorescence intensities 

are extreme (e.g. Lasolle et al. 2018). In our experiment, it was seen to some degree in cases 1–5, 9 and 11–14, 

and was considered during data analysis. 

 

In addition to the previous, a certain pattern was observed in some of the results, which we assumed to stem 

from a technichal artefact called CG-waves. First described by Marioni et al., CG waves are a phenomenon that 

correlates to regional CG content of the genome. They can reduce the clinical specificity and sensitivity of the 

aCGH result but can be corrected by the use of certain algorithms (Marioni at al 2007, Leo et al. 2012). In our 

experiment, cases 7, 9, 11, 12, 13 and 14 were affected. This was taken into account during data analysis and 

interpretation.  

 

Table 3.5 gives an overview of all factors that might have influenced the success or reliability of our aCGH results. 
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Table 3.5. Factors influencing aCGH results. 
Case diagnosisa SSb SAc scattering 

(degraded DNA) 

CEd GC-waves QCSe 

1 chALL BM 10  +  ma 

2 chALL BM 4  +  ma 

3 chALL DNA, AFC 1,2 +,– +,+  ma,p 

4 chALL CPT, AFC 1 +,- -,+  ma,p 

5 chALL DNA 0.5 +   ma 

6 chALL DNA 2    ma 

7 ALL DNA, AFC 2   +,+ p,p 

8 n.a. DNA 0.5 +   ma 

9 CML BM 16 + + + ma 

10 CML BM 13    ma 

11 NHL DNA 11  + + p 

12 BL BM 12  + + ma 

13 BL BM,AFC 6  +,+ + p 

14 BL BM 4  + + p 

15 HD, MDS BM 18    p 
a chALL = childhood acute lymphoid leukemia, ALL = acute lymphoid leukemia, CML = chronic myeloid leukemia, 
BL = Burkitt's lymphoma, NHL = Non-Hodgkin lymphoma, HD = Hodgkin’s disease, MDS = myelodysplastic syndrome 
b sample source, BM = bone marrow, CPT™ = Cell Preparation Tube™, AFC = acetic acid fixed cells 
c sample age in years 
d centralization error  

e quality control status, ma = marginal, p = pass 
n.a. = not available 

 

 

 

3.3.4. Array CGH results – an overview  

 

In this study we analyzed archived samples of six cases of childhood ALL (chALL, patient age at diagnosis 3–6 

years), one case of adult ALL (age 26 years), two cases of CML (ages 17 and 33 years), three cases of BL (ages 4, 43 

and 43 years), one case of NHL (age 53 years), one case of HD and MDS (age 43 years), and one undefined 

malignancy (age 46 years) with aCGH. The age of the samples used for this experiment ranged from a few months 

to 18 years. In two cases (Case 3, chALL and Case 7, adult ALL ) aCGH was performed both with DNA extracted 

from cytogenetic fixed cells and with frozen DNA that had been extracted earlier, in one case (case 13, BL), with 

DNA from fixed cells and DNA from frozen bone marrow, and in one case (Case 4, chALL) with DNA from 

cytogenetic fixed cells and DNA extracted from CPT™ cells. Comparison of the results are presented in the next 

section. Aberrations involving 1q were detected in 12 of 15 cases, comprising all chALL, all CML, all BL cases and 

the undefined malignancy. Neither the case of adult ALL nor the cases of NHL and HD with MDS had 1q 

abnormalities that were detectable by aCGH performed in this study, the reasons of which shall be pondered in 
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the discussion part. Table 3.6 summarizes patient data, previous cytogenetic findings including G-banding, mFISH, 

conventional CGH and cDNA aCGH results where available, sample source and -age and preliminary and revised 

oligo aCGH results. A description of clinical data, karyotypes from earlier analyses and a detailed presentation of 

the new aCGH results can be found in section 7.4 of the Appendix. Figure 3.5 gives a visional summary of the 

aberrations of all cases in this study, generated by the CGH Analytics software. According to this, the most frequent 

chromosome gains are 1p+, 1q+, +6, 9q+, +10, +14, +16, +17, +18, +19, +22 and +22, which reflects the large share 

of high hyperdiploid ALL cases in our sample cohort (5 out of 15). Losses are seen in most chromosomes due to a 

“shift to the left”-bias of some arrays, which will be discussed later on, but the most frequent losses are on 1p and 

9p. Losses and gains on the sex chromosomes are mainly caused by sex-mismatched references. 
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Fig. 3.5. Aberration summary of all cases depicting all chromosomes, with losses in green and gains in red (CGH Analytics, Agilent Technologies, Palo Alto, 
CA). The most frequent chromosome gains are 1p+, 1q+, +6, 9q+, +10, +14, +16, +17, +18, +19, +22 and +22, which reflects the large share of hyperdiploid 
ALL cases in our sample cohort. Losses are seen in most chromosomes due to a “shift to the left”-bias, but most frequently on 1p and 9p. Gains and losses 
in the sex chromosomes are mainly due to sex-mismatched references. 
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Table 3.6. Overview of cytogenetic data and oligo arrayCGH results. Cases with comparison of different DNA sources are shaded in light blue. Nomenclature according to ISCN 2009.  

Array CGH results 

Casea S A diagnosisb cytogenetic data SC SS SA preliminary aCGH results remarks revised aCGH results QC 

1 

(2) 

m 3 hyperdiploid 

chALL 

51+X,1q+,+16,+17, 

+21,+22,+?mar[1]/46,XYc 

A1B BM 10  enh(1q21.1q42.11,6,14,16,17, 

18,22),amp(21,Y),del(1q42.11 

qter) 

artefacts: 

amp(Y), enh(X) 

(sex-mismatch) 

enh(1q21.1q42.11,6,14,16,

17,18,22,X),amp(21), 

del(1q42.11qter) 

ma 

2 

(5) 

f 3 hyperdiploid 

chALL 

52-55,XX,+X,1q+,+4,+6, 

+10,+17,+18,+21c 

53,XX,+X,dup(1)(q?),+4,+6, 

+10,+17,+18+21d 

A2B BM 4 enh(1q21.1q23.3,1q25.3q32.3,

4,6,10,17,18),amp(21,X),    

dim(Y) 

artefacts: 

amp(X),dim(Y) 

(sex-mismatch) 

enh(1q21.1q23.3, 

1q25.3q32.3, 

4,6,10,17,18,X),amp(21) 

ma 

3 

(7) 

m 4 hyperdiploid 

chALL 

54-55,XY,inc/46,XYc 

enh(1q31q42,4,6,10,14,17,

18,21),amp(1q32 q41)e 

A3D DNA 1 enh(1q25.2q42.13,4,6,10,14, 

17,18,19),amp(17,21,Y)  

artefact: 

amp(Y) (sex-

mismatch) 

enh(1q25.2q42.13,4,6,10, 

14,18,19,X),amp(17,21) 

ma 

A3F AFC 2 enh(1q25.2q42.13,4,6,10,14, 

18),amp(17,21,X)  

male reference, 

relapse sample 

enh(1q25.2q42.13,4,6,10, 

14,18),amp(17,21,X) 

p 

4 

(9) 

f 3 hyperdiploid 

chALL 

53-57,XX,X,+5-9marc  

53-57,XX,+X,+del(1),+4,+6, 

+10,+14,+17,+18,+21,+21, 

+21d 
enh(1q21q44),4,6,10,14,17

,18,X),amp(21q11-q22)e 

enh(1q11.1qter,4,6,10,14, 

17,18,21,X)f 

A5C CPT™ 1 enh(Y),dim(X) artefacts: 

enh(Y),dim(X) 

(sex-mismatch); 

wrong sample? 

46,XY? ma 

A5F AFC 1 enh(1q,4,6,10,14,18, X,Y),amp 

(17,21) 

artefact: 

enh(Y); 

female 

reference 

enh(1q,4,6,10,14,18,X), 

amp(17,21) 

p 

5 

(10) 

f 6 hypediploid 

chALL 

53-58,XX,+X,add(1q),+4,+6, 

+C,+21,+21,inc(6)/46,XXc 

53-58,XX,+X,+X,add(1q), 

+4,+6,+10,+18,+21,incd 

enh(1q12q41,4,6,10,14,17,1

8),amp(X,21)e 

enh(X,1q12q32.1,4,6,10,14,

17,18,21)f 

A8D DNA 0.5 enh(1q21.1q32.3,4,6,10,14,17,

18),amp(21,X) 

 enh(1q21.1q32.3,4,6,10,14

,17,28,X),amp(21,X) 

ma 
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6 

(29) 

f 4 chALL, 

t(1;19) 

47,XX,+X/47,XX,+X,der(19) 

t(1;19)(q23;p13)c 

enh(1q24-44),dim(9p13 

pter),enh(9q21qter),      

enh(X)e 

A4D DNA 2 enh(1q23.2qter,9p13.1,9q), 

amp(X),dim(9p13.2pter,19p13.

3pter,Y) 

artefacts: 

amp(X),del(Y) 

(sex-mismatch); 

INK-locus 

9p13.2pter! 

enh(1q23.2qter,9p13.1,9q, 

X), dim(9p13.2pter,19p13.3 

pter) 

ma 

7 

(33) 

m 30 hyperdiploid 

ALL, 

complicated 

aberrations 

47,XY,-4,-4,-6,-8,-13,t(14; 

?)(q32;?),+6marc 

47,XY,t(4;4),+5,+5,der(5) 

t(5;13),der(5)(?),i(9) (q10),-

13,der(14)t(1;14) (?;q32)d 

A10

D 

DNA 2 enh(5p,5qcentrq21.1,5q31.1 

qter,9q,11q12.3q13.2,17,19, 

22,Y),del(4q24q25,4q32.2q32.3

,9p,13qcentrq12.13,13q13.1 

q22.2,X(all-2x),9p21.3(-16x!)) 

artefacts: 

enh(Y),del(X) 

(sex-mismatch); 

enh(17,19,22):  

GC-waves? 

enh(5p,5qcentrq21.1,5q31.1 

qter,9q,11q12.3q13.2),del 

(4q24q25,4q32.2q32.3,9p,13

qcentr q12.13,13q13.1q22.2 

(all-2x),9p21.3(-16x!)) 

p 

A10

F2 

AFC 2 p 

A10

F1 

AFC 2 46,XY follow-up 

sample 

46,XY p 

8 

(13) 

f 46 n.a. enh(1q21.2,1q32.1)f A6D DNA 0.5 enh(1q21.1q32.2,8), dim(Y) artefact: dim(Y) 

(sex-mismatch) 

enh(1q21.1q32.2,8) ma 

9 

(15) 

m 33 CML, Ph+ 46,XY,t(9;22)(q34;q11)/46,X

Y,t(9;22)(q34;q11),1q+c 

C1B BM 16 enh(1q21.2q23.2,7q22.1,9q34.

1qter,11q12.3q13.2,16p11.2 

p12.1,p13.3pter,q22.1q22.2, 

q24.2qter,17q,19,20q13.3qter,

22q11.2qter),amp(Y), 

del(17p,X) 

artefacts: 

amp(Y),del(X) 

(sex-mismatch); 

GC-waves? 

enh(1q21.2q23.2,7q22.1, 

9q34.1pter,11q12.3q13.2, 

16p11.2p12.1,p13.3pter,q22

.1q22.2,q24.2qter,17q,19, 

20q 13.3qter,22q11.2qter), 

del(17p); isochromosome 

17p? 

ma 

10 

(16) 

f 15 CML, Ph+ 46,XX,t(9;22)(q34;q11)[16] 

46,XX,dup(1)(q21q41), 

t(9;22)(q34;q11)[13]c 

C2B BM 13 enh(1q21.2q42.12,X), 

del(1q42.2qter,Y) 

artefacts: 

enh(X),del(Y) 

(sex-mismatch) 

enh(1q21.2q42.12),del 

(1q42.2qter) 

ma 

11 

(17) 

m 53 NHL 46-47,XY,+X,1q+,+3,11q-, 

12p+,abn(19),inc[cp20]c 

L1D DNA 11 enh(1p33pter,1q21.2,1q22,1q 

23.2,3p14.3p21.3,6p21.1p22.3, 

7p22.1pter,7q11.22q,7p21.3q2

2.2,9q33.3qter,11q12.1q13.3, 

12q13.12q13.3,14q11q 21.3, 

16pcentrp12.1,16p13.3pter,16

q12.2,16q22.1q22.2,16q24.2qt

er, 17p13.pter,17q11q21.33, 

17q24.3qter,19,22,X),amp(Y)  

artefacts:  

amp(Y)  

(sex-mismatch); 

GC-waves 

enh(X) p 
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12 

(18) 

m 43 BL 47,XY,1q+,+7,t(8;14)(q24;q

32)/47,XY,6p+,6p+,+7,?i(14

q)/46,XYc 

L2B BM 12 enh(1p33pter,1q21.2q24.1,6p 

21.32p22.1,7p13.1p14.1,7p22.

1pter,7q11.22q12.0,7q21.3q22

.2,9p13.2p21.1,9q33.3pter,11q 

12.1q13.2,12q13.2q14.1,14q, 

16,17,22),del(X),amp(19,Y) 

artefacts:  

del(X),enh(Y) 

(sex-mismatch); 

GC-waves 

enh(1p33pter,1q, 

6p24.3pter,7, 

8q24.24qter,14q) 

ma 

13 

(19) 

m 46 BL 46,XY,1q+,t(8;14)[10]/46,X,

t(8;14)[4]/46,XY,1q+[1]/46, 

XY[4]c 

L3B BM 6 enh(11q12.2q13.3, 12p13.31, 

12q13.2q14.1,12q24.23q24.31,

16[4 regions],17,19, 22q12.2 

q13.2),del(3q26.1),loss(X), 

amp(Y) 

artefacts: 

enh(Y),dim(X) 

(sex-mismatch); 

GC-waves 

enh(1p34.1pter,1q) 

 

p 

L3F AFC 6 enh(1q21.2q23.3, 6p21.1p22.2, 

11p15.4pter,11q12.2q13.3, 

11q23.3q24.1,12p13.21p13.3, 

12q [2 regions],16 [4 regions], 

17,19,22q12.2 q13.2),loss(X), 

amp(Y) 

 

enh(1p34.1pter,1q) p 

14 

(20) 

m 4 BL 46,XY,t(1;14),t(8;14)(q24; 

q32),-13,-15,+mar,incc 

46,XY,der(1;14)(q10; 

q10),+1,t(8;14)c 

enh(1q,22)e 

L4B BM 4 enh(1q,3p14.4p21.1,6p21.32 

p22.1,7p12.3p14.1,7p22.1pter, 

7q11.22q11.3,7q21.3q22.2, 

9q33.3qter,11q12.3q13.2,12 

q13.12q13.3,12q24.23q24.32,1

4centr,16p11.0,16p13.3pter, 

16q21.1,16q24.2,17,19,22), 

loss(X),amp(Y) 

 

 

 

 

 

artefact: GC-

waves 

enh(1q,22) p 
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15 

(21) 

f 44 HD, MDS 46, XX /46, XX,1q+,t(22;?) 

(q11;?)c 

M1B BM 18 enh(X),del(Y) enh(X),del(Y): 

artefact (sex-

mismatch) 

46, XX p 

 

Case = case number, S = sex (m = male, f = female), PA = patient age (in years), SC = sample code, SS = sample source (BM = bone marrow, CPT™ = Cell Preparation Tube™,  AFC = 

acetic acid  fixed cells), SA = sample age (in years), QC = QC Status (ma = marginal, p = pass) 

a old patient numbers in brackets, see appendix Table 7.1  

b chALL = childhood acute lymphoid leukemia, ALL = acute lymphoid leukemia, CML = chronic myeloid leukemia, Ph = Philadelphia Chromosome t(9;22)(q34;q11), BL = Burkitt's 

lymphoma, NHL = Non-Hodgkin lymphoma, HD = Hodgkin’s disease, MDS = myelodysplastic syndrome 

c G-banding 

d m-FISH 

e conventional CGH 

f cDNA array CGH 
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3.3.5. Comparison of aCGH results from bone marrow/DNA and fixed cells 

 

Case 7: male, age 26 years, hyperdiploid ALL, samples A10D from frozen DNA, A10F1 and A10F2 from fixed cells, 

sample age 2 yrs., Group B (translocations), QCS: pass (all) 

     
Figure 3.6. Examples of aCGH results of case 7, male, adult ALL. Chromosome 4, 9 and 13. DNA in red, fixed cell sample in blue, normal fixed cell follow-up 
sample in green. Both DNA and fixed cell samples from the time of diagnosis show almost identical aberration patterns, while the follow-up sample is normal. 
Deletions on chromosome 4 cover the areas 4q24q25 and 4q32.2q32.3. On chromosome 9, there is a loss of the whole p arm, with an additional strong 
deletion of 9p21.3. The whole 9q arm is duplicated, indicating isochromosome 9q and loss of 9p, with additional deletion of the 9p21.3 area. Chromosome 
13 shows loss of parts of the q arm from the centromere to q12.13 and from 13q13.1 to 13q22.2. Moving average 2mb, line width 1, z-score 2.0. 
 

