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A B S T R A C T

Breast cancer is a heterogeneousdisease, appreciable bymolecularmarkers, gene-expression

profiles, andmost recently, patterns of genomic alteration. In particular, genomic profiling

has revealed three distinct patterns of DNA copy-number alteration: a “simple” type with

few gains or losses of whole chromosome arms, an “amplifier” type with focal high-level

DNA amplifications, and a “complex” type marked by numerous low-amplitude changes

and copy-number transitions. The three patterns are associated with distinct gene-

expression subtypes, and preferentially target different loci in the genome (implicating

distinct cancer genes). Moreover, the different patterns of alteration imply distinct under-

lying mechanisms of genomic instability. The amplifier pattern may arise from transient

telomere dysfunction, although new data suggest ongoing “amplifier” instability. The

complex pattern shows similarity to breast cancers with germline BRCA1 mutation, which

also exhibit “basal-like” expression profiles and complex-pattern genomes, implicating

a possible defect in BRCA1-associated repair of DNA double-strand breaks. As such, tar-

geting presumptive DNA repair defects represents a promising area of clinical investiga-

tion. Future studies should clarify the pathogenesis of breast cancers with amplifier and

complex-pattern genomes, and will likely identify new therapeutic opportunities.
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Published by Elsevier B.V. All rights reserved.
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receptor (ER)/progesterone receptor (PR) positivity defines a tu-

mor subset targetable by hormone modulation therapy (e.-

g. tamoxifen and aromatase inhibitors). Likewise, ERBB2

(HER2) amplification or overexpression identifies a distinct

subset targetable with HER2 antagonists (e.g. trastuzumab).

Tumors that are negative for ER, PR and HER2 (so-called “triple

negative”) are not amenable to these targeted therapies, and

are often associated with poor prognosis (Reis-Filho and

Tutt, 2008; Podo et al., 2010).

More recently, genome-scale analysis, and in particular

microarray-based gene-expression profiling, has provided

a refined molecular classification of breast cancer diversity.

Expression patterns across “intrinsic” genes (more variant be-

tween than within tumors) have defined at least six molecular

subtypes (Perou et al., 2000; Sorlie et al., 2001; Hennessy et al.,

2009). Luminal subtypes A and B both express markers of the

luminal epithelial layer of normal breast ducts (e.g. keratins 8/

18) and are ER-positive, though luminal B tumors are more

highly proliferative and have less favorable prognosis. An

ERBB2 subtype is associated with amplification and overex-

pression of ERBB2 (HER2) and neighboring genes at 17q12-

q21. A basal-like subtype displaysmarkers of the basal epithe-

lial layer of normal breast ducts (e.g. keratins 5/6), is generally

triple negative for ER, PR and HER2, and carries an unfavorable

prognosis. Other triple-negative classes include “normal-like”,

and the recently described “claudin-low” subtype (Hennessy

et al., 2009), underscoring that basal-like and triple-negative

are highly overlapping but not equivalent classes (Reis-Filho

and Tutt, 2008).

There has been much speculation on the origins of the dif-

ferent molecular subtypes (Polyak, 2007; Stingl and Caldas,

2007). One possibility is that they arise from distinct breast ep-

ithelia progenitor cell types. For example, claudin-low tumors

have been noted to share markers (e.g. CD44þ/CD24�)

thought to characterize breast epithelial stem cells (Reis-

Filho and Tutt, 2008). Alternatively, the different subtypes

might reflect distinct somatic DNA alterations (perhaps even

arising through distinct mechanisms of genomic instability),

ultimately influencing gene expression and cell phenotype.

While these possibilities are not mutually exclusive, much in-

terest has focused on characterizing breast cancer genomes

and underlying genome instability.
2. Genomic instability

Genomic instability most accurately refers to an increased rate

of genomic alteration, although some use the term to describe

the state of the altered cancer genome. Genomic instability

(also called “mutator phenotype”) is believed to be necessary

for cells to accumulate the multiple mutations required for

cancer to develop (Loeb, 2001), and is thought to result from

dysfunction of genome “caretaker” genes (Kinzler and

Vogelstein, 1997) early on during carcinogenesis.

Features of genomic instability were first well described in

colorectal cancers (Lengauer et al., 1997, 1998), which exhibit

either of two major types. Microsatellite instability (MSI) re-

sults from defects in DNA mismatch repair, leading to se-

quence mutations (including frameshifts) at simple repeats

called microsatellites. More commonly, colorectal cancers
exhibit chromosome instability (CIN), which leads to aneu-

ploidy (chromosome number imbalances). The mechanism(s)

underlying CIN are less well understood, but likely reflect dys-

function of chromosome duplication or segregation inmitosis.

