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a Etablissement Français du Sang (EFS) – Bretagne, Brest, France
b Institut National de la Santé et de la Recherche Médicale (INSERM), U613, Brest, France
c Faculté de Médecine et des Sciences de la Santé, Université de Bretagne Occidentale (UBO), Brest, France
d Institute of Medical Genetics, School of Medicine, Cardiff University, Heath Park, Cardiff CF14 4XN, UK
e Laboratoire de Génétique Moléculaire et d’Histocompatibilité, Centre Hospitalier Universitaire (CHU), Hôpital Morvan, Brest, France
f Institute of Human Genetics, University of Ulm, Albert-Einstein-Allee 11, 89081 Ulm, Germany
g University of Patras, School of Health Sciences, Department of Pharmacy, University Campus, Rion GR-26504, Patras, Greece

a r t i c l e i n f o

Keywords:
Cancer
Copy number variation
Genomic rearrangements
Homologous recombination
Non-homologous end joining

a b s t r a c t

Genomic rearrangements in inherited disease and cancer involve gross alterations of chromosomes or
large chromosomal regions and can take the form of deletions, duplications, insertions, inversions or
translocations. The characterization of a considerable number of rearrangement breakpoints has now
been accomplished at the nucleotide sequence level, thereby providing an invaluable resource for the
detailed study of the mutational mechanisms which underlie genomic recombination events. A better
understanding of these mutational mechanisms is vital for improving the design of mutation detection
strategies. At least five categories of mutational mechanism are known to give rise to genomic rearrange-
ments: (i) homologous recombination including non-allelic homologous recombination (NAHR), gene
conversion, single strand annealing (SSA) and break-induced replication (BIR), (ii) non-homologous end
joining (NHEJ), (iii) microhomology-mediated replication-dependent recombination (MMRDR), (iv) long
interspersed element-1 (LINE-1 or L1)-mediated retrotransposition and (v) telomere healing. Focussing
on the first three of these general mechanisms, we compare and contrast their hallmark characteris-
tics, and discuss the role of various local DNA sequence features (e.g. recombination-promoting motifs,
repetitive sequences and sequences capable of non-B DNA formation) in mediating the recombination
events that underlie gross genomic rearrangements. Finally, we explore how studies both at the level of
the gene (using the neurofibromatosis type-1 gene as an example) and the whole genome (using data
derived from cancer genome sequencing studies) are shaping our understanding of the impact of genomic
rearrangements as a cause of human genetic disease.

© 2010 Elsevier Ltd. All rights reserved.

1. Introduction

Genomic rearrangements constitute changes in the genetic
linkage relationship of discrete chromosomal fragments and can
involve deletions, duplications, insertions, inversions or transloca-
tions. Historically, genomic rearrangements have been extensively
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studied by means of either classical cytogenetic or molecular bio-
logical techniques. Only fairly recently has the resolution gap
between these techniques been bridged by technological advances.
Since two landmark studies six years ago [1,2], genomic rear-
rangements of intermediate scale—now commonly known as copy
number variation (CNV; a ≥1 kb DNA segment that differs in terms
of its copy number with respect to a reference genome sequence
[3])—have been found in increasing numbers to cause or pre-
dispose to human inherited disease and cancer. An increasing
number of rearrangement breakpoints have been characterized
at the nucleotide sequence level, thereby providing an invalu-
able resource for the detailed study of mutational mechanisms
underlying genomic recombination events. A better understand-
ing of these mutational mechanisms is vital for improving the
design of mutation detection strategies. In this article, we shall
provide an overview of the mutational mechanisms put forward
to account for the diverse range of known genomic rearrange-
ments, with an emphasis on new insights generated from recent

1044-579X/$ – see front matter © 2010 Elsevier Ltd. All rights reserved.
doi:10.1016/j.semcancer.2010.05.007

dx.doi.org/10.1016/j.semcancer.2010.05.007
http://www.sciencedirect.com/science/journal/1044579X
http://www.elsevier.com/locate/semcancer
mailto:jian-min.chen@univ-brest.fr
dx.doi.org/10.1016/j.semcancer.2010.05.007


J.-M. Chen et al. / Seminars in Cancer Biology 20 (2010) 222–233 223

studies of both inherited disease and cancer, and highlight the
most significant findings obtained from cancer genome sequencing
studies.

2. Mutational mechanisms of genomic rearrangement

At least five categories of mutational mechanism can give
rise to genomic rearrangements: homologous recombination,
non-homologous end joining (NHEJ), microhomology-mediated
replication-dependent recombination (MMRDR), long interspersed
element-1 (LINE-1 or L1)-mediated retrotransposition, and telom-
ere healing. The latter two can perhaps be described as specialized
mechanisms as compared with the first three. L1-dependent
retrotransposition is thought to occur by target site-primed
reverse transcription. Besides simple self-insertion, L1 elements
can mobilize their 5′- and 3′-flanking DNA sequences in cis and non-
autonomous sequences in trans (e.g. Alu sequences) to new genomic
locations. Moreover, L1 retrotransposition can also give rise to large
genomic deletions (for reviews, see [4–6]). Telomere healing refers
to a process during which the end of a broken chromosome is
stabilized by the telomerase-dependent addition of telomeres at

non-telomeric sites (reviewed in [7]). In this section, we shall focus
on the first three general mechanisms. We shall attempt to com-
pare and contrast their characteristic hallmarks, emphasize new
developments, and discuss the role of various local DNA sequence
features in mediating gross genomic rearrangements.

2.1. Homologous recombination

Homologous recombination is one of the major pathways for
the repair of double-strand breaks (DSBs). As the term implies, it is
mediated through sequences which exhibit considerable homology
(generally >200 bp) that presumably serves to stabilize chromoso-
mal mispairing. Homologous recombination is upregulated in the S
and G2 phases of the cell cycle, when sister chromatids are readily
available. It can be further sub-divided into four pathways, namely,
non-allelic homologous recombination (NAHR), gene conversion,
break-induced replication (BIR) and single-strand annealing (SSA)
(Fig. 1). These pathways share similar initiating events: the DSB
generated within one of the duplicated or repeated sequences
undergoes extensive 5′-end resection to form 3′ single-stranded
DNA (ssDNA) tails; these tails, once coated with the Rad51 recombi-

Fig. 1. Mutational models of homologous recombination. In the models of gene conversion, NAHR (non-allelic homologous recombination) and BIR (break-induced replica-
tion), the invading strand invariably binds to a homologous sequence. In the model of SSA (single-strand annealing), the black bars indicate the direct repeats that flank a
DSB (double-strand break). In the dissolution model of gene conversion, the two facing horizontal purple arrows indicate convergent branch migration. In the double HJs
(Holliday junctions) cleavage model of gene conversion, the four horizontal green arrows indicate the orientation of resolution. In the double HJ cleavage model of NAHR,
the double HJs can be cleaved as indicated by the green arrows or by the red arrows. In the first pathway of BIR, the HJ is resolved as indicated by the facing horizontal green
arrows. See text for details. D-loop, displacement loop; RF, replication fork; SDSA, synthesis-dependent strand annealing.
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