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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

me se
e of h
derived from cancer geno
rearrangements as a caus

. Introduction
Genomic rearrangements constitute changes in the genetic
inkage relationship of discrete chromosomal fragments and can
nvolve deletions, duplications, insertions, inversions or transloca-
ions. Historically, genomic rearrangements have been extensively

Abbreviations: aCGH, array comparative genomic hybridization; BIR, break-
nduced replication; CNV, copy number variation; CNM, copy number mutation;
-loop, displacement loop; DSB, double-strand break; FoSTes, fork stalling and

emplate switching; HJ, Holliday junction; LCRs, low copy repeats; LINE-1 or L1,
ong interspersed element-1; NAHR, non-allelic homologous recombination; NHEJ,
on-homologous end joining; MMRDR, microhomology-mediated replication-
ependent recombination; ROHs, runs of homozygosity; SRS, serial replication
lippage; SSA, single-strand annealing; ssDNA, single-stranded DNA.
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quencing studies) are shaping our understanding of the impact of genomic
uman genetic disease.
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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

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
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tudies of both inherited disease and cancer, and highlight the
ost significant findings obtained from cancer genome sequencing

tudies.

. Mutational mechanisms of genomic rearrangement

At least five categories of mutational mechanism can give
ise to genomic rearrangements: homologous recombination,
on-homologous end joining (NHEJ), microhomology-mediated
eplication-dependent recombination (MMRDR), long interspersed
lement-1 (LINE-1 or L1)-mediated retrotransposition, and telom-
re healing. The latter two can perhaps be described as specialized
echanisms as compared with the first three. L1-dependent

etrotransposition is thought to occur by target site-primed
everse transcription. Besides simple self-insertion, L1 elements
an mobilize their 5′- and 3′-flanking DNA sequences in cis and non-

utonomous sequences in trans (e.g. Alu sequences) to new genomic
ocations. Moreover, L1 retrotransposition can also give rise to large
enomic deletions (for reviews, see [4–6]). Telomere healing refers
o a process during which the end of a broken chromosome is
tabilized by the telomerase-dependent addition of telomeres at

ig. 1. Mutational models of homologous recombination. In the models of gene conversio
ion), the invading strand invariably binds to a homologous sequence. In the model of SS
SB (double-strand break). In the dissolution model of gene conversion, the two facing

Holliday junctions) cleavage model of gene conversion, the four horizontal green arrow
he double HJs can be cleaved as indicated by the green arrows or by the red arrows. In th
rrows. See text for details. D-loop, displacement loop; RF, replication fork; SDSA, synthe
r Biology 20 (2010) 222–233 223

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-

n, NAHR (non-allelic homologous recombination) and BIR (break-induced replica-
A (single-strand annealing), the black bars indicate the direct repeats that flank a

horizontal purple arrows indicate convergent branch migration. In the double HJs
s indicate the orientation of resolution. In the double HJ cleavage model of NAHR,
e first pathway of BIR, the HJ is resolved as indicated by the facing horizontal green
sis-dependent strand annealing.
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Fig. 2. Types of genomic rearrangements resulting from NAHR (non-allelic homol-
ogous recombination) and BIR (break-induced replication). Arrowed bars indicate
duplicated sequences or LCRs and their relative orientations. The direction of BIR
24 J.-M. Chen et al. / Seminars in

ase protein, search for and base-pair with a homologous sequence
8].

.1.1. NAHR

.1.1.1. Mechanistic model of NAHR. NAHR is a type of two-ended
SB repair. One of the ssDNA tails invades the non-allelic homolo-
ous DNA duplex forming a displacement (D)-loop, which is then
xtended by DNA synthesis. The other 3′ ssDNA tail of the DSB is
hen captured, with DNA synthesis and ligation of nicks leading
o the formation of double Holliday junctions (HJs). (HJ refers to
mobile junction between four strands of DNA. It is named after
obin Holliday, who originally proposed it back in 1964.) Finally,
leavage of the double HJs by a HJ resolvase, GEN1 in humans and
en1 in yeast [9], gives rise to either a crossover (i.e. NAHR) or a
on-crossover (i.e. gene conversion) event, depending on the ori-
ntation of HJ cleavage (Fig. 1).

.1.1.2. Types of genomic rearrangements caused by NAHR. NAHR
an result in deletion, inversion, duplication or translocation,
epending upon the location and orientation of the interacting
omologous sequences (Fig. 2).

.1.1.3. Meiotic NAHR vs mitotic NAHR: genomic rearrangements at
he NF1 locus as a model system. NAHR is the major mechanism
eading to recurrent pathogenic CNVs and occurs in both meiotic
nd mitotic cells (for a review, see [10]). Whereas both meiotic
nd mitotic NAHR events could be mediated through the same
airs of low copy repeats (LCRs) [11], the study of the different
ypes of gross rearrangement at the type 1 neurofibromatosis (NF1)
ocus has yielded some unexpected findings. Large deletions in
7q11.2 that encompass the NF1 gene and its flanking regions con-
titute the most frequently recurring mutations causing NF1, an
nherited tumour predisposition syndrome. Three recurrent sub-
ypes of these gross NF1 deletions have been noted that differ
oth in terms of deletion size and the positions of their respec-
ive breakpoints: type-1, type-2 and type-3 NF1 deletions (Fig. 3).
he most common of these are type-1 deletions which encompass
.4 Mb and lead to the loss of 14 genes including the NF1 gene.
ype-1 deletions are mediated by NAHR between LCRs flanking
he NF1 gene region, specifically NF1-REPs A and C. Two pre-
erred regions of NAHR have been noted within the NF1-REPs:
he paralogous recombination sites PRS2 and PRS1 [12,13]. Of 60
ype-1 deletions investigated, 40 had breakpoints within a 3.4 kb
egion spanning PRS2 whereas 13 had breakpoints within PRS1, a
egion encompassing 1.8 kb [13]. Thus, hotspots of NAHR clearly
ccur within NF1-REPs A and C. Notably, NAHR underlying type-
deletions occur preferentially during maternal meiosis [14,15],

ontrasting with the overwhelming occurrence of CMT1A duplica-
ions at 17p11.2 in spermatogenesis [16,17]. Type-3 NF1 deletions
re mediated by NAHR between NF1-REPs B and C; they encom-
ass only 1 Mb and are much less frequent than type-1 deletions
ince only three patients with germline type-3 deletions have so
ar been identified [18]. Nevertheless, both type-1 and type-3 dele-
ions serve to demonstrate the high recombinogenic potential of
he LCRs in the NF1 gene region.

