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Abstract

Remarkable progress in sequencing technology over the past twenty years has made it possible to
comprehensively profile tumors and identify clinically relevant genomic alterations. In breast
cancer, the most common malignancy affecting women, we are now increasingly able to use this
technology to help specify the use of therapies that target key molecular and genetic dependencies.
Large sequencing studies have confirmed the role of well-known cancer-related genes but have
also revealed numerous other genes that are recurrently mutated in breast cancer. This growing
understanding of patient-to-patient variability at the genomic level in breast cancer is advancing
our ability to direct the appropriate treatment to the appropriate patient at the appropriate time — a
hallmark of “precision cancer medicine.” This review focuses on the technological advances that
have catalyzed these developments, the landscape of mutations in breast cancer, the clinical impact
of genomic profiling, and the incorporation of genomic information into clinical care and clinical
trials.
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Introduction

Breast cancer is the most common malignancy affecting women, with over 230,000 new
cases diagnosed annually in the United States alone, affecting approximately one in eight
women.! Outcomes in breast cancer have improved over the past two decades, with a
substantial decline in the death rate attributable to breast cancer, from a peak of 33.2 per
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100,000 women in 1988 to 21.9 per 100,000 in 2010.1 Over that time, there has been a
distinct paradigm shift from treatment based exclusively on anatomic origin of the tumor to
the incorporation of key genetic and molecular features to guide therapy. As a field, breast
cancer has led many advances in precision cancer medicine, building from
immunohistochemical staining to gene expression analysis to, more recently, sequencing of
clinical samples.

Remarkable advances over the past two decades in our ability to sequence genes, exomes,
and genomes, have made it possible to comprehensively profile tumors to identify clinically
relevant mutations and incorporate sequencing into clinical trial design. Our understanding
of the patient-to-patient breast cancer variability at the genomic level has begun to advance
our ability to direct the appropriate treatment to the appropriate patient at the appropriate
time — a hallmark of “precision cancer medicine’ — and to develop novel treatments directed
at the molecular characteristics of specific breast tumors.2~* The emerging challenges in the
coming years will revolve around on how best to realize the impressive potential benefits of
incorporating next-generation sequencing into clinical care in a patient-centered manner.

Historical Perspectives on Precision Medicine in Breast Cancer

Early categorization of breast tumors relied on clinicopathologic features, such as invasive
ductal versus invasive lobular carcinomas. This descriptive approach laid the foundation for
subsequent advances in the analysis of specific genes. The prognostic significance of the
estrogen receptor, detected first through ligand binding assays and later
immunohistochemistry, confirmed the value of single-gene interrogation and led to one of
the original ‘targeted’ therapies — tamoxifen for estrogen receptor (ER)-positive breast
cancer.>8 Immunohistochemistry also played a critical role in the identification and clinical
application of HER2 amplification in breast cancer, which likewise led to powerful targeted
therapies for HER2-positive breast cancer.%:10

Analysis of gene expression further delineated breast cancer subsets. Perou and colleagues
used gene expression to reveal molecular subtypes that further subdivided the
immunohistochemical classification.1! This and subsequent studies not only revealed novel
subgroups ultimately shown to have distinct prognoses but also expanded analyses to include
expression of hundreds (rather than a few) genes.1213 Downstream outcomes of these
seminal studies include the integration of multi-gene expression assays to guide therapy in
breast cancer patients with specific clinical characteristics.14-16

