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Abstract

Purpose: Next-generation sequencing (NGS) can be used
for comprehensive investigation of molecular events in breast
cancer. We evaluated the relevance of genomic alterations
for response to neoadjuvant chemotherapy (NACT) in the
GeparSepto trial.

ExperimentalDesign:Eight hundredfifty-onepretherapeu-
tic formalin-fixed paraffin-embedded (FFPE) core biopsies
from GeparSepto study were sequenced. The panel included
16 genes for mutational (AKT1, BRAF, CDH1, EGFR, ERBB2,
ESR1, FBXW7, FGFR2, HRAS, KRAS, NRAS, SF3B1, TP53,
HNF1A, PIK3CA, and PTEN) and 8 genes for copy-number
alteration analysis (CCND1, ERBB2, FGFR1, PAK1, PIK3CA,
TOP2A, TP53, and ZNF703).

Results: The most common genomic alterations were
mutations of TP53 (38.4%) and PIK3CA (21.5%), and 8
different amplifications (TOP2A 34.9%; ERBB2 30.6%;
ZNF703 30.1%; TP53 21.9%; PIK3CA 24.1%; CCND1
17.7%; PAK1 14.9%; FGFR 12.6%). All other alterations had

a prevalence of less than 5%. The genetic heterogeneity in
different breast cancer subtypes [lum/HER2neg vs. HER2pos
vs. triple-negative breast cancer (TNBC)] was significantly
linked to differences inNACT response. A significantly reduced
pathologic complete response rate was observed in PIK3CA-
mutated breast cancer [PIK3CAmut: 23.0% vs. wild-type (wt)
38.8%, P < 0.0001] in particular in the HER2pos subcohort
[multivariate OR¼ 0.43 (95% CI, 0.24–0.79), P ¼ 0.006]. An
increased response to nab-paclitaxel was observed only in
PIK3CAwt breast cancer, with univariate significance for the
complete cohort (P ¼ 0.009) and the TNBC (P ¼ 0.013) and
multivariate significance in the HER2pos subcohort (test for
interaction P ¼ 0.0074).

Conclusions: High genetic heterogeneity was observed
in different breast cancer subtypes. Our study shows that
FFPE-based NGS can be used to identify markers of therapy
resistance in clinical study cohorts.PIK3CAmutations couldbe
a major mediator of therapy resistance in breast cancer.

Introduction
The mutational landscape of breast cancer has been described

in several large-scale international sequencing approaches (1–3).
Overexpression and amplification of HER2/ERBB2 has been
successfully implemented to define a subgroup of breast
cancer with specific targeted therapy. Additional copy-number

alterations (CNAs) or point mutations have not yet been inte-
grated into clinical practice in breast cancer.

Although the identification of genomic alterations in breast
cancer has been largely completed, the most relevant research
questions are now related to the clinical utility of these alterations
asmarkers of prognosis and as indicators of therapy response and
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resistance in different breast cancer subtypes. In particular,
studies investigating the mutational landscape in large clinical
trial cohorts with well-defined therapy response are rare. Due
to considerable advances in implementation of new technologies,
it is now feasible to perform targeted next-generation sequencing
(NGS) for analysis of mutations using formalin-fixed paraffin-
embedded (FFPE) core biopsy samples from clinical studies (4).
In addition, targeted NGS allows new exploratory approaches
to analyze CNAs, allowing a more comprehensive view on
genomic alterations (5–7). We and others have recently dem-
onstrated that PIK3CA mutations predict lower pathologic
complete response (pCR) to dual blockade with trastuzumab
and lapatinib as well as trastuzumab plus afatinib in HER2pos
primary breast cancer (8–13).

Here, we studied a large cohort of 851 pretherapeutic FFPE core
biopsies from the neoadjuvant GeparSepto trial (14) by targeted
NGS. We investigated a panel of 21 genes in total including 16
genes selected for mutational analysis (AKT1, BRAF, CDH1,
EGFR, ERBB2, ESR1, FBXW7, FGFR2, HRAS, KRAS, NRAS, SF3B1,
TP53, HNF1A, PIK3CA, and PTEN) and 8 genes selected for CNA
analysis (CCND1, ERBB2, FGFR1, PAK1, PIK3CA, TOP2A, TP53,
and ZNF703). PIK3CA, TP53, and ERBB2 were analyzed for both
mutations and CNAs. We investigated the prevalence of the
alterations in different breast cancer subgroups as well as the role
for response to neoadjuvant chemotherapy (NACT).

Materials and Methods
Patients and treatment

The GeparSepto study (NCT01583426; ref. 13) enrolled wom-
en with previously untreated, primary invasive breast cancer after
written-informed consent for study participation and biomaterial
collection. The relevant authorities and ethics committees
approved the studies. The REMARK criteria were followed (15).

Patients were randomized to either weekly nab-paclitaxel
(nab-P; Celgene) or solvent-based paclitaxel (P) for 12 weeks

followed by 4 cycles of conventionally dosed epirubicin/cyclo-
phosphamide (EC). Patients withHER2pos breast cancer received
trastuzumab and pertuzumab every 3weeks simultaneously to all
chemotherapy cycles. Postsurgery trastuzumab continued for a
total duration of 1 year. The patient inclusion criteria and treat-
ment information are presented in the Supplementary Data.
Pretherapeutic FFPE core biopsies were prospectively collected
in the GBG tumor biobank. HER2 status [positive if immuno-
histochemistry (IHC) 3þ or in situ hybridization (ISH) ratio >2.0]
and hormone receptor status (ER/PR positive if >1% stained cells)
were centrally assessed for all patients prior to randomization.

The biomarker investigations in the GeparSepto trial were
performed after approval by the ethics committee of the Charit�e
Hospital (EA1-139-05 Am. 2013; 2015) and conducted in accor-
dance with the International Ethical Guidelines for Biomedical
Research involving Human Subjects (CIOMS). Written-informed
consent for study participation and biomaterial collection was
obtained from all patients.

Strategy for NGS panel development, DNA isolation, and
semiconductor sequencing

A hotspot panel was designed to cover the most frequent
mutated hotspots in breast cancer with a special focus on the
PI3K pathway (see Supplementary Data for details). The breast
cancer hotspot (IAD68218_166) panel included the following 17
genes for mutational analysis: PIK3CA (7 amplicons), TP53
(6 amplicons), ERBB2 (3 amplicons), CDH1 (2 amplicons),
FBXW7 (2 amplicons), PTEN (2 amplicons) as well as AKT1,
BRAF, EGFR, ESR1, FGFR2, HNF1A, HRAS, KRAS, NRAS, SF3B1,
and ATM (1 amplicon each). During bioinformatical analysis,
we found that the variations in ATM were SNPs; therefore, ATM
was excluded from post hoc analysis. For CNAs, we included
putative driver genesCCND1 (3 amplicons), PAK1 (3 amplicons),
ZNF703 (3 amplicons), PIK3CA (7 amplicons), TP53 (6 ampli-
cons), ERBB2 (3 amplicons), FGFR1 (3 amplicons; refs. 2, 16),
and TOP2A (3 amplicons). We did not include deletions, which
are more difficult to detect due to the lower absolute change of
copy numbers, especially in the background of normal DNA.
DNA was extracted from three 5-mm FFPE sections (at least 20%
tumor) using VERSANT kPCR Sample Prep (Siemens) following
the manufacturer's DNAext protocol. Following library prepara-
tion, samples were either 16-fold multiplexed and sequenced
using the Ion 318 chip v2 on an Ion Torrent Personal Genome
Machine or 96-fold multiplexed and sequenced using an Ion 540
chip on an Ion S5XLwith an adapted standard protocol using 330
flows (ref. 17; see Supplementary Data for details).

NGS data processing
Base calling, alignment to the human genome (hg19), raw data

processing, and variant calling were executed with Torrent Suite
Software 4.0.3. using the recent Ion Torrent standard protocol
(somatic variant calling: low stringency). VCF and BAM files were
obtained from the Ion Torrent server. VCFfileswere imported into
Ion Reporter and annotated using the workflow "Annotate var-
iants single sample, version 4.4."