Type-2 deletions constitute the second most common type of
ecurrent gross NF1 deletion. They span 1.2 Mb and are charac-
erized by breakpoints within the SUZ12 gene and its pseudogene
SUZ12P) respectively which flank the NF1-REPs (Fig. 3). Type-2
eletions lead to the loss of only 13 genes since, in contrast to
ype-1 deletions, the functional LRRC37B gene within the distal

F1-REP C is retained in type-2 deletions. Steinmann et al. [19]
erformed a comprehensive breakpoint analysis of 13 type-2 dele-
ions but did not detect any obvious hotspots of NAHR that would
e confined to only a few kilobase pairs. An over-representation of
olypyrimidine/polypurine tracts and triplex-forming sequences

is indicated by a curved arrow. In BIR, the resulting rearranged chromosomes are
within ovals.
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Fig. 3. Structure of the NF1 gene region at 17q11.2 showing the relative locations of the low copy repeats and the three known types of gross deletion at this locus. The
genomic positions of NF1-REPs A, B and C are indicated, as are the positions of functional genes and the SUZ12 pseudogene (SUZ12P). The horizontal black bars represent the
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enes located in this region, with the NF1 gene, SUZ12 and SUZ12P specifically indic
with breakpoints located within SUZ12/SUZ12P sequences) and the 1.0 Mb type-3 d
ene region.

as however noted in the breakpoint regions that could have facil-
tated NAHR.

Intriguingly, Steinmann et al. [19] demonstrated that all 13
ype-2 deletions so far identified are characterized by somatic

osaicism, indicating a positional preference for mitotic NAHR
ithin the NF1 gene region. Thus, whereas meiotic NAHR occurs

etween the NF1-REPs giving rise to type-1 deletions, NAHR dur-
ng mitosis appears to occur between the SUZ12 gene and its
seudogene, thereby generating type-2 deletions. Such a clear dis-
inction between the preferred sites of mitotic versus meiotic NAHR
s unprecedented in any other genomic disorder induced by the
ocal genomic architecture. This notwithstanding, 12 of the 13

osaic type-2 deletions were found in females, a finding consistent
ith the observation that type-1 deletions occurred preferentially
uring maternal meiosis. Although an influence of chromatin struc-
ure was strongly suspected, no gender-specific differences in the

ethylation pattern exhibited by the SUZ12 gene were apparent
hat could explain the higher rate of mitotic recombination in
emales.

More recently, Roehl et al. [20] tested the hypothesis that
egions of high allelic similarity [also termed ‘runs of homozy-
osity’ (ROHs)] in regions flanking the type-2 NF1 deletions might
acilitate their occurrence. ROHs are quite common in the human
enome; they are characterized by multiple contiguous homozy-
ous single nucleotide polymorphisms (SNPs) and range in size
rom 200 kb to several Mb [21]. ROHs originate neither by dele-
ions nor uniparental disomy but rather from the inheritance of
dentical-by-descent haplotypes (‘autozygosity’) in outbred human
opulations. Evidence linking consanguinity to higher rates of
ancer suggests that autozygosity could influence cancer predis-
osition [22]. Further, since genomic regions with a high degree of
ermline homozygosity have been reported to constitute hotspots
or deletions or mitotic recombination in various human solid
umours [23], it may be that regions of extended homozygosity
ould promote somatic deletion. In support of this postulate, a sig-
ificant increase in the prevalence of cancer has been noted in
opulations/groups characterized by high rates of consanguinity
nd/or extended homozygosity (autozygosity) [22,24]. Based pri-
arily on the observations made by Assie et al. [23], Roehl et al.

20] postulated that germline homozygosity might, under certain
ircumstances, predispose to somatic deletions by increasing the
ate of mitotic allelic homologous recombination (AHR). Increased
itotic AHR may be tightly linked to, or could even trigger, NAHR in
enomic regions harbouring LCRs, such as the NF1 gene region. To
est this hypothesis, Roehl et al. [20] used Affymetrix SNP 6.0 arrays
o reinvestigate 12 previously described NF1 patients with type-2
eletions and precisely identified breakpoints. They observed that

n 6 of these 12 investigated deletions (50%), the NF1 deletions were
he extent of the common 1.4 Mb type-1 NF1 deletions, the 1.2 Mb type-2 deletions
ns are given in relation to the positions of the genes that map to the extended NF1

flanked by extended regions of homozygosity without copy num-
ber loss. These regions of homozygosity surrounding the deletions
differed in size between different patients, but in all cases extended
beyond the bounds of the deletions themselves, spanning several
hundred kb in length. However, ROHs >500 kb directly flanking
the NF1 deletion region within 17q11.2 on both sides were not
found to occur disproportionately in NF1 patients harbouring type-
2 deletions as compared to controls. Hence, low allelic diversity in
17q11.2 is unlikely to be a key factor in promoting NAHR-mediated
somatic type-2 deletions. Nevertheless, Roehl et al. [20] identified a
specific ROH of 588 kb (roh1), located some 525 kb proximal to the
deletion interval, which was found to occur significantly more fre-
quently in the type-2 deletion patients as compared with controls. A
potential role for roh1 in increasing the frequency of somatic NAHR
between the duplicated SUZ12 sequences remains to be investi-
gated.

2.1.2. Gene conversion
Gene conversion refers to the unidirectional transfer of genetic

material from a ‘donor’ sequence to a highly homologous ‘accep-
tor’ (for a review, see [25]). Mechanistically, gene conversion and
NAHR represent alternative outcomes of a common two-ended DSB
repair process, with divergence occurring at two time-points. The
synthesis-dependent strand annealing (SDSA) model predicts the
divergence after D-loop extension; the invading strand and newly
synthesized DNA is displaced from the template and anneal to the
other 3′ ssDNA tail of the DSB, followed by DNA synthesis and liga-
tion of nicks. The other divergence timepoint is after the formation
of the double HJs. The double HJs can be dissolved by the BLM-Topo
III�-BLAP75 complex through convergent branch migration. Alter-
natively, cleavage of the double HJs (by GEN1 in humans) can also
result in gene conversion (Fig. 1). Note that in both SDSA and double
HJ dissolution, DNA synthesis occurs in the receiving strand. In dou-
ble HJ cleavage, gene conversion is thought to be derived from the
mismatch repair of the heteroduplex DNA that is formed between
the donor and acceptor DNA sequences. The mismatch correction
probably occurs before the resolution of the double HJs; and it is
the broken strand that is usually corrected using the intact strand
as a template (reviewed in [26]).

