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Breast cancer is predominantly a disease of the genome with cancers arising and progressing through
accumulation of aberrations that alter the genome—by changing DNA sequence, copy number, and
structure in ways that that contribute to diverse aspects of cancer pathophysiology. Classic examples of
genomic events that contribute to breast cancer pathophysiology include inherited mutations in BRCA1,
BRCA2, TP53, and CHK2 that contribute to the initiation of breast cancer, amplification of ERBB2
(formerly HER2) and mutations of elements of the PI3-kinase pathway that activate aspects of epidermal
growth factor receptor (EGFR) sighaling and deletion of CDKN2A/B that contributes to cell cycle
deregulation and genome instability. It is now apparent that accumulation of these aberrations is a time-
dependent process that accelerates with age (1). Although American women living to an age of 85 have
a 1in 8 chance of developing breast cancer, the incidence of cancer in women younger than 30 years is
uncommon. This is consistent with a multistep cancer progression model whereby mutation and
selection drive the tumor’s development, analogous to traditional Darwinian evolution (2, 3). In the case
of cancer, the driving events are changes in sequence, copy number, and structure of DNA and
alterations in chromatin structure or other epigenetic marks.

Our understanding of the genetic, genomic, and epigenomic events that influence the development and
progression of breast cancer is increasing at a remarkable rate through application of powerful analysis
tools that enable genome-wide analysis of DNA sequence and structure, copy number, allelic loss, and
epigenomic modification. Application of these techniques to elucidation of the nature and timing of
these events is enriching our understanding of mechanisms that increase breast cancer susceptibility,
enable tumor initiation and progression to metastatic disease, and determine therapeutic response or
resistance. These studies also reveal the molecular differences between cancer and normal that may be
exploited to therapeutic benefit or that provide targets for molecular assays that may enable early
cancer detection, and predict individual disease progression or response to treatment. This chapter
reviews current and future directions in genome analysis and summarizes studies that provide insights
into breast cancer pathophysiology or that suggest strategies to improve breast cancer management.

CANCER GENOME SEQUENCE
Mutations and Polymorphisms

The discovery of germ-line and somatic mutations has long been a critical component of cancer
research. Driven by increasingly powerful normal and tumor DNA sequencing capabilities, a substantial



number of germ-line and somatic mutations and polymorphisms have been associated with an
increased risk of breast cancer and with aspects of breast cancer pathogenesis.

To date, DNA sequence-based studies have established associations between germ-line mutations in
TP53, BRCA1, BRCA2, and PTEN with high breast cancer risk and mutations in CHEK2, ATM, NBS1,
RADS50, BRIP1, and PALB2 with approximately twofold increased breast cancer risk (4). In addition,
genome-wide analyses of single nucleotide polymorphisms have established associations between
polymorphisms in FGFR2, TNRC9, MAP3K1, and LSP1 with significant but modestly increased breast
cancer risk (5).

Early DNA sequence analyses of primary tumors and cell lines revealed somatic mutations that
contribute strongly to breast cancer pathophysiology. These include mutations such as TP53, CDH1, and
PIK3CA that are commonly mutated in breast cancer (from COSMIC http://www.sanger.ac.uk/genetics/
CGP/cosmic/). The human genome project proved the viability of sequencing entire genomes and since
that time, it has been an obvious goal to search systematically for the mutations that drive cancer.
Recent work from groups at the Sanger Center (6), Johns Hopkins University (7), and The Cancer
Genome Atlas (8) highlight just how achievable this goal is, and what we can expect to learn when it is
completed.

New Discovery Approaches

The critical issue is to determine which genes, when mutated, are responsible for cancer
pathophysiology. Two approaches have been proposed to identify statistically significant recurrent
mutations. One approach is to target specific classes of genes in a large survey of samples (100s), which
provides the ability to detect rare but still recurrent mutational events. The other approach is to
sequence all genes in a limited number of samples (10) to identify the common mutational events that
drive tumorigenesis. The result of these studies has been to show that (a) a relatively large number of
mutated genes (20) are likely to be driving each individual cancer and (b) hundreds of genes can act as
drivers of breast cancer in total. Examining the functions of genes that can drive cancer when mutated
has shown that they may not always be in genes predicted to harbor oncogenic or tumor suppressor
functions.

