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Abstract

Chromosome translocations are catastrophic genomic events and often play key roles in
tumorigenesis. Yet the biogenesis of chromosome translocations is remarkably poorly understood.
Recent work has delineated several distinct mechanistic steps in the formation of translocations,
and it has become apparent that non-random spatial genome organization, DNA repair pathways
and chromatin features, including histone marks and the dynamic motion of broken chromatin, are
critical for determining translocation frequency and partner selection.

A chromosome translocation is defined as a genome abnormality in which a chromosome
breaks and either the whole or a portion of it reattaches to a different chromosome (Fig. 1a).
Depending on the location of the breaks, translocations may lead to the formation of fusion
genes, or may disrupt a gene or its regulatory sequences, and in this way cause gene
misregulation (Fig. 1b). Complex chromosome rearrangements can also be caused by single
catastrophic events, such as the recently identified phenomenon of chromothripsis?.
Chromosome translocations are clinically highly relevant as they are associated with
numerous human cancers as well as hon-cancerous diseases such as infertility and
schizophrenia2. Although chromosome translocations have long been considered mostly
relevant in haematological cancers, their importance in solid tumours has recently been
recognized by the identification of numerous recurrent translocations in tumours from most
tissues?. Translocations play an undisputed role in the initial steps of carcinogenesis and it is
estimated that they are causal in ~20% of cancers2. Beyond their role as disease agents,
translocations are used as decisive diagnostic indicators, as they are easily and accurately
detected using cytogenetic methods. Despite their prevalence and functional importance, our
understanding of their genesis is still remarkably rudimentary.

The formation of a chromosome translocation is a multistep process3. The initial event is the
concomitant occurrence of double-strand breaks (DSBs) in multiple chromosomal locations
(Fig. 1a). Such DSBs may arise spontaneously through replication errors, exogenous stress
such as ionizing radiation and chemotherapeutic agents, or from scheduled breaks induced
during development of the adaptive immune system, such as VV(D)J recombination and
immunoglobulin gene class-switch recombination (CSR)#. Regardless of the type of DNA
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damage, in response, cells will activate complex DNA repair mechanisms to restore genome
integrity. If breaks occur within S phase, they may be preferentially repaired by homologous
recombination using homologous sequences as templates, whereas the non-homologous end
joining (NHEJ) pathway is active throughout the cell cycle and involves the simple, yet often
inaccurate, ligation of the two broken chromosomes®. Although repair pathways are highly
efficient, occasionally DSBs are not quickly resolved, and these are the breaks that
ultimately may lead to translocations. Multiple persistent breaks may come into physical
contact and illegitimate misjoining of ends located on different chromosomes may occur
during the repair process, resulting in a translocation. Whereas the sequence of these basic
steps is well established, it has largely been unknown how these events occur in space and
time, and in the context of the three-dimensional organization of genomes.

The development of new experimental tools has recently enabled the cell biological
delineation of the translocation process. We discuss here how broken chromosomes move,
how they find their translocation partners, and how they synapse and then join to form
translocations. We also discuss the role of spatial genome organization, DNA repair
pathways and the epigenetic landscape in this process.

What happens when DNA breaks?

DNA lesions have the potential to be deleterious for cells. To counteract DNA damage, cells
mount a rapid DNA damage response (DDR), which involves the coordinated accumulation
of DNA repair factors at the site of damage, triggering cellular signalling pathways to halt
the cell cycle and to initiate the repair of the lesions®. The local concentration of repair
proteins around the broken chromosome ends results in the formation of cytologically
detectable DNA repair foci’.

