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Purpose To determine the significant genomic alterations in patients with metastatic
breast cancer (MBC) and survival outcomes in common genotypes.

Patients and Methods High-depth next-generation sequencing was performed for 202
genes in tumor and normal DNA from 257 patients with MBC, including 165 with es-
trogen receptor/progesterone receptor-positive and human epidermal growth factor
receptor 2 (HER2 [hormone receptor positive (HR+)])-positive, 32 with HER2-positive,
and 60 with triple-negative (estrogen receptor/progesterone receptor-negative and
HER2-negative) disease. Kaplan-Meier survival analysis was performed in the discovery
set, in patients with breast cancer analyzed in The Cancer Genome Atlas, and in a sepa-
rate cohort of 98 patients with MBC who underwent clinical genomic testing.

Results Significantly mutated genes (SMGs) varied by histology and tumor subtype, but
TP53 was an SMG in all three subtypes. The most SMGs in patients with HR+ cancer
were PIK3CA (32%), TP53 (29%), GATA3 (15%), CDHI1 (8%), MAP3K1 (8%), PTEN
(5%), TGFBR2 (4%), AKT1 (4%), and MAP2K4 (4%). TP53 mutations were associated
with shorter recurrence-free survival (P = .004), progression-free survival (P < .001), and
overall survival (P = .003). Furthermore, TP53 status was prognostic among patients with
HR+ cancer with PIK3CA mutations. TP53 mutations were associated with poorer over-
all survival in the 442 patients with HR+ breast cancer analyzed in The Cancer Genome
Atlas (P = .042) and in an independent set of 96 patients with HR+ MBC who underwent
clinical sequencing (P < .001).

Conclusion SMGs differ by tumor subtype, but TP53 is significantly mutated in all three
breast cancer subtypes. TP53 mutations are associated with poor prognosis in HR+
breast cancer and should be considered in the design and interpretation of precision
oncology trials.

JCO Precis Oncol. © 2018 by American Society of Clinical Oncology

INTRODUCTION

significantly altered genes in various breast can-

. . . . . cer subtypes. Furthermore, we report the effect
There is growing interest in genomic profiling

for cancer therapy. Emerging data have shown
that the targeting of some of these alterations,
such as AKT and HER2 mutations, may have
antitumor efficacy.’” Most proof-of-principle
genomically selected trials are conducted in
the metastatic setting, whereas many molecu-
lar characterization efforts, such as The Cancer
Genome Adas (TCGA), are performed in operable
breast cancer.’ To design and interpret genotype-
selected trials effectively, the determination of
the genomic profile of patients with metastatic
breast cancer (MBC), the frequency of genomic
alterations and co-alterations, and the effect of

of common genotypes on prognosis in hormone
receptor—positive (HR+) breast cancer. We vali-
dated the prognostic role of 7P53 mutations in
two additional HR+ cohorts.

PATIENTS AND METHODS

Patient Selection and Enrollment

Two hundred fifty-seven patients with MBC
and an adequate amount of archival tumor
tissue underwent next-generation sequencing
(NGS) in an institutional review board—approved
prospective protocol for genomic profiling
(Clinical Trials.gov identifier: NCT01772771).
An additional cohort of 98 patients with HR+
MBC who underwent clinical genomic testing

common alterations on prognosis is critical.

We determined the genomic profile of patients
with MBC in a prospective study and report the
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were identified as a validation cohort; patients
had undergone testing with FoundationOne
(Foundation Medicine, Cambridge, MA), Ion
AmpliSeq Comprehensive Cancer Panel (Thermo
Fisher Scientific, Waltham, MA), or Oncomine
Comprehensive Assay (Thermo Fisher Scientific).
These clinical records were reviewed with an
institutional review board-approved study with
waiver of consent.