Virtuallyall colorectal cancersexhibitMSIorCIN,underscoring

the profound relationship between genomic instability and tu-

morigenesis. Nevertheless, genomic rearrangements in breast

cancer are typically quite complex and are likely to result from

distinctmechanisms than those observed in colorectal cancer.

More recently, telomere dysfunction has been proposed

as a mechanism underlying genomic instability (Artandi

and DePinho, 2000). Telomeres function to cap and protect

chromosome ends. Hyperproliferation of cells (hyperplasia)

during early cancer progression can lead (in the normal ab-

sence of telomerase expression) to telomere attrition, driving

chromosome fusion and breakage-fusion-bridge (BFB) cycles

(discussedmore later) resulting in complex, unbalanced chro-

mosome rearrangements. In situ analysis of breast cancer

progression supports a role of “telomere crisis” in the transi-

tion from ductal hyperplasia to ductal carcinoma in situ (DCIS;

a precursor lesion) (Chin et al., 2004). Telomere crisis is pre-

sumed transient, with subsequent telomerase re-expression

stabilizing the rearranged genome.

The relative contribution of telomere crisis (vs. othermech-

anisms of genomic instability) to the etiology of breast cancer

remains unclear. Also uncertain is whether there exists ongo-

ing genomic instability in breast cancers. Hereditary breast

cancers resulting from germline mutations in BRCA1, BRCA2,

TP53 and CHEK2 also implicate possible underlying defects in

DNA repair and cell-cycle checkpoints (Ralhan et al., 2007),

which will be discussed more later.
3. Genomic aberrations and instability in breast
cancer

An established literature on breast cancer genomics has

drawn from analysis by cytogenetics (of cultured cells and

lines), fluorescence in situ hybridization (FISH), and conven-

tional (chromosome-based) comparative genomic hybridiza-

tion (CGH) (Gray et al., 1994). This literature describes

numerous gains and losses, including for example recurrent

DNA amplifications (with presumptive oncogene driver) at

8p12 (FGFR1), 8q24 (MYC ), 11q13 (CCND1), and 17q12 (ERBB2),

among others. Some of such alterations have been noted to

occur together (Courjal et al., 1997), suggesting cooperating

events and implying molecular subgroups.

A marked advance in the field arrived with the develop-

ment of array-based CGH protocols (Pinkel et al., 1998;

Pollack et al., 1999; Lucito et al., 2000). In array CGH, genomic

DNA from tumor and from normal reference is comparatively

hybridized to microarrays containing DNA sequence probes

of known genome position (e.g. bacterial artificial chromo-

somes, cDNAs, or more recently, oligonucleotides). The resul-

tant tumor/normal ratios provide a high-resolution profile of

DNA copy-number alterations (CNAs) across the cancer ge-

nome (referenced to normal genome position). Current com-

mercial CGH arrays and single nucleotide polymorphism

(SNP) arrays (used to determine gene dosage and/or loss of
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heterozygosity (LOH)) contain hundreds of thousands to mil-

lions of oligonucleotide probes, yielding ultra-high resolution

genomic profiles.

Applying this technology, several contemporaneous stud-

ies defined the fine structure of breast cancer genomes (Loo

et al., 2004; Wang et al., 2004; Fridlyand et al., 2006;

Bergamaschi et al., 2006; Hicks et al., 2006; Chin et al., 2006).

Together, these studies have provided a higher resolution cat-

alog of recurrent alterations, pinpointing novel candidate can-

cer genes. A more provocative finding, though, was the

discovery of distinct patterns of CNA among breast tumors
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Figure 1 e Genomic profiling studies have identified distinct patterns of C
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(For interpretation of the references to colour in this figure legend, the rea
(Fig. 1), since validated by others (Nordgard et al., 2008;

Haverty et al., 2008). The consensus finding was three distinct

patterns (or subtypes) of genomic alteration.

The first type exhibits few CNAs, which tend to be gains or

losses of whole chromosome arms, most characteristically

gain of 1q and 16p, with loss of 16q (Fig. 1A). This pattern,

dubbed “simple”, “simplex”, or “1q/16”, is associated mainly

with ER-positive, moderate to highly differentiated tumors,

with luminal A gene-expression patterns. While CDH1 (E-

cadherin) has been noted to reside on 16q, there is yet no ev-

idence implicating it as a relevant target of 16q loss.
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A second pattern of genomic alteration shows focal high-

level DNA amplifications, clustered on one or more chromo-

some arm, found on a background of simple to moderately

complex gains/losses. This pattern, called “amplifier”, or “fire-

storm”, is characteristic of luminal B (Fig. 1B) and ERBB2

(Fig. 1C) subtype tumors. Commonly amplified sites include

8p12 (FGFR1), 8q24 (MYC ), 11q13 (CCND1), 12q15 (MDM2),

17q12 (ERBB2), and 20q13 (ZNF217), as well as other less well-

characterized loci. Amplified genes often function in signal-

ing, cell-cycle regulation, and nucleic acid metabolism (Chin

et al., 2006). Notably, tumor amplicons typically span several

genes, where multiple “driver” oncogenes might confer selec-

tive growth advantage (Kao and Pollack, 2006).

