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Abstract: Through next generation sequencing, this study evaluated the circulating tumor DNA (ctDNA) of advanced 
breast cancer patients to prospectively explore the relationship between specific DNA mutations and prognosis as 
well as therapeutic decision making. The target region covered 1021 gene totally. Clinical characteristics, treatment 
and outcome data were collected. We analyzed progression-free survival (PFS) from first-line therapy and overall 
survival (OS), and found that their endpoints were correlated with observed gene mutations. We enrolled 54 pa-
tients, with a median follow-up time of 8 years. Mutations were found in TP53, PIK3CA, and ERBB family, at 40.7%, 
35.2%, and 25.9%, respectively. PIK3CA more frequently occurred in the site of 3140 A>G (p.H1047R) for 20.4% 
and HER2+ diseases, and it was associated with shorter median PFS and worse OS among HER2+ patients [mutant 
vs. wild type: 4 (range 2-9) vs. 8 (range 2-22) months, P=0.006], and [mutant vs. wild type: 29 (range 12-74) vs. 64 
(range 20-96) months, P=0.043], respectively. The patients with mutations in TP53 had shorter OS (median 64 vs. 
121 months, P=0.006). Multivariate analysis for HER2+ disease demonstrated that the PIK3CA p.H1047R muta-
tion was the only factor associated with shorter PFS (P=0.025); while the receiver operating characteristic (ROC) 
analysis produces an area under the curve (AUC) of 0.789. The ctDNA analysis, found PIK3CA p.H1047R mutation 
was more frequent in HER2+ disease and associated with worse OS. It was also the only mutation associated with 
shorter PFS through a multivariate analysis of HER2+ patients who were treated with trastuzumab, suggesting 
trastuzumab had lower activity in these patients. The presence of a TP53 mutation was associated with worse OS. 
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Introduction

Breast cancer is the most common cancer in 
women worldwide, and it is the leading cause of 
cancer-related death in women. There are 
272.4 thousands newly diagnosed breast can-
cer patients in China each year, among them 
about 10% are initially diagnosed with advanced 
disease, while most cases of the remaining 
90% will progress to metastatic disease over 
time [1-3]. Therefore, it is of great significance 

to improve the management of metastatic dis- 
ease.

According to current guidelines, the manage-
ment of metastatic disease is chemotherapy, 
endocrine therapy and/or targeted therapy 
based on the specific molecular subtype, which 
is the subdivision determined by ER, PR, HER2 
and Ki67 status. However, as we are entering 
the era of personalized medicine, much atten-
tion has been paid to identifying prognostic 
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markers and cancer therapies that specifically 
target a tumor’s genetic background. In addi-
tion, the advent of new agents that target spe-
cific mutations are expected to increase the 
survival of patients substantially, especially 
those who are resistant to normal treatment. To 
apply these agents efficiently, better under-
standings of the relationships between specific 
mutations and prognosis are needed.

Although many studies have been conducted  
to address these relationships, controversial 
results still persist. One example is the study of 
PIK3CA. According to Berns et al., the PIK3CA 
pathway is associated with HER2 positive 
(HER2+) disease, and is resistant to trastuzum-
ab [4]. In the NeoSphere study, Bianchini et al. 
also found that PIK3CA exon 9 mutations 
lacked sensitivity to HER2-targeted monoclonal 
antibody treatment [5]. However, Barbareschi 
et al. did not observe any relationship between 
PIK3CA mutations and trastuzumab-based th- 
erapy in neoadjuvant or metastatic breast can-
cer patients, although they did report PIK3CA 
hot-spot mutations in 25 breast cancer cases 
(19%): 12 (9%) in exon 9 and 13 (10%) in exon 
20 [6]. Meanwhile, the CLEOPATRA study 
showed both exon 9 and 20 were resistant of 
antiHER2 therapy [7]. Therefore, further investi-
gation on PIK3CA mutation is warranted. The 
contradictory findings might be related to the 
different patient populations of the studies. 
Since few studies have been conducted among 
the Chinese population, this study tries to 
assess this relationship using an original sam-
ple of Chinese advanced breast cancer pa- 
tients. To our knowledge, this is one of the first 
studies to assess PIK3CA hotpot mutations in 
advance Chinese breast cancer patients using 
NGS, with a sufficiently large sample size.

The different findings might also be resulted 
from the limitations of conventional metrics. 
Conventional metrics are limited for studying 
metastatic cancer due to the lack of tissue and 
the potential for biological changes during 
treatment. This problem is addressed by using 
next-generation sequencing in liquid biopsy. 
The development of next-generation sequenc-
ing (NGS) platforms allows more comprehen-
sive genetic screening. This high-throughput 
technology has revolutionized the sensitivity 
and specificity of detecting cell-free circulating 
tumor DNA (ctDNA), making liquid biopsy in 

breast cancer a more effective means to cap-
ture genomic mutations [8]. This technique 
allows us to identify actionable genomic altera-
tions, monitor treatment responses, unravel 
therapeutic resistance, detect disease progres-
sion before clinical decision making, and char-
acterize tumor heterogeneity and metastasis-
specific mutations, all of which provide valuable 
information to adapt therapy decisions.