Tumor Genomic Profiling and Targeted Therapies

Over the past 15 years, there has been a significant shift from exclusively anatomic-based
treatment strategies toward the use of therapies that target key molecular and genetic
dependencies in multiple cancer types. Three key developments are catalyzing this growth:
identification and understanding of specific tumor dependencies related to known genomic
alterations, a growing repertoire of agents to target these tumor dependencies, and
technological advances that allow rapid detection of these genomic alterations. Genomic
alterations that have been widely known for several decades, such as BCR-ABL in chronic
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myelogenous leukemia and HER2 amplification in breast cancer, have become targetable
tumor dependencies with impressive improvements in patient outcomes with small molecule
or antibody-based therapies.1%17 Individual genomic alterations are also targeted through
multiple different agents. For example HER2-amplified breast cancer now has FDA-
approved monoclonal antibody (trastuzumab), dimerization inhibiting monoclonal antibody
(pertuzumab), small molecule inhibitor (lapatinib), and monoclonal antibody-chemotherapy
conjugate (trastuzumab-emtansine).18 As targeted agents increase in number and target
diversity, combination or sequential therapy with multiple agents likewise improve
outcomes, for example combined BRAF and MEK inhibition in BRAF-mutant melanoma.
19-21 More recently, advances in sequencing has allowed the rapid identification of less
frequent but targetable alterations, such as ALK- and ROS1-rearrangements in NSCLC.22:23

The majority of genomic profiling to date has been limited to specific single genes that are
likely to be altered in a particular cancer. More recently, it has become clear that while
certain genomic alterations are particularly common in specific cancers (e.g. HER2
amplification in breast cancer and BRAF mutation in melanoma), these same alterations also
occur less commonly in other, unexpected cancer types.24-26 Moreover, there are several
emerging instances where these ‘unexpected’ genomic alterations in alternate cancers have
responded to targeted therapy, such as response to trastuzumab in HER2 amplified gastric
cancer, erlotinib in EGFR-mutant in breast cancer, and vemurafenib in BRAF-mutant lung
cancer.2’-29 These examples highlight the promise of genomic profiling, which may identify
effective therapies that may not have otherwise been considered in a particular tumor type.

The fortuitous intersection of sequencing advances, increasing number of targeted therapies,
and greater understanding of the diversity of potential targets supports the potential of
incorporating genomically-targeted therapies into clinical practice. However, it is clear that
testing for alterations only in an anatomic cancer site-specific approach will miss potentially
targetable alterations. Because of this, we have now moved to multiplexed genomic testing —
testing cancers for many genomic dependencies simultaneously - including both expected
and unexpected alterations. Testing each tumor for the known landscape of potentially
actionable alterations to identify the relevant therapies offers a more comprehensive
approach to deliver the right therapy to the right patient for the alterations in their specific
tumor.

Massively Parallel Sequencing for Precision Cancer Medicine

While tumor genomics is not a novel concept — cancer-related karyotypes have been in use
for over four decades — a remarkable leap in our ability to detect, analyze, and correlate
genetic changes with outcomes brought genomic analysis from the research world into the
clinic.3 Sanger sequencing, though laborious and facing limits with tumor purity and
heterogeneity, provided the ability to sequence individual genes and has historically been the
gold standard for molecular diagnostics.30 Allele-specific PCR or mass-spectrometric
genotyping allows detection of multiple specific mutations in “hotspot’ regions of genes
such as KRAS, BRAF, EGFR, PIK3CA, and others.#24:31.32 These technologies could be
multiplexed which increased throughput and reduced cost, a significant advance over Sanger
sequencing. However, although this high-throughput genotyping approach has represented a
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remarkable advance in our ability to conduct large-scale tumor genomic profiling, it has the
limitation of only detecting pre-specified mutations.24:33:34 Other classes of genomic
alterations that are also critical for precision medicine, including chromosomal
amplifications or deletions, rearrangements, and most small insertions or deletions (‘indels’),
are unable to be detected by this technology.