A variety of techniques have been used to probe the motion of DNA repair foci and the
damaged chromatin they contain. In both the yeast Saccharomyces cerevisiae and
mammalian cells, after the induction of a single DSB, the two intrachromosomal ends
flanking this site remain tethered8-10, Time-lapse observations of DNA repair foci in
mammalian cells indicate that their position is relatively stable over time!1-12, Typically, in
mammalian cells a DSB undergoes limited local motion with a mean squared displacement
of ~1 pm2 h~1, comparable to that of a locus on an intact chromatin fibre11:12 Similarly,
damaged chromatin is largely stationary after irradiation of human cells with ultrasoft x-
rays!3. However, under some circumstances, damaged DNA can undergo more extensive
motion. Large-scale DNA damage induced by a-particles promotes movement over several
micrometres and leads to clustering of damaged chromatin domainsl4. Moreover, tracking of
repair foci marked by the DNA repair protein 53BP1 in human cells showed higher mobility
after ionizing radiation compared to the motion of intact chromatin domains®®. In the S.
cerevisiae model system, breaks artificially induced by the I-Scel endonuclease exhibit
increased mobility compared to intact chromosomal loci, and they explore a larger nuclear
volume®®.17 Intriguingly, the increased mobility of DSBs in yeast is only observed for
endonuclease-induced persistent DSBs, but not for other types of damage, such as
spontaneous breaks!8 or breaks that arise from a protein-DNA adduct!?. The ability of a
DSB to explore large fractions of the volume of the yeast nucleus has been suggested to
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facilitate homologous pairing and repairl6-17. The mobility of the unrepaired breaks in S.
cerevisiae is dependent on factors that are involved in homologous recombination repair,
including Rad51, Mecl (the S. cerevisiae homologue of ATR), Rad9 and Sae? (refs 16,17).
Mecl, Rad9 and Rad53 are also involved in increased chromatin mobility of non-damaged
loci after DNA damage elsewhere in the genome, suggesting a global genome-wide effect in
addition to their local activity at sites of damagel®. In mammalian cells, 53BP1 has been
proposed to contribute to enhancing the motion and joining of deprotected telomeres in
mouse cells2%; however, the mobility of DSBs is not altered in human cells lacking 53BP1
(ref. 15), suggesting that distinct types of break differ in their dependence on 53BP1 for their
mobility. These observations point to an involvement of major DSB repair factors in DSB
motility, by mechanisms that are as yet unknown.

Spatial genome organization as a driver of translocations

The limited mobility of DSBs in mammalian cells has obvious implications for translocation
formation, as physical interaction and pairing of DSBs is required for the illegitimate joining
of chromosome ends. Given that genomes are non-randomly arranged in three-dimensional
space?l, it seems plausible that the spatial arrangement of the genome contributes to the
propensity of two given chromosomes to form translocations (Fig. 2). In particular, it has
been proposed that proximally positioned chromosomes undergo translocations at higher
frequencies than distal chromosomes?2:23, This hypothesis has been tested over the past
decade using cytogenetic, genome-wide mapping and imaging approaches, and the emerging
data strongly support a driving role of non-random spatial genome organization in
determining the outcome of translocations.

Early studies using fluorescence in situ hybridization (FISH) to map the spatial position of
frequent translocation partners indicated strong correlation between the spatial proximity of,
chromosomes or genes and their translocation frequencies?4-32. Translocating chromosomes
were often found at the nuclear periphery2> and in closer spatial proximity than
nontranslocating chromosomes26. Translocation frequency was also positively correlated
with the degree of intermingling of adjacent chromosomes in lymphocytes?’. These
observations on entire chromosomes were extended to individual genes?8-31.33, For example,
the distance of the MY C gene to its three Burkitt’s lymphoma translocations partners /GH,
/GK and IGL correlates with the observed translocation frequency in patients2®. In line with
the established notion of tissue- and cell-type-specific, non-random organization of
genomes221.:34 correlations between tissue-specific chromosome location and tissue-
specific translocations have also been observed?4:35. Similar correlations are also found in S.
cerevisiae, whose genome is less stringently spatially organized, but overlapping nuclear
territories were nevertheless found to recombine more efficiently than sequences located in
spatially distant locationss®.

