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ABSTRACT. Hematopoietic neoplasias are characterized by recurrent 
chromosomal aberrations that result in the formation of gene fusions and 
the subsequent expression of chimeric proteins with unique properties. 
However, in recent years, different lymphoma/leukemia-associated 
rearrangements, such as BCR/ABL, IGH/BCL2, ETV6/RUNX1 and 
MLL duplications, have been detected in healthy individuals. The 
presence of these rearrangements indicates that such translocations can 
be generated in normal hematopoietic cells without apparent oncogenic 
consequences. This article reviews and discusses the data available in 
the literature.
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INTRODUCTION

Several lines of evidence indicate that tumorigenesis is a multistep process with ac-
cumulative genetic alterations that drive the progressive transformation of normal human cells 
into highly malignant derivatives (Hanahan and Weinberg, 2000).

Generally, lymphoid malignancies are characterized by recurrent chromosomal aber-
rations that lead to the formation of gene fusions and the subsequent expression of chimeric 
proteins with unique properties (Greaves, 1999). These genetic alterations are important for 
leukemogenesis and define in most cases subsets of disease, becoming themselves important 
for prognostic and therapeutic purposes (Coustan-Smith et al., 2000). 

Mainly, there are two types of fusion genes. The first one is unique to the lymphoid 
system, where putative oncogenes are mobilized into the vicinity of the genes encoding 
immunoglobulin (IGH) or T-cell receptor (TCR) molecules. The other, is actual chimerism, 
resulting in functional alterations such as the constitutive activation of kinases or altered 
transcriptional regulation (Greaves, 1999). The precise molecular mechanisms leading to 
chromosomal translocations remain largely unknown. In cases where IGH or TCR loci are 
involved, there is compelling evidence that the translocation is caused by mistakes in nor-
mal V(D)J recombinase activity, as evidenced by the presence of cryptic heptamer/nonamer 
sequences, the addition of nontemplated nucleotides at breakpoints, and exonucleolytic de-
letion of germline nucleotides at these breakpoint junctions (Ferguson and Alt, 2001; Vega 
and Medeiros, 2003). In other translocations, homologous recombination between Alu re-
peats has been implicated as in the case of partial tandem duplications of MLL (Strissel et 
al., 1998; Strout et al., 1998; Whitman et al., 2001). Moreover, a number of other putative 
recombinogenic sequences have been described at breakpoints, such as topoisomerase II 
consensus sites and scaffold attachment regions, among others (Broeker et al., 1996; Strissel 
et al., 2000; Hensel et al., 2001; Strick et al., 2006), leading some investigators to speculate 
that such regions of the genome could be predisposed to chromosomal rearrangements.

According to Greaves (1999), independent of the mechanism underlying the formation 
of fusion genes, the cellular context of the molecular aberrations is critical for their possible 
impact. Statistical models and studies with transgenic animals indicate that leukemia develop-
ment, as well as the development of solid tumors, is a multistage process that needs multiple 
cooperative mutations. Thus, it is plausible that different mutations, typically found in patients 
with leukemia or lymphoma, could arise in normal individuals (Hunger and Cleary, 1998).

