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The patterns of genetic change, clonal evolution, natural history and latency are very diVerent in the

paediatric leukaemias compared with adult epithelial cancers but are similar to those in other child-

hood cancers of mesenchymal stem cell origin. This distinction has a biological logic in the context of

the selective pressures for clonal emergence in diVerent developmental and cellular contexts and has a

major impact on curability. Most childhood leukaemias and some other mesenchymal stem cell

tumours are of fetal origin and can metastasise without corruption of restraints on cell proliferation or

bypassing apoptosis. In marked contrast to most invasive or metastatic epithelial carcinomas in

adults, these former cancers then retain sensitivity to therapeutic apoptosis. Moreover, their abbre-

viated and less complex evolutionary status is associated with less genetic diversity and instability,

minimising opportunity for clonal selection for resistance. A minority of leukaemias in children and a

higher fraction in adults do, however, have genetic alterations that bypass cell cycle controls and

apoptosis imposition. These are the `bad news' genotypes. The cellular and molecular diversity of

acute leukaemia impacts also on aetiology. Paediatric acute leukaemias can be initiated prenatally by

illegitimate recombination and fusion gene formation in fetal haemopoiesis. For acute lymphoblastic

leukaemia (ALL) in children, twin studies suggest that a secondary postnatal molecular event is also

required. This may be promoted by an abnormal or delayed response to common infections. Even for

a classic case of a cancer that is intrinsically curable by systematic chemotherapy i.e. childhood ALL,

prevention may turn out to be the preferred option. # 1999 Elsevier Science Ltd. All rights reserved.
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INTRODUCTION

Good news and bad news

Childhood leukaemia has been one of the 20th century's

success stories in cancer treatment. This triumph over

adversity has been much lauded and deservedly so; for a dis-

ease that was, in 1950, universally fatal to have a cure rate of

around 75% at the end of the century [1] is no mean feat. Just

a few other cancers have succumbed to this challengeÐchor-

iocarcinoma, Hodgkin's disease in young adults, Wilms'

tumour and testicular carcinoma, all of which are potentially

curable by radio- and/or chemotherapy even when metastatic.

Sitting uneasily beside this good news is the stubborn refusal

of 25% of cases of paediatric leukaemia to go away and, more

strikingly, the intransigence of most adult cancers. Only a

small minority of the major cancer typeÐthe epithelial carci-

nomas, are curable once they have breached the point of no

return and disseminated. In addition, adult acute leukaemias

fare much worse than those in children. I have often asked

oncologist colleagues what they believe lies behind this

extreme variation in outcome, both between diVerent cancer

varieties and within a single type such as acute lymphoblastic

leukaemia (ALL). The answer usually goes along the lines of,

``Well, we've known for years that cancers are very diverse in

their behaviour, some have cells that are intrinsically sensitive

to treatment, others rapidly develop resistance and, oh yes,

kids are rather more resilient than old folks as patients.''

Which rather begs the question doesn't it? And the question

matters. At the turn of the century, we witness an accelerating

race to develop new generation therapeutics for the nasty

cancers. This is enabled in equal measure by technological

innovation and venture capital mega-dollars and is embellished

by media and newsdesk hyperbole. It would be reassuring to

say the least if, in setting this agenda, we had more insight

into the biological basis of our previous successes and failures.

Childhood leukaemia may provide one such opportunity.

At the same time if, as in the past, I ask paediatric oncolo-

gists or haematologists a question that parents of children

with leukaemia often pose, ``What do you think might cause

it and could it be prevented?'' then an apologetic shrug of the

shoulders is the commonest response. Which is fair enough;

they've not been expected to know, and who does? Their job

comes after the event. But the question is again fundamental.

Curing a cancer such as ALL can incur a price for a young

patient in physical or intellectual development. And even if

this was not the case, cancer research driven by the allure of

miracle cures is impoverished indeed if it does not pay equal

attention to possible causal mechanisms and prospects for

prevention. Childhood leukaemia may have something inter-

esting to oVer here as well.

What follows then is a biography of a cancerÐacute lym-

phoblastic leukaemia, the commonest subtype of cancer in

children. Like all biographies, the perspective is coloured by

the author's prejudices but the argument at least is simple:

the diversity of the disease can be dissected with the tools of

cell and molecular biology. These data can be used to

assemble alternative natural histories for ALL which then

provide the framework for making sense of what comes

before and after a diagnosis: causation and clinical response.

THE BIOLOGICAL DIVERSITY OF ACUTE

LEUKAEMIA

The acute leukaemias are broadly divisible by morphologi-

cal and cytochemical criteria into myeloid and lymphoid

varieties. In adults, some 85% are myeloid, the remainder

mostly lymphoid. In children the reverse is the case, 80%

being lymphoidÐALL. A minority have ambiguous or mixed

lympho-myeloid phenotypes. Acute myeloid leukaemias

(AML) are clearly heterogeneous in lineage or cell type

involvement as revealed by even a cursory scrutiny of mor-

phology but ALL cells have a monotonous appearance that

for a long time obscured their origins and diversity.

In the 1970s and early 1980s, it became clear from the

phenotypic characterisation with antibodies that ALL was a

disease of the B or T lymphocyte lineages, and that the leu-

kaemic lymphoblasts were arrested in their diVerentiation at

what appeared to be equivalent to an early or precursor stage

of development [2]. The marked age-associated incidence

peak at around 2±5 years for paediatric ALL was found to be

exclusively a B lineage disorder [2]. Subsequent analysis of

lineage involvement in ALL and other acute leukaemias using

chromosomal markers, mutant or rearranged gene markers,

immunoglobulin heavy chain (IGH) and T-cell receptor

(TCR) gene rearrangements and X-linked polymorphisms

(as clonal markers in females) provided a more stringent test

of cellular origins. These analyses substantiated the single

cell, monoclonal origin of all leukaemias and provided new

insight into the likely developmental level or target cell for

mutation and clonal selection [3]. Several acute leukaemias

that might have been considered myeloid or lymphoid lineage

restricted on the basis of the dominant cellular phenotype

turned out to originate in multi-potential lympho-myeloid

stem cells. These included a signi®cant proportion of ALL

that had a Philadelphia (Ph) chromosome t(9;22)(q34;q11)

