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Oncogenes, tumour-suppressor genes and leukaemia

Molecular mechanisms of leukaemogenesis

The development of leukaemia often appears to be a stepwise process and it is generally believed that more than one mutation is needed for the cell to become ‘malignant’—the multi-hit hypothesis. This is certainly generally true but the possibility should not be excluded that in some instances as few as two genetic events may be sufficient to convey a malignant phenotype. Disease evolution (benign to malignant, chronic phase to acute phase, low grade to high grade) is the result of further mutation in a single cell of the neoplastic clone. In acute leukaemia it is possible that two mutations of different type need to occur; one leads to a proliferation or survival advantage (e.g. a RAS gene or FLT3 mutation) and one leads to a failure of differentiation (e.g. RUNX1-RUNX1T1 (AML1-ETO) or CBFB-MYH11).


Abnormal function of a number of different types of genes can contribute to the development or the further evolution of leukaemia; they include

1. oncogenes

2. tumour-suppressor genes 

3. DNA-repair genes

4. genes controlling the metabolism of genotoxic chemicals or drugs

5. genes leading to increased susceptibility to radiation damage

6. genes controlling immune responses

Oncogenes

Oncogenes are genes the changed expression or altered product of which (i) leads to or contributes to the transformation of a normal cell into a malignant (or neoplastic) cell or (ii) leads to further disease evolution. An oncogene may be a normal cellular gene (or proto-oncogene) that is abnormally expressed or may be a novel gene formed by fusion of parts of two normal genes. Proto-oncogenes are important in normal cellular proliferation and maturation and have been conserved during evolution. Homologous genes can therefore be identified in various species, e.g. the fruit fly or Drosophila melanogaster, an insect with a well characterized genome. Oncogenes were initially recognized as genetic elements of retroviruses that gave the virus tumour-inducing ability. Later it was discovered that viral oncogenes had been ‘hijacked’ from cells of other species. Abnormal expression of an oncogene may be (i) constitutive expression (ii) expression at the wrong stage of the cell cycle (iii) expression in the wrong tissue (iv) over-expression. Constitutive expression means that a gene does not need growth factors to lead to its expression and the gene is never ‘turned off'’. An oncogene product may also be constitutively activated, e.g. phosphorylated so that so that signal transduction is always active. Over-expression of oncogenes may result from extra copies of whole chromosomes (e.g. trisomy or quadrosomy) or from duplication or amplification of part of a chromosome containing an oncogene. Over-expression or inappropriate expression can also result from the moving of genes on or between chromosomes so that they come under the influence of positive regulatory elements (promoters or enhancers) of other genes or are removed from the influence of negative regulatory elements. Structurally and functionally normal genes can also be transactivated by products of genes on other chromosomes or by viruses inserted elsewhere in the genome. The latter is thought to be one of the mechanisms operating when adult T-cell leukaemia/lymphoma develops in carriers of the HTLV-I virus. The tax protein, the product of the viral gene tax gene, transactivates both other viral genes and also cellular genes including the genes for interleukin (IL) 2 and the IL2 receptor, IL2R alpha, in addition to oncogenes, FOS and JUN. Neoplastic T cells can express the genes for both IL2 and its receptor thus creating an autocrine loop. A new and unusual mechanism of leukaemogenesis in man is insertional mutagenesis, reported after treatment of severe combined immunodeficiency by means of a modified retrovirus used to insert a cytokine receptor gene into host stem cells [Noguchi 2003, Hacein-Bay-Abina 2003]. Between 30 and 34 months from the procedure the child reported developed T-lineage acute lymphoblastic leukaemia and it was found that the leukaemic clone showed integration of the retrovirus within the LMO2 oncogene locus. Aberrant expression of LMO2 transcript and a t(6;13) translocation (breakpoints not specified) were also present. At least four other similar cases were subsequently reported. 

When viruses or proviruses are integrated into the host genome there may be expression of viral oncogenes. For example, the LMP1 (latent membrane protein 1 gene) of the Epstein Barr virus is oncogenic. (LMP1 can transform B lymphocytes to lymphoblastoid cells lines, has transforming effects on rodent fibroblasts in vitro and renders them tumourigenic in severe combined immunodeficiency (SCID) mice, and prevents differentiation of epithelial cell lines). In addition, both LMP1 and EBNA2 up-regulate BCL2, which encodes BCL2, an anti-apoptotic protein.