As NAHR, gene conversion can occur between homologous
sequences located within the same chromatid, sister chromatids,
homologous chromosomes and non-homologous chromosomes
(see Fig. 2). However, gene conversion constitutes a unique type

of genomic rearrangement since, in all possible scenarios, it ends
in the substitution of a sequence tract by a ‘copy’ of a homologous
sequence. Moreover, in mammals, gene conversion tracts are usu-
ally short, of the order of <1-kb in length [25]. Nonetheless, gene
conversion is a well-established cause of both inherited disease
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nd cancer [25]. Gene conversion also plays an important role in
equence homogenization of segmental duplications or LCRs [25].
uch an effect could significantly modify the activity of homolo-
ous recombination hotspots, potentially affecting the rate of de
ovo occurrence of NAHR-derived human disorders.

Finally, it is important to emphasize that there is a quali-
ative difference between gene conversion events and transient
ypermutability-mediated multiple mutations. Whereas gene con-
ersion represents a template-switching event through which
highly homologous template is faithfully copied by a normal

eplicative DNA polymerase, transient hypermutability-derived
ultiple mutations are thought to arise from (a) the deregulated

xpression of, or conformational change in, either a replicative
NA polymerase or another protein involved in the maintenance
f replication fidelity, (b) the disruption of the balance of the
ucleotide pool or (c) the recruitment of error-prone DNA poly-
erases in DNA replication or repair [27].

.1.3. BIR
Both NAHR and gene conversion can repair a DSB with two ends.

owever, under some circumstances, e.g. when a replication fork
s collapsed or broken, only one end of a DSB is available. Such one-
nded DSBs can still be repaired by homologous recombination,
ia a mechanism known as BIR or recombination-dependent DNA
eplication (Fig. 1). Unlike NAHR and gene conversion, what hap-
ens after D-loop extension in BIR remains unclear. One possibility

s that the invading strand succeeds in establishing a unidirec-
ional replication fork that is capable of proceeding until the end of
he template chromosome; cleavage of the HJ junction then gives
ise to two semiconservative replication products. Alternatively,
he strand invasion sets up a replication fork but both the newly
ynthesized leading and lagging strands are constantly displaced
hrough the action of a branch-migration enzyme(s). A third possi-
ility is that the D-loop migrates down the template chromosome
ith the lagging strand being synthesized on the displaced nascent

trand (for a review, see [28]). In the latter two models, the newly
ynthesized DNA is invariably associated with the broken chromo-
ome (Fig. 1). Before a stable replication structure is established, the
nvading strand may undergo multiple rounds of displacement and
nnealing, probably reflecting repeated attempts to find the other
nd of the DSB [29]. Apart from reinitiating stalled and broken repli-
ation forks, BIR has been considered to play an important role in
aintaining telomere length through a “roll and spread” mecha-

ism, in the case of excessive telomere shortening or disruptions
n the function of telomere-binding proteins [28].

Compared with NAHR, BIR yields only non-reciprocal dupli-
ations, deletions, inverted repeats and translocations (Fig. 2).
hese BIR events are indistinguishable from their NAHR counter-
arts (Fig. 2). Thus, some of the pathogenic events that have been
ccounted for by NAHR may in fact result from BIR.

.1.4. SSA
Direct repeats flanking the DSB, which are rendered single-

tranded by 5′ to 3′ end resection, may simply anneal with each
ther before one of the 3′ ssDNA tails can find and base-pair with a
omologous sequence. 3′-flaps are then removed and gaps filled by
NA synthesis, resulting in simple deletions (Fig. 1). Obviously, the

uccess rate of this pathway, SSA, is inversely related to the distance
eparating the two direct repeats. Thus, SSA may only account for
ome small-scale deletions [30].
.2. NHEJ

NHEJ involves simple ligation of any two broken DNA ends
ogether. It is the most prominent DNA repair mechanism because it
an occur at any time during the cell cycle (although preferentially
r Biology 20 (2010) 222–233

during G0, G1, and early S phase) and does not require a homol-
ogous sequence. NHEJ is divided into two sub-pathways, classical
and non-classical.

2.2.1. Classical NHEJ
Classical NHEJ is controlled by the Ku heterodimer (Ku70/Ku80)

and DNA-PKcs; and the ends are joined by ligase IV, XLF and
XRCC4. The detailed molecular mechanism of classical NHEJ has
been reviewed elsewhere [31]. Several issues are however note-
worthy: (a) The presence of terminal microhomologies (typically
1–4 bp) facilitates classical NHEJ but this is not absolutely neces-
sary [31], (b) NHEJ of two compatible or blunt ends of a same DSB
is of high fidelity. By contrast, the NHEJ junctions of two incom-
patible ends of the same DSB are often characterized by small
(typically 1–4 bp) deletions, insertions or indels (for reviews, see
[32,33]). The main reason is that end resection in classical NHEJ is
very limited since this pathway only efficiently joins DSBs with
overhangs of fewer than four bases [33], (c) NHEJ of ends from
simultaneous DSBs has the potential to account for a diverse range
of genomic rearrangements, with some possible outcomes illus-
trated in Fig. 4. In this regard, ‘telomere capture’ (e.g. [34,35])
and ‘addition of preformed oligonucleotides into broken ends’ [36]
require the presence of simultaneously generated multiple DSBs
whilst the ‘breakage–fusion-bridge cycle’ [37] involves the liga-
tion of successively generated DSBs during different cell cycles (see
also Section 3.1). Lastly, NHEJ-compatible events involving micro-
homologies can be alternatively explained by the model of MMRDR
(see Section 2.3).