Two major advances in the last decade have revolutionized genomic profiling, allowing the
field to move beyond Sanger sequencing and hotspot genotyping: the advent of massively
parallel sequencing (MPS, also known as next generation sequencing) and the completion of
the Human Genome Project. The main technological innovation of MPS is a process to
sequence genes in a ‘massively parallel” manner, through which DNA is amplified and
fragmented into millions of tiny segments, each of which is sequenced in parallel. This
provides a platform to generate nearly a trillion bases per run and led to a rapid decline in
the cost to sequence a single genome—from $70 million by the Sanger method in 2007 to
less than $5000 using MPS in 2013.24 The complete sequencing of the human genome
provided a template to interpret the output of MPS - thousands of short sequences in no
particular order or organization — allowing any sequence generated from a human sample to
be “‘mapped’ to a locus on this draft genome. Advances in the bioinformatic analyses
improved our ability to interpret the immense amount of genomic data generated and
optimally utilize the human genome data.3? The result of this immense progress is the ability
to rapidly obtain high-confidence sequence from human samples in a fraction of the time
and at a fraction of the cost of even a few years ago.

Tumor genomes can be interrogated using sequencing to varying degrees. ‘Whole genome’
sequencing interrogates all of the genetic material in the cell, including protein coding
regions (exons) as well as non-coding regions (introns). An alternative approach is ‘whole
exome’ sequencing, which obtains sequence from only the protein-coding regions — about
25,000 genes or 1% of the whole genome. A third approach is targeted sequencing of a panel
of specific — typically ‘actionable’ — genes. In addition to the extent of the genome to be
sequenced, sequencing output also varies in the ‘depth” of the sequencing performed, or the
average number of times each basepair is read by the sequencing machinery (Figure 1).
Depth of coverage impacts data accuracy and sensitivity, with greater depth sequencing
equating to improved detection of mutations present in a small percentage of cells.3> Due to
limits in cost, whole genome sequencing typically sacrifices depth for breadth of coverage
across the entire genome while whole exome potentially balances these limitations by
sequencing only 1% of the genome. Sequencing only a few hundred or thousand genes
focuses even further onto genes known to be involved in cancer with direct therapeutic
options and can be performed with significant depth for a more reasonable cost.36 Smaller
numbers of genes can thus be sequenced to relatively high depth and in a multiplexed
approach in a cost-effective manner, optimal characteristics for large-scale clinical
applicability.

The Landscape of Genomic Alterations in Breast Cancer

Cancer became one of the early targets of our growing ability to rapidly and cost-effectively
unravel genomes. Just as the Human Genome Project was a collaborative effort that
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provided a powerful template for the entire field, several large cooperative efforts to
sequence hundreds of breast tumors revolutionized our understanding of the genomic
underpinnings of breast cancer. These publicly available data amplified efforts by other
institutions and groups to reveal a landscape of mutations and other characteristics including
expression, protein, methylation, and miRNA data in breast cancer.

It is becoming increasingly clear that nearly every breast tumor, irrespective of subtype, has
multiple genetic abnormalities — not just one or a few driver mutations. In addition, the
mutational landscape is not only populated by individual base pair substitutions — the ‘typo
in genome replication — but by small insertions or deletions (‘indels’) as well as large scale
copy number changes involving millions of bases at a time. Early studies provided several
key insights: a few genes are recurrently mutated in breast cancer, representing known and
likely drivers of tumorigenesis; large copy number changes primarily occur in specific sites
within the genome; and immense numbers of genetic changes of unclear significance are
present in nearly every breast cancer.

Five large breast cancer sequencing studies, each taking a slightly different approach, have
catalogued the landscape of genomic alterations in breast cancers using whole genome or
exome sequencing (Table 1).37-41 These studies incorporate nearly 900 largely treatment-
naive primary breast cancers encompassing all breast cancer subtypes. Across all breast
cancers, the most commonly mutated genes were TP53 (mutated in 35% of tumors),
PIK3CA (34%), GATA3 (9%), MAP3K1 (8%), MLL3 (6%), and CDHI (6%).42 These
findings were remarkably consistent across studies, supporting the validity of these data.
Mutations varied by intrinsic breast cancer subtype. For example, in the Cancer Genome
Atlas (TCGA) study, 7P53 mutation was present in 80% of basal-like and 72% of HER2-
enriched but only 12% of luminal A, while GATA3was mutated in 14% and 15% of luminal

