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Abstract. The correct repair of double-strand breaks
(DSBs) is essential for the genomic integrity of a cell, as
inappropriate repair can lead to chromosomal rearrange-
ments such as translocations. In many hematologic can-
cers and sarcomas, translocations are the etiological fac-
tor in tumorigenesis, resulting in either the deregulation
of a proto-oncogene or the expression of a fusion protein
with transforming properties. Mammalian cells are able
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to repair DSBs by pathways involving homologous re-
combination and nonhomologous end-joining. The analy-
sis of translocation breakpoints in a number of cancers
and the development of model translocation systems are
beginning to shed light on specific DSB repair path-
way(s) responsible for the improper repair of broken
chromosomes.
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Introduction

Cancer is associated with chromosomal abnormalities
such as deletions, duplications, inversions and transloca-
tions. More than 640 recurrent balanced chromosomal re-
arrangements have been identified in malignancies, in-
volving over 100 genes [1]. Recurrent reciprocal translo-
cations in particular have been shown to be the cause of
many hematologic tumors and certain solid tumors (i.e.
sarcomas) [2, 3]. In reciprocal translocations, which are
discussed in this review, an exact interchange of chromo-
somal segments occurs between partner chromosomes,
resulting in two new derivative (der) chromosomes (fig.
1A). The result is either the dysregulation of a gene on
one chromosome by juxtaposition to an antigen receptor
gene on another chromosome, or the creation of a novel
coding sequence by the fusion of sequences from genes
on two different chromosomes. Nonreciprocal transloca-
tions result in only one der chromosome, and are often
observed in solid tumors such as those of epithelial ori-

gin, which commonly contain a multitude of other cyto-
genetic changes.
Early in the 1900s Boveri proposed that a disturbance 
in the normal chromosomal balance of a cell might result
in malignancy [4], which was later known as the somatic
mutation theory of cancer. The prevailing view for many
years, however, was that cancer was not the result of
chromosomal abnormalities since the observed genetic
changes in tumors seemed to be random [5–7]. Cytoge-
netic studies in the 1950s and 1960s characterized kary-
otypes by size, shape and number of chromosomes, but
individual chromosomes could not be precisely identi-
fied. Nonetheless, a pivotal moment in cancer genetics
occurred in 1960 with the discovery of the Philadelphia
(Ph) chromosome in chronic myelogenous leukemia
(CML) by Nowell and Hungerford in Philadelphia [8].
The Ph chromosome was a small, distinctive chromo-
some that was consistently associated with CML. Despite
this discovery no consistent chromosomal abnormalities
were found to be associated with a cancer during the fol-
lowing years, and again the view persisted that genetic
changes were epiphenomena.* Corresponding author.



In the 1970s cancer genetics was transformed by the de-
velopment of techniques that allowed each chromosome to
be identified based on its unique banding pattern [9]. This
led to the discovery of a number of recurrent translocations
in tumors. The first translocation to be identified was be-
tween chromosomes 8 and 21 in patients with acute mye-
logenous leukemia (AML) [10]. This was shortly followed
by the discovery of a translocation between chromosomes
9 and 22 in CML [11]. The development of molecular ge-
netics in the 1980s permitted the characterization of
translocation breakpoints, and the first genes involved in a
translocation were cloned. These genes were the MYC gene
on chromosome 8 and the immunoglobulin heavy chain
(IgH) gene on chromosome 14 in Burkitt’s lymphoma [12,
13]. Since these discoveries additional techniques have
been developed, permitting more precise analysis of
translocations at the cytological level. Fluorescence in situ
hybridization (FISH) provides fluorescent-labeled hy-
bridization probes to identify subchromosomal regions
[14, 15], and spectral karyotyping (SKY) allows the iden-
tification of each chromosome by DNA probes consisting
of different fluorochromes [16, 17].

