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Abstract. The aim of the present study was to compare the 
phosphatidylinositol 3-kinase (PI3KCA)-AKT serine/threonine 
kinase (AKT) pathway in circulating tumor cells (CTCs) and 
corresponding cancerous tissues. Stemness-like circulating 
tumor cells (slCTCs) and CTCs in epithelial-mesenchymal 
transition (EMT) have been implicated as the active source 
of metastatic spread in breast cancer (BC). In this regard, the 
PI3KCA-AKT signaling pathway was demonstrated to be 
implicated in and to be frequently mutated in BC. The present 
study compared this pathway in slCTCs/CTCs in EMT and the 
corresponding tumor tissues of 90 metastatic BC patients (pts). 
slCTCs and CTCs in EMT were isolated using the AdnaTest 
EMT-1/StemCell for the detection of aldehyde dehydrogenase 
1 family member A1 (ALDH1) (singleplex PCR) and PI3KCA, 
AKT2 and twist family bHLH transcription factor 1 (multiplex 
PCR). Tumor tissue was investigated for PI3KCA hotspot 
mutations using Sanger sequencing of genomic DNA from 

micro-dissected formalin-fixed paraffin-embedded tissue, 
and for the expression of ALDH1 and phosphorylated AKT 
(pAKT), and phosphatase and tensin homolog (PTEN) loss, 
by immunohistochemistry. slCTCs were identified in 23% 
of pts (21/90 pts) and CTCs in EMT in 56% (50/90 pts) of 
pts. pAKT and ALDH1 positivity in tumor tissue was 
identified in 47 and 9% of cases, respectively, and a PTEN 
loss was observed in 18% of pts. A significant association 
was detected between pAKT expression in cancerous tissue 
and AKT2 expression in CTCs (P=0.037). PI3KCA mutations 
were detected in 32% of pts, most frequently on exons 21 
(55%) and 10 (45%). Pts with PI3KCA mutations in tumor 
tissue had a significantly longer overall survival than pts with 
wild-type PI3KCA expression (P=0.007). Similar results were 
obtained for pts with aberrant PI3KCA signaling in CTCs 
and/or aberrant signaling in cancerous tissue (P=0.009). 
Therapy-resistant CTCs, potentially derived from the primary 
tumor or metastatic tissue, may be eliminated with specific 
PI3K pathway inhibitors, alone or in combination, to improve 
the prognosis of metastatic BC pts.

Introduction

Stem cell-like tumor cells have been implicated as the 
active source of metastatic spread in breast cancer (BC). To 
disseminate and metastasize, these cells may undergo pheno-
typic changes, known as epithelial-mesenchymal-transition 
(EMT) (1-3). The phosphatidylinositol 3-kinase (PI3KCA)-AKT 
serine/threonine kinase (AKT) signaling pathway has been 
identified as one of the most important and most frequently 
mutated pathways involved in these processes. In BC, PI3KCA 
mutations are frequently detected, most commonly in exon  
10 (E454K and E424K) and exon 21 (H1047R), which encode 
the helical and kinase domain (4,5). Whereas mutations in 
the helical domain remove the interaction between p85 and 
p110, leading to constitutive PI3KCA activity, mutations in the 
kinase domain directly affect the catalytic subunit of PI3KCA 

Comparison of the PI3KCA pathway in circulating 
tumor cells and corresponding tumor tissue of 

patients with metastatic breast cancer
MAREN BREDEMEIER1,  SABINE KASIMIR-BAUER1,  HANS-CHRISTIAN KOLBERG2,  

THOMAS HEROLD3,  SARAH SYNORACKI3,  SIEGFRIED HAUCH4,  PHILIPPOS EDIMIRIS1,  
AGNES BANKFALVI3,  MITRA TEWES5,  RAINER KIMMIG1  and  BAHRIYE AKTAS1

1Department of Gynecology and Obstetrics, University Hospital Essen, University of Duisburg‑Essen, D‑45122 Essen; 
2Department of Gynecology and Obstetrics, Marienhospital Bottrop, D‑46236 Bottrop; 3Institute of Pathology, 

University Hospital Essen, University of Duisburg‑Essen, D‑45122 Essen;  
4Qiagen Hannover GmbH, D‑30853 Langenhagen; 5Department of Medical Oncology, West German 
Cancer Center, University Hospital Essen, University of Duisburg‑Essen, D‑45122 Essen, Germany

Received September 19, 2016;  Accepted December 19, 2016

DOI: 10.3892/mmr.2017.6415

Correspondence to: Dr Bahriye Aktas, Department of 
Gynecology and Obstetrics, University Hospital Essen, University of 
Duisburg‑Essen, 55 Hufelandstrasse, D‑45122 Essen, Germany
E-mail: bahriye.aktas@uk-essen.de

Abbreviations: CTCs, circulating tumor cells; slCTCs, 
stemness‑like CTCs; EMT, epithelial‑mesenchymal transition; BC, 
breast cancer; PFS, progression‑free survival; OS, overall survival; 
mTOR, mechanistic target of rapamycin; ER, estrogen receptor; 
PR, progesterone receptor; pts, patients; HER2, human epidermal 
growth factor receptor 2

Key words: circulating tumor cells, epithelial-mesenchymal 
transition, phosphatidylinositol 3-kinase-AKT signaling pathway, 
PI3KCA mutation, phosphatase and tensin homolog loss, metastatic 
breast cancer, liquid biopsy