Sequencing tumor DNA to identify somatic mutations is technically and logistically complicated (Fig.
27.1). Work published to date has used industry standard dideoxy chain termination based sequencing
(9). The standard approach is to use polymerase chain reaction (PCR) to amplify each exon of the gene
to be sequenced and then sequence each exon individually. For example, sequencing 1,000 typical genes
with 10 exons each, in 100 samples entails 1,000,000 DNA sequencing reactions covering approximately
150 million basepairs (bp) of total DNA sequence, which is a substantial amount of work. These
sequences are compared with the reference human genome and if they do not match are flagged as
possible mutations. It is critical to note that there will be thousands of sequences in the tumor different
than the reference genome caused by sequencing errors and normal sequence polymorphisms. Each
potential mutation must be resequenced to ensure it is not an error and then the tumor and normal
sequence must be compared to ensure that the variation from the reference genome is not a
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polymorphism. Technically, Sanger sequencing is challenging because each reaction produces a single
electropherogram that is the average sequence of all DNA molecules that are PCR amplified at that
region. This is critical because DNA from tumors is not uniform, being contaminated by normal tissue
and by heterogeneity within the tumor itself. In some rare cases a tumor may be homozygous for a
mutation (caused by loss of heterozygosity see below), but in most cases tumors are heterozygous for a
mutation, meaning that the electrophoretic trace will have two peaks at a given base pair. As the ratio of
mutated to normal sequence decreases, the ability to detect a mutation correspondingly decreases.
Typically, Sanger sequencing cannot reliably detect mutant alleles that are less than 30% of the total (8).

The Sanger Center (10) performed a screen to identify mutations in kinases predicated on two
assumptions (a) kinases are key regulators of cell signaling and (b) targeted inhibition of kinases is a
well-understood process, which is amenable to therapeutic intervention making genes that are mutated
in the survey useful drug targets. In a survey of all 518 kinase genes across 210 diverse human cancers
(including 16 breast cancers), they observed more than 900 nonsynonomous somatic mutations that
altered the amino acid sequence of a kinase. Not all of the mutations are actually responsible for cancer,
however, and the identification of those mutations that drive cancer (versus those that are random
passengers) is a critical question. Through the use of selection pressure analysis (based on comparing
the rate of synonymous mutations that did not change amino acid sequence with nonsynonymous,
those that change the amino acid sequence), the Sanger Center group estimated that most (80%) of the
observed mutations were passenger mutations that did not influence the development of the cancer.
This meant that in the 210 cancers they sequenced they identified approximately 150 mutations in
protein kinase genes that were likely to drive oncogenesis. The overall power of the effort was not
sufficient to estimate which genes are oncogenic drivers (most genes showed only single mutations), but
it was possible to rank the genes as shown in Table 27.1. Many of the genes with the highest selection
pressures (and overall ranking) are either known to be involved in cancer through genetics or previous
mutation studies (e.g., ATM, FGFR2, and STK11) (11-13), or have homologs that are known to be
involved in oncogenesis (e.g., MAP2K4).

The Johns Hopkins group took the complementary approach. They sequenced every gene in 11 breast
cancer cell lines samples as a discovery phase (7, 14) followed by a validation phase of 24 breast tumor
samples in which they sequenced only those genes that showed mutations in the discovery phase. Part
of the rationale for the limited number of samples was to be genomically complete but another part was
a resource limitation; the Johns Hopkins group used cell lines of which only a few matched the normal
DNA is available. Sequencing cell lines for the discovery phase makes the sequencing traces more easily
interpreted because there is neither normal DNA contamination nor tumor heterogeneity. The results of
these studies were revolutionary, suggesting that hundreds, and possibly thousands, of genes have the
potential to promote cancer when mutated. Further, individual breast tumors are likely to harbor 20 or
more somatic mutations that are responsible for that specific cancer. These observations caused
considerable controversy, but have now been generally accepted and new evidence from sequencing
other tumor types has strengthened this argument (15, 16).

Recent Results



Nearly 10% of all human genes in these discovery efforts harbored mutations in the discovery screen.
This seems extraordinarily high but the background mutation rate of the tumors is roughly one mutation
per megabase of genomic DNA (which corresponds to about 3,000 random mutations in the genome)
that it is not wholly unexpected. The validation phase, however proved truly remarkable; 167 genes
harbored mutations in both the discovery and validation phases, which is approximately 1% of all human
genes. Beyond the large numbers of genes observed to be mutated, two key observations emerge from
this analysis: first, many recurrent mutations occur in genes that are not obviously related to cancer (i.e.,
the glycosylase GALNTS5 and the transglutaminase TGM3); second and more importantly, many of the
mutations appear to be clustered in pathways. For example, at least seven biological pathways,
including ATM signaling and apoptosis induction, show significant levels of mutation (17) (Table 27.2).
The observation that particular pathways are significantly mutated provides a framework in which to
understand their functional significance, and further suggests that a few key pathways may be especially
critical for the development of oncogenesis.