A third type of genomic alteration is marked by a complex

pattern of numerous low-amplitude gains and losses, typi-

cally spanning short chromosome regions, and resulting in

a “segmented” profile with many copy-number transitions

(Fig. 1D). This pattern, dubbed “complex, or “sawtooth”, is

most common in triple-negative, basal-like tumors, and is

also associated with TP53 mutation. Despite the complex pat-

terns, preferential gain is seen at 10p, and loss at 3p, 4p, 4q, 5q,

14q, 15q, and in some studies 17q.

As noted, there is a good (if imperfect) correspondence be-

tween genomic pattern and gene-expression subtype (Fig. 2A).

Because the different genomic patterns target distinct loci,

one implication is that the expression subtypes arise via
A
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alteration of distinct cancer genes. Even more intriguing,

and a key conclusion of these genomic studies, is that the ex-

pression subtypes appear to originate via distinct underlying

mechanisms of genomic instability.

Recently, “next-generation” DNA sequencing has provided

yet an additional view of the structural alterations in cancer

genomes. Based on earlier paired-end sequencing strategies

(Volik et al., 2003), Futreal, Stratton and colleagues sequenced

the paired ends of short genomic DNA fragments, yielding in-

formation both on copy number (by counting sequence reads)

and on rearrangements (when paired ends mapped to discor-

dant sites in the reference genome) (Campbell et al., 2008). Us-

ing this approach, they could classify rearrangements as

occurring within amplicons, or if not then as being interchro-

mosomal or intrachromosomal, with the latter further strati-

fied as deletions, tandem duplication or inversions.

Despite the small number of specimens profiled, applying

this approach to breast cancers (Stephens et al., 2009) recov-

ered rearrangement patterns largely recapitulating the major

array CGH types (Fig. 3). Luminal A subtype tumors showed

few chromosome rearrangements. Luminal B tumors dis-

played many more rearrangements, which occurred mainly

within amplicons. Triple-negative basal-like tumors exhibited

numerous rearrangements, interestingly occurring mainly as

small tandem duplications in the kilobase to megabase size

range, largely unappreciated in prior array CGH profiles. The
B 

 

 

Breast cancer lines 

0 

0.2 

0.4 

0.6 

0.8 

Basal A Basal B Luminal 

0 

0.002 

0.004 

0.006 

0.008 

0.010 

e 
m

 
o n e g f o 

n o i t c a r F 

Basal A Basal B Luminal 

P <0.001 

High-level amplification 

Chromosome gain/loss 

e 
m

 
o n e g f o 

n o i t c a r F 

P =0.11 

associated with distinct patterns of CNA. (A) Breast tumors classified

ay varying levels of low-amplitude chromosome segment gain/loss

e 25th, 50th (median), and 75th percentiles of genome (cytoband)

btype. Note that basal-like tumors exhibit higher levels of segmental

s (P-values represent comparisons of the one group vs. all others). (B)

inal or to one of either of two basal-like groups (Neve et al., 2006; Kao

ltered is displayed, as above. “Basal A” lines, which are most similar to

s (P-value compared to basal-B group), while luminal lines show more

fore provide a relevant model system to study the underlying genomic

. (2009).



A

B

1

2

3

4

5

6

7

8

910

11

12
13

14
15

16
17

18
19

20
21

22
X Y

1

2

3

4

5

6

7

8

910

11

12
13

14
15

16
17

18
19

20
21

22
X Y

1

2

3

4

5

6

7

8

910

11

12
13

14
15

16
17

18
19

20
21

22
X Y

200

160

120

40

0N
o.