In this study, we evaluated ctDNA in advanced 
breast cancer patients using prospectively col-
lected samples to explore the relationship 
between specific DNA mutations, prognosis 
and therapeutic decision making. 

Material and methods

Patient selection

This was a formal-prospective/retrospective 
study. The patients who were enrolled matched 
the following criteria: having advanced (either 
metastatic or primary advanced) measurable 
disease with complete clinical follow-up data 
and a plasma sample collected prospectively at 
the time of diagnosis; some patients who had 
plasma samples during treatment were also 
enrolled in this study. All patients were con-
firmed to have ductal invasive breast cancer by 
immunohistochemical detection in our hospi-
tal. The study was approved by the Ethics 
Committee of Beijing Cancer Hospital (Beijing, 
China). Informed consents were obtained from 
all enrolled patients before sampling.

Study purpose

The primary purpose of the study is assessing 
the relationship between ctDNA-specific muta-
tions and progression-free survival (PFS) in  
first line, especially trastuzumab-resistance in 
HER2+ patients. The tumor response rate was 
evaluated using the Response Evaluation Cri- 
teria in Solid Tumors (RECIST) version 1.1 [9]; 
tumor measurements were performed by com-
puted tomography scan or magnetic resonance 
imaging. Patients were evaluated once of two 
cycles of therapy, and an analysis was conduct-
ed to correlate ctDNA profiles in different 
patient subsets. Another purpose is assessing 
the relationship between ctDNA mutations and 
overall survival (OS), including both survival 
from diagnosed breast cancer (OS1) and from 
advanced disease (OS2).
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Sample processing and DNA extraction

Extraction of cell-free DNA and genomic DNA 
was performed as previously described [10]. 
Peripheral blood of advanced breast cancer 
patients were collected using EDTA vacutainer 
tubes, which was processed within 3 h after 
collection. Plasma was separated by centrifu-
gation at 2,500 g for 10 min, transferred to 
microcentrifuge tubes and centrifuged at 
16,000 g for 10 min to remove cell debris. The 
cell pellet from the initial spin was used for iso-
lation of germline genomic DNA from Peripheral 
Blood Lymphocyte (PBL). PBL DNA was extract-
ed using the DNeasy Blood & Tissue Kit (Qiagen, 
Hilden, Germany). Cell-free circulating DNA was 
isolated from plasma using QIAamp Circulating 
Nucleic Acid Kit (Qiagen, Hilden, Germany). Qu- 
bit fluorometer (Invitrogen, Carlsbad, CA, USA) 
dsDNA HS kit was adopted to measure DNA 
concentrations, after which size distributions of 
the cell-free DNA (cfDNA) were assessed using 
Agilent 2100 BioAnalyzer and the DNA HS kit 
(Agilent Technologies, Santa Clara, CA, USA). 

Sequencing library construction and target 
enrichment

Microgramme PBL DNA was sheared to 300-bp 
fragments using a Covaris S2 instrument before 
library construction. Indexed Illumina NGS 
libraries were prepared from PBL germline and 
circulating DNA with KAPA Library Preparation 
Kit (Kapa Biosystems, Boston, MA, USA).

Target enrichment was then performed using a 
custom SeqCap EZ Library (Roche NimbleGen, 
Madison, WI, USA). In order to learn more about 
comprehensive tumor genetic character, the 
capture probe was designed based on genomic 
regions selected with 1021 genes in total, wh- 
ich covered the most frequently mutated genes 
and exons in solid tumors. Capture hybridiza-
tion was carried out according to the manufac-
turer’s protocol. After hybrid selection, the cap-
tured DNA fragments were amplified and then 
pooled to several multiplexed libraries.

NGS Sequencing and data analysis

Sequencing was carried out using Illumina 
2×75 bp paired-end sequencing on a Illumina 
HiSeq 3000 and NextSeq 500 instruments, 
using TruSeq PE Cluster Generation Kit v3 and 
the TruSeq SBS Kit v3 (Illumina, San Diego, CA, 

USA) according to the manufacturers’ recom-
mendations. Terminal adaptor sequences and 
low-quality data were removed, after which 
reads were mapped to the reference human 
genome and aligned. GATK and MuTect were 
employed to call somatic small insert and 
delete (indel), and single nucleotide variants 
(SNV) by filtering PBL sequencing data [10-12].

