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Abstract

Background: Breast cancer patients with residual disease after neoadjuvant chemotherapy (NAC) have increased recurrence
risk. Molecular characterization, knowledge of NAC response, and simultaneous generation of patient-derived xenografts
(PDXs) may accelerate drug development. However, the feasibility of this approach is unknown.
Methods: We conducted a prospective study of 140 breast cancer patients treated with NAC and performed tumor and
germline sequencing and generated patient-derived xenografts (PDXs) using core needle biopsies. Chemotherapy response
was assessed at surgery.
Results: Recurrent “targetable” alterations were not enriched in patients without pathologic complete response (pCR);
however, upregulation of steroid receptor signaling and lower pCR rates (16.7%, 1/6) were observed in triple-negative breast
cancer (TNBC) patients with luminal androgen receptor (LAR) vs basal subtypes (60.0%, 21/35). Within TNBC, TP53 mutation
frequency (75.6%, 31/41) did not differ comparing basal (74.3%, 26/35) and LAR (83.3%, 5/6); however, TP53 stop-gain mutations
were more common in basal (22.9%, 8/35) vs LAR (0.0%, 0/6), which was confirmed in The Cancer Genome Atlas and British
Columbia data sets. In luminal B tumors, Ki-67 responses were observed in tumors that harbored mutations conferring endo-
crine resistance (p53, AKT, and IKBKE). PDX take rate (27.4%, 31/113) varied according to tumor subtype, and in a patient with
progression on NAC, sequencing data informed drug selection (olaparib) with in vivo antitumor activity observed in the pri-
mary and resistant (postchemotherapy) PDXs.
Conclusions: In this study, we demonstrate the feasibility of tumor sequencing and PDX generation in the NAC setting.
“Targetable” alterations were not enriched in chemotherapy-resistant tumors; however, prioritization of drug testing based
on sequence data may accelerate drug development.
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Breast cancer patients who receive neoadjuvant chemotherapy
(NAC) and achieve pathologic complete response (pCR; elimina-
tion of invasive tumor in breast and axillary lymph nodes) have
excellent long-term survival; conversely, patients with residual
disease are at increased risk of disease recurrence and early
death (1). Multiple studies have evaluated the association of
clinical (2) and molecular subtypes (eg, intrinsic subtypes [3])
with pCR. While more recent reports have detailed the molecu-
lar landscape of breast cancer (4–6), the implications of these
alterations in terms of chemotherapy response have not been
well studied.

Patient-derived xenografts (PDXs) are increasingly used as a
tool to study the impact of new drugs (7,8). However, the clinical
information from many of these models is unknown. Therefore,
in the setting of NAC, a detailed molecular characterization of
breast cancer along with the collection of PDX models would
allow the opportunity to prioritize the development of new
agents.

We developed a prospective neoadjuvant clinical study (the
Breast Cancer Genome Guided Therapy Study) in women with
stage I–III breast cancer. The goals of this study were to 1) per-
form comprehensive sequencing of germline (9) and tumor tis-
sues (exome and RNA sequencing), 2) identify whether common
genomic alterations and perturbed pathways were associated
with response/resistance to standard chemotherapy, and 3)
develop PDXs from percutaneous needle biopsies for testing of
therapeutic regimens chosen on the basis of alterations identi-
fied by genetic sequencing.

Methods

The Breast Cancer Genome Guided Therapy Study (BEAUTY) is a
prospective institutional review board–approved NAC clinical
study (NCT02022202) enrolling patients age 18 years or older
with stage I–III breast cancer 1.5 cm in size or larger being rec-
ommended treatment with NAC by their treating physicians
from March 5, 2012, to May 1, 2014, across Mayo Clinic
Rochester, Mayo Clinic Florida, and Mayo Clinic Arizona
(Supplementary Figure 1, available online). All patients provided
written informed consent and were to receive 12 weeks of
weekly paclitaxel (with trastuzumab for human epidermal
growth factor receptor 2–positive [HER2þ] malignancies), fol-
lowed by four cycles of an anthracycline-based regimen (see
Supplementary Table 1, available online). Pertuzumab was
allowed along with trastuzumab for HER2þ disease after
September 2012. Carboplatin was allowed after June 2013 for
triple-negative breast cancer (TNBC).