These cytological studies were confirmed by genome-wide mapping approaches37:38,
Sequencing of junctions of translocations after experimentally inducing DSBs at the ¢c-myc
or the /ghloci in mouse B lymphocytes demonstrated that translocations occur
predominantly between the DSB and nearby regions on the same chromosome37:38,
Chromosome conformation capture techniques, which allow mapping of chromatin
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interactions at a genome-wide scale, showed that the most frequent translocation partners of
experimentally induced DSBs in transformed pro-B cells were found in ¢/salong single
chromosomes containing the induced DSBs, as well as within other chromosomes and
subchromosomal domains in a manner directly related to pre-existing spatial proximity —
although a low frequency of distal translocation partners were found as well3®. In activated
B lymphocytes, both the number and proximity of DNA breaks, induced by the activation-
induced cytidine deaminase (AID), which is responsible for IgH class switch recombination
and somatic hypermutation, have been implicated in influencing translocation frequency#0:41

Imaging approaches have recently enabled insights beyond these correlative studies. By
fluorescently tagging individual DSBs on separate chromosomes in a cell-based model
system to visualize translocations*2, it has become possible to directly track the fate of
DSBs and to fully describe the events leading to a translocation in individual living cells#2.
This approach showed that more than 80% of translocating breaks originated from locations
within 2.5 um of each other#2. This distance corresponds reasonably well with the observed
limited motion of DSBs1-13, demonstrating that translocations are formed predominantly
between proximal chromosome breaks*2. Intriguingly, however, a minority of translocations
do seem to form from DSBs located more than 5 pm apart, indicating that formation of
translocations over long ranges does occur, and raising the possibility that not all
translocations form by the same mechanism?2.

Partner search in 3D space

After chromosomes have suffered breaks, how do the ends find their partners in 3D space?
Time-lapse microscopy of individual DSBs in living cells shows that DSBs undergo a non-
directional, locally restricted saltatory motion®? (Fig. 2). Interestingly, translocating breaks
were found to undergo faster motion than non-translocating breaks*2. The molecular basis
for this difference is unknown.

A key question is whether the motion of chromosome loci and DSBs represents an active
and directed process, or occurs by passive diffusion. Whereas the vast majority of studies on
chromatin motion find that chromatin loci of various types undergo predominantly locally
constrained passive diffusional motion, a few report active chromatin motion. The first
evidence for active chromatin movement was the observation of linear, directed motion of a
tagged chromosome site targeted with a transcriptional activator from the nuclear periphery
to the interior®3. This motion was sensitive to perturbation of actin and nuclear myosin .
Similarly, the long-range motion of the U2 small nuclear RNA gene locus towards Cajal
bodies during transcriptional activation in human cells seemed to occur along a linear
trajectory and was dependent on actin?. It remains to be seen whether the actin and myosin
dependence of this motion is due to global alterations of nuclear structure or interference
with chromatin remodelling activities, some of which use actin as a cofactor*®. The lack of
linear motion of DSBs suggests that their movements are not directed; however, energy-
dependent chromatin remodelling activities may affect DSB motion46.

The mobility of chromosome breaks directly influences the probability of two breaks to
synapse and thus undergo a translocation. Several factors that influence chromosome
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dynamics have recently been identified. In S. cerevisiae, association of telomeres with the
nuclear envelope and tethering of centromeres to the membrane-associated spindle pole
body constrain chromosome motion4-49, Similarly, the association of chromosome regions
with the nucleolus or the nuclear periphery limits the motility of loci in mammalian
cells®0-51, These observations suggest that the likelihood of translocation may be affected by
chromosomal location, particularly of loci in proximity to chromosomal tethering points
such as the nuclear envelope or nuclear bodies.