The next step, which is still in its infancy, is to relate the patterns of mutation to clinical outcome and
treatment. For genes previously known to drive breast cancer when mutated, such as TP53, PIK3CA, and
PTEN, the relationship between mutation and outcome for breast cancer has been examined and shown
to be significant (18-20). In fact, conditional analysis of the activating mutation of PIK3CA (the catalytic
subunit of PI3-kinase) or inactivating events of its negative regulator PTEN, provided better
discrimination of outcome than mutation of either gene alone (Fig. 27.2).

STRUCTURAL ANALYSIS OF THE CANCER GENOME
Metaphase Chromosome Analysis

One of the most methodologically challenging questions in breast carcinomas is to understand the
structural organization of a tumor genome. This is a critical area of research, which can easily be
evidenced by the large number of chromosomal fusion events that drive malignancies in the leukemias
and lymphomas. Recurrent mutations have become even more interesting since the recent
identification of recurrent gene fusion events including TMPRSS-ERG in prostate cancer (21). Analyses of
metaphase chromosome spreads from cultures of human tumors using classic banding techniques
provided the first views of the extent of structural rearrangements that exist in human breast cancers.
The catalogue by Mitelman et al. (22) provides a comprehensive assessment of breast cancer
chromosome changes discovered using this approach. The general structural and numerical chaos is
clear from these studies, but the approach is difficult because of the difficulty of preparing metaphase
spreads of sufficiently high-quality metaphase chromosome preparations to allow identification of
rearrangements with confidence.

The introduction of fluorescence in situ hybridization (FISH) with whole chromosome probes (23, 24)
and the subsequent development of combinatorial multicolor labeling and analysis (25—-27) substantially
simplified the identification interpretation of these complex karyotypic rearrangements. Molecular
cytogenetic analyses using whole chromosome analysis techniques are, however, limited in resolution to
a few million base pairs by the complex organization of DNA along chromosomes. FISH, with multiple,



region-specific probes, enables high resolution mapping of the structures of numerical and structural
chromosome abnormalities. However, this approach is not well suited to discovery or high-resolution
analysis of complex structural aberrations.

The development of end sequence profiling (ESP) and paired end deep sequencing more generally have
revolutionized analysis of structural aberrations in human breast cancers. Genome sequencing
methodologies have used the paired end read technology since its proof of principle in sequencing de
novo genomes (28, 29). Pair end reads, where DNA sequence from both ends of a longer piece of DNA
(with known sequence length) allow the information of the sequences to be organized in useful ways,
primarily to provide larger clone coverage of the genome or to span intermediary sequences that are
common repeat elements (nearly one-half of the human genome). A diagram of paired end read
methods is provided in Figure 27.3. Paired end reads have historically been performed on highly size-
restricted pieces of DNA (either DNA clones of 1-10 kb), fosmids (of 50 kb), or bacterial artificial
chromosome (BAC) of (150 kb). The longer the insert, the greater the clone coverage. A total of 2,000
BAC each 150 kb in length would provide average one-fold (1X) clone coverage of the entire genome (3
gigabases), whereas it would require 3 million, 1-kb clones to perform the same. If the goal is to
understand which large regions of the genome are hooked together, larger inserts are more effective. As
a note, insert lengths above 3 kb are sufficient to bridge most common repetitive sequences.

Initial work in the area of cancer genome structure discovery published in 2003 (30) involved
reconstruction of the genomes of cancers by aligning paired end BAC reads against the human genome
and searching for cases in which the ends do not map to consistent locations. Those clones that violate
genome assembly indicate the presence of a rearrangement in the cancer genome (or an artifact in the
BAC DNA library construction). These possibilities can be separated if multiple BACs with different end
sequences support the same rearrangement

New work is ongoing both to identify rearrangement breakpoints and to reconstruct the likely genome
of the cancer (31,111). These reconstructions may aid in understanding tumor evolution and disease
progression, and may identify new therapeutic targets or interventions. New DNA sequences created in
the tumor genome might even be targets for patient-directed personalized therapy if gene fusions
create novel proteins or chimeric transcripts that can be targeted with emerging small interfering RNA
(siRNA)-based therapeutics (32).