This case of adult ALL with a complicated karyotype was available both as frozen DNA that had been extracted 

from bone marrow at the time of diagnosis, and as frozen fixed cell sample, left over from G-banding at the time 

of diagnosis. Both samples were two years old. Array CGH was performed with both samples, and additionally 
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with another fixed cell sample from the time of remission. As a result, we could observe that the two samples 

from the time of diagnosis were very similar, if not identical. This can be seen in the examples of Fig. 3.6. and in 

Fig. 3.7. The fixed cell sample from remission had a normal karyotype and was used as a control. In the 

chromosomes or parts of chromosomes that were free from aberrations, the graphs of all three samples almost 

covered each other, which can be seen in Fig. 3.4, e.g. on chromosome 4.    

                                                                         

 

Figure 3.7. Whole genome view of Case 7, result from archived DNA (red) overlaid with result from fixed cells (blue). Array CGH results of both samples: 
enh(5p,5qcentrq21.1,5q31.1qter,9q,11q12.3q13.2),del(4q24q25,4q32.2q32.3,9p,13qcentrq12.13,13q13.1q22.2(all-2x),9p21.3(-16x)). The aberration pat-
terns are almost identical and thus cover each other. 

 

 

Case 13: male, age 46 years, BL, samples L3B from bone marrow and L3F from fixed cells, sample age 6 years, QCS: 

pass (both) 

In this case of BL, aCGH was performed with DNA from frozen bone marrow and from archived fixed cells, both 

from the time of diagnosis, sample age six years. Again, as in the previous case, the results were very similar, if 

not identical, which is depicted in the whole genome view in Figure 3.8 and in the examples of chromosome views 

in Figure 3.9.  

 
Figure 3.8. Whole genome view of Case 13, result from archived bone marrow (blue) overlaid with result from fixed cells (red). Result of both aCGH arrays: 
enh(1p34.1pter,1q). Since the aberration patterns are almost identical, the blue graph is nearly covered by the red graph. 
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Figure 3.9. Examples of aCGH results of case 13, male, BL, chromosome 1. DNA from frozen bone marrow on the left, DNA from fixed cells in the middle, and 
an overlay of both results on the right (bone marrow in blue, fixed cells in red). Aberration patterns are almost identical. Moving average 2mb, line width 1, 
z-score 2.0, scatterplot cutoff = 1.125. 
 

 

Case 3: male, age 4 years, chALL, samples A3D from frozen DNA and A3F from fixed cells, sample age 2 years, QCS: 

marginal (A3D), pass (A3F) 

This case of high hyperdiploid childhood ALL was available as a fixed cell sample left over from G-banding at the 

time of diagnosis (sample age 2 years) as well as a DNA sample that had been used for conventional CGH at relapse 

one year after diagnosis (sample age one year). Because these samples were not from the same point of time in 

the disease course, they are not 100 % comparable. Nevertheless, they did have a rather similar karyotype. The 

results from aCGH were enh(1q25.2q42.13,4,6,10,14,18),amp(17,21,X) for the fixed cell sample and 

enh(1q25.2q42.13,4,6,10, 14,18,19,X),amp(17,21) for the DNA sample. This can be interpreted as such that the 

aberrations, including the gain on 1q, were the same in the relapse clone as in the original one, in addition to 
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which the relapse clone contained trisomy 19 but had lost one of the superfluous X chromosomes as a result of 

clonal evolution. See Figures 3.10 and 3.11 for illustration of this case. 

 

   
Figure 3.10. Examples of aCGH results of case 3, male, chALL. Fixed cell sample from the time of diagnosis (in red), DNA sample from relapse one year later 
(in blue). Chromosome 1, 17 and 19. The aberration patterns of both samples on chromosomes 1 and 17 are very similar, although not exactly identical, 
showing gain of 1q25.2 to 1q42.13 and amplification of chromosome 17. Chromosome 19, however, is amplified in the DNA sample (relapse, clonal 
evolution), but normal in the fixed cell sample. Moving average 2mb, line width 1, z-score 2.0. 
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Figure 3.11. Whole genome view of Case 3, result from archived DNA (blue) overlaid with result from fixed cells (red). Result from conventional CGH: 
enh(1q31q42,4,6,10,14,17,18q,21),amp(1q32q41). Result from aCGH with archived DNA: enh(1q25.2q42.12,4,6,10,14,18,21,X),amp(17, 21); result from 
archived fixed cells: enh(1q25.2q42.12,4,6,10,14,18),amp(17,21,X(2x)). The results thus slightly deviate from eache other. In the DNA sample there is a sex-
mismatched control.                                                      

 

 

Case 4: female, age 3 years, chALL, samples A5C from CPT™ cells and A5F from fixed cells, sample age 1 year, QCS: 

marginal (A5C), pass (A5F) 

 

 

 
Fig. 3.12. Whole genome view of Case 4, with DNA from fixed cells above and DNA from CPT cells below. The differences of the two graphs are obvious. The 
aCGH result from the fixed cell sample was  enh(1q21.1qter,4,6,10,14,18,X),amp(17,21), which affirms the earlier cDNA result enh(1q11.1qter,4,6,10, 14,17, 
18,21,X), while the CPT sample seemed to be a normal male 46,XY karyotype with a sex-mismatch as a reference.    
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In this case of high hyperdiploid chALL, samples for aCGH were available as fixed cells and as CPT™ cells from the 

time of diagnosis. Array CGH result of the fixed cell sample, enh(1q,4,6,10,14,18,X),amp(17,21), confirmed the 

earlier obtained karyotype by conventional CGH (see Fig. 3.12). The result from CPT™ cells, however, was very 

different, and seemed to be from a male individual. The only explanation for this could be a mistake with handling 

the samples or a mix-up with the labeling of the sample tubes. Otherwise it is hard to think of a reason for this 

odd result. Despite this mishap, the similarity of the fixed cell result with the conventional CGH result suggests 

that it is an eligible DNA source for aCGH. 

 

 

3.3.6. A closer look on 1q aberrations 

 

Figure 3.13 sums up the aberrations of all cases detected on chromosome 1. Roughly said, on the short arm there 

are gains between 1p33 and 1pter and losses mainly between 1p12 and 1p34.1. On the long arm there are gains 

along the whole of 1q, but most frequently or most intensively between 1q21 and 1q24.1 and between 1q31.3 

and 1q 32.2, and losses between 1q41 and 1qter. Since this overview does not discern between different groups 

of malignancies, Figure 3.14 below gives a better view on the results concerning 1q.  

 

 Fig. 3.13. Aberration penetration report of chromosome 1 for all cases together. The bars left of the zero axis represent losses (in green) and the bars to 
the right represent gains (in red). Generated by the CGH Analytics 3.2.32 software (Agilent Technologies, Palo Alto, CA). 
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Table 3.6 lists all losses and gains on 1q, with beginning- and endpoints of the aberrations and basepair lengths of 

the amplified or lost fragments. As our array platform did not include probes of the heterochromatin area on 

chromosome 1, we cannot make a statement on breakpoints around this area (compare e.g. Fig. 3.13). Therefore, 

we can only speculate and orient ourselves on previous cytogenetic findings. This concerns proximal breakpoints 

of cases 1, 2, 5, 8, 12, 13 and 14. 

 

Assumed complete trisomy 1q was present in four cases (4, 12, 13, 14). Three further cases had an assumed 

breakpoint proximal of 1q21.1, which could be in the centromere or in the heterochromatin area (cases 1, 5, 8 

and 2), and distal breakpoints at 1q42.11, 1q31.3, 1q32.2 and 1q23.3, respectively. Case 2 had an additional 

amplified fragment at 1q25.3q32.3. Two cases (10 and 9) had proximal breakpoints at 1q21.2 and distal 

breakpoints at 1q42.12 and 1q23.2, respectively. One case (3) had an amplified fragment at 1q25.2q42.13, one 

(case 6) had an amplification of 1q23.3 to the end of 1q, and two cases (1 and 10) had deletions of the terminal 

part, with breakpoints at 1q42.11 and 1q42.2, respectively. 

 
Table 3.7. Amplifications and deletions on chromosome 1. Cases 7, 11 and 15 are not included as they did not show abnormalities on 1q. Breakpoints in 
brackets indicate, that they could not be determined for certain due to the gap of probes in the heterochromatin area. 
 

Amplifications and deletions on chromosome 1q 

Case diagn. amplifications start stop length (bp) deletions start stop length (bp) 

1 ALL 1q21.1q42.11 (142444242) 220680320 78236078 1q42.11qter 220683574 245422419 24738845 

2 ALL 1q21.1q23.3  (143236258) 158907160 15670902     

  1q25.3q32.3  183144874 208228871 25083997     

3 ALL 1q25.2q42.13 175789376 223443383 47654007     

4 ALL 1q - whole arm 142416822 245422419 103005597     

5 ALL 1q21.1q32.3 (142444242) 203740492 65784629     

6 ALL 1q23.3qter  161908484 244687005 82778521     

8 UM 1q21.1q32.2 (142416822) 200122711 57705889     

9 CML 1q21.2q23.2 150738116 160056843 9318727     

10 CML 1q21.2q42.12 147892583 222479701 74587118 1q42.2qter 227442893 227442893 227442893 

12 BL 1q - whole arm (142416822) 245422419 103005597     

13 BL 1q - whole arm (142416822) 245422419 103005597     

14 BL 1q - whole arm (142683098) 245422419 102739321     

diagn. = diagnosis, UM = unidentified malignancy 

 

These aberrations are visualized in Figure 3.12. By stringing the amplified parts together, two common overlapping 

areas emerge, area A, 1q21.2q23.2 and area B, 1q25.3q32.2, spanning about 9,3 Mb (9318727 kb) and 17 Mb 

(16 977 837 kb), respectively. The possible significance of these shall be discussed in the next subchapter. 
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Fig. 3.14. Diagram of aberrations on chromosome 1q, inspired by Marzin et al 2006. Ideogramm from online source 2. Losses on the left side and gains on 
the right side of the ideogram. Cases 1–6 in blue are childhood ALL, Case 8 in dark grey is undefined malignancy, Cases 9 and 10 in green are CML and 
Cases 12–14 in purple are BL. Light grey bars indicate the heterochromatin area, the breakpoints of which could not be determined. Letters A and B mark 
common overlapping areas, 1q21.2q23.2 and 1q25.3q32.2, respectively. 

 

A 

B 
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3.4. Discussion of results 

 

This study had two main quests: firstly, to investigate the use of archived cytogenetic samples for aCGH and 

secondly, to explore abnormalities on chromosome 1q in hematologic malignancies. To adress the first of them, 

DNA was to be extracted from archival metaphase spreads, fixed cells and frozen bone marrow from the same 

cases, analyzed with aCGH, and the results were to be compared. It was anticipated that aCGH would be feasible, 

the results would compare well with each other and archival material would thus be a valid DNA source for aCGH.  

 

The second topic was to find out more about hematologic malignancies with extra material on chromosome 1q, 

since this aberration appears in most classes of these malignancies as one of the primary or secondary aberrations 

and has been associated with disease progression and poor outcome, the mechanisms of which have not yet been 

totally understood (e.g. Djordjević et al. 2008, La Starza 2007). 

 

To combine these two interests, archival material of patients with hematologic malignancies carrying an 

aberration on 1q was to be used for aCGH. We screened the patient database and the cytogenetic archive and 

found 38 cases which were all available in the form of metaphase spread slides, and some of them additionally in 

the form of fixed cell, frozen bone marrow, CPT™ or DNA samples. As the original idea was to use slide DNA for 

aCGH and compare it to results from fixed cell and bone marrow DNA, we started off with extracting DNA from 

G-banded slides. The first protocol, a modification of the "Puregene® DNA Purification Kit Protocol for 1–2 Million 

Fixed Cells" with inspirations from the literature, was not very successful, yielding an average of only 0,07 µg 

DNAper slide, where 0.5 µg as a minimum, but practically 5 µg as a standard input of total genomic DNA was 

required for aCGH. We therefore searched for a better method and found one in the modified version of the 

"Puregene® DNA Purification Kit Protocol for Blood Smears". DNA yield increased to an average of 1.28 µg DNA 

per slide and 4.23 µg DNA per case, which was enough for assessing DNA quality with AGE. The results of this, 

however, were disillusioning. All samples were highly fragmented, which meant that we could not use them for 

aCGH. We therefore had to abandon the original idea and decided on a new strategy, namely, to prove or rather 

to affirm the eligibility of fixed cell material for aCGH by comparing fixed cell results to results from bone marrow 

or frozen DNA. At the same time we wanted to investigate aberrations on 1q. 

 

We selected thus 15 relevant cases for aCGH, two of which were available as fixed cell and DNA samples, one as 

fixed cell and CPT™ sample, one as fixed cell and bone marrow sample, seven as sole bone marrow and four as 

sole DNA samples. Looking at the results of the cases with fixed cell versus bone marrow/DNA material, they were 
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a success. We could confirm what had earlier been shown by several authors (Evers et al. 2007, Yu et al. 2009, 

Bystřická et al. 2010MacKinnon et al. 2012), that fixed cells are a valid and reliable source for aCGH. Both in Case 

7 (fixed cells vs. archived DNA) and Case 13 (fixed cells vs. frozen bone marrow), the samples compared very well 

with each other, being almost identical. The karyotypes obtained by aCGH were the same, the fluorescence ratio 

profiles practically covered each other, and the breakpoints of aberrations were very close. The other two cases 

that were performed with fixed cell samples did not, unfortunately, have direct subjects for comparison. In Case 

3, the samples used were from different points of disease history, the fixed cell sample stemming from G-banding 

at the time of diagnosis and the DNA sample from relapse a year later. Although they had similar karyotypes and 

a similar pattern of hybridization signals, there were slight differences due to clonal evolution. Nevertheless, the 

fact that the aCGH results from fixed cells confirmed or rather refined the results obtained by G-banding and 

conventional CGH, was a proof for the suitability of fixed cells for aCGH. In Case 4, aCGH was undertaken with 

DNA extracted from a fixed cell sample and a CPT sample. Since the results were so different, we concluded that 

a mistake must have happened during handling of the samples. The result of the fixed cell sample alone, however, 

confirmed and refined the karyotype earlier obtained by G-banding, FISH, conventional CGH and cDNA aCGH, 

which once more proved the eligibility of fixed cells as a source for aCGH analysis.  

 

With regard to aCGH performance, we experienced some drawbacks. Several factors indicated that quality and 

reliability of the results were not ideal in all cases. These were QC status, scattering of the signals due to partially 

degraded DNA, centralization error and GC waves (see Table 3.5). The latter two of them seem to be technical 

artefacts that can be improved by the use of suitable algorithms during data analysis, on which we had no 

influence in our experiment. 

 

Looking at the QC metrics generated by the CGH Analytics software (see Table 3.4), we saw that half of the arrays 

were attributed a marginal status. The values of the Derivative Log2 Ratio Spread were poor for cases 2, 3 (DNA), 

4 (CPT™), 5, 6 and 8–10, Signal to Noise Ratio was poor for cases 1–3, 6, 8 and 9, Background Noise was poor for 

cases 1–3, 6, 8 and 12. The reasons for these results may be manifold, such as poor-quality input DNA, 

contamination during labeling and cleanup, contaminated buffers, air bubbles within the hybridization chamber 

or other errors during hybridization, washing or scanning. It is difficult to trace back the exact causes for these 

outcomes. 