BREDEMEIER et al:  THE PI3KCA PATHWAY IN CIRCULATING TUMOR CELLS AND CORRESPONDING TUMOR TISSUE2958

by allosteric changes, allowing easier access of the substrate to 
the catalytic site (6,7). PI3KCA mutations in tumor tissue have 
previously been investigated in BC, resulting in contradictory 
results with regard to progression-free survival (PFS) and 
overall survival (OS) (8-13). New treatment strategies for BC 
are currently being developed, which target molecular targets 
that are thought to contribute to the disease. These therapies 
include inhibitors of the PI3KCA-AKT pathway mechanistic 
target of rapamycin (mTOR), which is closely associated with 
estrogen receptor (ER) signaling (14). In this regard, the mTOR 
inhibitor everolimus, in combination with exemestane, has 
been demonstrated to improve the PFS in patients (pts) with 
advanced BC (15). Archival tumor samples from pts in the 
BOLERO‑1 (clinical trials.gov identifier NCT00876395) and 
BOLERO‑3 (clinical trials.gov identifier NCT01007942) trials 
were analyzed using next-generation sequencing, immunohis-
tochemistry and Sanger sequencing. This analysis suggested 
that pts that had human epidermal growth factor receptor 2 
(HER2)-positive advanced BC with PI3KCA mutations, phos-
phatase and tensin homolog (PTEN) loss, or a hyperactive 
PI3KCA pathway in the tumor may derive PFS benefit from 
the application of everolimus (16). In the BOLERO-1 trial, pts 
were randomly assigned to receive either everolimus (10 mg) 
once a day orally or a placebo plus weekly intravenous admin-
istration of trastuzumab and paclitaxel. The BOLERO-1 trial 
revealed that the addition of everolimus to trastuzumab plus 
paclitaxel treatment did not improve clinical outcomes in the 
entire population: Median PFS was 15 months with everolimus 
arm vs. 14 months with placebo arm (HR 0.89; P=0.11) (17). In 
the hormone receptor-negative subpopulation, the median PFS 
in the everolimus arm of the study was 20 months compared 
with 13 months in the placebo arm (HR 0.66; P=0.004). A 
clinically relevant prolongation of PFS following the addition 
of everolimus in hormone receptor negative pts up to 7 months 
may be achieved. Further BOLERO trials demonstrated benefi-
cial effects when everolimus was added to endocrine treatment 
(BOLERO‑2; clinical trials.gov identifier NCT00863655), or 
to trastuzumab and vinorelbine treatment of taxane-pretreated 
advanced BC pts that were trastuzumab resistant (BOLERO‑3; 
clinical trials.gov identifier NCT01007942) (18). Additionally, 
the PI3K inhibitor, BKM120 also termed burparlisib, was 
demonstrated to be effective in combination with fulvestrant 
in hormone receptor-positive advanced BC pts that were resis-
tant to hormonal treatment and harbored PI3KCA mutations 
(BELLE‑2 study; clinical trials.gov identifier NCT01610284). 
The PFS for pts that received fulvestrant alone was 5 months, 
whereas the pts that received buparlisib plus fulvestrant had 
a PFS of 6.9 months (HR 0.78; P<0.001). Pts had improved 
outcomes, with a PFS of 7 months, if they received buparlisib 
plus fulvestrant when mutant PI3KCA was detected in their 
circulating tumor DNA (ctDNA), compared with pts who 
received fulvestrant alone, with a PFS of 3.2 months (HR 0.56; 
P<0.001) (19). For each new targeted therapy, a biomarker may 
help to match the appropriate drug to the appropriate pts. In 
this context, the characterization of stemness-like circulating 
tumor cells (slCTCs) and CTCs in EMT for such biomarkers 
may be important in the future, as metastatic tissue is often 
difficult to obtain. SlCTCs and CTCs in EMT have already 
been identified in the heterogeneous population of CTCs 
of metastatic and primary BC pts (20-25). In addition, it is 

important to note that the expression of predictive markers, 
including hormonal receptors, such as HER2, may change 
during disease progression or treatment, resulting in ineffec-
tive treatment (26-30). Taking into account that the PI3KCA 
pathway is involved in the survival of slCTCs and CTCs in 
EMT, the present study compared this pathway in slCTCs 
and CTCs in EMT of 90 metastatic BC pts, at the time of 
disease progression or at the time of relapse of previously 
diagnosed BC, and the corresponding tumor tissues. For this 
purpose, blood was analyzed for CTCs overexpressing EMT 
markers (PI3KCAα and AKT2) and slCTC markers [aldehyde 
dehydrogenase 1 family member A1 (ALDH1)]. In addition, 
corresponding tumor tissue was analyzed for the expression 
of phosphorylated AKT (pAKT), ALDH1, PTEN loss and 
PI3KCA hotspot mutations. The aim of the current study was 
to elucidate whether blood samples may serve as a reliable 
source to determine the optimal use of targeted therapies in 
the future.

Materials and methods

Patient population and characteristics. The study was 
conducted at the Department of Gynecology and Obstetrics 
in collaboration with the Department of Internal Medicine 
(Cancer Research) and the Institute of Pathology at the 
University Hospital Essen (Essen, Germany). Between 
July 2011 and September 2015, 90 metastatic BC pts, aged 
between 38 and 77, were enrolled for blood and tissue 
analysis. In total, 40 primary tumors, 44 visceral and 15 
non-visceral metastases were available for analysis. Pts had 
already received more than one palliative endocrine, chemo-, 
antibody- or experimental therapy, the majority had received 
more than the third-line therapy. Initial biopsy of the primary 
tumors revealed ER positivity in 85%, progesterone receptor 
positivity in 64% and HER2 positivity in 20% of pts, while 
11% of pts were triple-negative. The receptor status of seven 
pts was unknown.

Eligibility criteria. The eligibility criteria were as follows: 
Age, ≥18 years; measurable or evaluable metastatic BC; 
predicted life expectancy, ≥2 months; Eastern Cooperative 
Oncology Group (ECOG) scores for performance status 
of 0‑2; no severe, uncontrolled co‑morbidities or medical 
conditions; and no second malignancies. ECOG status is a 
good predictor of survival, prognosis and response to treat-
ment, which facilitates decision-making in oncology (31). Pts 
had either a relapse of BC diagnosed in the past and were to 
start chemotherapy, or a documented progressive BC before 
receiving a new endocrine, chemo- or experimental therapy. 
Prior adjuvant treatment, radiation or any other treatment of 
metastatic disease was permitted. Exclusion criteria were 
other malignancies except BC. All specimens were obtained 
after written informed consent and collected using protocols 
approved by the institutional review board.