Double-strand breaks (DSBs) have been suspected to be
the causative lesion leading to translocations. DSBs can
occur from exogenous DNA damaging agents as well as
from endogenous cellular processes. An example of an
exogenous agent is ionizing radiation, which directly
causes DSBs as well as other lesions. Another agent is the
antitumor drug etoposide, which causes a DSB by par-
tially inhibiting the activity of DNA topoisomerase II
(topo II) in the religation of cleaved strands [18]. En-
dogenous cellular processes and conditions resulting in
DSBs include oxidative metabolism, which produces free
radicals that damage DNA, mechanical stress on chromo-
somes and replication fork collapse. Finally, programmed
DSBs also arise in specific tissue types, as during V(D)J
recombination [19] and meiosis [20].
The repair of chromosomal DSBs in mammalian cells oc-
curs by two general types of DNA repair pathways: ho-
mologous recombination (HR) and nonhomologous re-
combination, also known as nonhomologous end-joining
(NHEJ) [21] (table 1). Consequently, DSBs are potent in-
ducers of recombination in mammalian cells, stimulating
both HR and NHEJ by three orders of magnitude or more
[22]. Historically, NHEJ was presumed to be the dominant
repair pathway in mammalian cells; however, recent stud-
ies have shown that HR is also a major pathway [23]. The
contribution of each pathway in repairing a break on a
chromosome may depend on such factors as the nature of
the DSB and the particular cell cycle or developmental
stage of the cell (i.e. embryo vs. adult) [24–26]. In general,
HR and NHEJ are viewed as competing pathways [24, 25],
but more recent evidence indicates that these two pathways
have the potential to be coupled during the repair of a DSB
[26]. Of key interest is determining how DSBs are formed
that lead to translocations, and what factors and DSB repair
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Figure 1. Example of a recurrent reciprocal translocation and a fu-
sion gene. (A) Breakpoints (jagged arrows) in the Wilms tumor
(WT1) gene on chromosome 11 and the Ewing sarcoma (EWS) gene
on chromosome 22, resulting in the t(11;12) (p13;q12) reciprocal
translocation of desmoplastic small round cell tumor (DSRCT),
which produces two derivative (der) chromosomes. (B) The
EWS/WT1 fusion gene is shown from der (22), which has oncogenic
properties. Exons of EWS and WT1 are represented by solid and
open boxes, respectively, and are not drawn to scale.

Table 1. Different DSB repair pathways in mammalian cells.

General types Some specific Components
of DSB repair DSB repair 
pathways pathways

Nonhomologous illegitimate KU70/KU80, DNA-PKcs ,
recombination recombination XRCC4/DNA ligase IV,

MRE11/RAD50/NBS1

V(D)J RAG1/RAG2,
recombination KU70/KU80, DNA-PKcs ,

XRCC4/DNA ligase IV,
MRE11/RAD50/NBS1(?)

Homologous gene conversion RAD51, RAD52, RAD54,
recombination XRCC2, XRCC3, 
(HR) RAD51B, RAD51C, 

RAD51D, BRCA1, 
BRCA2, MRE11/ 
RAD50/NBS1

single-strand RAD52, RAD1/RAD10
annealing (SSA)

See text for references.



pathways are involved in generating translocations, the lat-
ter being the main focus of this review.

Translocations in hematologic and solid tumors

Translocations are a common cause of leukemias, lym-
phomas and solid tumors of mesenchymal origin (sarco-
mas). More is known about the chromosomal changes in
hematologic tumors than in most solid tumors, despite the
fact that solid tumors represent 95% of human cancers [3,
5]. One reason is that solid tumors are more difficult to
analyze; for example, they generally have a more com-
plex karyotype containing a multitude of abnormalities at
the time of diagnosis, whereas hematologic tumors often
contain only one or a few gross chromosomal rearrange-
ments. In solid tumors, such as epithelial tumors of the
breast and skin, it is difficult to differentiate between 
primary pathogenic events and secondary evolutionary
and/or ‘bystander’ events. Although it is possible that a
translocation or another chromosomal rearrangement is
the etiological factor in these malignancies, it is also pos-
sible that a mutation in a caretaker gene, which makes a
cell hypermutable, results in the observed global genomic
instability.
Most genes involved in translocations encode transcrip-
tion factors, especially in acute leukemias and sarcomas,
although some genes associated with translocations have
different functions. For example, they can encode tyro-
sine kinases, cyclins, nucleopore proteins and anti-apop-
totic proteins (see [2]). Overall, genes implicated in
translocations are involved in an essential stage of cell
growth, development or survival. Their oncogenic effect
is often restricted to a particular cell type where the action
of the fusion protein in a specific cell context contributes
to incomplete differentiation and malignant transforma-
tion [27]. We discuss below three cancers and their
translocation breakpoint regions, as well as their very dif-
ferent translocation gene products and the role of these
products in tumorigenesis.

