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Prenatal Origin of Chromosomal Translocations in Acute
Childhood Leukemia: Implications and Future Directions
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We, and others, have demonstrated an in utero origin for translocations associated with
childhood leukemia, with latency periods in some cases exceeding 10 years. The mechan-
ism of generation of most of the translocations is thought to be aberrant repair following
abortive apoptosis, rather than V(D)J recombination or exposure to topoisomerase Il inhibi-
tors. Folate supplementation may prevent some of the chromosome breakage leading to
translocation formation. Translocations t(8;21) and t(12;21) have been shown to occur in the
normal population (before birth) at a frequency that is 100-fold greater than the risk of
developing the corresponding leukemia. In most instances, additional genetic changes are
required for progression to leukemia. Tyrosine kinase receptor (RTK) mutations, which give
cells a survival/proliferative advantage, are proposed to act cooperatively with fusion
genes, leading to transformation. However, translocations and cooperating RTK mutations
have not been identified for all leukemia subtypes, particularly in acute myeloid leukemia.
The core binding transcriptional pathway is frequently targeted by translocation in utero.
We propose that this pathway is highly sensitive during fetal hematopoiesis and may be
targeted by mechanisms other than translocation. For each leukemia subtype it is important
to characterize the corresponding leukemic stem cell, which is thought to be the initial
target for translocation. This would help to elucidate the molecular pathways involved in
the progression from preleukemic clone harboring a translocation to fully disseminated
leukemia. Am. J. Hematol. 75:254-257, 2004.  © 2004 Wiley-Liss, Inc.
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PRENATAL ORIGIN OF LEUKEMIC
TRANSLOCATIONS

We recently reported that the fusion genes PM I~
RARA and CBFB-MYHII, characteristic of pediatric
acute myeloid leukemia (AML) with t(15;17) and inv
(16) respectively, can originate in utero [1]. Although
the numbers in our study were small, this is an im-
portant proof-of-principle which brings the number of
different pediatric acute leukemia-associated chromo-
somal rearrangements (including hyperdiploidy), with
demonstrated prenatal origin, to six in different popu-
lations [2]. Three of the patients described in these
studies presented with leukemia after age 10 [1,3].
While t(12;21), characteristic of common acute lym-
phoblastic leukemia (c-ALL), has a peak incidence in
children 2-5 years of age [4], other translocations of
demonstrated prenatal origin such as t(8;21), t(15;17),
and inv(16), characteristic of different AML subtypes,
occur more frequently in young adults (age 20-40) [5].
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It remains to be determined if leukemias presenting in
young adulthood with these translocations also have a
prenatal origin.

MECHANISM OF TRANSLOCATION GENERATION

It is not currently known by what mechanism trans-
locations are generated in utero. These translocations
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do not show the hallmarks of V(D)J recombination
(a constitutive mechanism for rearrangement of
somatic chromosomal DNA) [2]. Topoisomerase II
is an enzyme that unwinds chromosome strands
by creating double-strand breaks (DSB) in DNA
and subsequently re-ligates them, facilitating rep-
lication. Inhibitors of topoisomerase II stall this
process, leaving the free DNA ends to form trans-
locations. Exposure to naturally occurring topoiso-
merase II inhibitors are thought to play a role in
MLL fusions, characteristic of infant acute leuke-
mia [6]. However, a link with exposure and the
majority of de novo leukemia translations has not
been proven, and they are thought to arise as col-
lateral damage from endogenous proliferative, apop-
totic, or metabolic stress of fetal hematopoiesis, a
highly active developmental period. Abortive apop-
tosis has been proposed as an initiator of chromo-
somal translocations [7]. It has been shown that an
excess of LT-HSC (hematopoietic stem cell with
long-term reconstitution potential) is generated each
day over what is needed for maintenance of HSC
cell numbers [8] and that apoptosis is an important
regulator of those numbers [9]. Proapoptotic agents
have been shown to induce cleavage in TEL and
AMLI genes with subsequent TEL-AMLI forma-
tion [10] and similarly MLL-AF9 generation [11].
These data indicate that generation of fusion genes
of known pathological significance is a relatively
common event but the normal execution of apop-
tosis will remove the overwhelming majority of cells
carrying these fusion genes. Having survived apop-
tosis, a cell with a fusion gene will expand to form a
preleukemic clone if there is a permissive environment
and it gives the cell a growth advantage.