New sequencing technologies have obviated the BAC-based approaches developed in the previous
decade. The new methods still perform paired end reads but, compared with conventional

Sanger-based sequencing, the costs have dropped more than 1,000 fold, meaning that it is cheaper to
sequence 1,000,000 3-kb DNA paired-end fragments than 2,000 BACs. As prices drop further, to the
estimated $1,000 genome, evaluating the structures of genomes will become even easier. The first
example of this exciting new work from the Sanger Center group in lung cancer (33) has shown what
these observations are likely to allow (Fig. 27.4). In just two cell lines, 103 somatic rearrangements were
observed, including chromosomal fusions, tandem duplications, and inverted duplications. The deep



sequencing approach provides both structural data and very high resolution copy number data, because
the number of sequencable reads is proportional to the DNA copy number.

GENOME COPY NUMBER

Comparative genomic hybridization (CGH) is a hybridization-based analysis strategy that maps changes
in genome copy number onto a normal representation of the genome. In CGH, DNA from a test tumor is
labeled and hybridized to a normal genome representation and the amount of bound, labeled tumor
DNA relative to that for a normal genome is measured along the genome representation as an indication
of relative genome copy number. CGH is particularly informative because it provides a direct link
between a genome copy number abnormality and its gene content.

The first CGH analyses mapped changes of recurrent aberrations onto normal metaphase chromosomes
(34). This approach, however, was quickly supplanted by array CGH in which the genome representation
was replaced by arrays of nucleic acid probes (35, 36). Initially these arrays were composed of cloned
probes, such as yeast artificial chromosome (YAC), BAC (35), and complementary DNA (cDNA) (37).
Eventually, however, it was demonstrated that CGH could be accomplished by hybridization to arrays of
synthetic oligonucleotides (38). This enabled use of commercial arrays so that today, commercially
available oligonucleotide arrays that carry millions of probes are in common use. Current platforms
provide kilobase pair resolution (39). In addition, some platforms have been developed to allow allele-
specific discrimination so that the analysis yields allele-specific copy number information. Prominent
commercial platforms are listed in Table 27.3.

Individual Tumor Genome Landscapes

One of the remarkable features of breast cancer genomes is the extent of abnormality within individual
tumors. Figure 27.5 shows a typical breast cancer CGH profile with copy number abnormalities caused
by gains or losses of single copies of portions of the genome, homozygous deletions, and high-level
amplification. It is not unusual to find as much as 30% of a breast cancer genome present at abnormal
copy number. The extent of the abnormalities may encompass entire chromosomes or as little as a few
hundred base pairs. In general, the low-level copy number abnormalities tend to extend over significant
parts of the genome, whereas homozygous losses and high-level amplifications involve relatively narrow
parts of the genome. These differences in genomic extent of abnormality may reflect the mechanisms
by which the abnormalities arise. Low-level copy number gains and losses involving whole chromosomes
or chromosome arms may be caused by errors in chromosomal segregation—for example, owing to
centrosome dysfunction (40). On the other hand, homozygous deletions and high-level amplifications
are evidence of strong and active selection for or against regions of the genome that are particularly
important in the pathophysiology of the disease—for example, by bridge-breakage-fusion (41) or
through production and amplification of extrachromosomal elements (42).

Another remarkable feature of breast cancer genomes is the extent of variation between tumors. Figure
27.6, for example, shows CGH profiles for two breast tumors with similar clinical characteristics. One
genome shows almost no aberrations whereas the other is shattered and displays numerous regions of
high-level amplification and homozygous deletion. Some of these aberrations—both structural (43) and
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numerical (39)—are extremely complex. Complex aberrations (39) of closely spaced aberrations have
been referred to as “firestorms.” In most tumors, the aberrations accumulate during a relatively
restricted portion of tumorigenesis and change slowly thereafter. In fact, the CGH profiles of metastatic
tumors typically are similar to the profiles of the primary tumors from which they arise—even though
the time between primary tumor and metastatic tumor development may be decades (44,45). 368
Section VI Pathology and Biological Markers of Invasive Breast Cancer

Recurrent Aberrations

The ability to map genome copy number abnormalities onto a normal representation of the genome
facilitates identification of recurrent aberrations because many tumor profiles can be integrated onto
the same representations. Figure 27.7, for example, shows the frequencies of recurrent copy number
gains, losses, and amplifications in 145 primary breast tumors measured using BAC array CGH (46) as
well as the locations of 9 regions of recurrent high-level amplification involving regions of chromosomes
8,11,12,17, and 20. Numerous CGH studies in the last 5 years support the general locations of
recurrent copy number increases involving chromosomes depicted in Figure 27.7 as well as the
observation that relatively few parts of the genome are not abnormal in at least 15% of breast tumors
(37, 39, 46-56). Recent studies using high-resolution oligonucleotide array CGH have defined the extents
of these regions of recurrent abnormality with subgene resolution and demonstrate the existence of an
increasing number of aberrations that involve very small regions of the genome that were missed with
lower resolution technologies (39, 57, 58).