 

As mentioned in the previous chapter, some array results contained strong scattering of the fluorescence intensity 

ratio graph. This was observed in cases 3 (DNA, sample age 1 year), 4 (CPT™ cells, 1 year), 5 (DNA, sample age 0.5 
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years), 8 (DNA, 0.5 years, very strong scattering) and 9 (bone marrow, sample age 16 years). All of these arrays 

had a marginal QC Status (see Table 3.4). Three of them were archival DNA that had been extracted from bone 

marrow (originally used for CGH or cDNA aCGH), one of them was a CPT™ cell sample, and one was bone marrow.  

All samples had been stored at –70 ºC; cases 3–5 and 8 for 0–2 years and case 9 for 16 years. It seems that the 

DNA had degraded with time, and it is possible that the cold chain had been interrupted during sample transfer 

or handling, which could have had an effect on DNA integrity. The bone marrow sample of Case 9 might have 

degraded because of its rather high age. The AGE result of Case 8, which had the strongest scattering, showed 

quite extensive fragmentation in addition to intact DNA.  

 

There does not seem to be any particular pattern about which sample source or sample age is influenced by which 

factor. Interestingly, chALL cases are not affected by CG-waves, whereas all other disease classes are affected. 

This is probably a coincidence, or may also be an effect of sample age (older samples are more affected, chALL 

samples are rather new) or sample source (bone marrow samples are more often affected than other samples; 

75% of chALL samples were other than bone marrow). Since our sample size was small and the classes of disease 

and the sample sources were very heterogenous, it is impossible to draw any conclusions about what was affected 

by which factors. 

 

With this first part of our study, we can state that we have (1) confirmed the eligibility of archived cytogenetic 

material in the form of fixed cells for aCGH analysis and (2) shown that archived material in general is a valuable 

source for molecular cytogenetic studies. However, we also experienced the pitfalls of working with archived 

material. The initial aim of this study, to prove the feasibility of aCGH with DNA extracted from cytogenetic slides, 

could not be achieved. Although we managed to extract DNA from slides successfully, the quality was so poor that 

we could not proceed further. In addition to that, we witnessed several factors that compromised array 

performance to some extent. These were marginal array QC metrics, scattering of the hybridization signals caused 

by partially degraded DNA, centralization error and CG waves. It is reasonable to assume that a large part of these 

factors was a consequence of archiving, mainly caused by DNA degradation with time. All such factors are 

important to keep in mind during analysis and interpretation of the results.  

 

Regarding the second aim of this study, to explore aberrations on 1q in hematologic diseases, we shall go through 

our results systematically, bearing in mind the information found in the literature. 12 out of our 15 cases showed 

abnormalities of 1q. The remaining three cases had either a balanced translocation involving 1q, which did not 
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show in the array results (Case 7), or a clone that was presumably too scarce to be detected by aCGH (Cases 11 

and 15).  

 

Our ALL cases consisted of five patients with high hyperdiploid childhood ALL (cases 1 to 5), one childhood ALL 

with structural abnormalities (Case 6), and one case of adult ALL with complicated structural and numerical 

aberrations (Case 7). Four of the high hyperdiploid cases (cases 1, 2, 4 and 5) had proximal breakpoints in the 

pericentromeric heterochromatin area, which could not be determined further due to a gap in the probes of the 

array platform we used. The distal breakpoints of these were q23.3, q32.3, and q42.11, (cases 2, 5 and 1, 

respectively), and one case had an additional deletion at 1q42.11qter (Case 1).  Case 4 had a complete trisomy 

(1q). It has been assumed that trisomy (1q) in hematologic malignancies in general contributes to leukemogenesis 

through gene dosage amplification (Wan et al. 2001).  Heim and Mitelman report dup(1q)(q12~21q31~32) to be 

often the only structural abnormality in high hyperdiploid ALL in addition to the numerical changes, the molecular 

consequences of which are still unknown (Heim & Mitelman 2015). A duplication fitting this description was 

prevalent in Case 5 (1q21.1q32.3), whereas the other cases had different proximal breakpoints.  The case of 

childhood ALL with a structural change (case 6) had a translocation t(1;19)(q23;p13.3), which is one of the most 

common structural changes in ALL (Tachida et al. 2002). It produces the PBX1-E2A (also called TCF3-PBX1) fusion 

protein with oncogenic properties (Aspland et al. 2001, Heim & Mitelman 2015). Case 6 had an unbalanced 

t(1;19)(q23;p13) causing dup(1q23.3qter) in addition to other structural rearrangements. The adult ALL case (Case 

7) had, amongst numerous structural and numerical abnormalities, a balanced translocation t(1;14)(?;q32), which 

unfortunately could not be detected by aCGH. The case of unidentified malignancy with the karyotype 

enh(1q21.1q32.2,8) (Case 8) would best fit the aberration pattern of ALL with moderate hyperdiploidy. 

 

All our cases of Burkitt lymphoma (Cases 12, 13 and 14) had complete trisomy (1q), which ist the most common 

secondary change in addition to the Burkitt translocation t(8;14)(q24;q32) (with a frequency of 30 to 50 %) and is 

rather associated with disease progression than with pathogenesis (La Starza et al. 2007. Heim & Mitelman 2015).  

 

In our two cases of CML (Cases 9 and 10), 1q+ was a secondary aberration in addition to the Philadelphia 

chromosome t(9;22)(q34;q11). Secondary changes in CML occur in disease progression and may therefore serve 

as valuable prognostic indicators for a more severe disease course (Heim & Mitelman 2015). Both cases had their 

proximal breakpoint at 1q21.2, but very different distal breakpoints: 1q23.3 (Case 9) and 1q42.12 (Case 10). The 

latter case had an additional deletion of 1q42.2qter. 
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Since the 1q aberration could not be detected by aCGH in the cases of NHL and HD/MDS (Cases 11 and 15) due 

to a low percentage of malignant clones in the sample, it was not possible to refine the karyotype obtained by G-

banding. 

 

The diagram in Figure 3.14 visualizes our results. We had four cases with gain of a whole 1q and eleven cases with 

gain of parts of 1q, one of which was in two parts. In two cases we had deletion of the distal end of 1q. The 

overlapping areas, A, 1q21.2q23.2 and B, 1q25.3q32.2, spanning about 9.3 Mb (9318727 kb) and 17 Mb 

(16 977 837 kb), respectively, were too large to be used for possible disease gene screening. Concerning break 

points, the proximal breakpoints of cases 9 and 10 were on the same band, 1q21.2, at 150.7 Mb and 147.9 Mb, 

respectively. This 2.8 Mb spanning area is rather large to screen for putative disease genes. In addition to that, 

the proximal breakpoint of Case 6 and the distal breakpoint of Case 9 were at the same band, 1q23.2, at 161.9 Mb 

and at 160 Mb, the area spanning 1.9 Mb. The distal breakpoints of the distal fragment of Case 2 and of Case 5 

shared the same band, 1q32.3, at 208.2 Mb and 203.7 Mb, an area that spans even 4.5 Mb. These areas are too 

vast for disease gene screening. However, one could investigate further into the matter and search for cases with 

similar breakpoints from the literature. 

 

 

4.  Conclusion and future prospects 

 

With this study we could prove that cytogenetic and pathologic archives are still a relevant source for medical and 

scientific studies. We proved or rather confirmed, that cytogenetic fixed cells are a valuable and reliable source 

for array CGH studies. Practically any kind of archived pathological material is an important potential source for 

the future. Especially in this emerging era of biobanking, where human biological specimens are systematically 

stored and connected to data banks containing medical data, this is a relevant topic. One might say that the old 

fashioned way of storing left-over pathological or cytogenetic material is outdated, but I would claim the opposite, 

that these archives are hidden treasures, some of which contain special cases that might not otherwise be 

available any more. 

 

With regard to cytogenetic slides, we were unable to show their value for aCGH studies. They contained the hurdle 

of laborious scraping in order to gain some bits of DNA, which then turned out to be too degraded. Nevertheless 

the challenge should be taken to prove that archived cytogenetic slides can be used for more than only slide PCR. 

With the help of WGA, which was not available in our case, a new trial could be undertaken to use slides for aCGH. 
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To develop the idea even further, archived cytogenetic material both in the form of G-banding slides as in the 

form of fixed cells could be used for Next Generation Sequencing. If FFPE material if used for it it, why not fixed 

cells and slides? 

 

However, when using archived material one should always bear in mind that it contains several challenges. DNA 

extraction might be complicated and time-consuming, DNA quality might be compromised, which again might 

have an influence on the course and the outcome of the experiment. In our case using aCGH, we noticed several 

factors that had an influence on the results, including scattering caused by partly degraded DNA, CG-waves and 

centralization error. Such factors need to be taken into account during result analysis and interpretation. Another 

important point concerning the use of archived material is careful selection of samples. Sample dates and sources 

must be checked meticulously in order to avoid unneccessary waste of material and resources that may result 

from a mistake or confusion of samples. 

 

Another important issue that should not be forgotten are ethical considerations. Ideally, informed patient consent 

should be obtained before the use of biological specimens for scientific studies. If this is not available, the samples 

must be anonymized and all personal data must be removed. 

 

Turning towards our second topic, hematologic malignancies with aberrations on 1q, our data is rather complex, 

reflecting the complexity of this topic. We had 15 patient cases with five different hematological diseases including 

pediatric and adult ALL, BL, CML, NHL and HD. The types of aberrations ranged from complete trisomy(1q) over 

partial trisomy with different proximal and distal breakpoints to translocations and deletions. Even though we 

were able to generate two common overlapping areas, 1q21.2q23.2 and 1q25.3q32.2 of 9.3 Mb and 17 Mb length, 

respectively, they were too vast to be analyzed further. For possible breakpoint analyses, we would have needed 

a larger set of data with more similar cases. However, with this study we could get an insight into the diversity of 

1q aberrations in hematologic malignancies.  

 

One can state that the scope of aberrations involving 1q in hematologic malignancies is wide, as the scope of 

diseases is. Within the classes of hematologic malignancies there are subclasses with different genetic and 

cytogenetic characteristics. Even though 1q+ appears in many of them as primary or secondary aberration, there 

is not one "most typical" aberration that would unite them all. What most of them have in common, however, ist 

he fact, that aberrations involving 1q are often associated with disease progression and poor clinical outcome. 

Several genes on 1q involved in these mechanisms have been identified already, but there is still a lot to be done.  
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 For future studies, it would be recommendable to concentrate on a certain disease class or to gather a larger 

number of cases in order to be able to detect common features.  
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7.  Appendix 
 

7.1. Hematologic Malignancies and their Cytogenetic Characteristics 

 

This section gives a more detailed discussion of hematologic and related malignancies and their cytogenetic 

characteristics.  

 

MYELOID DISORDERS   

7.1.1. Myelodysplastic Syndromes 

 

Myelodysplastic syndromes (MDS) are malignant, clonal diseases mostly affecting the elderly. Earlier used names 

are preleukemia, subacute leukemia or smouldering leukemia, since one fourth of patients eventually develop 

acute leukemia, which is notoriously resistant to treatment. However, about half of all deaths occur as a 

consequence to bone marrow failure before the disease develops into leukemia. This bone marrow failure is 

caused by qualitative or quantitative defects of the hematopoietic cells. Red cells, white cells or platelets show 

abnormal growth or failure of maturation, resulting in a deficiency of one or more blood components. Thus the 

symptoms include anemia, leukopenia and thrombocytopenia, which are manifested as chronic tiredness, 

increased susceptibility to infection and increased susceptibility to bleeding, amongst others. If all three lineages 

are involved (pancytopenia), the condition is called trilineage dysplasia. A hallmark of MDS is peripheral 

pancytopenia paired with a hypercellular bone marrow. MDS was primarily classified by the French-American-

British (FAB) Study Group into five subgroups according to the percentage of immature blood cells present in the 

bone marrow (called blasts or myeloblasts). Recently, the World Health Organization (WHO) has released a 

modified classification with the following subgroups (Quintanilla-Martinez et al. 2017): (1) Refractory Anemia (RA) 

with less than 5% blasts,  

(2) Refractory Anemia with ringed sideroblasts (RARS, ringed sideroblasts being abnormal, iron-stuffed red cell 

precursors) with less than 5% blasts and up to 10% dysplastic granulocytes,  

(3) Refractory cytopenia (RCMD) with multilineage dysplasia and less than 5% blasts,  

(4) Refractory cytopenia with multilineage dysplasia and ringed sideroblasts (RCMD-RS) with less than 5% blasts,  

(5) RAEB 1 (RA with excess of blasts) with 5-10% blasts,  

(6) RAEB 2 with 11–19% blasts,  

(7) the 5q-syndrome, and  

(8) unclassifiable MDS (MDS-U).  
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Chronic myelomonocytic leukemia (CMML), which was earlier classified as a myelodysplastic syndrome, was put 

in a new category of myelodysplastic-myeloproliferative overlap syndromes. 

MDS with 20% blasts or more is defined as acute leukemia. As aggressive cytotoxic treatment may induce bone 

marrow failure or acceleration of disease progression, symptom controlling treatment is more adequate. 

Sometimes secondary MDS arises as a reaction to chemotherapy for some other malignancy. Since there are many 

non-malignant, clinically similar conditions to MDS, it is important to make a secure diagnosis by cytogenetic 

analysis. Depending on the MDS subtype, the incidence of clonal chromosomal abnormalities is 10–50%. Some 

of these abnormalities are associated with poor prognosis, e.g. complex clones including loss or deletion of 5q 

and/or 7q, and some with a relatively benign course, e.g. partly deletion of 5q as the sole cytogenetic abnormality 

in the 5q-syndrome. Most chromosome aberrations found in MDS are the same as in acute myeloid leukemia 

(AML), with a few exceptions that occur in AML but rarely or not at all in MDS (Alitalo et al. 2007). Typical 

cytogenetic abnormalities in MDS are summarized in Table 2.2. 

 

 

7.1.2. Myeloproliferative Disorders  

 

Myeloproliferative disorders (MPD) are relative rare hematologic malignancies in which one or more lineages of 

bone marrow cells are produced in excess. In Polycythemia Vera (PV), erythrocytes are overproduced, Essential 

Thrombocythemia (ET) has an overproduction of platelets, Chronic Myeloid Leukemia (CML) an excess of 

granulocytes, and Myelofibrosis (MF, also known as myeloid metaplasia) is characterized by fibrosis of the bone 

marrow resulting in pancytopenia. CML is traditionally treated as a seperate entity and will be discussed 

subsequently. MPDs are chronic, slowly evolving clonal diseases, which are related to and may develop into MDS 

or AML, although they generally have a much better prognosis than the latter conditions. They usually can be 

controlled for many years with relatively mild cytotoxic treatment, but they are serious diseases and hardly 

curable, in some cases even fatal. Except for CML, the incidence of identified clones with aberrations is low: about 

15% in PV, 5% in ET, and 40% in MF. See Table 2.2 for the most common cytogenetic abnormalities. 

 

 

7.1.3. Chronic Myeloid Leukemia 

 

As mentioned above, CML is characterized by an excess of white blood cells. It arises from a malignant 

transformation at the pluripotent stem cell level of hematopoietic cells and therefore involves all hematopoietic 
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lineages. The typical disease course consists of three phases: A mild chronic phase, which may last up to 15 years, 

is followed by a more malignant acceleration phase, which transforms the disease within months and culminates 

in the terminal blast crisis phase, usually leading to death if not treated appropriately. The chronic phase, marked 

by a high leukocyte count in the peripheral blood and granulocytic and megakaryocytic hypoplasia, shows an 

almost normal maturing process of blood cells and no exceptional risk of infection. In the transformation phase, 

however, blood cell maturation and function are disturbed, and the proportion of immature cells in both bone 

marrow and peripheral blood increases. These blasts have either myeloblastic or lymphoblastic features. At blast 

crisis stage, the proportion of blasts has risen to more than 20% and the symptoms are similar to acute leukemia, 

therefore it is often difficult to distinguish CML at this stage from acute lymphoblastic leukemia (ALL) or AML. As 

it is very difficult to manage the disease at this stage, all efforts are done to prevent this transformation.  

