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Cytogenetic and molecular genetic abnormalities in acute lymphoblastic leukaemia

In acute lymphoblastic leukaemia (ALL), 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. 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 M3 and M3V AML) 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.

In some instances there is no abnormality detectable by classical cytogenetic analysis but a clonal abnormality can be detected by molecular genetic analysis (Table 1). The recurrent cytogenetic abnormalities associated with specific subtypes of ALL can be detected by in situ hybridization techniques, particularly FISH, which can be performed on metaphase or interphase cells. 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 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.

Table 1

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 t(12;21)-associated ALL)  

	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 

THIS TECHNIQUE IS NO LONGER IN USE FOR ROUTINE DIAGNOSIS

	Polymerase chain reaction (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, this technique 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

	Reverse-transcriptase PCR         (RT-PCR)
	An in vitro method for reverse transcription of RNA followed by amplification of the complementary DNA that has been produced
	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 any of 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

	Microarray analysis
	A method for quantifying expression of hundreds or even thousands of genes
	Useful for discovering unexpected expression of genes in a certain disease; once a pattern of gene expression has been linked to a specific diagnosis or to prognostic groups may aid in diagnosis or determining prognosis


The genomic alteration resulting from a cytogenetic rearrangement can also be identified by direct analysis of DNA amplified by PCR 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 ALL can be simultaneously screened for t(9;22), t(4;11) and t(1;19). 

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). 

AML and ALL should now be classified using multiple diagnostic techniques to recognize real entities, which differ in their aetiology, clinical and haematological features and prognosis. An approach incorporating morphological, immunophenotypic, cytogenetic and molecular genetic assessment has been adopted in the WHO classification. 

Cytogenetic and molecular genetic abnormalities in ALL

With techniques now available, 70–90% of cases of ALL have a demonstrable cytogenetic abnormality. Some cytogenetic abnormalities (such as 6q– and 9p–) are associated with both B- and T-lineage ALL while others are confined to one lineage or are associated with a specific immunophenotype within a lineage. Translocations with breakpoints involving immunoglobulin genes (IGH, IGK or IGL—heavy chain,  or ) are generally B lineage and those involving TCR genes are largely confined to T-lineage ALL. High hyperdiploidy (more than 50 chromosomes) is commonly associated with B-lineage ALL and is rare in T-lineage ALL.


The types of molecular genetic abnormality recognized in ALL include:

1. formation of fusion genes (e.g. BCR-ABL1 in a quarter of adult ALL)
2. point mutations (e.g. in PTN11)

3. interstitial deletions, e.g. STIL-TAL (also known as TALd)
4. mutation or epigenetic effects leading to FLT3 overexpression and alterations in tumour suppressor pathways involving RB1 and TP53 [Pui et al 2004]
5. translocations that brings a gene under the influence of an enhancer or promoter of another gene
6. amplification (e.g. iAMP21 which includes RUNX1) 

In ALL, chromosomal abnormalities correlate with other clinical and haematological factors of prognostic importance but they also have a considerable independent prognostic significance. This has been most clearly delineated for B-lineage ALL. Bad prognostic subtypes are those associated with t(9;22)(q34;q11.2) and a BCR-ABL1 fusion gene (Ph-positive ALL) and with t(4;11)(q21;q23) and a MLL-MLLT2 fusion gene. Good prognostic groups include high hyperdiploidy (with 51-65 chromosomes) and t(12;21)(p13;q22) associated with an ETV6-RUNX1 fusion gene (also known as ETV6-AML1 and TEL-AML1); the latter rearrangement is usually cryptic.

The purpose of cytogenetic and molecular analysis in ALL is:

1. The recognition of specific subtypes that differ in their prognosis and for which the optimal treatment may differ;

2. The detection of a translocation or the product of a fusion gene that permits monitoring of minimal residual disease by molecular means;

3. The recognition of aetiological factors, e.g. in the uncommon cases of secondary ALL following topisomerase II-interactive drugs, characterized by rearrangement of the MLL gene;

4. The differentiation between relapse of ALL and a new therapy-induced ALL or AML;

5. The recognition of lineage switch within a single clone (immunophenotype changes but the cytogenetic/molecular genetic abnormality is the same or closely related).

In addition, cytogenetic and molecular genetic analysis leads to advances in knowledge of leukaemogenesis, which is likely to eventually impinge on patient care.