A and luminal B, respectively, but only 2% in each of basal-like and HER2-enriched tumors.
37

The great majority of mutations were point mutations (>90% in all studies) with the
remainder small insertions or deletions (‘indels’). Although the commonly mutated genes all
have known association with cancer, a large number of lower frequency mutations were also
detected. In the TCGA, of the over 28,000 point mutations, more than 10,000 were either
nonsense mutations or predicted to be deleterious, yet comparison to existing databases of
known cancer genes only identified 619 mutations across 177 previously reported cancer
genes.3” This suggests that massive numbers of gene products are potentially affected by
mutations in genes not as yet linked to cancer. Interrogation of specific breast cancer
subgroups, including triple-negative breast cancer (TNBC),3° BRCA-mutant breast cancer,*3
and lobular carcinoma /n situ (LCIS)* likewise revealed multiple mutations in genes
previously not related to cancer. In addition, there is evidence that breast fibroadenomas, a
non-malignant breast disease, also demonstrate recurrent mutations.*® These mutations
present in a small percentage of breast cancers — but recurrent - may be new potential targets
for personalizing therapy.

Although somatic mutations and indels account for the majority of alterations in the breast
cancer genome, larger shifts in genomic material remain common and can also have major
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impacts on genes and gene products. These shifts, termed ‘copy number alterations’ (CNAS)
are so-called due to an increase (amplification) or decrease (deletion) in the number of
copies of a gene or region.3® The most common copy number changes involve well-known
breast cancer-related genes via amplification (HERZ, PIK3CA, EGFR) or loss (PTEN,
MLL3, RBI).37 Copy number analyses in the five large breast cancer sequencing studies
described above confirm prior data suggesting that luminal A tumors had significantly fewer
CNA:s relative to basal-like or HER2-enriched breast cancers. For example, in one study
luminal A samples had a median of 30 rearrangements per sample while basal-like and
HER2-enriched subtypes had a median of 237 and 246, respectively.? Although basal-like
and HER2-enriched appear less genomically stable, a median of 30 CNAs per sample
nonetheless reveals a surprisingly fractured genomic environment within luminal A breast
cancers. In the largest copy number analysis to date, Curtis and colleagues evaluated 2,000
breast cancers through copy number and correlative transcriptional analysis.*6 Over 10,000
copy number alterations were detected impacting the expression of approximately 40% of
the entire genome and could be grouped based on pattern of CNAs.#6 A more focused
investigation of homozygous deletions reveal that the majority occur in genomic regions that
are inherently fragile, or have increased susceptibility to chromosome breakage.*’ Copy
number alterations clearly play a significant role in cancer but remain difficult to study due
to variable CNA size, multiple genes amplified or deleted, and potentially expression of
many other genes. Further analyses, particularly of CNA ‘hotspots’ may illuminate novel,
targetable breast cancer susceptibilities.

Despite the impressive data available from these and other investigations, several key areas
in breast cancer genomics remain under-studied. One pitfall of existing studies is a lack of
clinical annotation, such as patient and tumor characteristics, treatment history, and clinical
outcomes, among other metrics. Future sequencing approaches that incorporate clinical data
will allow us to further interrogate the relationship between specific mutations and clinical
outcome. In addition, there are few systematic studies of recurrent and/or metastatic disease,
though some studies are now being conducted.*8:49 To further understand tumor evolution
and therapeutic resistance in breast cancer, it will be imperative to catalogue the mutations
present in those tumors that are metastatic at diagnosis or that recur after primary treatment.
Beyond the landscape of mutations in metastatic samples, serial biopsies of cancer over time
— primary, recurrence, and multiple metastatic sites — will allow us to gain a greater
understanding of evolution and resistance in breast cancer, as has been done with other
tumor types.>0