Genes may be identified as oncogenes in various ways: (i) homology with a known viral oncogene may be demonstrated; (ii) the gene may lead to transformation of normal cells, e.g. fibroblasts, when transfected into them; (iii) tranduction of the gene into germ cells of animals (transgenic animals) may lead to the subsequent development of leukaemia, lymphoma or another tumour; (iv) expression of the gene product may correlate closely with a particular subtype of leukaemia or lymphoma; (v) growth of leukaemic cells may be inhibited when specific antisense oligonucleotides that prevent expression of the gene are introduced into the cell; (vi) inhibition of the action of a protein encoded by an oncogene may reverse the malignant phenotype. 

In summary, mutations that can cause or contribute to the development of leukaemia or lymphoma include:

1. Point mutations (e.g. RAS gene mutations);

2. Formation of fusion genes as a result of translocation or inversion (e.g. BCR-ABL1, PML-RARA and many other);

3. Dysregulation by an upstream deletion including the promoter so that a gene comes under the influence of an inappropriate promoter (following a microdeletionTAL1 is controlled by the promoter of the upstream STIL gene, STIL stands for SCL-TAL1-Interrupting Locus);

4. Dysregulation by a translocation that brings a gene into proximity to enhancers of immunoglobulin or T-cell receptor gene (e.g. MYC in Burkitt lymphoma, BCL2 in follicular lymphoma);

5. Internal tandem duplication (e.g. MLL, FLT3)

6. Amplification (e.g. MYC)

7. Insertional mutagenesis (described following gene therapy).

In addition, genes may contribute to oncogenesis without themselves being mutated when they are transactivated by viral products or by the products of oncogenes.


Oncogenes operating in acute leukaemias usually encode homologues of transcription factors. Transcription factors are proteins that regulate the expression of genes; they may either promote or inhibit gene expression. Normal and abnormal transcription factors usually have multiple effects on cells. MYC is an example of a transcription factor. It is a normal cellular gene which is homologous with a viral oncogene, v-myc. It is implicated in Burkitt lymphoma, in which it is both translocated and, usually, mutated. Translocation brings MYC under the influence of enhancers of immunoglobulin genes (either the heavy chain gene or a kappa or lambda light chain gene). The proximity to immunoglobulin gene regulatory elements may in fact cause mutation in MYC since hypermutation is a normal characteristic of immunoglobulin genes, permitting them to adapt so that the antibody produced binds to specific antigens. Other abnormal proteins that interfere with normal transcription control are products of hybrid genes formed by fusion of part of two genes, one or both of which may encode a transcription factor. When two transcription factor genes fuse, often one is found to be a gene that is normally expressed in haemopoietic tissue and one is not. These hybrid genes may be oncogenic either because they are constitutively expressed or because they are expressed in inappropriate tissues or because they prevent the function of a normal homologue – a dominant negative effect. The dominant negative effect may be exerted on the product of one or both normal homologues. Some important fusion genes fuse part of a transcription factor gene to part of a dissimilar gene, which contributes the ability to oligomerize and to recruit repressors of transcription rather than transcriptional co-activators. Oncogenes that encode transcription factors or transcription factor homologues were initially recognized because of their homology with viral oncogenes but subsequently previously unknown proto-oncogenes have been identified at the breakpoints of translocations or inversions (e.g. RUNX1 (previously AML1)). A transcription factor function can often be suspected when certain motifs common to transcription factors are recognized in the DNA sequence, e.g. zinc finger, helix-loop-helix, helix-turn-helix or leucine zipper. 