 

The most important cytogenetic characteristic of CML is the presence of the Philadelphia chromosome Ph, a 

translocation between chromosome 9 and 22 (t(9;22)(q34;q11)). It was first described by Nowell and Hungerford 

in 1960 and cytogenetically determined by Rowley in 1973. Ph contains the BCR/ABL fusion gene which produces 

a continuously active oncogenetic tyrosine kinase. The molecular functions of this protein cause non-stop activity 

of cell-intern signal cascades, leading to increased cell growth and decreased cell death, thus bringing about a 

growth advantage of CML cells (Nowell and Hungerford 1960, Rowley 1973). According to Alitalo et al., 85-90% of 

CML cases have the classic translocation, and 10–15% have a variant form including chromosome 22 and another 

chromosome, or chromosomes 9, 22 and a third. These variant cases also carry the BCR/ABL fusion gene. If the Ph 

chromosome cannot be shown by conventional G-banding, the BCR/ABL fusion has to be shown by PCR technique. 

Ph-negative and BCR/ABL negative CML-like disease is classified as chronic neutrophilic leukemia (Alitalo et al. 

2007).  

 

During the chronic phase, about 10 % of CML cases have additional chromosome aberrations, and during 

acceleration phase this number even rises to 75–80%. These additional changes, the most common of which are 

an extra Ph chromosome, +8, +19 and an isochromosome 17q, are nonrandom, and some of them serve as 

prognostic indicators.  

 

The latest development in CML treatment with the specific tyrosine kinase inhibitor imatinib has proven quite 

successful to keep the disease in remission, but a real cure is only possible through an allogenic stem cell 

transplantation (SCT). See Alitalo et al. (2007) for more details. 
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7.1.4. Acute Myeloid Leukemia 

 

ACUTE LEUKEMIAS in general: 

Acute leukemias are marked by a disturbance of normal blood cell development leading to an increase of 

immature blast cells in peripheral blood, bone marrow, and sometimes other organs. 

This disturbance is caused by a malignant, usually acquired damage in an early hematopoietic stem cell. Risk 

factors for developing acute leukemia include exposure to ionizing radiation, certain chemicals, certain cytostatics, 

HTLV-1-retrovirus, tobacco and rare hereditary or congenital disorders. In addition to that, acute leukemias may 

develop from MDS and MPD, as mentioned before. 80% of acute leukemias in Finnland are cases presenting with 

myeloid blasts (AML), and 20% are cases carrying lymphatic blasts (ALL) (Alitalo et al. 2007).  

The central characteristic of acute leukemias is continuous dividing capability of the leukemic tissue. According to 

the two-hit hypothesis, this is obtained by increasing proliferation and preventing differentiation and maturation 

through mechanisms like translocations (e.g. leading to fusion genes which accelerate cell growth or inhibit 

differentiation), losses (e.g. loss of tumor suppressor genes), and gene disruptions (e.g. disruption of cell-cycle 

regulators). As a consequence of this, the leukemia clone expands in the bone marrow and represses healthy 

hematopoiesy. This is followed by anemia, granulocytopenia and thrombocytopenia, expansion of the clone to 

the peripheral blood circulation and infiltration of different organs. Symptoms of acute leukemia, amongst others, 

are weak general condition, fatigue, decreased physical performance, bruises and hemorrhages, increased 

infection risk, pain in bones and joints, and enlarged organs and lymph nodes (extramedullar leukemia). Without 

treatment, patients have two to three months to live on average and die from infection or organ failure. It is 

therefore crucial to make an early diagnosis and start with the treatment immediately.  

The treatment principle of acute leukemia is the induction of remission through one or several intensive cytostatic 

treatments. Follow-up treatments necessary to prevent relapse are allogenic SCT, cytostatics and monitoring.  

In order to choose the right treatment, classification is essential, which is done with the help of morphologic 

characteristics, cytogenetic and molecular genetic findings, immunophenotyping and cytochemical staining.  

 

Acute myeloid leukemia: 

The FAB classification, based on blast morphology and cytochemical findings, divides AML into 8 types: from M0, 

minimalistically differentiated, to M7, acute megakaryoblast leukemia. In addition to that, the WHO has classified 

AML into the following types: AML with characteristic genetic abnormalities, AML with multilineage dysplasia, 

therapy-related AML and MDS, and not otherwise categorized AML (wikip. 16.12.08). In some cases, leukemic 

cells cannot be classified as either myeloid or lymphoid, or they have equally strong markers from both categories. 
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These are classified into "acute leukemias of ambiguous lineage", which include mixed phenotype or biphenotypic 

acute leukemia (search for review article about AML classification!). See Table 2.2 for more details. 

 

Regarding cytogenetic characteristics, hundreds of chromosome aberrations have been found in AML, but none 

as characteristic and unique as the Ph chromosome in CML. All abnormalities of MDS and MPD are also found in 

AML, but in different proportions. In addition to that, AML has typical chromosome abnormalities that are rare in 

other diseases (Swansbury 2003). Some of these are t(8;21)(q22;q22) in FAB M2, indicating a high remission rate 

and thus a good prognosis, t(15;17)(q24;q21) in FAB M3, trisomy 8, which is actually the most common 

abnormality in AML and indicates an intermediate to poor prognosis. Additionally, abnormality of 3q21 and 3q26 

(associated with dysmegakaryopoiesis), abnormality of chromosome 5 and 7, and the Ph chromosome (in 3% of 

AML cases) are regarded as poor prognosis. Generally, 60% of AML cases carry a clone that can be found by 

conventional cytogenetics. The remaining 40% supposedly contain cryptic rearrangements of commonly involved 

genes (Swansbury 2003) More details on cytogenetic findings are listed in Table 2.2 on page 33. 

AML secondary to MDS or MPD, and AML arising after chemotherapy, are associated with a high rate of 

unfavourable chromosomal rearrangements and a worse prognosis (for an exhaustive review on AML see De 

Kouchkovsky & Abdul-Hay 2016). 

 

 

LYMPHOID DISORDERS 

 

7.1.5. Acute Lymphoblastic Leukemia 

 

Acute lymphoblastic leukemia (ALL), also called acute lymphoid or acute lymphocytic leukemia, shares all the 

features of acute leukemia mentioned in the AML subchapter. In this disease, immature lymphoid cells originating 

from a malignant clone are accumulated in the bone marrow and usually also in the peripheral blood. ALL is the 

most common type of childhood cancer, with a peak incidence at 4–5 years of age (wikip. 16.12.08). The 

classification according to morphology by the FAB system has three subgroups, from FAB L1 with small cells to 

FAB L3 with large and homogenous cells. The more accurate MIC (morphologic, immunologic and cytogenetic 

investigations) classification divides ALL into immunologically defined subclasses: early B-precursor ALL (L1 or L2), 

common ALL (L1 or L2), pre-B-ALL (L1 or occasionally L3), B-ALL (L3, close to Burkitt's lymphoma) for the B-lineage, 

and T-precursor ALL (L1 or L2), and T-cell-ALL (L1 or L2) for the T-lineage (Heim & Mitelman 1995). A third 

classification system, called the ploidy classification, uses numerical cytogenetic changes as classification criteria. 
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Such changes are more common in ALL than in AML and often show certain patterns associated with certain 

prognoses. Classification categories are diploid, near-haploid, low hypodiploid, high hypodiploid, hyperdiploid, 

high hyperdiploid, near triploid, and near tetraploid. 

 

Non-randomly distributed chromosomal aberrations are found in 60–90% of ALL cases. The most common 

abnormality, with an incidence of 25–40%, is high hyperdiploidy (≥50 chromosomes), which is associated with a 

good prognosis if it does not include translocations (Alitalo et al. 2007). The most common pattern for high 

hyperdiploidy, also associated with a good prognosis, is gains of chromosomes X, 4, 6, 10, 14, 17, 18, and 2–3 extra 

chromosomes 21. However, it is unknown how these gains contribute to leukemogenesis and what is the 

mechanism behind them (Swansbury 2003). Other numerical abnormalities are single chromosome gains or 

losses as a sole anomaly, e.g. +8, –20, +21; hypodiploidy and near-haploidy; moderate hyperdiploidy (47-50 

chromosomes) with a common pattern of +21, +X, +8, +10 and frequent rearrangements of chromosome arms 

1q, 6q, 12p, 19p; near triploidy associated with a good prognosis; near tetraploidy associated with T-cell ALL.  

Common structural abnormalities in ALL are for example t(1;19)(q23;p19), which is present in 6% of childhood 

ALL cases and in 20% of pre-B-ALL, and is associated with a good prognosis if present as a sole aberration; 

t(4;11)(q21;q23), present in 1–5% of cases and associated with a very poor prognosis; del(6q) in 2–10% of cases; 

abn(8q24) involving c-MYC, associated with a poor prognosis; t(9;22)(q34;q11), present in 10–30% of adult cases 

and 1–3% of childhood ALL, poor prognosis; abn(9p) associated with a poor prognosis; t(12;21)(p13;q22), present 

in 20-25% of childhood ALL involving genes TEL and AML1, associated with a good prognosis but a tendency to 

relapse; and many more. Other commonly involved loci are the immunoglobulin (Ig) genes at 14q32 (IgH), 2p12 

(IgK), 22q11 (IgL) in B-cell ALL, and the T-cell receptor genes at 14q11 (TCRA and TCRD), 7q34-36 (TCRB), 7p13 

(TCRG) in T-cell ALL. 

Secondary chromosome changes, a phenomenon known as clonal evolution, occur in 50% of ALL cases, often 

during relapse. They appear in a nonrandom pattern and vary depending on the type of primary abnormality. 

Most frequent secondary changes are +8, +21, –7, +X, +4, del(22q), i(7q), dup(1q), del(6q), and del(9p) (Swansbury 

2003). As we see, cytogenetic findings are very important in ALL for prognostic purposes, as they may predict 

remission rate, remission duration and chances of survival (for review, see Hunger & Mullinghan 2015). 
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7.1.6. Chronic Lymphoproliferative Disorders 

 

The group of chronic lymphoproliferative disorders (CLD) consists of several disease classes with the common 

feature of malignant proliferation and accumulation of relatively mature lymphocytic cells in bone marrow and 

peripheral blood. While most types are slowly developing low grade diseases, some develop rapidly with a poor 

prognosis. The major CLDs are, according to the FAB classification, chronic lymphocytic leukemia (CLL, B- and T-

lineage), prolymphocytic leukemia (PLL, B- and T-lineage), hairy cell leukemia (HCL, B- and T-lineage), plasma cell 

leukemia (PCL, B-lineage), adult T-cell leukemia/lymphoma (ATLL, T-lineage), cutaneous T-cell lymphoma (T-

lineage), Sezary’s syndrome and mycosis fungoides (both T-lineage). The main difference between these CLD types 

are the differentiation stage, at which the B-/T- cells are arrested through malignant transformation: pre-B-ALL is 

arrested at the pre-B-stage where no Ig is expressed on the cell surface yet. Most B-CLLs are arrested at the next 

stage, when IgM is expressed. Then, at the more mature B-cell stage, when more IgM is expressed, PLL and HCL 

are arrested. Consequently, PCL is arrested at the final stage of B-cell differentiation, where large quantities of 

different immunoglobulins are expressed, resulting in high Ig concentrations in peripheral blood. The 

corresponding T-cell diseases are morphologically similar to these B-cell diseases. CLDs have non-random 

cytogenetic abnormalities, some of which are highly specific for B- and T-cell malignancies (Heim & Mitelman 

1995). The main CLDs are listed below. 

 

CLL is the most common leukemia in Western countries, accounting for about one third of all leukemia cases, but 

extremely rare in the Far East. It affects men about 1.5 to two times more often than women and is a typical 

disease of middle to older age, with a median onset at 62 years (Alitalo et al. 2007, Swansbury 2003). The disease 

course is usually slow, with a survival time of more than ten years after diagnosis, and five to six years after the 

first chemotherapy (Alitalo et al. 2007). 95% of CLL cases are of the B-type and less than 5% of the T-type. The 

etiology is unknown, however, pesticides or other chemicals may be a risk factor, as well as genetic factors might 

play a role. In the beginning the only symptom is lymphocytosis which is often found accidentally during routine 

blood tests. Later symptoms are enlargement of lymphnodes (lymphadenopathy), hepato- and splenomegaly. 

Fatigue, weight loss, increased temperature and increased infection risk usually occur during later course of the 

disease. While 5-10% of CLL change into large cell lymphoma, transformation into acute leukemia is uncommon. 

The core laboratory finding of CLL is lymphocytosis, which causes a disturbance of normal blood cell formation in 

the bone marrow, consequently leading to anemia, thrombocytopenia and neutropenia. Treatment is not 

necessary (or even contraindicated as it may accelerate the progression of disease) during the first stage of the 
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disease, but should be started when the leukemic cell mass increases. It includes chemo- and radiotherapy, and 

SCT if necessary (Alitalo et al. 2007). 

 

In B-CLL, chromosomal aberrations have been detected in 40-100% of cases (Heim & Mitelman 1995). The 

majority of cases contain leukemia cells from a single clone (monoclonality), whereas in about 10% of cases several 

abnormal but cytogenetically unrelated clones are found. However, it is suspected that these clones might share 

a primary submicroscopic mutation (Heim & Mitelman 1995). The four most common aberrations of B-CLL are 

+12, del(13q14), del(11q23) and structural abnormalities of 17p involving the p53 gene (Hoffbrand & Moss 2011). 

Trisomy 12, occurring in about 20% of all cases, is probably not a primary abnormality in CLL, as it is present only 

in part of the CLL cells. It is associated with poor prognosis and seen as an indicator for active treatment. Another 

trait associated with poor prognosis is del(11)(q23), which has been found by FISH in up to 20% of cases. Deletions 

of chromosome 13q14, detected in 10% of cases by conventional cytogenetics and in 50% of cases by FISH, lead 

to a disturbance of the tumor suppressor gene DBM (disrupted in B-cell malignancy). They are associated with a 

relatively good prognosis and seem to be a primary abnormality in the leukemogenesis of CLL (Swansbury 2003). 

Occasional abnormalities of chromosome 17p1, causing loss of p53 are associated with very poor prognosis 

(Swansbury 2003), and so are gains of chromosome 14q, present in ca. 20% of aberrated cases, which arise from 

translocations of chromosome 14 with different partners, and involve the IgH locus on 14q32 (Heim & Mitelman 

1995). Other common aberrations with so far unknown pathogenetic mechanisms include +3, 11q-, 12p-, 14q- 

and +18. About 25% of aberrated cases do not have any of these abnormalities, but many of them have complex 

changes (Heim & Mitelman 1995). 

 

In T-CLL, abnormal clones are reported in 50% of cases, half of which carry rearrangements of 14q11. The 

molecular consequences of these are the disruption of the TCRA and TCRD genes, encoding the T-cell receptors 

alpha and delta (Heim & Mitelman 1995). 

 

PLL, usually a disease of older people, may be seen as a variant of CLL, with similar clinical features, but more 

aggressive disease course. Although the malignant cells (called prolymphocytes) have a blast-like appearance, 

their immunophenotype is that of rather mature, activated lymphocytes. 75-80% of cases are of the B-type, and 

the remaining 20-25% of T-type (Heim & Mitelman 1995). The most common cytogenetic change in B-PLL is 

t(11;14)(q13, q32), the same as in mantle cell lymphoma, with a frequency of 20% of cases (Alitalo et al. 2007). It 

recombines IgH on 14q32 with the oncogene BCL1 on 11q13 (Heim & Mitelman 1995). B-PLL has a worse prognosis 

than CLL, with an average survival of three years (Alitalo et al. 2007). T-PLL is even worse, with an average survival 
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of only 7.5 months (Swansbury 2003, Alitalo et al. 2007). Typical rearrangements in T-PLL are abn. 14q11, leading 

to the activation of the proto-oncogene TPL1 and i(8)(q10) or idic(8)(p11) (Swansbury 2003). 

 

HCL is a rare disease predominant in middle-aged males (male:female ratio is 4:1). It is characterized by the 

presence of lymphocytes in the spleen which have a hairy appearance, stemming from finger-like cytoplasmic 

projections (Heim & Mitelman 1995). Average survival ranges from two to ten years, depending on treatment 

response. HCL is a disease of the B-cell type, although rare cases of T-HCL have been described (Heim & Mitelman 

1995). While this malignancy may have different cytogenetic abnormalities, no characteristic aberration has been 

found. However, translocations at 14q32 are common, and the p53 tumor suppressor gene is frequently mutated 

(Alitalo et al. 2007). 