Important cytogenetic/molecular genetic subtypes of ALL

B-lineage (common) ALL associated with high hyperdiploidy/leukaemogenic molecular mechanism unknown

This is the commonest form of childhood ALL in developed countries, being partly responsible for the typical peak in incidence in early childhood. It accounts for about a quarter of childhood ALL but only about 7–8% of ALL in adults. The peak incidence is between 5 and 10 years. In childhood cases, the leukaemic clone may arise during intrauterine life. There is a female preponderance. In developing countries, the incidence is lower than in developed countries. Delayed infection by a common pathogen or pathogens is a suspected aetiological agent. The white cell count is relatively low. The prognosis is good. Even in adults, who have a worse prognosis than children with high hyperdiploidy, there is a 50% 5-year survival. 


The immunophenotype is that of common ALL, i.e. the common ALL antigen (CD10) is expressed and cytoplasmic and surface membrane immunoglobulin are not expressed. 
The term ‘high hyperdiploidy’ indicates that leukaemic cells have more than 50 (but fewer than 66) chromosomes. Cases of ALL with ‘low hyperdiploidy’ (47–50 chromosomes) have somewhat different characteristics including a worse prognosis and do not necessarily represent the same subtype of ALL as ‘high hyperdiploidy’. The molecular mechanism of leukaemogenesis in high hyperdiploidy is unknown. The karyotypic abnormality can be demonstrated by conventional cytogenetic analysis, by comparative genomic hybridization, by flow cytometry to quantitate nuclear DNA and by multicolour FISH for combinations of the more frequent supernumerary chromosomes (4, 6, 8, 10, 14, 17, 18, 20, 21, X, in that order). Because of the good prognosis, screening of all patients with failed or normal cytogenetic analysis for high hyperdiploidy is advised. A good prognosis has been associated particularly with trisomy for chromosomes 4, and 18 so an alternative approach is to screen specifically for these trisomies. The presence of unfavourable cytogenetic rearrangements, such as t(9;22), can negate the otherwise good prognosis of high hyperdiploidy. 
Early precursor or common ALL associated with t(12;21)(p13;q22) and an ETV6-RUNX1 fusion

This is one of the commonest subtypes of childhood ALL but was largely unrecognized until the late 1990s because the translocation is usually cryptic; this is because the involved portions of the two chromosomes are both small and have similar banding patterns. The correct named of the fusion gene is ETV6-RUNX1 but it is often referred to as ETV6-AML1 or TEL-AML1. When molecular techniques are used, t(12;21)(p13;q22) is found in 10–30% of cases of childhood B-lineage ALL but in only 2–4% of adult cases. Affected children are aged mainly between 2 and 9 years and adults are usually but not always young adults. When this type of leukaemia occurs in infants and children it is probable that the translocation has often occurred in intra-uterine life. It is likely that a second post-natal event is required both because of the long latent period that is observed and because the prevalence of the translocation at birth is about 100-fold the prevalence of this type of leukaemia during childhood. 

The remission rate is high. There is some controversy as to whether this type of ALL has as good a prognosis as ALL associated with high hyperdiploidy or whether the prognosis is similar to that of ALL in general. Recognition of this category of ALL may have therapeutic implications since the leukaemic cells appear to be particularly sensitive to asparaginase and results may be better with regimens containing high doses of this agent.
The immunophenotype may be early precursor B, common or pre-B ALL with the relative frequencies varying considerably between different reported series. Myeloid antigens such as CD13 and CD33 are co-expressed in at least a quarter to a half of cases and, conversely, t(12;21) is found in two thirds of patients in whom these myeloid antigens are expressed.


The translocation is difficult to detect by conventional cytogenetic analysis and, if an abnormality is noted, it may be misinterpreted as del(12)(p12). The above percentages relate to detection by molecular techniques. The molecular mechanism of leukaemogenesis is fusion of two transcription factor genes, ETV6 of the ETS family (previously known as TEL) and RUNX1 (previously known as AML1 or CBFA), to form a fusion gene, ETV6-RUNX1 (or ETV6-AML1 or TEL-AML1 or TEL-CBFA, etc.) on the derivative chromosome 21. The fusion gene, RUNX1-ETV6 on der(12) is less consistently transcribed and is thus less likely to be relevant to leukaemogenesis. The other allele of ETV6 is usually deleted, this being identifiable as a secondary abnormality since it may be present in only a proportion of the clonal cells. It is possible that this is a common ‘second hit’ that leads to a pre-leukaemic cell with the ETV6-RUNX1 fusion gene transforming into a leukaemic cell.  In a significant proportion of cases, leukaemic cells have a second copy of the ETV6-AML1 fusion gene as a result of either +der(21)t(12;21) or ider(21)(q10)t(12;21). This is another possible ‘second hit’. 
The genetic defect can be detected by RT-PCR and by FISH using a probe for the ETV6 gene and a chromosome 21 paint (metaphase FISH) or probes for ETV6 and RUNX1 (metaphase or interphase FISH). If ETV6 and RUNX1 probes are used it is possible to detect not only the translocation but also the deletion of a normal ETV6 allele. The detection rate is higher with RT-PCR. 
Pre-B ALL associated with t(1;19)(q23;p13) and a TCF3-PBX (previously E2A-PBX) fusion gene