with either the p210 BCR-ABL fusion gene [4] in common

with chronic myeloid leukaemia (CML) or the p190 variant

of the same gene that is exclusive to ALL [5]. It had been

recognised for some time, and before the molecular genetic

revolution, that the presence of a Ph chromosome in ALL

was a harbinger of bad news as far as clinical outcome was

concerned [6]. Furthermore, since considerably more ALL in

adults than in children had a Ph1 chromosome, this provided

at least a hint of what might contribute to the age-associated

prognosis. Childhood and adult ALL was not the same

disease [7]; a subset which responded very poorly in the

clinic, originated in a more primitive stem cell and was driven

by a unique fusion gene encoding an activated kinaseÐBCR-

ABL.

Overall, these clonal analyses provide strong support for

the view that whatever the predominant phenotype of the

leukaemia cells within a lineage maturation sequence, the

molecular lesion responsible for clonal emergence originated

in antecedent stem cells. But there are stem cells and stem

cells with respect to the hierarchical structure of the haemo-

poietic system and leukaemias appear to originate at three

major developmental levels of lineage speci®cation. In this

critical respect, there is a marked bias between the acute leu-

kaemias of paediatric versus adult cases (Figure 1). The

likely, though unproven, explanation for this is that lineage

committed stem cells are active in early development and

provide potential targets for transformation, whereas in adult

haemopoiesis predominant stem cells reside at the multi-

potential lympho-myeloid cell level and hence is pre-

ferentially at risk. This designation of cellular origins still

leaves unanswered the question of why a group of leukaemias

such as adult AML that mostly arise in the same target stem

cell population can have such a diversity of phenotypes in

174 M. Greaves



terms of the dominant lineage and apparent level of diVer-

entiation achieved. This seems very likely to be a functional

attribute of the genes that are driving clonal selection (dis-

cussed further below).

Over the past 10 years, a rich tapestry has been assembled

of the diversity of molecular abnormalities in acute leukaemia

[8]. This now reaches a baroque-like complexity. Over 200

clonal chromosomal changes have been recorded and more

than 50 molecular abnormalities identi®ed. As the functions

of the proteins encoded by altered genes become uncovered,

the extent of diversity becomes less bewildering. Most of the

aberrations fall into generic classes of functional dysregula-

tion within which there is considerable redundancy, e.g. cell

cycle, apoptosis and diVerentiation controls [3]. Moreover, a

few of the molecular genetic changes are predominant. What

stands out from these molecular audits is the abundance of

chromosome translocations in which reciprocal chromosomal

exchanges of sections of DNA generate novel fusion genes

[9, 10]. There are two types (Figure 2). One of these is

unique so far to the lymphoid system and involves transposition

of a putative oncogene into a hot spot for persistent expres-

sionÐthe IGH or TCR loci. The other, more widespread type

Figure 1. Hierarchical stem cell origins of leukaemia and related cancers. Arrows denote likely level of clonal selection for the
majority of cases of leukaemia of subtype listed. AL, acute leukaemia; ALL, acute lymphoblastic leukaemia; AML, acute mye-
loblastic leukaemia; ATL, adult T cell leukaemia/lymphoma; cut, cutaneous; CLL, chronic lymphocytic leukaemia; HCL, hairy

cell leukaemia; NHL, non-Hodgkin's lymphoma; PLL, prolymphocytic leukaemia.

Figure 2. Alternative mechanisms of gene alteration in chromosome translocation. Reg, regulatory element, e.g. IGH enhancer.
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is actual chimaerism, or fusion, generating a hybrid protein,

BCR-ABL being the prototype. These latter dangerous liai-

sons come in a veritable orgy of combinations. Some indivi-

dual genes such as MLL (in acute leukaemia) [11] or BCL-6

(in lymphoma) [12] indulge in a plethora of alternative

partnerships. Others typi®ed by TEL and AML1 are choreo-

graphed into a mix and match dance (Figure 3). In the latter

ensemble, there are two major functional outcomesÐthe

constitutive activation of a kinase, or altered transcriptional

regulation.

SELECTIVITY OF GENETIC DEFECTS: SPECIFIC

STRIKES OR NATURAL SELECTION?

There are several aspects of the selectivity of these chromo-

somal rearrangements that may carry profound implications

for leukaemogenesis and perhaps cancer more generally. The

®rst is the association of particular abnormalities with leukae-

mia of the same haematological sub-type at diVerent ages.

When the relative or proportional frequencies of the major

chromosomal abnormalities in ALL are considered in relation

to age at diagnosis, then a striking divergence emerges

Figure 4. Molecular genetic subsets of ALL. Pie chart shows approximate and relative proportional representation of major
molecular abnormalities in cases diagnosed haematologically as ALL in infancy (0±12 months), childhood (1±15 years) and
adulthood (>15 years). In reality, these boundaries are less distinct and biological subtypes of ALL overlap in their age

distribution.

Figure 3. Mix and match gene fusions with TEL and AML1. Arrows indicate particular gene pairings and associated subtype of
leukaemia. ALL, acute lymphoblastic leukaemia; AML, acute myeloblastic leukaemia; CML, chronic myeloid leukaemia;
CMML, chronic myelomonocytic leukaemia; MDS, myelodysplastic syndrome (a form of myeloid pre-leukaemia). CBF�, core

binding factor � subunit is an alternative name for AML1; ETV6 is alternative name for TEL.
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(Figure 4). In infant ALL (< 12 months), fusions of the MLL

gene predominate [13]. In the 2±5 year age peak of common

(c) ALL, subsets with either hyperdiploidy or TEL-AML1

fusion are the most prevalent [14, 15]. In adult ALL, the sub-

sets that are frequent in the paediatric cases are very rare and

the Ph1 chromosome, BCR-ABL fusion is the most common

genetic abnormality, increasing in frequency with age [16].