Accordingly, chromosomal aberrations thought to be exclusively associated with leuke-
mias and lymphomas have been detected in normal individuals, indicating that such translocations 
can be generated without apparent oncogenic consequences. The presence of tumor-associated 
fusion genes in healthy donors has been described for t(14;18) IGH/BCL2 (characteristic of non-
Hodgkin lymphomas), with variable frequencies (16.2 to 55%) among populations with a ten-
dency of increasing with age (Liu et al., 1994; Yasukawa et al., 2001; Summers et al., 2001). This 
rearrangement has also been described in 43% of blood samples from patients with non-prolif-
erative malignancies (Rauzy et al., 1998). Similarly, t(9;22) BCR/ABL was primarily detected in 
peripheral lymphocytes from adults and children by Biernaux et al. (1995). Afterwards, Bose et 
al. (1998) confirmed these data demonstrating p190 and p210 transcripts in 4 of 11 and 11 of 16 
individuals, respectively. Other markers have also been detected at low frequencies in normal 
populations, such as ETV6/RUNX1 (Eguchi-Ishimae et al., 2001; Brassesco et al., 2004), t(11;14)
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(p13;q11) LMO2/TCR and t(7;14)(q34;q11) TCR/TAL2 (Marculescu et al., 2002) and t(15;17) 
PML/RARA, characteristic of promyelocytic leukemia (Quina et al., 2000). Regarding the MLL 
aberrations, several studies have demonstrated the presence of in tandem partial duplications in 
almost 100% of bone marrow and peripheral blood samples from healthy donors (Schnittger et al., 
1998; Bäsecke et al., 2002, 2006). MLL-translocations in normal individuals were first described 
by Uckum et al. (1998). In this study, rearrangements involving MLL and the transcription fac-
tor AF4, which results from t(4;11)(q21;q23), were identified by nested-polymerase chain reac-
tion in bone marrow samples from normal children and fetuses as well as in fetal liver samples. 
Subsequent studies failed to detect any transcription of such rearrangements (Kim-Rouille et al., 
1999; Trka et al., 1999). However, in 2006, Brassesco demonstrated that the outstanding 49% of 
healthy individuals had MLL rearrangements at the DNA level detected by inverse-polymerase 
chain reaction. These aberrations were also confirmed by fluorescence in situ hybridization show-
ing frequencies varying between zero and 0.3 events/100 cells. Sequence analysis of individual 
amplimers confirmed that these rearrangements were unique and specific for MLL translocations, 
providing evidence that these rearrangements are not restricted to malignant cells and that they 
may also be present in a subset of normal hematopoietic cells. 

Altogether, these findings indicate that such translocations do not define per se 
clinically apparent diseases, but rather, malignant progression seems to depend on addi-
tional factors such as the occurrence of oncogenic secondary alterations. The clearest ex-
ample concerning the necessity of secondary events is given by leukemias with the ETV6/
RUNX1 fusion gene. In general, t(12;21)-positive patients show frequent deletion of the 
normal ETV6 gene, suggesting that the gene fusion is an initial event conferring predisposi-
tion to leukemia followed by the deletion of the gene or genes at 12p as a promoter event 
(Busson-le Coniat et al., 1999; Kempski and Sturt, 2000). Moreover, studies with ETV6/
RUNX1 knock-in mice also showed that the expression of this hybrid gene is not sufficient 
for the in vivo induction of ALL (Andreasson et al., 2001). In the case of MLL, the tumori-
genic capacity of translocation products seems to depend on the fusion partners. The di-
rect participation of the MLL/ENL gene in immortalization and transformation of myeloid 
progenitors has been demonstrated (Lavau et al., 1997; Forster et al., 2003). Contrarily, 
despite the cell proliferation in MLL/AF9 knock-in mice, the delayed appearance of tumors 
suggests that secondary mutations are needed for malignancy (Dobson et al., 1999). 

Actually, it is widely accepted that leukemia-associated gene fusions occur before birth. 
In twins with concordant ETV6/RUNX1-positive leukemia, the development of ALL has been 
found to occur at different times, and the postnatal latency can be variable and occasionally pro-
tracted (Wiemels et al., 1999a). For twins with concordant leukemias and MLL aberrations, the 
concordance rate is higher, reaching almost 100% (Greaves, 2002), and retrospective studies in 
neonatal blood spots have demonstrated the clonality of the rearrangements (Gale et al., 1997). 

According to Greaves and Wiemels (2003), the Knudson model, in addition to the 
twin concordance data, indicates that for every child with a particular translocation-positive 
leukemia, there has to be a greater number of healthy individuals that harbor the same translo-
cation in a silent pre-leukemic clone.