Integrative analyses of gene expression and genome copy number data indicate that expression levels of
greater than 10% of the entire genome are deregulated by these recurrent abnormalities in breast
cancers (46, 53). Interestingly, a recent meta-analysis of 5,918 malignant epithelial tumors showed that
the copy number gains involving 1q, 3q, 5p, 79, 89, 17q, and 20q, and losses at, 49, 13q, 17p, and 18q
found in breast cancer were also common in many other epithelial neoplasias (59). This suggests that
these abnormalities may be generally important in carcinogenesis and it is consistent with the
observation that the ensemble of genes deregulated by low-level genome copy number abnormalities
preferentially affects genes that may contribute to increased metabolic fitness (46).

Several studies have compared recurrent genome copy number changes between clinicopathologic
subtypes. These studies showed significant differences between estrogen receptor-positive (ER +) and
ER-negative (ER -) tumors (60), between subtypes defined by transcriptional profiling (e.g., basal, ERBB2,
luminal A and luminal B) (46, 56) and tumors defined according to histologic features (e.g., ductal vs.
lobular) (61). For example, higher numbers of gains or losses are associated with the basal-like, ER -
tumor subtype, whereas high-level DNA amplification is more frequent in luminal-B subtype tumors (46,
56). Interestingly, aging does not seem to influence the recurrent abnormality content (62).

A growing number of publications in breast cancer and other tumor types suggest that the pattern of
recurrent abnormalities is also influenced by the presence of germ-line mutations, polymorphisms, or
both that influence aspects of the DNA repair machinery. For example, breast tumors in which p53 (52)
or BRCA1 (63, 64) are aberrant tend to accumulate more abnormalities than do tumors with normal p53



and BRCA1 function. Moreover, the pattern of recurrent aberrations is different in tumors that arise in
individuals with BRCA1 mutations than in sporadic tumors (63, 64). Studies in mouse models also
support the concept that the underlying individual genotype influences the spectrum of aberrations that
arise. For example, CGH studies of five mouse models of breast cancer induced by wild-type and
mutated forms of oncogenic ERBB2 or the polyomavirus middle T antigen (PyMT) showed that the
pattern of genome copy number abnormalities was strongly influenced by the driving oncogene (65).

GENOME INSTABILITY AND EVOLUTION

Genome instability in solid tumors is thought to enable accumulation of the spectrum of genomic
abnormalities needed for tumor progression (67-68). Tools, such as CGH, demonstrate the result of
instability and show that the number of aberrations increases during tumor progression. The cartoon in
Figure 27.8, for example, suggests that aberrations measured using CGH in breast cancer tend to
increase dramatically during progression to ductal carcinoma in situ (DCIS) (69). CGH analyses do not,
however, provide a direct measure of instability because they only show aberrations that are present in
most of the cells in the tumor.

Studies of the rate of instability in breast cancers assessed in thick tissue sections using FISH with
chromosome-specific probes (69) showed that variability was low in normal ductal epithelium and usual
ductal hyperplasia (UDH) but remarkably high in DCIS. Variability remained high in invasive cancer (IC).
DCIS and IC also showed regions of increased overall ploidy. The variations in genome copy number in
DCIS and IC were dramatic between adjacent cells, suggesting that the copy number changes were not
the result of clonal evolution but rather were the result of continuing high instability. The instability
observed in DCIS was similar to that observed in cultures of breast epithelial cells (70) and in epithelial
cells in mice lacking protective telomere function (71-73). Quantitative FISH analyses of relative
telomere length during breast cancer progression show decreasing telomere length during the period
leading up to the time of increased instability, as detected using FISH and the rapid accumulation of
chromosome aberrations as measured by CGH (69).

MECHANISMS OF ABERRATION FORMATION

The remarkable genomic complexity and diversity in the genome sequence, structure, and copy number
observed in breast cancers raises the question of how these aberrations form. It is likely that several
mechanisms are involved.