The second and related aspect of selectivity is the remark-

able association between speci®c fusion gene combinations

and leukaemia sub-type as de®ned by lineage, cell type or

level of diVerentiation (see Figure 3). Janet Rowley (Uni-

versity of Chicago Medical Center, Chicago, U.S.A.) ®rst

drew attention to this such highly selective associations in the

context of AML and reached the prescient conclusion that

the rearrangements provided chromosomal landmarks for the

genes that are consistently involved in a cell context depen-

dent manner, possibly linked in some way to diVerentiation

controls [17]. The same is true of ALL and haemopoietic

malignancies in general. Chromosomal rearrangements in T

lineage ALL subvert diVerent genes to the dictatorial rule of

TCR gene regulatory elements from those genes similarly

coerced by partnership with the IGH gene in B lineage

malignancies [9]. Within ALL subsets at diVerent ages that

all share a predominant early B lineage phenotype, closer

scrutiny of the relationship between altered genotype and

developmental level of clonal selection reveals further selec-

tivity. Infant ALL with MLL gene fusions often have markers

indicative of a B/monocytic bilineal origin; cALL with TEL-

AML1 or hyperdiploidy appear to originate in an early B

lineage restricted stem cell, whereas as already indicated,

BCR-ABL fusion often appears to arise in a lympho-myeloid

stem cell in adults [18].

These patterns of selectivity could arise by one of several

mechanisms [19]. For example, selective transcriptional

accessibility in chromatin may provide opportunities for

recombination otherwise denied by compact chromatin and

gene silence, i.e. a selective strike. Alternatively, the rearrange-

ments could occur in a more widespread manner but be

registered as leukaemia sub-type associated as a consequence

of the selective impact of the protein product of the translo-

cation within a particular cell or developmental context, i.e.

by natural selection. Both mechanisms could well operate since

some degree of physical accessibility is likely to be required.

Selective impact of the encoded protein is in fact very likely as

indicated by the clonal origin of diVerent subtypes of AML in

the same multi-lineage stem cell (see above) and is further

supported by experiments in transgenic mice in which fusion

genes driven by lineage neutral promoters produce the same

restricted cell type of leukaemia in mice as in patients, for

example, p190 BCR-ABL and B cell precursor ALL [20] and

MLL-AF9 and AML [21]. For ALL with a predominant B

cell precursor leukaemic cell phenotype, it can be concluded

that the TEL-AML1 fusion gene and hyperdiploidy could

arise by whatever mechanism in a variety of cell types, but

that there is selective impact exclusively on a B lineage

restricted stem cell that is most active early in life. Alter-

natively, BCR-ABL p190 kinase activation may produce a

similar leukaemic cell phenotype and level of diVerentiation

block in ALL, but endow clonal advantage in a more primi-

tive lympho-myeloid stem cell that is more at risk in adults.

There is a third striking aspect of selectivity of these

genetic recombinations. The generation of fusion genes by

chromosomal translocation is a predominant mechanism of

cell transformation in stem cells of mesenchymal origin, the

leukaemias (plus lymphomas and myelomas), rhabdomyo-

sarcomas, Wilms' tumours and other sarcomas [9, 19]. In

contrast, to date, the same genetic gymnastics have made a

very timorous appearance on stage for the major adult can-

cersÐthe epithelial carcinomas. The explanation for this

de®cit is either trivial or profound. Owing to the technical

diYculties of obtaining good metaphase chromosome spreads

of epithelial cancer cells, it could be that so far we have sim-

ply missed many underlying chromosomal translocations. If

so, then this situation will soon be resolved with improved

cell sorting and cell culture methods combined with the

application of newer pan-chromosome ¯uorochrome-label-

ling methods. Alternatively, and as I suspect, the apparent

de®ciency of consistent reciprocal translocation may be real

and, therefore, much more interesting, particularly if it turns

out that dysregulation of transcriptional controls by fusion

gene formation is restricted to mesenchymal cancers. If so,

then there are several potential explanations [22]. A selective

strike at loci accessible in a certain class of stem cells is one

possibility, but the more likely option is that this kind of

genetic abnormality, as an initiating event, leads primarily to

inhibition of diVerentiation which provides clonal advantage

to mesenchymal-derived clones but less so, if at all, to epi-

thelial stem cell derivatives. More on this in a moment.

Clearly the selectivity of molecular abnormalities in leu-

kaemia still awaits a full molecular explanation but it certainly

suggests that the developmental and cellular context of a

molecular aberration is critical to its likely impact. These

observations also reveal that ALL is both biologically and

clinically a very diVerent disease in infants, children and

adults. This has important implications for treatment, prog-

nosis and possible cure, as we will see later. It is also likely

that age-associated subtypes are distinct aetiologically, which

is also no trivial matter.

A NATURAL HISTORY TALE

These molecular associations are presumed to be causal,

integral components of the pathway of aetiology and patho-

genesis. But exactly where do they ®t into the natural history

of ALL? Are they initiating events and, if so, when do they

occur in the prior life history of a child diagnosed, say, at the

average age of 3 years? And if they are initiating events, what

else is required for evolution of the leukaemic clone to expand

suYciently to prompt diagnostic symptoms? How many

accumulative genetic events does it take to get ALL? One

thing is clear, children diagnosed with ALL usually have a

very short clinical history. Four to six weeks before symptoms

of paleness, lethargy, bruising or infection prompt a diag-

nosis, the patient will usually have been perfectly healthy.

Hence the sense of shock and disbelief in parents. Since this

cancer is unlikely to have a latency of a few weeks, we can

assume that there must be a more protracted but covert and

clinically silent natural history. This has now been teased out

of cover.