Statistical analysis

According to clinically important baseline sta-
tus, biomarker, metastatic status and treat-
ment in first line, patient outcomes were ana-
lyzed using the Kaplan-Meier method and com-
pared by the log-rank test. Relationships 
between mutational status and clinicopatho-
logical characteristics were detected using the 
Chi-square test. Using the Cox proportional haz-
ards model, we also performed a multivariate 
analysis considering all the relevant variables, 
with forward stepwise variable selection. 
P-values less than 0.05 were considered statis-
tically significant.

To assess the sensitivity and specificity of high 
frequency mutations, the area under the fea-
ture mutation curve (AUC) was calculated to 
measure the accuracy of predicting PFS. 
Statistical analyses were conducted using 
Statistical Package for the Social Sciences 
(SPSS) for Windows version 10.0 (SPSS Inc., 
Chicago, IL, USA).

Results

Patient characteristics

The study analyzed 72 samples from 61 
patients in total. Every patient was tested at 
baseline, where no mutation was found for 7 
patients, so they were excluded from the study. 
Among the 54 patients who had at least one 
mutation at baseline, 11 patients were also 
tested again after treatment, adding 11 sam-
ples to the study. Therefore, further analysis 
will be based on 65 samples (54 at baseline, 
11 during treatment) from 54 patients. The 54 
patients enrolled all had invasive ductal breast 
cancer, including 27 (50%) HER2+ patients (17 
HER2+, 10 luminal B HER2+) and 27 HER2- 
patients [22 (41%) hormone receptor+ (HR+)/
HER2- (luminal B/HER2- in 9, luminal A in 13), 5 
(9%) triple negative breast cancer (TNBC)]. 
Median age was 48 years old (range 26-74 
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Table 1. Patient’s characteristic and survival analysis of DFS by clinically important baseline status in 
the first diagnosed breast cancer and biomarker at the start of the study

Total N=54 No. of case  
(percentage %)

DFS (months)
χ2 p-value 

Median ± SD Range
Age (year) 0.53 0.818
    ≤50 33 (61.1) 38±7.46 0-145
    >50 21 (38.9) 13±3.43 0-120
    Total 54 21±8.398 0-145
Tumor grade 2.235 0.327
    Grade I, II 37 (68.5) 21±5.052 0-145 
    Grade III 13 (24.1) 30±11.234 2-73
    Unknown 4 (7.4) 65±28.000 12-120
Tumor size 2.737 0.254
    T1 ≤2 11 (20.4) 40±15.276 3-107
    T2 2-≤5 26 (48.1) 21±8.286 0-145
    T3-T4 >5  17 (31.5) 13±6.174 0-72
Nodal status 56.533 <0.001
    Negative 15 (27.8) 21±14.813 4-65 
    1-3  13 (24.1) 42±17.375 2-145
    4-9  13 (24.1) 40±6.591 6-120
    ≥10  9 (16.7) 12±2.981 3-107
    Primary IV 4 (7.4) 0 0
ER   0.006
    Positive 30 (55.6) 41±6.162 0-145 7.653
    Negative 24 (44.4) 12±2.449 0-24
PR 0.021
    Positive 27 (50) 41±5.193 0-145 5.354
    Negative 27 (50) 13±1.731 0-73
HER2  6.486 0.011
    Negative 27 (50.0) 38±12.981 0-145
    Positive 27 (50.0) 13±1.731 0-73
Ki67 activity 4.386 0.223
    Negative 1 (1.9) 13 13 
    ≤20% 14 (25.9) 21±7.951 0-145
    >20% 33 (61.1) 14±5.742 0-107
    Unknown 6 (11.1) 58±6.736 12-120
PI3KCA 0.023 0.878
    WT 35 (64.8) 27±10.560 0-145
    MT 19 (35.2) 14±4.897 0-120 
PI3KCA p.H1047R 0.450 0.502
    WT 43 (79.6) 22±7.492 0-145
    MT 11 (20.4) 13±18.166 2-120
ERBB1-4 2.111 0.146
    WT 40 (74.1) 21±5.053 0-120
    MT 14 (25.9) 38±28.062 2-145
PI3KCA+ERBB2 2.551 0.110
    WT 30 (55.6) 21±6.148 0-73
    MT 24 (44.4) 36±17.759 0-145
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TP53 1.919 0.166
    WT 32 (59.3) 36±12.728 0-145
    MT 22 (40.7) 21±4.612 2-72
Adjuvant CT 1.881 0.597
    Anthracycline based 9 (16.7) 39±26.833 4-145
    Taxol based 4 (7.4) 12±21.000 0-65
    A+T 34 (62.9) 21±10.788 0-120
    No CT 3 (5.6) 14±6.532 6-59
    IV 4 0
Adjuvant ET 17.710 <0.001
    No 24 (44.4) 12±1.220 0-67
    Yes 30 (55.6) 43±6.847 2-145
DFS (months)
    Total 54 21±8.398 0-145
        <12 m 19 (35.2)
        12-24 9 (16.7)
        24-36 3 (5.6)
        >36 23 (66.7)
Note: DFS: disease free survival; ER: estrogen receptor; PR: progesterone receptor; MT: mutation, WT: wild type; A: Anthracy-
cline; T: Taxol; CT: chemotherapy; ET: endocrintherapy; IV: initially advanced disease; If one patients has more than one of same 
gene mutation but not same site will only count once.