Telomere Crisis

One important issue to understand is the remarkable increase in genome instability and number of
numerical and structural aberrations that occur during transition to DCIS. A likely explanation is that
breast cancers begin with hyperplastic growth—likely initiated by epigenomic events (40, 74, 75)—in
cells lacking functional telomerase. This causes progressive telomere loss and culminates in loss of
protective telomere function and dramatically increased genome instability. In most cases, this is the
end of the story because the dysfunctional cells die. Rarely, however, the genome instability may
produce a genomic composition that reactivates telomerase and confers a proliferative advantage; DCIS



or IC is the result. The extremely low probability of progressing through telomere crisis and reactivating
telomerase would explain why hyperplasia, although it has many of the proliferative hallmarks of
cancer, is associated with only modest cancer risk (76). The stochastic nature of passage through
telomere crisis may explain, in large part, the remarkable variation in genome composition between
individuals.

The modest changes in the spectrum of genome copy number abnormalities observed as breast cancers
progress from DCIS to metastatic cancer (77, 78) is in seeming contradiction to the continued high rate
of instability observed in DCIS and IC. One possible explanation is that most of the genome copy number
abnormalities observed in this study leave the cells at a proliferative disadvantage relative to a
genomically unstable tumor initiating population that maintains the overall genotype during
progression. This possibility is supported by analyses of breast cancer cell lines grown in vitro and as
xenografts in which the average genome copy number profiles for such cultures or tumors measured
using CGH evolve very slowly although FISH analyses demonstrate dramatic genome instability (69).

Although the telomere crisis model explains the large variation in genome composition between
individual tumors, it does not explain recurrent aberrations. It seems likely that recurrent aberrations
are the result of positive and negative selection during the progression process. This is clearly
established for strong oncogenes and tumor suppressor genes that are associated with high level
amplification (e.g., ERBB2, MYC, CCND1) and homozygous deletions (e.g., CDKN2A and PTEN). However,
it is likely also the case for low level aberrations. Evidence of this is the observation that these
aberrations preferentially deregulate genes associated with increased metabolic activity (69).

Of course the section process also is influenced by the environment and the genotype of the individual
in which the cancer arises. For example, breast tumors in which p53 or BRCA1/2 are mutationally
inactivated accumulate more abnormalities than do tumors with wild-type p53 and BRCAL. Studies in
other tumor types implicate other DNA repair genes as modulators of genome copy number
abnormality accumulation. Studies in mouse models also support the concept that the underlying
individual genotype influences the spectrum of aberrations that arise. For example, CGH studies of five
mouse models of breast cancer induced by wild-type and mutated forms of oncogenic ERBB2 or the
PyMT showed distinctive, oncogene-associated patterns of genome copy number abnormality. Likewise,
CGH analyses of oncogene-induced mouse pancreatic islet cell carcinomas showed that the individual
genetic background strongly influenced genome copy number formation (79).

Microenvironment-related factors, such as expression of matrix metalloproteinases (MMP) in the
stromal compartment (80, 81), also strongly influence tumorigenesis and the onset of genome
instability.

GENOME TARGETED THERAPIES AND MARKERS
Clinical Markers

Several recurrent genome aberrations have been associated with poor outcome. Examples of prognostic
markers reported to date for breast cancer include (a) association of the total number of genome copy



number aberrations with reduced survival duration (82); (b) gain of 3q as a stronger predictor of
recurrence in lymph node-negative invasive cancer (83); (c) simultaneous chromosome 1q gain and 16q
loss as a predictor of slow proliferation (84); (d) gain of chromosome 3q, 9p, 11p, and 11q and loss of
17p associated with short-term survival (85); (e) gain of 11q13, 12924, 17, and 18p associated with
metastasis-free survival (82); (f ) gain at 8q24 associated with mutational status of p53 and reduced
survival duration (52); (g) increased DNA copy number of RAB25 associated with markedly decreased
disease-free survival or overall survival (86); and (h) amplification and overexpression of 66 genes in
regions of amplification at 8p11, 8924, 11q13, 17921, and 20913 with reduced survival duration (56) and
the presence of aberration hotspots or fire storms (39).

Therapeutic Targets

Several recurrently aberrant genes associated with reduced survival duration and other aspects of
breast cancer pathophysiology have been suggested as therapeutic targets in breast cancer. Amplified
genes implicated as therapeutic targets include ERBB2 (87), TOP2A, (88), CCND1 and EMS1 (89), MYC
(90), ZNF217 (91), RAB25 (86), MDM2 (92), TBX2 (93), RPS6KB1, and the microRNA mir-21 (94). More
recently, correlative analyses of gene expression and high-level amplification have identified 66 genes in
regions of amplification that are associated with reduced survival duration that are candidate
therapeutic targets, 9 of which (FGFR1, IKBKB, ERBB2, PROCC, ADAM9, FNTA, ACACA, PNMT, and
NR1D1) were predicted to be drugable (46). Recurrent mutations or deletions in breast cancers include
TP53 (95), PIK3CA (96), PTEN (97), BRCA1 (98), and BRCA2 (99).