The common molecular abnormalities are acquired or

non-constitutive; they are absent from non-blood cells and

disappear during remission. For 95% of ALL and AML,

there is no evidence for predisposition via the inheritance of

dominantly active or highly penetrant, mutant genes. The

rare exceptions are cases associated with syndromes asso-

ciated with constitutive defects in DNA repairÐBloom's

syndrome, Fanconi's anaemia, ataxia telangiectasia (AT). For

Molecular Genetics, Natural History and the Demise of Childhood Leukaemia 177



the latter situations, the risk of acute leukaemia is greatly

increased but the cases are usually AML or, in the case of

AT, T cell leukaemia [23]. Down's syndrome children have

an overall 20±30 times extra risk of acute leukaemia [24] and,

for reasons that are still poorly understood, with Down's it

is often of a normally very rare sub-typeÐacute mega-

karyoblastic. Family pedigrees with acute leukaemia do occur

but are rare. There is, therefore, little or no evidence that the

predominant sub-types of ALL in infants, children and adults

are associated with inherited genetic abnormalities, despite

the very young age of many of the former patients. This is not

to say that ALL and AML are not subject to genetic in¯u-

enceÐin, for example, risk factors linked to causal pathways

[23].

If the common fusion genesÐsay MLL-AF4 in infant ALL

and TEL-AML1 in childhood ALL (Figure 5), are indeed

initiating events, then their origin must be constrained to

quite a brief developmental period between the beginning of

haemopoiesis or lymphopoiesis in the embryo or fetus (fetal

liver at 9/10 weeks and bone marrow at 18±20 weeks) and

some time-point, a few months perhaps, prior to diagnosis.

Given this narrow window, one might anticipate that the

initiating mutations commonly occur prenatally, particularly

for infant ALL. The average age for these patients at diag-

nosis is 6 months but a minority are diagnosed congenitally or

neonatally with MLL fusion genes [25, 26]. A case of fetal

death due to an acute leukaemia with a rearranged MLL gene

has also been described [27].

Epidemiological studies provide some indirect evidence for

fetal origin of paediatric acute leukaemia, though this is more

marked for infant AML than for infant or childhood ALL

[28]. Mathematical modelling also provides support for the

view that a fetal initiation is plausible for typical childhood

ALL (i.e. cALL at age 2±5 years) [29]. We have sought more

direct, molecular evidence that the common fusion genes in

paediatric ALL are initiating, fetal events, and, collectively,

the evidence is now persuasive.

IDENTICAL TWINS WITH CONCORDANT ALL

Over 100 years ago, Francis Galton, cousin of Charles

Darwin, introduced the idea of comparing identical (mono-

zygotic) with non-identical or fraternal (dizygotic) twins as a

means of comparing the relative importance of nature (or

inherited genetics) versus nurture (or environment) in normal

and pathological features. Most human diseases have now

been subject to the twin test, as have most other human fea-

tures or traits including cognitive ability, self-esteem, sexual

preference and obesity. When twins share the same disease or

feature, this is described as concordance. Concordance is

compatible with a strong genetic in¯uence but does not pro-

vide de®nitive proof (in the absence of knowledge of the

genes involved) and could be confounded by the likelihood

that identical twins may be more likely than fraternal twins to

share a near identical environment. This potential distinction

extends to the period before birth when some 60% of mono-

zygotic twins share a single or monochorionic placenta [30].

One hundred per cent of dizygotic twins have independent or

dichorionic placentas. This diVerence turns out to matter

with respect to leukaemia.

The concordance rates for most diseases studied re¯ect an

involvement of both inherited predisposition and postnatal

environmental exposures (and chance). Rates for auto-

immune diseases such as insulin-dependent diabetes and

multiple sclerosis are between 25 and 50% [31, 32]. In leu-

kaemia and related diseases, the rates depend critically upon

sub-type (Table 1). The high concordance rates for acute

Figure 5. Structural features of the common fusion genes in paediatric acute lymphoblastic leukaemia. Simpli®ed functional
domain structure of rearranged, hybrid proteins. AT hooks, adenine, thymine rich region (DNA binding?); Zn, zinc ®ngersÐ
DNA and/or protein binding; TRX homology-region with sequence homology to the Drosophila developmental protein trithorax;
SP, serine proline richÐDNA binding?; NLS, nuclear localisation signal. PD, pointed domain (for protein interaction); ETS-BD
Ets-like binding domain (to DNA); RHD, Runt Homology DomainÐregion with sequence homology to Runt gene product in

Drosophila (DNA binding); TADÐDNA transactivating domain.
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leukaemia in the very young have been recognised for many

years, the ®rst cases being described in the 1930s. In the

1970s, there was a ¯urry of interest in such twin pairs and

much speculation on its signi®cance [33, 34]. The clearest

and most innovative suggestion came from Boyse and Clark-

son at Memorial Sloane Kettering, New York, U.S.A. [35].

Boyse as an immunologist was well informed about blood cell

chimaerism in twin cattle; this had led Peter Medawar to the

discovery of immunological tolerance for which he won his

Nobel Prize in 1960. The simple idea was that concordance

re¯ected metastasis from one twin to the other, the leukaemia

arising in one fetus with clonal progeny disseminating to the

other co-twin via the vascular anastomoses that occur within

a single, monochorionic placenta [35].

There is a simple test that discriminates between the Boyse

and Clarkson explanation of twin concordance and the `con-

ventional' explanation for shared illness in identical twins. If

the former is correct, then the leukaemic cell population in a

pair of twins will belong to a single clone as opposed to two

independent clones. Of course the twins are themselves, in

genetic terms, members of a single unique clone, but mole-

cular markers that detect post-zygotic acquired genetic varia-

bility can distinguish singular from independent clonal origin

of cancer cells, even in identical twins.