Burkitt’s lymphoma (BL)
Burkitt’s lymphoma is a hematologic cancer characterized
by the t(8;14) (q24;q32) translocation in over 80% of pa-
tients, and involves the MYC and IgH genes on chromo-
somes 8 and 14, respectively. This translocation is re-
stricted to B cells in which the IgH locus is subjected to
developmental programmed chromosomal rearrange-
ments and hypermutation. The normal MYC gene contains
three exons which are all present in the t(8;14) transloca-
tion in the form of Burkitt’s lymphoma endemic to Africa
and New Guinea (fig. 2A), whereas only exons 2 and 3 of
MYC are present in the sporadic and AIDS-associated
forms [28]. The MYC gene in these translocations is

deregulated by the strong enhancer elements present at the
IgH locus, such that the timing and level of its expression
is changed substantially [29, 30]. In addition to these
changes, negative regulatory elements are often abolished
by point mutations in the first exon or intron of MYC [31].
The effect of MYC overexpression has been well-charac-
terized [32–34]. An excess of MYC, a bHLH-LZIP tran-
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Figure 2. Schematic diagram of gene products from translocations
associated with three cancers. (A) The t(8;14) (q24;q32) transloca-
tion typical of the endemic form of Burkitt’s lymphoma (BL) results
in the fusion of the immunoglobulin heavy chain (IgH) gene with
the bHLH-LZIP transciption factor encoded by MYC as shown. Ar-
rows indicate the direction of transcription, as well as the promoter
region of MYC. In the IgH gene, enhancer elements (which are
shown as enh) deregulate MYC expression. The protein is repre-
sented by a hatched box, and encodes exons 1–3, as does the wild-
type protein. (B) The fusion protein of chronic myelogenous
leukemia (CML). The breakpoints in BCR are generally restricted
to exons 11–15 (also know as M-bcr exons b1–b5). The fusion pro-
tein shown here is encoded by exons 1–13 of BCR and exons 2–11
of ABL. This rearrangement changes the timing and expression of
ABL, resulting in constitutive tyrosine kinase activity. (C) The fu-
sion protein EWS/WT1 of desmoplastic small round cell tumor
(DSRCT) comprises exons 1–7 of EWS and exons 8–10 of WT1.
This fusion juxtaposes the amino terminal domain (NTD) of EWS
containing transcriptional activation properties to the DNA binding
domain of WT1, and results in a novel transcription factor. Exons
and proteins are not drawn to scale.



scription factor, causes a shift in the equilibrium of
dimers involving MYC and another bHLH-LZIP tran-
scription factor, MAX. This overexpression apparently
results in the inappropriate activation of downstream tar-
get genes, ultimately leading to malignant transformation
of B cells. Two other translocations are associated with
Burkitt’s lymphoma, the t(2;8) and t(8;22) translocations,
which also lead to the activation of MYC by juxtaposition
to an Ig light chain gene [35, 36]. 
Similarly, in other B and T cell malignancies, transloca-
tion of Ig and T cell receptor (TCR) loci, respectively,
causes deregulation of many different genes (see [2]). For
example, in the t(3;14) translocation of diffuse B-cell
lymphoma, IgH is juxtaposed to BCL6, which encodes 
a zinc-finger transcription factor [37]. Another example
is in the t(10;14) translocation of T cell acute lym-
phoblastic leukemia (T cell ALL), where a TCR gene is
fused to HOX11, which encodes a homeodomain protein
[38, 39]. 

CML
CML is a hematologic cancer which is caused by the
t(9;22) (q34;q11) translocation, producing the Ph chro-
mosome and fusing the BCR gene on chromosome 22
with the ABL gene on chromosome 9 [40, 41]. In this type
of translocation, the breakpoints are within the introns of
both genes, and construct a novel gene in which ABL se-
quences are fused to BCR sequences and placed under the
regulation of the BCR promoter [42].
The BCR gene has a central region of 5.8 kb that is termed
the major breakpoint cluster region (M-bcr), for which
the gene was named [43]. This gene has 23 exons with the
M-bcr spanning exons 11–15. The breakpoints in the
ABL gene extend over a larger region (≥200 kb) and oc-
cur either 5¢ of the two alternative first exons or down-
stream of them in the first intron [44]. Although the BCR
gene has identifiable protein domains and is ubiquitously
expressed, its role in the cell is unknown [45]. The ABL
protein is a nonreceptor tyrosine kinase that normally has
very low constitutive kinase activity; however, the
BCR/ABL fusion protein (fig. 2B) has constitutively el-
evated kinase activity [46, 47], and its expression has
been shown to produce a CML-like disease in mice 
[48]. There are potentially multiple downstream tar-
gets through which the BCR/ABL fusion protein exerts
its oncogenic effect, such as components of the RAS
pathway, adhesion molecules, apoptotic factors and 
the cell-cycle-regulated proteins MYC and cyclin D1
[2, 45].
The BCR and ABL genes are involved in another t(9;22)
translocation that causes ALL, accounting for over one-
third of adult cases and a small portion of childhood cases
[49, 50]. In this malignancy, the breakpoint in BCR oc-
curs in the first intron in the minor breakpoint cluster re-

gion (m-bcr), whereas the breakpoints in ABL are the
same as in CML. Splicing of the fusion gene in both CML
and ALL retains exon 2 of ABL, resulting in the same
portion of the ABL protein being expressed in both
leukemias [51].