 

PCL is a rare disease marked by infiltration of the bone marrow by highly proliferative plasma cells, leading to a 

rapidly fatal outcome. Common chromosome aberrations are t(11;14)(q13;q32), t(8;14)(q24;q32), and structural 

rearrangements of chromosome 1, the latter of which presumably are of secondary origin (Heim & Mitelman 

1995). 

 

ATLL is a T-cell malignancy associated with a human retrovirus, human T-cell leukemia/ lymphoma virus type 1 

(HTLV-1). It has a striking geographic distribution, as the virus is endemic in parts of Japan, Central Africa and the 

Carribean, but it is very rare in Europe and the US. It is characterized by an adult onset, the accumulation of T-

lymphocytes with bizarre morphology in the peripheral blood, hypercalcemia, hepatosplenomegaly and skin 

lesions, and a poor prognosis. Most individuals infected with the virus, however, do not develop the disease (Heim 

& Mitelman 1995, Hoffbrand & Moss 2011, Alitalo et al. 2007). According to Heim & Mitelman, non-random 

chromosomal abnormalities have been found in up to 90% of cases, out of which abn(14) is the most common 

(20% of cases). This includes the same rearrangements as in T-CLL, inv(14)(q11q32) and t(14;14)(q11;q32) 

involving the TCR genes and the putative TCL1 oncogene. Other common aberrations are 6q- (in 25% of cases), 

trisomies 3, 7 and 21, and loss of X or Y (Heim & Mitelman 1995, Campbell 2005). 

 

Another rare T-cell malignancy, LGL, is characterized by proliferation of T- (CD8) or natural killer (NK) lymphocytes 

with abundant cytoplasm and large azurophilic granules in the peripheral blood. Symptoms are neutropenia, 

anemia, splenomegaly, and arthropathy. The mean onset age is 50 years, and the disease is slowly developing, 

with a median survival time of more than ten years. It is treated with steroids and cytostatics (Hoffbrand & Moss 

2011, Alitalo et al. 2007).  
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Sézary’s syndrome (SS) is a rare T-cell malignancy characterized by the neoplastic proliferation in peripheral blood 

of large lymphatic cells with deep nuclear clefting, similar to ATL cells. Patients present with infiltrates of these 

cells in the skin, usually on palms, soles and face (‘red man symdrome’). Mycosis fungoides (MF) is a chronic 

cutaneous T-cell lymphoma, presenting with severe pruritus (itching) and prosiasis-like lesions, and later affecting 

deeper organs (Hoffbrand & Moss 2011). Common chromosomal aberrations of SS/MF include 14q+, del(6q), 

rearrangements of 1q, 2q, 2p, 6q and 8q, monosomies 9 and 10, and trisomy 18 (Campbell 2005, Alitalo et al. 

2007, Hoffbrand & Moss 2011, Heim & Mitelman 1995). However, no specific chromosomal abnormalities have 

been associated with these syndromes (Campbell 2005). 

 

 

7.1.7. Malignant Lymphomas 

 

Lymphomas are a group of diseases characterized by the accumulation of malignant lymphatic cells in lymph 

nodes (causing lymphadenopathy), and occasional spillover to peripheral blood and other organs such as spleen, 

bone marrow, liver, skin and intestinal tract. It is not always easy to differentiate between leukemia with 

lymphomatous growth pattern and lymphoma with bone marrow involvement. Lymphomas are generally divided 

into two groups, Hodgkin’s lymphoma/ disease (HD) and non-Hodgkin’s lymphoma (NHL), a division which is based 

on the presence or absence of Hodgkin/Reed-Sternberg cells (HRS) (Heim & Mitelman 1995, Hoffbrand & Moss 

2011). Lymphomas in general, and especially NHLs, have been found to contain a large number of chromosomal 

and genetic abnormalities, many of which are non-random and are of diagnostic and prognostic value (Campbell 

2005, Hoffbrand & Moss 2011). Characteristic aberrations occurring in almost all kinds of lymphomas are 

translocations involving chromosome 1, deletions of part of 6q, trisomy 12 and translocations to 14q32 

(particularly in B-cell lymphomas). Clones tend to be more complex in lymphomas than in general leukemia, a fact 

that is often associated with a poor prognosis (Swansbury 2003). 

 

The B-cell malignancy Hodgkin’s lymphoma is the most common kind of lymphoma, with an incidence of 2,4-2,7 

males and 2,0-2,3 females per 100 000 people, accounting for slightly less than 1% of all cancers worldwide. It 

appears at all ages but is most common in young adults (Alitalo et al. 2007). Common symptoms are enlargement 

of lymph nodes (usually at neck and shoulder), spleno- and sometimes hepatomegaly, occasionally mediastinal 

involvement, in addition to constitutional symptoms like fever, itching, weight loss, weakness and alcohol-induced 

pain of affected areas. Hematological findings include anemia, neutrophilia, eosinophilia and lymphopenia 
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(Hoffbrand & Moss 2011). HD is treated with radio-, chemo- or both therapies, depending on age, sex and 

histological subtype, and has a 5-year survival rate of 50-90%. As the development of secondary cancers due to 

late adverse effect of treatment is common, less intense treatment regimens are being explored (Hoffbrand & 

Moss 2011). The characteristic neoplastic cells present in the disease tissue, HRS cells, are enlarged lymph cells 

which seem to be a clonal population derived from germinal centre B cells (Campbell 2005). Having lost the ability 

to express many typical B-cell genes and produce immunoglobulins, they have gained surface molecules typical 

for other cells and have a mechanism to escape apoptosis (Alitalo et al. 2007). While the etiology of HD is 

unknown, its pathogenesis has been associated with latent virus infections, especially of the Epstein-Barr virus. 

Moreover, HIV-infected patients have been found to have a five-fold increased risk of developing HD. Apart from 

that, genetic factors might play a role in the development of the disease (Alitalo et al. 2007). 

HD is subdivided into the classical form, presenting with HRS cells, and the nodular lymphocyte predominant form, 

presenting with lymphocytic and/or histiocytic (L&H-) cells (Alitalo et al. 2007). 

 

Hodgkin’s disease is not associated with any specific chromosomal abnormality (i.e. no cytogenetic-pathologic 

correlations have been found), however, karyotypic abnormalities are present in up to 59% of cases, some of 

which are recurrant and non-random (Swansbury 2003, Heim & Mitelman 1995). To some extent, they are similar 

to aberrations in NHL. 

The problem in detecting these cases is the low number of HRS cells in the diseased tissue, as well as the 

scarceness of mitoses of these cells, making it more difficult to use conventional cytogenetic methods. Most 

common aberrations found by conventional methods are abnormalities of chromosome 1 (including deletions, 

translocations, duplications and isochromosomes) in ca. 33% of cases with aberrations, followed by t(14q32) in 

20% of cases. Del(6q) is present in about 15% of abnormal cases, as well as abnormalities of 3q26-29, 7q, 12p and 

13p (Swansbury 2003). Deletion of 4q and loss of 4q25-27 show some specificity for HD (Swansbury 2003, 

Campbell 2005). Concerning numerical aberrations, trisomies 1, 3, 7, 8, 21 are most common, as well as near 

triploid or tetraploid clones (Swansbury 2003). In addition to that, CGH analyses have detected loss of 13q and 

16q11-16q21, gains of 1p13, 2p (amplification of REL oncogene at 2p15-2p16), gains of 7q35-36, 9p, 12q14 

(involving the MDM2 gene), and gains of 16p and 17p. The transcription factor gene BCL6 on 3q27 is rearranged 

in 48% of nodular lymphocyte-predominant HD, but not in classical HD. In some cases, the apoptosis regulator 

gene BCL2 on 18q21.3 is rearranged by a t(14;18) (Campbell 2005, Heim & Mitelman 1995). According to Heim & 

Mitelman, this rearrangement might rather affect the surrounding reactive lymphatic B cells than HRS cells. 

Additionally, numerical abnormalities are found in these cells, therefore it is speculated that they might be 

involved in the malignant process (Campbell 2005). The cytogenetic etiology of HD, the origin of HRS-cells and the 
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mechanisms of HD tumorigenesis, however, remain unknown. In order to gain more information about the 

prognostic impact of chromosomal abnormalities in HD, more studies are needed (Campbell 2005, Heim & 

Mitelman 1995). 

 

Non-Hodgkin’s lymphoma is an umbrella term for a large group of lymphoid tumors, mostly of B-cell origin, with 

variable clinical presentation and natural history. In most cases, the etiology is unknown, although infectious 

agents play a role in some subtypes (Hoffbrand & Moss 2011). The REAL (new Revised European-American 

Lymphoma classification, 1994) system subdivides the NHL types according to cell size, cleaved or non-cleaved 

state, follicular or diffuse distribution of cells, organ involvement, and high or low grade bone marrow infiltration 

(Swansbury 2003). The more simplified WHO classification discerns low grade, intermediate and high grade types. 

The first type has an indolent course, but is difficult to cure, whereas the high grade type has an aggressive course, 

needing urgent treatment, but is often curable (Swansbury 2003, Hoffbrand & Moss 2011). For unknown reasons 

the frequency of NHL has increased in the last years, representing the 5th most common malignancy in some 

industrialized countries (ca. 4% of all cancers worldwide). Clinical features associated with it are somewhat similar 

to those of HD, including superficial lymphadenopathy, constitutional symptoms such as fever, night sweats and 

weight loss; oropharyngeal involvement (sore throat), hematological symptoms such as anemia, neutropenia, 

thrombocytopenia, hepato- and splenomegaly, and involvement of other organs such as skin, brain, testis and 

thyroid gland. Investigations for diagnosis consist of biopsy of a whole lymph node including the capsule, 

immunophenotyping and genetic analysis of affected cells (Hoffbrand & Moss 2011). Concerning cytogenetics, 

many NHL subtypes are associated with characteristic translocations, often involving rearrangements of Ig genes 

in B-cell lymphomas and rearrangement of TCR genes in T-cell lymphomas. The following section lists the most 

important NHL subtypes and their cytogenetic characteristics where available. 

 

Low grade NHL 

Follicular lymphoma (FL), the most common type of NHL, represents 30% of this group and 65% of all low-grade 

NHL. It affects middle-aged to elderly patients and has a benign course for many years, with a median survival of 

10 years. However, a sudden transformation to an aggressive form is possible, which is treated with radiotherapy. 

The typical cytogenetic finding, present in 80-90% of cases, is t(14;18)(q32;q24), fusing the BCL-2 gene at 18q21 

to the IgH gene at 14q32 (Swansbury 2003). This causes a constitutive expression of BCL-2, which has anti-

apoptotic properties (Hoffbrand & Moss 2011, Campbell 2005). A common secondary abnormality is gain of an 

extra chromosome 18 or an extra copy of der(18)t(14;18) (Swansbury 2003). 
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Lymphocytic lymphoma (LL) is a lymphoma type closely related to CLL. It affects elderly patients, has a slow 

disease pace without the need of treatment for longer periods, and is otherwise treated similar to CLL (Hoffbrand 

& Moss 2011).  

Lymphoplasmacytoid lymphomas are often associated with the production of monoclonal IgM, which in turn is a 

characteristic of Waldenström’s macroglobulinea (Hoffbrand & Moss 2011). Cytogenetic changes found in this 

type of lymphoma are trisomy 3 or 3q (Campbell 2005). 

In the rare Mantle cell lymphoma (MCL), the affected cells are derived from pre-germinal center cells in primary 

follicles or from the mantle region of secondary follicles. It has distinct clinical, morphological and genetic features. 

The characteristic translocation t(11;14)(q13;q32) causes a disruption of the BCL-1 gene at 11q13 through 

juxtaposition with an enhancer sequence of IgH at 14q32, leading to overexpression of cyclin D1 (camp). MCL has 

a poor prognosis with a median survival of about 3 years (Hoffbrand & Moss 2011, Swansbury 2003). 

Marginal zone B-cell lymphomas (MZBCL) are extranodal, localized low grade tumors occurring in three forms: 

Extranodal mucosa-associated lymphoid tissue (MALT) lymphomas, splenic MZBCL (also known as splenic 

lymphoma with villous lymphocytes) and nodal MZBCL, all of which show somewhat different cytogenetic 

abnormalities. The most common aberrations of MALT lymphomas are trisomies of chromosomes 3, 12, and/or 

18, and a series of translocations, for example t(11;18)(q21;q21), which is found in 30-50% of cases (Campbell 

2005, Hoffbrand & Moss 2011). Splenic MZBCL is characterized by del(7q) and del(17p) (the site of the TP53 gene) 

and trisomies 3 and 12. Nodal MZBCL often presents with trisomy 3, which is the second most common 

abnormality in lymphoproliferative diseases and is therefore not a specific mark for MZBCL (Campbell 2005). 

 

High grade NHL 

Diffuse large B-cell lymphoma (DLCL) is a heterogenous group of diseases with rapidly progressive 

lymphadenopathy, high proliferation rate and infiltration of many extranodal locations. If the cell of origin stems 

from the germinal center, the outlook is more favourable than if it is derived from an activated peripheral B-cell 

(Hoffbrand & Moss 2011). Common cytogenetic aberrations are t(3;22)(q27;q11), t(2;3)(p12;p27), 

t(3;14)(q27;q32) (all of these involving the BCL6 gene at 3q27, associated with a good prognosis), 

t(14;15)(q32;q11-13) involving the BCL8 gene at 15q, and abnormalities of 1q21 (associated with a poor prognosis) 

(Swansbury 2003). Cases with primary refractory or chemoresistant disease, however, have a poor outlook. The 

overall long-term survival is about 65% (Hoffbrand & Moss 2011). 

Burkitt’s lymphoma (BL) is the lymphomatous type of ALL type L3, with an endemic and a sporadic form. The 

endemic or African type of BL is associated with an EBV infection and occurs in areas with malaria exposure, mainly 

in children. A prominent symptom is a massive lymphadenopathy of the jaw. Initially, the disease is responsive to 
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chemotherapy; however, long-time cure is uncommon. Sporadic BL may appear anywhere is the world and is not 

associated with EBV. Until the introduction of a certain chemotherapy regimen similar as in B-ALL, prognosis has 

been poor. Nowadays, however, most patients are cured (Hoffbrand & Moss 2011). The cytogenetic characteristic 

of BL is t(8;14), juxtaposing the c-Myc (or MYC) oncogene on 8q24 to the IgH gene on 14q32, leading to its 

overexpression. A variant of this is t(2;8)(p12;p24) and t(8;22)(q24;q11), involving the IgK gene on 2p11, or the 

IgL gene on 22q11, respectively (Swansbury 2003, Campbell 2005). Additional abnormalities include 13q32 

rearrangements and partial duplications of 1q (Campbell 2005). 

Lymphoblastic lymphomas (LL) are similar to ALL in their conditions and treatment. They occur mainly in children 

and young adults (Hoffbrand & Moss 2011). 

 

T-cell lymphomas 

These rare tumors are usually CD4+ and present with lymphadenopathy rather than extranodal disease. They are 

generally more common in children than in adults. Nearly 50% of translocations involve the T-cell receptor sites. 

Other common aberration sites are 9q34, 1p22 and 1p36, and 6p21-24 (Swansbury 2003). Some examples of it 

are briefly described below. 

Peripheral T-cell NHL derives from post-thymic T-cells at various stages of differentiation and has a poor prognosis 

(Hoffbrand & Moss 2011). 

Angioimmunoblastic lymphadenopathy affects elderly patients and involves, amongst other symptoms, a 

polyclonal increase in serum IgG (Hoffbrand & Moss 2011). It is associated with gain of an X chromosome, 

abnormalities of 1p31-32, and trisomy 3 and 5 (Swansbury 2003, Campbell 2005). 

Mycosis fungoides, Sézary syndrome and adult T-cell leukemia/lymphoma (ATLL) were already described under 

the section of chronic lymphoproliferative disorders, as they can be classified as CLDs as well as lymphomas 

(Hoffbrand & Moss 2011). 

Furher T-cell lymphomas are, amongst others, angiocentric lymphomas, T-cell intestinal lymphoma and 

anaplastic large cell lymphoma. The latter has an aggressive course, is CD30+ and is associated with 

t(2;5)(p23;q35) (Hoffbrand & Moss 2011). 