The mean coverage of each amplicon in each sample was
obtained from the BAM files. Samples having a minimum cov-
erage of 500 at the 2 most important mutation hotspots in
PIK3CA (p.542/p.545 and p.1047) were included in the study.
Only nonsynonymous COSMIC mutations with allele frequen-
cies�10%were taken into consideration. CNAs were called using

Translational Relevance

Translational studies investigating the mutational land-
scape of breast cancer in large clinical trial cohorts with
well-defined therapy response are rare. We reported the results
of a next-generation sequencing (NGS) analysis conducted
in the neoadjuvant GeparSepto trial. A total of 851 prether-
apeutic formalin-fixed paraffin-embedded (FFPE) samples
were sequenced using a breast cancer–specific hotspot panel
of 24 genes, performing a stratified analysis for luminal,
HER2pos, and triple-negative tumors. Point mutations and
amplifications with high heterogeneity between molecular
subtypes were identified. PIK3CA-mutated tumors showed a
significantly reduced pathologic complete response rate com-
paredwithwild-type tumors (23.0%vs. 38.8%, P<0.0001), in
particular in the HER2pos subcohort [multivariate OR¼ 0.43
(95% CI, 0.24–0.79), P ¼ 0.006]. This study is, to our knowl-
edge, the first comprehensive FFPE-based NGS analysis of
different breast cancer subtypes and provided evidence for
using NGS to dissect molecular heterogeneity in clinical trial
samples.Our results pointed toPIK3CAmutations as a therapy
resistance parameter in the HER2pos breast cancer.
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the Ioncopymethod based on amplicon coverage data, which has
been published and validated before (6, 18).

Statistical analysis
The project is based on the predefined statistical analysis plan

with 2 parts: in part 1, the primary hypothesis is that PIK3CA
mutations predict non-pCR, whereas part 2 is an exploratory
analysis of the different mutation in the whole cohort and the
different molecular subsets (for details see Supplementary Meth-
ods). The prevalence of all mutations/CNAs was determined in
the complete GeparSepto cohort as well as in 3 subcohorts of
TNBC, HER2pos, and lum/HER2neg breast cancer. Only those
genetic alterations with a prevalence of at least 10% in at least 1
of the 4 cohorts were included in the complete analysis. Associa-
tions between the gene status, clinicopathologic characteristics,
and pCR rate were investigated with the Fisher exact and x2 tests
for categorical variables. Univariate analyses using binary logistic
regression models were performed: ORs with 95% confidence
intervals (CIs) and 2-sided Wald P values are presented. In
addition, multivariate logistic regression models were conducted
to adjust for known predictive factors: age (continuous), tumor
stage (T1–2 vs. T3–4), nodal stage (N0 vs. Nþ), histologic type
(ductal vs. lobular vs. other), grading (G1–2 vs. G3), Ki67 (con-
tinuous), hormone receptor status (negative vs. positive), HER2
status (negative vs. positive), tumor-infiltrating lymphocytes
(TILs, continuous), and treatment (nab-P vs. P). Interaction tests
were reported as Wald P values from logistic regression models:
standard interaction tests were based on regression models with
independent variables PIK3CA status and treatment and their
interaction; adjusted models for multivariate interactions tests
contained the predictive factors for adjustment enlisted above. All
P values are 2-sided, with a P value � 5% considered to be
statistically significant. No correction for multiple testing was
applied. Statistical analysis was performed using SPSS version
24 (IBM Corp.).

Results
Baseline factors

From the 1,085 samples available in the biobank, successful
NGS analysis was possible for 851 (78.4%) patients. Among
these, 295 had HER2pos breast cancer, 159 TNBC, and 397
luminal/HER2neg (lum/HER2neg) breast cancer (Fig. 1; Supple-
mentary Table S1). The set of successfully sequenced patients did
not significantly differ from the GeparSepto patients not
sequenced with respect to parameters age, tumor size, nodal
status, grading, histologic type, and treatment arm; however, the
rate of TNBC was lower in the sequenced patients.

Frequency of mutations and heterogeneity in breast cancer
subtypes

The most commonly mutated genes in the GeparSepto cohort
of 851 patients were TP53 (327, 38.4%) and PIK3CA (183,
21.5%). Each of the other mutations (AKT1, BRAF, CDH1, EGFR,
ERBB2, ESR1, FBXW7, FGFR2, HRAS, KRAS, NRAS, SF3B1,
HNF1A, and PTEN) had a prevalence of less than 2% in this
cohort. The most common CNAs were amplifications of TOP2A
(34.9%), ERBB2 (30.6%), ZNF703 (30.1%), PIK3CA (24.1%),
TP53 (21.9%), CCND1 (17.7%), PAK1 (14.9%), and FGFR1
(12.6%; Figs. 2 and 3; Supplementary Table S2).

A considerable heterogeneity of mutations and CNAs was
observed in the different molecular subtypes (Fig. 2B; Supple-
mentary Table S2). TP53mutations weremore common in TNBC
(57.9%), whereas PIK3CAmutations were more frequent in lum/
HER2neg (27.5%) and HER2pos tumors (21.4%). Amplification
of ERBB2was observed in 84.7% of HER2pos tumors, but only in
1.5% of lum/HER2neg breast cancer and 2.5% of TNBCs
(P < 0.0001). An amplification of TOP2A was observed in
69.2% of TNBC, in 46.8% of HER2pos tumors, but only in
12.3% of lum/HER2neg breast cancers (P < 0.0001). In summary,
a high genetic diversity of mutations and CNAs was observed in
the 3 different breast cancer subtypes.

Comparisonof prevalence ofmutationswithMETABRIC cohort
Prevalence ofmost mutations and amplifications in the overall

GeparSepto cohort as well as in the molecular subtypes was
similar to those published for the METABRIC cohort (2)
(Fig. 3B; Supplementary Fig. S1; Supplementary Methods), with
a few exceptions: we observed a higher prevalence of TP53
amplifications in all GeparSepto subcohorts (GeparSepto: lum/
HER2neg: 28.2%, TNBC: 35.2%, HER2pos: 6.1% vs. METABRIC:
lum/HER2neg: 0.9%, TNBC: 0.6%, HER2pos: 0.8%) suggesting
a higher sensitivity of the ion copy method compared with
the METABRIC approach. Moreover, ERBB2 amplification rate
was similarly high for HER2pos tumors (GeparSepto: 84.7%,
METABRIC: 98.8%), but considerably lower for TNBC
(GeparSepto: 2.5%, METABRIC: 10.6%) and lum/HER2neg
(GeparSepto: 1.5%, METABRIC: 11.4%). Also, we determined a
much higher TOP2A amplification rate in the TNBC subtype
compared with the METABRIC subcohort (GeparSepto: 69.2%,
METABRIC: 1.6%). For lum/HER2neg and HER2pos tumors, the
TOP2A amplification rates were similar in GeparSepto and
METABRIC, suggesting a TNBC-specific difference rather than a
general difference in the sensitivity of the method.

Correlation ofmutations and CNAswith NACT response (pCR)
In the complete cohort, several genomic alterations were sig-

nificantly linked to differences in chemotherapy response in
univariate analysis (Fig. 4A). The 2 most important mutations
(TP53 and PIK3CA) as well as 7 of 8 CNAs (ERBB2, TP53, PAK1,
CCND1, TOP2A, FGFR1, and ZNF703) were significantly associ-
ated with variations in pCR rate. The response to NACT remained
statistically significant only for 3 of the genomic alterations
(PIK3CA mutation, ERBB2 amplification, and PAK1 amplifica-
tion) inmultivariate analysis (Fig. 4B). Patients with tumors with
an ERBB2 amplification had a significantly increased pCR rate of
63.8%, compared with 22.8% for patients without an ERBB2
amplification (P < 0.0001). For PIK3CA mutations, a significant
lower pCR rate was observed (23.0% compared with 38.8% for
tumors with wild-type PIK3CA, P < 0.0001, Fig. 4C).

In the HER2pos subgroup, those patients whose tumors also
showed an ERBB2 amplification had a higher pCR rate
than patients without an ERBB2 amplification (univariate:
P ¼ 0.008, multivariate: P ¼ 0.02, Supplementary Fig. S1). In
addition, HER2pos tumors with PIK3CA mutations (univariate:
P ¼ 0.007, multivariate: P ¼ 0.006) had significantly lower pCR
rates (Supplementary Fig. S2). In TNBC, tumors with a TOP2A
amplification had a significantly decreased pCR rate compared
with tumors without a TOP2A amplification (univariate:
P ¼ 0.012, multivariate: P ¼ 0.036; Supplementary Fig. S3). In
lum/HER2neg tumors, PIK3CA mutations were significantly
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associated with reduced pCR in univariate (P¼ 0.006), but not in
multivariate analysis (Supplementary Fig. S4).

