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Molecular Testing in Breast Cancer
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Molecular testing for genetic and genomic variation has become an integral part of breast cancer man-
agement. Patients with a family history of breast cancer or other tumors, bilateral breast cancers, or early-onset
breast cancers warrant genetic testing to determine whether a hereditary cancer syndrome is present. The

. availability of PARP inhibitors—drugs that are selectively active in BRCA1/2-associated breast cancers—has

created the need for hereditary cancer testing for all patients diagnosed with advanced breast cancer. Tumor
genomic profiling is the standard of care for many types of malignancies and is becoming increasingly
important in the management of advanced breast cancer. Targetable mutations in advanced breast cancer
include PIK3CA, HER2, and rare instances of mismatch deficiency or other targets for tyrosine kinase in-
hibitors. The development of methods for sequencing cell-free DNA should allow for broader and easier
implementation of tumor genomic testing. Transcriptome-based expression signatures have become the
standard of care in the management of early-stage estrogen receptor—positive breast cancers. These assays
provide prognostic significance in the setting of adjuvant endocrine therapy and are predictive for benefit from
adjuvant chemotherapy. Collectively, these developments underscore the contemporary reality that molecular

testing is now part of the clinical management for the majority of patients with breast cancer.

TESTING FOR HEREDITARY DNA MUTATIONS IN
PATIENTS WITH BREAST CANCER

Testing for hereditary mutations in patients with breast
cancer has evolved significantly since the 1990s. Initial
testing involved BRCA1 and BRAC2 sequencing and
evolved to include larger deletions and duplications in
BRCA1 and BRAC2. Next-generation sequencing al-
lows timely testing of multiple genes, many of which
have differing estimated risks for breast and other
cancers. With the expansion of genes evaluated, as well
as the need for more comprehensive understanding
of clinical management, multiple guidelines for testing
have been developed.'? This expansion has come with
significant controversies, most notably who to test and
which genes should be included (Table 1).

With next-generation sequencing, multiple genes can
be tested simultaneously, saving time for patients who
may be waiting for these results prior to making treat-
ment decisions. One of the biggest concerns with these
panels, particularly for larger gene panels, is that they
include multiple genes for which we have little to no
clinical information to guide patients if a pathogenic
variant is identified. Additionally, larger panels have
a higher incidence of variants of unknown significance.>
These variants can be very confusing to patients;
therefore, recommendations for screening should be
based upon the family history and not solely on an
identified variant of unknown significance.

Guidelines have evolved to provide some guidance on
the management of multiple genes, most with moderate

increases in the risk of breast cancer!. For genes asso-
ciated with high risk for cancers, such as BRCAI,
BRCA2, p53, PTEN, CDHI1, and PALB2, high-risk
screening and other prophylactic surgeries may be
recommended. Guidelines are now incorporating rec-
ommendations for enhanced screenings for moderately
penetrant genes and for genes with increased penetrance
but not considered as high as the BRCA1/BRCAZ genes.
In addition to mammograms, which are recommended to
start once the 5-year risk reaches more than 1% in some
models, magnetic resonance imaging screenings are
recommended once the 5-year breast cancer risk is
greater than 2.2%.% There remains concern that adding
screening recommendations to genes with little or un-
known clinical significance may prematurely validate the
inclusion of these genes in larger panels.

Traditional counseling models include a precounseling
session to review a multigenerational pedigree, review
of the implications of the testing for patients and family
members, and determination of the genes that should
be included in the testing. New models of counseling
and testing are needed as testing needs are expanding
to a larger number of patients, and there is a shortage
of cancer-trained genetic counselors in the United
States. Post test counseling has included results dis-
closure and further recommendations for cancer
monitoring, local therapy options, and identification of
family members who may benefit from testing. Prior to
2018, there were no specific therapeutic recommen-
dations for systemic therapy outside of a clinical trial.
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PRACTICAL APPLICATIONS

e Understand populations that warrant genetic
testing for hereditary breast cancer.

o Appreciate and interpret use of genomic assays
in clinical decision-making for early-stage
breast cancer.

e Understand the role of acquired mutations in
resistance to endocrine therapy for advanced
breast cancer.

e Know the difference between molecular tests
for hereditary mutations, acquired tumor mu-
tations, and RNA expression assays.