DSRCT
Desmoplastic small round cell tumor (DSRCT) is an ag-
gressive solid tumor primarily of male adolescents that
generally occurs in the peritoneal surfaces of the ab-
domen [52]. This malignancy is associated with the re-
current t(11;22) (p13;q12) translocation (fig. 1A) [53].
The breakpoints of this translocation usually occur in in-
tron 7 of the Ewing sarcoma (EWS) gene and always in
intron 7 of the Wilms Tumor (WT1) gene, with the
EWS/WT1 fusion gene from der (22) underlying the
oncogenesis of DSRCT (fig. 1B) [54–56].
The EWS protein is a widely expressed protein consisting
of an amino-terminal domain (NTD), which has tran-
scriptional activational properties and shares some ho-
mology with RNA polymerase II, and a carboxyl-termi-
nal domain, which contains an RNA recognition motif
[57, 58]. The function of the EWS protein is unknown,
but studies have suggested that it may be a RNA-binding
protein involved in some facet of transcriptional regula-
tion and processing [57–61]. The WT1 protein is a tu-
mor-suppressor protein that belongs to the EGR family of
zinc-finger transcription factors, and has been shown to
be involved in transcriptional repression in vitro, but also
has many other putative functions (see [62]). A subset of
Wilms tumors is caused by mutations in WT1, some of
which are loss-of-function mutations, whereas some are
mutations in the amino terminus which convert WT1 into
a transcriptional activator [62, 63].
The EWS/WT1 fusion protein consists of the NTD of
EWS and the carboxyl terminus of WT1, which contains
the last three of four zinc fingers [56]. Thus in
EWS/WT1, the RNA-binding domain of EWS is re-
placed with the DNA-binding domain of WT1, thereby
creating a novel transcription factor (fig. 2C). Studies
have shown that the chimeric protein activates putative
WT1-responsive genes such as PDGF-A, EGR-1 and
IGF-1R, which are normally repressed by WT1 [64–66].
Further studies examining the effect of endogeneous ex-
pression of EWS/WT1 on the activation of native genes,
however, are necessary to gain insight into EWS/WT1
downstream targets (see [62]).
The EWS gene is involved in translocations with many
other genes besides WT1, resulting in a number of differ-
ent sarcomas [3]. In each of these malignancies the EWS
NTD is again fused to the DNA-binding domain of its
translocation partner. This occurs in the t(11;22)
(q24;q12) translocation of Ewing sarcoma in which the
EWS gene is juxtaposed to the FLI-1 gene, which encodes
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a transcription factor with an ETS DNA-binding domain
[67]. In another sarcoma, malignant melanoma of soft
parts, the EWS gene is fused to ATF-1, which encodes a
transcription factor in the bZIP family [68].

DSB repair pathways and translocations

The novel juxtaposition of DNA sequences at transloca-
tion breakpoints suggests the involvement of chromoso-
mal breaks and their aberrant repair in the translocation
process. Both NHEJ and HR pathways play major roles in
the repair of DSBs in mammalian cells [21]. NHEJ in-
volves the joining of two DNA ends with little or no ho-
mology to each other [69]. These ends may or may not un-
dergo degradation, and if they are degraded, the degrada-
tion may be limited or extensive. Besides deletion of
nucleotides, duplications, insertions and inversions can
occur at these junctions. NHEJ also occurs at specific se-
quences, as during V(D)J recombination in which DSBs
are introduced at recombination signal sequences (RSSs)
by the RAG recombinase proteins [70]. The terms
‘NHEJ’ and ‘illegitimate recombination’ are often used
interchangeably, but in this review illegitimate recombi-
nation denotes the joining of nonhomologous ends with-
out the use of any site-specific sequences.
In contrast to NHEJ, HR relies upon homology of gener-
ally ≥ 200 bp for the repair of DSBs. Gene conversion, a
specific type of HR, is a conservative process in which re-
pair can precisely restore the original sequence that was
present prior to the introduction of a DSB. This involves
repair DNA synthesis in which the homologous sequence
serves as a template for repair. Single-strand annealing
(SSA) is another type of HR, but it is a nonconservative
process due to the loss of genetic information during re-
combination. In SSA, a DSB occurs in or near two re-
peats, followed by annealing of complementary single
strands of the repeats such that the intervening sequences
are deleted and only one copy of the repeat remains.
Components of NHEJ and HR DSB repair pathways are
listed in table 1 [71].
Many potentially recombinogenic sequences have been
associated with translocations (table 2). Alu repetitive
elements appear abundant in regions that frequently
undergo recombination (hot spots). For example,
translocation breakpoint junctions often are composed of
an Alu element joined to a unrelated sequence, as would
be indicative of NHEJ. HR between Alu elements has
been shown to be the cause of many intrachromosomal
rearrangements associated with cancer and other dis-
eases [72]; however, evidence for Alu-Alu HR involve-
ment in chromosomal translocations is sparse [73].
Palindromic sequences have also been implicated in me-
diating translocations (see [74]). Palindromes can form
hairpin DNA structures which can undergo breaks, mak-