Ultrasound-guided percutaneous tumor biopsies and blood
specimens were collected prior to NAC, and tumor tissue was
collected from surgery. Baseline and surgical samples were
injected into mice for xenografts and fresh-frozen for sequenc-
ing (Supplementary Figure 2, available online)

Surgery was performed following completion of NAC, and
residual cancer burden (RCB) scores were calculated (10).
Pathologic complete response (pCR) was defined as absence of
invasive tumor in the breast and axillary lymph nodes (ypT0/
Tis, ypN0) (11). Clinical approximated subtypes were defined
using the St. Gallen Criteria (12): luminal A (estrogen receptor
[ER]> 10% þ grade 1 [13] or ER> 10% þ grade 2 þ Ki-67< 15%);
luminal B (ER> 10% þ grade 2 þ Ki67� 15% or ER> 10% þ grade
3); ERþ/human epidermal growth factor receptor 2 positive
[HER2þ] (ER> 10% þ HER2þ [3þ] by immunohistochemistry
[IHC] or amplified by fluorescence in situ hybridization [FISH]);

ER-/HER2þ (ER� 10% þ HER2þ [3þ] by IHC or amplified by FISH);
and TNBC (ER� 10%þ progesterone receptor–[PR] � 10% HER2-).

Sample Size Justification

With 200 subjects, we would be able to detect 80% of the var-
iants in a region (assuming 20 variants in the region) with minor
allele frequency of 0.005 with probability 0.86. We anticipated a
minimum detected odds ratio for pCR assuming that 40% of the
200 subjects enrolled would have a pCR. The odds ratios are pre-
sented in the supplementary methods, available online for a
variety of minor allele frequencies/variable frequencies (5%, 10
%, and 20%) using a test of association with statistical signifi-
cance level a (0.00001, 0.0001, and 0.001). The statistical signifi-
cance levels used are to account for the testing of multiple
hypotheses. Power was computed using the software package
Quanto for a binary end point and assumed a dominant genetic
mode. Given a slower accrual rate than expected, the study was
closed early after accrual of 140 patients over 2.5 years.

Xenograft Generation

All procedures of animal studies were performed according to
the National Institutes of Health guideline with approval
obtained from the Mayo Clinic Institutional Animal Care and
Use Committee (IACUC) and Biosafety Committee. Female
nonobese diabetic (NOD)-SCID (NOD.CB17-Prkdcscid/J) mice or
NOD.Cg-Prkdcscid Il2rgtm1Wjl/SzJ (NSG) mice (six to eight weeks)
were purchased from Jackson Laboratories (Bar Harbor, ME) and
fed water containing 0.16 mg/mL 17b-estradiol (purchased from
sigma Aldrich, St. Louis, MO) for one to two weeks prior to xeno-
grafting. Percutaneous breast cancer biopsies obtained prior to
NAC in all patients were used for attempted xenograft estab-
lishment. Percutaneous needle biopsies (one to two cores from
14 gauge needles) were implanted with Matrigel (BD
Biosciences, Heidelberg, Germany) within an hour of sample
collection in the flanks of immunodeficient NOD-SCID or NSG
mice. Low-dose estradiol was maintained in the drinking water
and freshly made every week. Mice were killed by CO2

inhalation once the tumor size met the IACUC guideline.
Tumors were formalin fixed and paraffin embedded, and the
histology of the PDX was confirmed by hematoxylin and eosin
and immunohistochemical stains. Take rate was defined as the
number of unique subjects with histologically verified tumor
growth with passage to second-generation mice.

In Vivo Drug Testing

A PDX (both pretreatment biopsy and residual surgical speci-
men) that was derived from a patient who progressed on che-
motherapy and rapidly developed brain metastases and death
following surgery was selected for in vivo drug testing. Once
PDX tumors grew to 1 cm in diameter, tumors were resected
and dissected into 8 mm3 pieces and re-injected subcutaneously
into the rear flank of NOD-SCID mice. Fourteen mice were
implanted with the pretreatment biopsy specimen, and follow-
ing tumor growth to 200–250 mm3, mice were randomized 1:1 to
placebo or olaparib (15 mg/kg, once daily, i.p.) using stratified
sampling randomization based on tumor volume (StudyDirector
software, StudyLog, San Francisco, CA) The process was
repeated for 14 mice implanted with the PDX that grew from the
residual surgical specimen. Tumor size and body weight were
measured on days 0, 2, 5, 9, and 12. Mice were killed after nine
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days (those bearing the pretreatment PDX) or 12 days (mice
bearing residual surgical specimen PDX).