Studies of neonatal heel-stick (Guthrie) cards and stored umbilical cord blood samples 
showed that the frequencies of ETV6/RUNX1 and RUNX1/ETO, for example, are 100 times 
higher in newborns than the frequency of pediatric leukemia patients with these translocations 
(Mori et al., 2002). Clearly, the majority of these children do not go on to develop clinical leu-
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kemia. Therefore, these rearrangements could arise in a high proportion of developing fetuses, 
but without the production of functional chimeric proteins; alternatively, they could originate 
in an inappropriate cellular context (Kim-Rouille et al., 1999). In order to produce a leukemic 
phenotype, these rearrangements should fulfill two conditions: 1) the structure of the gene fu-
sion must allow the production of a functional protein and 2) the translocation must occur in 
early precursors with self-renewal capacity (Bose et al., 1998). Therefore, it is possible that the 
gene fusions in normal individuals arise in already differentiated cells or in mature precursors, 
which may be eliminated by normal mechanisms of cell differentiation. 

It has been proposed that fusion genes could arise at initial stages of fetal develop-
ment, but that the cell population could decrease (if neutral) by occasion of differentiation 
commitment (Nakamura, 2005). On the other hand, several studies have demonstrated the 
presentation of fusion gene-derived peptides by the major histocompatibility complex (Boc-
chia et al., 1996; Yotnda et al., 1998a,b; Pinilla-Ibarz et al., 2000), suggesting the ability of the 
immune system to recognize and eliminate cells that express the rearrangement.

The biological evidence that leukemias in newborns originate in utero, in addition to 
the involvement of epipodophylotoxins in the origin of anomalies involving the MLL gene in 
therapy-related leukemias, have led to the hypothesis that maternal exposure to topoisomerase 
II inhibitors during pregnancy could be associated with the development of leukemia (Ross, 
2000). According to Wiemels et al. (1999b), the exposure of mothers and fetuses to substances 
that interact with topoisomerase II present in the diet, medicines and environment can be 
orders of magnitude lower in terms of dose level, compared to drugs used in chemotherapy. 
However, in some cases, these compounds are as biologically active as the topoisomerase II 
inhibitors used in cancer treatment.  It is well known that synthetic and natural flavonoids bind 
to topoisomerase II and form the cleavable complex, in spite of being paradoxically anticarci-
nogenic in some cases (Greaves, 1997). Strick et al. (2000) demonstrated that natural flavonols 
such as quercetin and fisetin induce the same level of breaks at 11q23 as does etoposide, while 
luteolin and genistein are 2-fold less effective than this drug, and in some cases, their combina-
tion showed cumulative effects for the induction of MLL cleavage.

The most abundant natural sources of topoisomerase inhibitors are present in the 
diet, principally fruits, vegetables and grains, which are rich in isoflavonoids. The anti-ox-
idant effect of these substances has been widely demonstrated (Prior, 2003). Nonetheless, 
epidemiological studies have shown that a high ingestion of isoflavonoids does not predict 
a reduced risk for all cancer types (Hertog et al., 1994). In Asian countries, for example, 
the ingestion of isoflavonoids reaches, in some cases, 28 mg daily (Fukutabe et al., 1996; 
Nakamura et al., 2000). The plasma concentration after ingestion of these substances is 
relatively high (Franke et al., 1998; Watanabe et al., 1998) and can persist for 2 days, sug-
gesting that by repeated inclusion of certain foods in the diet, these substances could ac-
cumulate in plasma (Hollman et al., 1997; De Vries et al., 1998). 

Epidemiological studies have also shown significant associations between infant leu-
kemias and maternal exposure to different chemicals (Shu et al., 1996, 1999; Schüz et al., 
2000; Ma et al., 2002). In the specific case of infant leukemia with MLL gene fusions, a case-
control study demonstrated significant differences for ingestion of herbal medicines, drugs 
such as dypirone, and insecticides (Alexander et al., 2001).

Thus, it is possible that leukemia or lymphoma-associated translocations in normal 
individuals could emerge as a result of exposure to genotoxic agents. It has been demon-
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strated that specific breaks involving the MLL and AML1 genes can be induced in vitro by 
different stress or apoptotic stimuli such as serum starvation, or treatment with cytosine 
arabinoside (Stanulla et al., 1997; Betti et al., 2003; Vaughan et al., 2005). In the same way, 
specific double-strand breaks at the ETV6 intron 5 are induced after treatment with etopo-
side, salicilic acid, or serum starvation in immature B lymphocytes, with the subsequent 
formation of ETV6/RUNX1 fusions (Eguchi-Ishimae et al., 2001).