 o
f r

ea
rra

ng
em

en
ts

Deletion Tandem duplication Inverted orientation Inter-chromosomal Amplified

Luminal A Luminal B Basal-like

80

200

160

120

40

0

80

200

160

120

40

0

80

Luminal A Luminal B Basal-like

LumA #1
LumA #2

LumB #1
LumB #2

Basal #1
Basal #2

Figure 3 e “Next-Gen” DNA sequencing has revealed distinct patterns of genomic rearrangements among different breast cancers. (A) Exemplary

patterns are shown for tumors classified by expression pattern as luminal A (left), luminal B (center), and basal-like (right). In these “Circos” plots,

the outer ring indicates genome position, the blue trace represents DNA copy number determined by counting sequencing reads (gains point to

outside, losses to inside), and within the inner ring the green and purple lines represent intrachromosomal and interchromosomal rearrangements,

respectively, identified by genome alignment of paired-end sequence reads from small genomic fragments. Reprinted by permission from

Macmillan Publishers Ltd: (Stephens et al., 2009). (B) Rearrangement architectures of luminal A (left), luminal B (center), and basal-like (right)

tumors, shown for the two tumors profiled from each group (the “front-most” samples correspond to the Circos plots above). Bars indicate deletion

(dark blue), tandem duplication (red), inverted orientation (green), interchromosomal rearrangements (light blue), and rearrangements within

amplified regions (orange). Note, though the sample size is small, increased rearrangements within amplified regions are apparent in luminal B

tumors, while intrachromosomal tandem duplications are prevalent in sporadic basal-like tumors (as well as in BRCA1-associated tumors, not

shown). Data graphed here are from Stephens et al. (2009). (For interpretation of the references to colour in this figure legend, the reader is

referred to the web version of this article.)

M O L E C U L A R O N C O L O G Y 4 ( 2 0 1 0 ) 2 5 5e2 6 6 259
DNA sequences at rearrangement junctions were also infor-

mative (as discussed later).

Of note, the genomic aberration patterns of breast tumors

are largely recognizable in established breast cancer cell lines

(Stephens et al., 2009; Neve et al., 2006; Kao et al., 2009)

(Fig. 2B). Breast cancer lines with luminal expression patterns

exhibit frequent DNA amplification, which typifies luminal B

and ERBB2 subtype tumors. Likewise, cell lines with basal-

like expression patterns (“basal A” subgroup; Fig. 2B) show

high numbers of low-amplitude gain/loss, reminiscent of

basal-like breast tumors. By sequencing analysis, basal-like

breast lines also exhibit numerous intrachromosomal rear-

rangements of the tandem duplication variety (Stephens

et al., 2009). Conspicuously absent among available breast

lines is the simple genomic alteration pattern characteristic

of luminal A tumors. Nonetheless, breast cancer cell lines

should provide a useful model not only to discover and char-

acterize novel breast cancer genes, but also to study themech-

anisms underlying genomic instability.
These intriguing patterns of genomic alteration are likely

the result of very distinct mechanisms. Below, we consider

the possible causes for the amplifier and complex rearrange-

ment phenotypes (the simple pattern being most consistent

with a more subtle or absent instability).
4. Amplifier genomes and breast cancer

The amplifier pattern is characterized by focal high-level DNA

amplifications, and is associated mainly with luminal B sub-

type tumors. The ERBB2 subtype could be considered a special

case, where the prominent amplification occurs at 17q12

(ERBB2).

Amplified DNA in cancer cells was first observed by cytoge-

netic analysis, where it occurred either within chromosomes

as repeated units called homogeneously staining regions

(HSRs), or as extrachromosomal copies called double minutes

(DMs); in some experimental settings the two forms can
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interconvert (Hamlin et al., 1991). The structural organization

of DNA amplicons has been studied in tumor cells, and in cul-

tured mammalian cells following selection for drug resis-

tance, e.g. DHFR amplification conferring methotrexate

resistance. From such studies, proposed mechanisms of

DNA amplification have been inferred (reviewed in Stark

et al., 1989; Windle and Wahl, 1992; Albertson, 2006). In gen-

eral, DNA amplification is thought to initiate with a chromo-

some break, often then followed by inappropriate cell-cycle

progression in the presence of this damaged DNA. One pro-

posed mechanism of DNA amplification is based on episome

formation (possibly resulting from a collapsed replication

bubble), with subsequent extrachromosomal replication of

DNAsometimes followedby reintegration into a chromosome.

Such a mechanism is consistent with the head-to-tail tandem

repeat structure of amplified MYCN observed often in neuro-

blastomas (Savelyeva and Schwab, 2001).

