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Chromosomes and leukaemia

In acute leukaemia, as in any cancer, the leukaemic cells are the progeny of a single cell and are therefore designated a clone. In many instances the abnormal clone has an acquired chromosomal abnormality that can be detected by examination of the chromosomes of cells arrested in metaphase. When the karyotype of bone marrow cells is studied, some cells show random abnormalities, which need to be distinguished from a non-random or consistent abnormality that indicates the presence of an abnormal clone. For this reason, according to the International System of Nomenclature, a clone is considered to be present if two cells show the same structural change or additional chromosomes or if three cells show the same missing chromosome. 

Terminology 

The commonest structural abnormality detected in leukaemic cells is a translocation, this term indicating that part of one chromosome has been transferred to another. Translocations are described as reciprocal if material is exchanged between chromosomes and as non-reciprocal when material from one chromosome is transferred to another. A balanced translocation is one in which there is no net gain or loss of chromosomal material, whereas an unbalanced translocation is one in which translocation is associated with loss or duplication of all or part of a chromosome. Translocations are described by international agreement as follows: t(15;17)(q22;q12) (the translocation found in acute promyelocytic leukaemia) indicates that there is a reciprocal translocation between chromosomes 15 and 17; the breakpoints are at band q22 on chromosome 15 and at band q12 on chromosome 17. In describing translocations, the chromosomes are listed in numerical order. In describing insertions, the chromosome into which material is inserted is listed first followed by the chromosome from which material has been derived. Other terminology is given in Table 1.

Methods of study

Chromosomes can be studied by classical cytogenetic techniques in which cells that have entered mitosis are arrested in metaphase. Special staining techniques (e.g. a Giemsa stain or a fluorescent stain) induce a banding pattern characteristic of each chromosome so that each individual chromosome can be identified. Chromosomes can also be studied by in situ hybridization techniques, particularly FISH, which can be performed on metaphase or interphase cells (Table 2). Labelled probes used can be: (i) centromeric probes, which specifically identify each chromosome by means of sequences at its centromere; (ii) probes for specific DNA sequences, e.g. those at the breakpoints of recurring translocations; or (iii) ‘whole chromosome paints’, which hybridize to sequences extending over the whole chromosome. Translocations can be recognized either by single-colour FISH using a probe that spans the entire breakpoint region and is therefore always split in a given translocation or, alternatively, by two-colour FISH using either (i) probes for sequences at the breakpoints on the two chromosomes involved, which are brought together on a single chromosome as a result of a translocation or (ii) two colour probes that span a breakpoint so that the two colours are split apart when the gene is rearranged. Even more sophisticated techniques using computer analysis ‘paint’ each individual chromosome in a distinctive colour so that subtle and complex rearrangements can be recognized.

The genomic alteration resulting from a cytogenetic rearrangement can also be identified by direct analysis of DNA amplified by the PCR technique or, alternatively, by analysis of mRNA transcribed from a fusion gene, using the technique of reverse transcriptase PCR (RT-PCR) to produce and then amplify complementary DNA (cDNA). These two techniques will also detect relevant genomic alterations in some cases in which the karyotype is complex and ambiguous or apparently normal or in which cytogenetic analysis has failed. Multiplex-PCR is a useful way to screen cases for the most important translocations by using multiple pairs of primers for the identification of specific rearrangements. For example, cases of AML can be simultaneously screened for t(8;21), t(15;17) and inv(16). 

Molecular genetic analysis not only aids the classification of acute leukaemia but is also of use in monitoring for minimal residual disease after remission has been induced by therapy. Cytogenetic analysis is of much less use for the latter purpose since it is possible to examine only a relatively small number of metaphases. For technical reasons, FISH is also relatively insensitive in the monitoring of minimal residual disease. When a fusion transcript is present it can be used for monitoring. It can be quantified fairly precisely by a real-time quantitative polymerase chain reaction (RQ-PCR). 
Role of cytogenetic analysis in haematological neoplasms

1. Demonstrates that neoplasms are monoclonal and result from somatic mutation

2. Provides evidence of lineages involved in the neoplastic process

3. Provides evidence for likely mechanisms of leukaemogenesis e.g. oncogenes implicated in leukaemogenesis are likely to be at breakpoints of rearranged chromosomes; tumour-suppressor genes may be located on deleted chromosomes.