Obviously, NHEJ of two ends from different DSBs requires
such ends to be physically located in the immediate vicinity. In
mammalian cells, high-precision tracking of tagged broken chro-
mosome ends indicates that these ends can only partially separate
and, consequently, DSBs preferentially undergo translocations with
neighbouring chromosomes [38]. This provides strong support to
the ‘contact-first’ hypothesis, which proposes that interactions
between different DSBs can only take place when they colocalize at
the time of DNA damage [39]. Consistent with this hypothesis, close
spatial proximity has been observed in several frequent translo-
cation partners (for a review, see [40]). Recently, the mechanism
underlying the recurrent fusion of the 5′ end of the untranslated
region of the androgen receptor (AR) target gene TMPRSS2 (located
on chromosome 21) with members of the ETS family of genes
(either ERG or ETV1 on chromosomes 21 and 7, respectively) in
prostate cancer [41] has been elucidated. Intronic binding of lig-
anded AR first brings the loci involved in the translocation into close
proximity. Subsequently, the AR gene promotes site-specific DNA
DSBs at translocation loci by recruiting activation-induced cytidine
deaminase and the LINE-1 repeat-encoded ORF2 endonuclease.
These enzymes then synergistically generate site-selective DSBs at
juxtaposed translocation loci that are ligated by the NHEJ path-
way for specific translocations [42,43]. According to this model,
non-random tumour translocation arising from NHEJ would actu-
ally be promoted by transcription factor binding and chromatin
remodelling [44]. Correlations between the targeted spatial prox-
imity of chromosomes and DNA repair mechanisms such as NHEJ
are increasingly being recognized as underlying many recurrent
tumour translocations [45].

2.2.2. Non-classical NHEJ
The identification of rare Ku-independent end-joining events

using longer microhomology (5–25 bases) revealed a new DSB

repair pathway, originally termed microhomology-mediated end
joining (MMEJ) [46]. As noted by Lieber [31], the term ‘MMEJ’ is con-
fusing because a subset of classical NHEJ events also uses 1–4 bp of
terminal microhomology. Taking this and the description of Yan et
al. [47] into consideration, we tentatively term this pathway ‘non-
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ig. 4. Examples of genomic rearrangements resulting from non-homologous end
nlike non-allelic homologous recombination (NAHR), is not necessarily reciprocal. I
earrangement. IHC, inter-homologous chromosomes. INHC, inter-nonhomologous

lassical NHEJ’. Non-classical NHEJ can repair ends of a single DSB in
way similar to that described in SSA (refer to Fig. 1), resulting in the
eneration of small-scale deletions. This pathway can also repair
nds of different DSBs, evidenced by the longer microhomologies
ound at some translocation breakpoints [32].

.3. MMRDR

Replication slippage or template switching during replication
as long been used to explain the generation of small deletions
nd duplications with terminal microhomologies. The key fea-
ure of this canonical model is that the newly synthesized strand
an dissociate with its template and then reassociate in a mis-
ligned configuration using microhomology. Hence, if the newly
ynthesized strand misaligns at a downstream short direct repeat,
ontinued DNA synthesis will lead to the deletion of one of the
irect repeats and the intervening sequence between the two direct
epeats. On the other hand, if the newly synthesized strand mis-
ligns at an upstream direct repeat, continued DNA synthesis will
ead to the insertion of one of two direct repeats plus the interven-
ng sequence [48].

Recently, two similar models known as serial replication slip-
age (SRS) [48–50] and fork stalling and template switching
FoSTes) [51] were proposed to account for the generation of com-
lex genomic rearrangements. As noted by Gu et al. [10], “both
odels assume serial replication slippage, and both stress the

mportance of the genomic architectural elements such as palin-
romic DNA, stem–loop structures, repeats and so on, which may
acilitate the initial stalling of the replication fork.” Irrespective of
he canonical replication slippage model or SRS/FosTes, the newly
ynthesized strand is invariably predicted to realign to its original
emplate strand that remains unbroken during the process. Tak-
ng duplication for example, a single-stranded/loop structure will
orm in the newly synthesized mutant strand. Two distinct means

ere postulated for the conversion of the single-stranded mutant

equence to double-stranded. Firstly, the synthesis of, and replica-
ion against, the nascent mutant strand could have occurred within
he same cell cycle; a process that would have required cleavage
f the original template strand followed by DNA gap filling and lig-
g (NHEJ). Ends ligated are indicated by dotted lines. In b and c, the final outcome,
ry, the flexibility of NHEJ implies an unlimited number of different types of genomic
osomes.

ation. Alternatively, the single-stranded/loop structure could have
escaped the host repair system; DNA replication against the nascent
mutant strand would then have occurred in the next cell cycle (see
Fig. 2A in [52]).

More recently, a new model, termed break-induced SRS (BISRS;
[53]) has been proposed; this model successfully integrated the key
features of SRS with those of the earlier microhomology-dependent
BIR model [54] to account for the generation of a double complex
copy number mutation (CNM) involving the F8 and FUNDC2 genes.
The microhomology-dependent BIR model could also account for
large simple deletions and duplications associated with short direct
repeats [50]. This model, alternatively known as microhomology-
mediated BIR (MMBIR), has now been increasingly recognized as a
plausible mechanism for generating human CNVs (e.g. [52,55–58]).
In BISRS or MMBIR, replication ends with the engagement of a mis-
aligned template instead of reannealing to its original template;
the synthesis of the second strand follows the synthesis of the first
strand (see Fig. 2A in [52]). Given that replication is a frequent
source of one-ended DSBs, the break-induced models may have
greater explanatory potential than the simple replication slippage
and SRS/FosTes models [52].

All the aforementioned replication-based models are predicated
upon the use of microhomology for strand misaligning. The term
‘MMRDR’, which stands for microhomology-mediated replication-
dependent recombination, appears to best define the hallmarks
characteristic of these replication-based mutational mechanisms
as compared with homologous recombination and NHEJ.