Another mechanism of DNA amplification is based

on breakage-fusion-bridge (BFB) cycles, first described by

McClintock (1941) in maize. BFB cycles are initiated when bro-

ken chromosomes (or sister chromatids) fuse, leading to a di-

centric chromosome that then breaks apart during anaphase

when the two centromeres are pulled to opposite spindle poles

(Fig. 4). Depending on the site of the break, the result is a chro-

mosomewith an inverted duplication at the terminus. Further,

because this chromosome has a broken end, the amplification

process can be repeated in subsequent cell divisions. The
Figure 4 e DNA amplification arising by breakage-fusion-bridge (BFB) cy

example at a fragile site, or functionally emulated by critically shortened telo

sister chromatids (B), the break can be repaired (via NHEJ) by sister chroma

bridge (D) when the two centromeres are pulled to opposite spindle poles, u

broken chromosome provides a starting point for a subsequent BFB cycle. T

breakpoint, which becomes duplicated (note inverted structure) following t

duplication (cycle 2 product shown in (F)), resulting in an array of amplifi

interpretation of the references to colour in this figure legend, the reader i
initial break can occur at chromosome fragile sites (Coquelle

et al., 1997; Hellman et al., 2002), or alternatively telomere attri-

tion can provide the functional equivalent (O’Hagan et al.,

2002). Anaphase bridges, a histologic marker of dicentric chro-

mosomes (being pulled to opposite spindle poles), have been

observed in early breast cancer progression (Chin et al., 2004).

Furthermore, amplifier-type breast tumors have been reported

to show decreased telomere length and altered expression of

telomere-related genes, consistent with telomere attrition as

a possible initiating mechanism (Fridlyand et al., 2006).

In a recent study, Bignell et al. (2007) analyzed amplicon-

associated rearrangements at the DNA sequence level. In

a single ERBB2-amplified breast cancer line, they identified at

17q12-q21 (ERBB2) the precise inverted duplication architec-

ture predicted by a sister chromatid BFB process. Nonetheless,

amplicons elsewhere in the genome included head-to-tail

direct repeats, indicating that different mechanisms of ampli-

fication are not mutually exclusive, and can even occur within

the same cancer cell.

In complementary studies, Tlsty and colleagues explored

the genetics of DNA amplification, using cultured cells ex-

posed to the anti-metabolite N-(phosphonoacetyl)-L-aspartate

(PALA), where resistance is conferred by amplification of CAD

(encoding a multifunctional enzyme). Tumor cell lines repre-

senting diverse cancer types, but not normal fibroblasts,

were found competent to amplify DNA (Tlsty, 1990; Tlsty

et al., 1989). Cell fusions between tumor and normal cells
cles. Cycle 1 initiates with chromosome breakage (A), occurring for

mere sequences. Following chromosome replication in S-phase to form

tid fusion (C). The resultant dicentric chromosome forms an anaphase

ltimately resolved by random chromosome breakage (E). The resultant

he blue arrowhead denotes a DNA segment residing proximal to the

he BFB cycle. Each subsequent BFB cycle can lead to additional

ed DNA with characteristic inverted repeat architecture. (For

s referred to the web version of this article.)
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defined amplification competence as a recessive phenotype

(Tlsty et al., 1992). Furthermore, fusions between different

cancer cells revealed at least two different complementation

groups, which were distinct from TP53 mutation (Hall et al.,

1997). The presumed caretaker genes were not identified.

Following up on Tlsty’s studies, we have begun investigat-

ing CAD amplification (conferring PALA resistance) in breast
Figure 5 e A possible “DNA amplifier” phenotype in breast cancer. (A) Seg

lines, CAL51 (above), a diploid line with microsatellite instability (Seitz et a

high-level DNA amplification at 7p11.12 (EGFR). To evaluate DNA amp

a concentration corresponding to nine times the lethal dose (LD50) for app

colonies (arising by CAD gene amplification at 2p23.3 (Tlsty et al., 1989))

MB-468 exhibited a more than 1000-fold higher amplification frequency (P

possibility that some breast cancers, possibly those already harboring ampl

“amplifier” phenotype. (B) Oligonucleotide array CGH log2 ratios (blue do

line (above), and for three independent PALAR colonies (below), confirmin

segmental gain of distal 2p seen in the parent line may provide an architec

observed in MDA-MB-468; study of additional lines is warranted. Rare PA

Fluorescence in situ hybridization (FISH) confirming DNA amplification of

Amplification of CAD in the PALAR clone is evident by the increased num

centromere probe). Note, the clustering of green signals observed in the in

indicative of in situDNA amplification of CAD on chr2. (For interpretation

the web version of this article.)
cancer cells. In preliminary findings, a breast cancer line