Table 2. Kaplan Meier survival analysis of PFS by clinically important baseline status, biomarker at 
the start of the study, metastatic status and treatment in first line

N=54 Number of case 
PFS

χ2 p-value 
Median ± SD Range

Age (year) 5.924 0.015
    ≤50 33 (61.1) 10±1.136 2-25
    >50 21 (38.9) 4±0.981 2-22
Tumor grade 3.069 0.216
    Grade I, II 37 (68.5) 8±1.299 2-24
    Grade III 13 (24.1) 8±1.348 4-22
    Unknown 4 (7.4) 8±9.500 3-25
Tumor size 0.934 0.627
    T1 ≤2 11 (20.4) 9±4±2.890 3-25
    T2 2-≤5 26 (48.1) 8±4±1.525 2-24
    T3-T4 >5 17 (31.5) 84±4±0.676 2-22
Nodal status 1.358 0.851
    Negative 15 (27.8) 9±1.932 2-25
    1-3 13 (24.1) 10±1.797 2-22
    4-9 13 (24.1) 8±1.387 2-24
    ≥10 9 (16.7) 8±1.414 3-20
    Primary IV 4 (7.4) 7±0.433 6-14 
ER   0.167 0.683
    Positive 30 (55.6) 9±1.366 2-24
    Negative 24 (44.4) 8±0.949 2-25
PR 1.546 0.214
    Positive 27 (50.0) 10±1.277 2-25
    Negative 27 (50.0) 8±1.004 2-22 
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HER2  0.778 0.378
    Negative 27 (50.0) 9±1.298 2-25
    Positive 27 (50.0) 8±0.418 2-22
Ki67 activity 3.326 0.344
    Negative 1 (1.9) 8 8
    <20% 14 (25.9) 6±2.806 2-18
    >20% 33 (61.1) 9±0.811 2-24
    Unknown 6 (11.1) 8±6.736 3-25 
PI3KCA
    WT 35 (64.8) 8±0.845 2-24 0.323 0.570
    MT 19 (35.2) 8±2.152 2-25
PI3KCA p.H1047R 0.220 0.639
    WT 43 (79.6) 9±0.892 2-24
    MT  11 (20.4) 4±0.826 2-25
ERBB1-4 0.433 0.510
    WT 40 (74.1) 8±0.790 2-25
    MT 14 (25.9) 6±2.806 2-22
ERBB2 1.080 0.299
    WT 48 (88.9) 8±0.767 2-25
    MT 6 (11.1) 8±3.062 4-12
PI3KCA+ERBB1-4 0.118 0.731
    WT 30 (55.6) 8±0.781 2-24
    MT 24 (44.4) 8±1.831 2-25
TP53 0.192 0.662
    WT 32 (59.3) 8±0.807 2-25
    MT 22 (40.7) 8±2.919 2-22
Visceral metastasis 1.035 0.309
    No 21 (38.9) 9±2.289 2-25
    Yes 33 (61.1) 8±0.568 2-22
No. of metastasis 0.428 0.934
    1 27 (50.0) 9±1.298 2-24
    2 15 (27.8) 8±0.949 2-25
    3 10 (18.5) 4±2.372 2-22
    4 2 (3.7) 8-10
Liver primary metastasis 0.295 0.587
    No 28 (51.9) 8±1.583 2-25
    Yes 26 (48.1) 8±1.017 2-22
First line Treat after metastasis (for HER2-) 1.395 0.498
    T based 17 (62.9) 7±2.572 2-24 
    Other CT agents 5 (18.5) 10±2.191 3-22
    ET 5 (18.5) 11±2.191 3-25
First line treat after metastasis (for HER2+) 6.845 0.009
    H+T 20 (74.1) 8±0.445 2-22
    H+other CT agents 7 (25.9) 5±1.309 2-9
PFS (month)
    Median (Range) 8±0.733, 2-25
    ≤12 m 41
    12-25 13
T: taxol; CT: chemotherapy; ET: endocrintherapy; MT: mutation, WT: wild type; H: trastuzumab.
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years old). The median follow-up was 96 mon- 
ths (range 12-180 months). Before being 
enrolled into the study, 50 (92.6%) patients 
received surgery, and 4 (7.4%) patients were 
diagnosed advanced disease initially. In adju-
vant setting for patients after surgery, none of 
the them who were HER2+ had received trastu-
zumab in adjuvant setting due to economic rea-
sons, 47 received chemotherapy; 30 estrogen/
progesterone receptor positive (ER+/PR+) pati- 
ents received hormonal therapy, and 15 pa- 
tients received radiotherapy as individually indi-
cated. Patient characteristics and disease-free 
survival (DFS) analysis are shown in (Table 1).