2.4. Local sequence features predisposing to genomic
recombination

Most of the abovementioned mutational models invoke the
formation of DSB. It has been repeatedly demonstrated that

the occurrence of DSB in the human genome is not ran-
dom but rather strongly influenced by the local DNA sequence
environment. Insights generated from representative meta-
analysis of pathogenic breakpoint sequences will be highlighted
below.
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.4.1. Multigene study of the nature of chromosomal breakpoint
unctions

Early analyses of the sequence context of chromosomal rear-
angements were confined to the examination of small numbers
f gross deletion and translocation breakpoint junctions at specific
ene loci. The construction of the Gross Rearrangement Breakpoint
atabase (GRaBD), containing 397 germ-line and somatic DNA
reakpoint junction sequences derived from a total of 219 dif-
erent rearrangements underlying human inherited disease and
ancer [59], however allowed the first methodical examination of
he local DNA sequence environment of translocation and dele-
ion breakpoints across a wide variety of different gene loci. Using
RaBD, Abeysinghe et al. [60] analyzed the sequence context
f translocation and deletion breakpoints in a search for gen-
ral characteristics that might have rendered these sequences
rone to rearrangement. The oligonucleotide composition of break-
oint junctions and a set of reference sequences, matched for

ength and genomic location, were compared with respect to their
ucleotide composition. Deletion breakpoints were found to be AT-
ich whereas by comparison, translocation breakpoints tended to
e GC-rich. Alternating purine–pyrimidine sequences were found
o be significantly over-represented in the vicinity of deletion
reakpoints while polypyrimidine tracts were over-represented at
ranslocation breakpoints. A number of recombination-associated

otifs were found to be over-represented at translocation
reakpoints (including DNA polymerase pause sites/frameshift
otspots, immunoglobulin heavy chain class switch sites, hep-
amer/nonamer V(D)J recombination signal sequences, translin
inding sites, and the �-like element) but, with the exception of the
ranslin-binding site and immunoglobulin heavy chain class switch
ites, none of these motifs were over-represented at deletion break-
oints. Alu sequences were found to span both breakpoints in seven
ases of gross deletion that may thus be inferred to have arisen by
omologous recombination. Re-analysis of some of these questions
hould be performed using much larger datasets of DNA sequences
rom gross deletion and translocation breakpoint junctions now
vailable courtesy of the cancer genome sequencing projects.

.4.2. Formation of DNA secondary structures between DNA ends
t recombination breakpoints

Early studies of gross rearrangement at specific gene loci served
o document the occurrence of various different types of repet-
tive sequence element in the vicinity of breakpoint junctions.
huzhanova et al. [61] studied the potential involvement of var-

ous types of repetitive sequence element in the formation of
econdary structure intermediates between the single-stranded
NA ends that recombine during gene rearrangements. Complex-

ty analysis was then used to assess the potential of these ends to
orm secondary structures, the maximum decrease in complexity
onsequent to a gross rearrangement being used as an indica-
or of the type of repeat and the specific DNA ends involved. A
otal of 175 pairs of deletion/translocation breakpoint junction
equences available from GRaBD [59] were analyzed. Potential
econdary structure was noted between the 5′ flanking sequence
f the first breakpoint and the 3′ flanking sequence of the sec-
nd breakpoint in 49% of rearrangements and between the 5′

anking sequence of the second breakpoint and the 3′ flanking
equence of the first breakpoint in 36% of rearrangements. Inverted
epeats, mirror repeats and symmetric elements were found in
ssociation with gross rearrangements at approximately the same
requency. However, inverted repeats and inversions of inverted

epeats accounted for the vast majority (83%) of deletions plus small
nsertions, symmetric elements for one-half of all antigen receptor-

ediated translocations, while direct repeats appear only to be
nvolved in mediating simple deletions. These findings served to
xtend our understanding of illegitimate recombination by high-
r Biology 20 (2010) 222–233

lighting the importance of secondary structure formation between
single-stranded DNA ends at breakpoint junctions.

2.4.3. Formation of non-B DNA structures at chromosomal
breakpoints

Specific DNA sequence motifs such as alternating
purine–pyrimidines, polypurines, polypyrimidines and G-rich
tetrad direct repeats undergo structural transitions from the
orthodox right-handed B-helical duplex to high energy state non-B
DNA structures under negative superhelical stress. Over the last
few years, it has become apparent that non-B DNA conformations
often coincide with chromosomal breakpoints in both inherited
disease and cancer [62–64]. These structures are thought to initiate
genomic rearrangements by increasing the rate of single-strand
lesion formation at these sites. Consistent with these results,
Abeysinghe et al. [60] found that alternating purine–pyrimidine
sequences of between 2 and 74 bp were found to be significantly
over-represented in the vicinity of deletion breakpoint junctions.
Such sequences are prone to form Z-DNA particularly under con-
ditions of negative superhelical stress [65]. Z-DNA is a left-handed
helix with only a single minor groove that forms during transcrip-
tion in vivo as a result of torsional strain generated by the moving
RNA polymerase. Z-DNA may be recombinogenic in a number of
different ways. Firstly, it may facilitate recombination between
homologous chromosomal regions by relieving the topological
stress that arises when intact duplexes are intertwined. Secondly,
Z-DNA regions may exclude histones and other architectural
proteins, thereby influencing both the location of nucleosomes and
the organisation of chromosomal domains, as well as increasing
accessibility to recombinases.

Abeysinghe et al. [60] found that polypurine runs of 2–23 bp
and polypyrimidine tracts of 2–44 bp were significantly over-
represented at translocation breakpoint junctions while polypurine
tracts of 25–39 bp were over-represented at deletion breakpoint
junctions. Such sequences have been reported before to occur at
both translocation [66] and gross deletion breakpoints [67] and
appear to stimulate homologous recombination in vivo. Both poly-
purine and polypyrimidine sequences are capable of adopting the
triple helical H-form of DNA particularly when exposed to an acidic
environment and negative superhelical stress [68]. Since H-DNA is
partially single-stranded, it may be susceptible to nuclease attack
that could then facilitate recombination, but it may also promote
recombination by blocking DNA replication. The ability of poly-
purine and polypyrimidine sequences to form H-DNA may thus
render these sequences prone to illegitimate recombination.

2.4.4. The influence of local sequence features on gene conversion
Chuzhanova et al. [69] found that gene conversion events tend

to occur within (C + G)- and CpG-rich regions and that sequences
with the potential to form non-B-DNA structures occur dispro-
portionately in the immediate vicinity of the converted tracts.
They also showed that gene conversion events tend to occur
in genomic regions that have the potential to fold into stable
hairpin conformations. These findings support the concept that
recombination-inducing motifs, in association with alternative
DNA conformations, can promote recombination in the human
genome.