SUSCEPTIBILITY AND PREVENTION
OF TRANSLOCATION FORMATION

Regardless of the mechanism of translocation for-
mation, there is evidence that the DNA damage
involved may be preventable at least in some cases.
Folate supplementation in pregnancy reduces the risk
of c-ALL in the child [12]. Folate is necessary for the
synthesis of purine and thymidine deoxyribonucleo-
tides, and folate deficiency disrupts this process, lead-
ing to DNA instability and double-strand breakage
potentially underlying translocation formation. Poly-
morphisms in genes involved in folate metabolism
may predispose individuals to adult ALL [13], and
association has been seen with specific subtypes of
childhood acute leukemia [14], but the effects are
less significant in the presence of adequate folate
levels [15].
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SECONDARY GENETIC EVENTS NECESSARY
FOR PROGRESSION TO LEUKEMIA

Translocations t(8;21) and t(12;21) have been shown
to occur in the normal population (before birth) at a
frequency that is 100-fold greater than the risk of devel-
oping the corresponding leukemia [16]. Together with
the low concordance rate (10%) observed in c-ALL
in twins [17] and data from animal models [18,19],
this implies that the presence of translocations alone is
not sufficient to cause leukemia. It has been proposed
that constitutively activating tyrosine kinase receptor
(RTK) mutations, which give cells a survival/prolifera-
tive advantage, are acquired and act cooperatively with
fusion genes which dysregulate differentiation, thereby
leading to transformation [20]. In support of this theory
is the finding that internal tandem duplication dele-
tion mutations in RTK FLT3 (FLT3-ITD) are seen in
30-40% of acute promyelocytic leukemia (APL) pa-
tients, suggesting cooperativity with PMI—~RARA [21].
Similarly, co-transfection of FLT3-ITD with PMIL-
RARA led to an APL-like disorder in mice [22]. Further-
more, AMLI-ETO when co-transfected in mice with
TEL-PDGFR ,which constitutively activates TEL, gen-
erated AML [23].

THE CORE BINDING FACTOR PATHWAY:
A COMMON TARGET IN UTERO?

Clearly, not all acute leukemias fit the transloca-
tion/cooperating RTK mutation model. Mutations
in FLT3, c-kit, N-RAS, or K-RAS, are seen in 50%
of AML cases [24]. This, along with the fact that
translocations are only seen in 50% of AML cases,
suggests that either not all translocations or RTK
mutations have been identified, or that mechanisms
other than translocation/RTK mutation such as epi-
genetic changes, may underlie those AML subtypes
which are poorly understood at the molecular level.
Three of the rearrangements determined to have an in
utero origin, t(8;21), t(12;21), and inv(16), target the
core binding factor (CBF) transcriptional pathway
which comprises the heterodimeric transcription fac-
tor complex AML1/CBFB, generating AMLI-ETO,
TEL-AMLI, and MYHII-CBFB fusion genes, res-
pectively. This pathway represents a central regula-
tory platform whose importance for normal hema-
topoietic cell development is cell context specific [25].
The complex is a common target of rearrangement in
leukemia, involved in 25% of both AML and ALL
cases. As well as direct involvement of CBF partners
through translocation or mutation, key CBF down-
stream gene function may be targeted in AML with-
out CBF translocation or mutation. C/EBP«a and
PU.I, two genes whose expression is modulated by
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AMLI, are commonly mutated in AML cases without
translocation [26]. It is possible that the CBF pathway
is very sensitive to disruption during fetal hematopoi-
esis and as well as apoptotically generated transloca-
tions the generation of mutations in either a CBF
partner or key pathway player could occur in utero.
In support of this theory, abortive apoptosis has
recently been proposed to lead to the generation of
point mutations and loss of heterozygosity as well as
translocations [11].

