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ABSTRACT 

In metastatic breast cancer (MBC), PIK3CA mutations, activating the phosphatidylinositol 3-kinase (PI3K) sig-

naling pathway seem to be associated with chemotherapy resistance and poor outcome. Inhibition of the PI3K 

signaling pathway may lead to sensitization and prevention of the development of resistance to cytotoxic drugs. 

The present study aimed to investigate the anti-tumor activity of low-dose vinorelbine (VRL) combined with al-

pelisib, an α-selective PI3K inhibitor and degrader, in breast cancer (BC) cells. Human BC cell lines MCF-7, T-

47D [both hormone receptor (HR)-positive, human epidermal growth factor receptor 2 (HER2)-negative, PIK3CA-

mutated], MDA-MB-231 and BT-549 (both triple-negative, wild-type PIK3CA) were exposed to a combination of 

low-dose VRL and alpelisib for 3 and 7 days. Cell viability was detected by the Alamar blue assay, and cell 

proliferation was determined by the BrdU incorporation. The effect of the substances on the p110α protein expres-

sion that is encoded by PIK3CA gene was investigated by Western blot. Low-dose VRL plus alpelisib showed 

synergistic anti-tumor effects and significantly inhibited cell viability and proliferation of MCF-7 and T-47D cells. 

Even lower alpelisib concentrations (10 ng/ml and 100 ng/ml) combined with low-dose metronomic VRL led to a 

significant reduction of cell viability of PIK3CA-mutated cells, and the anti-tumor activity was comparable with 

the effects at 1000 ng/ml alpelisib. Cell viability and proliferation of MDA-MB-231 and BT-549 cells were inhib-

ited by VRL but not by alpelisib alone. This indicates that alpelisib did not significantly affect the cell growth of 

triple-negative, PIK3CA wild-type BC cells. The p110α expression was downregulated or not affected in PIK3CA-

mutated cell lines, and not significantly upregulated in PIK3CA wild-type cell lines. In conclusion, combination 

of low-dose metronomic VRL and alpelisib showed synergistic anti-tumor effects and significantly inhibited the 

growth of HR-positive, HER2-negative, PIK3CA-mutated BC cells, providing a rationale for further efforts to 

evaluate this combination in vivo. 
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INTRODUCTION 

With an incidence of 2.3 million and a 

mortality of 0.7 million cases per year, female 

breast cancer (BC) represents the most com-

monly diagnosed cancer and the fifth leading 

cause of cancer mortality worldwide (Sung et 
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al., 2021). In the advanced/metastatic breast 

cancer (MBC), the goal of care is to achieve a 

disease chronification and preservation of the 

health-related quality of life (Harbeck and 

Gnant, 2017). Despite the plethora of possible 

treatment options for MBC, there is still a 

high medical need for new treatment options 

that provide sufficient and long-term anti-tu-

mor effect with a manageable toxicity profile. 

The phosphatidylinositol 3-kinase 

(PI3K)/AKT/mammalian target of rapamycin 

(mTOR) signaling pathway plays one of the 

key roles in the regulation of cellular growth, 

metabolism, migration, and survival 

(Bilanges et al., 2019; Khezri et al., 2022; Li 

et al., 2021). Genomic alterations of this path-

way are detectable in many cancers, including 

BC (Millis et al., 2019; Naeem et al., 2022). 

It is estimated that 60-70 % of BC patients 

have at least one mutation in the 

PI3K/AKT/mTOR pathway, whereas 

PIK3CA gene, which encodes the p110α sub-

unit of PI3K, is the most frequently mutated 

gene (Lee et al., 2015; Millis et al., 2019; Xiao 

et al., 2021). PIK3CA mutation frequencies 

are different among BC subtypes: 34.5-

48.3 %, 22.7-42.2 % and 8.3-25.0 % in HR-

positive, HER2-positive, and in triple-nega-

tive BC, respectively (Martinez-Saez et al., 

2020; Stemke-Hale et al., 2008; Xiao et al., 

2021). The resulting overactivation of the 

PI3K pathway promotes tumor growth, re-

sistance to various systemic therapies and 

poor outcome (Dong et al., 2021; Mosele et 

al., 2020; Rasti et al., 2022; Sobhani et al., 

2018; Yang et al., 2019). Consequently, PI3K 

inhibition, especially in combination with 

other substances, is expected to be a new ap-

proach in the treatment of BC (Fuso et al., 

2022). SOLAR-1 study demonstrated a sig-

nificant prolongation of progression-free sur-

vival (PFS) and 7.9-month improvement in 

median overall survival (OS) when alpelisib, 

an orally bioavailable, α-selective PI3K in-

hibitor and degrader, was added to fulvestrant 

treatment of patients with PIK3CA-mutated, 

hormone receptor (HR)-positive, human epi-

dermal growth factor receptor 2 (HER2)-neg-

ative advanced BC (Andre et al., 2019, 2021). 