There are efforts that are beginning to address these issues. Efforts to obtain biopsies are
often cited as a challenge yet data suggest that additional or research purposes only biopsies
are safe, well-tolerated, and provide a high rate of analyzable tissue.>> Multiple studies
involving the prospective collection of clinically annotated research biopsies, both from

primary breast tumors and metastases, are now ongoing at many institutions, including our
own49,51-55
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Clinical Impact of Genomic Profiling

Our improving knowledge of the genomic landscape of breast cancer has highlighted the
potential for identifying clinically relevant genomic alterations for an individual patient with
breast cancer. Prospective genomic profiling efforts offer potential utility for multiple
aspects of patient care including diagnosis of breast cancer subtype, patient prognosis,
prediction of therapeutic response, and markers of resistance. For instance, interrogating
~1000 breast cancer samples recently sequenced as part of the TCGA project (available at
chioportal.org) for genomic alterations in 128 potentially clinically relevant genes®® reveals
alterations in numerous genes across the cohort, ranging in frequency from >40% (P/K3CA)
to <5% (AKTI1, MAPZK2) (Figure 2). Specific alterations in many of these genes may
predict sensitivity to several therapies in current use or in clinical development (Table 2).

Numerous institutional and inter-institutional efforts have now begun to utilize sequencing
initiatives to examine the effect of genomic profiling on clinical decision-making and,
ultimately, clinical outcomes in patients with advanced breast cancer. So-called umbrella
trials, which utilize genomic profiling in a single cancer type, in breast cancer include both
the SAFIR and AURORA trials, as well as additional initiatives taking place at individual
institutions. The SAFIR-01 and SAFIR-02 trials in France leverage array CGH and targeted
sequencing to identify somatic mutations and CNAs in breast cancer samples and then direct
single-agent or combination therapy based on those results.>2 SAFIR-01 included over 400
patients with metastatic breast cancer, 12% of whom were treated with matched therapies
based on their genomic data with 3% clinical benefit rate from this approach.>3 In Europe,
the AURORA initiative will enroll patients with metastatic breast cancer and no more than
one line of systemic therapy for metastatic disease, sequencing both primary and metastasis
for a panel of cancer-related genes.® Those patients with actionable mutations will be
directed to innovative clinical trials assessing molecularly targeted agents while all patients
will be followed for 10 years. %°

Similarly, basket trials utilize genomic profiling to identify specific “actionable” genomic
alterations in multiple tumor types, matching these alterations to particular therapies, based
either on predetermined rules or decisions make by a genomics/molecular tumor board. The
National Cancer Institute’s (NCI) ‘Precision Medicine Initiatives’ under its National Clinical
Trials Network includes several efforts to measure the impact of genomic profiling. The
NCI-MPACT Trial (Molecular Profiling based Assignment of Cancer Therapeutics), utilizes
a randomized design to determine if assigning treatment based on genomic profiling can
improve response in approimarly 180 patients with advanced solid tumors. The NCI
MATCH (“Molecular Analysis for Therapy Choice”) trial will enroll 3,000 patients with
solid tumors or lymphoma who have progressed on standard therapy, using genomic
profiling to match at least 1,000 patients to a treatment with a targeted drug or drug
combination®’.

Additional institution-specific efforts using sequencing-based genomic profiling include the
PROFILE and CanSeq initiatives at Dana-Farber Cancer Institute34, the MiOncoSeq
program at the University of Michigan®8, a targeted sequencing effort at Vanderbilt-Ingram
Cancer Center33; the Integrated Molecular Profiling in Advanced Cancers Trial (IMPACT)
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at Princess Margaret Cancer Center®®, the MSK-IMPACT at Memorial Sloan Kettering
Cancer Center, the Signature Trial from Novartis®0, the My Pathway trial from Genentech,
and many others.