Concerning therapy-related leukemias, other than MLL aberrations, several gene fu-
sions have been demonstrated in patients, such as t(9;22) (Hattori et al., 1995), t(3;21) (Hiebert 
et al., 1996), and translocations that involve RUNX1 (Rowley, 1999) as balanced translocations 
with ETO and EVII (Loh et al., 1998) and also t(14;21), t(17;21), t(1;21), t(15;21), and t(3;21) 
(Roulston et al., 1998). Furthermore, aberrations at 11q23 have been found during treatment 
for a primary cancer, as in the case of t(11;17) MLL/GASP (Megonigal et al., 2000). These 
observations demonstrate the susceptibility of these genes to damage (Seeger et al., 1998).

Furthermore, it has been suggested that interindividual variation in drug metabo-
lism by distinct phase I and phase II detoxifying enzymes or defective DNA repair could 
play an important role in response to low doses of topoisomerase II inhibitors and other 
drugs. Wiemels et al. (1999b) demonstrated that patients with AF4/MLL fusions show fre-
quencies of NQ01 (NAD(P)H: quinone oxido-reductase) low-activity alleles that are 2.5 
times lower than in the normal population. CYP3A4 (which catalyzes epipodophylotoxins 
to form catechol metabolites) polymorphisms have also been associated with an increased 
risk of leukemia (Felix et al., 1998). Also, it has been suggested that polymorphisms in 
genes involved in homologous recombination repair (RAD51 and XRCC3) interact to in-
crease the risk of developing acute myeloid leukemia (Seedhouse et al., 2004).

Altogether, the evidence in the literature suggests that exposure to certain substances 
and their metabolism can be involved in the origin of gene fusions. It has been demonstrated 
that hybrid genes that are present at low frequencies in peripheral blood of normal individuals 
appear to be higher in exposed populations, such as the TRGV/BJ hybrid gene in agricultural 
workers exposed to pesticides (Lipkowitz et al., 1992) and t(14;18) in smokers (Bell et al., 
1995). Higher frequencies of several leukemia-associated translocations have also been dem-
onstrated in patients treated for non-Hodgkin lymphoma, such as RUNX1/RUNX1T1, PMLRA-
RA, CBFB-MYH11, MLL-MLLT1, BCR-ABL1 (Bäseke et al., 2006), BCR/ABL and IGH/MYC 
(Camparoto, 2005). Higher frequencies of BCR/ABL, TRGV/BJ have also been demonstrated 
in peripheral blood from patients treated for acute lymphoblastic leukemia (Camparoto, 2005), 
as well as ETV6/RUNX1 (Brassesco et al., 2004) and MLL fusion genes (Brassesco, 2006).

Interestingly, it has been postulated that tumor-associated translocations in pe-
ripheral lymphocytes could be transitory, since consecutive blood samples are not always 
positive for gene fusions as demonstrated for the BCR/ABL hybrid gene (Biernaux et al., 
1995) and for other rearrangements in treated patients (Bäsecke et al., 2006). Other au-
thors suggested that such rearrangements could be expressed in hematopoietic cells that 
have entered the apoptotic pathway and that might have already lost their significance 
(Bose et al., 1998), being irrelevant in mature cells.

In this context, it is possible that gene fusions in peripheral blood lymphocytes are 
associated with previous exposures to diverse endogenous and exogenous sources. Since lym-
phocytes are circulating cells, they can be considered more vulnerable to chemical or physical 
agents when compared to other cell types (Tucker and Preston, 1996). The biological implica-
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tions of these rearrangements in healthy individuals demand further investigation. Nonethe-
less, their presence does not seem to be predictive of a developing malignancy, but rather they 
are likely to be indicative of transient genomic instability.
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