Several molecular markers of clonality are available [2] but

the most decisive and relevant here are the precise break-

points or fusion sequences in the chimaeric genes that are

consistently generated, in ALL, by rearrangement and fusion

(Figure 5). DNA breakpoints are clustered in a limited region

of noncoding introns (usually several kb) but each patient's

leukaemic cells' breakpoint is unique or clonotypic. This

genomic variation is usually of no functional signi®cance as

subsequent exon splicing ensures that the same chimaeric

protein is assembled. This unique feature can be revealed by

Southern blot analysis and genomic sequencing of the fusion

gene. Using this approach, we found that in three pairs of

identical infant twins with MLL gene rearrangement and

ALL, each pair shared the same clonotypic MLL gene break

(Figure 6) [36]. Two other pairs of infants with concordant

ALL or AML have subsequently been reported to have iden-

tical MLL gene fusions [37, 38]. Essentially the same result

has been now obtained with older children with ALL also. In

a pair of Brazilian twin children diagnosed at the age of 9

years with T-ALL in one case and the age of 11 years with T-

non-Hodgkin's lymphoma (NHL) in the co-twin, the leu-

kaemic cells shared a common clonal origin as indicated by

their unique T-cell receptor b DnJ sequence [39]. More

recently, several twins with common ALL and TEL-AML1

gene fusion have been examined for clonality. This was more

technically demanding as the AML1 breakpoint region is very

large (possibly �100 kb) and no complete genomic sequence

was available. To circumvent these diYculties, the TEL-

AML1 genomic fusion region was either directly cloned from

a 12 kb Southern blot rearranged restriction fragment identi-

®ed with a TEL probe [40] or ampli®ed and directly

sequenced using an adaptation of a long distance inverse

PCR method [41]. In three pairs of twins, it was again found

that the twins shared the same clonotypic fusion gene

sequence and must, therefore, have had a single cell origin in

one fetus [40±42]. One of these twin pairs was especially

informative. One twin was diagnosed at the age of 5 years,

her twin sister 9 years later at the age of 14 years [41]. This

divergence of diagnosis in time indicates that the postnatal

latency in ALL following prenatal initiation can be variable

and occasionally very protracted. At the time twin 1 was

diagnosed at the age of 5 years, a routine bone marrow aspi-

rate was taken on her healthy sister. This showed no mor-

phological signs of leukaemia and was archived. Armed with

the genomic TEL-AML1 fusion sequence of the leukaemic

clone that emerged in this twin some 9 years later, we could

show, using conventional polymerase chain reaction (PCR),

that the leukaemic or `pre-leukaemic' clone was present in the

`normal0 bone marrow almost a decade before its emergence

to clinical distinction [41]. Furthermore, since the routine

bone marrow aspirate is essentially a random, single sampling

of marrow, we can conclude from this observation that the

`pre-leukaemic0 fetal clone was widely disseminated but sub-

ject to some kind of homeostatic or self-limiting control in its

expansion.

Figure 6. Monoclonal origin of MLL gene rearrangement in
identical twin infants with ALL. Southern blot showing
restriction digest products of the MLL gene. 1, 2, 3, DNA from
three individual unrelated infants with ALL; the three rear-
rangements are diVerent. 4, DNA from leukaemic cells (ALL)
without MLL gene rearrangement. C, control DNA; germ line
(gl)/unrearranged MLL gene. 8A/B, DNA from leukaemic cells
of twin pair showing same rearrangement (also observed with
other enzyme restriction digests. No rearrangement seen with
constitutive DNA). For further details of the molecular analy-

sis of these twin cases see [36].

Table 1. Concordance rates for haematological malignancies

Disease subtype Concordance rate*%

Adult (> 15 years) acute leukaemiasy < 1

Hodgkin's disease in young adults

(15±45 years) [84]

5

ALL in childrenz (1±15 years) �5

Infant (< 12 months) acute leukaemiaz 25±50

*Very approximate. yLimited data available; could be higher in B

chronic lymphocytic leukaemia which can be familial. zEstimates

[18, 85, 86].
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The sharing of these clonotypic molecular markers can only

be plausibly explained by a prenatal origin in one

haemopoietic stem cell with the fusion gene formation

representing a very early and likely initiating molecular

event. Progeny of this transformed cell then will have meta-

stasised to the co-twin via intraplacental anastomoses as

predicted by Boyse and Clarkson. Since monozygotic twins

with ALL are in all respects, other than having been acciden-

tally cloned, no diVerent from other paediatric patients with

leukaemia, it seems very likely that ALL can have a fetal origin

in non-twinned paediatric patients; and maybe in most cases

BACKTRACKING LEUKAEMIA TO BIRTH

This prenatal interpretation of the twin data has now been

substantiated in both twins and singletons by a direct mole-

cular test. If pre-leukaemic cells originate in the fetus and, in

the identical twin context, spread from one twin to the other

before birth via blood, then there is a reasonable likelihood

that they will be present in blood at birth in both twins and

singletons. All children in most European countries and the

U.S.A. have a small blood sample taken by heel prick in the

®rst year of lifeÐthe Guthrie card (Figure 7). These neonatal

blood spots have been traditionally used for screening for

inborn errors of metabolism (phenylketonuria, PKU). It is

known, however, that DNA remains intact on old ®lters and

can be ampli®ed by PCR to reveal both constitutive muta-

tions in, for example, the b haemoglobin gene [43] or the CF

gene [44] and exogenous viral sequences [45, 46]. We rea-

soned that it might be possible to detect low copy number

leukaemia fusion gene sequences in such material using PCR

with patient or clone speci®c primers. Arti®cial blood spots in

which normal blood was spiked with leukaemic cells indi-

cated that under optimal conditions, 1±10 copies of the

genomic fusion sequence (or cells) could be detected.

Guthrie cards were ®rst obtained from 3 patients diagnosed

with MLL-AF4 fusion gene positive ALL aged 5, 6 and 24

months. All 3 gave positive PCR signals in single segments

excised from their corresponding blood spots [47]. Sequen-

cing of the products con®rmed that they were identical to

those in the corresponding leukaemic cell DNA at diagnosis.