Preclinical models have shown that inhibition 

of the PI3K signaling pathway can lead to a 

sensitization as well as a prevention of the de-

velopment of resistance to cytotoxic drugs 

(Badinloo and Esmaeili-Mahani, 2014; 

Rajput et al., 2019). Metronomic chemother-

apy (MCT), defined as continuous daily ad-

ministration of chemotherapeutic agents at 

low doses, has shown promising results in 

MBC (Cazzaniga et al., 2019b; Krajnak et al., 

2020; Liu et al., 2017; Montagna et al., 2022). 

Based on its proven efficacy and good tolera-

bility, MCT is increasingly perceived as a 

possible treatment option for MBC (Cardoso 

et al., 2020). MCT is considered a multimodal 

therapy that exerts its effects via immuno-

modulation, inhibition of angiogenesis, and 

direct cytotoxic effects (Andre et al., 2017; 

Cazzaniga et al., 2021). Due to the multi-

modal mechanisms of action, the combination 

with PI3K inhibitors may represent a new 

promising approach in the BC treatment, pre-

venting resistance to chemotherapy and im-

proving prognosis. Thus, this study aimed to 

investigate the anti-tumor activity of low-

dose metronomic vinorelbine (VRL) com-

bined with alpelisib in various BC cell lines. 

 

MATERIALS AND METHODS 

Cell culture and treatment 

Human BC cell lines MCF-7 (HR-posi-

tive, HER2-negative with a p.E545K mis-

sense mutation in the PIK3CA gene), T-47D 

(HR-positive, HER2-negative with a 

p.H1047R missense mutation in the PIK3CA 

gene), MDA-MB-231 and BT-549 (both tri-

ple-negative, wild-type PIK3CA), were all 

obtained from American Type Culture Col-

lection (Rockville, MD, USA). BC cells were 

cultured in RPMI 1640 culture medium 

(Thermo Fisher Scientific, Waltham, MA, 

USA), containing 10 % fetal calf serum and 

1 % penicillin-streptomycin. Cells were incu-

bated in a moistened atmosphere at 37 °C and 

5 % CO2. For all functional assays, cells were 

detached by trypsin-ethylenediaminetetra-

acetic acid (Sigma Aldrich, St. Louis, MO, 

USA) and seeded in 96-well plates (Greiner 
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Bio-One, Frickenhausen, Germany) at 3,000 

cells/well (passage 10/semiconfluence). VRL 

(Navirel®; Medac, Wedel, Germany), (stock 

solution 10 mg/ml) diluted in Aqua dest., was 

added at levels corresponding to the concen-

tration in serum of metronomically treated pa-

tients (0.63-5 ng/ml VRL), i.e. at much lower 

concentrations compared to maximum toler-

ated dose of conventional chemotherapy 

(Bocci and Kerbel, 2016; Briasoulis et al., 

2013). Alpelisib (Piqray®, Novartis Pharma 

AG, Basel, Switzerland) (stock solution 2 

mg/ml), diluted in 100 % dimethyl sulfoxide 

(DMSO) (Carl Roth GmbH, Karlsruhe, Ger-

many), was added at concentrations equiva-

lent to serum concentration in patients receiv-

ing an approved dose of 300 mg/day (500-

1000 ng/ml) (Juric et al., 2018). In addition, 

in view of a possible reduction of side effects 

in vivo, alpelisib was tested also at lower con-

centrations (10 and 100 ng/ml). The treatment 

with both substances was performed continu-

ously for 3 and 7 days to simulate the metro-

nomic dosing schedule.  