Sampling of blood. EDTA blood (2x5 ml) was collected for 
isolation of CTCs with an S-Monovette® (Sarstedt AG & Co., 
Nümbrecht, Germany) and stored at 4˚C until further exami-
nation. The samples were processed immediately or no longer 
than 4 h after blood withdrawal.
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Collection of tumor samples. A small sample of the primary 
tumor was taken from pts who underwent surgery or tumor 
biopsy for medical reasons, or as part of a research treatment 
protocol. Samples of metastases were taken by needle biopsy 
combined with an imaging procedure, such as computerized 
tomography, magnetic resonance imaging or ultrasound.

Detection of slCTCs and CTCs in EMT. Both subtypes of 
CTCs were investigated by positive immunomagnetic selec-
tion using AdnaTest EMT-1/StemCell (Qiagen GmbH, Hilden, 
Germany). RNA was recovered and reverse transcribed for 
analysis using the AdnaTest EMT-1 [multiplex reverse tran-
scription-polymerase chain reaction (RT-PCR) for twist family 
bHLH transcription factor 1 (TWIST1), AKT2 and PI3KCAα], 
and the AdnaTest TumorStemCell (Qiagen GmbH; singleplex 
RT-PCR for ALDH1). Identification of EMT markers was 
considered positive if at least one of the three markers was 
detected in the sample. The assay was performed according to 
the manufacturer's protocol and has been described in detail 
elsewhere (20).

Embedding of tumor tissue samples. Routinely formalin‑fixed 
and paraffin embedded tumor tissue blocks were retrieved 
from the archives of the Institute of Pathology of the University 
Hospital Essen, Essen, Germany. Paraffin processing of tumor 
tissues was performed according to established protocols for 
routine histopathology. For fixation, 10% neutral buffered 
formalin (~4% formaldehyde) was used at room temperature 
for 24 h up to 48‑72 h. For immunohistochemistry, 4 µm thick 
paraffin sections were cut and mounted on SuperFrost® Plus 
slides (Menzel-Gläser, Braunschweig, Germany).

Evaluation of PTEN loss, pAKT and ALDH1 expression. 
PTEN loss, pAKT and ALDH1 expression were investigated 
using immunohistochemistry. At all times, the manufacturer`s 
protocol was followed. pAKT was determined using Ser473 
rabbit polyclonal antibody (diluted 1:100; cat. no. sc‑7985‑R; 
Santa Cruz Biotechnology, Inc., Dallas, TX, USA) and 
detected on the Benchmark Ultra (Ventana Medical Systems, 
Inc., Tucson, AZ, USA) using the OptiView DAB IHC detec-
tion kit (Roche Diagnostics, Basel, Switzerland). ALDH1 
staining was performed using the aa-7-128 monoclonal mouse 
antibody (diluted 1:2,000; cat. no. 611194; BD transduction 
Laboratories™; BD Biosciences, San Jose, CA, USA) and the 
Zytomed polymer DAB detection system (Zytomed Systems 
GmbH, Berlin, Germany) followed by staining on the DAKO 
Autostainer (Dako; Agilent Technologies, Inc., Santa Clara, 
CA, USA). PTEN was detected using 138G6 rabbit mono-
clonal antibody (diluted 1:200; cat. no. 9559S; Cell Signaling 
Technology, Inc., Danvers, MA, USA) and staining was 
performed on the full-automatic Ultra Bench Mark (Ventana 
Medical Systems, Inc.) using the PTEN OptiView DAB IHC 
detection kit (Roche Diagnostics). In addition, immunohis-
tochemical analysis of the primary tumor with regard to the 
tumor type, TNM-staging, histology and grading were assessed 
in the Department of Pathology of the University Hospital 
Essen. IHC staining was evaluated according to the H-score 
scoring system, taking into account the percentage of staining 
intensity (0‑3). The H‑score is defined as the product of 3x the 
percentage of strongly stained nuclei + 2x the percentage of 

moderately stained nuclei + the percentage of weakly stained 
nuclei [1x (% cells 1+) +2x (% cells 2+) +3x (% cells 3+)], giving 
a range of 0 to 300, as a continuous variable. An H-score of 3+ 
was classed as a strong, 2+ as medium and 1+ as weak staining. 
A complete absence of staining was indicated by a H-score 
of 0 (32). Tumor-free breast tissue served as control for all 
markers. A staining result was considered to be positive for 
ALDH1 and pAKT if the H-score was higher than the refer-
ence staining of non-malignant breast tissue, which served as 
a control. PTEN loss was defined as the complete absence of 
PTEN staining.

DNA extraction from formaldehyde‑fixed paraffin‑embedded 
tissue. Five tissue cores of 0.9 mm in size (Terumo Medical 
Corporation, Tokyo, Japan), containing ≥50% tumor cells, 
were prepared under supervision of a trained pathologist and 
stored in BIOPUR tubes (Eppendorf, Hamburg, Germany). 
For paraffin removal, 320 µl of deparaffinization solution 
(Qiagen GmbH) was added, vortexed for 10 sec, incubated at 
56˚C for 3 min and cooled to room temperature. DNA extrac-
tion was performed with the QIAmp DNA formalin-fixed 
paraffin-embedded kit (Qiagen GmbH) according to the 
manufacturer's instructions. After incubation for 5 min at 19˚C, 
DNA was generated by centrifugation for 1 min at 20,000 x g. 
The DNA concentration was assessed using NanoDrop 
Technology (Thermo Fisher Scientific, Inc., Pittsburgh, PA, 
USA) and stored at 4˚C until further usage.