2.5. What is the ratio of deletions to duplications in vivo?

Based on a survey of the known mutational mechanisms, one

might intuitively conclude that deletions would be generated in a
higher ratio than duplications. The logic behind this assertion is that
some mechanisms only give rise to deletions. Can a general ratio of
de novo deletions vs duplications in vivo be derived? Findings from
three studies appeared to provide a first answer to this question.
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By means of sperm analysis, Turner et al. [70] measured the
umbers of de novo meiotic deletions and duplications in three
utosomal NAHR hotspots (i.e. CMT1A-REP at 17p11.2, WBS-LCR
t 7q11.23 and LCR17p at 17p11.2) and found quite similar ratios
f deletions to duplications (i.e. 2.43, 2.10 and 2.14, respectively).
he higher rate of deletion over duplication is readily explicable
n terms of intrachromatid NAHR occurring more frequently than
ither interchromatid or IHC NAHR; the former type of NAHR gener-
tes only deletions whereas the latter two types generate reciprocal
eletions and duplications (see Fig. 2). Consistent with this explana-
ion, the chromosome Y-located AZFa-HERV hotspot, which cannot
on the basis of its chromosomal location) undergo IHC NAHR,
xhibits the highest reported ratio (4.11) of deletions:duplications
70].

Unlike in vitro assays, clinically observed findings are often
onfounded by many diverse factors, most notably clinical
election. This is perhaps best exemplified by the recurrent
eciprocal 1.4 Mb deletions and duplications at the CMT1A-REP
AHR hotspot associated with quite distinct clinical phenotypes

viz. deletion/hereditary neuropathy with liability to pressure
alsies (HNPP); duplication/Charcot-Marie-Tooth disease type 1A
CMT1A), respectively]. Although the sperm-based assay has
emonstrated that the ratio of deletions to duplications at this
otspot should be of the order of 2:1, the actual ratio of HNPP
o CMT1A coming to clinical attention is ∼1:4. The under-
scertainment of HNPP is clearly attributable to the relatively mild
nd variable clinical phenotype associated with the CMT1A-REP
eletion [70].

Using array comparative genomic hybridization (aCGH) with an
verage of one interrogating probe every 95 bp, we analyzed the
ntire length of the CFTR gene (189 kb) in a large number (n = 233)
f cystic fibrosis chromosomes lacking conventional mutations
nd identified a total of 15 intragenic deletion CNMs and 5 intra-
enic duplication CNMs [71]. Clinical selection is unlikely to be a
ajor concern in this case because it is intragenic events that were

tudied. Another potential confounding factor may be that large
uplications, once they have arisen, could be more unstable than
eletions. This possibility is not easily refuted, but duplicated (or
ven triplicated) sequences appear to be stably transmissible from
ne generation to another, not only in the context of evolution [72]
ut also in the context of inherited disease (see [73] and references
herein). Taking this into account, we considered that the ratio
f disease-causing intragenic CFTR deletions to duplications (3:1)
ould approximate to the actual relative occurrence of de novo
eletion CNMs to duplication CNMs at this locus [71]. A similar ratio
i.e. 2.4) of pathogenic intragenic events was reported in the 91 kb
IS1 gene; analysis of 53 patients with isolated lissencephaly (all
atients were previously found to be negative for microdeletions in
he 17p13.3 region by FISH and were also negative for conventional

utations upon sequencing the LIS1 gene) by MLPA, identified 12
ntragenic deletion CNMs and 5 intragenic duplication CNMs [74].

The similarity of these ratios in the three studies, despite the
idely different contexts and means of detection, were thought to

mply the operation of a common biological mechanism underly-
ng the generation of deletion and duplication CNVs [71]. Indeed,
ntrachromatidal events, irrespective of whether they originate
ia homologous recombination, NHEJ or MMRDR mechanisms,
hould occur more frequently than either interchromatidal or IHC
vents; the former type of event can only generate deletions
hereas the latter two types of event should generate deletions

nd duplications in equal proportions. We therefore proposed that

deletion:duplication ratio of between 2 and 3 is likely to repre-

ent the best estimate of the relative occurrence of deletion and
uplication CNMs in the human autosomal genome [71].

Such a ratio may not however not be confined to CNMs.
s of February 4, 2010, the Human Gene Mutation Database
r Biology 20 (2010) 222–233 229

(HGMD; Professional Release; http://www.hgmd.org) registered
15,231 microdeletions and 6273 microinsertions, a ratio of 2.4.
Since these events are all ≤20 bp, significant bias due to either
the aforementioned confounding factors or mutation detection
efficiency is unlikely to be a major concern. By contrast, HGMD
Professional registered 5912 gross deletions and 1210 gross dele-
tions (all events >20 bp), a ratio of 4.9. This rather higher ratio
may be largely attributable to the detection bias operating against
duplication CNMs [71].

3. Gross genomic rearrangements in cancer

3.1. Differences between human inherited disease and cancer

In principle, the mutational mechanisms described above are
applicable in the context of both inherited disease and cancer. How-
ever, as compared with inherited disease, cancer demonstrates a
unique feature that becomes understood in the light of the ‘two-hit’
theory of carcinogenesis; the genome of all cancer cells harbours
somatic mutations.

Some of the somatic mutations, known as ‘driver’ mutations,
confer a growth advantage upon the cell in which they occur (and
have therefore been positively selected for in the emerging tumour
mass) and may thus be deemed to be causally implicated in tumori-
genesis. By contrast, those mutations which do not confer any
growth advantage and which have not been subject to selection
during tumorigenesis are termed ‘passenger’ mutations [75]. Such
passenger mutations may arise at high frequency as a consequence
either of increased genomic instability or simply due to the consid-
erable number of cell divisions between a single transformed cell
and the clinically detectable tumour. A variety of in silico method-
ologies are being developed with the aim of distinguishing driver
mutations from passenger mutations [75]. The catalogue of Somatic
Mutations in Cancer (COSMIC; http://www.sanger.ac.uk/cosmic)
represents the largest public resource for information on somat-
ically acquired mutations in human cancer. Currently (v46, March
2010), COSMIC contains details of over 108,000 mutations in 18,478
genes from almost 450,000 tumours [76]. Clearly, many of these
genes are likely to harbour passenger mutations. Those genes for
which mutations have been causally implicated in cancer are cat-
alogued in the Cancer Gene Census [77] which currently (April
2010) lists a total of 427 different genes; cancer-causing translo-
cations have been reported in some 301 of these genes, large
deletions in 31 of these genes, and amplification in 12 genes
(http://www.sanger.ac.uk/genetics/CGP/Census).