Most patients (61.1%) had visceral metasta-
ses, and half of them (50%) had more than one 
metastasis site. After patients developed adv- 
anced disease, all HER2+ patients were treat-
ed with trastuzumab combined with chemo-
therapy; among them 20 patients were given 
combinations with taxane-based chemothera-

py, while 7 were given combinations with vino- 
relbine-based chemotherapy agents; 17 HR+/
HER2- patients were treated with chemothera-
py sequential endocrine maintenance treat-
ment and 5 with endocrine therapy alone; the 5 
TNBC patients were treated with chemotherapy 
(Table 2).

DNA extraction and mutation analysis

In total, 72 samples got sufficient cell-free DNA 
(cfDNA), and were tested in mutation analysis, 
while 65 samples (54 at baseline, 11 during 
treatment) were detected to have at least one 
mutation per sample, and were enrolled in the 
subsequent study. The extraction quantity of 
cfDNA in these patients were between 9.2-
530.4 ng (average 93.15 ng). No mutation was 
found for 7 samples, so they were excluded 
from further analysis, although the extracted 
quantity of cfDNA in these samples (around 
14.04-65.73 ng, average 42.05 ng) was enough 
for mutation analysis.

Table 3. The relations of PFS and gene mutation changing in baseline and after trastuzumab (T) treat-
ment 

Patient No Time of 
Sampling

Disease 
status of 
Sampling

PFS on T 
treatment 

(m)

ERBB 
1,3,4 

mutation
ERBB2

PIK3CA 
other 

mutation

PIK3CA 
p.H1047R

TP53 
mutation

No. of all 
mutation 

(include other 
gene)

No.of 
mutation 
increase/
decrease

1 2014-11-05 Baseline 0 0 0 0 0 3
2015-06-24 PD 7 0 0 0 0 0 6 ↑

2 2014-07-12 Baseline 0 0 0 0 1 2
2015-08-12 Duration 22 0 0 0 0 0 1 ↓

3 2013-06-20 Baseline 0 0 1 0 1 4
2014-09-05 PD 15 0 0 1 0 1 4 =

5 2013-09-09 Baseline 1 0 0 1 1 4
2014-04-09 PD 8 0 0 0 0 0 1 ↓

6 2014-03-25 Baseline 0 0 0 0 0 1
2014-07-28 Duration 8 0 0 0 0 1 3 ↑

8 2013-04-05 Baseline 0 0 0 0 0 2
2014-09-11 PD 14 0 0 0 1 1 4 ↑

11 2013-05-06 Baseline 0 0 1 0 1 5

2013-08-01 Duration 12 0 0 0 0 0 1 ↓

12 2015-05-16 Baseline 1 1 1 0 1 12
2015-09-28 Duration 10 0 0 0 0 0 1 ↓

14 2016-03-16 Baseline 1 0 0 1 1 6
2016-04-22 PD 2 0 0 0 1 0 1 ↓

20 2013-09-13 Baseline 0 0 0 0 1 3
2013-12-09 PD 4 0 0 0 0 1 5 ↑

21 2016-02-22 Baseline 0 1 0 1 1 4
2016-04-18 PD 2 0 1 0 1 1 3 ↓

Note: PFS: Progression free survival in first line of trastuzumab; T: Trastuzumab; m: month; PD: progression disease; ↑: number of mutation 
increase; ↓: number of mutation decrease; =: number of mutation no change.
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Mutation analyses were performed by NGS and 
255 mutations were found. Mutations were 
found in patients of TP53, PIK3CA, and ERBB 
(including ERBB1-4), at 40.7%, 35.2%, and 
25.9% (Table 1), respectively. ERBB2 muta-
tions more likely occurred in HER2+ disease 
than HER2- disease [5/27 (18.5%) vs. 1/27 
(3.7%), P=0.192], but the difference was not 
significant; ESR1 (3 cases) mutations only 
occurred in HR+ patients in this study. 