ing them genetically unstable and possibly recombino-
genic [75].
Various elements such as topo II cleavage sites, scaffold-
associated regions (SARs, also called MARs), and
DNase I hypersensitive sites (DNase I HS sites) have also
been found in breakpoint cluster regions of various genes
and, therefore, have been predicted to play a role in
translocations. Topo II cleavage sites have been shown to
be involved in translocations both in vitro and in vivo
[76–78]. Consistent with this, treatment of patients with
topo II inhibitors (i.e. etoposides) can generate transloca-
tions leading to therapy-related leukemias [79]. SARs are
AT-rich DNA regions of chromatin loops in the DNA
scaffold, and DNase I HS sites represent accessible re-
gions of DNA that could be potential sites for DSBs [80,
81]. Recent studies on translocations in AML have shown
that the breakpoint regions of both the AF9 gene and the
MLL gene contain all three of these structural elements,
which may promote the illegitimate recombination events
between them [82]. 
In the following section we have highlighted specific
DSB repair pathways implicated in the etiology of
translocations in lymphomas and Ewing sarcoma. We
also discuss a genetic system developed by our laboratory
which is designed to determine the particular DSB repair
pathway(s) involved in translocation events.

V(D)J recombination and other lymphoid
developmental processes implicated in
translocations
Specific translocations are often associated with tumors
that arise from B and T cells where an oncogene on one
chromosome is juxtaposed to an antigen receptor locus
on another chromosome (see [2, 83, 84]). These translo-
cations occur in immature lymphoid cells undergoing
V(D)J recombination, as well as in more mature B cells
undergoing isotype class switch recombination, somatic
hypermutation and secondary V(D)J recombination
events.
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Table 2. Some potential recombinogenic sequences or sites in-
volved in translocations.

Illegitimate recombination
Alu repetitive elements
Palindromic sequences
DNA topo II cleavage sites
Scaffold-associated regions (SARs)
DNase I hypersensitive sites (DNase I HS sites)

Recombination involving immune system
Heptamer/nonamer motifs
Class switch regions
Somatic hypermutation regions

Homologous recombination
Alu repetitive elements (?)

See text for references.



The IgH locus consists of V, D, J and C segments, and by
combinatorial joining of these segments in B cells, anti-
body diversity is created [85, 86]. More specifically, the
V(D)J recombination machinery joins the D segment to a
J-Constant segment, followed by another recombination
event joining the V segment to the DJ-Constant segment,
resulting in a rearranged IgH gene (fig. 3A). At the re-
combining ends of each V, D, and J coding segment is a
RSS which is composed of a heptamer and a nonamer
separated by a spacer region of either 12 or 23 bp. To ini-
tiate V(D)J recombination, the RAG proteins make DSBs
at the borders of the heptamers and the adjacent coding
segments. The two ends containing the RSSs have blunt
ends and are joined by NHEJ to form a circular molecule
with a signal joint. By contrast, the two coding ends form
hairpin ends which are opened prior to NHEJ to become
a covalently linked coding joint.
One proposal as to how V(D)J recombination gives rise to
a translocation is that the RAG proteins make a DSB at an
antigen receptor locus and also at a cryptic RSS on an-
other chromosome (fig. 3B) [87, 88]. If the cryptic site
occurs near a proto-oncogene, the fusion to Ig enhancer
elements results in the dysregulation of this gene. Al-
though cryptic site usage has been documented in V(D)J
recombination [89], often sequences approaching con-
sensus RSS elements have not been found at translocation
breakpoint junctions. Therefore, another mechanism has
been proposed in which the second DSB is generated by
some means other than the RAG proteins [90]. The RAG-
cleaved end is then ligated to this other end in a process
termed ‘end-donation’ (fig. 3B) [86].
A third proposal is that some translocations arise by
RAG-mediated transposition in a mechanism termed
one-ended transposition [91]. In its simplest form, this
mechanism involves only one DSB at an antigen receptor
locus rather than two DSBs, and has been proposed based
on the activity of the RAG proteins in vitro using oligonu-
cleotide substrates. The normal reaction occurs in two
steps: the RAG proteins nick one strand at each heptamer
junction, resulting in a strand with a 3¢-OH and a 5¢-P end,
and then the 3¢-OH end attacks the other strand in a trans-
esterification reaction, creating a hairpin at the coding
end and leaving a blunt end at the signal end. The two
coding and two signal ends then become joined. In one-
ended transposition the 3¢-OH at a single signal end is
proposed to attack a random site on another chromosome,
which could be near a protooncogene. By a similar trans-
esterification reaction as that found in the normal reac-
tion, the reactive 3¢-OH of this branched intermediate
would attack the opposite strand to form a hairpin. A re-
ciprocal translocation would culminate with the joining of
the two hairpin ends produced in this reaction (fig. 3C). 
Cryptic-site usage, end-donation and one-ended transpo-
sition are all possible mechanisms for the generation of
reciprocal translocations in B and T cells due to inappro-