 

Cell viability assay 

Cell viability was measured using the Al-

amar blue assay kit (Thermo Fisher Scien-

tific). After 3 and 7 days of treatment, 100 

µl/well Alamar blue Cell Viability Reagent 

solution [(1:10 in Dulbecco’s Phosphate-

Buffered Solution (DPBS)] was added to the 

cell cultures and incubated for 4 hours at 

37 °C and 5 % CO2 in aluminum foil due to 

the photosensitivity of the redox dye for fluo-

rescence measurements. The absorbance was 

measured at 590 nm (650 nm reference wave-

length) using a GloMax® multi detection sys-

tem microplate reader (Anthos Labtec Instru-

ments, Cambridge, UK). 

 

Cell proliferation assay 

Cell proliferation was detected by the 

Bromdeoxyuridine (BrdU) incorporation kit 

(Roche, Basel, Switzerland). 10 μl/well BrdU 

labeling solution (1:100 in DPBS) was added 

to the cells and incubated for 3 hours at 37 °C 

and 5 % CO2. Afterwards supernatants were 

discarded and 200 ml/well Fix-Denat solution 

and 100 μl/well anti-BrdU antibody solution 

(1:100 in antibody dilution solution) were 

added. After incubation for 60 min at room 

temperature the absorbance was measured at 

450 nm (690 nm reference wavelength) using 

a GloMax® multi detection system micro-

plate reader (Anthos Labtec Instruments). 

 

Western blot 

To prepare protein extracts from cell cul-

ture, tumor cells were seeded on 143 mm2 cell 

culture plates. The cell number was chosen 

according to the proliferation rate so that the 

culture dishes were semiconfluent at the time 

of protein extraction. One day after seeding, 

the cells were treated for 7 days. For protein 

extraction, cells were washed with DPBS and 

mechanically removed with a cell scraper. 

The solution was centrifuged at 1200 rpm for 

5 minutes. The supernatant was discarded and 

the pellet was dissolved with up to 1 ml of ly-

sis buffer. The solution was transferred into a 

2 ml reaction tube and placed on ice. After 

incubation for 30 min on ice the samples were 

centrifuged for 10 min at 14000 g. The super-

natant was transferred to a new tube and 

stored at -20 °C. The BCA Protein assay kit 

(Thermo Fisher Scientific) was used to deter-

mine the protein concentration of the extracts. 

Equal amounts of protein (12.5 μg per lane) 

were separated by size using sodium dodecyl 

sulfate polyacrylamide gel electrophoresis 

(SDS-PAGE) with 10 % polyacrylamide gels. 

Gels were transferred on polyvinylidene 

difluoride (PVDF) membrane by semi-dry 

blotting. Membranes were blocked for 1 hour 

according to the antibody manufacturer's in-

structions and then incubated with a primary 

antibody in blocking solution overnight at 

4 °C on a roll mixer. The monoclonal anti-

body against PI3K p110α (Cell Signaling 

Technology, Danvers, MA, USA) was used at 

a dilution of 1:500. β-actin antibody (Sigma 

Aldrich) was employed at a dilution of 

1:2000. After washing, the membranes were 

incubated with HRP-linked secondary anti-

body (Agilent, Santa Clara, CA, USA) at a di-

lution of 1:4000 (PI3K p110α Western blot) 

or 1:2000 (β-actin Western blot) for 1 hour at 
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room temperature, and after washing the 

bound antibodies were visualized by adding 

of an enhanced chemiluminescent solution 

(PerkinElmer Inc, Waltham, MA, USA) and 

detected in a chemiluminescence detector 

(ProteinSimple, San Jose, CA, USA). For 

quantification bands were quantified by den-

sitometry evaluation using a computer-based 

pixel counting system (AlphaView, Protein-

Simple). These values were referenced to the 

corresponding β-actin values of the same 

membrane as a loading control. 

 

Statistical analysis 

All experiments were performed in tripli-

cates and repeated three times. The absorb-

ance in Alamar blue and BrdU assay for the 

untreated control group was regarded as 

100 % cell viability and 100 % cell prolifera-

tion, respectively. The results of absorbance 

for the treated groups were indicated as the 

mean ± standard deviation of three separate 

experiments and displayed as percentages rel-

ative to that of the control group. Student’s t-

test (Microsoft Excel 2013 v15.0; Microsoft 

Corporation, Redmond, WA, USA) was used 

to evaluate the statistical significance of the 

results. All p-values represented two-sided 

tests and statistical significance was assumed 

at a value of p<0.05. To quantify the effects 

of combination treatment, the combination in-

dex (CI)-isobologram equation based on the 

Chou-Talalay method was used (Chou, 2006). 