IMPORTANCE OF LEUKEMIC STEM CELLS

There is evidence that deletion of TEL in c-ALL, is
subclonal to TEL-AMLI fusion and occurs postnatal-
ly [16,27]. In individuals with TEL-AMLI-positive
c-ALL the same genomic TEL-AML]I breakpoint was
observed at leukemia presentation and relapse but the
clones were characterized by TEL deletions with differ-
ent deletion boundaries [28]. Individuals in remission
retained the presence of AMLI-ETO in various stem
and progenitor cell compartments [29], suggesting the
persistence of a multipotential preleukemic stem cell.
These observations fit with a theory proposing that
each AML subtype is generated by a specific leukemia
stem cell (LSC), which is a dysregulated version of its
normal counterpart, the hematopoietic stem cell (HSC)
[30]. For most AML, except APL, the only cells capable
of transplanting NOD/SCID mice have a phenotype
similar to HSC. An HSC may acquire the necessary
mutations but not functionally manifest them until a
more committed progenitor stage with a permissive
environment. LSCs may therefore be a phenotypically
later cell than HSC and APL may be an example of
this. Alternatively, as has been recently proposed, a
progenitor cell may reacquire “stemness,” self-renewal
capacity, which together with a mutation in a key gene
in an apoptosis pathway may allow it to survive long
enough to acquire additional mutations or transloca-
tions [31]. Genes such as Bmi-1, a member of the poly-
comb group family of genes [30], and Wnt [32], are
candidates for maintaining the “stemness” of both
HSC and LSC.

It is important to identify the LSC for a given leuke-
mia and to elucidate the gene expression profiles of
LSCs compared directly with their counterpart HSC
by microarray. Changes at the level of mutation and
epigenetics (methylation, histone modification) should
also be investigated. This could help to establish candi-
date genes with a role in leukemogenesis and could lead
to novel therapies directed toward gene products
expressed in LSCs but not HSCs. Several groups have
characterized gene expression pathways of different
leukemia subtypes by microarray and demonstrated
that expression changes in small numbers of genes

could classify AML by subtype (in one case even
identifying a new subtype with no previously defining
phenotype or chromosomal abnormality) [33—-35]. How-
ever, these studies were carried out on blast cells, a
more differentiated version of the LSC with more
accumulated genetic changes. It would be informative
to identify LSCs in “normal” individuals to facilitate
the characterization of the sequence of events leading to
the formation of an LSC and the evolution of leukemic
clones from pre-leukemic clones. However, working
with stem cell populations is extremely challenging, as
demonstrated by the recent lack of overlap in findings
presented by three groups investigating gene expression
by microarray in stem cell populations [36-38].

ETHICAL IMPLICATIONS

Ethical implications arise from the knowledge that
“normal” individuals carry translocations and preleu-
kemic clones at significant frequencies at birth. Should
these individuals be monitored for further clonal
expansion? Risk of progression to overt leukemia may
be modulated by lifestyle factors. Greaves’ infectious
hypothesis proposes that in the absence of important
infection-driven modulation of the naive immune sys-
tem in infants, subsequent infectious exposures may
result in highly dysregulated responses in susceptible
individuals [39]. In support of this theory are the find-
ings that lifestyle factors, such as daycare [40], and
genetic factors such as variant HLA alleles that influ-
ence the immune system [41], may reduce risk. Another
ethical implication, given the presence of preleukemic
clones albeit at a low population frequency, is in the
use of cord blood for stem cell transplantation, whereby
preleukemic stem cells may be inadvertently trans-
planted from donor to recipient. Further studies are
required to determine the frequency of a variety of
leukemic translocations in different populations to
comprehensively evaluate such risk.

REFERENCES

1. McHale CM, Wiemels JL, Zhang L, et al. Prenatal origin of child-
hood acute myeloid leukemias harboring chromosomal rearrange-
ments t(15;17) and inv(16). Blood 2003;101:4640—4641.

2. Greaves MF, Wiemels JL. Origins of chromosome translocations in
childhood leukemia. Nat Rev Cancer 2003;3:1-11.

3. Wiemels JL, Xiao Z, Buffler PA, et al. In utero origin of t(8;21)
AMLI-ETO translocations in childhood acute myeloid leukemia.
Blood 2002;99:3801-3805.