To validate the analysis ofHER2 amplification byNGS,wehave
compared the CNA data derived fromNGS panel with the clinical
gold standard, a combination of central IHC and ISH. For each of
the 3 amplicons in the HER2 gene, ROC curves showed a very
good agreement with clinical HER2 status (Supplementary Fig.
S5A–S5C). We observed a very strong correlation between the
copy number estimated fromdifferent amplicons in a gene ERBB2
and CCND1 (Supplementary Fig. S5D–S5I). In Supplementary
Table S3, we have analyzed the correlation between the different
amplicons of each gene for all genes included in the CNA analysis.
For most amplicons, we observed very strong correlations of the

different amplicons, but there were some genes, in particular
TOP2A and ZNF703, where 1 of the amplicons showed a poor
correlation with the other amplicons. Because this comparison
was a post hoc analysis, we did not remove the poor performing
amplicons from the further analyses.

Correlation of genomic alterations with response to
nab-paclitaxel

The primary aim of the GeparSepto trial was the comparison of
pCR rates in patients treated either with nab-P or P containing
NACT. In the completeNGScohortof851patients, nab-P increased
the pCR rate from 31.6% to 38.9% (P ¼ 0.031, Fig. 5B), and this
effect was particularly strong in the TNBC subgroup (pCR rate

Figure 1.

Overview on consort statement,
available samples, and selection of
genes for the NGS as well as
bioinformatical evaluation strategy.
METABRIC cohort was used for
additional validations.
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with nab-P 49.4% vs. 27.5% with P, P ¼ 0.006). These results
correspond to the main results of GeparSepto; therefore,
the subcohort investigated by NGS is representative for the
complete GeparSepto cohort (13).

We evaluated the role of different mutations and CNAs for
prediction of response to neoadjuvant nab-P. As shown in Fig. 5A
and B, the better response rate to nab-P was restricted to the
PIK3CAwt tumors, and it was not observed in most subgroups of
PIK3CA-mutant tumors, with the exception of a nonsignificant
trend in the few (n ¼ 11) TNBCs with PIK3CA mutations. The
interaction effect between PIK3CA status and nab-P response was
significant only in the HER2pos PIK3CAwt subgroup [PIK3CA
mut: univariate OR ¼ 0.49 (95% CI, 0.18–1.34); PIK3CAwt:
univariate OR ¼ 1.64 (95% CI, 0.95–2.83), test for interaction
P¼ 0.0394, adjustedmultivariate test for interaction P¼ 0.0074].

The comparison of nab-P versus P for the other mutational
alterations is shown in Supplementary Figs. S6 and S7.

To further analyze the different tumor biology linked to muta-
tions and CNAs, we compared Ki67 expression (as an indicator of
tumor proliferation) and TILs (as an indicator of tumor immu-
nogenicity) in subsets of tumors with detected alterations. TIL
levels and Ki67 proliferation rates differed significantly within
breast cancer subgroups defined by mutations or CNAs (Supple-
mentary Fig. S8 and Supplementary Tables S4 and S5). Reduced
lymphocyte infiltration was significantly correlated with PIK3CA
mutations (all, lum/HER2neg) and amplification of PAK1 (all,
TNBC), CCND1 (all, lum/HER2neg, HER2pos), and ZNF703
(all), whereas TP53 mutations were linked with an increase of
TILs. Increased Ki67 expression was significantly correlated with
TP53mutations in the total cohort and in lum/HER2neg tumors,

Figure 2.

Molecular diversity of genomic
alterations in different subtypes of
breast cancer. A, Prevalence of
mutations and CNAs in the
complete cohort. B, Comparison of
the 3 different molecular subtypes
[HER2-positive (HER2pos), triple-
negative (TNBC), and luminal/
HER2-negative (lum/HER2neg)
breast cancer]. P values: x2 test; the
genes HRAS, FBXW7, ESR1, and
HNF1A are not shown, as they had
no detectable mutations.
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whereas PIK3CA mutations (all, lum/HER2neg, TNBC) were
linked with a reduced number of proliferative cells.

Discussion
In this study, a total of 851 FFPE core biopsies from patients

treated within the GeparSepto trial were evaluated by targeted
NGS, and the analysis could be conducted in 78.4% of samples
from the study population.We interrogated hotspot regions of 16
genes and found as expected TP53 and PIK3CA to be the most
commonly mutated genes overall, with differences between the
subtypes. CNAs had a much higher prevalence than mutations,
which is consistent with the model of breast cancer as a C-type
tumor (19) mainly driven by CNAs (2).

To our knowledge, this study is the first comprehensive NGS-
based DNA sequencing analysis of a breast cancer neoadjuvant
clinical trial cohort including different molecular subtypes using
FFPE. In previous studies focusing on HER2pos breast cancer,
whole-exome sequencing has been used in 203 frozen tissue

samples from the NeoALTTO trial (20), and RNA-Seq has been
used inNeoALTTO (n¼ 254; ref. 21) andCALGB40601 (n¼ 265;
ref. 22). The available large sequencing projects such as TCGA (3)
and METABRIC (2) have provided extensive data for identifica-
tion of alterations and classification of mutations, but typically
the clinical information is restricted and the therapies have not
been standardized.

In the NGS analysis of the GeparSepto study, we were able to
investigate the role of mutations and CNAs for response predic-
tion to NACT. A considerable heterogeneity of mutations and
CNAs in the different molecular subtypes was observed in our
study. Many alterations were linked to differences in chemother-
apy response in univariate analysis of the complete cohort,
whereas the multivariate analysis for the molecular subtypes
revealed only a few significant alterations: PIK3CA mutations in
HER2pos and univariate in HRpos/HER2neg breast cancer,
ERBB2 amplification in HER2pos breast cancer, and TOP2A
amplifications in TNBC. This suggests that the high number of
genetic alterations which were significantly linked to NACT

Figure 3.

Overview on distribution of genetic
aberrations in the GeparSepto
cohort (A), all alterations with at
least 1% prevalence in the
GeparSepto cohort are shown
[mutations (blue), amplifications
(orange), HER2 and HR status by
IHC (gray)]. B, Comparison of
prevalence of mutations between
the GeparSepto study cohort
(n¼ 851) and the METABRIC cohort
(n¼ 1980). The different tumor
subtypes are shown by the form of
the symbol, and the different
genomic alterations are shown in
different colors. Those alterations
with differences in the prevalence
are marked with dotted
encirclements.
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response in the complete cohort mainly reflects the molecular
differences between tumor subtypes.

We found that in the subgroup of clinically HER2pos tumors,
an amplification of ERBB2 measured by sequencing-based copy-
number analysis was still a significant predictor of pCR in the
subset of HER2pos tumors, which suggests that NGS-based anal-
ysis might provide information on responsive tumors beyond the
current state-of-the-art combination of IHC and ISH.

The patients with HER2pos tumors in GeparSepto have
received trastuzumab and pertuzumab, and our results showed
that PIK3CA mutations were linked to significantly reduced
therapy response for this type of dual HER2 blockade. In the

NeoSphere study basedon417patients, therewas a trendof lower
pCR rates in tumors with a PIK3CA mutation, but a significance
was not reached (P ¼ 0.1; ref. 23). The TRYPHAENA study,
investigating several chemotherapy regimen with trastuzumab
and pertuzumab, also demonstrated a numerically lower pCR
rate in the groupwith PIK3CAmutations comparedwith thewild-
type PIK3CA status, but the power was too low to show a
significant effect (48.7% vs. 64.3%; P ¼ 0.172; refs. 24, 25). In
our analysis, a significant interaction of mutant PIK3CA with the
more potent chemotherapy regimen nab-P followed by EC could
be demonstrated for HER2pos patients. Although we do not have
mechanistic data that explain our statistical results on PIK3CA

Figure 4.