To compare mutation profiles in different situa-
tions, ctDNA examinations were extended from 
baseline to during treatment for 11 patients 
(shown in Table 3). We found that ERBB1-4, 
ERBB2, PIK3CA 3140 A>G (p.H1047R) and 
TP53 were present both at baseline and in 
some treatment samples. Among the 7 patients 
whose total number of mutations had decre- 
ased (including one who remained the same), 5 
patients had responded to trastuzumab, while 
2 patients had no response. These 2 patients 
had PIK3CA p.H1047R mutation in both base-
line and progression disease (PD), which sug-
gested that even when the total number of 
mutation had decreased, if PIK3CA p.H1047R 
mutation still existed, patients will respond 
poorly and have worse survival. Among the 5 
patients who responded well, 1 patient had 
PIK3CA p.H1047R at baseline, but was free of it 
after trastuzumab treatment. This explained 
why her PFS was better than the 2 patients 
whose PIK3CA p.H1047R mutation did not dis-
appear. The other 4 patients, 3 responded well 
to trastuzumab treatment, did not have PIK3CA 
p.H1047R mutation in both samples. 

All mutations were missense, with either single 
nucleotide variation in ERBB1-4, PIK3CA, or 
other kinds of mutation in TP53, which were 
defined as insertion and deletion. PIK3CA 
mutations were most frequently observed in 
exon 20 (3140 A>G, p.H1047R) in 11 patients 
(20.3%) and exon 9 (1633 G>A, p.E545K) in  
5 patients (9.3%). ERBB1-4, PIK3CA, PIK3CA 
p.H1047R and TP53 presented higher muta-
tional frequencies and were considered in fur-
ther survival analysis.

Survival analysis

Survival analysis by clinically important base-
line status and biomarkers: The median DFS of 
the samples was 21±8.398 months (range 
0-145 months). DFS was significantly longer for 
ER+, PR+, and HER2- patients, with p-values of 

0.006, 0.021, and 0.011 respectively; while 
lymph node metastasis had a worse DFS. 
ERBB, PIK3CA and TP53 mutations were not 
correlated with DFS (Table 1).

Prognostic assessment of ERBB, PIK3CA and 
TP53 mutations for PFS: The frequency of 
ERBB mutations was the same in HER2+ 7/27 
(25.9%) and HER2- 7/27 (25.9%) disease; and 
the mutation had no significant impact on PFS 
in any subset, P=0.707 and P=0.066, respec-
tively. ERBB2 mutations more frequently 
occurred in HER2+ than HER2- disease [5/27 
(18.5%) vs. 1/27 (3.7%), P=0.192], but the dif-
ference was not significant in this study. TP53 
mutations were significantly higher in HER2+ 
(29.63%) than HER2- disease (11.11%, P= 
0.012); PIK3CA mutations were almost equally 
present in HER2+ (10 cases, 18.52%) and 
HER2- (9 cases, 16.67%) disease; none were 
related to PFS (Table 2).

PIK3CA p.H1047R mutation is an independent 
prognostic factor in HER2+ patients: In total, 
the PIK3CA p.H1047R mutation was found in 
11 cases (20%); it was more frequent in HER2+ 
(7/27, 25.9%) than HER2- (4/27, 14.8%) dis-
ease. PIK3CA p.H1047R was associated with 
shorter median PFS in HER2+ disease (mutant 
vs. wild type: 4 (range 2-9) vs. 8 (range 2-22) 
months, P=0.006) (Figure 1A); but not in HER2- 
disease or for all 54 patients, where no signifi-
cant difference existed (P=0.188, 0.639, 
respectively) (Figure 1B, 1C). 

We have done integrated analysis using log-
rank test between multiple clinical factors 
including age, tumor stage, tumor size, nodal 
status, ER, HER2, ki67 and PIK3CA p.H1047R 
mutants, and found that PIK3CA p.H1047R was 
only significantly different between age ≤50 
and >50 (P=0.009) (shown in Table S1).

Multivariate analysis for HER2+ disease con-
sidered age, ER, Ki67, ERBB, TP53, PIK3CA, 
and PIK3CA p.H1047R, and demonstrated that 
the PIK3CA p.H1047R mutation was the only 
factor associated with shorter PFS (P=0.025). 
Further analysis by receiver operating charac-
teristic curve showed that the PIK3CA p.H1047R 
mutation had a large area under the curve, 
0.789 (Figure 1D).

There were five TNBC cases among the HER2- 
patients. No ERBB2 or PIK3CA p.H1047R muta-
tions were found in these patients (0/5), and 
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Figure 1. A. PIK3CA p.H1047R was associated with shorter median PFS in HER2+ disease; B, C. Total 54 patients and HER- patients, where no significant difference 
in PFS; D. Receiver operating characteristic (ROC) curve showed that the PIK3CA p.H1047R mutation had a large area uder the curve; E. PIK3CA p.H1047R mutation 
had shorter OS1 in HER2+ disease; F. ctDNA mutations in TP53 had a shorter OS1. Note: OS1: overall survival from diagnosed breast cancer.
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ERBB mutation alone was not correlated with 
PFS. Based on the limited number of TNBC 
cases, it is hard to draw any useful conclusion.