Recurrent genomic aberrations in breast cancer are attractive targets because they are events for which
strong evidence indicates positive selection so the tumors may be addicted to the aberration. In
addition, aberrations are not present in normal tissues so that therapies against them are likely to be
relatively nontoxic. ERBB2 is the prototypic genome-based therapeutic target (100,101). This receptor
tyrosine kinase is highly amplified in about 30% of human breast cancers and the antibody, trastuzumab
(102), and the small molecule inhibitor, lapatinib (103), have proved to be clinically effective against
tumors in which ERBB2 is amplified. One of the advantages of aberration-targeted therapies is that
markers can be readily developed to identify tumors carrying the aberration that are most likely to
respond to therapy. In the case of ERBB2-targeted therapies, FISH with probes to ERBB2 readily identify
tumor to be treated (104). Following this lead, therapies directed against tumors with aberrations
involving TP53 (105), MDM2 (106), TOP2A (107), PI3-kinase mutations (PTEN and PIK3CA) (108), and
BRCA1 (109) are now being developed or tested. Clearly, the development of aberration-targeted
therapy is only beginning.

FUTURE: WHAT DO WE NEED TO KNOW?

Application genome-wide analysis tolls, such as CGH and high throughput sequencing, are revealing the
recurrent aberrations that contribute to breast cancer genesis and progression.

They also are demonstrating the existence of hundreds of low-frequency aberrations. We also are
beginning to understand how these aberrations influence the expression of coding and noncoding
transcripts to influence cancer pathophysiology. We do not know, however, how these aberrations

10



cooperate with each other (or substitute for each other) and with epigenomic aberrations to result in
the overall cancer phenotype. We do not know how the aberrations arise during progression. And we do
not know how the aberrations contribute to the development of drug resistance—especially in
metastatic disease.

Progression Map

Recent genome-wide, high resolution breast cancer analyses so far have focused mostly on assessment
of aberrations in invasive breast cancers and breast cancer cell lines. This provides a working aberration
parts list and identifies aberrations that may be useful as prognostic or predictive markers or as
therapeutic targets. They have not, however, provided substantial information about how these
aberrations arise and evolve during progression. This information will come from longitudinal integrated
“omic” analyses of genome aberration appearance during tumor progression. Studies in mouse models
can provide some information, but studies of changes during the evolution of individual human tumors
will be invaluable. This will require a long-term, sustained effort from the breast cancer research
community to collect the necessary samples and continued refinement of large-scale omic analysis
technologies so they are capable of analyzing the small amounts of neoplastic tissue that may be
available at early stages of evolution.

Drug Resistance

Less than 30% of women with metastatic breast cancer will survive 5 years. This is in contrast to
treatment of early disease where outcomes have improved greatly over the last decade. Dozens of next
generation therapies are being designed to target these aberrations. The best developed of these in
breast cancer are trastuzumab and lapatinib, which target ERBB2-positive tumors. The responses to
these agents, even when combined with conventional chemotherapeutic agents, are not, however,
durable in patients with metastatic disease and long-term survival is rare. It seems likely that current
treatment strategies fail because these strategies do not take into account the genomic and epigenomic
aberrations that contribute to resistance in metastatic breast cancer, resistance-related homeostatic, or
feedback loops induced by pathway-targeted therapies and factors unique to the metastatic
microenvironments in the bone marrow, lung, liver, and brain that contribute to therapeutic resistance.
Development of a detailed “omic” understanding of drug-resistant, metastatic cancer will greatly
facilitate treatment of this important aspect of the disease. This will require development of clinical
trials in which samples of metastatic breast tissue suitable for large-scale omic analysis are acquired
before and after development of drug resistance as well as the development of experimental model
systems that mirror the aberrations that contribute to resistance.