Statistical Analysis

We analyzed the somatic mutation profiles at the gene level for
all samples in the study as well as the breast cancer subtypes
using the program MutSigCV (version 1.4) (14) to identify
somatically mutated genes that were more frequently observed
than expected by chance as determined by adjusting for covari-
ates and background mutation processes. We filtered out

somatic variants that were found in the 1000 genomes database
or Exome Variant Server at greater than 1.0%. The somatic alter-
ation profiles of the 30 most frequently mutated genes as identi-
fied by MutSigCV are presented in the results. The P values were
determined using a one-sided bivariate beta-binomial test
where the gene’s observed mutation rates and mutational func-
tional categories across all samples are compared with the cor-
responding gene-specific background mutation rate and
functional category distribution. For each gene in the top 30 of
each subtype and across all subtypes, the P values were less
than .025. The q value is calculated using the Benjamini and
Hochberg (15) method and is a statistic to measure false discov-
ery rate and adjust for multiple testing. Only a portion of the
genes in the top 30 are statistically significant with respect to
this q value. Genes with statistically significant q values are
listed in the figure captions. In addition, the gene expression
analysis for individual breast cancer subtypes was conducted
using EdgeR (16). The details of the gene expression, pathways,
and single patient analyses are provided in the Supplementary
Methods (available online).

Relative tumor volume was defined as the tumor volume at
the time of death divided by the tumor volume prior to start of
treatment. Wilcoxon rank-sum tests were used to assess
whether the relative tumor volume at time of death differed
with respect to treatment.

All statistical tests were two-sided, and a P value of less than
.05 was considered statistically significant. SAS 9.3 was used to
carry out statistical analyses.

Results

Patient Characteristics

Of the 140 women enrolled, eight withdrew consent prior to
NAC (Supplementary Figure 3, available online, CONSORT dia-
gram). Of the remaining 132, 65 (49.2%) had clinical cT3/4
tumors, and 76 (57.6%) had node-positive disease (Table 1). The
clinical molecular subtypes were: TN: 33.3%; ER-/HER2þ: 15.2%;
ERþ/HER2þ: 12.1%; luminal B: 29.5%; luminal A: 8.3%; and lumi-
nal unknown: 1.5%.

Treatment Course and Outcome

Eight patients failed to complete NAC due to disease progres-
sion (three patients) and patient refusal (five patients). The pCR
rate varied by clinical molecular subtype (Table 2) and by PAM50
(Supplementary Table 2, available online). Of the 132 who began
NAC, pCR rates were: TN: 54.5%; ER-/HER2þ: 60.0%; ERþ/HER2þ:
25.0%; luminal B: 10.3%; and luminal A/unknown: 0%.

Sequencing Analysis

Pre-NAC tumor and germline sequencing data were generated
for 122 patients. RNA and exome sequencing results are in
Supplementary Tables 3–12 (available online) and
Supplementary Figure 4, A and B (available online). The profiles
of the most frequently mutated breast cancer genes, somatic
copy number alteration (CNA), and gene expression modulation
are provided by clinical molecular subtype in Figure 1 and
Supplementary Figures 5–8 (available online). Somatic muta-
tions, CNAs, and fusion transcripts according to breast cancer

Table 1. Baseline characteristics of patients in the BEAUTY study

Patient and disease features Total (n¼ 132) No. (%)

Age, y
<30 2 (1.5)
30–39 21 (15.9)
40–49 36 (27.3)
50–59 40 (30.3)
60–69 24 (18.2)
70þ 9 (6.8)

Ethnicity
Hispanic or Latino 1 (0.8)
Not Hispanic or Latino 129 (97.7)
Not Reported 2 (1.5)

Clinical molecular subtype
Triple-negative* 44 (33.3)

Basal-like 1 6 (14.6)
Basal-like 2 5 (12.2)
Immunomodulatory 10 (24.3)
Mesenchymal 6 (14.6)
Mesenchymal stem–like 6 (14.6)
Luminal androgen receptor 4 (9.7)
Unstable or ER-positive 4 (9.7)

ER-/HER2þ 20 (15.2)
ERþ/HER2þ 16 (12.1)
Luminal B 39 (29.5)
Luminal A 11 (8.3)
Luminal unknown 2 (1.5)

Clinical T-stage
T1 12 (9.1)
T2 55 (41.7)
T3 60 (45.5)
T4 5 (3.8)

Clinical N-stage
N0 56 (42.4)
N1 69 (52.3)
N2 4 (3.0)
N3 3 (2.3)