Two types of somatic genomic rearrangements in cancer are
worthy of particular note. Translocations, which generally confer
a growth advantage upon the affected cells or tissue through the
creation of a hybrid gene encoding a tumour-specific fusion protein
[78–80] and gene amplification, a fairly frequent type of somatic
rearrangement. Somatic gene amplification usually involves the
copy number increase of a specific region of a chromosome in
a specific tumour tissue and is often associated with the over-
expression of amplified gene(s) located within the amplified region
[81]. In principle, gene amplification can be accounted for by the
breakage-fusion-bridge cycle: (a) either DSB or telomere attrition
generates an uncapped chromosomal end, (b) replication results in
two identical sister chromatids lacking telomeres, (c) the two free
ends are directly ligated (e.g. by NHEJ), resulting in the formation
of a palindromic dicentric chromosome, (d) the palindromic dicen-

tric chromosome promotes further chromosome breaks during
anaphase separation, and (e) these breaks initiate another round
of the breakage-fusion-bridge cycle (for a review, see [30]). Recent
developments have potentiated the role of inverted repeats in gen-
erating the first palindromic dicentric chromosome. The widely

http://www.hgmd.org/
http://www.sanger.ac.uk/cosmic
http://www.sanger.ac.uk/genetics/CGP/Census
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ccepted model is that inverted repeats located near the DSB can
snap-back’ to form a hairpin at the chromosome end. Following fill-
n and gap ligation, this will generate a capped end that resolves into
large DNA palindrome after DNA replication [82]. A recent review
f the literature identified a total of 77 genes that represent good
andidates for involvement in tumorigenesis through gene ampli-
cation [83]. Gene amplification has also been described in other
enes (e.g. globin genes) as a cause of human inherited disease [84].

.2. Gross rearrangements detected in cancer genome sequencing
tudies

Entire genome sequences have now been determined for a
ariety of tumour types including colorectal, breast, lung ade-
ocarcinoma, melanoma, glioblastoma, myeloid leukemia and

ymphoma [75,85]. Thus, Stephens et al. [86] reported a total of
166 gross somatic rearrangements detected in 24 breast cancer
enomes comprising intra-chromosomal deletions (16.5%), tandem
uplications (34%), inversions (10%) and amplifications (28.5%) and

nter-chromosomal events (11%). By contrast, the sequencing of the
enome of a malignant melanoma yielded only 37 gross somatic
earrangements; of these, 3 were inter-chromosomal and 34 intra-
hromosomal, including 25 deletions, 6 inversions, 2 duplications
nd one other large intra-chromosomal event [87]. Nineteen of
hese 37 somatic rearrangements were found to have interrupted
rotein-coding genes.

The above notwithstanding, one of the best understood cancer
enomes, in terms of the gross somatic rearrangements associated
ith the process of tumorigenesis, is lung cancer. Some of the key

tudies on the lung cancer genome are therefore described below.
he lessons learned during the course of these studies are however
ery likely to be applicable to other types of cancer.

.2.1. Sequence analysis of the lung cancer genome reveals the
ature of somatically acquired rearrangements

Campbell et al. [88] employed genome-wide massively par-
llel sequencing to generate sequence reads from both ends of
hort DNA fragments derived from the genomes of two individ-
als with lung cancer [specifically, one SCLC cell line (NCI-H2171)
nd one neuroendocrine cell lung cancer cell line (NCI-H1770)].
overage was 2.4 gigabases (Gb) for NCI-H2171 and 1.8 Gb for NCI-
1770. Some 325 rearrangements were identified in NCI-H2171 of
hich 81 were somatic and 244 were germline, whereas some 84

earrangements were identified in NCI-H1770 of which 22 were
omatic and 62 were germline. These rearrangements were all
haracterized at the base-pair level. The patterns of germline and
omatic rearrangement were markedly different in the two lung
ancer cell lines examined. The vast majority of the germline rear-
angements involved Alu sequences or LINE elements and appeared
o represent insertions by comparison to the reference genome.

few inversions and tandem duplications were noted but only
ne interchromosomal germline rearrangement was identified. Of
he 103 somatic rearrangements identified in the two cell lines,

ost (79%) were intra-chromosomal but only two were deletions.
he vast majority of the intra-chromosomal somatic rearrange-
ents (63/81) were confined to ‘amplicons’ within already heavily

mplified regions, although 11 tandem duplications were observed.
f the 22 somatic interchromosomal rearrangements, 15 were
etween amplicons whereas 7 involved the transfer of an amplicon
o a non-amplified region. One of the interchromosomal rearrange-

ents [t(2;12)] was found to lead to the generation of a hybrid

ACNA2D4-WDR43 gene yielding out-of-frame fusion transcripts.
wo of the eleven intra-chromosomal tandem duplications of inter-
al exons also served to generate out-of-frame transcripts in two
enes (GRID2 and CNTNAP5). In addition, a t(8;8)(q12;q24) intra-
hromosomal translocation was identified which was predicted to
r Biology 20 (2010) 222–233

result in the fusion of the PVT1 and CHD7 genes, a hybrid fragment
which was itself subsequently subject to amplification. Finally,
Campbell et al. [88] noted that (i) non-templated sequence of 1-
57 bp in length was present at the breakpoints of the somatic
rearrangements and (ii) that some 53% of these acquired rear-
rangements exhibited short (1–10 bp) stretches of homology. These
observations were consistent with the postulate that NHEJ is the
predominant mechanism of mutagenesis in the soma.