In addition to guiding therapy, detecting mutations that may impact resistance to standard
therapies could guide therapeutic choices up-front or upon recurrence. To date, multiple
mutations have been associated with resistance, including MCL1 in chemoresistance among
triple-negative breast cancers,51 ESR1 mutations in resistance to endocrine therapy in ER+
breast cancers,52-67 and activating mutations of downstream signaling molecules in HER2+
breast cancers*9:68 (reviewed in 89). The complementary approach - sequencing patients who
demonstrate extraordinary response to particular therapies — is also now being used to reveal
potential susceptibilities within cancers.55:70-74

Future Challenges in Breast Cancer Sequencing

Patient-Centered Genomic Medicine

The potential positive impact of clinical sequencing in breast cancer is immense. However,
we face numerous challenges to incorporate sequencing into clinical practice. As sequencing
transitions from an academic endeavor to a clinical tool, the medical community will have to
address several potential challenges. One major challenge is the clinical analysis,
interpretation, and communication of clinically relevant mutations to clinicians and patients.
With the growing amount of sequencing data, we will require massive computational power
and storage as well as databases to catalogue mutations with associated clinical annotation.
For “actionable’ mutations, we face logistical challenges to link patients with appropriate
therapies and ensure that therapeutics are available. We also now have the capability to
detect germline variants or mutations that may or may not be related to a patient’s cancer,
such as unexpected germline p53 mutations in patients with HER2+ breast cancer.”® In
addition, we are increasingly detecting mutations of unknown significance — both in genes
known to be related to cancer and in other genes.”® How to deal with these unknown
alterations in the clinical setting remains unclear. All of these findings require care in how
they are communicated to patients, making physician and patient education increasingly
important. The growth of both sequencing and commercial genetic screening tools are
putting increasing pressure on geneticists and genetic counselors, an area that will need to
grow to meet anticipated need.

Detecting and Addressing Intra-tumor Heterogeneity

An additional outcome of the progress with MPS and associated computational analyses is
the ability to detect subpopulations within individual tumors. Increasingly, sequencing data
suggest that all cells within a tumor are not identical but instead that there are multiple
distinct subpopulations that can be identified by the unique collection of mutations in each
individual subpopulation, so-called ‘intra-tumor heterogeneity. By treating tumors as a
single, homogenous entity we may be ignoring very small, pre-existing resistant populations
that may be undetectable by standard methods.”” Several early studies evaluated multiple
samples from the same patient — such as a lobular primary and metastasis’8 as well as
primary tumor, metastasis, blood, and patient-derived xenograft from a basal-like breast
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cancer.”® These and studies in other tumor types provided important information about the
diversity of subpopulations within individual tumors.”5980 Two key observations revealed by
these studies were 1) metastasis likely derived from a small number of initiating cells and 2)
metastases demonstrated subsequent evolution from the primary after establishment of the
metastasis.

An evaluation of 100 triple-negative breast cancers with coverage of recurrent somatic
mutations to median 20,000 suggested that most TNBCs include 2-10 clonal clusters.3? A
more detailed analysis of 21 breast cancers suggested that an early “driver’ event led to the
expansion of a dominant clone over an extended period of time during which many hundreds
or thousands of mutations collect.81 Ultimately, it appears that one of these mutations
facilitates the expansion of a subpopulation (or ‘subclone’) of the dominant clone, shifting
the dynamic of the developing tumor.81 Another approach that uses sequencing at the single-
cell level reveal separate clonal populations and implicated punctuated clonal expansion.
82.83 Although complex, these approaches have revealed many insights into the diversity of
subpopulations, often termed ‘clones’ or ‘subclones,” within tumors. These populations are
not static but instead evolve over time - certain subpopulations expand while others decline
or disappear and new mutations develop allowing identification of novel subpopulations.
The presence of multiple subpopulations within individual tumors and their ongoing
evolution will challenge our ability to optimally use sequencing data.