Nottingham Grade
1 8 (6.1)
2 51 (38.6)
3 73 (55.3)

Histology
Infiltrating ductal 114 (86.4)
Infiltrating lobular 5 (3.8)
Mixed lobular ductal 10 (7.6)
Other 3 (2.3)

Pre-NAC Ki67
�15% 113 (89.0)
<15% 14 (11.0)
Missing 5

* Lehman Classification derived based on RNA seq for 41/44 TNBC. ER¼estrogen

receptor; HER2¼human epidermal growth factor receptor 2.
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Table 2. Residual disease by clinical molecular subtype

Pathological extent
of residual disease

Clinical molecular subtype

Total (n¼ 132)
No. (%)

Triple-negative
(n¼ 44) No. (%)

ER-/HER2þ
(n¼ 20) No. (%)

ERþ/HER2þ
(n¼ 16) No. (%)

Luminal B
(n¼ 39) No. (%)

Luminal A
(n¼ 11) No. (%)

Luminal unknown
(n¼ 2) No. (%)

Residual cancer burden class
RCB-0 24 (54.5) 12 (60.0) 4 (25.0) 4 (10.3) 0 (0.0) 0 (0.0) 44 (33.3)
RCB-I 6 (13.6) 3 (15.0) 2 (12.5) 3 (7.7) 0 (0.0) 0 (0.0) 14 (10.6)
RCB-II 7 (15.9) 2 (10.0) 6 (37.5) 14 (35.9) 7 (63.6) 0 (0.0) 36 (27.3)
RCB-III 5 (11.4) 3 (15.0) 4 (25.0) 16 (41.0) 4 (36.4) 2 (100.0) 34 (25.8)
Not evaluable because
of progression*

2 (4.5) 0 (0.0) 0 (0.0) 2 (5.1) 0 (0.0) 0 (0.0) 4 (3.0)

pCR
Yes 24 (54.5) 12 (60.0) 4 (25.0) 4 (10.3) 0 (0.0) 0 (0.0) 44 (33.3)
No 20 (45.5) 8 (40.0) 12 (75.0) 35 (89.7) 11 (100.0) 2 (100.0) 88 (66.7)

* These patients did not have surgery because of progression. ER¼estrogen receptor; HER2¼human epidermal growth factor receptor 2; RCB¼ residual cancer burden;

pCR¼pathologic complete response.

Figure 1. Somatically mutated genes in patients with triple-negative breast cancer (TNBC) clinical molecular subtype. The mutation profile of the 30 most frequently

mutated genes (P< .006) for triple-negative subtype, as determined by the MutSigCV method. After adjustment for multiple testing (q< .05), three genes (TP53, PTEN,

and OTOP1) remained statistically significant. The upper left panel shows the distribution of the mutation type across all patients; the upper right panel shows the dis-

tribution of mutations by chemotherapy response for each patient. The lower left panel shows the number and type of mutations seen per gene for the 30 mutated

genes. We order the genes in the figures by the number of patients with mutations. For genes with equal numbers of patients with somatic SNV/indel alterations, the

presentation order is based on estimated cancer gene statistical significance. The lower right panel gives the mutation, the copy number gain and loss, and modulation

of expression (described in the “Methods” section) by patient and by gene. CNV¼ copy number variants; INDEL¼ insertion and deletion; pCR¼pathologic complete

response; SNV¼ single-nucleotide variant.
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subtype are illustrated in Figure 2. Detailed CNAs by clinical
molecular subtype are provided in Supplementary Tables 7–11
(available online).

We analyzed the frequency of somatic mutation profiles
across genes using the program MutSigCV (version 1.4)
(Supplementary Methods, available online). At the genome-
wide level, a frequent somatically mutated gene observed
across all tumor subtypes was PIK3CA (TN: 2/41; ER-/HER2þ: 4/
20; ERþ/HER2þ: 3/15; luminal B: 8/33; and luminal A: 4/11).
Additionally, TP53 was statistically significantly mutated in TN
(75.6%, 31/41) and HER2þ tumors, regardless of ER status (62.9%,
22/35), but less frequent in luminal B (9.1%, 3/33) and luminal A
tumors (0/11). Other frequently mutated genes included OTOP1
(9.0%, 11/122), MAP3K1 (6.6%, 8/122), PTEN (6.6%, 8/122), ARID1A
(6.6%, 8/122), GATA3 (5.7%, 7/122), AKT1 (4.9%, 6/122), KDM6A (4.
9%, 6/122), IGDCC4 (4.9%, 6/122), and CDH1 (4.1%, 5/122)
(Supplementary Tables 5, a–o, available online). The somatic
mutations from exome sequencing were confirmed using tumor
RNA-Seq (Supplementary Table 5, a–o, available online); a stat-
istically significantly greater number of somatic expressed sin-
gle-nucleotide variants (eSNVs) were present in TNBC
compared with other subtypes (P¼ .001) (Figure 2).