priate V(D)J recombination. Evidence supporting end-
donation and possibly cryptic site usage has been sug-
gested by sequence analysis of translocation breakpoints,
although the relative contribution of each mechanism has
yet to be conclusively determined.
In addition to V(D)J recombination, the maturation of B
cells includes two other processes – isotype class switch-
ing and somatic hypermutation [92]. Through the intro-
duction of point mutations into rearranged V regions, so-
matic hypermutation generates high-affinity antibodies,
whereas isotype class-switching links rearranged V re-
gions to different 3¢ Constant regions, which alters anti-
body effector function. Both of these processes have been
postulated to involve DSBs at the switching or mutating
sequences [93 and references therein; 94], although de-
tails of these processes, including mechanisms of DSB
formation, are as yet unknown. Consistent with DSB for-
mation, translocation breakpoints have been associated
with both switch regions and sequences undergoing hy-
permutation [95]. Of note, in Burkitt’s lymphoma se-
quence analysis of breakpoints in the endemic form of the
disease is consistent with translocations arising during
somatic hypermutation, whereas analysis of breakpoints
in the sporadic form of the disease is consistent with
translocations arising during class switch recombination.
Thus, aberrant repair mechanisms leading to transloca-
tions have been associated with all three developmental
processes involving DNA alterations at the Ig and TCR
loci.

Illegitimate recombination and translocations
Although multiple mechanisms have been proposed for
the generation of reciprocal translocations involving anti-
gen receptor genes, less is understood about transloca-
tions that do not involve these genes. In some leukemias,
recombinogenic sequences have been proposed to play a
role [82 and references therein; table 2]. However, even
less is known about genetic events leading to transloca-
tions in sarcomas. To gain insight into the etiology of sar-
comas, Zucman-Rossi et al. [96] determined the break-
point junctions in 77 solid tumors carrying the t(11;22)
(q24;q12) translocation characteristic of Ewing sarcoma.
The translocation results in the fusion of the EWS gene to
the FLI-1 gene on chromosome 11, producing a fusion
protein that is a novel transcription factor with potent
transforming properties [58, 67]. Since the EWS gene has
multiple translocation partners (e.g. WT1, ERG, ETV1,
ETV4 and ATF1) resulting in many different sarcomas
[97], gaining insight into the etiology of the EWS/FLI-1
translocation potentially has broad significance.
In this study the breakpoint regions of the unrearranged
EWS and FLI-1 genes were first sequenced, and then the
der (22) breakpoint junctions in the 77 tumors were pre-
cisely determined. No consistent consensus sequence or
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Figure 3. Mechanisms of V(D)J recombination leading to translocations. (A) Normal V(D)J recombination at RSSs adjacent to the D, J
and V segments. The RAG proteins make DSBs (jagged arrows) at the junction of RSSs (which are shown as white or gray triangles) and
coding segments. The blunt signal ends of the RSSs are ligated to form a circular molecule with a signal joint, whereas the D and J (or V
and D) cleaved-coding ends first form hairpin ends that are then processed to form a coding joint. The number of V, D, J and C segments
in the germline confirmation is indicated. (B) Two mechanisms leading to translocations are shown. In the first mechanism, cryptic-site us-
age (1), the V(D)J machinery erroneously makes a DSB at a cryptic heptamer (triangle with dashed lines) on another chromosome and then
joins together the two broken chromosomes,  resulting in a translocation in an otherwise normal V(D)J recombination event. In the second
mechanism, end-donation (2), only one RAG-mediated DSB occurs, resulting in the fusion of an IgH end to a random chromosome which
has also undergone a DSB by some other mechanism. (C) A third translocation mechanism is one-ended transposition which occurs when
only one DSB at an RSS is made by the RAG proteins. The 3¢-OH end of the cleaved RSS attacks a site on a chromosome which by chance
is near an oncogene (ONC) (see text for details).