 

 

7.1.8. Malignant Myeloma and related conditions 

 

Malignant myeloma (MM, also called multiple myeloma or myelomatosis) is a mature B-cell disease characterized 

by monoclonal proliferation of malignant plasma cells in the bone marrow and their accumulation in form of solid 
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tumors anywhere in the body (Heim & Mitelman 1995, Swansbury 2003). These malignant cells produce high 

levels of monoclonal Immunoglobulins, or parts of them, which can be detected in serum and/or urine (also called 

paraprotein). Clinical features are impairment of bone marrow function through accumulation of plasma cells, 

impairment of renal function due to excessive Ig light chain excretion, recurrant infections, anemia, 

hypercalcemia, hyperviscosity, amyloidosis and more or less severe lytic bone destruction (Heim & Mitelman 

1995, Hoffbrand & Moss 2011). Solid tumors, if located near the spine, might cause spinal cord compression 

(Swansbury 2003). MM is a disease of the elderly, with 99% of cases occuring over 40 years of age, and a peak at 

the seventh decade (Hoffbrand & Moss 2011). It represents about 1% of all cancers worldwide and 10-15% of 

hematologic malignancies (Alitalo et al. 2007). The general prognosis is rather poor, with no cure (except in young 

individuals who receive SCT), and 3 to 4 years survival after diagnosis, depending on the intensity of treatment 

(Alitalo et al. 2007, Hoffbrand & Moss 2011). Specific treatment includes intensive chemotherapy, stem cell 

collection and autologous SCT for patients below 65-70 years, or non-intensive therapy for elderly patients 

(Hoffbrand & Moss 2011). 

The etiology of MM is unknown, but possible risk factors include exposure to nuclear radiation and X-ray, 

pesticides, petrol- and benzene products, asbestos, diesel fumes and certain other chemicals, long-term antigene-

stimulus, and genetic factors (Alitalo et al. 2007). At least one third of MM cases is preceded by monoclonal 

gammopathy of unknown significance (MGUS), which gradually develops into a progressive plasma cell tumor 

(Alitalo et al. 2007). It is hypothesized that MM is the result of a multifactorial event, which starts from a single 

germinal center B-cell in the lymph node. During the process of VJD recombination, IgH switch combination and 

the following somatic hypermutation, erroneous DNA remodeling takes place, generating a malignant clone. The 

presence of a favourable microenvironment and the absence of disease control through apoptosis lead to an 

aggressive disease (Alitalo et al. 2007, Liebisch 2006). 

 

Myeloma cells contain frequent and complex chromosomal and genomic abnormalities, many of which are 

recurrent, and some of which have independent prognostic value. Due to the very low mitotic activity of plasma 

cells and the scarceness of malignant clones in diseased bone marrow, conventional cytogenetic analysis of MM 

and MGUS cells is problematic, requiring a large number of metaphases. Thus, abnormal karyotypes are found 

only in 30-40% of cases by G-banding analysis, whereas molecular methods like FISH, CGH and SKY detect a much 

larger percentage (80-90% in MGUS and up to 100% in MM) (Heim & Mitelman 1995, Liebisch 2006). Most of 

these karyotypes are complex, with more than 10 abnormalities in half, and more than 20 abnormalities in 10% 

of cases. Liebisch discerns two mutually exclusive oncogenetic pathways in the early development of MM: In ca. 

50% of cases, the clones are non-hyperdiploid (either hypodiploid, pseudodiploid or nearly tetraploid) and contain 
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translocations of IgH on 14q32 with various oncogenes. The remaining half of cases contain hyperdiploid clones 

with recurrent trisomies, often including chromosomes 5, 7, 9, 11, 15, 19, 21, and only rare cases of t(14q32). IgH 

translocations, which are taking place early in MM pathogenesis and increase with time (from 50-60% of early 

MM cases up to 90% of advanced tumor cases), are seen as one of the crucial events in the development of the 

disease (Liebisch 2006). The IgH enhancer gene is juxtaposed with an oncogene, leading to the immortalization of 

the clone. Most common translocation partners of IgH are the cell cycle regulator genes Cyclin D1 and D3 on 

11q13 and 6p21 respectively, MMSET on 4p16.3, and the transcription factor genes c-maf on 16q23 and mafB on 

20q11. In the case of hyperdiploid MM, duplication of chromosomal segments leading to gain of function of critical 

genes is seen as the pivotal transforming genetic event (Liebisch 2006, Alitalo et al. 2007).  

Concerning clinical and prognostic consequences of chromosomal rearrangements in MM, a normal karyotype is 

generally seen as an attribute for longer survival, whereas an increase in aberrations indicates an increase in 

severity of the disease (Swansbury 2003, Liebisch 2006). Recurrent numerical abnormalities in MM are -13 or 

del(13q), present in 40-50% of cases, which have a poor prognosis and are used as a marker for risk stratification, 

del(17p), leading to the inactivation of tumor suppressor p53, present in 5-10% of newly diagnosed and up to 40% 

of advanced MM, also an adverse prognostic marker, abn(1p), which is associated with advanced disease and 

shorter event-free survival (EFS), and +9q, likewise associated with shorter EFS and shorter overall survival (OS). 

Secondary changes are signs of disease progression, e.g. activation the oncogenes c-Myc (through translocations 

involving 8q24), N-ras, K-ras and FGFR, or inactivation of tumor suppressors p53, RB, p16 and p18 (Liebisch 2006, 

Alitalo et al. 2007). As intensive treatment for MM carries the risk of generating secondary MDS or AML, a full 

conventional cytogenetic analysis is necessary in case of the slightest suspicion. In addition to that, MM is closely 

related to and may evolve into PCL, which is a very aggressive disease with a fatal outcome (Swansbury 2003).  

 
 
 
7.2. Chemical solutions 
 
 
TE-buffer Ph 8:    1M TrisPH 8   50 ml 
   0.5M EDTA Ph8   10 ml 
   dH2O    add to 5000 ml 
 
TKM1-buffer:   1M Tris-HCl Ph 7.6  10 ml 

2M KCl    5 ml 
1M MgCl2   10 ml 
0.5 M EDTA Ph 7.6  4 ml 
dH2O    add to 1000 ml 
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TKM1+Nonidet:  Dissolve 25 ml of nonionic detergent Igepal CA-630 (Sigma-Aldricht Cat. No. I-3021) into 
975 ml of TKM1-buffer 

 
TKM2-buffer:  1M Tris-HCl Ph 7.6  10 ml 

2M KCl    5 ml 
1M MgCl2   10 ml 
0.5 M EDTA Ph 7.6  4 ml 
5M NaCl   80 ml 
dH2O    add to 1000 ml 

 
 
 
 
 
 
7.3. Calibration arrays 
 
(moving average 0.5 MB, line width: 1, aberration algorithm: z-score, threshold 2.0. 

Fig. 7.1. Genome view of male-male calibration array 
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Fig. 7.2. Genome view of male-female calibration array 
 
 
 
 
 
 
7.4. Initial cases, sample availability, clinical and cytogenetic data 

 

Table 7.1 lists clinical and cytogenetic data and sample availability of all 38 initial cases. 
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Table 7.1. 38 initial cases, clinical and cytogenetic data and sample availability. Light blue shading indicates cases selected in this study for oligo aCGH. Nomenclature according to ISCN 2009.  
 

Patients  Cytogenetic data  Samplesa 

No. Sex Ageb Diagnosec  Karyotyped[number of cells] CGHe  S.ageb GBS AFC BM DNA 

Group A: 1q+, abn(1q), enh(1q), amp(1q), dup(1q), +1, add(1q), r(1) 
             
1 m 9 ALL  46,XY/50-53,ABN,1q+   18 +    
2 m 3 ALL  48-52,1q+,+17,+21,+22,inc[2]/46,XY[37]   10 +  +  

3 f 4 ALL  50,XX,1q-,1q+/dup1q+;+(4p-),+6,+?8,+11,+19,+21, 
inc(11)/46,XX[2]; 

enh(1q23-q32,4,6,8,10,14,17,18,21)  7 +    

4 f 5 ALL  54,XX,1q+,+del(3p),+6,+21,several markers, 
inc/46,XX; 

amp(1q,3q,14q,4p,6,10,21)  6 +    

5 f 3 ALL  52-55,XX,+X,1q+,+4,+6,+10,+17,+18,+21 enh(1q31,6,17,18,X),amp(21)  4 +  +  

6 f 3 ALL  54,XX,dup(1)(q25q44),+4,+6,+10,+14,+17,+18,+21,
+21/46,XX 

enh(1q,4,6,10,14,17,18,21)  4 + +   

7 m 4 ALL  54-55,XY,inc/46,XY enh(1q31q42,4,6,10,14,17,18q,21), 
amp(1q32q41) 

 2 + +  + 

8 m 51 ALL  46,XY,abn(1),t(9;22)(q34;q11),inc/46,XY   9     

9 f 3 ALL  53-
57,XX,+X,+del(1),+4,+6,+10,+14,+17,+18,+21,+21, 
+21 

enh(1q11.1qter,4,6,10,14,17,18,21,X)*  1 + +   

10 f 6 ALL  n.a. enh(X,1q12q32.1,4,6,10,14,17,18,21), 
amp(21;X)* 

 0 +   + 

11 m 5 ALL  46,XY/55,MAKA,+X,+B,+6,+C,+C,+D,+F,+mar,1q+ enh(1cen-q31,4,6,8,10,15,17q,18cen-
q21,22,X) 

 14/6 +    

12 m 2 ALL  50-58,XY,+X,1q+,+mar,inc   10 +  +  
13 f 46 n.a.  n.a. enh(1q21.2,1q32.1)*  0    + 
14 f 72 n.a.  n.a. enh(1p36.3p36.2,1p13.3,1q24q25, 

1q32.1)* 
 0    + 

15 m 33 CML  46,XY,t(9;22)(q34;q11)/46,XY,t(9;22)(q34;q11),1q
+ 

  16 +  +  

16 f 15 CML  46,XX,t(9;22)(q34;q11)[16]/46,XX,dup(1)(q21q41), 
t(9;22)(q34;q11)[13] 

  13 +   + 

17 m 53 NHL  46-47,XY,+X,1q+,+3,11q-,12p+,abn(19),inc[cp20]   11 +   + 
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Table 7.1. 38 initial cases, clinical and cytogenetic data and sample availability. Light blue shading indicates cases selected in this study for oligo aCGH. Nomenclature according to ISCN 2009.  
 

Patients  Cytogenetic data  Samplesa 

No. Sex Ageb Diagnosec  Karyotyped[number of cells] CGHe  S.ageb GBS AFC BM DNA 

18 m 43 BL  47, XY,1q+,+7,t(8;14)(q24;q32)/47,XY,6p+,6p+, 
+7,?i(14q)/46,XY 

  8 +  +  

19 m 46 BL  46,XY,1q+,t(8;14)[10]/46,XY,t(8;14)[4]/46,XY,1q+[
1]/46,XY[4] 

  6 + + +  

20 m 4 BL  46,XY,der(1;14)(q10,q10),+1,t(8;14) enh(1q,22)  4 +  +  

21 f 44 M/ MDS  46,XX/46,XX,1q+,t(22;?)(q11;?)   13-18 +  +  

22 f 63 MDS/ AML  46,XX,del(3)(p13p25),del(5)(q13q33),-16,+der(16)t 
(1;16)(p13;q12)/47,XX,+add(1)(?q32),del(3)(p13p2
5) 

  11-12 +  + + 

23 m 45 MDS  46,XY,add(1)(q25 q32),abn(11q)/46,XX   9 +    

24 m 57 M  80,XXY,r(1),der(19)t(1;19),r(4),-13,der(15)t(15; 
17),der(16)t(8;16),inc 

  1 +  +  

Group B: Translocations involving 1q 
25 f 55 AML  ?46,XX,der(1)t(1;15)(p?21;q?22)t(1;17)(q?23;q?21

),der(15)t(1;15)(q?21;q?22),der(17),inc[7]/46,XX[
2] 

  12 +   + 

26 m 69 AML  46;XY,der(7)t(1;7)(q21;p22)/46,XY   1 + + +  
27 m 1 ALL  48,XY,+6,t(10;11)(?q11;?q13),der(19)t(1;19)(8q23; 

p13),+20/46,XY 
  2 + + +  

28 f 2 ALL  46,XX,der(19)t(1;19)(q2;p1)[6]/46,XX[4]   13 +  + + 
29 f 4 ALL  47,XX,+C,+mar,inc.; m ish:47,XX,+X,der(19) 

t(1;19)(q23;p13)/47,XX,+X; 
enh(1q?22qter,9q,X), 
dim(9p,19p13.3pter)* 

 2 + + + + 

30 m 6 ALL  53-57,XY,+4,+10,+14,der(19)t(1;19)(q23;p13), 
+21,+4-5mar,inc[9]/46,XY[14] 

enh(1q22qtrt,4,6,10,14,17,8,X), 
amp(21q) 

 5 +   + 

31 m 16 ALL  47,XY,+6,der(11)t(1;11)(q11;q14),der(19)t(1;19) 
(q11;p13) 

  4 +  +  

32 m 3 ALL  56,XY,+X,+4,+5,+6,+8,der(9)t(9;17),+9,+10,+14,+14
, 
+18/56,XY,+X,+4,+6,+8,+10,+14,+17,der(18)t(1;18)
, +18,+21,+21 

enh(X,1q,6,8,10,14,17,18q,21),dim(9p)  3 + +   
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Table 7.1. 38 initial cases, clinical and cytogenetic data and sample availability. Light blue shading indicates cases selected in this study for oligo aCGH. Nomenclature according to ISCN 2009.  
 

Patients  Cytogenetic data  Samplesa 

No. Sex Ageb Diagnosec  Karyotyped[number of cells] CGHe  S.ageb GBS AFC BM DNA 

33 m 30 ALL  47,XY,t(4;4),+5,+5,der(5)t(5;13),der(5)(?),i(9)(q10),   
-13,der(14)t(1;14)(?;q32) 

  2 + + + + 

34 f 5 ALL  46,XX,+der(1;19) enh(1q25qter)  0 +    
35 m 44 CML  45,X,-Y,t(9,22)(q34;q11),der(6)t(1;6)(q?22;p24), 

+der(22)[6]/45,X,-Y,t(9;22)(q34;q11)[4] 
  4 +  +  

36 f 59 MDS  46,XX,+der(14)t(1;14)(q23;q32),-14[17],46,XX [3]   19 +    

37 f 61 M  54,XX,+4,+der(5)t(1;5),+7,der(8)t(8;9),+8,+9,der(1
1)t(10;11),+11,der(14)t(14;19),+15 

  3 +    

38 m 61 M  69,XY,+Y,2xder(1)t(1;16;?5),+del(2?p/q),der(4)t(4
;16),+7.+8,-9,+del(10?p/q),der(11)t(1;11),+15,+15,    
-16, der17t(1;17),der20t(11;20),2xder 21t(10;21),-
22 

  1 + +   

             
n.a. = not available; No. = patient number 
a GBS = G-banded slides, AFC = acetic acid fixed cells, BM = frozen bone marrow, DNA = DNA extracted from bone marrow 
bin years 

cALL = acute lymphoid leukemia, AML = acute myeloid leukemia, BL = Burkitt's lymphoma, CML = chronic myeloid leukemia, NHL = Non-Hodgkin lymphoma, M = myeloma, MDS   
= myelodysplastic syndrome 

d from G-banding or FISH, in brackets the number of cells 
e conventional CGH/ cDNA array CGH if marked with * 
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7.5.  Cases selected for aCGH, clinical data and detailed aCGH results 

 

In the following section the 15 cases are described individually concerning patient age, sex (m = male, f = 

female), diagnosis (if available) and previous cytogenetic findings, the data of which was retrieved from the 

patient database. For visualization of the results, genome views generated by the CGH Analytics software are 

displayed (moving average 0.5 Mb, aberration algorithm z-score, threshold 2.0) and the the preliminary and 

revised aCGH results are presented together with the QC status (QCS). The cases with arrays done from BM, 

DNA or CPT™ cells and fixed cells are displayed with an overlay of both results. 

