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A B S T R A C T

Human cancers are characterized by the presence of genomic instability. Recently, two

studies have catalogued the presence of a specific class of genomic aberrations, large de-

letions and insertions, in a few thousand human cancers and reported that most of the

prevalent recurrent focal deletions targeted common fragile sites and large genes. In vari-

ous experimental systems, deletions in common fragile sites and large genes have been

linked to the presence of DNA replication stress. Thus, taken together, these results sug-

gest the presence of DNA replication stress in human cancers, consistent with the recently

proposed oncogene-induced DNA damage model for cancer development.

ª 2011 Federation of European Biochemical Societies.

Published by Elsevier B.V. All rights reserved.
1. Introduction cancer (Cleaver, 2005). And recent evidence suggests that
Genomic instability is a feature of most human cancers and is

thought to play an important role both in cancer development

and in the response to therapy (Murga and Fernandez-Cape-

tillo, 2007; Negrini et al., 2010). One can distinguish several

types of genomic instabilities.

One type predisposes to accumulation of point mutations.

For example, inheritance of a defective form of the base exci-

sion repair gene MYH leads to somatic G:C-T:A mutations in

colorectal cancers (Al-Tassan et al., 2002). Additionally, germ-

line mutations in nucleotide excision repair genes facilitate

accumulation of UV light-induced mutations, leading to skin
cular Biology, University
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ation of European Bioche
even repair of DNA double-strand breaks (DSBs) by homolo-

gous recombination (HR) may be associated with the accumu-

lation of point mutations (Hicks et al., 2010; Deem et al., 2011).

A second type of genomic instability leads to microdele-

tions and microduplications. Microsatellite instability (MIN)

is such a type (Lengauer et al., 1997). MIN leads to changes

in the number of dinucleotide or trinucleotide repeats present

at specific polymorphic sites in the genome, referred to as

microsatellite repeats. Most patients, whose cancers have

MIN, have inherited a defective copy of one of the genes that

function in mismatch DNA repair (Fishel et al., 1993; Leach

et al., 1993).
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A third type of genomic instability, referred to as chromo-

somal instability (CIN), predisposes to large genomic deletions

and amplifications (in the order of hundreds of kilobases in

length) and/or chromosomal translocations. DNA DSBs are

likely to be involved at some level in the formation of these le-

sions, either as initiators of CIN or as reaction intermediates.

CIN is the most prevalent type of genomic instability in non-

inherited human cancers (Nowell, 1976; Lengauer et al., 1997).

In this review we focus on large deletions associated with

CIN. Two recent studies catalogued such deletions in large

cohorts of human cancers (Beroukhim et al., 2010; Bignell

et al., 2010). The results of these studies suggest that many

recurrent deletions associated with human cancers are due

to DNA replication stress.
oncogenes tumor
suppressors

large
genes
at CFS

large
genes
not at
CFS

Figure 1 e Spectrum of copy number changes in human cancers,

according to Beroukhim et al. (2010). CFS, common fragile sites.
2. Somatic copy number changes (CNCs) in human
cancers

Two recent studies have significantly broadened our knowl-

edge regarding the types of large deletions and amplifications

present in human cancers (Beroukhim et al., 2010; Bignell

et al., 2010). The strength of the first study is the inclusion of

thousands of samples of primary human cancer tissues,

whereas the strength of the second study is the discrimination

of homozygous from hemizygous deletions. Although these

two studies reach very similar conclusions, we will first sum-

marize their findings separately and then suggest mecha-

nisms that could help explain the presence of CNCs in

human cancers.

2.1. Distinct types of genes targeted by genomic
deletions

Beroukhim et al. (2010) examined 3131 cancer samples, of

which 2520were cancer tissues isolated fromhuman patients,

541 established cancer cell lines and 70 short-termmelanoma

cultures. CNCswere determined using Affymetrix 250 K single

nucleotide polymorphism (SNP) arrays. These arrays contain

probes for approximately 250,000 SNPs, which corresponds

to an average density of 1 SNP per 12,000 base pairs in the hu-

man genome.