Detection of PI3KCA mutations. Target specific PCR was 
performed using AmpliTaq gold polymerase (Thermo Fisher 
Scientific, Inc., Waltham, MA, USA). A master mix (50 µl) 
was prepared with DNAse-free H2O (36 µl), 10X buffer (5 µl), 
25 mM MgCl2 (5 µl), 10 mM dNTP mix (1 µl), AmpliTaq gold 
polymerase (0.5 µl) and 10 pmol/µl primer mix (0.5 µl). For 
initial DNA concentrations between 5‑50 ng/µl, 2 µl, and for 
concentrations between 51‑100 ng/µl, 1 µl of the undiluted 
DNA was used. For DNA concentrations >100 ng/µl, a dilu-
tion was performed (final concentration 51‑100 ng/µl). The 
PI3KCA forward (F) and reverse (R) primer sequences were 
as follows (sequencing adapters are underlined): Exon 10 
F: TAT GTA AAA CGA CGG CCA GTA CAG CTC AAA GCA 
ATT TCT ACA CG, Exon 10 R: TAT TAT AGG GCG AAT 
TGG GTT CTC CAT TTT AGC ACT TAC CTG TGAC, Exon 21  
F: TAT GTA AAA CGA CGG CCA GTG ATG CTT GGC TCT 
GGA ATGC, Exon 21 R: TAT TAT AGG GCG AAT TGG GTT 
CTT TTC AGT TCA ATG CAT GCT G10.

Exon specific PCR was performed on a thermal cycler 
starting at 95˚C for 5 min, followed by 15 cycles of 95˚C 
(20 sec), 59˚C (1 min) and 72˚C (30 sec), and 35 cycles of 
95˚C (20 sec), 52˚C (1 min) and 72˚C (1 min). PCR products 
were verified on Agilent Bioanalyzer (Agilent Technologies, 
Inc.) with fragment sizes of 137 bp (exon 10) or 241 bp (exon 
21) in length. Digestion of PCR primers and single stranded 
DNA was performed using exonuclease 1 (New England 
BioLabs, Inc., Ipswich, MA, USA) and antarctic phosphatase 
(New England BioLabs, Inc.). Digestion was performed in the 
Primus 25 advanced® (Peqlab; VWR International, Radnor, 
PA, USA) or Biometra T3000 thermal cycler (Biometra 
GmbH, Göttingen, Germany) for 30 min at 37˚C, followed 
by 15 min at 72˚C. Exodigested products were frozen at 
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‑20˚C for further usage. The BigDye Terminator Seq. 3.1 kit 
(Thermo Fisher Scientific, Inc.) was used for cycle sequencing. 
Each purified PCR product (1 µl) was added to the prepared 
mastermixes containing either the P172-forward or the 
M1320-reverse primer (Biolegio, Nijmegen, Netherlands). The 
universal primer sequences were as follows: M13-20: GTA 
AAA CGA CGG CCA GT, P172: TAT AGG GCG AAT TGG GT. 
Cycle sequencing was carried out in the Primus 25 advanced 
or Biometra T3000 thermal cycler as follows: 10 sec at 95˚C, 
followed by 25 cycles of 5 sec at 50˚C and 2 min at 60˚C. Cycle 
sequencing products were frozen at ‑20˚C for further usage. 
After ethanol precipitation, sequencing was performed on the 
3500 Genetic Analyzer (Applied Biosystems; Thermo Fisher 
Scientific, Inc.). Mutation analysis was performed with the 
Sequencher software version 5.1 (Gene Codes Corporation, 
Ann Harbor, MI, USA).

Statistical analysis. Statistical analysis was performed 
using Winstat (2012.1), an upgrade of Microsoft Excel  
(www.winstat.de). Survival intervals were screened from the 
time of CTCs analysis until the date of mortality and calculated 
with Kaplan-Meier estimator (Log-rank test). Association of 
CTCs and tissue results were performed by contingency tables, 
displaying the frequency distribution of two variables (marker 
expression in CTC vs. marker expression in tissue). P-values 
were generated with the χ2 test; if less than five cases were 
identified in each group, Fisher's exact test was used. P<0.05 
was considered to indicate a statistically significant difference.

Results

Expression of EMT and stem cell markers in CTCs. As 
presented in Fig. 1, CTCs in EMT were detected in 50/90 pts 
(56%), expression of PI3KCAα was detected in 38/90 (42%), 
AKT2 in 40/90 (44%) and TWIST1 in 2/90 pts (2%). slCTCs 
were identified in 21/90 pts (23%), and 20/90 pts (22%) had 
slCTCs and CTCs in EMT. Of the 90 pts, 39 had neither 
slCTCs nor CTCs in EMT.

Expression of EMT and stem cell markers in tumor tissue. 
Representative staining for the expression of ALDH1, pAKT 
and PTEN are illustrated in Fig. 2. PTEN staining was 
possible in 85/90 pts and PTEN loss was detected in 15/85 pts 
(18%). Staining of pAKT and ALDH1 was performed in 34/90 
pts and positive results were detected in 16/34 pts (47%) and 
3/34 pts (9%), respectively (Fig. 3). PI3KCA mutations were 
assessed in all 90 pts and were detected in 29/90 pts (32%). 
Mutations were identified most frequently on exon 21 (55%, 
16/29 pts) with the H1047R mutation detected in 14/16 pts 
(87%), and the H1047L mutation in 2/16 pts with mutations 
on exon 21 (13%). Among the pts with a mutation on exon 10 
(13/29, 45%), the E545K mutation was detected in 9/13 pts 
(69%), the E542 K mutation in 3/13 pts (23%) and the mutation 
c.1615C>T p.Pro539Ser in one patient (Fig. 4).