(MDA-MB-468) harboring focal DNA amplification at 7p11

(EGFR) exhibited the capacity (when exposed to PALA) to am-

plify DNA at the CAD locus (2p23) (Fig. 5). The amplification

frequency was more than 1000-fold higher than observed for

a near-diploid MSI breast cancer line (CAL51). This finding

suggests the possibility that some breast cancers, possibly
mented cDNA array CGH (log2 ratio) profile of two breast cancer cell

l., 2003), and MDA-MB-468, a basal-like line that also harbors focal

lification frequency, cells were plated and exposed to PALA at

roximately four weeks, and the frequency of PALA resistant (PALAR)

determined. Despite comparably high cell plating efficiencies, MDA-

ALAR colony frequencies indicated). This finding suggests the

icons, retain a competency to amplify DNA at other loci, i.e. an

ts) and segmented profile (red line) for chr2 in parent MDA-MB-468

g focal DNA amplification at CAD (arrow). Note, the low-level

ture contributing to the particularly high amplification rates (10L2)

LAR colonies of CAL51 exhibited whole chr2 gain (not shown). (C)

CAD in a PALAR clone (below), compared to the parental line (above).

bers of green (CAD locus) compared to red signals (control chr2

terphase nucleus (filled arrow) and metaphase spread (open arrow) is

of the references to colour in this figure legend, the reader is referred to
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those already harboring amplicons,might retain a capacity (or

permissivity) to amplify DNA de novo at other loci, i.e. an “am-

plifier” phenotype, with implications for cancer progression

and therapy resistance.
5. Complex patterns, basal-like breast cancer, and
BRCA1

The complex (sawtooth) pattern exhibits numerous low-am-

plitude gains/losses and copy-number transitions, and is

characteristic of basal-like breast cancers. Although the un-

derlying mechanism is not yet known, the pattern is indica-

tive of chromosome breakage throughout the genome,

suggesting a more generalized process, e.g. a defect in DNA

damage repair. Indeed, an intriguing hypothesis on the under-

lying mechanism is suggested by noted similarities between

sporadic basal-like breast cancers and hereditary breast can-

cers arising from germline BRCA1 mutation (Turner and

Reis-Filho, 2006). Sporadic basal-like and BRCA1-associated

tumors exhibit similar histology, with high mitotic counts,

medullary features, lymphocytic infiltrates, and “pushing”

margins (Honrado et al., 2006). The vast majority of BRCA1-

associated breast tumors are also triple-negative, and express

basal markers and gene-expression patterns (Sorlie et al.,

2003; Foulkes et al., 2003). Notably, BRCA1 tumors also exhibit

complex, low-amplitude segmented profiles, with similar loci

of preferential deletion (e.g. 4p, 4q, 5q) (Fridlyand et al., 2006;

Tirkkonen et al., 1997; Jonsson et al., 2005). Finally, both spo-

radic basal-like and BRCA1-associated breast tumors appear

to lack markers of a normal inactive X chromosome

(Richardson et al., 2006). BRCA1 has diverse functions, but its

tumor suppressive activity is most often connected to its

role in DNA double-strand break (DSB) repair (Jasin, 2002).

Multiple pathways exist to repair DNA damage, including

for examplemismatch repair, base excision repair (BER), nucle-

otide excision repair (NER), and DSB repair (Jackson and Bartek,

2009). DSBs, caused for example by ionizing radiation, reactive

oxygen species (ROS) and collapsed DNA replication forks, are

perhaps themost deleterious lesions. The twomajor pathways

for DSB repair are homologous recombination (HR) and non-

homologous end joining (NHEJ) (Pardo et al., 2009). HR is an er-

ror-free process that uses the sister chromatid (or homologous

chromosome) to align and repair ends, and is the preferred

mode of DSB repair in S/G2 phases of cell cycle (when sister

chromatids are present). By contrast, NHEJ comprises error-

prone processes that join together two broken ends.

BRCA1 plays a key role in DSB repair, and in particular, in

channeling repair towards error-free HR (Scully et al., 2004).

In the context of BRCA1 mutation, dysfunction of HR repair

would lead to increased error-prone repair, with resultant

chromosome rearrangements and copy-number transitions.

Intriguingly, BRCA1 also appears to function in breast epithelial

differentiation, regulating the differentiation of ER-negative

breast epithelial stem cells into ER-positive luminal progeni-

tors (Liu et al., 2008). Therefore, a unifying hypothesis states

that sporadic basal-like breast tumors harbor a dysfunction

of BRCA1 (or BRCA1-associated pathways), leading to both

a complex pattern of genomic alteration, and an ER-negative,

basal-like phenotype.
Some evidence supports a BRCA1 deficiency in sporadic

basal-like breast cancers. While BRCA1 mutations are rare in

sporadic breast cancer (Futreal et al., 1994), BRCA1 (17q21) de-

letion/LOH has been reported (though does not appear to be

specific for ER-negative (including basal-like) tumors) (Staff

et al., 2003). Decreased BRCA1 transcript levels (Turner et al.,

2007) and nuclear protein expression (Rakha et al., 2008)