The CNCs identified in this study included both amplifica-

tions and deletions. About 75% of the CNCs were focal in na-

ture, affecting between 50,000e300,000 base pairs, while the

remaining 25% involved an entire arm of a chromosome or

the entire chromosome. It is reasonable to argue that different

mechanisms are likely to be responsible for the two types of

CNCs.Wewill review here the focal CNCs, because they repre-

sent the majority of the observed CNCs and because their

focal nature provides mechanistic insights regarding their

development.

Analysis of the entire sample of 3131 cancers led to the

identification of 76 focal amplifications and 82 focal deletions.

Of the 76 focal amplifications, 25 targeted validated onco-

genes, while for the remaining 51 amplifications it was not

clear what type of genes were targeted (Figure. 1). Among

the 10 most frequent focal amplifications (of the total of 76),

all 10 targeted oncogenes. This suggests that the focal ampli-

fications target primarily oncogenes and raises the possibility
that novel oncogenesmay be discovered in the less frequently

amplified loci.

Of the 82 focal deletions, 9 targeted validated tumor sup-

pressor genes and 26 targeted large genes (Beroukhim et al.,

2010). The latter genes, defined in this study as genes having

a length greater than 750 kilobases, appear to lack tumor sup-

pressor function, raising the question why deletions targeting

these genes are so common.

To gain insights into the mechanisms leading to deletions

in human cancers, we examined the list of the 10 most fre-

quent recurrent deletions, as reported by Beroukhim et al.

(2010). Of these 10 deletions, 3 targeted tumor suppressor

genes and 7 targeted large genes (Figure. 1).

The most frequent recurrent deletion targeted two tumor

suppressor genes that are physically close to each other:

cyclin-dependent kinase inhibitor 2A (CDKN2A) and cyclin-depen-

dent kinase inhibitor 2B (CDKN2B) (Figure. 2). These twogenes en-

code the cell cycle inhibitors p16INK4A/ARF and p15INK4B,

respectively (Quelle et al., 1995; Krimpenfort et al., 2007). The

seventh and ninth most common deletions also targeted tu-

mor suppressor genes: the retinoblastoma 1 (Planas-Silva and

Weinberg, 1997) and FAT tumor suppressor homolog 1 (Mahoney

et al., 1991; Hou et al., 2006) genes, respectively. However, all

the remaining focal deletions in the top ten list did not target

tumor suppressor genes (Figure. 2). Instead, the targeted genes

thathaddiverse functions (Table1); their only commonfeature

being that they were large genes. Several of these genes also

mapped to common fragile sites (Figure. 2; Table 1).

2.2. Homozygous and hemizygous deletions

Bignell et al. (2010) analyzed 746 human cancer cell lines using

Affymetrix 6.0 SNP arrays. These arrays contain approxi-

mately 1.8 million SNP and copy number probes, providing

an average density of about 1 probe per 1700 bp in the human

genome. Because cancer cell lines are devoid of normal tissue

DNA, it was possible in this study to distinguish homozygous
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Figure 2 e List of the ten most frequent focal deletions in human

cancers, according to Beroukhim et al. (2010). For each deletion, the

name of the targeted gene and specific properties of the deletion and/

or gene are indicated. TSG, known tumor suppressor gene; CFS,

common fragile site; RS, replication stress.
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deletions (affecting all alleles) from hemizygous deletions (af-

fecting only one allele).

A total of 206 recurrent deletions were identified. Of these,

14 mapped within known tumor suppressor genes, 19 within

common fragile sites, 5 within regions that are normally rear-

ranged in B cells and T cells, such as, for example, the T cell

receptor genes, and the remaining 168 recurrent deletions

were “unexplained” (Figure 3). We prepared a list of the ten

most common focal deletions taking into account both homo-

zygous and hemizygous deletions (using data taken from Sup-

plementary Table 7; columns ws and HD; Bignell et al., 2010).