Comparison of PI3KCA mutations in tumor tissue and 
PI3KCAα expression in CTCs. The comparison of PI3KCA 
mutations in tumor tissue and the expression of PI3KCAα in 
CTCs was performed in all 90 pts and is presented in Table I. 
Whereas 36 pts had wild-type PI3KCA in tumor tissue and no 

PI3KCAα expression in CTCs, 13 pts had PI3KCA mutations 
in tumor tissue and PI3KCAα expression in CTCs. Only 16 
pts had PI3KCA mutations in tumor tissue with no PI3KCAα 
expression in CTCs, whereas in 25 pts the results were oppo-
site, with wild-type PI3KCA in tumor tissue and PI3KCAα 
expression detected in CTCs. No significant association 
between PI3KCA mutations in tumor tissue and the expression 
of PI3KCAα in CTCs was demonstrated (P=0.730).

Comparison of AKT expression in tumor tissue and CTCs. 
The comparison of pAKT staining and AKT2 expression in 
CTCs was performed in 34/90 pts and is presented in Table II. 
Whereas 12 pts were AKT2-positive in tumor tissue and CTCs, 
negative results in both features were obtained for 11 pts. In 4 
pts, AKT expression was only detected in tumor tissue, and 
in 7 pts AKT was only detected in CTCs. The expression of 
pAKT in cancerous tissue was significantly associated with 
the presence of AKT2 expressing CTCs (P=0.037).

Comparison of ALDH1 expression in tumor tissue and the 
presence of slCTCs. The comparison of ALDH1 in tumor 
tissue and CTCs was performed in 34/90 pts and is presented 
in Table III. Overall, 2 pts were positive/positive for ALDH1 
expression in tumor tissue and the presence of slCTCs; 
1 patient was negative/negative. Additionally, 8 pts were only 
slCTC positive and 1 was only ALDH1-positive. Thus, there 

Table I. Association of PI3KCA mutations in tumor tissue and 
PI3KCAα expression in CTCs. Number of pts with each tissue 
PI3KCA type and CTC phenotype.

 CTC phenotype
Tumor tissue ----------------------------------------------------------------------
PI3KCA type PI3KCAα-CTCs PI3KCAα+ CTCs

PI3KCA wild type 36 25
PI3KCA mutation 16 13

n=90 pts; P=0.730 (χ2 test). PI3KCA, phosphatidylinositol 3‑kinase; 
CTCs, circulating tumor cells; pts, patients.

Table II. Association of pAKT expression in tumor tissue and 
AKT2 expression in CTCs. Number of pts with each pAKT 
status and CTC phenotype.

 CTC phenotype
Tumor tissue ---------------------------------------------------------------------
pAKT status AKT2-CTCs AKT2+ CTCs

pAKT- 11   7
pAKT+   4 12

n=34 pts; statistical analysis with contingency tables (Fisher's exact 
test) did show a significant correlation between pAKT status of tumor 
tissue and AKT2 expression in CTC of the same pts P=0.037. pAKT, 
phosphorylated AKT serine/threonine kinase; CTCs, circulating 
tumor cells; pts, patients.
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was no significant correlation between ALDH1 expression and 
the presence of slCTCs (P=0.200).

Comparison of an aberrant PI3KCA pathway in tissue and 
CTCs. For CTCs, a patient had an aberrant PI3KCA pathway 
if ALDH1 and/or one of the EMT markers (AKT2, PI3KCAα 
or TWIST1) were expressed. For tumor tissue, an aber-
rant PI3KCA pathway was defined as positive if a PI3KCA 

mutation, PTEN loss, pAKT positivity and/or positive ALDH1 
staining was detected. As presented in Table IV, 20 pts had 
aberrant PI3KCA signaling in tumor tissues and CTCs, 18 pts 
had normal signaling in both, while 21 pts exhibited aberrant 
PI3KCA signaling only in the tumor tissue and 31 pts exhib-
ited aberrant PI3KCA signaling only in CTCs. No significant 
association was observed between aberrant PI3KCA signaling 
in tissue and CTCs (P=0.167).

Figure 2. Representative staining of PTEN, pAKT and ALDH1 in cancerous tissues. Results for PTEN are presented according to the staining intensities and 
correspond to (A) PTEN loss, (B) low PTEN expression, 1+, (C) moderate PTEN expression, 2+ and (D) intense PTEN expression, 3+. (E) pAKT expression 
and (F) ALDH1 expression. PTEN, phosphatase and tensin homolog; pAKT, phosphorylated AKT serine/threonine kinase; ALDH1, aldehyde dehydrogenase 
1 family member A1.

Figure 1. Expression of EMT and stem cell markers in CTCs (n=90 pts). CTCs in EMT were detected in 56% of pts, including PI3KCAα expression (42%), 
AKT2 (44%) and TWIST1 (2%). SlCTCs were detected in 23% of the pts, whereas 22% had slCTCs, and CTCs in EMT. Pts, patients; EMT, epithelial‑mesen-
chymal transition; PI3KCAα, phosphatidylinositol 3-kinase α; AKT2, AKT serine/threonine kinase 2; TWIST1, twist family bHLH transcription factor 1; 
CTCs, circulating tumor cells; slCTCs, stemness‑like CTCs.
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Correlation of the ER status of the primary tumor with aberrant 
PI3KCA signaling. Notably, the majority of pts with a detectable 
PI3KCA mutation had an ER‑positive primary tumor (25 pts; 
86%), however this association was not statistically significant 

(P=0.527). Only 3 pts with mutated PI3KCA were ER-negative 
in their primary tumor (10%). A total of 47 pts with wild‑type 
PI3KCA had an ER-positive primary tumor (77%) and nine 
pts were ER-negative (15%) (data not shown). Furthermore, 

Figure 3. Expression of EMT and stem cell markers in tumor tissue. A PTEN loss was detected in 18% of pts, and positive pAKT and ALDH1 staining was 
observed in 47 and 9% of pts, respectively. Pts, patients; PTEN, phosphatase and tensin homolog; pAKT, phosphorylated AKT serine/threonine kinase; 
ALDH1, aldehyde dehydrogenase 1 family member A1.

Figure 4. PI3KCA mutation analysis in tumor tissue (n=90 pts). PI3KCA mutations were detected in 3% of pts, most frequently identified on exon 21 (55%) and 
exon 10 (45%). Pts, patients; PI3KCA, phosphatidylinositol 3‑kinase.