4. Romana SP, Poirel H, Leconiat M, et al. High frequency of t(12;21)
in childhood B-lineage acute lymphoblastic leukemia. Blood 1995;
86:4263-4269.

S. Xie Y, Davies SM, Xiang Y, Robison LL, Ross JA. Trends in
leukemia incidence and survival in the United States (1973-1998).
Cancer 2003;97:2229-2235.



14.

17.

18.

20.

21.

22.

Brief Report: Prenatal Origin of Childhood Leukemia

. Ross JA, Potter JD, Robison LL. Infant leukemia, topoisomerase

II inhibitors, and the MLL gene. J Natl Cancer Inst 1994:86:
1678-1680.

. Khodarev NN, Sokolova IA, Vaughan AT. Abortive apoptosis

as an initiator of chromosomal translocations. Med Hypotheses
1999;52:373-376.

. Cheshier SH, Morrison SJ, Liao X, Weissman IL. In vivo prolif-

eration and cell cycle kinetics of long-term self-renewing hemato-
poietic stem cells. Proc Natl Acad Sci USA 1999;96:3120-3125.

. Domen J, Cheshier SH, Weissman IL. The role of apoptosis in the

regulation of hematopoietic stem cells: overexpression of Bcl-2
increases both their number and repopulation potential. J Exp
Med 2000;191:253-264.

. Eguchi-Ishimae M, Eguchi M, Ishii E, et al. Breakage and fusion

of the TEL (ETV6) gene in immature B lymphocytes induced by
apoptogenic signals. Blood 2001;97:737-743.

. Betti CJ, Villalobos MJ, Diaz MO, Vaughan AT. Apoptotic sti-

muli initiate MLL-AF9 translocations that are transcribed in cells
capable of division. Cancer Res 2003;63:1377-1381.

. Thompson JR, Gerald PF, Willoughby ML, Armstrong BK.

Maternal folate supplementation in pregnancy and protection
against acute lymphoblastic leukaemia in childhood: a case-control
study. Lancet 2001;358:1935-1940.

. Skibola CF, Smith MT, Kane E, et al. Polymorphisms in the

methylenetetrahydrofolate reductase gene are associated with sus-
ceptibility to acute leukemia in adults. Proc Natl Acad Sci USA
1999;96:12810-12815.

Wiemels JL, Smith RN, Taylor GM, Eden OB, Alexander FE,
Greaves MF. Methylenetetrahydrofolate reductase (MTHEFR)
polymorphisms and risk of molecularly defined subtypes of
childhood acute leukemia. Proc Natl Acad Sci USA 2001;98:
4004-40009.

. Krajinovic M, Lamothe S, Labuda D, Lemicux-Blanchard E,

Theoret Y, Moghrabi A, Sinnett D. Role of MTHFR genetic poly-
morphisms in the susceptibility to childhood acute lymphoblastic
leukemia. Blood 2004;103:252-257.

. Mori H, Colman SM, Xiao Z, et al. Chromosome translocations

and covert leukemic clones are generated during normal fetal
development. Proc Natl Acad Sci USA 2002;99:8242-8247.
Greaves MF, Maia AT, Wiemels JL, Ford AM. Leukemia in
twins: lessons in natural history. Blood 2003;102:2321-2333.
Bernardin F, Yang Y, Cleaves R, et al. TEL-AMLI1, expressed
from t(12;21) in human acute lymphocytic leukemia, induces acute
leukemia in mice. Cancer Res 2002;62:3904-3908.

. Castilla LH, Garrett L, Adya N, et al. The fusion gene Cbfb-MYH11

blocks myeloid differentiation and predisposes mice to acute myelo-
monocytic leukaemia. Nat Genet 1999;23:144—146.

Gilliland DG. Hematologic malignancies. Curr Opin Hematol
2001;8:189-191.

