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Abstract
Purpose Estrogen receptor positive (ER+) breast cancer constitutes almost 85% of all breast cancer patients and are a geneti-
cally highly heterogenic group. Data on the association of somatic alterations to outcome and prognosis are however sparse. 
In this neoadjuvant endocrine phase II trial including postmenopausal breast cancer patients with ER+, HER2 normal breast 
cancer, we investigated the rate of pathogenic mutations before and after treatment as well as the association with treatment 
response and survival.
Methods Pretreatment and posttreatment tumour samples from 109 patients treated with neoadjuvant letrozole were col-
lected and analysed with Next Generation Sequencing utilizing a panel of 12 genes (ALK, BRAF, EGFR, ERBB2, ERBB3, 
ESR1, KIT, KRAS, NRAS, PDGFRA, PIK3CA, and RAF1). Residual disease was assessed by a modified Miller Payne scale 
and the Residual Cancer Burden index. Survival data were collected prospectively.
Results Among the 109 patients, 52 had at least one pathogenic mutation in the pretreatment sample and 60 in the posttreat-
ment sample. The most frequently mutated gene was PIK3CA, followed by EGFR and KRAS. Twelve different pathogenic 
PIK3CA mutations were identified, primarily in exon 20 and exon 9. An altered PIK3CA mutation profile from the pre- to the 
posttreatment specimen was significantly associated to improved pathological outcome. Overall and Disease-Free Survival 
benefits in PIK3CA mutated patients was observed.
Conclusion Considerable heterogeneity was identified both among patients and between pre- and posttreatment samples. 
PIK3CA has the potential to be a predictive biomarker. To further assess the implications of a treatment related altered 
PIK3CA mutation profile, more data are needed.

Keywords Breast neoplasm · Neoadjuvant therapy · Endocrine therapy · Letrozole · High-throughput nucleotide 
sequencing

Introduction

Estrogen Receptor positive (ER+) breast cancer patients 
are the numeric largest and the most heterogenous group 
in terms of gene expression, genetic alterations and copy 
number changes [1]. ER+ breast tumours contain a signifi-
cant higher number of somatic mutations compared to HER2 
positive and triple negative subtypes [1–3]. Strikingly how-
ever, the amount of genomic data generated on ER+ can-
cer is sparse when compared to triple negative and HER2 
positive breast cancers [2–6], and the clinical implications of 
pathogenic driver mutations is yet to be determined, includ-
ing the impact of the most frequently mutated gene PIK3CA.

Pathogen mutations in PIK3CA have been reported in 
25–40% of cases in ER+, HER2 normal breast cancer [1–3, 
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7]. PIK3CA mutations are associated with a favourable prog-
nosis for ER+, HER2 normal breast cancer patients [3, 7–9] 
and it is a possible future predictive biomarker for endocrine 
treatment [2]. PIK3CA is commonly mutated in exon 20 and 
exon 9, being the kinase and helical domain, respectively. 
Both domains harbour well-known gain-of-function muta-
tions and while the survival benefit of PIK3CA mutations is 
established, it’s still unclear if the effect is domain specific 
[9–12].

Although the positive prognostic association is well 
known, the underlying mechanism is unclear. One possible 
explanation is the association of favourable clinicopatho-
logical variables with PIK3CA mutations [2]. There are lit-
tle data on treatment related dynamics in mutations and the 
potential implications hereof.

Postmenopausal women with operable ER+, HER2 nor-
mal breast cancer are routinely offered adjuvant endocrine 
treatment alone or in combination with chemotherapy. 
However, not all patients benefit from endocrine therapy 
and identifying these patients are of critical importance. 
Neoadjuvant endocrine treatment (NET) trials constitute a 
unique opportunity to evaluate the mechanisms of response 
and to correlate the variation in expression of biomarkers 
including Ki67 and Tumour Infiltrating Lymphocytes (TILs) 
with treatment response and survival [13].