Recurrent Gene Mutations and Chemotherapy Response

Triple-Negative Subtype
By PAM50, 38 of 41 (92.7%) were “basal” (Supplementary Table 2,
available online), and responses to chemotherapy (pCR follow-
ing NAC) were seen in both the basal and nonbasal groups. The
most frequently mutated genes by MutSigCV analysis were TP53
(31/41), PTEN (6/41), and OTOP1 (4/41) (Figure 1), but their fre-
quency did not differ by chemotherapy response. Regarding
CNAs, we observed amplifications in chr8q12.1-.3 (5/22),
chr8q13.1-.3 (7/22), and chr8q21.11-.12 (7/22) only in tumors that
achieved pCR. These CNA regions in tumors that achieved pCR
were associated with expression of 28 genes on chromosome 8
(Supplementary Table 13, available online). Evaluating tumors
without pCR (n¼ 20), we observed frequent amplifications in
chr15q26.3 (4/20) (Supplementary Table 7, available online).
Evaluation of mutation and CNA data identified variations in
HYDIN and RP1 more often in chemosensitive tumors
(Supplementary Table 5 and 6, available online).

Evaluating differential gene expression in TN tumors, we
identified 419 genes (with at least a twofold change and P value
of less than .05; additional details of gene expression analysis

Figure 2. Circos plots of mutations in clinical molecular breast cancer subtypes. This plot depicts the human chromosomes arranged in a circular pattern, with individ-

ual chromosomes represented as sections. From outside to inner side: The outermost track represents the copy number alteration (CNA), amplification in red, and

deletion in green); the second track presents somatic single-nucleotide variants (SNVs) identified in whole-exome sequencing data (blue); the third track is RNA nonsy-

nonymous tumor-specific expressed SNV(eSNVs; orange). The radius height in the outer three tracks represents the CNA ratio across the samples of this subtype. The

innermost arches (purple) are the fusions; the two ends of an arch indicate the location of the two fused genes, and the thickness of the arch is proportional to the fre-

quency of the fusion.
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are included in the Supplementary Materials, available online),
and multiple statistically significant pathways were associated
with pCR, including glucocorticoid receptor (GR) regulatory net-
work; FOXA1, FOXA2, and FOXA3 networks; integrins; SMAD2/3;
and androgen receptor signaling (Supplementary Table 13,
available online). We observed overexpression of AR, ERBB4,
FOXA1, ESR1, PGR, EGF, MAPK10, KIT, and FGFR2 in non-pCR
patients compared with patients with pCR.

As androgen and other hormone-related genes/signaling
pathways were upregulated in the overall TN cohort with che-
motherapy resistance, we applied a shrunken centroid model
(Supplementary Material, available online) to TN RNA-Seq data
and demonstrated that the luminal androgen receptor (LAR)
subtype comprised 14.6% (6/41) of the TN group, while the
remaining 35 tumors were basal, with the basal subtype exhibit-
ing fewer hormone-related pathways associated with pCR
(Supplementary Table 14, available online). Lower pCR rates
were seen in the LAR subtype (16.6%, 1/6) compared with the
basal subtype (60.0%, 21/35).

Within clinical TNBC, the TP53 mutation frequency was
75.66% (31/41), which compared similarly with the TCGA (4) and
British Columbia (BC) cohorts (Supplementary Table 22, avail-
able online) (17) and did not differ comparing basal (74.3%, 26/
35) and LAR (83.3%, 5/6) subtypes. Given that TP53 mutations are
known to be associated with pCR (18), we evaluated whether
TP53 mutation type differed between the basal and LAR groups.
Indeed, the frequency of TP53 stop-gain mutations was higher
within the basal (22.9, 8/35) vs LAR (0%; 0/6) subtypes, a finding
confirmed within TCGA (4) and BC (17) data sets where TP53
stop-gain alterations were observed in 15.0% (16/107) and 13.2%
(7/53) of basal tumors, respectively, compared with 8.3%, (2/24)
and 8.3% (1/12) of the LAR tumors, respectively. Given different
frequencies of TP53 mutations within two distinct TNBC sub-
groups that additionally exhibit differential response to che-
motherapy, we evaluated the pCR rate according to type of
TP53 mutation. Of the 31 TNBCs with TP53 mutations, the over-
all pCR was 17 of 31 (54.8%) but higher, 75.0% (6/8), in patients
with TP53 stop-gain alteration vs 47.8% (11/23) for all other
TP53 mutations (frame-shift, nonsynonymous coding and
splice site mutations).