According to the authors, 1 of these deletions mapped to a tu-

mor suppressor gene, 5 mapped to common fragile sites and 4

were “unexplained” (Figure 3).

The most common deletion targeted the CDKN2A tumor

suppressor gene. The preponderance of deletions targeting

CDKN2A were homozygous, consistent with the need to com-

pletely inactivate the function of this gene (Figure 4).

Five of the ten most common deletions targeted genes that

map to common fragile sites. These genes were: FHIT,WWOX,

IMMP2L, FAM190A-GRID2 and CNTNAP2, which map to the

common fragile sites FRA3B, FRA16D, FRA7K, FRA4F and

FRA7I, respectively (Figure 4; Table 1). The majority of the de-

letions targeting these genes were hemizygous, indicating

that gene functionwasmaintained. The only common feature

of these genes was their large size (Table 1).

The remaining four of the ten most common deletions,

which were considered “unexplained” by Bignell et al. (2010),

had features similar to the deletions that targeted the
common fragile sites. They were hemizygous and did not tar-

get tumor suppressor genes. Three of the four “unexplained”

deletions targeted the large genes MACROD2, A2BP1 and

LSAMP (Figure 4; Table 1), while the fourth deletion targeted

a region of chromosome 9 (around position 12 Mb) that con-

tains no obvious tumor suppressor genes nor any large genes.
3. Driver and passenger mutations

Both studies described above identified two classes of focal

deletions in human cancers (Beroukhim et al., 2010; Bignell

et al., 2010). The deletions in the first class tended to be homo-

zygous and targeted tumor suppressor genes, while the dele-

tions in the second class were predominantly hemizygous

and targeted large genes and common fragile sites.

The two classes of deletions described above are reminis-

cent of the two classes of point mutations described in human

cancers: driver and passenger mutations (Sjoblom et al., 2006;

Greenman et al., 2007). It is well-accepted that only a few of

the many point mutations present in human cancers contrib-

ute to the transformed phenotype. These mutations, referred

to as driver mutations, would be those that activate onco-

genes or inactivate tumor suppressor genes. The second class

of point mutations constitutes the majority of the mutations

found in human cancers. These mutations do not contribute

to the transformed phenotype, but instead are thought to

have been acquired during cancer development and to have

persisted due to the clonal nature of human cancers. These

point mutations are referred to as passenger mutations.

The concept of driver and passenger mutations can, of

course, be extended to the classes of deletions, described

above (Figure 5). The homozygous deletions targeting known

tumor suppressor genes would be the driver mutations.

They probably arise at a low frequency, but are strongly se-

lected for, because they confer a growth advantage. In con-

trast, the hemizygous nature of the deletions targeting large

genes and common fragile sites suggests that these deletions

are probably close to neutral in terms of selective advantage.

Therefore, these deletions would be passenger mutations, in-

dicative of the mechanisms leading to genomic instability in

human cancers.
4. Common fragile sites and large genes

As mentioned above, several of the deletions targeting large

genes in human cancers map to common fragile sites. Com-

mon fragile sites have been defined cytogenetically as gaps

or breaks on metaphase chromosomes in cells that have

been treated with inhibitors of DNA replication (Glover et al.,

1984; Durkin and Glover, 2007).

Practically all the characterized common fragile sites map

within large genes (Helmrich et al., 2006; Smith et al., 2006,

2007; McAvoy et al., 2007). Thus, the question arises whether

deletions targeting large genes that have not yet been associ-

ated with common fragile sites are also causally related to

DNA replication stress. To address this question, we recently

characterized by array comparative genomic hybridization

the deletions induced by aphidicolin in human chromosome
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Table 1 e List of the genes that are frequently targeted by focal deletions in human cancers.

Gene symbol Gene name TSG CFS Comments and references

CDKN2A Cyclin-dependent

kinase inhibitor 2A

YES NO CDKN2A encodes the cell cycle inhibitors p16INK4A and

ARF (Quelle et al., 1995).