Figure 5. OS of pts harboring PI3KCA mutations in the tumor tissue (n=90 pts). Pts harboring a PI3KCA mutation had a significantly longer OS compared 
with pts with wild‑type PI3KCA in their tumor tissue (120 months vs. 191 months; P=0.007). PI3KCA, phosphatidylinositol 3‑kinase; OS, overall survival; 
pts, patients.
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the present study identified no significant association between 
a PTEN loss and an ER-positive primary tumor (P=0.969). 
Aberrant PI3KCA signaling in tumor tissue, as revealed by 
PTEN loss and/or a PI3KCA mutation, was not significantly 
associated with the ER status of the primary tumor (P=0.825). 
Furthermore, no association was observed between the ER 
status of the primary tumor and the expression of PI3KCA 
in CTCs (P=0.163), or the presence of slCTCs, exclusively 
(P=0.425). By contrast, the ER status of the primary tumor 
was significantly associated with the presence of slCTCs 
and/or PI3KCA expressing CTCs (P=0.015; Table V).

Association of obtained results with OS. The median follow-up 
time for the OS was 107 months (range, 21-321 months). 
Although no significant differences with regard to the OS were 
obtained for all CTCs subgroups or the expression of EMT and 
stem cell markers in tumor tissue (Table VI), pts with detect-
able PI3KCA mutations in tumor tissue had a significantly 
longer OS compared with pts with wild-type PI3KCA expres-
sion (P=0.007; Fig. 5). In addition, pts with aberrant PI3KCA 
signaling in CTCs and/or aberrant signaling in cancerous 
tissue had a significantly longer OS compared with pts with 
normal PI3KCA signaling (P=0.009; Fig. 6).

Discussion

In the current study, CTCs in EMT and/or slCTCs were 
detected in 50% of the pts involved in the study, with a signifi-
cant association demonstrated for pAKT expression in 
cancerous tissue and AKT2 expression in CTCs. PI3KCA 
hotspot mutations in tumor tissue were frequently identified 
and associated with a prolonged OS. Furthermore, aberrant 
PI3KCA signaling in tumor tissue and/or CTCs had a positive 
impact on the OS of patients. slCTCs and CTCs in EMT, alone 
or together, have previously been identified in the heteroge-
neous population of CTCs in metastatic BC pts by our group 
and others (20-22,24,33,34). Furthermore, CTCs exhibiting 
features of EMT were demonstrated to be associated with a 
worse prognosis (35). Furthermore, EMT may be associated 
with the acquisition of stemness-like properties (36) and 
certain studies have indicated that stem cell-like cells may 
exist in a convertible EMT state to promote therapeutic resis-
tance (37-39). Mego et al (40) analyzed the primary tumor and 
CTCs of 102 early BC pts, and did not find any association 
between the expression of EMT initiating transcription factors 
in tissue, TWIST and snail family transcriptional repressor 2 
(SLUG), and the presence of CTCs (40). These results are 
consistent with the results of the present study, established for 
metastatic BC pts. Mego et al (40) detected CTCs in 24.5% of 
primary BC pts, whereas 8.8% exhibited expression of epithe-
lial marker keratin 19, and 12.8% exhibited expression of EMT 
markers (TWIST, snail family transcriptional repressor 1, 
SLUG, forkhead box C2 and zinc finger E-box binding 
homeobox 1). The study also demonstrated co-expression of 
epithelial and EMT markers in 2.9% of pts. In the present 

Table III. Association of ALDH1 expression in tumor tissue 
and the presence of slCTCs. Number of pts with each tumor 
tissue ALDH1 status and positive/negative for slCTCs.

 slCTC presence
Tumor tissue ----------------------------------------------------------
ALDH1 status slCTCs- slCTCs+

ALDH1- 23 8
ALDH1+   1 2

n=34 pts; statistical analysis with contingency tables (Fisher`s exact 
test) did not show a significant correlation between ALDH1 status 
of tumor tissue and the presence of slCTCs in the same pts P=0.200. 
ALDH1, aldehyde dehydrogenase 1 family member A1; slCTCs, 
stemness‑like circulating tumor cells; pts, patients.

Table IV. Comparison of PI3KCA pathway activation in CTCs 
and tumor tissue. Number of pts with normal or aberrant 
PI3KCA signaling in tissue and CTCs.

 CTCs
 ----------------------------------------------
 Normal Aberrant
Tumor PI3KCA PI3KCA
tissue signaling signaling

Normal PI3KCA signaling 18 31
Aberrant PI3KCA signaling 21 20

n=90 pts; Statistical analysis with contingency tables (χ2 square test) 
did not show a significant correlation between the PI3KCA signaling 
in tumor tissue and in CTC of the same pts P=0.167. PI3KCA, phos-
phatidylinositol 3‑kinase; CTCs, circulating tumor cells; pts, patients.

Table V. Association of the ER status of the primary breast 
tumor with aberrant PI3KCA signaling and other markers.