Oncogenes operating in chronic leukaemias are often concerned either with apoptosis or with signalling pathways.  BCL2 is an example of a gene whose product renders cells resistant to apoptosis. It is implicated in follicular lymphoma, in which it is translocated so that is comes under the influence of enhancers of the immunoglobulin genes. This causes it to be constitutively expressed in follicular lymphoma cells. In transgenic mice a BCL2-Ig gene complex is associated with polyclonal follicular hyperplasia, a fourfold expansion of resting B cells and, in about 15% of animals, the subsequent development of monoclonal diffuse aggressive lymphomas. These observations suggest that some further genetic event is needed in the cells with BCL2-Ig before a lymphoma develops. Interestingly there is evidence in man of the presence of small numbers of cells with a t(14;18) translocation in lymphoid tissues in reactive conditions, e.g. in tonsils removed surgically, and in a very small percentage of normal peripheral blood lymphocytes. It may be that in man, as in the transgenic mouse, t(14;18) is a necessary precondition for the development of certain types of lymphoma but is not the final event on the pathway. Increased expression of BCL2 appears to be common in a variety of haematological neoplasms without t(14;18) so there are clearly other mechanisms leading to altered expression. For example, BCL2 is consistently over-expressed in chronic lymphocytic leukaemia. Another oncogene that has been shown, in some experimental circumstances, to render cells resistant to apoptosis is BCR-ABL1 – the fusion gene formed in chronic myeloid leukaemia (CML). It is of interest that although both follicular lymphoma and CML are low grade malignancies it is paradoxically very difficult to eliminate the malignant clone with chemotherapy. A possible explanation of this is that many chemotherapeutic agents induce DNA damage that leads to cell death by apoptosis; cells that are resistant to apoptosis may therefore be resistant to cytotoxic-induced damage. 


Genes involved in signalling pathways may encode growth factors, growth factor receptors or any of the multiple proteins involved in transmission of a message from the cell membrane to the nucleus. This process is referred to as signal transduction. FMS (which encodes a growth factor receptor) and the RAS group of genes (which encode proteins involved in signal transduction) are examples of oncogenes involved in signalling pathways. Many of the proteins involved in signal transduction are protein kinases that phosphorylate other proteins. They are designated tyrosine, serine or threonine kinases, depending on which residues on other proteins are phosphorylated. BCR-ABL1 is an example of a tyrosine kinase. It is constitutively expressed in CML cells whereas its normal homologue, ABL1, is expressed only in response to binding of growth factors to their receptors.

Tumour-suppressor genes

Tumour-suppressor genes are normal cellular genes that are essential for the control of cellular proliferation. Loss or mutation of both alleles of such genes can lead to development of a tumour. The mutation of a single tumour-suppressor gene can also be oncogenic, another example of a dominant negative effect. Tumour-suppressor genes can be congenitally absent or mutated in all body cells (e.g. in patients with familial retinoblastoma or the Li-Fraumeni syndrome) or mutation or loss can occur in a single somatic cell. Often, in familial cancer syndromes, one allele is congenitally absent or mutant. Cancer develops when the other allele mutates or is lost. This could lead, for example in the Li-Fraumeni syndrome, to cancer of the colon if it occurs in a colonic epithelial cell or to acute myeloid leukaemia (AML) if it occurs in a haemopoietic stem cell. Loss of the function of tumour-suppressor genes can result from (i) loss of all or part of a chromosome (deletion) or (ii) a point mutation leading to a structurally abnormal protein (a mis-sense mutation) or (iii) either a point mutation or a frame shift mutation leading to a non-sense (nonsense) mutation which functions as a premature STOP codon. The protein encoded is therefore truncated. Loss of function of tumour-suppressor genes is important not only in some congenital conditions causing a predisposition to leukaemia but also in disease progression, development of refractoriness to treatment and evolution of low grade to high grade neoplasms. It is suspected that so far unidentified tumour-suppressor genes are lost in some of the recurrent chromosomal deletions associated with haematological neoplasms such as 5q–, 7q– and 20q– in myeloid malignancies and 6q– and 9p– in lymphoid malignancies. However haplo-insufficiency is an alternative explanation and appears to be relevant to 5q–.

In addition to mutation, tumour suppressor genes can also be inactivated by methylation. This is common in AML.

The function of some tumour-suppressor genes

The RB1 gene, which is abnormal in familial retinoblastoma, functions as a growth inhibitor. Its gene product, the protein designated pRb, in its active hypophosphorylated form complexes with and inactivates a transcription factor, E2F, preventing transition of G0/G1 cells to S phase. RB1 expression thus inhibits cell proliferation. In addition, pRb appears to promote cell differentiation, e.g. in erythroid cells. The pRb protein is phosphorylated and thus inactivated by cyclin D-dependent kinases (CDK4 and CDK6). Cyclin D1 is over-expressed in mantle cell lymphoma. It may be oncogenic in this situation because its over-expression leads to phosphorylation and thus inactivation of the Rb protein. Rb inactivation is found in about a fifth of cases of acute myeloid leukaemia at diagnosis but in general its loss or inactivation is more concerned with disease progression than with leukaemogenesis.