In this study, we included postmenopausal women with 
operable ER+, HER2 normal breast cancer in a neoadju-
vant phase II trial and collected core needle biopsies before, 
and surgically resected tissue after four months of letrozole. 
Tumour tissues were investigated for a panel of pathogenic 
somatic mutations in order to investigate the prevalence and 
dynamics of pathogenic mutations and the association to 
clinicopathological variables during NET.

Material and methods

Study population and samples

Patients were treated with neoadjuvant letrozole for four 
months prior to curative intended surgery as part of a clini-
cal phase II study conducted by the Danish Breast Cancer 
Group (DBCG) [14]. The trial was conducted between 
2009 and 2012 at nine institutions in Denmark. The study 
design and clinical results have been published previously 
[15, 16]. In the phase II study, the endpoints were clini-
cal and pathological outcome. A total of 119 patients were 
registered to receive neoadjuvant letrozole. Eligible patients 
had histological confirmed invasive ER+, HER2 normal 
operable breast cancer. They met the following criteria: 
tumour size ≥ 1 cm, ≥ 60 years at entry, Eastern coopera-
tive Oncology Group Score 0 – 2 and Charlson comorbidity 
index 0 – 2. Patients with prior cytotoxic treatment including 

aromatase inhibitors and prior malignant disease were not 
eligible. Four patients were excluded prior to study initia-
tion, two cases due to HER2 positivity at central testing and 
two patients withdrew consent. An additional three were 
excluded from the intention to treat population, Fig. 1a.

Pretreatment formalin fixed paraffin embedded (FFPE) 
core biopsies and posttreatment FFPE surgical tumour sam-
ples were prospectively collected from 112 patients. In 109 
(97%) cases it was possible to collect paired samples for 
NGS analysis. After quality assessment of the procedures, 
paired data were successfully retrieved from 83 patients, 
Fig. 1b.

Pathological response assessment

Pathological complete response (pCR) is the standard 
endpoint in neoadjuvant trials. pCR is however infrequent 
after NET [17]. For pathological response assessment we 
therefore used a modified Miller Payne grading system 
for residual disease used by the DBCG [18]. On the modi-
fied scale grade 1 equals no invasive cells present in the 
tumour bed,pathological complete response (pCR). Grade 
2 more than 90% loss of tumour cells and grade 3 between 
30 and 90% reduction in tumour cells. Grade 4 is defined as 
less than 30% loss of tumour cells and was considered no 
response. As DBCG guidelines for assessment of residual 
disease changes from 2020 we also assessed residual disease 
after The Residual Cancer Burden Index using the guidelines 
presented by the BIG-NABCG collaboration [19, 20]. In 
brief the RCB index combines the bidimensional diameter 
of the primary tumour with the percentage of invasive cells 
in the tumour, corrected for the percentages of in situ car-
cinoma, and number of positive lymph nodes including the 
diameter of the largest lymph node metastasis in a general-
ized linear model. The higher RCB index, and correspond-
ing RCB-Class, the more extensive residual disease load. 
For the RCB index calculations in this study we used the 
online Residual Cancer Burden Calculator provided by the 
MD Andersson Cancer Center [21].

Pathological and clinical data

Patients were registered in the DBCG database upon study 
entry and updated prospectively. Assessment of ER, PGR, 
HER2 and Ki67 were performed centrally using current 
international standards [22–24]. TILs were assessed by 
use of the guidelines of the international Immuno-Oncol-
ogy Biomarker Working Group on Breast Cancer [25]. All 
patients are followed for 10 years after accrual, biannually 
after surgery for five years, and annually for the follow-
ing five years or until event or death. Event is defined as 
either relapse (local, regional or distant), contralateral breast 
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Fig. 1  Flow chart of study population a and samples b. pCR pathological complete response
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cancer, other malignancy or death as first event. Data were 
extracted from the DBCG database January 31th 2020.