Genomic Analysis

Samples were evaluated by hematoxylin and
eosin staining and macrodissected. DNA was
extracted using QIAamp DNA FFPE Tissue Kit
(QIAGEN, Santa Clarita, CA) and quantified
by Qubit (Invitrogen, Carlsbad, CA). NGS of
202 genes (1200 platform; Data Supplement)
was performed on tumor and normal DNA sam-
ples as previously described.* Assays were per-
formed while blinded to the clinical outcomes.
Reporting was done consistent with Reporting
Recommendations for Tumor Marker Prognostic
Studies guidelines.” Molecular inversion probe
(MIP) arrays were performed as previously
described.®’

ESR] mutation status was tested using the
QX200 Droplet Digital PCR System (Bio-
Rad Laboratories, Hercules, CA) with primers
to assess the following four ESRI mutations:
Y537C (1980A>G), Y537N (1979T>A), Y537S
(1980A>C), and D538G (1983A>G; Data Sup-
plement). Positive and negative controls were
included in each run. Samples were run in trip-
licate, with wild-type and mutant ESRI con-
trols. Quantitative analysis was performed using
QuantaSoft software (Bio-Rad Laboratories).

Bioinformatics Analysis

Comprehensive methods for bioinformatics
analysis has been previously published.” For copy
number calls, high amplification and high dele-
tion was defined as an estimated copy number of
five and 0.6 on NGS analysis and five and one
on MIP analysis. Alterations potentially targeta-
ble with approved or investigational therapeutics
directly or indirectly (eg, inhibiting downstream
signaling) were considered actionable. The action-
able genes are designated by asterisks in the
Data Supplement. The therapeutic implications
of these actionable genes are listed in the Data
Supplement.

Statistical Analysis

Categorical variables were summarized in fre-
quency tables. Mutation rates were compared
with that observed in TCGA. Discrete Inde-
pendence Statistic Controlling for Observa-
tions with Varying Event Rates (DISCOVER),
a statistical test for detecting co-occurrence
and mutual exclusivity in cancer genomics data,
was used.® Unlike traditional approaches such
as Fisher’s exact test, DISCOVER is based on
a null model that takes into account the over-
all tumor-specific alteration rates when deciding
whether alterations co-occur more or less often
than expected by chance. Multiple testing was
adjusted using false discovery rate (FDR).

Recurrence-free survival (RFS) was calculated
from the date of initial breast cancer diagnosis to
the date of first local or distant relapse, death, or
last follow-up. Progression-free survival (PFS)
was calculated from the date of treatment start
in the metastatic setting to date of treatment end
as a result of progression. Overall survival (OS)
was calculated from the date of MBC diagnosis.

RESULTS

Somatic Alterations

Two hundred sixty-eight samples from 257
patients were sequenced (Table 1). Distribution
by tumor subtype was as follows: 165 patients
(64.2%) with estrogen receptor/progesterone
receptor—positive (ER/PR+) and human epider-
mal growth factor 2-negative (HER2-) HR+
breast cancer; 60 with triple-negative breast
cancer (TNBC); and 32 with HER2+ breast
cancer (24 with ER/PR+ and HER2+ and eight
with ER/PR- and HER2+). Forty-eight patients
(18.7%) had stage IV disease at presentation.

A heat map of the top 50 mutated genes and 50
copy number—altered (CNA) genes are shown
in the Data Supplement. Significantly mutated
genes (SMGs) varied with histology and tumor
subtype (Table 2). TP53 was an SMG in all sub-
types but was more frequently mutated in HR-
tumors. SMGs in patients with HR+ tumors
were PIK3CA (32%), TP53 (29%), GATA3
(15%), CDHI (8%), MAP3KI (8%), PTEN
(5%), TGFBR2 (4%), AKT1 (4%), and MAP2K4
(4%).

The most significant CNA genes on targeted
exome sequencing are listed in Table 3. In TNBC,
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a gain of NOTCH2, SMARCA4, and GATA3 and
a loss of NF1 was observed. In HER2— HR+

Table 1. Patient and Tumor Characteristics

Characteristic No. (%) L. .