repetitive elements were found in the regions of the
breakpoints. This was determined by examining 120 bp
of normal EWS sequence 5¢ of each of the 77 breakpoint
junctions, and similarly 120 bp of normal FLI-l sequence
3¢ of the junctions. The authors concluded that the
t(11;22) translocation of Ewing sarcoma is due to illegit-
imate recombination that does not involve any known re-
combinogenic sequences (e.g. Alu elements or topo II
sites).
Breakpoint junction sequences from the reciprocal der
(11) were also determined in 36 of the 77 solid tumors.
The results indicate that 30% (11/36) of the tumors had
balanced junctions defined by ≤5 bp of gene sequence
deleted or duplicated, whereas 58% (21/36) had under-
gone deletions (mean deletion of 56 bp and maximum of
8262 bp) or duplications (mean of 118 bp and maximum
of 467 bp). Overall, almost every combination of bal-
anced, deleted and duplicated ends of EWS and FLI-1 se-
quences was observed at the breakpoint junctions. The re-

maining tumors, which represented 11% (4/36) of the tu-
mors, had translocations with more complex patterns,
and often involving the insertion of a locally derived in-
verted sequence (LDIS). These results indicate, therefore,
that although recurrent reciprocal translocations appear
to be balanced at the cytological level, at the fine struc-
ture level the majority of translocations are not balanced.
The authors proposed a simple model of illegitimate re-
combination to account for all of the observed junctions
(fig. 4). The model suggests that DSBs occur indepen-
dently on two chromosomes, with most DSBs resulting in
a staggered break. The protruding ends of the DSBs are
then processed separately by DNA polymerase and/or 
5¢-to-3¢ exonucleases. Depending on the ratio of these
two activities, three basic categories of end structures 
can be generated: duplications, deletions and inversions
(LDISs). A translocation is then created by the ligation of
the processed ends of two chromosomes. Similar pro-
cessing of DSB ends of translocation breakpoints have
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Figure 4. Model for processing of DSB ends which leads to duplications, deletions and inversions at translocation breakpoints. A DSB
(jagged arrow) produces a staggered break in a chromosome. The ends can be filled in by polymerase, resulting in duplication of sequences
at the two broken ends of that chromosome. Exonuclease activity can result in small deletions at the broken ends, whereas excess exonu-
clease activity can produce a locally derived inverted sequence (LDIS). During the formation of an LDIS, annealing at a small homology
(shown as 4 bp) produces a hairpin end which is then released by a single strand nick. Polymerase and exonuclease activity results in an
inversion. Only processing of one DSB end of a chromosome is shown for LDIS. A translocation then results from ligation of the processed
ends of two chromsomes. Gray rectangles represent exon sequences.



been suggested in studies investigating different leu-
kemias [98, 99].

Frequent translocations in a model system
of DSB repair
Richardson and Jasin in 2000 [100] have recently shown
that frequent reciprocal translocations can be generated
by the repair of two DSBs, each on a different chromo-
some. This is in contrast to previous results using a simi-
lar interchromosomal system, where the repair of a single
DSB did not produce a translocation [101]. DSBs were
introduced into chromosomes using the rare-cutting 
I-SceI endonuclease. These experiments were performed
in mouse embryonic stem cells in which I-SceI cleavage
sites were placed in two defective neomycin phospho-
transferase (neo–) genes integrated into heterologous
chromosomes (fig. 5). Upon I-SceI endonuclease expres-
sion in this system, DSBs occur in each neo– gene, and
HR repair by either gene conversion or SSA between
these two repeats results in the formation of a neo+ gene.
Analysis of the neo+ interchromosomal recombinant
clones indicated that 79% (34/43) of these clones had un-
dergone interchromosomal recombination by gene con-
version and 21% (9/43) had undergone SSA. Of note,
none of the gene conversion events led to translocations,
whereas all of the SSA events led to reciprocal transloca-
tions. These translocation events occurred at a frequency
of 1 ¥ 10–4.