Based on the experimentally determined 

dose-response curves, the inhibitory concen-

trations (IC)50 and IC80 were calculated by in-

terpolation and used as a reference for further 

investigation of any synergistic effects ac-

cording to the CI method. The CI was calcu-

lated according to the formula shown in for-

mula 1 and was interpreted as follows: CI<1, 

synergism; CI=1, additive effect, and CI>1, 

antagonism (range ± 5 %). The graphical 

presentation was performed as a classical 

isobologram with isoboles of the IC50 or IC80 

and presentation of the corresponding CI val-

ues in relation to the corresponding isoboles 

within the diagram. 

 

 [1] 

where CI = combination index (CI). (D)1 

and (D)2: required concentrations of the active 

compounds in combination to achieve the de-

fined effect.(Dx)1 and (Dx)2: required concen-

trations of each active compound considered 

individually to achieve defined effect.  

 

RESULTS 

Effects of low-dose vinorelbine plus  

alpelisib on cell viability 

In both HR-positive, PIK3CA-mutated 

cell lines, the combination of low-dose VRL 

and alpelisib decreased cell viability with in-

creasing concentrations after both 3 and 7 

days of treatment (Figure 1a-1d). Even the 

combination of 0.63 ng/ml VRL and 10 ng/ml 

alpelisib significantly reduced cell viability of 

MCF-7 cells by 33.5 % (p=0.005) (Figure 1a) 

and T-47D cells by 22.8 % (p=0.016) (Figure 

1c) after 3 days. At 2.5 ng/ml VRL plus 10 

ng/ml alpelisib, cell viability of MCF-7 was 

33.4  % after 3 days (p<0.001) and 19.1 % af-

ter 7 days (p=0.002), and decreased slightly to 

26.8 % (p=0.002) and 13.5 % (p<0.001) at the 

highest concentrations (Figure 1a, 1b). Simi-

lar response of VRL plus alpelisib on cell vi-

ability was observed in T-47D cells. At 2.5 

ng/ml VRL plus 100 ng/ml alpelisib, cell via-

bility of T-47D was 48.0  % after 3 days 

(p<0.001) and 18.1 % after 7 days (p<0.001), 

and decreased slightly to 36.8 % (p<0.001) 

and 10.6 % (p<0.001) at the highest concen-

trations (Figure 1c, 1d). 

In the triple-negative, PIK3CA wild-type 

cell lines, the combination of low-dose VRL 

and alpelisib reduced cell viability with in-

creasing concentrations after both 3 and 7 

days of treatment (Figure 1e-1h). Concentra-

tions of 2.5 ng/ml VRL plus 10 ng/ml al-

pelisib significantly decreased cell viability of 

MDA-MB-231 cells by 56.9 % (p=0.026) 

(Figure 1f) and BT-549 cells by 71.7 % 

(p=0.023) (Figure 1h) after 7 days. The 

strongest effects with the lowest cell viability 

of MDA-MB-231 cells (19.7 %, p<0.001) and 
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BT-549 cells (14.4 %, p=0.002) were ob-

served at 5 ng/ml VRL and 1000 ng/ml al-

pelisib after 7 days of treatment (Figure 1f, 

1h). In contrast to HR-positive cells with a 

PIK3CA mutation, the reduction of cell via-

bility was not or only marginally affected by 

alpelisib alone. Concretely, alpelisib in con-

centrations below 1000 ng/ml did not signifi-

cantly affect cell viability of the triple-nega-

tive PIK3CA wild-type cells tested. 
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Figure 1: Effects of low-dose vinorelbine plus alpelisib on cell viability of the MCF-7 (a, b), T-47D (c, 
d), MDA-MB-231 (e, f) and BT-549 (g, h) cell line. Alamar blue assay was used to measure cell viability 
after 3 and 7 days of treatment with low-dose vinorelbine plus alpelisib. The results are shown as the 
mean ± standard deviation of three separate experiments. Statistical significance was assumed at 
*p<0.05, **p<0.01 and ***p<0.001. 
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Effects of dimethyl sulfoxide on cell  

viability 

The effects of DMSO on cell viability af-

ter 7 days of treatment were assessed at a con-

centration corresponding to the highest al-

pelisib concentration (0.5 % DMSO≙1000 

ng/ml alpelisib) and in a concentration corre-

sponding to a lower alpelisib concentration 

(0.1 % DMSO≙100-500 ng/ml alpelisib). In 

all cell lines tested DMSO at concentrations 

0.1-0.5 % did not significantly affect the cell 

viability (Figure 2). However, the viability of 

BT-549 cells decreased by 24.7 % (p=0.319) 

when treated with 0.5 % DMSO, and thus this 

cell line was not used for further cell culture 

experiments due to potential confounding of 

the results. 