Next Generation Sequencing

DNA extraction

Haematoxylin and eosin stained slides from FFPE sample 
blocks were reviewed by a senior pathologist and marked 
for DNA extraction. DNA was extracted from unstained 
FFPE tissue sections with the Gene Read DNA FFPE kit. A 
total of 40 ng DNA was used for target enrichments for the 
GeneRead QIAact Actionable Insights Tumour Panel (Qia-
gen, Hilden, Germany). The panel includes 330 amplicons 
covering 16.7 kb, containing 773 unique variant positions in 
12 genes (ALK, BRAF, EGFR, ERBB2, ERBB3, ESR1, KIT, 
KRAS, NRAS, PDGFRA, PIK3CA, and RAF1). Following 
target enrichment, library preparation and clonal amplifica-
tion was done using the Gene Read DNA Library Q Kit and 
the Gene Read Clonal Amp Q Kit. Sequencing was per-
formed on the Gene Reader instrument with the Gene Read 
UMI Advanced Sequencing Q Kit. Qiagen QCI Analyze 
Software was used for variant calling. The average sequenc-
ing coverage was 500x. Output data were manually filtered 
to remove polymorphisms (variants present in > 1% of the 
general population) before variant annotation.

Variant annotation

All variants were manually reviewed. Only rare non-synony-
mous variants were considered and annotated as pathogenic 
mutations, variant of unknown significance (VUS) or benign 
using literature search and the publicly available databases 
JAX, Clinvar and OMIM [26–28].

Statistical analysis

The prevalence of pathogenic and non-pathogenic muta-
tions was determined in the complete cohort as described 
above. Pre- and posttreatment analysis were made on all 
patients with pre- and posttreatment data. Sensitivity tests 
were performed only on patients who had paired analysis 
finding parallel results. For baseline characterization stand-
ard clinicopathologic variables were categorized. Associa-
tions between PIK3CA mutations and baseline character-
istics were investigated with χ2-test. Estimated potential 
follow-up was calculated with the reverse Kaplan Meier 
method [29]. Correlation between genetic alterations and 
the continuous variables TILs and Ki67 were assessed with 
the point biserial correlation coefficient (rpb). Association 
between PIK3CA mutations, domains and change in muta-
tional profile with pathological outcome (Miller Payne and 
RCB as categorical variables) were investigated with χ2-test. 

As RCB as continuous variable were not normally distrib-
uted its association with pretreatment mutation profile was 
assessed with the Wilcoxon signed rank test. Disease free 
survival (DFS) was determined as the interval between ini-
tial diagnosis and detection of the first relapse regardless of 
its site (local, regional, or distant), contralateral breast can-
cer, other malign disease and death from any cause. Overall 
survival, defined as time from diagnosis to death from any 
cause, was estimated by the Kaplan–Meier method and log 
rank p-values are presented. All P values are 2-sided, with 
a P value ≤ 5% considered to be statistically significant. No 
correction for multiple testing was applied. Statistical analy-
sis was performed using SAS enterprise guide version 7.15 
(Cary, NC, USA).

Results

Patient characteristics and mutation frequencies

Patient characteristics are shown in Table 1. The median 
age was 67 years at study entry (range 60 – 87). Of the 109 
patients, 58 had pathological response, including one patient 
with pCR, when assessed by the modified Miller Payne sys-
tem. When assessed after the RCB index; One patient had 
RCB-class 0, six had RCB-Class 1, 88 had RCB-Class 2 and 
12 RCB-Class 3, two patients did not have RCB assessment 
due to lack of surgical specimens.

After an estimated potential follow-up of 8.3 years, 27 
deaths and 30 events were recorded (14 patients were diag-
nosed with relapse, 2 with contralateral breast cancer, 6 with 
other malignancies and 8 patients died as first event).

Fifty patients had at least one pathogenic mutation in 
their pretreatment sample and 60 in the posttreatment sam-
ple, with considerable heterogeneity within the group as well 
as within the pre- and posttreatment samples, Fig. 2. The 
most frequently mutated genes were PIK3CA in both pre- 
and posttreatment samples (n = 42 (46%) and n = 48 (48%), 
respectively), followed by EGFR (n = 7 and n = 10) and KRAS 
(n = 4 and n = 8). When visually inspecting the data presented 
in Fig. 2 patients with mutations in KRAS or EGFR didn’t 
present with a clear pattern of either positive or negative pre-
dictive or prognostic inclinations. Noteworthy is that in the 
patients harbouring mutations in ALK, KIT, ERBB2, ESR1 
and NRAS almost all had relapsed or died at data extraction.