More recently Guthrie cards from newborns who subse-

quently developed cALL with a TEL-AML1 fusion gene have

been collected. As proof of principle, blood spots from a pair

of identical twins, both aged 3 years at diagnosis, were tested

[42]. In each case, blood spot slices were positive for the

clonotypic sequence, suggesting the presence of a small

number of `pre-leukaemic' cells in blood at birth. Subse-

quently, a Guthrie card from a singleton with cALL (aged 2

years 1 month) was assessed and was also positive. Other

neonatal blood spots from individuals who have later devel-

oped TEL-AML1 positive ALL are currently being assessed.

These data provide direct evidence for a fetal origin of

Figure 7. Detection of clonotypic MLL-AF4 fusion sequences in neonatal blood spots. (a) Infant ALL with MLL-AF4 fusion gene
at diagnosis (source of DNA)Ðstained bone marrow smear. (b) Guthrie card blood spots. (c) PCR result (stained gel) using
clonotypic, patient-speci®c primers to assess sensitivity of detection of diagnostic MLL-AF4 DNA, by dilution and detection of
MLL-AF4 fusion in individual (1/10th) slices of blood spot. c, control, slices from other Guthrie cards; m, molecular weight
markers. (d) Identical fusion region sequences identi®ed in leukaemic/diagnostic and neonatal blood spot DNA. See [47] for

details.
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leukaemia fusion gene, both for MLL-AF4 in infants and

TEL-AML1 in older children. It will almost certainly not be

possible to use this approach to resolve whether or not all

paediatric cALL are fetal in origin, though most may be.

Guthrie blood spots carry a very small volume of blood

(�30 ml) and the absolute number of leukaemic/pre-leu-

kaemic cells is likely to be small. Some Guthrie cards will

probably yield negative results but such data will not be

interpretable.

POST-NATAL GENETIC EVENTS

The concordance rates for leukaemia in identical twins will

re¯ect the requirements for additional events after the initiation

of leukaemogenesis in the fetus. For infant ALL with MLL

fusion genes, the concordance rate is very high. Accurate ®g-

ures are not available but rates are around 25±50% and may

approach 100% for those with a single placenta. Latency is

also remarkably brief. As it is in one other situation involving

MLL gene fusion. This is in so-called secondary leukaemias

(usually AML) that arise in a small minority of cancer

patients as a consequence of the therapeutic use of genotoxic

drugsÐas collateral damage [48]. In cases associated with

prior use of anthracyclines or epidophyllotoxins (VP16,

VP26), rearrangements of the MLL gene are common and

latencies are very brief, averaging around 18 months. An

implication of the very high concordance rate plus very brief

latency or time frame of clonal evolution to clinical disease is

that the MLL gene fusion may be suYcient for leukaemogenesis.

Alternatively, the fusion gene would have to provoke very

eYciently whatever other secondary changes are necessary.

For cALL in children, the story is diVerent. The precise

concordance rate for identical twins is again not known but is

around 5% with an average postnatal latency of 3 years [18].

This then implies that fetal initiation, by TEL-AML1 is

insuYcient for overt leukaemia development. From which

follows two important predictions. Firstly, that many more

children are born with a TEL-AML1-driven pre-leukaemic

clone than ever become diagnosed with leukaemia. This is

currently being assessed by molecular screening of unselected

cord blood samples. Secondly, that something else is required

after birth for cALL to develop. As with other twin studies of

disease, the suspicion then falls on environmental exposures

that, in this case, might provoke or promote evolution of the

`pre-leukaemic' clone. In molecular terms, the only consistent

genetic abnormality observed at diagnosis in cALL along with

TEL-AML1 fusion gene itself is deletion of the normal TEL

allele from the parental chromosome 12 not involved in the

translocation. This occurs in most cases of cALL with TEL-

AML1 fusion [49] and ¯uorescence in situ hybridisation

(FISH) studies provide evidence that TEL allele deletion is

secondary or sub-clonal to TEL-AML1 fusion [50]. This

combination of genetic abnormalities is beginning to make

sense with respect to the likely biochemical function of the

chimaeric fusion protein. TEL (ETV6) and AML1 (CBFa)

are essential or obligatory transcriptional regulators in fetal

haemopoiesis as revealed by homologous recombination

knockouts in mice [51, 52]. The chimaeric protein has altered

DNA interactive capacity (Figure 6) compared with either

wild type proteins, and transfection experiments suggest that

it may function as a dominant negative suppressor of AML1

target genes, perhaps blocking diVerentiation [53]. TEL has a

homodimerisation domain and as a consequence, the pre-

sence of a normal TEL protein in a cell with a TEL-AML1

fusion is likely to result in TEL to TEL-AML1 hetero-

dimerisation [54] and compromise of fusion protein activity.

There is, therefore, advantage to be gained by loss of the

normal TEL allele and this could represent a or the critical

postnatal event.

WHAT IS PULLING THE STRINGS?

The scenario painted provides the time frame for a brief

natural history but is missing a vital ingredient: what is really

determining whether or not it starts at all and whether it ®n-

ishes up as ALL? These genetic events may represent the

proximal causal events in ALL but what causes them? In one

sense, this aetiological question is a matter for epidemiology

but I argue that you would have to strike very lucky indeed to

uncover key exposures for leukaemia in the absence of any

insight into the biological diversity and natural history of the

disease. There are clues, and false trails. The epidemiological

evidence is highly suggestive that paediatric leukaemia and

cALL in particular is more prevalent in more socio-econom-

ically advanced societies. In this context there is an inventory

of potentially oVensive exposures that is both intriguing and a

challenge to credulity. This includes pesticides, electro-mag-

netic ®elds, ionising radiation, vitamin K, hot dogs and

hamburgers. In principle, if genotoxic damage is the route to

leukaemogenesis, then multiple diVerent exposures could be

involved and the demonstrable strength of association of any

one of them would be weak. There is also a diYculty here

with respect to epidemiological `lumping' of disease types.

The biological and clinical diversity of leukaemia in infants,

children and adults is such that it would be very surprising if

they shared a single causal mechanism and more recent epi-

demiological evidence indicates that they are indeed aetiolo-

gically distinct.