  P-value
  (χ2 square or
  Fisher's 
Tumor characteristic n exact test)

PI3KCAα + CTCs vs. ER status 85 0.163
PI3KCA mutation in tumor tissue vs.  85 0.527
ER status
PTEN loss in tumor tissue vs.  80 0.969
ER status
PTEN loss and/or PI3KCA mutation
in tumor tissue vs. ER status 85 0.825
slCTCs and/or CTCs in EMT vs.  85 0.015
ER status
slCTCs vs. ER status  85 0.425

Statistical analysis with contingency tables did not show a significant 
correlation between the ER status of the primary tumor and aberrant 
PI3KCA signaling in CTCs or tumor tissue except for the presence 
of slCTCs and/or CTCs in EMT. ER, estrogen receptor; PI3KCA, 
phosphatidylinositol 3‑kinase; CTCs, circulating tumor cells; PTEN, 
phosphatase and tensin homolog; slCTCs, stemness‑like CTCs; EMT, 
epithelial‑mesenchymal transition; pts, patients.
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study, CTCs in EMT were observed in 56% of pts. Of those 
56%, only 2% exhibited expression of TWIST1. By contrast, 
something that was not investigated by Mego et al (40), the 
majority of pts exhibited expression of PI3KCAα (42%) or 
AKT2 (44%). Furthermore, the present study did not compare 
the presence of epithelial CTCs and CTCs in EMT. However, 
the coexistence of slCTCs and CTCs in EMT was investigated 
and was observed in 22% of pts. Other than the expression of 
pAKT in tumor tissue and AKT2 expression in CTCs, no 
significant association was demonstrated. Within the 
PI3KCA-AKT pathway, pAKT was already known to be asso-
ciated with a mesenchymal phenotype, and studies 
hypothesized its contribution to therapy resistance based on its 
function in apoptosis attenuation and, consequently, in 
enhanced cell proliferation and metastatic spread (41-43). 
Frequently implicated mechanisms of abnormal pAKT 

activation include PI3KCA mutations, amplification of the 
AKT gene and PTEN mutation or loss (44,45). In the current 
study, pAKT expression was observed in 47% of pts, but was 
not associated with the presence of PI3KCA mutations, which 
is consistent with an analysis of more than 500 primary breast 
tumors (46). Furthermore, phosphorylation of AKT was 
observed significantly more often in tumors with low PTEN 
expression and HER2 enriched BC subtypes as demonstrated 
in studies that included over 500 BC pts (46,47). The results of 
the present study demonstrated no significant association 
between pAKT and PTEN loss. The separation of different BC 
subtypes was not possible within the current study due to the 
small patient cohort size and the heterogeneity of the group. 
Loss or downregulation of PTEN is frequently observed in 
BC, with a PTEN loss in ~30% of cases, which is comparable 
with the results of the current study (46,48). Notably, no pts 
exhibited PTEN loss and a simultaneously occurring PI3KCA 
mutation, which is consistent with the results of a study by 
Saal et al (49), which demonstrated that the coexistence of 
PTEN loss and PI3KCA mutations is rare. PI3KCA mutations 
are frequently detected in breast tumors, the hotspot mutation 
H1047R on exon 21 has detection rates of up to 55%, which is 
comparable to the results of the present study as PI3KCA 
mutations were detected in 55% of the pts (50). For the hotspot 
mutations on exon 10 (E454K and E424K mutation), the 
current study observed higher mutational rates (45%) compared 
to the previously published studies, which reported a frequency 
of ~20% for E545K and ~11% for E542K (50). Depending on 
the methods used, PI3KCA mutations are reported to occur in 
20‑40%, with an average of 26%, in BC pts, as reported in a 
review by Karakas et al (51). Saal et al (49) detected PI3KCA 
mutations in 26.4%, Buttittata et al (52) and Karakas et al (51) 
in ~23.5%, Bachmann et al (53) in 21.4%, Levine et al (54) in 
18.1%, Campbell et al (55) in 40%, Wu et al (56) in 20.6%, 
Samuels et al (57) in 8.3% and Lee et al (58) in 26.9% of BC 
pts. Perez-Torinio et al (9) reported PI3KCA mutations in 24% 
of pts, with the majority located on exon 21 (13%) and exon 10 
(11%). Certain groups, including Stemke-Hale et al (46), 
demonstrated that PI3KCA mutations were frequently detected 
in hormone receptor‑positive pts (34.5%). Other studies have 
already demonstrated an association between the activation of 
the PI3KCA-AKT signaling pathway and cancer stem cells 
with ALDH1 as a marker, which is known to be associated 
with a stem cell-like phenotype, and enables invasiveness and 
metastatic progression (59,60). The current study detected 
expression of ALDH1 in 9% of pts, which is comparable with 
the results published by Theodropoulos et al (21), who identi-
fied that 17.7% of the CTCs analyzed in seven metastatic BC 
pts expressed ALDH1 (high)/CD24 (‑/low). The present study 
did not demonstrate a significant association between the pres-
ence of slCTCs or expression of ALDH1 in tissue, and markers 
of the PI3KCA signaling pathway. slCTCs were detected in 
23% and ALDH1 expression was detected in 9% of pts, but 
were not associated with any other marker of investigation. 
When comparing the expression of EMT and stem cell marker 
genes in CTCs and cancerous tissue, the present study only 
demonstrated a significant association for AKT; positive 
expression of pAKT in cancerous tissue was associated with 
AKT2 expression in CTCs. Although the expression of AKT 
in CTCs has already been demonstrated (61), a comparison of 

Table VI. Expression of EMT and stem cell markers in CTCs 
and tumor tissue with regard to the OS.

  P-value for
  association
Marker n with OS

CTCs
  slCTCs 90 0.794
  CTCs in EMT 90 0.063
  AKT2+ CTCs 90 0.177
  PI3KCAα+ CTCs 57 0.177
  TWIST1+ CTCs 57 0.812
  Presence of EMT and/or slCTCs 57 0.101
  Presence of EMT and slCTCs 90 0.966
Tumor tissue
  pAKT+ tumor tissue 19 0.507
  ALDH1+ tumor tissue 19 0.597
  PTEN loss in tumor tissue 83 0.054
  PI3KCA mutation in tumor tissue 57 0.007
  PI3KCA mutation and/or PTEN loss 57 0.166
CTCs and/or tumor tissue
  Aberrant PI3KCA signaling in  57 0.009
  CTCs and/or tumor tissue 
  ALDH1+ in CTCs and/or tumor 57 0.899
  tissue
  PI3KCAα+/mutated in CTCs and/or 57 0.760
  tumor tissue
  AKT2+/pAKT+ in CTCs and/or 57 0.234
  tumor tissue