It also seems that the mobility of both intact chromatin loci and DSBs may be cell-cycle-
dependent. Although experiments using chimaeric versions of core histones fused to
photoactivatable or photobleachable proteins to mark chromatin domains revealed similar
mobilities of chromosomal regions from middle G1 to late G2 phase®1-52, a two-fold
increase in the mobility of chromosome territories was evident in early G1 phase®2.
Furthermore, increased chromatin mobility of a fluorescently tagged gene array during the
first hours of G1 phase in human cells has been reported®3 and tagged chromosomal foci in
S. cerevisiae display a decrease in motion during replication®*. Tracking of decondensed
euchromatic chromatin domains in early S phase uncovered higher motility than condensed
heterochromatic domains during mid or late S phase in human cells1®55, These observations
point to a higher mobility of chromosome loci in early G1 phase, which decreases as cells
progress through S phase. Similarly, studies that monitored the mobility of DSB-containing
chromatin by tracking 53BP1-containing ionizing-radiation-induced foci (IRIF) in human
cells demonstrated decreased motion of DSBs during S phase compared to G1 and G2 (ref.
15). Despite these cell-cycle differences in chromatin motion, the percentage of cells with
synapsed DSBs in different cell cycle phases remains constant, suggesting that the
variability in mobility over the cell cycle does not affect the probability of DSB pairing®2.

DSB pairing

The synapsis of DSBs within the nucleus is a fundamental step in the formation of
translocations. Insights into pairing of breaks comes from studies in S. cerevisiae in which a
chromosome break associates with its intact homologous counterpart in order to use it as a
template for homologous recombination when the sister chromatid is not available. Rad51is
involved in the formation of nucleoprotein filaments on singlestranded DNA, and drives the
search for homology®8-58. Homologous chromosomes also pair at sites of ionizing- or
endonuclease-induced DSBs in human cells®®. The contact between the homologous
chromosomes is centred around the location of the DSB and requires the activity of the ATM
kinase and ongoing transcription®.

Although DSBs that are repaired by NHEJ do not synapse with homologous templates, some
DSBs are able to persistently pair, making them susceptible for translocation. After DSBs
are formed, they undergo a partner search within the nuclear space driven by their locally
constrained, random motion#? (Fig. 2). When encountering another DSB within their
volume of motion, the two lesions undergo cycles of transient pairing and dissociation.
Although many of these pairs eventually separate, some DSBs engage in persistent pairing,
making them susceptible for illegitimate joining and translocation formation?2. Importantly,
single-cell tracking experiments show that the two intrachromosomal ends generated by the
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DSB move in unison to the area of pairing with the other chromosome ends, suggesting that
the two intrachromosomal breaks do not separate before translocation and the choice of the
chromosomal partners involved in the joining takes place after the chromosomal partners are
in close proximity*2 (Fig. 2). The observed coordinated motion of the two DSBs explains
the inherent reciprocity of translocation formation, as it would be highly unlikely that both
broken chromosome ends find their two corresponding translocation partners if the two
chromosome ends separated before congregation with other DSBs.

Avre there cellular factors that promote the pairing of DSBs within the nuclear space? In S.
cerevisiae, multiple DSBs coalesce into common repair centres89. These accumulations of
repair proteins have been suggested to increase the efficiency of repair. On the other hand,
the the association of multiple DSBs with repair centres may also aid the persistent pairing
of DSBs®0. Coalescence of multiple DSBs, however, is not desirable for a cell as the spatial
proximity of breaks may also facilitate their synapsis and subsequent illegitimate misjoining
to form a translocation. In S. cerevisiae, the appearance of a DSB within ribosomal DNA
(rDNA\) resulted in the transient relocalization of the lesion to an extranucleolar site to
repress rDNA hyperrecombination®2, Similarly, in Drosophila melanogaster, damaged
heterochromatin domains are expelled from the chromosome territory, resulting in the
physical separation of the repetitive heterochromatic sequences from homologous sequences
on the same chromosome, and thus reducing the possibility of inaccurate recombination2,
Moreover, both in yeast and in mammalian cells, the DNA damage marker phospho-histone
H2AX (y-H2AX) is found at the periphery of heterochromatic regions, indicating
decondensation of heterochromatin or the movement of breaks to the periphery®3.64,
Congregation of individual repair foci in common repair centres is not the norm in
mammalian cells, and has only been observed sporadically!2. Typically, and again in
contrast to yeast®, an individual repair focus forms around each DSB and, unless the DSBs
come into close spatial proximity of each other, each repair focus remains separate*2. During
translocation formation, as individual breaks approach each other to pair, their respective
repair foci coalesce into the same repair focus, which is then resolved over time —
presumably as a consequence of the completion of repair towards the formation of a
translocation?? (Fig. 2). Whether the observed congregation of repair foci contributes to the
pairing of the DSBs and the formation of chromosome translocations by clustering DSBs
and holding them in place, or whether it is merely a consequence of the pairing event, is
currently unclear.