 

ALL 

Case 1: Patient 2, m, 3 yrs., chALL, sample A1B from bone marrow, sample age 10 yrs., QCS: marginal 

Fig. 7.3. Genome view of case 1, sample A1B from frozen bone marrow. 

 

This is the case of a male patient who was diagnosed with childhood ALL at the age of one and a half years. 

While G-banding analysis from blood cells revealed a normal karyotype, almost all metaphases from bone 

marrow cells had an abnormal karyotype. Due to the poor quality of the metaphases, a more accurate 

characterization of the aberrations was impossible at that time. The chromosome number was 53-54, and 

marker chromosomes were found quite frequently. The karyotype was defined as 53-54, +?, mar, inc [14]/46, 
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XY[3]. After successful medical treatment the patient went into cytogenetic remission. During a routine scan 

two years after first diagnosis, one mitosis with 51 chromosomes and several marker chromosomes was 

detected by G-banding analysis of bone marrow cells, indicating a cytogenetic relapse. The karyotype was 

defined as 51+X,1q+,+16,+17,+21,+22,+?mar[1]/46,XY. A follow-up analysis four months later was still 

showing the same clone: 48-52, 1q+, +17, +21, +22, inc [2] /46, XY [37]. FISH painting of chromosome 22 (as 

a follow-up strategy for ALL) revealed trisomy of chromosome 22 in four out of 122 mitoses. 

 

Array CGH analysis was done from the relapse sample when the patient was three years old (sample age 10 

years), the results of which were enh(1q21.1q42.11,6,14,16,17,18,22),amp(21,Y),del(1q42.11qter) (see 

Figure 7.3). This means gains of chromosome 1q21.1 to q42.11, gains of whole chromosomes 6, 14, 16, 17, 

18 and 22, two extra copies of chromosomes 21 and Y, and loss of both copies of chromosome 1q42.11qter. 

The trisomies of chromosomes 6, 14, 16, 17, 21, 22 and X reflect the typical pattern of hyperdiploid childhood 

ALL with a good prognosis. Amplification of the Y chromosome is an artefact due to a sex-mismatched 

reference, which is also the reason why the X-chromosome does not appear to be amplified, although it was 

detected to be in the original karyotype. This aCGH result confirms the result of G-banding from the time of 

relapse, but additionally shows gains of chromosomes 6, 14 and 18, which could not be detected in the G-

banding karyotype. The area of duplication on 1q is defined accurately, and a complete loss of the distal part 

of 1q is seen as well, which was not detected in earlier analyses. This result leads to the assumption of the 

presence of an isochromosome (1q21.1q42.11) next to a chromosome 1 with a lost distal part of 1q42.11 

onwards, meaning that both copies of 1q42.11qter are lost. Whether this rearrangement of 1q was a primary 

aberration or a product of clonal evolution, is not clear, since the G-banding karyotype at diagnosis was very 

inaccurate. 
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Case 2: Patient 5, f, 3 yrs., chALL, sample A2B from bone marrow, sample age 4 yrs., QCS: marginal 

Fig. 7.4. Genome view of case 2, sample A2B from frozen bone marrow. 
 

This is the case of a female three year old patient, whose symptoms and karyotypic findings indicated ALL. 

Conventional cytogenetics of bone marrow cells found 52-55 chromosomes with additional copies of X, 4, 6, 

10, 17 and 18 and amplification of chromosome 21 (which means the presence of at least four copies), and 

a gain on chromosome 1q31. This is a typical pattern for high hyperdiploid ALL, with additional 1q+. 

Multicolour FISH analysis showed similar results, gains of chromosomes X, 4, 6, 10, 17, 18 and 21 and partly 

duplication of 1q. No TEL/AML1 gene fusion was found, neither any other translocations. Exact results were 

52-55, XX,+X,1q+,+4,+6,+10,+17, +18,+21 (G-banding) and 53,XX,+X,dup(1)(q?),+4,+6,+10,+17,+18 +21 (m-

FISH). Remission was reached soon after initiation of treatment, and was still up two years later. 

 

The result of aCGH analysis done from a bone marrow sample from the time of diagnosis (sample age 4 

years) is enh(1q21.1q23.3, 1q25.3q32.3, 4,6,10,17,18),amp(21,X),dim(Y) (see Figure 7.4). This confirms the 

previous findings and defines the partly duplication of chromosome 1 more accurately. Thus chromosome 1 

appears to be duplicated in two areas, 1q21.1 to 1q23.3 and 1q25.3 to 1q32.3. Chromosomes 4, 6, 10, 17 

and 18 are present in extra copies, and chromosomes 21 and X in two extra copies. Amp(X) and dim(Y) are 

artefacts due to a male reference. The revised results is thus enh(1q21.1q23.3, 1q25.3q32.3, 4,6,10,17,18, 

X),amp(21). 
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Case 3: Patient 7, m, 4 yrs., chALL, samples A3D from frozen DNA and A3F from fixed cells, sample age 2 yrs., 

QCS: marginal (A3D), pass (A3F) 

Fig. 7.5. Genome view of case 3, sample A3D from frozen DNA. 

 

This case is that of a four-year-old male patient, who presented with symptoms of childhood ALL. His bone 

marrow was analyzed with conventional CGH, FISH for the detection of the TEL-AML fusion as well as a 

hematologic fusion gene screening ananlysis using RT-PCR. The results pointed to a clonal chromosomal 

aberration consisting of 54-55 chromosomes with duplications of chromosomes 4, 6, 10, 14, 17, 18 and 21 in 

addition to a structionally aberrated chromosome 1, which showed more accurately in the CGH analysis to be 

a duplication of the 1q-arm. Neither the TEL-AML-fusion gene, nor other aberrations could be confirmed. This 

again is a typical pattern of high hyperdiploid childhood ALL with an additional structural aberration. The 

results of G-banding were 54-55,XY,inc/46,XY, and the results of conventional CGH were enh(1q31q42,4,6,10, 

14,17,18,21),amp(1q32 q41).  

The patient was treated accordingly and went into remission soon after. However, about a year after 

diagnosis, amplifications of chromosome 1q and other chromosomes could still be shown by conventional 

CGH: enh(1q24q42,?4,?6,?10,?15,21). This indicated a relapse or minimal residual disease (MRD). 
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Fig. 7.6. Genome view of case 3, sample A3F from fixed cells. 

 

Fig. 7.7. case 3: Overlay of genome views of case 3, sample A3D from frozen DNA (blue) vs. sample A3D from fixed cells (red). 

 

Oligo aCGH was done from from fixed cells that had been used for C-banding at the time of diagnosis 

(sample age 2 years) as well from a DNA sample that had been used for conventional CGH at the time of 

relapse one year later. The results were enh(1q25.2q42.13,4,6,10,14,18), amp(17,21,X) for the fixed cell 

sample (male reference) and enh(1q25.2q42.13,4,6,10,14,17,18,19),amp(17,21,Y) for the archived DNA 
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sample (female reference, so the real results were enh(1q25.2q42.13,4,6,10,14,17,18,19,X),amp(17,21)), 

see Figures 7.6 and 7.7). This means additional copies of chromosomes 1q25.2q42.13, 4, 6, 10, 14, 17, 18 

and two extra copies of chromosomes 17, 21 and X in the fixed cell sample, and additional trisomy 19 and 

loss of one copy of the X chromosome in the DNA sample. The results of both fixed cell and DNA samples 

are very close to each other, see figure 3.7 for an overlay of both aCGH results. The greater level of 

dispersion/scattering of signals in the DNA sample indicates some extent of DNA was degradation. The 

breakpoints of the amplified 1q fragment were defined more accurately than with conventional CGH, to 

1q25.2 and 1q42.13. 

 

Case 4: Patient 9, f, 3 yrs., chALL, samples A5C from CPT™ cells and A5F from fixed cells, sample age 1 yr., QCS: 

marginal (A5C), pass (A5F) 

Fig. 7.8. Genome view of case 4, sample A5F from fixed cells. 

 

This is another case of childhood ALL, female, diagnosed at three years of age. By conventional cytogenetics 

and FISH, 53-57 chromosomes with additional numbers of chromosomes 4, 6, 14, 17, 18 and 21 plus a 

duplication of 1q were detected. The G-banding results were 53-57,XX,X,+5-9 mar, the multicolour FISH 

results were 53-57,XX,+X,+del(1),+4,+6,+10,+14,+17,+18,+21,+21,+21. Neither TEL-/AML-fusion gene nor 

MLL-gene deletion or other chromosome aberrations could be shown. The result of conventional CGH was 

enh(1(q21q44),4,6,10,14,17,18,X),amp (21q11-q22). This karyotype is typical for infant ALL, hyperdiploid with 
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a good prognosis, with an additional structural aberration of 1q. In addition to these analyses, cDNA array 

CGH was performed, which confirmed all previous findings, with the addition of delimiting the 1q 

amplification area more accurately. The result was enh(1q11.1qter,4,6,10,14,17,18,21,X), stating that the 

centromere of chromosome 1 was still intact, which was not obvious from the earlier results (clinical 

consequences unknown). 

 

Fig. 7.9. Genome view of case 4, sample A5C from CPT™ cells. 

 

Oligo array CGH analysis was done with DNA extracted from CPT™ cells as well as fixed cells, both from bone 

marrow samples obtained at the time of diagnosis (sample age 1 year). The results of these were 

enh(1q,4,6,10,14,18,X,),amp(17,21) for the fixed cell sample, and a normal karyotype for the CPT™ cells 

sample (with the addition of dim(X) and enh(Y) (see Figures 7.9 and 7.10). The fixed cell result is similar to 

previous results: trisomy 1q, 4, 6, 10, 14, 18 and X and tetrasomy 17 and 21. Strangely enough, the CPT™ cell 

sample has a very different result than in the original diagnose, namely a rather normal karyotype, and seems 

to be from a male individual. This might be due to an error when the sample was labeled and archived, or an 

error when the sample was chosen for oligo aCGH. The strong dispersion/scattering of the hybridization signal 

graph indicates some extent of DNA degradation in the CPT™ cell sample. From the overlay of both results 

depicted in Fig. 7.10 one can clearly discern the differences of the two samples. 
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Fig. 7.10. Overlay of genome views of case 4, sample A5C from CPT cells (blue) vs. sample A5F from fixed cell (red). 

 

 

Case 5: Patient 10, f, 6 yrs., chALL, sample A8D from frozen DNA, sample age 0 yrs., QCS: marginal 

 
Fig. 7.11. Genome view of case 5, sample A8D from frozen DNA. 
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This is the case of a six-year old female patient diagnosed with childhood ALL. The result of G-banding analysis 

from bone marrow cells was 53-58,XX,+X,add(1q),+4,+6,+C,+21,+21,inc(6)/ 46,XX, and multicolour FISH 

resulted in 53-58,XX,+X,+X,add(1q),+4,+6,+10,+18,+21,inc. This shows a clonal aberration characterized by a 

high hyperdiploid chromosome count: 53-58 chromosomes, consisting of trisomies 4, 6, 10, 14, 17, 18, 21 and 

X, as well as a partial duplication of the 1q arm. TEL-/AML-fusion gene-analysis and MLL-gene deletion analysis 

by FISH, and analysis of WT1-overexpression and and FLT3-mutation by PCR were negative. Conventional CGH 

confirmed these results and defined them more accurately: enh(1q12q41,4,6,10,14,17,18), amp(X,21). This 

means that chromosomes 4, 6, 10, 14, 17 and 18 had an extra copy, chromosomes 21 and X had two extra 

copies and the long arm of chromosome 1 was duplicated in the area 1q12-41. In addition to that, cDNA array 

CGH analysis was done with genomic DNA extracted from the original diagnosis sample, the result of which 

was enh(X,1q12q32.1,4,6,10,14,17,18,21). This confirmed the previous results and confined the 1q 

duplication area even more accurately to the area 1q12-q32.1. These aberrations are indicating the common 

high hyperdiploid pattern in childhood ALL, which has a good prognosis. However, the influence of the 

additional structural abnormalities on 1q on the patient outlook is not known. 

 

The archived DNA that had been used for cDNA array CGH (sample age less than one year) was used for oligo 

aCGH for the present study, the results of which were enh(1q21.1q32.3,4,6,10,14,17,18),amp(21,X) (see 

Figure 7.11). This confirms the previous findings, defines the amplified area even more accurately, but has 

the difference that chromosomes 21 and X seem to be present in four copies instead of three as in the earlier 

results. The strong scattering of the hybridization graph indicates some degree of DNA degradation in the 

sample. 
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Case 6: Patient 29, f, 4 yrs., chALL, sample A4D from frozen DNA, sample age 2 yrs., Group B (translocations), 

QCS: marginal 

Fig. 7.12. Genome view of case 6, sample A4D from frozen DNA. 

 

This female patient was diagnosed with ALL at the age of four years on the base of a clonal cytogenetic 

aberration containing an unbalanced translocation between chromosomes 1 and 19, with extra material of 

1q. This is a typical finding for ALL with a poor prognosis (EFS of five years). Moreover, isochromosome (9q) 

was detected in the clone, which is a common additional aberration in the presence of a 1;19 translocation. 

Furthermore, an extra copy of the X chromosome was found in all body cells. This is the characteristic of a 

genetic abnormality called Triple X syndrome, which is independent of this patient’s acquired hematologic 

malignancy. The karyotype by G-banding and m-FISH was 47,XX,+X/47,XX,+X,der(19)t(1;19)(q23;p13). 

Conventional CGH resulted in enh(1q24-44), dim(9p13pter),enh(9q21qter),enh(X), which means additional 

material at the areas 1q24-44, 9q21-qter and X, and loss of 9p13-pter. In addition to these analyses, 

hematologic fusion gene screening was performed for several loci using a RT-PCR method, which was positive 

for t(1;19), but negative for other translocations. 

 

For this study oligo aCGH was done with the same DNA sample that had been used for conventional CGH at 

the time of diagnosis (sample age 2 years). Results were enh(1q23.2qter,9p13.1,9q),amp(X),dim(9p13.2pter), 
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19p13.3pter,Y) (see Figure 7.12.). This means that extra copies of the distal part of the 1q arm starting from 

q23.2, the whole 9q arm, a short part of the proximal 9p arm and the X chromosome are present, and one 

copy of almost the whole 9p arm and a short part of the 19p arm, 9p13.2pter, are lost. This contains an INK4-

locus at 9p21 with important tumor suppressors INK4a and INK4b, the loss of which leads to carcinogenesis 

(Roussel 1999). Deletion of Y and the additional extra copy of X chromosome are artefacts due to a male 

reference. The unbalanced translocation t(1;19)(q23;p13) is only noticeable through duplication of 1q. 

Deletion of 9p an duplication of 9q indicate isochromosome 9q. Loss of 19p13.3pter could be due to a small 

deletion or unbalanced translocation that was not obvious in the previous analyses.  

 

 

Case 7: Patient 33, m., 26 yrs., ALL, samples A10D from frozen DNA, A10F1 and A10F2 from fixed cells, sample 

age 2 yrs., Group B (translocations), QCS: pass (all) 

 

This is the case of a 26-year old male patient, who was diagnosed with acute lymphatic leukemia on the base 

of a complicated chromosomal aberration including several structural and numerical aberrations. The 

karyotype was defined by G-banding as 47,XY,-4,-4,-6,-8,-13,t(14;?)(q32;?),+6mar. This includes a 

translocation on 14q32, involving the Ig heavy chain gene, which is often rearranged in lymphatic 

malignancies. FISH analysis identified the translocations as t(4;4), t(5;13) and t(1;14). This rearrangement of 

the Ig gene was also confirmed by Southern blotting and PCR analysis. The whole FISH karyotype was 

47,XY,t(4;4),+5,+5,der(5)t(5;13),der(5)(?),i(9)(q10),-13,der(14)t(1;14)(?;q32). The additional, structurally 

changed chromosome 5 was used as a marker for follow-up FISH analysis using chromosome painting. After 

initial treatment, the malignancy was quickly brought into remission. 
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Fig. 7.13. Genome view of case 7, sample A10D from frozen DNA.  
 

Fig. 7.14. Genome view of case 7, sample A10F2 from fixed cells. 