In these experiments each of the reciprocal translocations
recovered had a particular structure. The selected neo+

gene generated by SSA was found at one breakpoint junc-
tion, whereas the second breakpoint junction was derived
by NHEJ (fig. 5). Some clones had breakpoint junctions
with minimal deletion of the broken chromosomal ends
(13–26 bp), whereas other events had larger deletions
(118 bp to ≥2.4 kb). These results indicate that ends pro-
duced from DSBs in two chromosomes can be readily
joined. In addition, the ends can be joined to form the re-
ciprocal translocation by two distinct repair (SSA and
NHEJ) pathways.
NHEJ events have been presumed to be involved in
translocations leading to sarcomas and leukemias, as
mentioned earlier. Although SSA events between chro-
mosomes results in frequent translocations in a model
system in yeast [102] as in the system described above,
the involvement of SSA in translocations in mammalian
tumors has yet to be reported. Nevertheless, repetitive el-
ements, such as Alu elements, make up a large fraction of
the mammalian genome, and therefore would seem to be
good candidates for HR events by SSA or even gene con-
version (accompanied by the exchange of flanking mark-
ers). One possible explanation for this disparity is that
DSBs at two Alu elements, rather than DSBs at one Alu
element and at a second random sequence, may not occur
frequently enough to generate a translocation. In addi-
tion, sequences undergoing DSB-promoted HR must be
highly homologous for HR to occur efficiently [103,
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Figure 5. A reciprocal translocation produced by DSBs in a model translocation system. Integrated into two heterologous chromosomes
are defective neo genes, each of which contains a rare-cutting I-SceI cleavage site. DSBs (jagged arrows) are induced by expression of the
I-SceI endonuclease. SSA and NHEJ are two different DSB repair pathways involved in generating this translocation.



104], but Alu elements usually diverge from the Alu con-
sensus sequence by 2–30% [105]. The proximity of the
chromosomes containing the cleaved Alu elements may
also play a role.
It is known that disruption of the conservative HR repair
pathway, gene conversion, leads to a high level of chro-
mosomal aberrations. For example, cells mutated for
BRCA1, the hereditary breast cancer gene, are defective
in HR of DSBs [106], and they show a high level of ge-
nomic instability [107]. Possibly, the loss of conservative
HR causes a reliance on nonconservative DSB repair (i.e.
SSA and NHEJ). Use of the I-SceI-based genetic system
for studying the formation of translocations should allow
us to determine the effects of perturbating DSB repair
pathways and to uncover other components involved in
translocations in mammalian cells.

Conclusion

When a cell suffers a DSB, many DNA damage-response
signaling and repair pathways are triggered. The cell then
undergoes a cell-cycle arrest in order to repair the break
or undergoes apoptosis. Inappropriate DSB repair has
been proposed to generate the translocations that lead to
leukemias, lymphomas and sarcomas. The outcome of a
translocation is either dysregulation of a proto-oncogene
or expression of a novel oncoprotein, both leading to tu-
morigenesis. The mechanisms of inappropriate repair are
the subject of current investigation. Aberrant V(D)J re-
combination is proposed to lead to translocations by at
least three different mechanisms. Other developmental
processes in lymphoid cells, i.e. class switching and hy-
permutation, have also been implicated in translocations,
but details of these processes are not known. A large-
scale study of breakpoint junctions in translocations from
tumors of Ewing sarcoma patients concluded that illegit-
imate recombination is the mechanism responsible for
mediating these translocations. A genetic system used to
induce translocations in mammalian cells has found that
nonconservative HR and NHEJ repair, but not gene con-
version, will frequently give rise to translocation events.
It is becoming increasingly evident that defective repair
of DSBs by many different types of DNA repair pathways
[108], as well as defective DNA-damage-signaling path-
ways, play a major role in the development of cancer (re-
viewed in [109]).
In the future, the further characterization of the genes at
translocation breakpoints and the fine mapping of larger
sets of breakpoints will provide insight into new proto-
oncogenes and different mechanisms that are involved in
the development of cancer. In addition, mouse models
have recently been developed using the Cre-loxP system
to generate translocations in vivo and these are expected
to provide new insight into the role of translocations in

human cancers [110, 111]. The identification and charac-
terization of translocations in various cancers will be ex-
pected to be used more frequently as genetic markers for
the accurate diagnosis of patients, as well as prognostic
tools when analyzing karyotypes of tumor cells. Further-
more, chimeric proteins from translocations provide
unique therapeutic targets for novel treatments of cancer,
such as the successful use of the new drug, STI-571, for
the treatment of CML [112]. And finally, with more so-
phisticated cytogenetic techniques our understanding
should greatly increase regarding the role of chromoso-
mal aberrations in the etiology of solid tumors with com-
plex karyotypes.
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