ER-/HER21 Subtype
PAM50 analysis demonstrated that 13 of 20 were HER2 enriched
(Supplementary Table 2, available online) and eight of 13 and
four of seven achieved pCR in the HER2-enriched and HER2-
nonenriched subsets, respectively. The most commonly
mutated genes were TP53 (12/20) and PIK3CA (4/20)
(Supplementary Figure 5, available online). All four patients
with PIKC3A mutations had pCR whereas the frequency of TP53
mutations did not differ according to chemotherapy response.

CNA amplifications in chr3q23 (3/12), chr17q24.3 (3/12), and
chr20q13.33 (3/12) were only observed in patients achieving
pCR. In patients without pCR (n¼ 8), we observed amplifications
in chr1q21.1-.3 (3/8), chr1q23.3 (3/8), and chr11q13.3 (3/8) and
deletions in chr8p12 (3/8), 8p22 (3/8), 9p21.2 (3/8), and 9p22.3
(3/8) (Supplementary Table 8, available online), but not in
patients with pCR (0/12).

We identified 445 differentially expressed genes (analysis
details discussed in Supplementary Material, available online)
and pathways comparing non-pCR (n¼ 8) and pCR patients
(n¼ 12) including FGFR and EGFR1, androgen and ER signaling,
angiopoietin receptor Tie2-mediated signaling, and signaling
events regulated by RET (Supplementary Table 16, available

online). Network analysis of 445 genes demonstrated TNNI3,
COL11A2, AGT, GRIN2B, and ACTN2 genes to be upregulated and
highly connected, whereas ESR1, KIT, IRF4, IL12B, and IGF1 genes
were demonstrated to be highly connected and downregulated
in patients without pCR compared with patients with pCR.

ER1/HER21 Subtype
By PAM50, 10 of 15 were HER2 enriched (Supplementary Table 2,
available online). The most frequently mutated genes included
TP53 (10/15), ARID1A (4/15), PIK3CA (3/15), and KDM6A (3/15)
(Supplementary Figure 6, available online). The mutation fre-
quency did not differ by chemotherapy response except for
KDM6A, where mutations were observed in three of 11 tumors
with residual disease compared with zero of four with pCR.

With regard to CNA, amplifications in chr17q22 (4/11),
chr17q23.1-.2 (4/11), chr17q24.2-.3 (3/11), chr17q25.1 (3/11), and
chr20q13.32 (3/11) and deletions in chr16q22.2 (4/11) were
observed only in patients without pCR (Supplementary Table 9,
available online). In contrast, patients with pCR exhibited
amplifications in chr11q13.2-13.3 (2/11), chr5p13.1-13.3 (2/11),
chr5p14.1,14.3 (2/11), chr5p15.1-15.2 (2/11), and chr5p15.31-15.33
(2/11) (Supplementary Table 9, available online).

Differential gene expression analysis for tumors with (n¼ 4)
and without pCR (n¼ 11) identified 354 differentially expressed
genes (analysis details discussed in the Supplementary
Material, available online) and pathways including Ret, ERbB2/
ErB3, glucocorticoid, nongenomic androgen receptor signaling,
and angiopoietin receptor Tie2-mediated signaling
(Supplementary Table 17, available online). Network analysis of
354 genes demonstrated the following highly connected
upregulated genes including; ERBB4, GATA2, ERBB3, MYB, GFRA1,
KCNJ3, and ZBTB16; and downregulated genes: VEGFA, APOA1,
CAMK2B, ASCL1, FGF19, FGB, FGA, NKX2-5, HAP1, and COL19A1 in
patients without and with pCR.