4. Provides evidence as to aetiological agents, e.g. certain cytogenetic abnormalities are characteristic of AML induced by alkylating agents and others of leukaemia induced by topoisomerase-II-interactive drugs.

4. Identifies certain very specific types of leukaemia, e.g. acute promyelocytic leukaemia

5. Helps to distinguish recurrent leukaemia from a new therapy-induced leukaemia.  

6. Provides evidence of underlying disease that has predisposed to leukaemia, e.g. chromosomal fragility syndromes such as Fanconi's anaemia.

7. During interferon or imatinib therapy (in CML), provides evidence of regression of the neoplastic clone.

8. Following bone marrow transplantation, provides evidence of engraftment.

9. Has been used to demonstrate twin-to-twin passage of leukaemic cells in utero, causing leukaemia in identical infant twins.

10. Has been used to demonstrate that leukaemia arose in a haemopoietic cell transferred to a recipient of a liver transplant or in donor cells following allogeneic stem cell transplantation
Cytogenetic analysis and classification of AML

Traditionally, AML has been classified by morphology (including cytochemistry) supplemented by immunophenotyping. It should now be classified using multiple diagnostic techniques to recognize real entities, which differ in their aetiology, clinical and haematological features and prognosis. Classification can now be based on morphology, immunophenotype, cytogenetic and molecular genetic analysis, as adopted in the WHO classification. The WHO classification recognises the following cytogenetic/molecular genetic entities

· AML, often FAB type M2, associated with t(8;21)(q22;q22) and an RUNX1-RUNX1T1 (previously AML1-ETO) fusion gene

· AML, usually FAB type M4 (with eosinophilia), associated with  inv(16)(p13.1q22) or t(16;16)(p13.1;q22) and a CBFB-MYH11 fusion gene

· AML, FAB type M3 or M3 variant, associated with t(15;17)(q22;q21) and a PML-RARA fusion gene.
· AML, often FAB type M4 or M5 associated with t(9;11)(p22;q23) and a MLLT3-MLL fusion gene
· AML with t(6;9)(p23;q23) and a DEK-NUP214 fusion gene
· AML with inv(3)(q21q26.2) or t(3;3)(q21;q26.2) and RPN1-EVI1 fusion
· AML of FAB M7 type in infants with t(1;22)(p13;q13) and RBM15-MKL1 fusion
· Provisional categories of AML with mutation of either NPM1 or CEBPA.
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Table 1
Abbreviations and terminology used in cytogenetics (Modified from Bain BJ, Leukaemia Diagnosis, 4th Edn., Blackwell Science, Oxford, 2006)
p


short arm of a chromosome

q


long arm of a chromosome

p+, q+


addition of chromosomal material to the short arm or long 



arm respectively

p-, q-


loss of chromosomal material from the short arm or long arm 


respectively

+


addition of a chromosome

-


loss of a chromosome

add


additional material of unknown origin

band


chromosomal region that, after staining, is distinguished 



from adjoining regions by appearing lighter or darker

c


constitutional anomaly

del


deletion

der


derivative chromosome, an abnormal chromosome derived 


from two or more chromosomes; it takes its number from 




the chromosome which contributes the centromere)

dic


dicentric, a chromosome with two centromeres

dm


double minute (see minute)

dup


duplication, extra copy of the segment of a chromosome

hsr


homogeneously staining region, indicative of amplification 



(multiple copies) of a small segment of a chromosome 

inv


inversion, i.e. a segment of a chromosome has been inverted

ins


insertion, movement of a segment of a chromosome to a new 


position on the same or another chromosome; may be




direct (dir) or inverted (inv)

iso


isochromosome, a chromosome formed by duplication of the 


long arm or the short arm

mar


marker chromosome, an abnormal chromosome which cannot 


be characterized and is therefore of unknown origin

min


minute, an acentric fragment smaller than the width of a 



single chromatid; may be single or double

r


ring chromosome

t


translocation, movement of a segment of one chromosome to

form part of another chromosome; often reciprocal; can be described as balanced (no loss of chromosomal material) or unbalanced (a segment of chromosome has been lost)