In an analogous fashion, it has been proposed that transcription factories, which contain
multiple actively transcribed genes, may contribute to the formation of chromosome
translocations by retaining actively transcribed genes in spatial proximity5®. In support of
this, the MYC gene and its frequent translocation partners IGH, IGK and IGL are thought to
share a transcription factory®6. Moreover, genome-wide translocation capture studies in
lymphocytes revealed translocation break points to be frequently positioned near
transcription start sites of active genes37-38. In addition, early replicating fragile sites®’,
which can be found as translocation partners in more than 50% of recurrent human diffuse
large B cell lymphoma, are enriched in regions with high transcriptional activity, and their
fragility positively correlates with their transcriptional activity®’. Evidence supporting a
potential role of transcription in the formation of translocations also comes from studies
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showing that transcriptional activation by androgen- receptor-dependent signalling promotes
the spatial proximity of androgen-responsive genes and the formation of site-specific DSBs,
and contributes to the formation of prostate-cancer-specific translocations®8. Furthermore,
transcriptional upregulation of translocating genes is accompanied by spatial juxtaposition in
anaplastic cell lymphoma®. Taken together, these observations suggest that active
transcription influences the probability of translocation formation by retaining potential
translocation partners in close physical proximity within shared transcription factories (Fig.
3).

One protein that has been demonstrated to influence the synapsis of DSBs is the repair factor
Mrell. Using single-cell analysis and high-throughput microscopy, inhibition of Mrell by
the mirin compound?? or by knockdown?2, but not inhibition of the major DDR kinases
ATM, ATR and DNAPK, resulted in a decrease in the percentage of cells with paired DSBs
and a concomitant decrease in the fraction of cells with translocations*2. These experiments
support the notion that Mre11, as part of the MRN (Mre11-Rad50-Nbs1) complex’?, acts as
a DNA-end bridging factor, facilitating the synapsis of DSBs and translocation formation. In
addition, the a-particle-induced clustering of chromosome domains marked by y-H2AX is
affected in cells from ataxia telangiectasia-like disorder (ATLD) patients!4, which have
reduced levels and function of the Mre11 protein’2. These studies demonstrate that pairing
of DSBs is an important step in the formation of translocations, and identify Mrel1 as a key
regulator of this event (Fig. 3). Furthermore, several studies have implicated Mrel1 as the
DNA-end tethering factor during classic and alternative NHEJ and in class switch and V(D)J
recombination’3-79,

DNA repair pathways in translocation formation

As the formation of a translocation requires the joining of chromosome breaks, the DNA
repair machinery, which prevents the formation of translocations by rapidly repairing
lesions, is, paradoxically, also a key player in the formation of any translocation (Fig. 3). It is
therefore an obvious question whether the distinct pathways that mediate DSB repair, or the
specific proteins of the repair machinery, influence the frequency of translocations.