3.2.2. CNVs in the lung adenocarcinoma genome
The genomes of a collection of 371 resected lung adenocar-

cinomas and matched normal DNAs have also been screened for
CNVs using high density microarrays [89]; a total of 26 ‘large-scale
events’ (10 significant gains and 16 significant losses) and 31 ‘focal
events’ were detected which were distributed between most of
the chromosomal arms. Similar patterns of copy number gain and
loss were noted in most of the lung adenocarcinoma samples but
these samples exhibited marked differences in the amplitude of
CNV. Some attenuation of the signal was evident in all samples and
this was held to be due to admixture with non-tumour DNA. The
most common genomic alteration in lung adenocarcinoma was a
copy number gain on chromosome 5p (60% of all samples) with
the remaining 15 large-scale events being evident in at least 33%
of all samples. Together, the regions of common copy number gain
(650 Mb) and copy number loss (1010 Mb) comprise more than half
the human genome.

The most significant of the focal deletions encompassed a region
on 9p21 containing the CDKN2A and CDKN2B tumour suppres-
sor genes and was detected in 3% of samples. Focal deletions on
10q23.31 and 13q14.2, encompassing the PTEN and RB1 tumour
suppressor genes, respectively were both found in 0.5% of sam-
ples. Three other genes (PTPRD, PDE4D and AUTS2) were also
found to be individually deleted. When these genes were subse-
quently screened in all lung adenocarcinoma samples for subtle
mutations, somatic mutations in the PTPRD gene, encoding a tyro-
sine phosphatase, were detected in 11/188 samples (all missense
mutations, six of which were predicted to be deleterious to func-
tion).

With respect to focal amplification events, some 24 recurrent
regions were identified in 1–7% of samples, with levels of copy
number amplification varying from 4- to 16-fold. A number of
these regions contain proto-oncogenes which have been previously
reported as having been amplified in lung tumour material (e.g.
MDM2, MYC, EGFR, CDK4, KRAS, ERBB2, CCND1 and TERT). The most
common focal amplification (that of 14q13.3, amplified in 6–12% of
lung adenocarcinoma samples) contained the NKX2-1 (NK2 home-
obox 1/TITF1) gene; studies of RNA interference indicated that the
NKX2-1 gene is essential for the survival and maintenance of lung
adenocarcinoma cells.

In a collection of colorectal cancer specimens and cell lines,
Martin et al. [90] identified 50 ‘minimal common regions’ of CNV
including 28 amplifications and 22 deletions. Of the 28 amplifi-
cation events, 11 were also found in lung adenocarcinoma. These
regions contain gene loci that have already been implicated in
lung carcinogenesis (e.g. EGFR, MYC, CCND2 and KRAS) as well as
a number of other genes that represent potential candidates for
involvement in a wide range of cancers.

The question naturally arises as to whether CNVs are accompa-
nied by corresponding changes in gene expression. Lockwood et al.
[91] studied a total of 24,892 genomic loci in each of 53 lung cancer
cell lines and identified a considerable number of genes residing in

amplification ‘hotspots’. A total of 1690 amplicons were identified
in the lung cancer genome involving a total of 106 oncogenes. These
amplicons occurred at a frequency of 31.9 per lung tumour and, on
average, involved 0.68 Mb of DNA. To address the consequences of
amplification for gene expression, Lockwood et al. [91] integrated
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arallel gene expression profiles with aCGH data for genes within
he amplification hotspots in 27 NSCLC cell lines. Some 221/442
50%) of the amplified genes were expressed at a significantly
igher level as a consequence of the increased dosage. Several genes
f the EGFR-family signalling pathway (including CDK5, AKT1, EGFR,
YC and SHC1) were found to be overexpressed as a direct conse-

uence of gene amplification in lung cancer. Indeed, one or more
omponents of the EGFR family pathway were over-expressed as
consequence of amplification in ∼70% of the lung adenocarci-

oma cell lines analysed. These findings indicate not only that gene
mplification is a much more common mechanism of oncogene
ctivation in lung cancer than has been previously realised [77,81]
ut also that specific regions of the genome represent hotspots of
ene amplification.

.2.3. EML4-ALK fusion genes in lung cancer
Recurring rearrangements of the ALK (anaplastic lymphoma

inase) gene have recently been described in non-small cell lung
ancer (NSCLC) in Japanese NSCLC tumours [92]. The most common
f these is due to an inversion of the short arm of chromosome 2 that
reates a fusion between the 5′ portion of the EML4 (echinoderm
icrotubule-associated protein-like 4) gene and the 3′ portion

f the ALK gene. The hybrid EML4–ALK gene is formed by dis-
uption of the ALK gene at a position 297 bp upstream of exon
1 followed by fusion with an inverted segment of the EML4
ene disrupted ∼3.6 kb downstream of exon 13. This generates a
ransforming fusion kinase with the N-terminal of EML4 and the
-terminal of ALK. The EML4–ALK fusion transcript was initially
etected in 6.7% of NSCLC tumours in the Japanese population
92] but has subsequently been detected at similar frequencies
n European populations [93]. EML4–ALK fusion gene mutations
ppear to occur in mutual exclusion with EGFR and KRAS mutations
nd have been observed disproportionately in lung adenocar-
inomas and other tumours removed from never/light smokers
94–96].

. Concluding remarks

The diverse mutational mechanisms reviewed in this article pro-
ide a glimpse of a complex emerging story. While new models
ill certainly be put forward as more experimental and muta-

ion data become available, many questions still remain to be
larified regarding the known models. How is the choice of appro-
riate DSB repair pathway made in vivo? Why do some NAHR
vents occur preferentially in females whilst others occur pref-
rentially in males? Can two distinct repair pathways cooperate
o generate a specific mutation? What are the relative contribu-
ions of recombination-prone motifs, inverted repeats and non-B
tructure-forming sequences to DSB formation? The answers to
hese questions should significantly enhance our understanding
f the mechanisms that ensure the fidelity of DNA repair and the
aintenance of genome integrity.
A better understanding of the mutational mechanisms under-

ying genomic rearrangements should also help to improve the
esign of mutation detection strategies. For example, the predic-
ion of regions prone to genomic instability based upon the greater
nderstanding of NAHR mechanisms led to the discovery of new
enomic disorders (reviewed in [10]). In addition, the proposition
hat deletions and duplications in the human genome are likely to
e generated in the proportion of approximately 2–3:1 has sug-

ested that large intragenic gene duplications in many disease loci
ave almost certainly been routinely under-ascertained. Finally, a
ore complete understanding of the mutational processes may

rovide new therapeutic targets for human genetic disease, par-
icularly cancer [32].

[
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