








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
3 molecular 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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