With respect to cALL that will include both the subset

with TEL-AML1 fusion plus those with hyperdiploidy, evi-

dence is accumulating that supports an infectious mechan-

ism. The data are reviewed elsewhere [55±57] but in essence,

it involves studies on the sociodemography of the disease

including population density and population mixing, social

contacts, clustering and community socio-economic status.

Collectively these data provide a strong hint that some kind of

abnormal response to infection is involved. In these circum-

stances, it is tempting to play the animal precedent card and

to implicate leukaemogenic viruses and defective immunolo-

gical control. This parsimonious explanation is diYcult to

rule out de®nitively but it probably is not the mechanism. For

two reasons: ®rst, there is no increased risk of cALL in

immunosuppressed individuals (in contrast to EBV-asso-

ciated lymphomas); second, attempts to identify candidate

viral sequences in cALL cells have so far failed [58] (R.

Jarrett, J. McKenzie and M. Greaves, Institute of Cancer

Research, London, U.K.). An alternative explanation accords

with the model of the natural history of cALL derived from

the experiments described above (Figure 8). What is required

postnatally is some exposure or event that can promote the

conversion of the fetal pre-leukaemic clone into a fully quali-

®ed leukaemia, probably via loss of the second TEL allele.

Classical promotion via proliferative stress would ful®l this

role. Rather than failure of the immune response to deal with

a virus being the problem, I have suggested that it's the

opposite, an over exuberant immune response providing the

requisite insult [57]. There are a number of ways in which

this might operate including via transient marrow hypoplasia

Molecular Genetics, Natural History and the Demise of Childhood Leukaemia 181



induced by T-cell derived g interferon followed by ¯orid

regeneration. There are both animal [59] and clinical [60]

precedents for lymphoid malignancies originating via indirect

immunological or infectious mechanisms. The nature of the

infections involved remains entirely conjectural at present,

though there is no logic in considering only viruses; bacteria,

and particularly common bacteria with super-antigens, are

plausible candidates. The author's preference here is, there-

fore, for a scenario that has an historical resonance.

We incline on our evidence to the belief that the solution of the

problem of leukaemia lies rather in some peculiar reaction to

infection than in the existence of some speci®c infective agent.

F.J. Poynton, H. Thurs®eld and D. Paterson, Great Ormond

Street Hospital for Sick Children, 1922 [61].

The extra ingredient of the current hypothesis, other than

its second stage promotional role, is that the immune

response is predicted to be unbalanced because of a failure

(in more `developed' societies) of appropriate immune-mod-

ulating infectious exposures in infancy, plus a possible role of

HLA or other immune response genes in in¯uencing patterns

of immunological response [57].

These ideas are being assessed in current case/control epi-

demiological studies in the U.K., U.S.A. and elsewhere.

Several predictions follow from the model. Relative risk for

cALL is anticipated to decrease with increased social contacts

(via siblings or in playgroups for example) in infancy (more

opportunities for early infection), with increased recorded

common infections in infancy and with protracted breast

feeding (modulation of the infant immune response). There

is now evidence supporting all three of these predictions [62±

64] though the more stringent epidemiological assessment is

still to comeÐin the U.K. National Case±Control Study,

data from which should be available by early 2000.

Even if the postulated delayed infection does turn out to

have a key promoting role in paediatric ALL, we are left with

the conundrum of what causes the initiating TEL-AML1

recombination event in fetal haemopoiesis. A very neat and

convenient explanation would involve misdirection of the

RAG1/2 recombinase machinery via IGH-like signal sequen-

ces [9, 65]. But, to plagiarise Mark TwainÐanother beautiful

hypothesis is ruined by an ugly fact: the required consensus

sequences are just not there, or at least not consistently.

Neither are there any obvious sequences to facilitate homo-

logous recombination [66]. The same applies to the EWS-

FLI-1 fusions in Ewing's sarcoma [67]. This, in a sense,

leaves us in the dark. But the mechanism could be misdirec-

tion of conventional DNA PK-mediated double strand break

repair, the initial breakage re¯ecting oxidative damage. The

latter could arise from genotoxic exposures (for which there is

currently no epidemiological evidence) but equally could be

an occasional consequence of the very active proliferation and

oxidative metabolism of lymphoid progenitor cells in early

development, i.e. a developmental accident.

I draw two main conclusions from this portrayal of the

natural history of ALL, assuming for the sake of argument in

this review that it is essentially correct: ®rstly, that childhood

ALL has arisen as the major sub-type of paediatric cancer as a

paradoxical consequence of our progressÐsocio-economic-

ally and medically speaking, and, secondly, that it may in fact

be a preventable disease. Treatment may be successful in

75% or so of cases but it is nasty, toxic and can have serious,

morbid sequelae. Some survivors have paid a heavy price.

The ®nancial cost of treatment is not trivial either.

The aetiological story for adults with ALL or AML will be

diVerent and there are disappointingly few clues to aetiology

here, though a minority of cases may be associated with

exposure to benzene, other solvents or ionising radiation

[68]. For infants with ALL (or AML) and MLL gene fusions,

it is very likely that diVerent causal mechanisms are at play to

those in older children with ALL. Here also there is now a

plausible aetiological pathway that is being carefully scruti-

nised. From the natural history of infant leukaemia, we can

conclude that the critical exposures, if any are involved, must

occur transplacentally to the fetus during pregnancy. Epide-

miological studies have pointed to possible candidate expo-

sures of the pregnant mother (including petrochemical

products, solvents, pesticides or alcohol) that are associated

with increased risk of leukaemia in the ®rst 2 years of life

[28]. Rearrangements of the MLL gene are associated in the

therapy-associated or secondary acute leukaemias with recent

prior exposure to anthracyclines or epidophyllotoxins, drugs

that induce DNA cleavage via the formation of cleavable

complexes with topo-isomerase II. In situations where cells

survive the apoptotic response to such damage, illegitimate

Figure 8. A two-step model for the natural history of cALL.
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recombination of genes or chromosomal regions may be

facilitated. On this basis it has been suggested that something

similar might happen during pregnancy to promote or induce

infant leukaemia with MLL fusion genes [36, 69]. Pregnant

women and their unborn children are sometimes exposed to

substances that are topo II inhibitors or can be metabolised to

topo II inhibitors, including some antibiotics, laxatives,

podophyllin resins, ¯avonoids in food and drink, herbal

medicines and benzene metabolites. These candidate expo-

sures are currently being assessed in case±control epidemio-

logical studies focussed on those leukaemia cases with MLL

fusion genes. Additionally, since the response to genotoxic

insults is modulated by the activity of enzymes that activate or

detoxify these chemicals and that are themselves subject to

inherited polymorphism, there is a need to consider genetic

predisposition or inherited risk in this context. Infant ALL

with MLL fusion genes have a wretched prognosis [70], few

surviving without a matched transplant [1]. Is this cancer

preventable?