OS analysis by clinically important baseline sta-
tus and biomarkers: OS was calculated from 
diagnosis (OS1) and after advanced disease 
diagnosis (OS2); the median OS1 was 96± 
11.393 months (range 12-180 months). Longer 
OS1 was correlated with ER+, PR+, HER2-, Ki67 
low, no visceral metastasis, and no primary 
liver metastasis; p-values were 0.008, 0.007, 
<0.001, 0.018, 0.006, 0.001, and 0.002, 
respectively. We found that PIK3CA p.H1047R 
mutation had shorter OS1 in HER2+ disease 
with P=0.043 (Figure 1E), while this relation-
ship is not found for OS2. In an univariate analy-
sis, patients with ctDNA mutations in TP53 had 
a shorter OS1 (median 64 vs. 121 months, 
P=0.006) (Figure 1F).

Median OS2 was 71±19.570 months (range 
2-93 months). Longer OS2 was correlated with 
HER2-, Ki67 low, no visceral metastasis, fewer 
site of metastases, and no primary liver metas-
tasis; p-values were <0.001, 0.001, 0.001, 
<0.001, and 0.006, respectively.

Discussion

In this study, we found that TP53, PIK3CA, and 
ERBB mutations occurred most frequently in 

advanced breast cancer (40.7%, 35.2%, and 
25.9%, respectively) and were associated with 
different molecular subtypes. We also showed 
that some mutations found at baseline also 
occurred during the treatment.

The tumor suppressor gene TP53 is located on 
the short arm of chromosome 17 (17p13.1) 
[13], and is mutated in approximately 38.8% of 
breast cancer [12]. While mutation rates be- 
tween intrinsic or immunophenotypical tumor 
subtypes vary, the TP53 mutation occurs in a 
high percentage (62% or 81%) [12, 14] in TNBC 
and (67%) HER2+ patients [12]. However, 
patients with TP53 mutations have shown a 
tendency toward worse prognoses than those 
without it [13]. In this study, we also found that 
TP53 mutations were associated with shorter 
OS1 (P=0.006). We did not analyze TP53 muta-
tion in TNBC, because of the limited number of 
samples available.

Few studies have addressed ERBB mutations 
[12, 15]. In our study, ERBB mutations were 
higher, and the same in HER2- (25.9%) and 
HER2+ (25.9%) disease, while ERBB2 muta-
tions were more frequent in HER2+ than HER2- 
disease (18.5% vs. 3.7%), but neither was asso-
ciated with either OS or PFS.

The PIK3CA gene, encoding the p110α catalyt-
ic subunit, is the most frequently mutated gene 

Figure 2. The PIK3CA mutations take place frequently in kinase (H1047R) domains.
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in breast cancer, with mutations found in 25%-
40% of all cases [16-20]. Two publications have 
reported PIK3CA mutations in 35.2% and 
28.12% of Chinese breast cancer patients [21, 
22]. These findings are comparable to ours, in 
which the PIK3CA mutation was found in 35.2% 
of the cases. The frequency of PIK3A mutations 
is different in HER2+ positive breast cancer 
(31%) [23] and in HR+ (45%) [17], while low fre-
quencies were found in TNBC (13.6%) [24]. In 
our study, the frequency of PIK3A mutation in 
different subgroups is HER2+ (37%), HR+ 
(40.9%) and TNBC (20%), which is also similar 
to existing literature. However, we did not find 
any significant survival differences correlated 
with PIK3CA mutations in any subgroup, while 
some previous studies reported an association 
between PIK3CA mutation and poor prognosis 
in HR+ [25, 26] and HER2+ breast cancer [16]. 
Although the difference between studies in 
terms of sample size, sample selection, geo-
graphical distribution and the use of different 
techniques might partially explain why different 
results can occur, further studies should be 
carried out to address this problem.

Approximately 80% of PIK3CA mutations take 
place within the helical (E542K, E545K) and 
kinase (H1047R) domains (Figure 2A), as these 
lead to increased catalytic activity (i.e. produc-
tion of phosphatidylinositol triphosphate) that 
enhances cell proliferation and survival. These 
mutations (exons 9: helical domain p.E542K 
and p.E545K, and exon 20: kinase domain p.
H1047R) [27] were observed in over 90% of 
cases in our study, which was similar to previ-
ous reports. We found 11 (20%) PIK3CA exon 
20 (p.H1047R) mutations (Figure 2B, 2C), all of 
which were missense mutations; while in stud-
ies of Western population, p.H1047L mutations 
were more frequent [4, 20]. One explanation for 
this may be that Chinese breast cancer patients 
are more prone to p.H1047R than p.H1047L 
[22] mutations, but further study is needed to 
confirm this hypothesis. Since phosphorylation 
of PI3K kinase is an important downstream 
event of HER2 signaling pathway while p.
H1047R may led to malfunction of PI3K/PI4K 
domain. Thus we sought to find out if the p.
H1047R contributes to the disease progression 
in HER2 positive patients. 