This subtype constitutes 2–5% of childhood ALL and 1–3% of adult cases. In childhood cases, the leukaemic clone may arise during intrauterine life. The immunophenotype is often that of pre-B ALL, i.e. cytoplasmic mu chain is positive but not SmIg. About a quarter of cases with a pre-B immunophenotype are found to have this translocation. Prognosis with current treatment is average.
The molecular mechanism of leukaemogenesis is fusion of the PBX1 gene from 1q23 with part of the transcription activator gene, TCF3 (E2A), at 19p13 to form a hybrid TCF3-PBX1 gene, which encodes an abnormal transcription factor. RT-PCR can be used for the detection and monitoring of minimal residual disease in patients with t(1;19). However, prolonged detection of minimal residual disease has been found to be compatible with continuing complete remission. 



ALL associated with t(17;19)(q21–22;p13) can be viewed as a variant of t(1;19); there is fusion of TCF3 with HLF (Hepatic Leukaemia Factor). The fusion gene, TCF3-HLF encodes an abnormal transcription factor.

Common ALL associated with t(9;22)(q34;q11.2) and a BCR-ABL1 fusion gene

ALL associated with t(9;22)(q34;q11.2) is referred to as Philadelphia-positive ALL, the derivative chromosome 22 being known as the Philadelphia (Ph) chromosome. Most cases occur de novo but therapy-related cases are also recognized. The prevalence of Ph-positive ALL increases markedly with increasing age. About a 15–30% of adults fall into this category in comparison with only 1–2% of children. The prognosis is poor, although it is better in children aged between 1 and 9 years than in adolescents and adults and in some but not all studies is improved with more intensive chemotherapy. The complete remission rate is lower than in other cases of ALL and the relapse rate is also subsequently higher so that overall and disease-free survival are considerably worse. The immunophenotype is usually that of common ALL (about 90% of cases) but a minority have a pre-B immunophenotype and a small minority are early precursor-B cell. Myeloid antigens are often expressed 

t(9;22) is also the characteristic cytogenetic abnormality of chronic granulocytic leukaemia (CGL). The translocations in ALL and CGL do not differ cytogenetically but at a molecular level the breakpoint on chromosome 22 may differ. About a quarter of cases of Ph-positive ALL have a breakpoint within the major breakpoint cluster region (M-BCR), i.e. they have the same molecular lesion as occurs in CGL. However, the majority of cases, about three-quarters, have a breakpoint in the minor breakpoint cluster region (m-BCR), this abnormality being very rare in CGL.

The mechanism of leukaemogenesis is fusion of part of the ABL1 oncogene from chromosome 9 with part of the BCR gene on chromosome 22 to form a hybrid gene on chromosome 22 designated BCR-ABL1. ABL1 is homologous with abl, a retroviral oncogene, which has a role in murine leukaemia. BCR-ABL1 encodes a chimeric protein with aberrant tyrosine kinase activity, which functions in intracellular signalling pathways. In the majority of cases of Ph-positive ALL, those with an m-BCR breakpoint on chromosome 22, the BCR-ABL1 protein has a molecular weight of 190 kD while in a minority, those with an M-BCR breakpoint, it has a molecular weight of 210 kD, as in CGL. The cytogenetic defect is detectable by two-colour FISH using BCR and ABL1 probes. The molecular defect can be detected by RT-PCR. RQ-PCR can be used to monitor minimal residual disease, the detection of which is of prognostic significance.