- breast cancer, a significant gain was seen of
Median age, years (range) 54 (28-80) FGFR1, GNAS, SMARCA4, CPAMDS, CREBBP,
Race FGFR3, HNF1A, LRPI1, and NFKB2 and a loss

White 192 74.7) of CSMDI. We also assessed CNA genes with
Black 26 (10.1) MIPs in 32 samples from 29 patients by selecting
Asian 7@2.7) patients with at least one CNA gene on NGS. Of
Other 32 (12.5) the 36 amplifications detected by NGS, 22 were
Tumor stage at diagnosis confirmed by MIP arrays (Data Supplement),
0-11I 141 (54.9) including all four patients with FGFRI amplifi-
I 67 (26.1) cation, all five with GNAS amplification, three of
v 48 (18.7) four with SMARCA4 amplification, and all four
Tumor subtype with NOTCH?2 amplifications. Of 11 deletions
HR+/HER?— 165 (64.2) detected by NGS, nine were confirmed by MIP
HRs/HFR 2+ 2493) arrays, including all three patients with NFI and
HRHER . 861 all three with PTEN deletions.
TNBC 60 (23.3)

REFS for overall group’, months

Alterations in Actionable Genes

HR+ (n = 165)
Median 38.37 Overall, 244 patients (94.9%) had an alteration
No. with RFS < 12 months 24 (14.5) in at least one potentially actionable gene.” Of
HER2+ (n = 32) note, mutations differ in their functional conse-
Median 133 quences; thus, not all mutations may be action-
9,10 : -
No. with RES < 12 months 825 able.b Furtllcllermdore, .a gelr)llorrEc profllefmay
TNBC (n = 60) not e considere acFlona e because of co-
- alterations or other patient variables. Actionable
Median 12.75 . . . .
alterations included well-recognized alterations,
No. with RFS 12 months 23 (38.3)

such as PIK3CA mutations (24%) and FGFR

amplifications (10%), as well as less-frequent but

Sample sequenced’

Primary 191 (71.3) clinically compelling alterations, such as AKT1
Therapy-naive 120 (44.7) mutations (3%) and HER2 mutations (3%). In
Post-neoadjuvant chemotherapy 67 25) addition, there were potentially actionable rarer
Post-neoadjuvant endocrine therapy 4(1.4) alterations, such as an inactivating mutation in
Locoregional recurrence 8 (3.0) PTCHI, an activating mutation in IDHI, and
Distant metastases 69 (25.7) high-level amplification of EGFR. Of note, 117
Soft tissue 24 (9.0) patients (72%) with alterations in an actionable
Bene 8 (3.0) gene had a co-alteration in another potentially
Liver 13 4.9) actionable gene.
Lung 7(2.6)
Other 17 (6.3) We previously reported that most BRCA1/2
Patients with both primary and recurrence/ alterations in breast cancer are germline.'!?
metastasis (n = 11) However, we observed potentially deleteri-
Primary and recurrence 1(0.4) ous somatic alterations in DNA damage repair
Primary and metastasis 10 (3.9) genes BRCAI1/2, PALB2, ATM, and RADSI.
Abbreviations: -, negative; +, positive; FTER2, human epidermal growth factor receptor 2; HIR, Furthermore, we observed alterations in several
hormone receptor; RFS, recurrence-free survival; TNBC, triple-negative breast cancer. genes associated with the switch/sucrose non-
Lo pm_c,ms notat s v “]_1.diﬂsn“m' fermentable complex or other epigenetic pro-
tTotal of 268 samples from 257 patients.

cesses, including BAPI, ARIDIA, DNMT3A,
and EP300.
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Fig 1. Frequency of the
most common alterations
in the cohort (T200) versus
The Cancer Genome Atlas
(TCGA). (A) Overall muta-
tion frequency. (B) Overall
copy number alteration
(CNA) frequency. (C)
Human epidermal growth
factor receptor 2—negative
(HER2-) hormone receptor—
positive (HR+) breast
cancer mutation frequency.
(D) HER2— HR+ breast
cancer CNA frequency.
(E) Triple-negative breast
cancer (TNBC) mutation
frequency. (F) TNBC CNA
frequency.