A group of inhibitors of CDK activity, the cyclin-dependent kinase inhibitors (CDKIs), lead to hypophosphorylation and therefore activation of the Rb protein. They are thus a potential further group of cancer-suppressing genes. Two of them, p16 and p15, have been found to be deleted in a proportion of patients with various types of leukaemia. For example one or both is homozygously deleted in about 30% of cases of ALL. p21 (see below) is also a CDKI


TP53, the gene that is defective in the Li-Fraumeni syndrome, encodes a nuclear phosphoprotein (p53), which is a transcription factor. Its mechanism of action is through the RB1 gene product. p53 transactivates a gene coding for a cyclin dependent kinase inhibitor, p21/WAF1, which inhibits the cyclin-dependent kinases that are responsible for converting pRb to its inactive phosphorylated form. Expression of TP53, like expression of RB1, thus leads to arrest of the cell cycle in G1 in response to DNA damage, giving time for DNA repair to occur. If DNA synthesis proceeds in the presence of DNA damage, p53 triggers apoptosis. The normal (or wild type) p53 protein thus prevents cells with damaged DNA from proceeding through the cell cycle. When the TP53 gene is inactivated as a consequence of deletion or mutation, replication of abnormal cells can continue. Furthermore, because many anticancer drugs act by inducing DNA damage they require intact p53 function to induce apoptosis. A lack of p53 function can thus both promote the development of cancer and render the cancer resistant to chemotherapy. TP53 inactivation is present in about 15% of cases of acute myeloid leukaemia at diagnosis but in a larger proportion at relapse and in general its loss of function is more relevant to disease progression than to leukaemogenesis. e.g. in blast crisis of chronic myeloid leukaemia.


The gene, which is abnormal in ataxia telangiectasia, encodes a transcription factor that activates the TP53 gene in response to DNA damage.


The NF1 gene, which is abnormal in neurofibromatosis type 1, encodes neurofibromin, which accelerates GTP hydrolysis and converts active RAS-GTP to inactive RAS-GDP. Its expression thus negatively regulates signal transduction through RAS. Children with neurofibromatosis type 1 have a greatly increased incidence of juvenile myelomonocytic leukaemia (JMML). They comprise 15% of children with JMML and another 15% without clinical signs of neurofibromatosis have mutations in NF1. Children with neurofibromatosis who develop JMML have often developed monosomy 7, supporting the multi-hit hypothesis of leukaemogenesis. Somatic mutations in NF1 have been identified in a significant proportion of cases of JMML occurring in children who do not have neurofibromatosis.

ILLUSTRATIVE EXAMPLES OF ONCOGENIC MECHANISMS

The various leukaemias associated with the Philadelphia chromosome

Chronic myeloid leukaemia is consistently associated with t(9;22)(q34;q11.2) with the resultant formation of a hybrid gene, BCR-ABL1, on chromosome 22. This reciprocal translocation is balanced (i.e. no DNA is lost) but unequal lengths of chromosome are translocated so that chromosome 22 is shorter (22q-) and chromosome 9 is longer (9q+). The shortened chromosome 22 is referred to as the Philadelphia chromosome (after the city where it was discovered). The hybrid gene incorporates sequences from the BCR (breakpoint cluster region) gene on chromosome 22 and part of the ABL1 gene translocated from chromosome 9. The ABL1 gene is named because of its homology with a murine leukaemia virus, v-abl (Abelson murine leukaemia retrovirus). A translocation that appears the same on microscopic examination is also found in a significant proportion of adults with B-lineage ALL and in rare cases of AML. The precise breakpoints, however, differ at a molecular level so that the mRNA transcribed is of a different length and the proteins produced differ in molecular weight. In the great majority of cases of CML the BCR breakpoint is in the Major Breakpoint Cluster Region (M-BCR); this is also so in about a third of cases of Ph-positive ALL and in the rare cases of AML which are Ph-positive. The protein produced has a molecular weight of 210 kilodaltons and is referred to as p210BCR-ABL1. In the other two thirds of cases of Ph-positive ALL the breakpoint is in the minor breakpoint cluster region (m-BCR) and the protein produced has a molecular weight of 190 kilodaltons. It is referred to as p190BCR-ABL1. The same hybrid gene and p190 protein are found very rarely in CML (only about 5 cases reported). Uncommonly, a case of CML lacks the typical t(9;22) but has clinical and haematological features indistinguishable from Ph-positive cases. These patients have usually been found to have BCR-ABL1 formed by insertion of a small part of the ABL1 gene into BCR. The reciprocal ABL1-BCR gene is not formed. This confirms the suspicion that it is BCR-ABL1 which is oncogenic not ABL1-BCR, suggested initially by the fact that BCR-ABL1 is invariably transcribed whereas ABL1-BCR is transcribed in about two thirds of cases.