have also been observed in some basal-like tumors. In addi-

tion, BRCA1 promoter hypermethylation has been reported

in metaplastic breast cancers (a rare type of basal-like tumor),

as has overexpression of ID4, a negative regular of BRCA1 ex-

pression, in basal-like cancers (Turner et al., 2007). Finally,

paired-end DNA sequencing analysis of rearrangements, in-

cluding the tandemduplications prevalent in basal-like breast

cancers, has identified short (1e4 bp) regions of overlapping

microhomology (i.e. identical sequences present in the con-

tributing DNA segments, and once at the rearrangement

junction), a finding less common of amplicon-associated rear-

rangements in amplifier tumors (Stephens et al., 2009). Such

microhomology, guiding the alignment of broken ends, has

been considered a hallmark of the NHEJ process (Hefferin

and Tomkinson, 2005), and possibly implies a defect in er-

ror-free HR repair.

However, despite the intriguing hypothesis connecting

complex genome patterns, basal-like phenotype and BRCA1

dysfunction, at least one study supports the presence of func-

tional BRCA1 in basal-like tumors, evidenced by the common

appearance of nuclear BRCA1 foci (Richardson et al., 2006).

Furthermore, to our knowledge, there is as yet no direct evi-

dence of a HR defect in sporadic basal-like breast cancer.

Perhaps most notable, though, are the characteristics of he-

reditary breast cancers arising from germline mutation of

BRCA2, which also has a key function in HR repair. BRCA2-

associated tumors are typically ER-positive (not basal-like),

and exhibit neither the same preferential sites of loss (e.g. 4p,

4q, 5q), nor the complex pattern of genomic alteration

(Stephens et al., 2009; Jonsson et al., 2005; van Beers et al.,

2005; Waddell et al., 2009) (though at least one study did report

finding complex-pattern changes (Stefansson et al., 2009)). Of

note, the main function of BRCA2 appears to be in regulating

RAD51activity inHR. Incontrast, BRCA1 functionsmoreasasig-

nal integrator of the DNA damage response, acting not only in

HR but also in other DNA repair pathways (e.g. NER, BER), as

well as cell-cycle (G2/M and spindle assembly) checkpoints,

and more broadly in transcriptional regulation and chromatin

remodeling (Venkitaraman, 2002; Narod and Foulkes, 2004).

Therefore, it is possible that dysfunction of one or more of its

other activities (in addition to or instead of HR) connects

BRCA1 to the complex genome patterns in basal-like tumors.

In this regard, Alli et al. (2009) recently reported defective BER

of oxidative DNA damage (a pathway also associated with

BRCA1 function) in basal-like cancer cell lines.

Alternatively, a different shared property of BRCA1-associ-

ated and sporadic basal-like breast tumors might underlie the

observed complex-pattern genome rearrangements. For exam-

ple, both tumor typesshowfrequentmutationofTP53, amaster

caretaker that controls cell fate in response to DNA damage,

but also has a specific role in blocking HR between divergent

sequences (which might otherwise lead to rearrangement)

(Ralhan et al., 2007). In addition, BRCA1 and sporadic basal-like
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tumors both show frequent deletions at 5q, a region harboring

several genes functioning in DNA damage repair, including

MSH3, RAD17, RAD50 and XRCC4 (Bergamaschi et al., 2006).

Another shared feature appears to be dysfunction of the

PTEN tumor suppressor (Saal et al., 2008). Loss of PTEN expres-

sion has been observed in sporadic basal-like tumors, and

BRCA1-deficient tumors exhibit gross mutations (inversions,

deletions) at the PTEN locus. Intriguingly, PTEN loss also results

in defective HR (Mendes-Pereira et al., 2009), though that dys-

function would seem superfluous in BRCA1-deficient tumors

(where ostensibly the PTEN gross mutations are themselves

a likely consequence of a BRCA1-associated HR defect).

Increased DNA breakage might also contribute to the etiol-

ogy of complex-pattern genomes. In this regard, another

shared feature of hereditary BRCA1-associated and sporadic

basal-like breast tumors is their high rates of cell proliferation.