PIK3CA characteristics

Association of PIK3CA status and baseline characteristics 
are presented in Table 1. A ductal subtype was significantly 
associated with having a PIK3CA mutation compared to 
lobular and other invasive subtypes (p = 0.01). No other vari-
ables were associated with harbouring a PIK3CA mutation.



127Breast Cancer Research and Treatment (2020) 184:123–133 

1 3

We identified 12 different pathogenic PIK3CA muta-
tions, as presented in Table 2. Mutations were predominantly 
located in hotspots in exons 20 (kinase domain) and exon 
9 (helical domain) followed the C2 domain (exon 5 and 8). 
The most common mutations were c.3140A > G (p.H1047R) 
in the kinase domain found in 34 samples and c.1633G > A 
(p. E545K) in the helical domain, found in 23 samples. 

Mutational domain was not correlated to any baseline vari-
ables (Table 3). 

Fourteen of the 83 patients with paired samples had an 
altered PIK3CA mutation profile after treatment i.e. either 
lost or gained a pathogenic PIK3CA mutation during letro-
zole treatment. In patients with an unaltered mutational 
profile the domain predominantly remained the same. A 

Table 1  Baseline patient- 
and tumour characteristics 
of 109 Danish early breast 
cancer patients treated with 
neoadjuvant letrozole between 
2009 and 2012 and association 
to PIK3CA mutation status

Bold represents the significance of p value ≤ 0.05
PIK3CA phosphatidylinositol-4,5-bisphosphate 3-kinase catalytic subunit alpha, TILs tumour infiltrating 
lymphocytes
1. X2, excluding unknowns. 2. Range 11 – 100 mm. 3. Other invasive: Mucinous carcinomas n = 7, tubular 
carcinomas n = 2, medullary carcinoma n = 1, not specified n = 6. 4. Only lobular and ductal tumours 
graded, n = 92

Characteristic Total
n = 109

PIK3CA mutated
n = 42

PIK3CA mutation 
negative
n = 49

p1

n % (col) n % (row) n % (row)

Age (years) 0.30
 60–69 65 60 26 51 25 49
 70–87 44 40 16 40 27 60

Tumour size (mm)2 0.67
 < 20 48 44 19 49 20 51
 ≥ 20 61 56 23 44 29 56

Histological subtype 0.01
 Ductal 80 73 37 56 29 44
 Lobular 12 11 2 22 7 78
 Other  invasive3 16 15 3 20 12 80
 Unknown 1 1 0 1 100

Malignancy  grade4 0.11
 1 40 44 22 65 12 35
 2 46 51 16 43 21 57
 3 5 6 1 25 3 75

Axillary node status 0.11
 Negative 59 54 20 39 32 62
 Positive 49 45 21 55 17 45
 Unknown 1 1 1 100 0

Estrogen receptor status (%) 0.37
 10–99 20 18 9 56 7 44
 100 89 82 33 44 42 56

Progesterone receptor status (%) 1.00
 1–99 77 71 30 46 35 54
 100 28 26 12 46 14 54
 Unknown 4 4 0 0

Ki67 index (%) 0.53
 < 14 73 67 30 48 32 52
 ≥ 14 33 30 12 41 17 59
 Unknown 3 3 0 0

TILs (%) 0.25
 0–10 81 74 28 42 38 58
 11–59 25 23 14 56 11 44
 Unknown 3 3 0 0
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weak but non-significant correlation was identified between 
changes in TILs and KI67 during treatment and association 
to PIK3CA mutation status (rpb 0.10; p = 0.35 and rpb 0.01; 
p = 0.93, respectively).

PIK3CA mutations and relation to pathological 
response

Pathological assessment by the modified Miller Payne 
system

PIK3CA mutation status was not significantly associated 
with achieving pathological response; however, numerically 
patients with a PIK3CA mutation did achieve a pathological 
response more frequently with a response rate of 64% of 
mutated vs. 47% in mutation negative tumours (p = 0.09) 
(Table 4).