In 2018, two PARP inhibitors, olaparib and talazoparib,
received U.S. Food and Drug Administration approval for
patients with metastatic breast cancer and a germline BRCA
mutation. In the OlympiAD trial, 302 patients were randomly
selected to receive olaparib (300 mg, twice daily) or phy-
sician’s choice of chemotherapy. The study met its primary
endpoint with improvement in progression-free survival,
with a hazard ratio of 0.58 (95% Cl, 0.43-0.8).° In the
EMBRACA trial, 431 patients were randomly selected, in
a 2:1 ratio, to received talazoparib (1 mg daily) or physician’s
choice of chemotherapy. This trial also showed an im-
provement in progression-free survival, with a hazard ratio of
0.54 (95% Cl, 0.41-0.71).° With systemic therapies now
available for patients with metastatic breast cancer and
a germline BRCA mutation, The National Comprehensive
Cancer Network Guidelines for Breast Cancer include
consideration of testing all patients with metastatic breast
cancer for a BRCA mutation.”

However, there are still controversies about expanded ge-
netic testing. There have been calls for using panel testing
on all patients with breast cancer, given the concerns about
missing pathogenic variants that might not have been found
if testing was done using current guidelines.® With wider
panel testing comes the likelihood of identifying more pa-
tients with genes that are of moderate or unknown clinical
significance and of finding increased numbers of variants of
unknown significance. Also, although cost has decreased
significantly since testing was initially available, there is still
an increased cost to the health care system, with differences
between direct-to-consumer testing cost and costs to third-
party payers and downstream cost to the health care system
for uncertain benefits of interventions for some of the genes.
Posttesting counseling for patients with identified variants
will likely become more standard delivery of counseling,
given the lack of genetic counselors available and the
increased number of patients receiving testing. Other
modes of counseling, such as telephone, telemedicine, and
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video-learning modules, will be more prevalent, and clinical
trials will continue to evaluate therapeutics for germline and
somatic pathogenic variants.

GENOMIC SIGNATURES IN EARLY-STAGE ER+
BREAST CANCER

There are many well-established prognostic markers in
early-stage estrogen receptor—positive (ER+) breast cancer,
including tumor size, nodal status, grade, measures of
proliferation (such as Ki67), and quantitative levels of
hormone receptor expression. Genomic mutations in early-
stage ER+ breast cancers are rare. It is notable that the
assays developed to guide therapy in early-stage ER+
cancers do not rely on identification of acquired DNA
mutations. Rather, the commercially successful products
have been built on quantitative analyses of RNA expression
for dozens of genes commonly expressed in ER+ tumors.
Thus, these are assays that capture the “transcriptome”
more than the “genome” in ER+ cancers. These gene-
expression assays tend to correlate with other pathologic
features of ER+ tumors, including grade and proliferation,
but provide robust reproducible testing and independent
information. Several assays tend to “bucket” ER+ breast
cancers into “high/low” or “luminal A/B” categories. The
biologic reality is more nuanced; tumors exist across
a full spectrum defined by grade/proliferation and RNA-
expression profile.

Nearly all patients with ER+ tumors will be candidates for
adjuvant endocrine therapy; however, beyond that there is
substantial variation in treatment need, including whether to
recommend adjuvant chemotherapy, and the duration of
adjuvant endocrine treatment. Historically, patients with
tumors larger than 1 cm and/or with nodal involvement were
advised to receive adjuvant chemotherapy based on out-
comes from randomized clinical trials. It was long appre-
ciated that this was “overtreatment”; however, before the
advent of genomic signatures, there were inadequate tools
for selecting patients for treatment. That dilemma was re-
solved with the development of the 21-gene Oncotype DX
recurrence score,® which showed, in retrospective analyses,
that it could identify patients with ER+ node-negative breast
cancer who would not benefit from chemotherapy, an ob-
servation that transformed the management of the most
common form of breast cancer.

Recent prospective studies have corroborated and ex-
tended that seminal finding. In the MINDACT trial, patients
with early-stage breast cancer were stratified based on
a clinical risk, defined by stage and ER status, and a ge-
nomic risk, defined by the 70-gene MammaPrint assay.
Patients with discordant clinical and genomic markers were
randomly selected to receive endocrine therapy alone
or endocrine therapy with chemotherapy.® The MINDACT
trial showed that neither group—Iow-risk clinical/high-risk
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TABLE 1. Types of and Roles for Molecular Testing in Breast Cancer

Hereditary Cancer Risk

Tumor Gene-Expression
Signatures

Tumor Genomic Mutations

Assay

Germline DNA test

Tumor RNA—expression assay

Tumor (or circulating tumor or
cell-free) DNA for genomic
profiling

Number of Genes Measured

Varies by assay; typically 2 to 40.