aneuploid

cells having an abnormal number of chromosomes which is 


neither half nor a multiple of 46

centromere

the junction of the short arm (p) and the long arm (q)

diploid


cells having the normal complement of 46 chromosomes (23 


pairs)

haploid
cells with 23 (unpaired) chromosomes; near haploid = 23-34 chromosomes

hypodiploid

cells having fewer than 46 chromosomes, usually 35-45

karyogram
    
systematized array of the chromosomes of a cell and by 



extension of a clone of cells (or an individual)

karyotype
shorthand description of the karyogram of a clone or a person, e.g. 46,XY,t(15;17)(q22;q12) is the typical karyotype of the leukaemic clone of a male with hypergranular promyelocytic leukaemia; his constitutional karyotype would be 46, XY 

monosomy

loss of an entire chromosome so that there is only a single 



copy, indicated by a minus sign before the chromosome 



number, e.g. –7

paracentric inversion
inversion of a segment of a chromosome confined to one arm 

pericentric inversion
inversion of a segment of a chromosome composed of part of 

        


both arms and the centromere

pseudodiploid

cells having 46 chromosomes but with structural 




abnormalities being present

tetraploid     

cells having 92 chromosomes (four sets); near tetraploid = 



81-103 chromosomes

triploid
cells having 69 chromosomes (three sets); near triploid =       58-80 chromosomes

trisomy


three copies of a chromosome, indicated by a plus sign before 


the chromosome number, e.g. +8
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Table 2.

A summary of molecular genetic techniques used in the investigation of leukaemia
	Technique
	Principle
	Application

	Molecular/cytogenetic techniques

	Fluorescence in situ hybridization (FISH)
	Chromosomes or specific DNA sequences are identified by a probe bound to a fluorochrome; applicable to chromosomes in metaphase and, to a lesser extent in interphase 
	Detection of numerical abnormalities (monosomies, trisomies, hyperdiploidy); identification of translocations, detection of amplification of oncogenes or loss of either tumour suppressor genes or the normal allele corresponding to a gene contributing to a fusion gene (e.g. loss of ETV6 in ALL with t(12;21) 

	M-FISH
	Multicolour FISH using five fluorochromes so that all individual chromosomes can be identified; five separate fluorochrome images are captured 
	Clarification of complex karyotypes

	Spectral karyotyping (SKY)
	Multicolour FISH using five fluorochromes and capturing a single image; combinations of fluorochromes are recognized by their spectral signature
	Clarification of complex karyotypes

	Molecular genetic techniques

	Southern blot
	DNA is digested by restriction endonucleases; the restriction fragments created are separated by gel electrophoresis following which they are blotted onto a membrane; a radioactive probe is then used to identify the DNA sequence of interest on a fragment of a specific size
	Detection of rearrangement of a gene, e.g. an immunoglobulin or T-cell receptor gene (for demonstration of clonality) or rearrangement of an oncogene such as MLL which has multiple partners; this technique is now much less used, being replaced by FISH, PCR or RT-PCR 

	PCR
	A method of in vitro amplification of a defined DNA target that is flanked by regions of known sequence; to distinguish it from RT-PCR, may be referred to as genomic PCR or DNA PCR
	Detection of rearrangement of a gene, e.g. an immunoglobulin or T-cell receptor gene (for demonstration of clonality) or an oncogene — a much more sensitive technique than Southern blot analysis

	RT-PCR
	An in vitro method for reverse transcription of RNA followed by amplification of complementary DNA
	Analysis of genes that are too long for analysis by a standard genomic PCR

	Multiplex PCR
	Simultaneous application of a number of pairs of primers so that a number of possible mutations can be identified  
	Simultaneous screening for a number of leukaemia-related mutations

	Real time quantitative polymerase chain reaction         (RQ-PCR)
	A quantitative PCR technique in which there is displacement of a fluorogenic product-specific probe which is degraded during the reaction, generating a fluorescent signal
	Quantification of the amount of a specific DNA sequence present — useful for quantifying the disease burden and, particularly, for monitoring minimal residual disease
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