According to previous literature like the 
BOLERO-2 study [28], for HER2- cases, PIK3CA 
p.H1047R mutation was not associated with 

different PFS. For HER2+ cases, however, the 
prognostic implication of this activating muta-
tion remains controversial. While some found 
that patients with exon 20 mutations had 
improved survival [29-31], some found no sig-
nificant association [5, 32], and some found 
significantly worse survival in patients with 
exon 20 mutations [7, 26]. In this study, we 
examined 54 patients and found that PIK3CA 
p.H1047R exon 20 mutations, but not other 
PIK3CA mutations, were significantly associat-
ed with worse OS in HER2+ cases (P=0.043), 
but not in HER2- disease. More importantly, we 
found that PIK3CA p.H1047R was significantly 
associated with shorter PFS in HER2+ disease 
treated with trastuzumab (mutant vs. wild type: 
4 vs. 8 months, P=0.006), but not for HER2-
patients (P=0.188). Activating PIK3CA muta-
tions alters cell proliferation and survival, and 
PIK3CA is essential in signaling cascades trig-
gered by HER2. This may explain how PIK3CA 
p.H1047R mutations were resistant to trastu-
zumab treatment. 

More evidence is found from cell line and ani-
mal model studies. Using transfected MDA361 
cells that contained E545K PIK3CA mutation, a 
previous study found that trastuzumab and 
lapatinib were both effective alone and in com-
bination under normal PTEN conditions. Under 
low PTEN conditions, however, these cells were 
resistant to trastuzumab, while lapatinib was 
still effective. Another cell line study also found 
that mutant PIK3CA enhanced HER2-mediated 
transformation of MCF10A breast epithelial 
cells in vitro [33, 34]. Similar results were found 
in animal model studies. Using a mouse model, 
a study found that mice expressing both human 
HER2 and mutant PIK3CA in the mammary epi-
thelium developed tumors with shorter laten-
cies compared with mice expressing either 
oncogene alone. In addition, HER2+/PIK3CA 
tumors were resistant to trastuzumab alone 
and in combination with lapatinib. They found 
that PIK3CA H1047R accelerates HER2-
mediated breast epithelial transformation and 
metastatic progression, alters the intrinsic phe-
notype of HER2-overexpressing cancers, and 
generates resistance to approved combina-
tions of anti-HER2 therapies [35]. 

Finally, in a multivariate Cox survival model that 
included age, ER, Ki67, TP53, PIK3CA, ERBB, 
and PIK3CA p.H1047R, we found that PIK3CA 
p.H1047R was the only biomarker that served 
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as an independent risk factor (P=0.025) for 
PFS in HER2+ patients, with relatively high sen-
sitivity (AUC=0.789). This specific mutation site 
in PIK3CA p.H1047R suggests that each can-
cer sample could present a specific pattern of 
molecular alteration, leading to the concept of 
individualized medicine in cancer treatment. 

Conclusions

Using NGS on ctDNA, we found that the PIK3CA 
p.H1047R mutation was more frequent in 
HER2+ disease and associated with worse OS. 
This was the only mutation associated with 
shorter PFS on multivariate analysis in HER2+ 
patients who were treated with trastuzumab, 
suggesting trastuzumab had lower activity in 
these patients. The presence of a TP53 muta-
tion was also associated with worse OS from 
diagnosed. Overall, evaluating ctDNA is feasi-
ble in a general breast cancer population and 
has prognostic impact.
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Table S1. The analysis of clinical factors including age, tumor stage, tumor size, nodal status, ER, 
HER2, ki67 and PIK3CA p.H1047R mutants

Diagnosed 
age

Age group 
by 50

Age group 
by 45

ER 
status

ki67 
status

Tumor 
grade

Node positive 
and negative p.H1047R

Diagnosed age 1.000

Group of age by 50 .845** 1.000
.000

Age group by 45 .857** .687** 1.000
.000 .000

ER status -.217 -.280* -.167 1.000
.040

ki67 status -.210 -.240 -.372** .123 1.000
.006

Grade 3 class -.103 -.106 -.164 -.283* -.129 1.000
.038

Grade after surgery .049 .097 -.074 -.196 .394** .258
.003

Node positive and negative .195 .240 .302* -.139 -.301* .109 1.000
.026 .027

mt314054 .148 .351** .157 -.103 .022 -.237 .006 1.000
.009

**significant at 0.01 significance level (double-tail). *significant at 0.05 significance level (double-tail).