CDKN2B Cyclin-dependent

kinase inhibitor 2B

YES NO CDKN2B encodes the cell cycle inhibitor p15INK4B

(Krimpenfort et al., 2007).

FHIT Fragile histidine triad DEBATED FRA3B FHIT encodes a diadenosine triphosphate hydrolase,

whose putative tumor suppressor activity is still being

debated (Le Beau et al., 1998; Saldivar et al., 2010). It is the

largest gene on chromosome 3.

WWOX WW domain containing

oxidoreductase

DEBATED FRA16D WWOX is expressed at high levels in the distal convoluted

tubules of nephrons and its targeted deletion in mice leads

to kidney failure and death within the first few weeks

of life (Aqeilan et al., 2007; Ludes-Meyers et al., 2009;

Watanabe et al., 2003).

PTPRD Protein tyrosine phosphatase

receptor type delta

NO NO PTPRD is normally expressed in the brain and in B and

T lymphocytes and appears to play a role in learning and

memory (Uetani et al., 2000).

MACROD2 MACRO domain containing 2 NO NO The function of MACROD2 is unclear, but the presence

of the MACRO domain suggests that its protein product

binds poly- ADP-ribose (Bradley et al., 2010).

PARK2 Parkinson protein 2 NO FRA6E Mutations in PARK2 are associated with autosomal

recessive juvenile Parkinson’s disease (Kitada et al., 1998).

LRP1B Low density lipoprotein-

related protein 1B

NO FRA2F LRP1B, a member of the low density lipoprotein receptor

family, is expressed preferentially in the brain; its

inactivation in mice does not lead to any obvious

phenotype (Marschang et al., 2004).

RB1 Retinoblastoma 1 YES NO RB1 is a tumor suppressor that regulates the G1-S

transition (Planas-Silva and Weinberg, 1997).

FAT1 FAT tumor

suppressor homolog 1

YES NO FAT1 encodes a cadherin that coordinates cellecell

adhesion to cellular growth; it was initially discovered

as a tumor suppressor gene in Drosophila

(Hou et al., 2006; Mahoney et al., 1991).

PDE4D Phosphodiesterase 4D NO NO PDE4D regulates cAMP levels and contraction in the

airway smooth muscle cells and in the heart muscle

(Hansen et al., 2000; Lehnart et al., 2005).

IMMP2L Inner mitochondrial

membrane

peptidase 2 like

NO FRA7K The major phenotype of IMMP2L-deficient mice is

infertility (Lu et al., 2008).

FAM190A Family with sequence

similarity 190, member A

NO FRA4F FAM190A is expressed in the cerebellum and may

be linked to attention deficit disorder (Lantieri et al., 2010).

GRID2 Glutamate receptor,

ionotropic, delta 2

NO FRA4F GRID2 is associated with cerebellar

ataxia (Lalouette et al., 1998).

A2BP1 Ataxin 2 binding protein 1 NO NO A2BP1 regulates alternative splicing of neuronal

transcripts (Lee et al., 2009).

UNKNOWN

chr9(12 Mb)

e NO NO No TSG or large genes at this locus.

CNTNAP2 Contactin-associated

protein-like 2

NO FRA7I CNTNAP2 may play a role in speech development

(Smith et al., 2006; Newbury and Monaco, 2010).

LSAMP Limbic system-associated

membrane protein

NO NO LSAMP regulates the behavioral response

to stress (Catania et al., 2008).

TSG, tumor suppressor gene; CFS, common fragile site.
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3 (Pasi et al., 2011). We observed deletions targeting the estab-

lished common fragile sites, primarily FRA3B, but also other

sites that have not yet been described as common fragile sites.