 

 

Figure 2: Effects of DMSO on cell viability of 
MCF-7, T-47D, MDA-MB-231 and BT-549 cells af-
ter 7 days of treatment at a concentration corre-
sponding to the highest alpelisib concentration 

(0.5 % DMSO≙1000 ng/ml alpelisib) and in a con-
centration corresponding to a lower alpelisib con-

centration (0.1 % DMSO≙100-500 ng/ml al-
pelisib). The results are shown as the mean ± 
standard deviation of three separate experiments. 
Statistical significance was assumed at *p<0.05, 
**p<0.01 and ***p<0.001. 

 

 

Effects of low-dose vinorelbine plus  

alpelisib on cell proliferation 

In both HR-positive, PIK3CA-mutated 

cell lines, the combination of low-dose VRL 

and alpelisib decreased cell proliferation with 

increasing concentrations after 7 days of treat-

ment (Figure 3a, 3b). Similar to the cell via-

bility results, the reduction of cell prolifera-

tion was detectable also with single agents. 

Combination of 2.5 ng/ml VRL and 10 ng/ml 

alpelisib significantly reduced cell prolifera-

tion of MCF-7 by 32.9 % (p=0.004) and the 

highest concentrations reduced cell prolifera-

tion by 65.1 % (p=0.005) after 7 days of treat-

ment (Figure 3a). In T-47D cells, even the 

lowest concentration of 0.63 ng/ml VRL plus 

10 ng/ml alpelisib significantly decreased cell 

proliferation by 68.1 % (p=0.004) after 7 days 

of treatment (Figure 3b). At 2.5 ng/ml VRL 

plus 10 ng/ml alpelisib, cell proliferation was 

13.5 % (p<0.001) and varied only marginally 

with the minimal value of 10.3 % (p<0.001) 

at higher concentrations. 

In the triple-negative, PIK3CA wild-type 

MDA-MB-231 cells, the combination of low-

dose VRL and alpelisib reduced cell prolifer-

ation with increasing concentrations. Combi-

nation of 2.5 ng/ml VRL and 10 ng/ml al-

pelisib significantly decreased cell prolifera-

tion of MDA-MB-231 cells by 57.8 % 

(p=0.021) after 7 days of treatment (Figure 

3c), whereby increasing concentrations of al-

pelisib did not show further anti-tumor activ-

ity. The lowest cell proliferation of around 

30.0 % was achieved at 5 ng/ml VRL and at 

alpelisib concentrations of above 100 ng/ml 

(p=0.010). This indicates that alpelisib did not 

significantly affect the cell proliferation of tri-

ple-negative, PIK3CA wild-type MDA-MB-

231 cells. 

 

Synergistic effects of low-dose vinorelbine 

plus alpelisib on cell viability and prolifera-

tion in HR-positive, PIK3CA-mutated cell 

lines 

To determine the synergistic effects of 

low-dose VRL plus alpelisib on cell viability 

according to the isobole method and to calcu-

late the CI in MCF-7 cells, concentration of 

100 ng/ml alpelisib was used. For the applica-

tion of the isobole method the IC50 and IC80 

were calculated and dose-response curves for 

single compounds were generated (Figure 4). 