The normal ABL1 gene encodes a receptor protein with a molecular weight of 145 kilodaltons. This protein has tyrosine kinase activity, i.e. it can phosphorylate proteins with tyrosine residues, and has a role in signalling pathways within cells, including the RAS pathway. These signalling pathways normally come into operation after cell membrane receptors have bound growth factors. BCR-ABL1 also has tyrosine kinase activity. It can make cells independent of growth factor stimulation, i.e. there is constitutive activation of the enzyme, and can make them resistant to apoptosis. BCR-ABL1 appears to activate multiple pathways. It phosphorylates at least three cytoplasmic proteins (Grb-2, SHC and CRKL), which all in turn can activate the RAS pathway. Activated RAS activates RAF (possibly anti-apoptotic) and also nuclear transcription factors including the product of the oncogene JUN. In addition, BCR-ABL1 activates other transcription factors and also the MYC oncogene by RAS-independent pathways. Proteins that have been shown experimentally to be essential for the transforming effect of BCR-ABL1 include Grb-2, CRKL, RAS, JUN and MYC. Resistance to apoptosis may be one of the mechanisms by which the Ph-positive clone progressively expands at the expense of normal polyclonal haemopoietic cells. p190 has greater tyrosine kinase activity the p210 but otherwise it is not understood why one gene product is associated with both CML and ALL while the other is associated almost exclusively with ALL. 


Direct evidence of oncogenesis has been obtained experimentally. Transfection of BCR-ABL1 into fibroblasts leads to their transformation. Transfection of BCR-ABL1 (either the gene encoding p210 or that encoding p190) into bone marrow cells that are then transplanted into irradiated syngeneic mice leads to either acute or chronic leukaemia in the mouse. Production of transgenic mice carrying the gene for p190BCR-ABL1 leads to pre-B leukaemia/lymphoma in about half the mice. The gene for p210BCR-ABL1 may also lead to leukaemia/lymphoma, either B-lineage or T-lineage, albeit with a longer latent period and at a lower rate.


Evidence that the BCR-ABL1 is oncogenic includes:

1. ABL1 is vital for normal cellular functions and therefore has the potential to be oncogenic if these functions are perturbed;

2. ABL1 is homologous to a viral oncogene responsible for a mouse leukaemia;

3. Transfection and transgenic experiments in mice demonstrate oncogenicity of BCR-ABL1;

4. Imatinib and other selective inhibitors of ABL1 tyrosine kinase inhibit growth of BCR-ABL1-positive cells and are effective in treating patients with CML.

AML associated with t(8;21) or inv(16)(p13q22)

Two of the commoner subtypes of AML are M2 AML associated with t(8;21)(q22;q22) and M4Eo AML associated with inv(16)(p13q22) or t(16;16)(p13;q22). Oncogenic mechanisms are related. t(8;21) leads to fusion of a gene called RUNX1 (or AML1 or CBFA or CBF() at 8q22 to a gene called RUNX1T1 (previously ETO (= Eight Twenty One)) from chromosome 21q22. Inv(16) leads to fusion of the CBFB gene at 16q22 to the gene for the smooth muscle myosin heavy chain gene at 16p13, MYH11. The link between the two mechanisms is that in normal cells CBF( binds to CBF( (encoded by RUNX1) to form a heterodimeric transcription factor, core binding factor (CBF) which enhances transcription of many genes (Table 1) [Michaud et al. 2003].