 

Oligo aCGH for this study was performed using DNA as well as fixed cells from the time of diagnosis (sample 

age 2 years). The revised results were enh(5p,5qcentrq21.1,5q31.1qter,9q,11q12.3q13.2),del(4q24q25, 

4q32.2q32.3,9p,13qcentrq12.13,13q13.1q22.2(all -2x),9p21.3(-16x)) for both the DNA and the fixed cell 

sample A10F2 (see Figures 7.13 and 7.14). This means extra copies of chromosomes 5p, most parts of 5q, 9q, 

a short part of 11q, chromosomes 17, 19 and 22. Deletion of both arms of 9p, two parts of chromosome 13, 

two small areas oft he 4q arm, and a „strong“ deletion of 9p21.3 (-16x). The latter might indicate that this 

deletion was not only present in a proportion of cells, but practically in all bone marrow cells. This is of great 
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importance to carcinogenesis, as it contains an INK4-locus of tumor suppressors INK4a and INK4b, that has 

been mentioned in connection with Case 6. Furthermore, the copy number changes on chromosome 9 

confirmed isochromosome 9q, which had earlier been detected by FISH. Even though translocations could 

not be proven with this aCGH, the involved chromosomes 4, 5 and 13 did have obvious rearrangements. 

Because translocation (1;14) was balanced, chromosomes 1 and 14 did not appear to have copy number 

changes. Loss of X and gain of Y were artefacts caused by sex-mismatch of the references. 

 

 
Fig. 7.15. Overlay of genome views of case 7, sample A10F2 from fixed cells (blue) vs. sample A10D from frozen DNA (red). 

 

The overlay of both DNA and fixed cell samples depicted in Fig. 7.15 show almost identical results.  

 

Another fixed cell sample of this case, A10F1, was a follow-up sample from the time of remission, with a 

normal karyotype 46,XY (see Figure 7.16). 
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Fig. 7.16. Genome view of case 7, sample A10F1 from fixed cells. 

 

 

Case 8: Patient 13, f, 46 yrs., sample A6D from frozen DNA, age 0 yrs., QCS: marginal 

This sample from a female patient aged 46 years with an unknown diagnosis had been analyzed with cDNA 

array CGH, the results of which were amplifications of 1q21.2 and 1q32.1 (enh (1q21.2, 1q32.1)).  

 

Our result of oligo aCGH using the same DNA sample (sample age less than 1 year) was enh(1q21.1q32.2,8) 

(see Figure 7.17, dim(Y) caused by male reference). The enhanced area on 1q is defined more accurately 

compared to the cDNA array result. For some reason, chromosome 8 seems to be slightly enhanced as well, 

which did not appear in earlier results. There is a lot of dispersion in the hybridization graph, indicating some 

extent of DNA degradation. The metrics of the QC Metrics tool are not ideal, rather poor, probably caused by 

the poor DNA quality (see Table 3.4 in section 3.3.3.).  
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Fig. 7.17. Genome view of case 8 from frozen DNA, sample A6D. 

 

Case 9: Patient 15, m, 33yrs., CML, sample C1B from bone marrow, sample age 16 years, QCS: marginal 

 

Fig. 7.18. Genome view of case 9 from frozen bone marrow, sample C1B. 
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This male patient was diagnosed with CML at the age of 31. At that time, his bone marrow karyotype was 

46,XY,t(9;22)(q34;q11)/46;XY,t(9;22)(q34;q11),1q+, which means that he was a carrier of the Philadelphia 

chromosome and had an additional 1q chromosome in some of the cells. After being treated accordingly and 

going into remission, he went into acceleration/blast crisis stage more than two years after diagnosis. The 

earlier found clone appeared in virtually all bone marrow cells that were analyzed, with an additional 1q+ in 

some cells. In later samples, additional numerical and structural aberrations appeared, suggesting clonal 

evolution and a worsening of the prognosis. The karyotype at that time was 46,XY,t(9;22)(q34;q11)/54-

55,XY,+1,+6,+8,+8,+15,+19, +21,+3mar, t(9;22)(q34;q11). 

 

Oligo aCGH analysis was done from an archived frozen bone marrow sample from the time of 

acceleration/blast crisis with the G-banding karyotype 46,XY,t(9;22)(q34;q11)/46,XY,t(9;22)(q34, q11),1q+. 

The result is enh(1q21.2q23.2,7q22.1,9q34.1qter,11q12.3q13.2,16p11.2p12.1,p13.3pter,q22.1q22.2,q24.2 

qter,17q,19,20q13.3qter,22q11.2qter),del(17p) (see Figure 7.18). This appears to be much more complicated 

than the C-banding result. There are many more gains than in the previous results, namely parts of 

chromosomes 1q, 7q, 9q, 11q, 16p and q, 20q; the whole 7q arm, and whole chromosomes 19 and 22. A clear 

deletion of both 17p arms and amplification of 17q hint to isochromosome 17q, which is a sign of blastcrisis 

in CML. Another blast crisis symptom is the presence of an extra copy of chromosome 19. Apart from the Ph 

chromosome, which is a reciprocal translocation, a clear copy number gain of 9q34qter and 22q11qter is seen, 

indicating additional copies of Ph and der(9). The additional 1q arm is not very obvious, as it might have been 

present only in a small proportion of cells. Deletion of X and amplification of Y are artefacts due to a female 

reference. 
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Case 10: Patient 16, f, 17 yrs., CML, sample C2B from bone marrow, sample age 13 yrs., QCS: marginal 

Fig. 7.19. Genome view of case 10, sample C2B from bone marrow. 

 

Similar to the previous case, this is a case of CML with the classic Philadelphia translocation. This female 

patient was first diagnosed at age 14 with 46,XX,t(9;22)(q34;q11) in virtually all bone marrow cells. One year 

later an additional structural change was found, implying the stage of acceleration/blast crisis. This change 

was a duplication on the long arm of chromosome 1 between the areas 1q21 to 1q41, which was found in 

about half of all metaphases in addition to the Philadelphia chromosome (karyotype 46,XX,t(9;22) 

(q34;q11)[16]/46,XX,dup(1)(q21q41),t(9;22)(q34;q11)[13]). The patient underwent a stem cell graft at age 17 

and suffered a relapse one year later. The original clone proliferated again, and clonal evolution was 

observable by additional aberrations including an isochromosome of the long arm of chromosome 17 (46,XX, 

add(1)(q21q41),t(9;22)(q34;q11),i(17) (q10)[2]/46,XX[48]. 

 

A sample with the karyotype 46,XX,t(9;22)(q34;q11)[16]/46,XX,dup(1)(q21q41),t(9;22)(q34;q11)[13] from the 

time when the bone marrow graft was done (patient age 17, sample age 13 years), was used for oligo aCGH 

analysis. The results are enh(1q21.2q42.12),del(1q42.2qter) (see Figure 7.19). While the Philadelphia 

translocation is not seen, the area of duplication on 1q is defined more accurately. Interestingly, the distal 
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part of the 1q arm after 1q42.2 seems to be deleted, which had not been detected in earlier results.  Here 

again, enh(X) and del(Y) are artefacts caused by a sex-mismatched reference. 

 

Case 11: Patient 17, m., 53 yrs, NHL, sample L1D from frozen DNA, sample age 11 yrs., QCS: pass 

Fig. 7.20. Genome view of case 11, sample L1D from frozen DNA. 

 

This is the case of a male patient, aged 53, who had been diagnosed with non-Hodgkin’s lymphoma five years 

earlier. The new clone found was different from the original lymphoma clone, with a karyotype 46-

47,XY,+X,1q+,+3,11q-,12p+,abn(19),inc[cp20]. It contained abnormalities of chromosomes 1, 3, 11, 12 and X, 

which did not point to lymphoma, but rather to a different malignancy. DNA analysis of blood and bone 

marrow samples identified rearrangement of Ig-genes, but different ones than in the older samples. No 

rearrangements of TCR and BCR genes were found, nor rearrangements of Ig heavy chain. This new clone 

pointed to a lymphatic disease of B-cell origin.  

 

For this study, oligo aCGH was performed from a DNA probe extracted at the time of detection of the new 

clone (sample age 11 years). The results are enh(1p33pter,1q21.2,1q22,1q23.2,3p14.3p21.3,6p21.1p22.3, 

7p22.1pter,7q11.22q,7p21.3q22.2,9q33.3qter,11q12.1q13.3,12q13.12q13.3,14q11?21.3,16pcentrp12.1,16p

13.3pter,16q12.2,16q22.1q22.2.16q24.2qter,17p13.pter,17q11q21.33,17q24.3qter,19,22), see Fig. 7.20. This 

shows gains of parts of 1p, 1q, 7p, 7q, 9q, 11q, 12q, 14q, 16p, 16q, and of whole chromosomes 17, 19, 22 and 
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X, amp (Y) is an artefact due to a female reference. This result is different from the earlier findings and was 

most likely caused by a phenomenon called GC-waves. A similar pattern appears in cases 7, 9 and 12-14: gains 

of parts of 1p, 1q, 7p, 7q, 9q, 11q, 12q, 14q, 16p, 16q, and of whole chromosomes and 14, 17, 19, 22, X and 

Y. According to Marioni et al. and Leo et al., array results show false-positive signals in CG-rich areas across 

the genome, the reason of which is unknown (Marioni et al. 2007, Leo et al. 2012). See also section 3.3.3. 

Taking this into consideration, the real results for this case was enh(X) only. The clone found by G-banding 

was probably too low in concentration to be detected by aCGH, but an additional X chromosome was present 

in enough cells to be detected. 

 

Case 12: Patient 18, m, 43 yrs., BL, sample L2B from bone marrow, sample age 8 yrs., QCS: marginal 

This is the case of a 43-year old male patient with a history of gastric tumor, HIV infection and suspected 

large-cell anaplastic lymphoma with 60% blasts in the bone marrow. The karyotype found at the time of 

diagnosis, 47,XY,1q+,+7,t(8;14)(q24;q32)/47,XY,6p+,6p+,+7,?i(14q)/46,XY strongly suggested Burkitt’s lym-

phoma, which contains the Burkitt translocation t(8;14)(q24;q32). Two different clonal aberrations were 

detected, one of which carried an extra chromosome 7 and an aberration on 1q apart from the Burkitt 

translocation. The second clone had an extra chromosome 7, an isochromosome 14q and two translocations 

between chromosome 1 and 6p in addition to two normal copies of chromosome 1. 
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Fig. 7.21. Genome view of case 12, sample L2B from frozen bone marrow. 

 

Our results of oligo aCGH, done from the sample at the time of diagnosis (sample age 8 years), were enh(1p33 

pter,1q21.2q24.1,6p21.32p22.1,7p13.1p14.1,7p22.1pter,7q11.22q12.0,7q21.3q22.2,9p13.2p21.1,9q33.3 

pter,11q12.1q13.2,12q13.2q14.1,14q,16,17,22),del(X),amp(19,Y), which means gains of parts of 

chromosomes 1q, 1p, 7p, 7q, 9p, 9q, 11q, 12q, and whole chromosomes 14q, 16, 17, 19, 22, Y; del(X) (see 

Figure 7.21). Here again, we can find the same pattern as in cases 9, 11, 13 and 14. After reduction of these 

false-positive signals caused by CG-waves and a sex-mismatched reference, the results are 

enh(1q,6p24.3pter,7,8q24.24qter,14q). This confirms the previous G-banding results with additional copies 

of chromosomes 1q, parts of 6p, 7, parts of 8q, and 14q. 

 

Case 13: Patient 19, m, 46 yrs., BL, samples L3B from bone marrow and L3F from fixed cells, sample age 6 yrs., 

QCS: pass (both)  
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This is another case of Burkitt’s lymphoma: a 46-year old male patient who was found to have the Burkitt 

translocation plus a structural rearrangement of the long arm of chromosome 1 in a proportion of bone 

marrow cells. The G-banding karyotype was 46,XY,1q+,t(8;14)[10]/46,XY,t(8;14)[4]/46,XY,1q+[1]/46,XY[4].  

Fig. 7.22. Genome view of case 13, sample L3B from frozen bone marrow. 

 

Oligo array CGH was done from a frozen bone marrow sample as well as from a fixed cell sample (from the 

time of diagnosis, sample age 6 years). Results were enh(1q21.2q23.3,6p21.1p22.2,11p15.4pter,11q12.2 

q13.3, 11q23.3 q24.1,12p13.21p13.3,12q[2regions],16[4regions],17,19,22q12.2q13.2),loss(X),amp(Y) for the 

frozen bone marrow sample, and enh(11q12.2q13.3,12p13.31,12q13.2q14.1,12q24.23q24.31,16[4regions], 

17,19,22q12.2 q13.2),del(3q26.1),loss(X),amp(Y) for the fixed cell sample. After reduction of the sex-

mismatch- and the CG-waves artefacts, the results both for bone marrow and fixed cell samples were 

enh(1p34.1pter,1q). The two hybridization graphs samples were very similar. See Figures 7.22 (bone marrow 

sample) and 3.23 (fixed cell sample) and 3.24 (overlay of both) for visualization.  
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Fig. 7.23. Genome view of case 13, sample L3F from fixed cells. 

 

 

 

 

Fig. 7.24. Overlay of genome views of case 13, sample L3B from bone marrow (blue) vs. sample L3F from fixed cells (red). 
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Case 14: Patient 20, m, 4 yrs, BL, sample L4B from bone marrow, sample age 4 yrs., QCS: pass 

This male patient was diagnosed with Burkitt’s lymphoma at age four. In addition to the characteristic 8;14-

Burkitt translocation, conventional cytogenetic analysis detected a translocation between chromosomes 1 

and 14 and a loss of chromosomes 13 and 15. The G-banding karyotype at diagnosis was 46,XY,t(1;14),t(8;14) 

(q24;q32), -13,-15,+mar,inc. The more accurate 24-colour-FISH analysis confirmed these findings and defined 

the 1;14-translocation as unbalanced, with an additional long arm of chromosome 1. In addition to that, 

structural aberration of the X-chromosome and additional chromosomes 1 and 22 were detected in some of 

the cells: 46,XY,der(1;14)(q10;q10),+1,t(8;14). The result of conventional CGH was enh(1q,22). For disease 

follow-up FISH analysis of the Burkitt translocation was used. 

Fig. 7.25. Genome view of case 14, sample L4B from frozen bone marrow. 

 

The result of this study’s oligo aCGH analysis, which was done from a frozen bone marrow sample taken at 

the time of diagnosis (sample age 4 years), was enh(1q,3p14.4p21.1,6p21.32p22.1,7p12.3p14.1,7p22.1pter, 

7q11.22q11.3,7q21.3q22.2,9q33.3qter,11q12.3q13.2,12q13.12q13.3,12q24.23q24.32,14centr,16p11.0,16p 

13.3pter,16q21.1,16q24.2,17,19,22),loss(X),amp(Y). After taking CG-waves and sex-mismatch artefacts into 

consideration, the result is enh(1q,22), which confirms the conventional CGH result. Losses of chromosomes 

13 and 15 do not show, probably because of too low concentration of clones containing these aberrations. 

See Figure 7.25 for visualization. 
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Case 15: Patient 21, f, 44 yrs., HL, MDS, sample M1B, sample age 18 yrs., QCS: pass 

This female patient was diagnosed with Hodgkin’s disease and later with MDS. The first abnormal cytogenetic 

change, a duplication of the long arm of chromosome 1 at the area q23-q32, was detected at age 41 

(karyotype 46,XX/46,XX,dup(1)(?q23q32)). The same clone was found during subsequent check-ups over 

many years, with further abnormalities present including a translocation involving chromosome 22. 19 years 

after the first diagnosis, when the patient was 60 years old, a more complicated clone was detected, which 

carried several structural and numerical abnormalities including a translocation t(5;13). The disease was, 

however, treated accordingly and brought into cytogenetic remission. 

 

Fig. 7.26. Genome view of case 15, sample M1B from frozen bone marrow. 

 

Oligo aCGH was done from a follow-up sample taken around two years after first diagnosis, with a G-banding 

karyotype 46,XX/46,XX,1q+,t(22;?)(q11;?), the sample age being 18 years and the patient age 44 years. The 

result was a normal karyotype 46, XX. Enh(X) and del(Y) were artefact caused by a male reference; no GC-

waves in this sample), see Figure 7.26. Here again the clone was probably too lowly concentrated to be 

detected. 

 