Genomic alterations and response
to neoadjuvant chemotherapy.
A, Forest plot showing the OR for
pCR for different mutations and
CNAs based on univariate logistic
regression analysis. B, Forest plot
for multivariate logistic regression
analysis. C, pCR rates of tumor
subsets with or without genomic
alterations (P values: 2-sided Fisher
test). All analyses refer to the
complete GeparSepto NGS cohort
of 851 tumors (univariate analysis)
or 827 tumors with complete data
for multivariate analysis,
respectively.
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mutations and response toward nab-P, several recent studies
reported on mutant PIK3CA conferring resistance toward chemo-
therapy regimens viamodulating andbinding to tubulin isoforms
that play a major role in mitosis (26–28). Taken together, these
results confirm previous reports of PIK3CA mutations as a resis-
tance factor with different types of anti-HER2 treatment, suggest-
ing a dysregulation of PIK3CA signaling as a therapy resistance
mechanism (8, 9).

In addition, in multivariate analysis PIK3CA mutations
were linked to a significant reduced response in the complete
GeparSepto-NGS cohort, which points to PIK3CA as a major
mechanism of neoadjuvant therapy resistance in breast cancer.
The question if this resistance can be modulated by PIK3CA
inhibitors is investigated in several clinical trials in HER2neg,
hormone receptor–positive breast cancer, such as SOLAR-1
(NCT02437318) and SANDPIPER (NCT02340221), using
novel PI3-Kinase inhibitors.

For therapeutic strategies involving AKT inhibitors, currently
tested in TNBC, it might be promising to combine PIK3CA
mutations with other alterations, such as AKT and PTEN, the
combination of these 3 genes has been linked to response to AKT

inhibitors in the Lotus and Manta studies (29, 30), and a similar
approachwas investigated in the neoadjuvant Fairlane study (31).
The rate of PIK3/AKT pathway alterations ranged from 23% to
43%, which was higher than the 8% in our study, which did not
include PTEN loss.

It is the first study investigating clinical trial FFPE breast cancer
core needle biopsies by targeted NGS. The results underpin that
this approach is feasible not only for the detection of mutations
but also for CNAs. The samples are from a well-defined prospec-
tively conducted clinical trial. NGS allows interrogation of not
only 1 but multiple genes of interest, and provides higher sensi-
tivity than conventional molecular approaches.

Nevertheless, there are some limitations: we have not been able
to evaluate all genes that are relevant in breast cancer, and genes
described in newer and more comprehensive sequencing studies
have not been included (i.e., tBRCA) (4, 24, 32). It should be
noted that some amplifications, in particular the high prevalence
of TP53 amplifications in all cancer types and the high prevalence
of TOP2A amplifications in TNBC, have not been described
in previous studies and might be related to the specific method
used. For these alterations, additional validations are needed.

Figure 5.

PIK3CAmutations and response to
nab-paclitaxel (NAB-P) vs.
paclitaxel (Pac) in different
subtypes of tumors. A, Forest plot
showing the OR for NAB-P vs. Pac
in all tumors, PIK3CA-mutated
tumor, and PIK3CAwild-type
tumors, with subanalysis for the
3molecular tumor subtypes. pCR
for different mutations and CNAs
based on a univariate logistic
regression analysis. B, pCR rates for
NAB-P vs. Pac in different tumor
subgroups (P value: 2-sided Fisher
test). �numbers of cases for TNBC
with PIK3CAmutations are very
low.
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Important tumor-suppressor genes such as GATA3 and BRCA
could not be included due to the size restrictions of the NGS
panel. It is important to emphasize that the CNA approach is still
more exploratory compared with the standardized mutational
analysis. We have been able to validate this approach for HER2
amplification, but additional validations would be needed for
additional CAN markers before this would be introduced into
clinical practice. Therefore, although the CNA approach is inno-
vative compared with other methods and opens a flexible CNA
analysis from different NGS panels, additional validation is
needed to achieve a diagnostic standard that is similar to the
HER2 assessment. This would be in particular important for
markers such as TOP2A and ZNF703, where our analysis shows
that 1 of the amplicons has a poor correlation with the other
amplicons.

In summary, targeted NGS on FFPE core biopsies reliably
identified point mutations and amplifications with a high het-
erogeneity between themolecular subtypes. We confirm previous
reports of PIK3CAmutations as a therapy resistance parameter in
HER2pos breast cancer, and our results point to a role for PIK3CA
mutations in response to nab-P versus P, which should be
validated in additional trials.
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eFigure 1: Comparison of prevalence of mutations between the GeparSepto study cohort
(n=851) and the METABRIC cohort (n=1980). The different tumor subtypes are shown by
the form of the symbol, the different genomic alterations are shown in different colors.
Those alterations with differences in the prevalence are marked with dotted
encirclements. This supplemental figure is identical to figure 3B, but shows the
percentages on a linear scale.
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PIK3CA mut 0.46 0.26 0.81 0.007 63 295
TP53 mut 1.11 0.69 1.80 ns 119 295


PIK3CA amp 0.74 0.44 1.23 ns 84 295
TP53 amp 1.61 0.56 4.65 ns 18 295


ERBB2 amp 2.38 1.25 4.54 0.008 250 295
TOP2A amp 0.75 0.46 1.20 ns 138 295
ZNF703 amp 0.92 0.53 1.57 ns 74 295
FGFR1 amp 1.13 0.44 2.92 ns 20 295
CCND1 amp 1.4 0.59 3.33 ns 26 295
PAK1 amp 0.49 0.24 0.99 0.048 36 295


PIK3CA mut 0.43 0.24 0.79 0.006 61 284
TP53 mut 1.03 0.61 1.74 ns 116 284


PIK3CA amp 0.7 0.41 1.2 ns 83 284
TP53 amp 2.07 0.63 6.81 ns 16 284


ERBB2 amp 2.29 1.16 4.53 0.02 242 284
TOP2A amp 0.71 0.43 1.18 ns 133 284
ZNF703 amp 1.16 0.65 2.08 ns 70 284
FGFR1 amp 1.11 0.41 2.95 ns 20 284
CCND1 amp 1.52 0.61 3.79 ns 25 284
PAK1 amp 0.48 0.23 1.01 ns 34 284
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eFigure 2: Genomic alterations and response to neoadjuvant chemotherapy, subanalysis for the
HER-2 positive subcohort of 295 tumors (univariate analysis) or 284 tumors with complete data for
multivariate analysis. A: Forest plot showing the odds ratio for pCR for different mutations and
CNAs based on a univariate logistic regression analysis. B: Forest plot for multivariate logistic
regression analysis. C: pCR rates of tumor subsets with or without genomic alterations (p-values: 2-
sided Fisher test).
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PIK3CA mut 1.37 0.40 4.70 ns 11 159
TP53 mut 0.97 0.51 1.85 ns 92 159


PIK3CA amp 1.28 0.65 2.52 ns 52 159
TP53 amp 0.66 0.33 1.31 ns 56 159


ERBB2 amp 1.63 0.22 11.86 ns 4 159
TOP2A amp 0.41 0.21 0.82 0.012 110 159
ZNF703 amp 0.45 0.18 1.12 ns 29 159
FGFR1 amp 0.49 0.17 1.44 ns 20 159
CCND1 amp 0.82 0.34 1.99 ns 26 159
PAK1 amp 0.71 0.23 2.14 ns 16 159


PIK3CA mut 3.52 0.79 15.57 ns 11 156
TP53 mut 0.68 0.31 1.47 ns 91 156


PIK3CA amp 1.43 0.65 3.13 ns 51 156
TP53 amp 0.62 0.28 1.36 ns 56 156


ERBB2 amp 0.46 0.05 4.37 ns 4 156
TOP2A amp 0.42 0.19 0.95 0.036 109 156
ZNF703 amp 0.3 0.10 0.92 0.035 28 156
FGFR1 amp 0.36 0.10 1.23 ns 20 156
CCND1 amp 0.56 0.19 1.62 ns 26 156
PAK1 amp 1.24 0.32 4.81 ns 15 156
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eFigure 3: Genomic alterations and response to neoadjuvant chemotherapy, subanalysis for the
TNBC subcohort of 159 tumors (univariate analysis) or 156 tumors with complete data for
multivariate analysis. A: Forest plot showing the odds ratio for pCR for different mutations and
CNAs based on a univariate logistic regression analysis. B: Forest plot for multivariate logistic
regression analysis. C: pCR rates of tumor subsets with or without genomic alterations (p-values: 2-
sided Fisher test).
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PIK3CA mut 0.33 0.15 0.76 0.009 109 397


p53 mut 1.55 0.86 2.8 ns 116 397
PIK3CA amp 1.36 0.68 2.73 ns 69 397


p53 amp 0.74 0.38 1.43 ns 112 397
ERBB2 amp ns 6 397
TOP2A amp 0.83 0.34 2.06 ns 49 397
ZNF703 amp 0.95 0.53 1.7 ns 153 397
FGFR1 amp 0.67 0.29 1.55 ns 67 397
CCND1 amp 0.53 0.25 1.13 ns 99 397
PAK1 amp 0.47 0.19 1.15 ns 75 397