Clinical Luminal B Subtype
Within the clinical luminal B tumors (n¼ 33), PAM50 demon-
strated: luminal B (13/33), luminal A (7/33), basal (7/33), HER2 (3/
33), missing (1/33), and normal (2/33) (Supplementary Table 2,
available online). The most commonly observed mutations
included PIK3CA (8), AKT1 (4), MAP3K1 (4), TP53 (3), CDH1 (3), and
GATA3 (3) (Supplementary Figure 7, available online). Because
pCR was rarely observed (n¼ 2) and because postchemotherapy
(surgical) Ki-67 values are prognostic in luminal breast cancers
(19), luminal B tumors were defined as “chemosensitive” (pCR
or surgical Ki-67� 15%, n¼ 23), “chemoresistant” (surgical Ki-
67> 15%, n¼ 5), or not classified (surgical Ki-67 not available,
n¼ 5).

Of the eight patients with PIK3CA mutations, seven were
evaluable for response including chemosensitive (6/23) and che-
moresistant (1/5) tumors (Supplementary Figure 7, available
online). Ki-67 responses were observed in tumors that harbored
genetic alterations that confer endocrine resistance (p53, AKT,
and IKBKE).

Regarding CNA, amplifications in chr14q21.3 and chr14q22.1
(6/23) and deletions in chr17p11.2 (6/23) and chr17p13.1-3 (6/23)
were only observed in chemosensitive tumors. In contrast,
there were no chromosomal bands that were clearly specific to
chemoresistant tumors in this group (Supplementary Table 11,
available online).

Differential gene expression analysis comparing chemore-
sistant (n¼ 5) and chemosensitive (n¼ 23) tumors identified 863
genes (analysis details discussed in Supplementary Material,
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available online). Pathways statistically significantly associated
with chemosensitivity (FDR< 0.00001) included GR signaling,
GMCSF-mediated signaling, pathways involved in chronic mye-
loid leukemia, Pertussis, and IL2-mediated signaling events
(Supplementary Table 18, available online). Genes such as
GFRA1, PGR, ESR1, ERBB4, RET, IGF1R, BCL2, and GATA3 were key
upregulated nodes, whereas MMP7, PSMA8, PRAME, WT1, CFTR,
CRYAB, and EPHB6 were downregulated (highly connected) in
the network analysis of 863 genes.

Clinical Luminal A Subtype
Evaluation by PAM50 demonstrated the following: luminal A (6/
11), luminal B (2/11), basal (1/11), HER2 (1/11), and normal (1/11)
(Supplementary Table 2, available online). While the clinical
luminal A tumors were characterized by a lack of genomic
instability compared with other subtypes (Figure 2), the most
frequently mutated genes by MutSigCV analysis included
PIK3CA (4/11), CBFB (4/11), and GATA3 (3/11) (Supplementary
Figure 8, available online). The most common CNAs included
chr8p11.22 (2/11) and chr8p11.23 (2/11).

Patient-Derived Xenografts

In 120 patients, tissue was obtained from pre-NAC percutane-
ous biopsy samples and implanted subcutaneously into 412
mice. PDX from seven patients had some tumor growth but
without pathological confirmation. Therefore, 113 patients were
evaluable for assessment of PDX take rate. The overall take rate
was 27.4% (31/113) (Table 3). TNBC yielded the highest take rate
(51.3%, 20/39), followed by HER2þ (26.5%, 9/34) and luminal B
(5.0%, 2/40). No PDXs were derived from luminal A tumors. From
35 patients with residual tumor after NAC, we established six
PDX models (17.1%, 6/38), and five out of six were TNBC.

Potential Usefulness of Xenografts for Validating
Drug Targets

PDXs were established from two of six patients with progression
during chemotherapy, including one with rapid development of
metastases to brain and death. In this patient, based on baseline
tumor sequencing demonstrating deleterious somatic altera-
tions in PTEN, PALB2, BRCA1, CHEK1, DICER1, and NF1, as well as
IRF4 and MYC amplification, olaparib was chosen for PDX test-
ing. Fourteen mice were implanted with PDXs generated from
pretreatment biopsy specimen and another 14 with PDXs gener-
ated from residual disease found at surgery. Seven mice from
each group were randomized to either olaparib or placebo.
Relative tumor volumes at day 9 were statistically significantly

smaller among the mice treated with olaparib than mice treated
with placebo in the PDXs generated from pretreatment speci-
men (P¼ .04). Similarly, relative tumor volumes at day 12 were
statistically significantly smaller among the mice treated with
olaparib than mice treated with placebo in the PDXs generated
from the residual tumor (P< .001) (Figure 3).