After the completion of embryogenesis, CBF expression is largely confined to myeloid cells and lymphoid cells. The alpha chain of CBF (CBF(, RUNX1) binds to DNA either by itself or when complexed to the beta chain (CBF(); CBF( does not itself bind to DNA but enhances the binding of the alpha chain. RUNX1T1 is normally expressed in human brain. When the RUNX1 and RUNX1T1 genes are fused the fusion transcript, RUNX1-RUNX1T1, is expressed in the leukaemic cells. The fusion protein is a potent dominant negative inhibitor of the normal RUNX1 gene. The RUNX1T1-encoded moiety recruits nuclear co-repressors to the CBF promoters, thus inhibiting transcription [Dash and Gilliland 2001, Minucci et al. 2001].


The role of reduced expression of RUNX1 in the development of AML is seen in a familial syndrome with thrombocytopenia characterized by haplo-insufficiency for RUNX1 and a propensity to develop AML [Song 1999]. In some kindreds, in which the propensity to leukaemia is higher, there is a dominant negative effect, rather than just haplo-insufficiency. 


In inv(16), the CBF-MYH11 fusion gene produces a fusion transcript that is a dominant negative inhibitor of CBF( [Reilly 2005]. As in the case of the RUNX1-RUNX1T1 fusion product, CBF(-MYH11 recruits co-repressors. It also sequesters RUNX1. 

These and other illustrative oncogenic events occurring in AML are summarized in table 2.

Table 1 Genes that are controlled by the CBF transcription factor (DO NOT LEARN — JUST FOR ILLUSTRATION)
	Gene Type
	Gene*
	Description of gene product

	Growth factor
	GM-CSF
	Granulocyte-macrophage colony-stimulating factor

	
	IL3
	Interleukin 3 (a growth factor for myeloid and lymphoid cells)

	Receptors
	CSF1R
	Macrophage colony-stimulating factor receptor

	
	CSF3R
	Granulocyte colony-stimulating factor receptor

	
	TCRA, TCRB, TCRG, TCRD
	T-cell receptors α, β, γ, δ

	
	CD3 
	Part of T-cell receptor complex

	
	FLT3
	FMS-related tyrosine kinase

	
	CR1
	Complement receptor 1 

	Signalling molecules
	BLK
	B-cell specific tyrosine kinase

	
	CDKI1
	Cyclin-dependent kinase inhibitor 1 (p21)

	
	BCL2
	B-cell leukaemia 2 (an anti-apoptotic protein)

	Transcription activators
	STAT3
	Signal transducer and activator of transcription3

	
	PU.1
	A haemopoietic transcription factor

	
	MYB
	A transcription factor for myeloid and immature lymphoid cells

	
	FOS
	 A transcription factor for myeloid cells

	Effector molecules
	MPO
	Myeloperoxidase

	
	ELA2
	Neutrophil elastase

	
	GZMB
	Granzyme B


* Also CD11a (myeloid), CD13 (myeloid), CD36, enhancer of IGH (B-lineage)

AML M3 associated with t(15;17)