PIK3CA mut 0.68 0.27 1.70 ns 105 387
p53 mut 0.89 0.43 1.82 ns 114 387


PIK3CA amp 1.06 0.47 2.39 ns 68 387
p53 amp 0.64 0.29 1.39 ns 109 387


ERBB2 amp ns 6 387
TOP2A amp 1.1 0.4 3.02 ns 48 387
ZNF703 amp 1.27 0.66 2.46 ns 150 387
FGFR1 amp 0.81 0.32 2.06 ns 64 387
CCND1 amp 0.89 0.39 2.03 ns 94 387
PAK1 amp 0.47 0.17 1.31 ns 70 387
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eFigure 4: Genomic alterations and response to neoadjuvant chemotherapy, subanalysis for the
luminal/HER-2 negative subcohort of 397 tumors (univariate analysis) or 387 tumors with
complete data for multivariate analysis. A: Forest plot showing the odds ratio for pCR for different
mutations and CNAs based on a univariate logistic regression analysis. B: Forest plot for
multivaraite logistic regression analysis. C: pCR rates of tumor subsets with or without genomic
alterations (p-values: 2-sided Fisher test).
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eFigure 5: Validation of the methods for CNA detection by comparison with clinical gold 
standard as well as comparison of different exons.
A, B, C: HER2 classification using the normalized coverages of three amplicons in the HER2 
genes (in exon 19, 20 and 21) with the clinical HER2 status as gold standard .
Very strong correlation between the copy number estimated from different amplicons in a gene, 
here exemplified for ERBB2 (exon19, 20, 21; D,E,F) and CCND1 (exon 1, 3, 4; G, H,I) 
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all tumor)


pCR OR (95% CI) p-value n (pCR) n (total)
all tumors 1.38 1.04 1.82 0.027 301 851
PIK3CA mut 0.81 0.41 1.63 ns 42 183
PIK3CA WT 1.52 1.11 2.08 0.009 259 668
p53 Mut 1.25 0.80 1.95 ns 132 327
p53 WT 1.47 1.01 2.12 0.042 169 524
PIK3CA amp 2.21 1.25 3.9 0.007 82 205
PIK3CA no amp 1.18 0.85 1.64 ns 219 646
p53 amp 2.05 1.03 4.09 0.042 44 186
p53 no amp 1.24 0.91 1.70 ns 257 665
ERBB2 amp 1.25 0.75 2.08 ns 166 260
ERBB2 no amp 1.67 1.13 2.47 0.011 135 591
TOP2A amp 2.15 1.34 3.46 0.002 122 297
TOP2A no amp 1.05 0.74 1.5 ns 179 554
ZNF703 amp 1.53 0.88 2.64 ns 73 256
ZNF703 no amp 1.32 0.94 1.83 ns 228 595
FGFR1 amp 2.85 1.11 7.36 0.030 25 107
FGFR1 no amp 1.27 0.94 1.71 ns 276 744
CCND1 amp 3.76 1.66 8.53 0.002 36 151
CCND1 no amp 1.16 0.86 1.58 ns 265 700
PAK1 amp 1.33 0.57 3.08 ns 28 127
PAK 1 no amp 1.37 1.01 1.85 0.043 273 724


TNBC (n=159)


pCR OR (95% CI) p-value n (pCR) n (total)
all TNBC tumors 2.57 1.33 4.97 0.005 61 159
PIK3CA mut 8.00 0.5 127.9 ns 5 11
PIK3CA WT 2.37 1.2 4.68 0.013 56 148
p53 Mut 3.38 1.4 8.16 0.007 35 92
p53 WT 1.80 0.65 4.96 ns 26 67
PIK3CA ampl 2.00 0.65 6.17 ns 22 52
PIK3CA no ampl 2.88 1.27 6.53 0.011 39 107
p53 ampl 3.43 1.05 11.17 0.041 18 56
p53 no ampl 2.21 0.99 4.92 0.053 43 103
ERBB2 ampl 1.00 0.02 50.40 ns 2 4
ERBB2 no ampl 2.64 1.35 5.17 0.004 59 155
TOP2A ampl 2.72 1.18 6.27 0.019 35 110
TOP2A no ampl 2.49 0.79 7.87 ns 26 49
ZNF703 ampl 1.31 0.23 7.41 ns 7 29
ZNF703 no ampl 2.75 1.33 5.69 0.006 54 130
FGFR1 amp 2.25 0.29 17.76 ns 5 20
FGFR1 no amp 2.59 1.29 5.22 0.008 56 139
CCND1 amp 2.86 0.53 15.47 ns 9 26
CCND1 no amp 2.53 1.23 5.18 0.011 52 133
PAK1 amp 1.25 0.146 10.7 ns 5 16
PAK 1 no amp 2.81 1.40 5.63 0.004 56 143


eFigure 6: Comparison of response to NAB-paclitaxel vs. pacitaxel for subgroups with different
mutations or CNAs in different subtypes of tumors. A: Complete GeparSepto-NGS cohort (n=851).
B: Subcohort of TNBC (n=159).
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pCR OR           (95% CI) p-value n (pCR) n (total)
all lum/HER2-neg tumors 1.38 0.78 2.44 ns 56 397
PIK3CA mut 0.78 0.17 3.66 ns 7 109
PIK3CA WT 1.46 0.78 2.74 ns 49 288
p53 Mut 1.01 0.39 2.63 ns 21 116
p53 WT 1.58 0.77 3.24 ns 35 281
PIK3CA ampl 3.43 0.92 12.78 ns 12 69
PIK3CA no ampl 1.13 0.59 2.14 ns 44 328
p53 ampl 2.70 0.78 9.35 ns 13 112
p53 no ampl 1.11 0.58 2.13 ns 43 285
ERBB2 ampl 0 6
ERBB2 no ampl 1.36 0.77 2.41 ns 56 391
TOP2A ampl 1.15 0.21 6.35 ns 6 49
TOP2A no ampl 1.40 0.76 2.58 ns 50 348
ZNF703 ampl 1.73 0.67 4.44 ns 21 153
ZNF703 no ampl 1.20 0.58 2.47 ns 35 244
FGFR1 amp 7.33 0.83 64.69 ns 7 67
FGFR1 no amp 1.12 0.61 2.06 ns 49 330
CCND1 amp 4.38 0.86 22.23 ns 9 99
CCND1 no amp 1.08 0.58 2.02 ns 47 298
PAK1 amp 0.22 0.024 1.97 ns 6 75
PAK 1 no amp 1.65 0.88 3.08 ns 50 322