Statistical analysis with Kaplan Meier estimator did not show a 
significant correlation between markers of the PI3KCA pathway 
in regard to the OS except for aberrant PI3KCA signaling in CTCs 
and/or tumor tissue. EMT, epithelial‑mesenchymal transition; CTCs, 
circulating tumor cells; OS, overall survival; slCTCs, stemness‑like 
CTCs; AKT2, AKT serine/threonine kinase 2; PI3KCA, phosphati-
dylinositol 3‑kinase; TWIST1, twist family bHLH transcription factor 
1; pAKT, phosphorylated AKT; ALDH1, aldehyde dehydrogenase 1 
family member A1; PTEN, phosphatase and tensin homolog.
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the expression of EMT and stem cell markers in CTCs and 
matched tumor tissue from MBC pts, to the best of our knowl-
edge, has not been demonstrated comprehensively. While a 
generally concordant expression of PI3KCA and PTEN has 
been documented for primary tumor and distant metas-
tasis (62-65), comparing CTCs and metastasis, a discordance 
in the PI3KCA mutational status was demonstrated (66). This 
discrepancy may be explained by a study by Markou et al (67), 
which indicated that the PI3KCA status may change during 
disease progression (67). In the present study, the experimental 
design did not enable the investigation of PI3KCA mutations in 
CTCs, which may explain why no association between CTCs 
and tumor tissue was identified. Within the current study, 
different CTCs phenotypes, and the expression of EMT and 
stem cell markers in tumor tissue, were not associated with the 
OS. By contrast, pts with detectable PI3KCA mutations in 
tumor tissue or pts with aberrant PI3KCA signaling in CTCs 
and/or cancerous tissue had a significantly longer OS than pts 
with wild-type PI3KCA expression. Contradictory results 
regarding the influence of PI3KCA mutations on the OS have 
been previously reported. Certain groups have reported that 
PI3KCA mutations are an indicator of poor prognosis (11,12,68), 
and others indicated a positive effect with regard to PFS and 
OS, supporting the results of the present study (8-10,13,69). 
Similar, diverse results have also been reported for 
ALDH1 (70-75). The different results may be explained by the 
various treatment regimens of these pts. In this context, it was 
suggested that therapy benefit is more dependent on the ER 
status rather than on the PI3KCA mutation itself (76,77). As 
reported in the literature, PI3KCA mutations are detected 
significantly more often in ER‑positive pts (64,78,79). Applying 
this idea to the results of the current study, it may be speculated 
that pts with PI3KCA mutations may have an improved OS 
due to the treatment received. The present study did not 
observe a significant association of ER status of the primary 
tumor with aberrant PI3KCA signaling in CTCs or tissue. The 
majority of pts (86%) harboring a PI3KCA mutation had an 
ER-positive primary tumor, compared with 77% of pts with 

wild-type PI3KCA. Additionally, clinical studies have demon-
strated an association between PI3KCA-AKT and ER 
signaling (68,80). PI3K blockade enhanced the responsiveness 
to endocrine treatment and may augment this therapy regime 
in future (79). Currently, different PI3K pathway inhibitors are 
under investigation to treat metastatic BC pts accordingly (7). 
These inhibitors include pan-PI3K inhibitors (burpalisib), 
mTOR inhibitors (everolimus) and dual PI3K/mTOR inhibi-
tors (BEZ 235 and BGT226) (81-83). In this regard, everolimus 
in combination with exemestane has been demonstrated to 
significantly improve the PFS in pts with advanced BC (15). 
Furthermore, pts harboring a PI3KCA mutation and/or PTEN 
loss had a significant longer PFS when treated with everolimus 
in the BOLERO-3 trial (18). Additionally, the BELLE-2 trial 
demonstrated the first promising results. Hormone receptor 
positive metastatic BC pts who had become resistant to endo-
crine treatment significantly benefitted from fulvestrant in 
combination with the PI3K inhibitor buparlisib (BKM120; 
Novartis) when a PI3KCA mutation detected in their 
ctDNA (84). In a group of pts with PI3KCA mutations identi-
fied by ctDNA during liquid biopsy, the overall response rate 
with fulvestrant and buparlisib was 18.4%, compared with 
3.5% with fulvestrant and placebo. In a group of pts with PI3K 
activation in archival tissue (n=372), there was a trend toward 
an improvement in the PFS with buparlisib, however, it was not 
statistically significant. The median PFS was 6.8 and 
4.0 months, for buparlisib and placebo, respectively (HR, 0.76; 
95% CI, 0.60‑0.97; P=0.014) (19). Taken together, these results 
indicate that PI3KCA mutations may contribute to treatment 
resistance by triggering the PI3KCA pathway, and inhibiting 
this signaling may help to overcome acquired resistance.

In conclusion, the current study indicated that aberrant 
PI3KCA signaling in tumor tissue and/or CTCs was signifi-
cantly associated with increased OS. Thus, using CTCs as a 
liquid biopsy for targeted therapy may complement or even 
replace tissue analysis, particularly when metastatic tissue 
is difficult to obtain. Furthermore, CTCs as a liquid biopsy 
may be a less invasive alternative for follow-up assessment of 

Figure 6. OS of pts with aberrant PI3KCA signaling in CTCs and/or tumor tissue (n=90 pts). Pts with aberrant PI3KCA signaling in CTCs and/or tumor tissue 
had a significantly longer OS compared with pts with normal PI3KCA signaling (92 months vs. 160 months; P=0.009). PI3KCA, phosphatidylinositol 3‑kinase; 
CTCs, circulating tumor cells; OS, overall survival; pts, patients.
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actionable targets implicated in the PI3KCA-AKT pathway. 
As a potential limitation of this study, a direct comparison 
between PI3KCA mutations in tumor tissue and CTCs could 
not be performed because of the method used for selection 
and detection of CTCs. However, the population of CTCs is 
very heterogeneous and it seems necessary to analyze a broad 
set of genes to identify individual therapeutic targets in the 
follow-up of the disease (85).
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