The second most common subtype of AML, after M2 AML/t(8;21) is M3 AML associated with t(15;17)(q22;q12). This gives rise to two fusion genes, PML-RARA and RARA-PML. (PML = ProMyelocytic Leukaemia and RARA = Retinoic Acid Receptor (). RARA-PML is transcribed in only 70-80% of cases whereas PML-RARA is transcribed in 100% of cases. It is therefore the latter which is most likely to be oncogenic. Oncogenicity of PML-RARA has been demonstrated in transgenic mice, all of which develop a myeloproliferative disorder and 10% of which develop acute leukaemia with promyelocytic arrest. A contributory oncogenic role for RARA-PML is not excluded. Normal RARA is a nuclear receptor, which is activated by its ligand, retinoic acid, and then functions as a transcription factor, binding to the retoinoic acid response elements (RARE) in the promoter region of target genes. Such binding requires heterodimer formation with retinoic acid X receptor (RXR). Normal PML protein is a transcription suppressor and suppressor of growth and transformation. PML-RAR( protein is a dominant negative oncoprotein that binds to normal PML protein, alters its distribution within the nucleus from discrete nuclear bodies to a microparticulate distribution and interferes with its function. PML-RAR( protein also has an abnormal RARα-related function. Both recruit a nuclear co-repressor that inhibits transactivation of target genes with RARE. In the case of the normal protein, RARα, the presence of physiological levels of retinoic acid prevents recruitment of this co-repressor and instead activator molecules are recruited and genes that lead to cellular maturation are transcribed. In the case of the PML-RARα, physiological levels of retinoic acid are unable to do this but normal function can be restored by pharmacological doses, as when all-trans-retinoic acid (ATRA) is used in therapy. Another mechanism of action of PML-RARα is that it recruits DNA methyl transferase, leading to hypermethylation and gene repression. The expression of the PML-RARA gene leads to continued proliferation with differentiation arrest at the promyelocyte stage. There is suppression of apoptosis. ATRA has been found to be very useful in therapy of M3 AML. In vivo, high doses convert the activity of the fusion protein from an inhibitor to a stimulator of differentiation. Its administration means that PML-RARα becomes a transcription activator rather than a transcription repressor, the distribution of PML becomes normal and the block at promyelocyte stage is reversed with the cells of the leukaemic clone undergoing terminal differentiation and apoptosis. The leukaemic clone is apparently eliminated. However, unfortunately some residual leukaemic cells remain so that relapse occurs unless chemotherapeutic agents are also administered. Nevertheless the results of treatment with chemotherapy plus ATRA are significantly better than the results with chemotherapy alone. The therapeutic response to ATRA holds out hope that other novel antileukaemic therapies will be developed, the mechanism of action of which can be linked to the molecular basis of leukaemogenesis. 

Acute myeloid leukaemia following severe congenital neutropenia
A rare heterogeneous group of severe congenital neutropenias may be followed by AML, developing either spontaneously or following administration of G-CSF (given to reduce the neutropenia and lessen the chance of infection leading to death). Some cases of AML associated with severe congenital neutropenia have been found to be associated with a somatically mutated gene that codes for a truncated G-CSF receptor protein. The abnormal protein is still able to transmit growth and proliferation signals following binding of G-CSF to its extracellular domain but it is no longer able to transmit signals promoting differentiation and maturation. The abnormal gene product also interferes with the function of the product of the normal allele, a dominant negative effect. It is possible that the higher proliferative rate associated with G-CSF therapy predisposes to this mutation and the appearance of a leukaemic clone. It is of interest that of the first seven patients with congenital neutropenia who were reported to have developed AML, four had received prolonged therapy with G-CSF. Extra genetic events appear to be common (e.g. monosomy 7 has appeared at or just before leukaemic transformation). In considering the role of G-CSF in leukaemogenesis it is important to remember that, without this drug, patients with this syndrome are likely to have recurrent severe sepsis, which in many patients leads to death.


Some cytogenetic abnormalities associated with haematological neoplasms and, when known, the relevant oncogenic mechanisms are summarized in Table 2.
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Table 2

Illustrative cytogenetic/molecular genetic abnormalities in AML

Cytogenetic 

Type of

Probable mechanisms of 

abnormality

AML

leukaemogenesis

t(15;17)(q22;q12)
M3 and

part of the PML gene at 15q22 and part of the




M3v

RARA gene from 17q21 form a hybrid gene,  






PML-RARA, the product of which has a






dominant negative effect on the products of






the normal genes

t(11;17)(q23.1; q21)
rare cases
part of the ZNF145 gene at 11q23.1 and part of



of M3-like
the RARA gene from 17q21 form a hybrid gene,



AML

ZNF145-RARA (DON’T LEARN)
t(8;21)(q22;q22)
M2

part of the RUNX1 gene at 21q22 and part of the






RUNX1T1 gene from 8q22 form a hybrid gene, 






which has a dominant negative effect on 






the function of the normal RUNX1 gene

inv(16)(p13q22) and
M4Eo

part of the CBFB gene at 16q22 and part of the 

t(16;16)(p13;q22)


MYH11 gene at 16p13 form a fusion gene, 






CBFB-MYH11 which probably has a dominant






negative effect on the normal RUNX1 gene

t(9;22)(q34;q11)
variable

BCL-ABL1 fusion gene, fusion protein is a 






tyrosine kinase in the signal transduction






pathway, which causes resistance to apoptosis
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