HER2pos 
(n=295)
pCR OR (95% CI) p-value n (pCR) n (total)


all HER2 pos tumors 1.25 0.78 2.00 ns 184 295
PIK3CA mut 0.49 0.18 1.34 ns 30 63
PIK3CA WT 1.64 0.95 2.83 ns 154 232
p53 Mut 0.83 0.39 1.77 ns 76 119
p53 WT 1.62 0.88 2.99 ns 108 176
PIK3CA ampl 1.75 0.73 4.19 ns 48 84
PIK3CA no ampl 1.09 0.62 1.91 ns 136 211
p53 ampl 0.57 0.07 4.64 ns 13 18
p53 no ampl 1.30 0.80 2.12 ns 171 277
ERBB2 ampl 1.21 0.72 2.04 ns 164 250
ERBB2 no ampl 1.62 0.49 5.34 ns 20 45
TOP2A ampl 1.86 0.93 3.70 ns 81 138
TOP2A no ampl 0.94 0.48 1.81 ns 103 157
ZNF703 ampl 1.47 0.57 3.75 ns 45 74
ZNF703 no ampl 1.18 0.69 2.05 ns 139 221
FGFR1 amp 4.00 0.55 29.1 ns 13 20
FGFR1 no amp 1.15 0.71 1.88 ns 171 275
CCND1 amp all NAB-P cases had a pCR 18 26
CCND1 no amp 0.99 0.61 1.62 ns 166 269
PAK1 amp 3.14 0.8 12.28 ns 17 36
PAK 1 no amp 1.09 0.65 1.81 ns 167 259


eFigure 7: Comparison of response to NAB-paclitaxel vs. pacitaxel for subgroups with different
mutations or CNAs in different subtypes of tumors. A: Luminal-HER2-negative tumors (n=379). B:
Her2-positive tumors (n=295).
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eFigure 8: Volcano plot analysis of the dependence of TIL and proliferation levels on tumor 
mutation and amplification status. Differences of TILs (in %, A) and of proliferation (% of Ki67 
positive cells, B) in mutated/amplified tumors vs. wildtype/unamplified tumors (x-axis) and 
corresponding significances (y-axis).  Analyses were performed separately for the complete 
GeparSepto cohort as well as for the three molecular subtypes (TNBC, HER2+ BC, Lum/HER2neg 
BC). Markers with TILs/Ki67 significantly higher in mutated/amplified tumors are located in the 
upper right part of the figure, markers with decreased TILs/Ki67 in mutated/amplified tumors are 
located in the upper left part.
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Supplemental methods 
 
Patient inclusion criteria 
Inclusion criteria were tumour size of either ≥2cm (cT2 - cT4a-d) or of ≥1cm (cT1c) and at least one 
additional risk factor: clinical or pathological (positive sentinel node biopsy in case of cN0 or core 
biopsy in cN+) nodal involvement, hormone-receptor-negative BC, HER2-positive BC, or Ki67 >20%. 
 
Treatment scheme  
Nab-paclitaxel was given i.v. on days 1, 8, 15, for four 3-week cycles initially at a dose of 150 mg/m2 
but was reduced based on a recommendation of the independent data monitoring committee to 125 
mg/m2 due to an excess of grade ≥3 peripheral neuropathy after recruitment of 400 patients. 
Paclitaxel was given as 80 mg/m² i.v. on day 1, 8, 15, q day 22. All patients were scheduled to receive 
epirubicin (E) 90 mg/m² i.v. on day 1 q day 22 and cyclophosphamide (C) 600 mg/m² i.v. on day 1 q 
day 22 for 4 cycles thereafter. Patients with HER2-positive tumors received trastuzumab 8 mg/kg 
loading dose i.v. followed by 6 mg/kg i.v. every 3 weeks and pertuzumab 840 mg loading dose i.v. 
followed by 420 mg i.v. every 3 weeks simultaneously to all chemotherapy cycles. Post-surgery 
trastuzumab continued for a total duration of 1 year. 
 
Immunohistochemistry 
Ki67 immunohistochemistry was performed using the monoclonal mouse antibody (clone MIB-1, 
DAKO, Glostrup, Denmark) according to the manufacturer instroctions. 
 
Strategy for NGS panel development, library preparation 
We included mutation hotspots in known oncogenes and tumor suppressor genes that were 
detected in at least 5 breast carcinomas in the COSMIC (catalogue of somatic mutations in cancer) 
data base (http://cancer.sanger.ac.uk/cosmic, 6.11.2014). Additionally, we included hotspots of the 
genes of PIK3 pathway that were detected in at least three breast carcinomas in COSMIC. In addition, 
genes that had been shown to be amplified in breast cancer were included. Even though one 
amplicon situated in the ATM gene was included in the BC hotspotpanel, later on it was excluded 
from mutational analysis, since the COSMIC mutations p.Asp1853Asn and p.Asp1853Val were 
classified as SNPs (rs1801516, rs1801673). 
Total nucleic acid concentrations were measured with a Qubit fluorometer HS DNA Assay (Life 
Technologies, Carlsbad, CA, USA) and a TaqMan RNase P Detection Reagents Kit (Life Technologies). 
The Ion AmpliSeq Library Kit 2.0 (Life Technologies) and 10ng or 5µl gDNA were subjected to library 
preparation with customer made IAD68218_166 panel and Ion AmpliSeq™ Sample ID Panel (Life 
Technologies) to prevent sample swap. The final library was quantified with the Ion Library 
Quantification Kit (Life Technologies).  
 
Bioinformatical strategy for CNA analysis 
These are the steps of the bioinformatical pipeline (Ioncopy algorithm) to call the CNA:  


1. Sample normalization: Each sample is scaled with the median of its amplicon coverages. 
2. Amplicon normalization: Each amplicon is scaled by its median coverage in the target data 


and the result is multiplied by two (corresponding to two alleles). Usage of median coverages 
(rather than mean coverages) as scaling factors for normalization contributes to the 
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robustness of the CNA calling particularly for smaller sequencing panels. This approach 
ignores coverage outliers (including the ones belonging copy number gains and losses) in the 
calculation of the normalization scaling factors.     


3. Significance assessment for CNAs in each amplicon and each sample: First, a normal 
distribution centered around CN=2 with variance estimated from the median average 
deviation (mad) is fitted to the distribution of CNs for each amplicon. Then, a p-value is 
calculated for each amplicon and each sample assessing the degree of being an outlier to 
normal distribution. 


4. The p-values of all amplicons interrogating a gene are summarized to a single p-value using 
Fisher’s method and CNs are summarized by taking the amplicon average. 


5. Detection p-values are corrected to control either family-wise error rate (FWER) or false 
discovery rate (FDR) using the Benjamini-Hochberg method. 


6. CNAs (gains and losses) are called when passing the significance threshold (corrected p < 
0.05). 


We would like to point out that calling CNA from panel sequencing data is feasible using a small 
number of amplicons (such as three) or even a single amplicon. As an internal validation, we have 
compared the HER2 status by CNA analysis with the clinical gold standard, the combination of IHC 
and SISH). 
As shown in eFigure 5, for each of the three amplicons in the HER2 gene ROC curves good agreement 
with clinical HER2 status (determined by IHC and ISH). As part of the post-hoc analyses, we analysed 
the correlation between the different amplicons of each gene for all genes included in the CNA 
analysis (eTable2). For most amplicons, we observed very strong correlations of the different 
amplicons, but there were some genes, in particular TOP2A and ZNF703, where one of the amplicons 
showed a poor correlation with the other amplicons. Because this comparison was a post-hoc 
analysis, we did not remove the poor performing amplicons from the further analyses. 
 
Statistical analysis plan 
The statistical analysis was based on a predefined statistical analysis plan (V2.2, finalized and signed 
September 1st, 2017). The analysis was divided into two separate parts: In the first part, the main 
approach was to test the hypothesis that PIK3CA mutation predicts non-pCR, defined as not 
achieving ypT0 ypN0 in two subgroups a) In all patients that received anti-HER2 treatment and b) In 
all patients that received NAB-paclitaxel (with positive test for interaction).  
In the second part of the project, the approach was to investigate the amount and type of mutations 
and CNAs detected in the G7 study and link those mutations to different tumor subtypes, tumor 
proliferation (measured as Ki67 protein expression), immunological infiltrate (measured as level of 
TIL infiltrate), chemotherapy response as well as different clinicopathological parameters. (For details 
regarding statistical analysis tests please see supplemental data). 
 
METABRIC cohort analysis 
Mutation and CNA calls of 1980 breast carcinoma of the METABRIC cohort1,2 were obtained from the 
the cBioPortal (www.cbioportal.org/data_sets.jsp). For comparison with the GeparSepto cohort, only 
mutations within the genomic region covered by the breast cancer hotspot panel were taken into 
account. For calling of CNAs, both low-level gains (GISTIC call: 1) and high-level amplifications (GISTIC 
call: 2) were taken into account. 
 