In mice, dramatic genomic instability and increased frequency of chromosome
translocations occur when key factors of the NHEJ pathway, such as Ku70, Ku80,
DNAPKcs, XRCC4 or LIGIV, are absent®0-82, This is not simply due to an increase in DNA
damage because of deficiencies in repair; in the absence of the NHEJ factor Ku70, higher
numbers of chromosome translocations between RAG (recombination-activating gene)-
generated DSBs and an endonuclease-generated DSB on a different chromosome are
observed, suggesting that NHEJ factors suppress the formation of translocations per se83.
Furthermore, translocation frequencies between endonuclease-induced DSBs on different
chromosomes are increased in the absence of Ku80 or DNAPK(cs (ref. 42) or in the absence
of XRCC4-LIGIV (ref. 84). Given that the ligation of the translocation partners is an
absolute requirement for a translocation to form, these findings suggest that, in the absence
of NHEJ factors, non-canonical joining pathways promote their ligation83.
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Early studies in S. cerevisiae provided evidence for the presence of an alternative pathway
that mediates joining of breaks in the absence of Ku70 or Ku80 (refs 85-87). This alternative
mode of repair, termed alternative NHEJ (A-NHEJ), relies on microhomologies between the
partners, and is believed to be active when classical NHEJ is not functional. Importantly, this
pathway may account for the observed increased formation of chromosome translocations in
mice lacking the core NHEJ proteins®0. In support of this notion, mice lacking Ku70, Kugo,
XRCC4 or LIG4 in a p53-null background develop tumours with translocations featuring
junctions with microhomology®8:89, and translocations and microhomology usage between
IgH and Myc are increased in mouse B lymphocytes after deletion of Ku70 and LI1G4 (ref.
90). As translocations can form in cells lacking L1G4, which is the major ligase in NHEJ,
other ligases must be present to mediate the joining of the breaks. Depletion of either LIG1
or LIG3 in mammalian cells reduces the use of microhomology-mediated end-joining in
cell-free extracts®L, and cells deficient in LIG3 show decreased translocation frequency and
decreased usage of microhomology®?, suggesting that the ligation step in the A-NHEJ
pathway is mediated by L1G3. In addition, whereas LIG1 loss has no effect on translocation
frequency, co-depletion of LIG3 and LIG1 reduces translocations to a higher extent than loss
of LIG3 alone, suggesting that LIG1 can act as a backup ligase for LIG3 (ref. 92). Similarly,
cells deficient for the CtBP-interacting protein (CtIP) show decreased frequency of
translocations and reduced microhomology usage, indicating that CtIP is also involved in the
formation of translocations®3. These findings suggest that the A-NHEJ pathway is a critical
contributor to translocation frequency, but it is still not clear whether A-NHEJ is a
translocation-prone pathway that is active in the presence of classical NHEJ or whether its
dominance in the absence of classical NHEJ is merely a reflection of the behaviour of
persistent unrepaired DSBs, which have a longer time window to pair with other DSBs and
to translocate. In support of the latter, inhibition of DNAPKcs kinase activity substantially
increases the frequency of translocations*2. DNAPKGcs is autophosphorylated at numerous
sites? and regulates, among other functions, its own dissociation from broken chromosome
ends%. As impairment of DNAPKcs kinase activity and its autophoshorylation decreases its
exchange rate and retains it at DSBs%, it is likely that the reduced turnover of DNAPKcs at
broken chromosome ends decreases the propensity of intrachromosomal joining by
extending the time frame in which DSBs can meet and translocate with breaks on different
chromosomes. Further insight into how the repair machinery may deal with chromosome
lesions comes from the study of telomeres, which are naturally occurring chromosome ends.
When telomeres are uncapped by loss of the shelterin component TRF2, chromosome ends
are recognized by the DNA repair machinery as DSBs and are processed by an NHEJ
reaction to promote end-to-end chromosome fusions®’. Importantly, these structures can
cause translocations and new breaks in subsequent divisions, and in the absence of p53, their
presence positively correlates with a high frequency of epithelial cancer.