All these latter sites corresponded to large genes. Of particular

interest, one of these sites mapped to position 118 Mb of chro-

mosome 3, corresponding to the LSAMP gene. A similar analy-

sis by another group also identified deletions within the

LSAMP gene and other large genes in cells treated with aphidi-

colin (Arlt et al., 2009). Interestingly, the LSAMP genewas iden-

tified by Bignell et al. (2010) as a site frequently deleted in
human cancers (Figure 4). Because the deletions at this site

tended to be hemizygous, Bignell et al. (2010) treated cells

with aphidicolin, but did not observe breaks or gaps at this po-

sition onmetaphase chromosomes, suggesting that this site is

not a common fragile site. However, analysis of aphidicolin-

treated cells indicates that this site is predisposed to deletions

after treatment with aphidicolin (Arlt et al., 2009; Pasi et al.,

2011). Thus, not all deletions induced by partial inhibition of

DNA replication manifest themselves as common fragile sites

onmetaphase chromosomes and, therefore, deletions in large

http://dx.doi.org/10.1016/j.molonc.2011.05.002
http://dx.doi.org/10.1016/j.molonc.2011.05.002
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genes, irrespective of whether they map to common fragile

sites or not, indicate the presence of DNA replication stress.

Based on the above argument, revisiting the lists of most

frequent focal deletions, as identified by Beroukhim et al.

(2010) and Bignell et al. (2010), reveals that the vast majority

of these deletions in human cancers may be passenger muta-

tions induced by DNA replication stress (Figures 2 and 4).
5. Conclusion

Many of the common focal deletions in human cancers have

features suggesting that they are passenger mutations: they

arehemizygous and target genes that, in theirmajority, appear

to lack tumor suppressor function (Beroukhim et al., 2010;

Bignell et al., 2010). It is assumed that there is little positive or

negative selection pressure for passengermutations in human

cancers (Sjoblom et al., 2006; Greenman et al., 2007). Accord-

ingly, the nature of these mutations can help provide insights

into the mechanisms leading to genomic instability in human

cancers.

A few years ago, we and others proposed a model to ex-

plain the high frequency of p53 mutations in human cancers

(Bartkova et al., 2005; Gorgoulis et al., 2005; Halazonetis et al.,

2008). This model, referred to as the oncogene-induced DNA

damage model for cancer development, proposes that dereg-

ulation of growth control genes induces DNA replication

stress and DNA damage, which in turn activate the ATM-

p53 pathway, leading to cell cycle arrest, apoptosis and/or se-

nescence. Progression of precancerous lesions to cancer is

associated with inactivation of the ATM-p53 pathway, most

often by mutations targeting the p53 gene. Initial evidence

that activated oncogenes induced DNA replication stress

was provided by analysis of allelic imbalances (loss of hetero-

zygosity) in a small number of precancerous lesions. This

analysis showed preferential targeting of common fragile

sites, consistent with the DNA damage being due to DNA rep-

lication stress (Bartkova et al., 2005; Gorgoulis et al., 2005).

Further studies have supported these initial observations

(Tsantoulis et al., 2008). In addition, evidence has been

obtained in various experimental systems that activated on-

cogenes induce collapse of DNA replication forks and replica-

tion-dependent induction of DNA DSBs (Bartkova et al., 2006;

Di Micco et al., 2006).
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The recent high-throughput genomic analyses of cancer

specimens provides a very large sample size to interrogate

the presence of DNA replication stress in human cancers

(Beroukhimet al., 2010; Bignell et al., 2010). In one study, seven

of the tenmost common recurrent deletions inhumancancers

targeted common fragile sites and large genes (Figure. 2). In the

other study, eight of the tenmost common recurrent deletions

can be attributed toDNA replication stress (Figure 4). Taken to-

gether, these findings point to the presence of DNA replication

stress in human cancers, a key prediction of the oncogene-in-

duced DNA damage model (Halazonetis et al., 2008). Given

that thenumberofhumancancer specimensanalyzed in these

studies is in the thousands, we believe that these results pro-

vide strong justification for studies aiming to elucidate the

mechanisms by which oncogenes perturb DNA replication. In

addition, novel therapeutic approaches could be developed

that capitalizeon thepresenceofDNAreplicationstress incan-

cer, but not normal, cells (Toledo et al., 2011).
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