Genomic Alterations in Primary and
Recurrent/Metastatic Tumors

Genomic alterations in 191 primary versus 77
recurrent/metastatic tumors were compared
(Data Supplement); no significant differences
were found by Fisher’s exact test. In addition,
we found no differences on the basis of sites
of metastases. We had matched primary ver-
sus recurrent/metastatic samples from only
11 patients (10 with metastasis and one with
locoregional recurrence). All 10 patients who
had somatic mutations had additional alter-
ations in their recurrent/metastatic sample not
detected in the primary tumor (Data Supple-
ment). Of the HR+ primary tumors, 78 were
chemotherapy-naive, 39 were post-neoadjuvant

chemotherapy, and 43 were metastatic samples.
No differences were found among these cohorts.

We compared the alterations seen in this study
with that in the TCGA breast cohort (Data
Supplement). The most common alterations in
this series are shown in Fig 1. The MBC cohort
was enriched for some alterations, such as TP53
mutations, compared with the TCGA series.

By NGS, 251 of 257 patients had ESRI sequenc-
ing; however, only 151 patients had adequate
coverage of ESRI. Of these, 114 were HR+, and
only 26 were distant metastasis samples. Only
one tumor (4%) had an ESRI mutation, which
was from a patient with HR+ breast cancer who
had received letrozole in the metastatic setting.

ascopubs.org/journal/po JCO™ Precision Oncology 7
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Two other patients with HR+ breast cancer
whose primary tumors did not show an ESRI
mutation subsequently had NGS of a new dis-
tant metastatic lesion not included in this analy-
sis, and this testing uncovered ESRI mutations.

Because a 4% ESRI mutation rate in MBC is
lower than what we and others have reported,'*!*
we also used droplet digital polymerase chain
reaction for four hot spot mutations (ESRI
Y537S, YS537C, Y537N, and D538G) in 49
patients with DNA from metastatic tumor sam-
ples.”!* Thirty-eight patients had endocrine
therapy before the biopsy of the metastasis (31 in
the adjuvant setting, seven for recurrent disease).
Three patients (6.1%) were found to have an
ESRI mutation. Two of these patients also had
T200 sequencing, and one was found to have
the same ESRI mutation (D538G), whereas the
other, although the same DNA was used, did not
have the mutation detected, which suggests that
droplet digital polymerase chain reaction may
be more sensitive for detection. One patient
had four lines of endocrine therapy in the met-
astatic setting, whereas the other had adjuvant
tamoxifen.

Genomic Profile and Prognosis in HR+
Breast Cancer

A heat map and bar plot of the 50 most commonly
altered genes in HR+ breast cancer are shown in
Fig 2. We tested for the co-occurrence between
the top 50 altered genes in HR+ breast cancer
using the DISCOVER algorithm. The P and Q
values for all the gene pairs are listed in the Data
Supplement. With an FDR of 0.1, we found
co-alterations in FGFR3 and CRIPAK, which are
colocalized on chromosome 4; co-alterations
in CPAMDS, SMARCA4, and NOTCH3, which
are colocalized on chromosome 19; and co-
alterations in CREBBP and TSC?2, which are colo-
calized on chromosome 16. We tested for mutual
exclusivity among the top 50 altered genes in
HR+ breast cancer (Data Supplement). With an
FDR of 0.1, GATA3 alterations were mutually
exclusive with TP53 alterations.

In precision oncology trials, treatment often is
given to patients with selected alterations; thus,
we assessed the effect of common genomic alter-
ations on PFS in patients with HR+ breast can-
cer. Of common alterations, the most prominent
prognostic effect was attributable to TP53. TP53
mutations were significantly more common in

patients with an RFS of < 24 months by Fish-
er’s exact test (P = .0025). TP53 mutations were
associated with a shorter RFS by Kaplan-Meier
method (P = .003; Fig 3A). The types and loca-
tions of TP53 mutations seen in patients with
HR+ breast cancer are depicted in the Data Sup-
plement. Patients with missense 7P53 mutations
had a longer RFS than those with other types
of TP53 mutations, but this difference was not
significant (P = .055; Fig 3B).