In addition to NHEJ pathways, homologous-recombination-based pathways have been
implicated in the numerical variation of copies of segments in the genome, known as copy
number variation, and the formation of nonreciprocal translocations®®. A replication-based
mechanism termed microhomology-mediated break-induced replication (MMBIR) uses a
different site with partial homology to the original template, resulting in a daughter strand
containing sequences from two chromosomes and, thus, a translocation9%:100, Moreover, an
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alternative homologous repair pathway, termed single-strand annealing (SSA)19%, can repair
DSBs between two repeated sequences in a process that can also generate
translocations102-104 However, when identical Alu repeats were introduced adjacent to
inducible DSB sites in a controlled engineered system, the frequency of translocations was
not altered192, suggesting that the presence of homology per seis not a driver of
translocations between breaks in heterologous 10cil92:105, Similarly, classical NHEJ and
alternative end-joining pathways!196.107 predominate in forming complex translocations
during chromothripsis, but replication-dependent processes%8, such as replication fork
stalling and template switching1%® or MMBIR (refs 100,110), may also be involved in their
aetiology. Collectively, these findings suggest that NHEJ pathways and SSA are dominant in
the formation of chromosome translocations between breaks from within heterologous loci.
In agreement with this notion, chromosome translocations between endonuclease-induced
DSBs on different chromosomes form with the same probability in different phases of the
cell cycle®2, in line with NHEJ being the major repair pathway in the formation of
translocations throughout the cell cycle111-114,

Chromatin structure and histone modifications in translocation formation

DSB repair occurs in the context of higher-order chromatin structure15-117 and various
chromatin components, including chromatin modifiers, remodellers, histone chaperones and
histone variants, play an active role in the DDR, fine-tuning damage signalling and
modulating the outcome of repairl18. It is therefore likely that chromatin components
influence the formation of translocations at multiple steps.

Circumstantial evidence suggests that chromatin properties may affect the formation of
translocations by enhancing the susceptibility of genome regions to breakage. Several
translocation breakpoints have been mapped to within, or close to, transcriptionally active
genome regions3738:68.69.119 and breaks generated in the presence or absence of AID are
enriched for H3K4me3, H3 acetylation, and H3K36me3 associated with active
transcription38. In addition, specific histone modifications have been implicated in the
mechanisms that promote the formation of DSBs during V(D)J and CSR recombination in
lymphocytes. The interaction of RAG-2 with H3K4me?2 or H3K4me3, through its plant-
homeodomain (PHD) domain, is required for recombination of extrachromosomal and
endogenous immunoglobulin gene segments120121 Moreover, a set of ectopic AlD-targeted
genes is enriched for H3K4me3 in the vicinity of their break sites, and translocations
between these genes are found in tumours22, In prostate cancer cell lines, the frequently
translocated TMPRSS2-ERG region is enriched in active marks such as H3K4me3,
H3K36me3 and H3 acetylation, which are depleted in rearrangements of ETS-negative
prostate tumors123, Moreover, in the presence of androgens and ionizing radiation in prostate
cancer cells, H3K79me2 and H4K16 acetylation marks are enriched close to the TMPRSS2-
ERG breakpoint regions, and overexpression of the H3K79 methyltransferase DOT1L
substantially increases the frequency of translocations®®. These data may point to an
enrichment of open chromatin marks within translocation breakpoints.