It appeared beneficial for treatment response to have a 
mutation in the kinase domain, as compared to mutations 
in the C2 or the helical domain, p = 0.07 (Table 4). Sev-
enty-nine percent of patients with an altered PIK3CA muta-
tional profile achieved pathological response compared to 
48% in patients with an unaltered PIK3CA profile, p = 0.04 
(Table 4). Whether patients gained a pathogen mutation or 
became mutation negative after treatment had no impact on 
the association to treatment response (data not shown).

Pathological assessment by the Residual Cancer Burden 
index

There was no difference in the RCB index between patients 
with pathogenic PIK3CA mutation or mutation negative 
patients before treatment p = 0.54 (Table 4). PIK3CA muta-
tional status, domain of mutation or if patients lost or gained 
a pathogen variant during treatment was not associated to 
RCB-Class, as presented in Table 4.

PIK3CA mutations and association to DFS and OS

Comparing patients with and without a pathogen PIK3CA 
mutation they had very similar 8-year DFS rates (79 and 
75%, respectively). Patients with a pathogen PIK3CA muta-
tion had an 8-year OS of 82% compared to 70% in mutation 
negative patients, p = 0.41, (Table 5).

Discussion

In this study, we applied targeted NGS on FFPE tumour 
tissue from the diagnostic core biopsies and posttreatment 
surgical specimens from patients treated with neoadjuvant 
letrozole. By focusing on hotspot mutations and in order 
to achieve high quality data with deep sequencing results, 
we used a panel including 12 genes targetable with FDA 
approved or investigational drugs.

A considerable heterogeneity of pathogenic mutations 
was observed. PIK3CA was, as expected, the most fre-
quently mutated gene. PIK3CA mutations were associated 
to a ductal subtype which is a known positive predictive 
factor [15, 30, 31]. Low rate of pCR in this population 
makes dichotomic assessment of response difficult and 
similarly a low rate of events leaves us without enough 
power to estimate OS and DFS. However, our data sup-
port the consensus that PIK3CA mutations are positively 
associated with prognosis in the ER+, HER2 normal 
breast cancer population [7–9] and that PIK3CA might 
be a potential predictive biomarker [2]. In our subset 
analysis of mutated domain, it seemed to be favourable 
with mutations in the kinase domain for response to treat-
ment. Our analyses showed that patients with an altered 
PIK3CA mutation profile after treatment had significantly 
improved response to endocrine treatment. There was no 
difference in whether patients gained a pathogenic muta-
tion or became mutation negative suggesting it could be 
the instability itself that provides a favourable outcome. 
We speculated that this might be due to enhanced recog-
nition by the immune system with changing neoantigens. 
However, this was not the case, as we found no association 
when assessing changes in TILs as a proxy for immuno-
genicity and Ki67 for proliferation.

Strengths of our study include a large group of matched 
patients’ samples and prospectively collected clinical 
data, centralized performed pathological procedures and 
long follow-up. The study also has some weaknesses, we 
rely on limited and selected amount of tumour tissue and 
because of that, we have an intrinsic risk of underestimat-
ing tumour heterogeneity as neoplasms consist of multiple 
subclonal populations [32] and both domain and alteration 
analyses are based on small numbers and must be viewed 
as hypothesis generating.

The phosphatidylinositol 3-kinase (PI3K) pathway 
mediates key cellular functions, including growth, prolifer-
ation, survival, angiogenesis, and motility. When PIK3CA 
is mutated the PIK3/AKT pathway is hyperactivated caus-
ing oncogenic transformation [7, 9, 11]. Although a higher 
mutation rate is seen in ER+ breast cancer, typical mark-
ers of pathway activation (e.g. phosphorylation of AKT 
and pS6) are not as elevated, as in basal-like and HER2 

Fig. 2  Somatic mutations in 83 paired pre- and posttreatment sam-
ples from menopausal ER+, HER2 normal breast cancer patients 
treated with neoadjuvant letrozole between 2009 and 2012. Samples 
are arranged by pathological response and survival data, and subse-
quently by mutation frequencies. Each column denotes a patients pre- 
and posttreatment sample. Each row represents one gene. Survival 
data and mutation status are shown by colour as indicated

◂
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enriched breast cancers, so despite PI3K/AKT pathway 
activation, downstream mTORC1 signalling are not ele-
vated (transcriptional nor biochemical). This apparent 
disconnect has been documented by several groups, but 
are yet not fully understood [1, 8, 11].