Varies by assay; typically
10-100

Varies by assay; typically > 400

Assay Readout

Mutations in germline DNA

Patterns of gene expression
often weighted with
proprietary score

Mutations, deletions,
amplifications in tumor DNA

Clinical Role

Defining hereditary cancer syndromes (e.g.,
BRCA1/2); identifying patients for selected
therapy in metastatic breast cancer with
PARP inhibitors or platinum analogs

Prognostic markers for outcome
in ER+ breast cancer;
predicting benefit from
adjuvant chemotherapy in
ER+ breast cancer

|dentifying mutations for
targeted therapy in
metastatic breast cancer,
including dynamic evolution
of mutations associated with
treatment resistance;
potential surrogate for cancer
burden in setting of
metastatic disease

Recommend for:

All patients with metastatic breast cancer;
patients with early-stage breast cancer
with family history or other clinical features
associated with hereditary cancer
syndromes

Women with early-stage ER+
breast cancer, typically stage
1 or 2, for deciding whether to
recommend adjuvant
chemotherapy in addition to
endocrine therapy

Selection of endocrine/targeted
treatments in advanced ER+
breast cancer based on
PIK3CA or ESR1 mutations;
experimental for other
precision medicine purposes

genomic or high-risk clinical/low-risk genomic—received
substantial benefit from adjuvant chemotherapy.

The TAILORx study was a prospective randomized trial for
women with node-negative ER+ breast cancer, with treatment
stratified by the 21-gene recurrence score.!® Women with
recurrence scores of 11 to 25 were randomly selected to
received endocrine therapy alone or chemotherapy plus
endocrine therapy. For such patients, there was no benefit to
the addition of chemotherapy. A notable finding in subset
analyses of the TAILORXx trial was the differential benefit of
chemotherapy based on age (< 50 years vs. > 50 years). For
women older than age 50, there was no apparent benefit from
chemotherapy for any cohort with a 21-gene recurrence score
< 25; however, among women younger than age 50, there
was an apparent benefit for chemotherapy in women with
recurrence scores between 16 and 25. This is a provocative
observation from an unplanned subset analysis that lacked
statistical significance. What is not known, and remains the
critical question within this subset of young women, is how
much of the apparent benefit of chemotherapy is due to
ovarian function suppression. Chemotherapy-induced
amenorrhea is a common consequence of treatment in
premenopausal women, and it substantially improves prog-
nosis in premenopausal patients with ER+ breast cancers.

In addition to these large randomized trials, there have been
recent prospective demonstrations that women with low

21-gene recurrence score (< 11) breast cancers have an
excellent outcome without chemotherapy,*! including some
women with node-positive tumors.'? Long-term recurrence
risks of less than 5% argue strongly, albeit indirectly, that
chemotherapy would not be warranted in cases with such
low scores.

A number of other genomic assays have demonstrated
clinical utility as prognostic markers in early-stage ER+
breast cancer. Recent ASCO guidelines suggest that the
12-gene EndoPredict assay, the PAMBO0 risk of recurrence
score, and the Breast Cancer Index score, may be used in
cases of node-negative ER+ breast cancer to guide de-
cisions on adjuvant therapy.*® These recommendations are
based on retrospective studies of smaller numbers of pa-
tients and are not derived from studies that compared
treatment with or without chemotherapy.

Collectively, these findings have established molecular
signatures as a standard part of the management plan for
women with stage 1 and 2 ER+ breast cancers. A related
clinical purpose is to use genomic signatures as part of
a prognostic estimate for determining whether to use longer
durations of adjuvant endocrine therapy. Multiple studies
have demonstrated that many genomic assays serve as
robust prognostic markers in ER+ breast cancer, refining
the estimate of recurrence through 10 years beyond in-
formation available through anatomic stage alone. Cancers
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with higher-risk genomic signatures carry a greater risk for
recurrence than do tumors with low-risk signatures, even
after adjusting for stage.'* This finding implies that patients
with ER+ cancers with higher-risk signatures might derive
more benefit from longer durations of antiestrogen therapy,
because they are at higher risk for subsequent cancer re-
currence, despite the standard 5 years of endocrine
treatment. Recent guidelines have endorsed this approach
to risk stratification when choosing whether to recommend
extended adjuvant endocrine therapy.'® However, pro-
spective or retrospective studies do not exist to prove that
commercially available gene-signature assays can select
patients for different durations of adjuvant endocrine
treatment.