Indeed, analyzing gene-expression patterns of complex pat-

tern breast cancers, Fridlyand et al. (2006) identified enrich-

ment of gene sets relating to cell proliferation (e.g. mitosis,

cell cycle, DNA replication and repair), and of E2F1 target

genes. Mechanistically, oncogene-driven cell proliferation

can induce DNA replication stress, where the stall and col-

lapse of replication forks create DSBs (Halazonetis et al.,

2008). Of note, collapsed replication forks will create single-

ended DSBs, most likely repaired bymicrohomologymediated

break-induced replication (MMBIR) (Hastings et al., 2009), and

providing an alternative explanation for the observed micro-

homologies at rearrangement junctions (Stephens et al.,

2009). However, we note that high proliferation rates also

characterize many of the amplifier (luminal B) subtype breast

tumors (Langerod et al., 2007).

Finally, the resultant constellation of CNAs might itself

perpetuate or drive genomic instability. Analyzing the numer-

ous gains in complex-pattern genomes, Chin et al. (2006)

noted enrichment of genes associated with RNA and cell me-

tabolism, which might increase basal metabolism and possi-

bly proliferation rates. In addition, widespread CNA, through

the altered expression of many genes, might disrupt critical

stoichiometric relationships within protein complexes (e.g.

the mitotic spindle), possibly further promoting genomic in-

stability (Pollack et al., 2002).
6. Clinical implications

Genomic instability and the resultant aberrations have impor-

tant clinical implications. Most directly, the identified pat-

terns of genomic alteration might provide a basis for

improved breast cancer classification and prognostication.

For example, amplifier tumors are associated with reduced

survival (Hicks et al., 2006; Chin et al., 2006), with a quantita-

tive relation between the number of amplifications and over-

all survival (Hicks et al., 2006).While several prior studies have

identified specific amplified loci associated with unfavorable

outcome, a general amplifier phenotype might instead under-

lie this association (Chin et al., 2006).

Also important are the therapeutic implications of genomic

instability in breast cancer. Here, the amplification of specific

oncogenes can provide therapeutic targets. A classic example

is ERBB2 (HER2), an early success of molecularly targeted
therapy (with trastuzumab) (Pegram et al., 2000). More gener-

ally, amplified oncogenes are promising targets based on likely

oncogene addiction/dependency (Weinstein, 2002), and be-

cause the elevated expression (compared to normal tissues)

should provide a wide therapeutic window. Genomic instabil-

ity and the associated rearrangementsmight also lead to onco-

genic fusion genes, which as novel creations could provide

highly specific diagnostic markers and therapeutic targets.

A particularly exciting therapeutic area is the potential for

targeting genomic instability itself. While genomic instability

can be beneficial to tumors, by providing advantageous alter-

ations, it can also create exploitable vulnerabilities. That is, by

inducing gene or pathway dependencies not present in nor-

mal cells, genomic instability can generate “synthetic lethal”

interactions (Kaelin, 2005) specifically in tumor cells. A strik-

ing example is that deficiency of BRCA1 or BRCA2 leads to

marked sensitivity to inhibitors of poly(ADP-ribose) polymer-

ase (PARP) (Farmer et al., 2005; Bryant et al., 2005). PARP func-

tions in the repair of single-strand breaks, and presumably its

inhibition leads to collapse of replication forks and DSBs that

depend on HR for repair. Notably, because in BRCA mutation

carriers only the tumors (and not normal tissues) are fully de-

ficient in BRCA function, PARP inhibitors are likely to be highly

tumor specific. A recent clinical trial supports the efficacy of

PARP inhibition in tumors arising in BRCA mutation carriers

(Fong et al., 2009), and trials evaluating sporadic triple-nega-

tive breast tumors (with possible BRCA1 pathway defects)

are ongoing. More generally, presumptive DNA repair defect

(s) in complex pattern, basal-like tumorsmight result in selec-

tive sensitivity to certain classes of DNA damaging agents,

e.g. DNA crosslinking agents (Helleday et al., 2008).
7. Future directions

The study of breast cancer genomes and genomic instability is

advancing rapidly, but much remains to be learned. The basis

for the amplifier pattern remains uncertain, though continued

sequence-level analysis of amplicon architecture is likely to

provide insight. Also unclear is whether amplification is

largely a transient event (i.e. occurring at telomere crisis), or

alternatively is an ongoing process shaping tumor genomes.

For the complex-pattern breast tumors, future studies

should clarify the nature of a possible defect in DSB repair

(and, more broadly, in the DNA damage response), as well as

the functionality of BRCA1 and BRCA1-pathway components.

Finally, for both theamplifiersandcomplex-pattern tumors, fu-

ture efforts (including unbiased screens) should identify selec-

tive vulnerabilities created by underlying genomic instability.

Such studies will not only inform the mechanisms of genomic

instability, but are likely to be clinically translatable, ultimately

leading to new treatments for patients with breast cancer.
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