Additional efforts to identify the mechanism of protec-
tion by PIK3CA mutations are important as PIK3/AKT 
pathway inhibitors proceed through clinical development 
for targeted therapy, with alpelisib, an α-specific PI3K 
inhibitor that selectively inhibits p110α, FDA approved 
late 2019 for advanced disease in combination with fulves-
trant [33, 34]. With more data coming in, it is very likely 
that genome analysis in the future will push treatment 
decisions towards a more personalized therapy regime, 
also in the adjuvant setting for ER+, HER2 normal breast 
cancer patients.

In conclusion, we have successfully utilized a targeted 
NGS panel in analysing paired samples from prospectively 
followed patients who participated in a phase 2 trial. We 
found that genomic instability of PIK3CA correlated with 
response to neoadjuvant endocrine therapy, a finding that 
needs to be further examined. In our population DFS and 
OS hazard ratios agreed with the consensus that patho-
genic mutations in PIK3CA is beneficial for ER+, HER2 
normal breast cancer patients, a mechanism not yet fully 
understood, but increasingly interesting to pursue due to 
the potential targeted treatment options for this population 
of postmenopausal breast cancer patients.

Table 2  Pathogenic PIK3CA mutations

Exon Nucleotide Domain Protein No. of 
mutations 
pretreatment

No. of 
mutations 
posttreat-
ment

5 c.1035T>A C2 N345K 3 3
8 c.1258T>C C2 C420R 4 4
8 c.1357G>A C2 E453K 1 1
9 c.1624G>A Helical E542K 4 4
9 c.1633G>A Helical E545K 11 12
9 c.1634A>C Helical E545A 1 1
9 c.1634A>G Helical E545G 1 1
9 c.1636C>A Helical Q546K 0 1
20 c.3022T>C Kinase S1008P 1 0
20 c.3074C>G Kinase T1025S 0 1
20 c.3140A>G Kinase H1047R 15 19
20 c.3140A>T Kinase H1047L 2 2

In total = 46 In total = 49

Table 3  Patient and tumour 
characteristics association to 
PIK3CA mutational domain

PIK3CA  phosphatidylinositol-4,5-bisphosphate 3-kinase catalytic subunit alpha
a Other invasive: Mucinous carcinomas n = 5, tubular carcinomas n = 2, medullary carcinoma n = 1, not 
specified n = 7
b  Only lobular and ductal tumours graded, n = 70

C2
n = 8

Helical
n = 17

Kinase
n = 17

Age mean (range) 68 (61–75) 67 (60–81) 72 (62–85)
Tumour size (mm) mean (range) 21 (11–40) 20 (12–39) 22 (11–40)
Histological subtype n (%) 
 Ductal 8 (100) 16 (94) 13 (76)
 Lobular 0 0 2 (12)
 Other  invasivea 0 1 (6) 2 (12)
 Unknown 0 0 0

Malignancy  gradeb n (%)
 1 2 (25) 11 (70) 9 (60)
 2 6 (75) 5 (31) 5 (33)
 3 0 0 1

Axillary node status n (%)
 Negative 3 (38) 7 (41) 10 (59)
 Positive 5 (62) 9 (53) 7 (41)
 Unknown 0 1 (6) 0

Estrogen receptor status (%) mean (range) 96 (80–100) 95 (50–100) 97 (80–100)
Progesterone receptor status (%) mean (range) 73 (0–100) 51 (0–100) 45 (0–100)
Ki67 index (%) mean (range) 13 (1–30) 11 (0–50) 13 (0–50)
TILs (%) mean (range) 18 (0–40) 12 (1–40) 10 (1–30)



131Breast Cancer Research and Treatment (2020) 184:123–133 

1 3

Funding This study was funded by The Danish Cancer Society (Grant 
No. R146-A9562), The Harboe Foundation, University of Copenha-
gen’s Foundation for cancer research (Grant No. 2019-0018) and The 
Sejer Persson and Lis Klüver foundation. The founding sources are all 
non-commercial and had no role in the design or execution of the study 
and have not reviewed the data or manuscript.