The availability of genomic signatures for gauging prognosis
and treatment needs in ER+ breast cancer has transformed
the management of early-stage disease and facilitated
better decision making between clinicians and patients. By
providing a more realistic sense of prognosis and chemo-
therapy benefit (or not), these assays have taken much of
the “guesswork” out of treatment recommendations. At the
population level, this has led to a dramatic decrease in the
extent of adjuvant chemotherapy use in ER+ breast cancer,
without any apparent change in the rate of breast cancer
recurrence.

GENOMIC SEQUENCING IN ADVANCED BREAST CANCERS

Testing for somatic mutations in the tumors of patients with
advanced breast cancer may be conducted through se-
quencing on the tumor, sequencing of circulating tumor
DNA, or potentially both. Tumor testing for mutations is now
performed principally through hybrid capture—based se-
quencing of large panels that analyze for genetic events in
200 to 600 genes, focusing on genes known to be mutated
in cancer. Recent large sequencing series have demon-
strated relatively frequent changes in the somatic genetics
between the archival primary biopsy and the recurrent re-
lapse biopsy. Commonly acquired mutations include those
in the ER (ESR1) associated with resistance to aromatase
inhibitors in ER+ advanced breast cancers, genes in the
MAP kinase pathway (such as NF1, KRAS, and NRAS
genes), and very low—level changes in transcription factors
and other genes.'® These observations imply that, when
feasible, a recurrent cancer biopsy should be considered for
genomic sequencing.

Until recently, evidence for clinical utility of tumor testing
in routine clinical practice has been limited; however,
a growing catalog of genomic mutations is beginning to
facilitate tailored approaches to advanced breast cancer
based on molecular analyses that justify more routine tumor
genomic testing. The most common mutations in ER+
breast cancer are activation mutations in the PI3 kinase
pathway PIK3CA gene, arising in nearly 40% of tumors.
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Cancers with mutations in PIK3CA show substantial sensi-
tivity to the alpha-selective PI3 kinase inhibitor alpelisib in
combination with fulvestrant (HR 0.65; 95% ClI, 0.50-0.85;
p = .00065),}” which is the impetus for testing ER+ tumors
for PIK3CA mutations. PIK3CA mutations are largely thought
to remain constant between primary disease and recurrence,
meaning that testing of the archival primary biopsy is suffi-
cient if it is not technically feasible to obtain a biopsy of re-
current disease.'® Recent data'® suggest that acquisition of
PIK3CA mutations may accompany resistance to fulvestrant-
based endocrine therapy, suggesting that serial determi-
nation of ESR1 and PIK3CA mutation status may become
clinically important. Analysis of a recurrent tumor biopsy only
rarely identifies acquisition of HERZ2 amplification among
tumors originally defined as HER2-negative primary cancers.

Detection of certain rare genomic events may also influence
standard treatment. Tumor genomic sequencing for BRCA1
and BRCA2 (BRCA1/2) will reveal pathogenic mutations in
approximately 5% of breast cancers. Most cases reflect an
underlying germline mutation, although somatic mutations
without a predisposing germline mutation can be found.
Somatic testing of BRCA1/2 mutations does not replace the
need to consider germline testing in patients, because
current tumor-sequencing approaches will potentially miss
some types of germline mutations in BRCA1/2, notably as
large structural variants. In addition, identification of
a pathogenic mutation in BRCA1/2 on tumor sequencing
should trigger formal hereditary testing to establish whether
the mutation is germline or somatic. Identifying germline
BRCA1/2 mutations selects patients with advanced breast
cancer for treatment with platinum chemotherapy or PARP
inhibitors.>®2° Whether somatic mutations also sensitize to
PARP inhibition has not been addressed in breast cancer,
although, in ovarian cancer, such somatic mutations do
sensitize to PARP inhibition.?! Interpreting the finding of
a BRCAI1/2variant in a somatic tumor testing must be done
with appropriate caution. Many breast cancers are genet-
ically unstable and can accumulate “passenger” mutations
in genes that have no effect on the gene. Variants, in
particular single nucleotide variants in BRCAI/2 that
change the code of one amino acid, may be passenger
mutations and not pathogenic mutations in BRCA1/2.
Conversely, most BRCA1/2 variants that lead to shortening
or truncation of the protein are likely to be pathogenic.
Examples include a frameshift insertion or deletion, a ter-
minating single nucleotide variants, or a splice site muta-
tion. Therefore, expertise is required in assessing genomic
reports to ensure that passenger mutations are not
overinterpreted.