Discussion

This is the first prospective study to our knowledge to demon-
strate the feasibility of using percutaneous core needle tumor
biopsies for the dual purpose of generating massive parallel
gene sequencing and PDXs in the NAC setting. Our a priori
hypothesis was that alterations in oncogenic drivers and tumor
suppressors previously reported as “targetable” would be com-
monly observed in patients with chemotherapy resistance.
However, results from this study indicated that common
“targetable” alterations were not enriched in chemotherapy-
resistant tumors.

Transcriptome sequencing revealed that a substantial pro-
portion of the resistant TNBC had upregulation of key nodes
and pathways involved in steroid hormone receptor (HR) signal-
ing including AR, FOXA1, FOXA2, and FOXA3, as well as genes/
nodes involved in HR cross talk including ERBB4, EGF, MAPK10,
KIT, and FGFR2. Given prior reports that these genes/pathways
are enriched in the LAR subset, we hypothesized that resistant
TNBC would be enriched with LAR subtype. Indeed, the LAR
subtype exhibited limited response to chemotherapy compared
with non-LAR tumors, confirming a recent report (20). Although
TP53 mutations did not differ comparing the basal and LAR sub-
types, we observed a higher frequency of TP53 stop-gain altera-
tions comparing the basal (22.9%) and LAR (0%) subtypes, which
we confirmed with the TCGA and BC data sets. Given our pre-
liminary observation that higher rates of pCR were observed
within tumors with the stop-gain TP53 mutations (75.0%) vs
other TP53 mutations (47.8%), further studies in larger cohorts
are needed to confirm whether TP53 mutation type as well as
the presence/absence of hormonal pathway activation impacts
chemotherapy response within the TNBC subgroup.

In luminal B, Ki-67 responses (Ki-67� 15%) were observed in
tumors that harbored mutations that confer endocrine resist-
ance (p53, AKT, and IKBKE). These data provide further evidence
for the importance of chemotherapy in tumors with mutations
that drive de novo endocrine resistance.

A major limitation to drug development is access to tumor
models that faithfully replicate the human situation. PDXs mir-
ror the biology of human tumors (21) and more accurately repli-
cate the “host” factors critical for evaluating drug response
phenotypes. Petrillo et al. (22) established xenografts from five

Table 3. Breast cancer PDX take rate by clinical molecular subtype*

Clinical molecular subtype Tumor tissue implanted into xenograft Breast cancer PDX generated PDX take rate, %

Triple-negative 39 20 51.3
ER-/HER2þ 20 5 25.0
ERþ/HER2þ 14 4 28.6
Luminal B 30 2 6.7
Luminal A 9 0 0
Luminal unknown 1 0 0
Total 113 31 27.4

* ER¼estrogen receptor; HER2¼human epidermal growth factor receptor 2; PDX¼patient-derived xenograft.
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of 20 breast tumors, of which four out of five were TNBC. Li et al.
(23) established PDXs from 20 of 152 (13.1%), and some (seven
PDX) were obtained from primary tumors. Notably, in this
cohort using needle biopsies, our take rate of 27.4% compares
favorably with prior studies (13%–27%) (24) that mainly utilized
surgical samples. Like Petrillo, we observed that ER expression
was a major determinant of take rate. The potential power of
this approach is illustrated in the patient with progression on
chemotherapy in which tumor sequencing identified potential
drug targets and PDX testing of the primary and resistant
tumors demonstrated antitumor activity with olaparib.
However, this information was not available to this patient in a
timely manner given the rapid development of distant metasta-
ses and death.

A limitation to this study is accrual was lower than anticipated
and limited statistical power to assess whether the frequency of
rare genomic alterations differed comparing responders with
nonresponders. Because of this, larger cohorts are required to
assess association with chemotherapy response. Additionally,
work is ongoing within this cohort to define the immune tran-
scriptome and its association with chemotherapy response.

In summary, this is the first study to demonstrate the feasi-
bility of obtaining tumor sequencing data and PDX in the NAC
setting. While “targetable” alterations were not enriched in che-
motherapy-resistant tumors, the simultaneous generation of
PDX and sequence data will be an invaluable tool for drug devel-
opment, especially in chemotherapy-resistant tumors. Larger
studies are necessary to evaluate whether targeting infrequent
tumor alterations in patients with chemoresistance will
improve clinical outcomes.
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specimen treated with olaparib or placebo and B) PDXs generated from residual tumor after NAC treated with either olaparib or placebo. Error bars represent the stand-

ard deviation. NAC¼neoadjuvant chemotherapy; PDX¼patient-derived xenograft.
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