The role of imatinib in Ph-positive ALL is currently being evaluated. Imatinib, when added to chemotherapy, improves the remission rate from 60-80% up to 95-100%. Outcome is improved if haemopoietic stem cell transplantation can then be done and further imatinib following transplantation may give a further benefit.  
Early precursor-B ALL associated with t(4;11)(q21;q23) and a MLL-MLLT2 fusion gene

This subtype of ALL occurs at all ages but is particularly frequent among babies with congenital ALL and in young infants. It constitutes more than half of these cases. Cases occurring in infants often originate in intra-uterine life; intrauterine exposure to topoisomerase II-interactive agents is suspected as an aetiological factor. Prognosis is very poor in infants and adults but somewhat better in children. 

t(4;11)(q21;q23) is strongly associated with early B-precursor ALL, i.e. there is positivity for terminal deoxynucleotidyl transferase (TdT) and pan-B markers such as CD19, but CD10 is negative. Aberrant expression of myeloid antigens (e.g. CD15) is common and this translocation is also often associated with biphenotypic acute leukaemia or AML with monocytic differentiation. The molecular mechanism of leukaemogenesis is formation of a fusion gene, MLL-MLLT2, incorporating part of the MLL (Myeloid–Lymphoid Leukaemia) gene at 11q23 and part of the MLLT2 (previously known as AF4) from 4q21. 

Rearrangement of the MLL gene, including that of t(4;11), can be detected by dual-colour, break-apart FISH. MLL-MLLT2 fusion can be detected by RT-PCR. Minimal residual disease, which is of prognostic significance, can be monitored by RT-PCR. 

Secondary (therapy-related) acute lymphoblastic leukaemia

Therapy-related ALL, although rare, is being increasingly recognized.  Such cases are usually either Ph-positive or associated with balanced translocations with an 11q23 breakpoint; they follow administration of topisomerase II-interactive drugs. The latent period is short, usually less than 2 years. Cases associated with 11q23 breakpoints and rearrangement of the MLL gene have included t(1;11)(p32;q23), t(4;11)(q21;q23), t(5;11)(q35;q23), t(11;16)(q23;p13) and t(11;19)(q23;p13).  The great majority of cases are of B lineage but T-lineage ALL has also been reported associated with MLL rearrangement. 

T-lineage ALL

In T-lineage ALL there is only a weak relationship between immunological phenotype and specific cytogenetic abnormalities and there is no major difference in prognosis between the different cytogenetic/molecular genetic categories. About a quarter of cases of T-lineage ALL are associated with a variety of translocations involving T-cell receptor (TCR) genes, particularly the TCR alpha and delta genes (TCRA and TCRD) at 14q11–13 and the TCR beta gene (TCRB) at 7q32–36 but occasionally the TCR gamma (TCRG) gene at 7p13. Another important mechanism is dysregulation of a gene as a result of an upstream deletion so that the TAL gene comes under the influence of the upstream promoter of another gene (called SIL). 

T-lineage ALL associated with t(10;14)(q24;q11) and HOX11 dysregulation

This category of ALL comprises about 5% of childhood T-lineage ALL and about 14% of adult T-lineage ALL. It is representative of leukaemogenesis as a result of dysregulation of a transcription factor gene. Prognosis is relatively good.

The mechanism of leukaemogenesis is dysregulation of HOX11, a transcription factor gene, as a consequence of proximity to the alpha delta gene cluster at 14q11. A similar mechanism of leukaemogenesis is operative in T-lineage ALL with t(7;10)(q35;q24) when the HOX11 gene is dysregulated by proximity to the TCR beta gene at 7q35. Both rearrangements are detectable by PCR.

T-lineage ALL associated with STIL-TAL1 (previously SIL-TAL1, also known as TALd) and TAL1 dysregulation

This is one of the commoner subtypes of T-lineage ALL, accounting for up to a third of cases. It is more frequent among children and adolescents than adults. The genetic abnormality, a small deletion on chromosome 1, is detectable only by molecular techniques.

Clinical and haematological features do not differ from other cases of T-lineage ALL.

The mechanism of leukaemogenesis is that a submicroscopic deletion leads to the fusion of most of the sequences of a transcription factor gene on chromosome 1, TAL1 (also known as SCL), with the promoter of an upstream gene, STIL. This leads to dysregulation of the TAL1 gene (which is normally expressed in haemopoietic precursors and endothelial cells but is not expressed in normal T cells). Breakpoints in both the STIL gene and the TAL gene differ between cases. The TAL1 gene can also be dysregulated by translocations but this is much less common than dysregulation as a consequence of a microdeletion.

The microdeletion involving 1q32, tald, can be detected by PCR or RT-PCR. RT-PCR detects a higher proportion of cases than genomic PCR.
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