References 
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Legends of Supplemental Figures 
 
eFigure 1: Comparison of prevalence of mutations between the GeparSepto study cohort (n=851) 
and the METABRIC cohort (n=1980). The different tumor subtypes are shown by the form of the 
symbol, the different genomic alterations are shown in different colors. Those alterations with 
differences in the prevalence are marked with dotted encirclements. This supplemental figure is 
identical to figure 3B, but shows the percentages on a linear scale. 
 
eFigure 2: Genomic alterations and response to neoadjuvant chemotherapy, subanalysis for the HER-
2 positive subcohort of 295 tumors (univariate analysis) or 284 tumors with complete data for 
multivariate analysis. A: Forest plot showing the odds ratio for pCR for different mutations and CNAs 
based on a univariate logistic regression analysis. B: Forest plot for multivariate logistic regression 
analysis. C: pCR rates of tumor subsets with or without genomic alterations (p-values: 2-sided Fisher 
test).  
 
eFigure 3: Genomic alterations and response to neoadjuvant chemotherapy, subanalysis for the 
TNBC subcohort of 159 tumors (univariate analysis) or 156 tumors with complete data for 
multivariate analysis. A: Forest plot showing the odds ratio for pCR for different mutations and CNAs 
based on a univariate logistic regression analysis. B: Forest plot for multivariate logistic regression 
analysis. C: pCR rates of tumor subsets with or without genomic alterations (p-values: 2-sided Fisher 
test).  
 
eFigure 4: Genomic alterations and response to neoadjuvant chemotherapy, subanalysis for the 
luminal/HER-2 negative subcohort of 397 tumors (univariate analysis) or 387 tumors with complete 
data for multivariate analysis. A: Forest plot showing the odds ratio for pCR for different mutations 
and CNAs based on a univariate logistic regression analysis. B: Forest plot for multivaraite logistic 
regression analysis. C: pCR rates of tumor subsets with or without genomic alterations (p-values: 2-
sided Fisher test).  
 
eFigure 5: Validation of the methods for CNA detection by comparison with clinical gold standard as 
well as comparison of different exons. 
A, B, C HER2 classification using the normalized coverages of three amplicons in the HER2 genes (in 
exon 19, 20 and 21) with the clinical HER2 status as gold standard . 
Very strong correlation between the copy number estimated from different amplicons in a gene, 
here exemplified for ERBB2 (exon19, 20, 21; D,E,F) and CCND1 (exon 1, 3, 4; G, H,I)  
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eFigure 6: Comparison of response to NAB-paclitaxel vs. pacitaxel for subgroups with different 
mutations or CNAs in different subtypes of tumors. A: Complete GeparSepto-NGS cohort (n=851). B: 
Subcohort of TNBC (n=159). 
 
eFigure 7: Comparison of response to NAB-paclitaxel vs. pacitaxel for subgroups with different 
mutations or CNAs in different subtypes of tumors. A: Luminal-HER2-negative tumors (n=379). B: 
Her2-positive tumors (n=295). 
 
eFigure 8: Volcano plot analysis of the dependence of TIL and proliferation levels on tumor mutation 
and amplification status. Differences of TILs (in %, A) and of proliferation (% of Ki67 positive cells, B) 
in mutated/amplified tumors vs. wildtype/unamplified tumors (x-axis) and corresponding 
significances (y-axis).  Analyses were performed separately for the complete GeparSepto cohort as 
well as for the three molecular subtypes (TNBC, HER2+ BC, Lum/HER2neg BC). Markers with TILs/Ki67 
significantly higher in mutated/amplified tumors are located in the upper right part of the figure, 
markers with decreased TILs/Ki67 in mutated/amplified tumors are located in the upper left part. 
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Supplemental Tables 
 


eTable 1: Comparison of the GeparSepto subcohort evaluated for by NGS and the sub 


cohort with no NGS data  


 
 Cohort of patients in 


GeparSepto evaluated by 
NGS 


Cohort of patients in 
GeparSepto not evaluated by 


NGS 
All patients*  851 (100%) 355 (100%) 
Type of Taxane    


Paclitaxel 414 (48.6%) 186 (52.4%) 
Nab-Paclitaxel 437 (51.4%) 169 (47.6%) 


Molecular subtypes    
Luminal/HER2- 397 (46.7%) 137 (38.6%) 


HER2+ 295 (34.7%) 101 (28.5%) 
TNBC 159 (18.7%) 117 (33.0%) 


Age    
<=40 years 162 (19.0%) 72 (20.3%) 


>40-50 years 320 (37.6%) 129 (36.3%) 
>50 years 369 (43.4%) 154 (43.4%) 


Tumor stage    
cT1 268 (31.7%) 126 (36.0%) 
cT2 452 (53.5%) 176 (50.3%) 
cT3 75 (8.9%) 22 (6.3%) 


cT4 a-d 50 (5.9%) 26 (7.4%) 
Nodal status    


cN0 538 (64.4%) 229 (66.2%) 
cN+ 298 (35.6%) 117 (33.8%) 


Grading   
G1-2 399 (46.9%) 150 (42.3%) 
G3 452 (53.1%) 205 (57.7%) 


Tumor type    
Ductal 727 (85.4%) 309 (87.0%) 
Lobular 36 (4.2%) 18 (5.1%) 
other 88 (10.3%) 28 (7.9%) 


pCR (ypT0ypN0)    
no pCR 550 (64.6%) 249 (70.1%) 


pCR (ypT0ypN0) 301 (35.4%) 106 (29.9%) 
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eTable 2: Different distribution of mutations and copy number alterations in the different 
molecular tumor types 
 


 All tumors 
(n=851) 


HER2+ BC 
(n=295) 


TNBC 
(n=159) 


Lum/HER2- BC 
(n=397) 


p-Value 
(Chi2) 


Mutations 
 N % mutated N % mutated N % mutated N % mutated  


PIK3CA 183 21.5 63 21.4 11 6.9 109 27.5 <0.0005 
TP53 327 38.4 119 40.3 92 57.9 116 29.2 <0.0005 


Copy number alterations (CNAs) 
 N % with CNA N % with CNA N % with CNA N % with CNA  


PIK3CA 205 24.1 84 28.5 52 32.7 69 17.4 <0.0005 
TP53 186 21.9 18 6.1 56 35.2 112 28.2 <0.0005 


ERBB2 260 30.6 250 84.7 4 2.5 6 1.5 <0.0005 
TOP2A 297 34.9 138 46.8 110 69.2 49 12.3 <0.0005 
ZNF703 256 30.1 74 25.1 29 18.2 153 38.5 <0.0005 
FGFR1 107 12.6 20 6.8 20 12.6 67 16.9 <0.0005 
CCND1 151 17.7 26 8.8 26 16.4 99 24.9 <0.0005 
PAK1 127 14.9 36 12.2 16 10.1 75 18.9 0.008 
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eTable 3: Overview on the correlation between the different amplicons of each gene for all 
eight genes included in the CNA analysis  
 
Gene Number of 


amplicons 
Correlations Interpretation 


CCND1 3 0.94, 0.91, 0.9 excellent correlation 
ERBB2 3 0.99, 0.96, 0.96 excellent correlation 
FGFR1 3 0.92, 0.88, 0.87 excellent correlation 
PAK1 3 0.96, 0.92, 0.85 excellent correlation 
PIK3CA 7 0.85, 0.84, 0.84, 0.84, 0.83, 0.8, 0.8, 0.72, 0.7, 


0.67, 0.66, 0.66, 0.65, 0.63, 0.53, 0.49, 0.4, 
0.34, 0.29, 0.21, 0.18 


variable correlation, 
high correlation for 
most amplicons 


TOP2A 3 0.89, 0.37, 0.28 poor performance of 
one out of three 
amplicons 


TP53 6 0.85, 0.8, 0.62, 0.58, 0.58, 0.54, 0.54, 0.5, 
0.41, 0.38, 0.38, 0.34, 0.25, 0.13, 0.04 


variable correlation 


ZNF703 3 0.79, 0.06, 0.03 poor performance of 
one out of three 
amplicons 
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eTable 4: Correlation of different mutations with TILs and Ki67 in the complete cohort as well as in molecular subtypes  
 


 Ki67 TILs 


Mutation  
(% mutated) 


N 
(mutated) 


Low 
(0-15, 


n=145 (17.0%)) 


Intermed 
(16-30, 


n=295 (34.7%)) 


High 
(>30, 


n=411 (48.3%)) 


p-value 
chi2  


for trends 


N 
(mutated) 


Low 
(0-10, 


n=386 (45.5%)) 


Intermed 
(11-59, 


n=326 (38.4%)) 