Chromatin properties may also affect the motion of chromatin and DSBs and thus their
propensity to translocate®®. Tethering the viral transactivator VP16 to a heterochromatic
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transgene array in mammalian cells promotes chromatin decompaction and induces long-
range motion3. Similar experiments in S. cerevisiae show increased motion of non-
telomeric24 or silent telomeric loci#’. Although these studies cannot distinguish the effect
of chromatin relaxation from that of transcriptional upregulation on chromatin motion, other
studies have shown that an increase in transcription alone does not necessarily lead to a
higher mobility. As an example, tethering of the Gal4 activation domain to a promoter
results in an increase in transcription without influencing the mobility of the locus,
suggesting that changes in transcription are not sufficient to drive increased locus
mobility124, These results indicate that it is the changes in chromatin structure that
determine mobility. In support of this, targeting of the chromatin remodeller INO80 promotes
mobility in the absence of transcriptional changes!?4. Importantly, the increased mobility is
dependent on the catalytic subunit of INO80 (ref. 124). Moreover, targeting the actin-related
protein 8 (ARP8), which is required for the remodelling activity of the INO80 complex, also
leads to increased mobility of chromatin, and its deletion partially decreases the motion of
an endonuclease-induced DSB124, Reduced motion of 53BP1 foci was observed in human
cells treated with histone deacetylase or histone acetyltrasferase inhibitors, tentatively
pointing to a role of chromatin properties in DSB motion1®. These findings support the idea
that chromatin remodelling regulates the motion of chromosomes and DSBs, and in this way
contributes to the translocation process.

Future perspectives

Chromosome translocation is a prominent phenomenon that we have come to take for
granted because of its ubiquitous prevalence and clinical importance. Due to the
experimental difficulties in probing the biogenesis of translocations, the elucidation of the
mechanisms leading to their formation has lagged behind their cytological characterization
and application in diagnostic applications. Recent work has delineated distinct steps in the
formation of translocations, and several powerful experimental systems have been developed
to probe them. These studies create a conceptual and experimental framework to now dissect
the molecular mechanisms involved in the formation of chromosome translocations. A
caveat with most current studies in any organism is the reliance on artificial means to induce
breaks experimentally. The development of systems that allow tracking of endogenous
breaks at defined regions, as are now being pursued by use of recombineering technology,
will be an important step forward. It will be of prime importance and interest to uncover the
effect of histone modifiers, chromatin remodellers and higher-order chromatin structure on
the individual steps that govern the formation of translocations. Translocation-capture
sequencing techniques and experimental systems to integrate key mechanistic steps of the
formation of translocations will serve as valuable tools in this effort. The delineation of
distinct steps in the translocation process will also provide the framework for more clinically
relevant efforts. In particular, it will be important to determine how various components of
the DNA damage response affect individual steps of the process and modulate translocation
frequency. Such studies may help in the design of cancer therapies with improved efficacy,
and may be particularly useful in minimizing the occurrence of secondary translocation-
initiated tumors, a major problem in chemotherapy. Chromosome translocations are
beautifully complex yet threateningly dangerous. Elucidating their biogenesis will unravel
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some of the beauty of the basic biology that underpins their formation, and is likely to also
generate new tools to combat cancer.
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chromosome, resulting in the formation of a chromosome translocation. (b) A translocation
may provide a proliferative or survival advantage to the cell by generating a chimaeric fusion
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protein with oncogenic potential, through disruption of a tumour suppressor gene or by
fusion of a tumour-promoting gene to a strong transcriptional promoter.
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Figure 2.
Distinct phases in the biogenesis of a translocation. The spatial arrangement of

chromosomes within the 3D space of the nucleus is a key determinant of translocation
frequency. In the presence of DNA damage, proximal chromosomes (magenta and gold)
have a higher probability of translocating than distally located chromosomes (magenta and
light blue). Following double-strand break (DSB) formation, the local concentration of
repair proteins around the broken chromosome ends results in the formationof a DNA repair
focus at each break site. DSBs undergo a partner search within the nuclear space driven by
their locally constrained, saltatory motion. In case they encounter another DSB within their
path, the two lesions can undergo cycles of transient pairing and dissociation. Although
many of these synapsed breaks eventually separate, some engage in persistent pairing,
making them susceptible to illegitimate joining and the formation of a translocation.
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Figure 3.
Factors influencing distinct steps in the formation of chromosome translocations. The

mobility of chromosome breaks can directly influence the probability of chromosomal
breaks meeting in the nuclear space. The action of major repair factors and chromatin
remodellers has been shown to be an important regulator of the motion of DSBs in S.
cerevisiae, and may directly contribute to the formation of translocations. The synapsis of
the breaks
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