Arrigoni P, Beretta C, Silvestri D, et al. FLT3 internal tandem
duplication in childhood acute myeloid leukaemia: association
with hyperleucocytosis in acute promyelocytic leukaemia. Br J
Haematol 2003;120:89-92.

Kelly LM, Kutok JL, Williams IR, et al. PML/RARx and FLT3-
ITD induce an APL-like disease in a mouse model. Proc Natl
Acad Sci USA 2002;99:8283-8288.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32

34.

35.

36.

37.

38.

39.

40.

41.

257

Grisolano JL, O’Neal J, Cain J, Tomasson MH. An activated recep-
tor tyrosine kinase, TEL/PDGFfR, cooperates with AML1/ETO to
induce acute myeloid leukemia in mice. Proc Natl Acad Sci USA
2003;100:9506-9511.

Gilliland DG, Griffin JD. The roles of FLT3 in hematopoiesis and
leukemia. Blood 2002;100:1532-1542.

Speck NA, Gilliland DG. Core-binding factors in haematopoiesis
and leukaemia. Nat Rev Cancer 2002;2:502-513.

Tenen DG. Disruption of differentiation in human cancer: AML
shows the way. Nat Rev Cancer 2003;3:89-101.

Maia AT, Ford AM, Jalali GR, et al. Molecular tracking of
leukemogenesis in a triplet pregnancy. Blood 2001;98:478-482.
Ford AM, Fasching K, Panzer-Grumayer ER, Koenig M, Haas OA,
Greaves MF. Origins of “late” relapse in childhood acute lympho-
blastic leukemia with TEL-AMLI fusion genes. Blood 2001;98:
558-564.

Miyamoto T, Weissman IL, Akashi K. AMLI/ETO-expressing
nonleukemic stem cells in acute myelogenous leukemia with 8;21
chromosomal translocation. Proc Natl Acad Sci USA 2000;97:
7521-7526.

Lessard J, Sauvageau G. Bmi-1 determines the proliferative capa-
city of normal and leukaemic stem cells. Nature 2003;423:255-260.
Passegue E, Jamieson CH, Ailles LE, Weissman IL. Normal and
leukemic hematopoiesis: are leukemias a stem cell disorder or a
reacquisition of stem cell characteristics. Proc Natl Acad Sci USA
2003;100:11842-11849.

Reya T, Duncan AW, Ailles L, et al. A role for Wnt signalling
in self-renewal of haematopoietic stem cells. Nature 2003;423:
409-414.

. Ross ME, Zhou X, Song G, et al. Classification of pediatric acute

lymphoblastic leukemia by gene expression profiling. Blood
2003;102:2951-2959.

Kohlmann A, Schoch C, Schnittger S, et al. Molecular character-
ization of acute leukemias by use of microarray technology. Genes
Chromosomes Cancer 2003;37:396-405.

Moos PJ, Raetz EA, Carlson MA, et al. Identification of gene
expression profiles that segregate patients with childhood leuke-
mia. Clin Cancer Res 2002;8:3118-3130.

Ramalho-Santos M, Yoon S, Matsuzaki Y, Mulligan RC, Melton
DA. “Stemness”: transcriptional profiling of embryonic and adult
stem cells. Science 2002;298:597-600.

Ivanova NB, Dimos JT, Schaniel C, Hackney JA, Moore KA,
Lemischka IR. A stem cell molecular signature. Science 2002;298:
601-604.

Fortunel NO, Otu HH, Ng HH, et al. Comment on “‘Stemness’:
transcriptional profiling of embryonic and adult stem cells” and
“A stem cell molecular signature.” Science 2003;302:393.

Greaves MF. Aectiology of acute leukaemia Lancet 1997;349:
344-349.

Ma X, Buffler PA, Selvin S, et al. Daycare attendance and risk of
childhood acute lymphoblastic leukaemia Br J Cancer 2002;86:
1419-1424.

Taylor GM, Dearden S, Ravetto P, et al. Genetic susceptibility
to childhood common acute lymphoblastic leukaemia is associa-
ted with polymorphic peptide-binding pocket profiles in HLA-
DPB1*0201. Hum Mol Genet 2002;11:1585-1597.