High 
(>=60, 


n=136 (16.0%)) 


p-value  
chi2  


for trends 
 All tumors (n=851) All tumors (n=848) 


PIK3CA 183 56 (30.6%) 69 (37.7%) 58 (31.7%) <0.0005 183 102 (55.7%) 69 (37.7%) 12 (6.6%) <0.0005 
TP53 327 28 (8.6%) 91 (27.8%) 208 (63.5%) <0.0005 327 118 (36.1%) 147 (45.0%) 62 (19.0%) <0.0005 


 HER2+ tumors (n=295) HER2+ tumors (n=293 (TILs) 
PIK3CA 63 9 (14.3%) 23 (36.5%) 31 (49.2%) ns 63 29 (46.0%) 28 (44.4%) 6 (9.5%) ns 


TP53 119 14 (11.8%) 50 (42.0%) 55 (46.2%) ns 119 40 (33.6%) 60 (50.4%) 19 (16.0%) 0.005 
 TNBC (n=159) TNBC (n=158) 


PIK3CA 11 2 (18.2%) 3 (27.3%) 6 (54.5%) ns 11 3 (27.3%) 6 (54.5%) 2 (18.2%) ns 
TP53 92 2 (2.2%) 8 (8.7%) 82 (89.1%) 0.001 92 22 (23.9%) 41 (44.6%) 29 (31.5%) ns 


 Lum/HER2- tumors (397)) Lum/HER2- tumors (397) 
PIK3CA 109 45 (41.3%) 43 (39.4%) 21 (19.3%) <0.0005 109 70 (64.2%) 35 (32.1%) 4 (3.7%) 0.006 


TP53 116 12 (10.3%) 33 (28.4%) 71 (61.2%) <0.0005 116 56 (48.3%) 46 (39.7%) 14 (12.1%) ns 
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eTable 5: Correlation of different copy number alterations (CNAs) with TILs and Ki67 in the complete cohort as well as in molecular subtypes  
 


 Ki67 TILs 
CNA 


(% with CNA) 
N 
all 


Low 
(0-15, 


n=145 (17.0%)) 


Intermed 
(16-30, 


n=295 (34.7%)) 


High 
(>30, 


n=411 (48.3%)) 


p-value 
chi2 


for trends 


N 
all 


Low 
(0-10, 


n=386 (45.5%)) 


Intermed 
(11-59, 


n=326 (38.4%)) 


High 
(>=60, 


n=136 (16.0%)) 


p-value 
chi2 


for trends 
 All tumors (n=851) All tumors (n=851) 


PIK3CA 205 29 (14.1%) 69 (33.7%) 107 (52.2%) ns 205 77 (37.6%) 100 (48.8%) 28 (13.7%) 0.002 
TP53 186 37 (19.9%) 58 (31.2%) 91 (48.9%) ns 186 74 (39.8%) 80 (43.0%) 32 (17.2%) ns 


ERBB2 260 32 (12.3%) 123 (47.3%) 105 (40.4%) <0.0005 258 108 (41.9%) 107 (41.5%) 43 (16.7%) ns 
TOP2A 297 41 (13.8%) 98 (33.0%) 158 (53.2%) ns 296 120 (40.5%) 128 (43.2%) 48 (16.2%) ns 
ZNF703 256 53 (20.7%) 90 (35.2%) 113 (44.1%) ns 256 140 (54.7%) 89 (34.8%) 27 (10.5%) 0.001 
FGFR1 107 17 (15.9%) 28 (26.2%) 62 (57.9%) ns 107 54 (50.5%) 39 (36.4%) 14 (13.1%) ns 
CCND1 151 30 (19.9%) 52 (34.4%) 69 (45.7%) ns 151 82 (54.3%) 58 (38.4%) 11 (7.3%) 0.003 
PAK1 127 20 (15.7%) 55 (43.3%) 52 (40.9%) ns 126 71 (56.3%) 46 (36.5%) 9 (7.1%) 0.004 


 HER2+ tumors (n=295) HER2+ tumors (n=293) 
PIK3CA 84 14 (16.7%) 45 (53.6%) 25 (29.8%) ns 84 35 (41.7%) 38 (45.2%) 11 (13.1%) ns 


TP53 18 4 (22.2%) 8 (44.4%) 6 (33.3%) ns 18 6 (33.3%) 6 (33.3%) 6 (33.3%) ns 
ERBB2 250 31 (12.4%) 121 (48.4%) 98 (39.2%) ns 248 106 (42.7%) 101 (40.7%) 41 (16.5%) ns 
TOP2A 138 21 (15.2%) 58 (42.0%) 59 (42.8%) ns 138 64 (46.4%) 56 (40.6%) 18 (13.0%) ns 
ZNF703 74 14 (18.9%) 33 (44.6%) 27 (36.5%) ns 74 36 (48.6%) 31 (41.9%) 7 (9.5%) ns 
FGFR1 20 3 (15.0%) 5 (25.0%) 12 (60.0%) ns 20 8 (40.0%) 8 (40.0%) 2 (20.0%) ns 
CCND1 26 5 (19.2%) 12 (46.2%) 9 (34.6%) ns 26 16 (61.5%) 8 (30.8%) 2 (7.7%) ns 
PAK1 36 4 (11.1%) 22 (61.1%) 10 (27.8%) ns 36 18 (50.0%) 13 (36.1%) 5 (13.9%) ns 


 TNBC (n=159) TNBC (n=159) 
PIK3CA 52 4 (7.7%) 6 (11.5%) 42 (80.8%) ns 52 11 (21.2%) 31 (59.6%) 10 (19.2%) 0.034 


TP53 56 4 (7.1%) 8 (14.3%) 44 (78.6%) ns 56 18 (32.1%) 23 (41.1%) 15 (26.8%) ns 
ERBB2 4 0 (0.0%) 0 (0.0%) 4 (100.0%) ns 4 0 (0.0%) 2 (50.0%) 2 (50.0%) ns 
TOP2A 110 10 (9.1%) 18 (16.4%) 82(74.5%) 0.040 109 29 (26.6%) 52 (47.7%) 28 (25.7%) ns 
ZNF703 29 3 (10.3%) 1 (3.4%) 25 (86.2%) ns 29 9 (31.0%) 12 (41.4%) 8 (27.6%) ns 
FGFR1 20 2 (10.0%) 0 (0.0%) 18 (90.0%) ns 20 8 (40.0%) 7 (35.0%) 5 (25.0%) ns 
CCND1 26 1 (3.8%) 2 (7.7%) 23 (88.5%) ns 26 8 (30.8%) 12 (46.2%) 6 (23.1%) ns 
PAK1 16 3 (18.8%) 5 (31.3%) 8 (50.0%) 0.007 15 8 (53.3%) 7 (46.7%) 0 (0.0%) 0.015 


 Lum/Her2- (n=397) Lum/Her2- (n=397) 
PIK3CA 69 11 (15.9%) 18 (26.1%) 40 (58.0%) 0.017 69 31 (44.9%) 31 (44.9%) 7 (10.1%) ns 


TP53 112 29 (25.9%) 42 (37.5%) 41 (36.6%) ns 112 50 (44.6%) 51 (45.5%) 11 (9.8%) 0.021 
ERBB2 6 1 (16.7%) 2 (33.3%) 3 (50.0%) ns 6 2 (33.3%) 4 (66.7%) 0 (0.0%) ns 
TOP2A 49 10 (20.4%) 22 (44.9%) 17 (34.7%) ns 49 27 (55.1%) 20 (40.8%) 2 (4.1%) ns 
ZNF703 153 36 (23.5%) 56 (36.6%) 61 (39.9%) ns 153 95 (62.1%) 46 (30.1%) 12 (7.8%) 0.035 
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FGFR1 67 12 (17.9%) 23 (34.3%) 32 (47.8%) ns 67 38 (56.7%) 24 (35.8%) 5 (7.5%) ns 
CCND1 99 24 (24.2%) 38 (38.4%) 37(37.4%) ns 99 58 (58.6%) 38 (38.4%) 3 (3.0%) 0.016 
PAK1 75 13 (17.3%) 28 (37.3%) 34 (45.3%) ns 75 45 (60.0%) 26 (34.7%) 4 (5.3%) ns 


 
 
 


 


 


 