Data availability The data supporting all the figures, tables and sup-
plementary tables in the published article, are not publicly available 
due to institutional restrictions. The dataset can be made available to 
qualified researchers through application to the Danish Breast Cancer 
Group. Please contact dbcg.rigshospitalet@regionh.dk.

Compliance with ethical standards 

Conflict of interest SKS declares she has no conflict of interest. MBJ 
has received institutional grants from Nanostring Technologies Inc and 
Oncology Venture. JOE declares he has no conflict of interest none, 
LBA declares she has no conflict of interest, ASK has received an insti-
tutional grant from Roche and is on advisory board for: Novartis, Astra 
Zeneca, MDS, Roche, Pfizer and ELI LILLY DANMARK A/S. MR 

is on advisory board for Astra Zeneca, BE has received institutional 
grants from: Nanostring Technologies Inc, Novartis and Roche. AVL 
has received research grants from Nanostring Technologies Inc. and 
Roche.

Ethical approval All procedures performed in studies involving human 
participants were in accordance with the ethical standards of the insti-
tutional and/or national research committee and with the 1964 Helsinki 
declaration and its later amendments or comparable ethical standards. 
The study is registered on clinicaltrials.gov (NCT00908531). The Bio-
medical Research Ethics of the Danish Capital Region approved the 
protocol (H-15012740). The genomic investigations presented here 
were subsequently approved (H-16031391).

Informed consent Informed consent was obtained from all individual 
participants included in the study.

Table 4  PIK3CA mutations and association to pathological response, assessed by Miller Payne and the Residual Cancer Burden Score

Bold represents the significance of p value ≤ 0.05
PIK3CA  pHospHatidylinositol-4,5-bispHospHate 3-kinase catalytic subunit alpha, RCB Residual Cancer Burden Score
1 X2

2 All patients with pretreatment analysis included
3 Patients with PIK3CA mutation included
4 Patients with paired analyses included

Total Responders Non-responders RCB 0+I RCB II RCB III

n % (col) n % (row) n % (row) p1 n % (row) n % (row) n % (row) p1

PIK3CA(n = 91)2 0.09 0.54
Pathogen 42 46 27 64 15 36 2 29 35 47 4 57
Mutation negative 49 54 23 47 26 53 5 71 40 53 3 43

PIK3CA domain (n = 42)3 0.07 0.27
C2 8 9 3 38 5 63 1 13 6 75 1 13
Helical 17 19 10 59 7 41 0 0 16 100 0 0
Kinase 17 19 14 82 3 18 1 6 13 76 3 18

PIK3CA altered mutational profile (n = 83)4 0.04 0.73
Altered 14 17 11 79 3 21 1 7 12 86 1 7
Unaltered 69 83 33 48 36 52 2 3 61 88 6 9

Table 5  Disease free survival 
and overall survival according 
to PIK3CA mutation status and 
domain

DFS disease free survival, OS overall survival, PIK3CA phosphatidylinositol-4,5-bisphosphate 3-kinase 
catalytic subunit alpha, CI confidence interval, HD Helical domain, KD Kinase domain
1 Log rank

n 5-year DFS 8-year DFS p-value1 5-year OS 8-year OS p-value1

% (95% CI) % (95% CI) % (95% CI) % (95% CI)

All patients 91 87 (79–92) 77 (67–84) – 87 (79–92) 76 (67–83) –
PIK3CA 0.58 0.41
 Pathogen 42 93 (79–98) 79 (61–89) 93 (79–98) 82 (67–91)
 Mutation negative 49 84 (70–91) 75 (62–85) 84 (70–91) 70 (54–81)
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