TP53 mutations were associated with a shorter
OS in patients with HR+ breast cancer (P = .003;
Fig 3C). TP53 mutations were not associated
with survival in patients with TNBC or HER2+
cancer; however, these cohorts were smaller.
TP53 mutations were associated with a signifi-
cantly shorter PFS in patients with HR+ breast
cancer who received any first-line metastatic
therapy (median, 4.57 v 16.07 months; P < .001;
data not shown) as well as in patients who
received endocrine therapy only (median, 6.4 v
20.1 months; P < .001; Fig 3D). TP53 mutation
type (missense v other) was not associated with
OS or PFS on first-line endocrine therapy.

When patients with PIK3CA mutation/ampli-
fication, AKT] mutation/amplification, PTEN
mutation/deletion, FGFRI1/3 amplifications,
GATA3 mutations, or MAP3K1/MAP2K4 muta-
tion/deletion were compared with patients who
lack these alterations, no significant difference
was found in PFS in the first-line metastatic set-
ting on any therapy (Data Supplement) as well as
in patients treated with endocrine therapy (Data
Supplement). TP53 mutations were also associ-
ated with decreased PFS and OS among patients
with HR+ breast cancer with PIK3CA mutations
(P < .001 and P = .002, respectively; Figs 3E
and 3F).

"To validate the prognostic role of 7P53, we first,
evaluated the 442 patients with HR+ breast can-
cer in the TCGA. TPS53 mutations were asso-
ciated with a decreased RFS (P = .042; Fig 4A)
with a hazard ratio of 2.02 (7P53 mutant v not,
95% CI, 0.997 to 4.095). We next evaluated OS
in an independent sample of 96 patients with
HR+ MBC who underwent clinical genomic
testing and had endocrine therapy as first-line
therapy. Patients with 7P53 mutations had a
significantly shorter survival (median, 56 v 145
months; P <.001; Fig 4B).
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Fig 2. Heat map and bar plot of the alterations in the 50 most commonly altered genes from patients with hormone receptor—positive breast
cancer. The samples are presented in order, with the most common alterations on the left. amp, amplification; del, deletion; mut, mutation.

DISCUSSION

TP53 was an SMG in all breast cancer subtypes,
but mutations were more frequent in HR-
tumors. TP53 mutations were seen in 41% of
patients with MBC in our sample compared with

30% in the TCGA, which represents patients
with earlier-stage disease (Fig 1) and higher rates
of TP53 mutations in HR+ breast cancer (29% v
18%). TP53 mutations are already known to be a

harbinger of poor prognosis in breast cancer.”-!®
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Fig 3. Kaplan-Meier survival analysis for patients with hormone receptor—positive (HR+) metastatic breast cancer (MBC) by TP53 genotype.
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mutation type (missense v other). (C) Overall survival for patients with HR+ MBC by 7P53 mutation status. (continued on following page)
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Fig 4. Kaplan-Meier
survival analysis for patients
with hormone receptor—
positive metastatic breast
cancer by TP53 genotype
in validation cohorts. (A)
Recurrence-free survival
in The Cancer Genome
Atlas by 7P53 mutation
status. (B) Overall survival
in an independent cohort of
98 patients with hormone
receptor—positive metastatic
breast cancer by 7P53 mu-
tation status. MUT, mutant;
WT, wild type.

"Type and position of mutations may affect cancer
outcomes'’; this requires additional study. Given
the effect of TP53 on prognosis, genotype-
selected trials that stratify for 7P53 may be
considered. In the current study, patients with
TP53 mutations had a shorter OS. Furthermore,
patients with HR+ tumors with 7P53 mutations
treated with endocrine therapy in the first-line
metastatic setting had a significantly shorter PFS.
Of note, when Ellis et al** compared aromatase
inhibitor—sensitive versus aromatase inhibitor—
resistant tumors in the neoadjuvant setting
(Clinical Trials.gov identifier: NCT00265759),
the TP53 signaling was enriched in resistant
tumors (38% of the aromatase inhibitor-resistant
and 17% in the sensitive group). The authors
concluded that HR+ tumors with 7P53 muta-
tions are mostly aromatase inhibitor resistant
and would be more appropriately treated with
other modalities. However, we do not know
whether other regimens would be more effective
for these tumors or whether 7P53 mutations
would equally confer resistance to other agents.
However, emerging therapeutics have been tar-
geting mutant p53.2"** An urgent need exists for
novel therapies for 7P53 mutant tumors.