Somatic Mutational Processes in Breast Cancer

As whole genomes were decoded, it became clear that somatic mutation events were not
random. Instead, these somatic mutations could be grouped into specific mutational
processes. Early studies relied on mutational signatures from known carcinogens, such as
tobacco carcinogens, UV light, and alkylating chemotherapy while more recent studies have
implicated novel processes that contribute to mutations in tumors, including the APOBEC
cytidine deaminases.38:84-86 These APOBEC-related mutations did not occur randomly
across the genome but in specific regions of hypermutation, termed ‘kataegis,” a
phenomenon that was particularly frequent in breast cancer.86 A more recent analysis that
incorporated sequence information from over 7,000 tumors suggested that the majority of
the nearly 5 million mutations fell into 20 distinct mutational signatures.8” As these
processes become better understood, we will need to consider how to incorporate mutational
signatures into clinical care.

Additional Applications of Clinical Sequencing

To date, clinical sequencing primarily provides prognostic information and, as described,
identification of potentially targetable genomic alterations. However, the potential
applications of clinical sequencing are immense. Circulating tumor cells and circulating free
DNA are both promising technologies in breast and other cancers to improve
prognostication, track tumor dynamics over time, assess drug sensitivity, and potentially
detect mutations non-invasively.66:88-93 Additionally, immunotherapy is become a promising
therapeutic approach for cancer and personalized approaches using neoantigens and
personalized vaccines may have a role in precision medicine in breast cancer in the future.%9
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Conclusions

Over the last two decades, we have witnessed a revolution in sequencing - technology,
bioinformatics, and cost — making this an exciting time in clinical and translational cancer
research, specifically in breast cancer. Large sequencing studies have confirmed the role of
well-known cancer-related genes — 7P53, PIK3CA, ERBBZ, PTEN - but have also revealed
numerous other genes that are recurrently mutated in breast cancer. These data demonstrate
that comprehensive genomic profiling can reveal the clinically relevant mutations present in
most breast cancers. This suggests that breast cancers could potentially be subdivided into
smaller and smaller groupings for which therapies may be targeted to the specific mutational
profile of individual tumors. Beyond guiding therapy as part of trials, clinical sequencing has
also revealed novel mechanisms underlying both resistance and extraordinary response to
therapy. At the same time, there remain contexts within breast cancer where additional
sequencing information is still needed — metastatic disease, rare subtypes such as
inflammatory breast cancer, and serial samples over time to evaluate tumor evolution and
therapeutic resistance.

Some clinical trials have begun to incorporate clinical sequencing and early evidence of
clinical benefit in a subset of patients with advanced cancer is promising. In the coming
years, we will need to expand novel clinical trials that incorporate sequencing and establish
shared databases to centralize genomic data. Along with significant promise, precision
medicine in breast cancer also faces a number of challenges — social (ethical implications
and patient education), biological (annotation and investigation of novel mutations),
technical (cost and widespread implementation), and infrastructure (data storage and
management). Careful attention will also need to be given to these areas as we usher in an
era of genomics-driven precision medicine in breast cancer.
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Figure 1. Tumor Sequencing Approaches: Coverage, Cost, and Depth
Interrogating tumor genomes via sequencing requires compromise between amount of the

genome to be sequenced, cost, and depth. ‘Depth’ refers to the average number of times each
basepair is read by the sequencing machinery, which impacts accuracy and sensitivity.
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Figure 2. Genomic Alterationsin 128 Potentially Clinically Relevant Genesin 962 TCGA Breast

Cancer Samples

Genomic profiling efforts may identify genomic altertaions that can be used for clinical
decision making, such as the choice of therapeutic agent or clinical trials. Interrogating 962
breast cancer samples that have been sequenced as part of the TCGA project (available at
chioportal.org) for genomic alterations in 128 potentially clinically relevant genes®® reveals
alterations in numerous genes across the cohort, ranging in frequency from >40% (P/K3CA)
to <6% (AKTI1, MAPZK?2). Examples of therapeutic agents that target several of these genes

are highlighted.
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