Model Systems

Development of well-characterized human and murine model systems in which these aberrations
function singly and together will be essential to sort out aberration function. Manipulations of gene
function in the compendium of mouse breast cancer models being developed by the National Cancer
Institute (NCI) Mouse Models of Human Cancer Consortium (http://emice.nci.nih.gov/) and the
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collections of well-characterized human breast cancer cell lines mirroring the aberrations found in
human tumors (110) will facilitate these efforts.
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FIGURE 27.1. Sanger DNA sequencing using florescent chain terminators. A: Template DNA from tumor
or normal cells is used to synthesize complementary molecules (B) that are terminated with
differentially fluorescently labeled deoxyribose nucleotide triphosphates (dNTPs). Chain terminating
nucleotides are present at a much lower concentration than normal nucleotides. If a chain terminator is
incorporated no additional bases can be added and a DNA chain of a fixed length is created, tagging the
molecule with a particular florescent dye that indicates a certain nucleotide. C: Chain terminated
molecules are put in a gel-filled capillary, which allows smaller molecules to move through it more easily
than larger molecules. In the presence of an electric field, DNA, which is negatively charged, migrates
toward the positive electrode which is placed on the opposite end of the capillary from the side that is
loaded. Before reaching the end of the capillary the molecules pass in front of a detector, which records
the color of the fluorescence. D: Fluorescent spectra are analyzed so the DNA sequence can be
interpreted; in the trace shown, the fifth base from the left is a mixture of G (black) and A (green) rather

than a single peak of one color.
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FIGURE 27.2. Mutations affecting breast cancer outcome. Mutations in either of two components of the
PI3K pathway are more predictive than outcomes of individual analysis of mutations as assayed by
Kaplan-Meier plots. A: Disruptions in PTEN activity or (B) mutations in PIK3CA are significantly less
strongly associated with poor outcome than (C) the unified status of both PIK3CA and PTEN. (Adapted
from Berns K, Horlings HM, Hennessy BT, et al. A functional genetic approach identifies the PI3K
pathway as a major determinant of trastuzumab resistance in breast cancer. Cancer Cell 2007;12:395—
402, with permission.)
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FIGURE 27.3. End sequence profiling (ESP). The principle of ESP is that given a piece of genomic DNA
from within a known size distribution, the sequence of the two ends should map to the reference
human genome in a particular orientation and within a certain distance. An invalid pair of sequences
indicates the potential for a rearrangement. Practically, if more than one pair of sequences indicates the
same aberration it has a high probability of being true. (Adapted from Raphael BJ, Volik S, Yu P, et al. A
sequence-based survey of the complex structural organization of tumor genomes. Genome Biol

2008;9:R59, with permission.)

23



GEH ¥YTHOF3
CHIT RLAPILT  AZSPH FAMTTD TIPS

FAMBIE L L P

FIGURE 27.4. End sequence profiling (ESP) using high throughput, short read sequencing. Short reads
aligned to the human genome estimate copy number and illustrate structural aberrations at the inter-
and intra-chromosomal level. A plot of copy number reads that align to chromosome 8 from two regions
of chromosome 8 NCI-H2171 are shown is graphed on the left. Intensity ratio corresponds to copy
number estimates with two regions that appear at approximately 20 copies. These regions of the
genome are shown in linear chromosomal order (x-axis) with the position of known genes drawn and
with blue lines showing observed intra-chromosomal fusion events. Numerous events are observed to
join various portions of these amplified regions. (Adapted from Campbell PJ, Stephens PJ, Pleasance ED,
et al. Identification of somatically acquired rearrangements in cancer using genome-wide massively
parallel paired-end sequencing. Nat Genet 2008;40:722-729, with permission.)
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Figure 27.5. Genome copy number abnormalities measured using comparative genomic hybridization
(CGH). Log 2 relative copy number is displayed along the genome with chromosome 1 to the left and
chromosomes 22 and X to the right. Vertical lines show the chromosome boundaries. Relative copy
number gains show as significant excursions above zero and losses show as significant excursions below

zZero.
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Figure 27.6. Comparative genomic hybridization (CGH) profiles measured for two clinically similar breast

tumors after analysis using circular binary segmentation (113). Data are displayed as described in Figure

27.5. Relative copy number values for one tumor are displayed in red and the other in blue.
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FIGURE 27.7. Recurrent genome copy number aberrations in breast cancer. Panel A. Frequencies of
recurrent genome copy number changes in 145 breast cancers. Frequencies of copy number gains are
plotted as positive values and frequencies of copy number losses are plotted as negative values. Panel B.
Frequencies of amplification. Data from the same 145 tumors is plotted showing only the positions and
frequencies of amplification events in the tumors (note the frequent amplifications at 8, 11, and 17).
Data in both panels are plotted as a function of genome location as described in Figure 27.5. (Adapted
from 46).
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FIGURE 27.8. Schematic diagram of changes in number of genome copy number abnormalities
measured using comparative genomic hybridization (CGH) (blue), genome instability measured using
fluorescence in situ hybridization (FISH) (black) and relative telomere length (red). (Adapted from Chin K,
de Solorzano CO, Knowles D, et al. In situ analyses of genome instability in breast cancer. Nat Genet
2004;36:984-988, with permission.)
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