In the current study, patients had a variety of
genomic alterations. Alterations in the PI3K
pathway, including PIK3CA, PTEN, and AKT1

mutations, are already well recognized. The

frequency of alterations in this pathway may
differ on the basis of patient population (tumor
subtype and histology and other variables) as
well as the assay and bioinformatics pipeline. In
most breast cancer series, this potentially action-
able pathway is the most frequently altered;
thus, these alterations are being actively pursued
in trials with PI3K/AKT/mTOR inhibitors.>****
CDHI mutations, as expected, were almost
exclusively found in invasive lobular carcinoma.
CDH] loss is pathognomonic for lobular carci-
nomas; that we found CDHI mutations in only
56% of patients suggests that CDHI loss also
may be mediated through nongenomic mech-
anisms. Mutations in MAP3KI and MAP2K4
already have been reported in HR+ breast can-
cer.?? Ellis et al* reported a frequency of 15.5%
for MAP3KI and MAP2K4 in ER+ breast cancer.
Inactivating mutations in MAP3KI and MAP2K4
are predicted to abrogate signaling pathways that
activate JUN kinases. Therapeutic implications
of these alterations have not been well elucidated.

GATA3 mutations are commonly noted in HR+
breast cancer. Ellis et al*’ found that GATA3
mutations were enriched in HR+ tumors that
exhibited greater neoadjuvant aromatase inhib-
itor sensitivity in at least one studied cohort.
This finding, although preliminary, suggests that
GATA3 mutations may be a positive predictive
marker for aromatase inhibitor response. In the

(D) Progression-free survival on first-line endocrine therapy for patients with HR+ MBC. (E) Overall survival for patients with HR+ PIK3CA-
mutant MBC by 7P53 mutation status. (F) Progression-free survival for patients with HR+ PIK3CA-mutant MBC by TP53 mutation status. MU',

mutant; W, wild type.
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current study patients with HR+ breast cancer,
those with GATA3 mutations trended to have an
improved OS, but this difference was not signif-
icant (P = .07). The prognostic and predictive
value of GATA3 needs to be evaluated further.

Although our NGS platform primarily analyzes
commonly mutated genes in cancer, it can pro-
vide copy number information.* Indeed, we iden-
tified common CNAs, such as gain in FGFRI
and HER2. We recently reported that when
NGS demonstrates high-level amplification,
we are able to validate CNAs on an orthogonal
platform, such as fluorescent in situ hybridiza-
tion.”” NGS-based detection of CNAs is limited
to high-level losses or gains; thus, we may have
underestimated the frequency of copy number
changes. However, several of these CNAs, such
as NOTCH alterations and NF1 loss, have ther-
apeutic implications and need additional study.

We had too few matched primary and recurrence
samples to systematically study genomic evolu-
tion in this series. Many patients had primary
tumors but not metastatic samples available for
profiling. In another study, we reported that in
33 matched primary and recurrent tumors, 97
(87%) of 112 somatic mutations were concor-
dant.”® More recently, Lefebvre et al”’” reported
the genomic profiling results of patients who
underwent a biopsy of MBC in the context of
the SAFIR-01, SAFIR-02, SHIVA (Tumor
Molecular Profiling Versus Conventional Ther-
apy in Patients With Refractory Cancer), or
MOSCATO (Molecular Screening for Cancer
Treatment Optimization) prospective trials.
A significant overlap exists between the SMG
observed in their study and ours. However,
in Lefebvre et al, eight genes (ESRI, FSIP2,
FRASI1, OSBPL3, EDC4, PALB2, IGFNI, and
AGRN) were more frequently mutated in MBC
than in early breast cancer profiles in TCGA,
which suggests that systematic assessment of
metastatic tissue in MBC may lead to identifica-
tion of additional genomic alterations.
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