Across all breast cancer subtypes, 2% of tumors harbor
microsatellite instability, reflecting underlying defects in
mismatch DNA repair.?? Tumors with mismatch repair
deficiency have higher sensitivity to immunotherapy with the
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anti—PD-1 antibody pembrolizumab.?® Tumors with mis-
match repair deficiency have a very high tumor mutation
burden, which likely generates a large number of neo-
antigens recognizable to cytotoxic T cells that account for
antitumor efficacy. Tumor-sequencing panels that report
microsatellite instability as a marker of mismatch repair
deficiency are becoming increasingly common and present
further justification for routine genomic testing; however, the
specificity of microsatellite instability testing has not been
well characterized. Given the low prevalence (2% in breast
cancer), it is important methodologically to avoid even a
small number of false positive results.

Tumor somatic testing may identify patients for clinical trial
entry and investigation of precision medicine approaches to
advanced breast cancer. HERZ2 mutations that activate
HERZ2 in the absence of gene amplification may sensitize
breast cancers to the dual-kinase inhibitor neratinib.?*
Among patients with triple-negative breast cancer, muta-
tions in the PI3 kinase pathway genes (PIK3CA, AKTI,
PTEN) may identify sensitivity to the AKT inhibitors ipata-
sertib and capivasertib.?® There is some evidence that RB1
and FATI mutations might identify ER+ breast cancers that
do not respond to CDK4/6 inhibitors.?® These mutations and
the associated clinical findings are biologically plausible but
remain investigational at present and are not routinely used
in standard clinical management. Interpreting mutation
reports also requires expertise to assess whether the
mutations identified are likely pathogenic or passenger
mutations.

As tumor cells die, a small amount of the released tumor
DNA ends up circulating in the blood. This circulating tumor
DNA (ctDNA; sometimes called cell-free DNA) presents an
alternative way to conduct genomic testing in patients with
advanced breast cancer.?” Such ctDNA analysis is partic-
ularly useful to identify mutations in the cancer that are
acquired through treatment and may not be readily de-
tectable before treatment or that might evolve over time. The
most prevalent acquired mutation in breast cancer is mu-
tation in the ER ESR 1 gene in advanced ER+ breast cancer.
These are selected in the cancer by prior aromatase in-
hibitor (Al) therapy, especially when Al therapy is used to
treat advanced breast cancer. Identification of ESR1 mu-
tations in ctDNA predicted resistance to subsequent Al and
showed improved progression-free and overall survival with
fulvestrant.?® Similarly, identification of ESRI mutations is
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associated with worse outcome in patients treated with
ongoing Al therapy (exemestane) and everolimus.2® Iden-
tification of ESRI mutations in ctDNA should steer treat-
ment away from Al-based approaches and toward other
endocrine or targeted combinations.

A number of very important clinical translational questions
remain unanswered with ctDNA analysis. Relatively few
large studies have compared different ctDNA assay plat-
forms to ensure that data generated with one assay can be
applied to other assays. Many breast tumors release very
little ctDNA into the blood, especially in the setting of lower
tumor burden, yielding false negative results in some pa-
tients. The use of ctDNA as a predictive marker for breast
cancer treatment is a rapidly evolving field. Accumulating
experience suggests high levels of correlation between
ctDNA and tumor tissue testing for many common muta-
tions, although a ctDNA assay should be used as a first
screen to identify mutations, whereas negative results
should warrant confirmation on direct tumor biopsy for
critical information.

Additional research is exploring alternative roles for ctDNA
analysis in advanced breast cancer. The level of ctDNA in
plasma is prognostic for disease progression; cancers with
higher levels have a worse outcome.® This likely reflects
an assessment of cancer burden in the patient, as well as
an assessment of tumor aggressiveness. Highly pro-
liferative and virulent tumors likely release more ctDNA.
Early ctDNA dynamics may identify which patients are not
responding to treatment much earlier than any currently
used method (e.g., after 2 weeks of treatment with pal-
bociclib and fulvestrant, patients with high ctDNA levels
were at high risk for early progression).3* Researchers are
exploring whether ctDNA mutations or burden can predict
metastatic recurrence among women with early-stage
breast cancer. None of these alternative uses for ctDNA
assays are ready for routine clinical practice; they require
further research to establish the full validity of the ap-
proaches, as well as to assess their potential to improve
patient outcome. Notwithstanding these important limi-
tations, the development of ctDNA technology holds the
promise of liberating tumor genomic testing from the
difficulties of tumor biopsy in favor of blood/serum-based
analyses that have the advantages of being safer, less
expensive, more readily available, and more readily
amenable to serial monitoring over time.
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