COLLECTING A SET: CANCER GENES AND

CURABILITY

In some cases of paediatric or adult ALL presenting with

relatively high white blood cell counts as well as ALL with T

lineage phenotypes or ALL in relapse, genetic aberrations in

addition to chromosomal translocations are often detectable.

These are not leukaemia-speci®c and include deletions at the

p15/p16 (CDK4 inhibitor) loci [71], mutations in N-RAS

[72] or p53 [73]. Collectively, these are the bad news geno-

types, the subset of patients that are unlikely to be cured by

conventional chemotherapy. In contrast, these additional

molecular abnormalities are almost invariably absent in typi-

cal paediatric B cell precursor cALL characterised by low to

modest leukaemic burden, excellent initial clinical response

and long term outcome. The clinical diversity of acute leu-

kaemia of children and adults is, therefore, intimately tied in

with the underlying biological heterogeneity of cellular origin

and associated molecular changes [1, 7]. DiVerent individual

genetic abnormalities provide clonal advantage for particular

cell types that are maximally at risk at diVerent ages. The

evolution and natural history of these clonal varieties then

diVer both in pace and number and character of additional

abnormalities accrued by the time that a diagnosis is likely. A

full molecular pro®le of leukaemic blasts at diagnosis would

reveal those that are likely either as a population or at the

single cell level to be clinically intransigent. Particular fusion

genes in paediatric leukaemia, fortunately the minority ones,

are bad newsÐBCR-ABL and MLL gene fusions, and at least

in the former case, this can be rationalised by the pleiotypic

activity of the activated ABL kinase [74] including its anti-

apoptotic function [75]. Alteration of cell cycle controls is

likely to be bad news also as this pathway only endows potent

selective advantage if the normally coupled imposition of

apoptosis is aborted [76]. Then selection for stress resistance

via p53 loss of function [77] will have deleterious con-

sequences both for immediate therapeutic sensitivity and the

risk of accumulating further genetic diversity and drug resis-

tance [78, 79]. Most acute leukaemias will travel through this

increasingly selective landscape acquiring clonal ®tness if

allowed to do so. What seems to be happening in most cases

of childhood leukaemia is that the early dissemination of the

clone prompts diagnostic symptoms before most of these

changes have taken place. The unfortunate cases are those

caught late or, less frequently, kick-started by genes that exert

more powerful or pleiotypic eVects on cell cycle and apopto-

sis controls.

You can only see what you look for with genetic abnorm-

alities and a great deal of additional molecular shenanigans

could still lie below the surface in good prognosis ALL with

apparently minimal molecular deviation. If so, this may be

revealed by more eYcacious and broad genetic screening

methods now becoming availableÐIGH, M-FISH, spectral

FISH and micro-arrays for example. In the absence of this

information, we can entertain the following idea: that it only

takes two molecular events to generate the common variant

of childhood ALL and in terms of function, this is really the

sequential assembly of one biochemical event. The pre-

dominant impact may be a block to diVerentiation which

provides for clonal advantage in a bone marrow micro-envir-

onment that is already permissive for growth (via appropriate

factors) and for migrationÐin the fetus, neonate and young

child. This would explain why primary cALL cells are diY-

cult to clone or maintain in vitro and drop dead with any whiV

of apoptotic signalling. They are, after all, doing what comes

naturally, since normal B lineage progenitors at the stage of

IGH gene rearrangement are exquisitely sensitive to DNA

damage [80]. Then the most eVective way to block diVer-

entiation would be to corrupt those transcriptional regulators

that normally control the process [22]. The same argument

applies to many paediatric solid tumours, particularly those of

mesenchymal stem cell origin. Knudson has previously sug-

gested that two genetic changes might be suYcient for pae-

diatric cancer in general [81]. If these ideas are correct, then

the implications for therapeutic responsiveness are very sig-

ni®cant. Fortuitously, ALL and a subset of other cancers

originating in embryonic or fetal stem cells, may be able to

evolve and disseminate without co-opting the multiple

mutant tricks that are necessary for epithelial stem cell pro-

geny similarly to escape and establish a territorial hijack in the

adult. These exit cards will include genetic instability, loss of

p53 and CDK inhibitors allowing constitutive cell cycling to

be expressed without compensating apotosis [82, 83] or

enforced senescence [87]. It is the genetic diversity, relative

insensitivity to DNA damage and block to cell suicide that

underlies poor clinical response in cancer. Acquiring these

credentials may well be an evolutionary inevitability for inva-

sive epithelial cancers. For these cancers also, a block to dif-

ferentiation may provide less potency for natural clonal

selection and initiation. If correct, this would explain the

apparent dearth of reciprocal translocations involving genes

encoding key transcriptional regulators in carcinomas. In

contrast, for ALL and some other paediatric cancers and

perhaps also the `exceptional' (young) adult cancersÐtesti-

cular cancers, choriocarcinoma and Hodgkin's diseaseÐthe

developmental biology of the tissues involved provides for a

diVerent or more simple pattern of natural selection. DiVer-

ent in terms of types of mutation, number of mutations and

time frame from initiation to clinical diagnosis. Somewhat

serendipitously, this may have worked very much to our

clinical advantage in these `curable' cancers.
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