After 3 days of treatment, 0.59 ng/ml and 7.81 

ng/ml VRL was required to achieve the IC50 

and IC80, respectively (Figure 5a). The CI was 

0.372 for the IC50 and 1.018 for the IC80 value, 

so conceptually synergistic and additive ef-

fects could be assumed, respectively. The syn- 
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Figure 3: Effects of low-dose vinorelbine plus alpelisib on cell proliferation of the MCF-7 (a), T-47D (b) 
and MDA-MB-231 (c) cell line. BrdU incorporation was used to measure cell proliferation after 7 days of 
treatment with low-dose vinorelbine plus alpelisib. The results are shown as the mean ± standard devi-
ation of three separate experiments. Statistical significance was assumed at *p<0.05, **p<0.01 and 
***p<0.001. 
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Figure 4: Dose-response curves of vinorelbine and alpelisib regarding cell viability: vinorelbine (a, b), 
alpelisib (c, d) after 3 and 7 days of treatment and regarding cell proliferation: vinorelbine (e), alpelisib 
(f) after 7 days of treatment. The results are shown as the mean of three separate experiments. The 
standard deviation results are shown in Figure 1 and Figure 3, respectively, and have been omitted from 
this figure for clarity. 
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Figure 5: Combination index-isobologram for cell viability of the MCF-7 (a, b) and T-47D (c, d) cell line 
after 3 and 7 days of treatment and for cell proliferation of the MCF-7 (e) and T-47D (f) cell line after 7 
days of treatment with low-dose vinorelbine plus alpelisib. The inhibitory concentrations (IC)50 and IC80 
were calculated by interpolation and used as a reference. The combination index (CI) was calculated 
according to the formula shown in formula [1] and was interpreted as follows: CI<1, synergism; CI=1, 
additive effect, and CI>1, antagonism (range ± 5 %). The graphical presentation was performed as clas-
sical isobologram with isoboles of the IC50 or IC80 and presentation of the corresponding CI values in 
relation to the corresponding isoboles within the diagram. 
 
 

ergistic effects were stronger after 7 days of 

treatment. The IC50 value was reached at 0.48 

ng/ml VRL (CI=0.351) and the IC80 value at 

3.43 ng/ml VRL (CI=0.685) (Figure 5b). For 

the calculation of the CI in T-47D cells, con-

centration of 10 ng/ml alpelisib was used to 

achieve interpretable data. After 3 days of 

treatment, 5.23 ng/ml and 15.08 ng/ml VRL 

was required to achieve the IC50 (CI=0.987) 

and IC80 (CI=1.190) value (Figure 5c). The 

synergistic effects were evident after 7 days 

of treatment. The IC50 was reached at 1.29 

ng/ml VRL (CI=0.648) and the IC80 at 4.79 

ng/ml VRL (CI=0.906) (Figure 5d). 

To determine the synergistic effects of 

low-dose VRL plus alpelisib on cell prolifer-

ation according to the isobole method and to 

calculate CI in MCF-7 cells, concentration of 

100 ng/ml alpelisib was used. After 7 days of 

treatment, 1.41 ng/ml and 7.10 ng/ml VRL 

was required to achieve the IC50 and IC80 

value, and the CI of 0.554 and 0.744 revealed 

synergistic effects of the agents, respectively 

(Figure 5e). In T-47D cells, the isobole 
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method of calculating CI with 10 ng/ml al-

pelisib showed that 2.39 ng/ml VRL was re-

quired to reach IC80 value after 7 days of treat-

ment (Figure 5f). The CI was 0.533, suggest-

ing synergistic effects. The calculation of IC50 

seemed implausible and was not performed 

due to the strong reduction of cell prolifera-

tion already at low concentrations. 

 

Effects of low-dose vinorelbine plus  

alpelisib on p110α expression 

To further examine the effects of low-

dose VRL and alpelisib in the PIK3CA-mu-

tated and PIK3CA wild-type cell lines, we an-

alyzed the expression of the p110α protein 

that is encoded by the PIK3CA gene. In the 

MCF-7 cell line, the p110α expression was 

not significantly affected at most concentra-

tions tested by VRL, alpelisib or combination 

of both substances (Figure 6a). In T-47D 

cells, the p110α expression was downregu-

lated by alpelisib (Figure 6a). In both triple-

negative, PIK3CA wild-type cell lines MDA-

MB-231 and BT-549, an increase of the 

p110α expression induced by alpelisib was 

detected (Figure 6b). VRL at a concentration 

of 5 ng/ml and alpelisib at concentrations of 

500 ng/ml and 1000 ng/ml led to a significant 

reduction in the number of cells tested. This 

resulted in a substantial reduced protein con-

centration in the cell lysate during protein ex-

traction, making it impossible to obtain the 

amount of protein required for a Western blot. 

Therefore, these concentrations of the agents 

are missing in the Western blot analyses. 

 

Figure 6: Western blot analyses of the p110α expression in the PIK3CA-mutated cell lines MCF-7 and 
T-47D (a) and the PIK3CA wild-type cell lines MDA-MB-231 and BT-549 (b) after 7 days of treatment 
with low-dose vinorelbine plus alpelisib. 12.5 µg protein was separated in a 10 % polyacrylamide gel. 
The order of the concentrations of substances differs between the bars and bands.
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DISCUSSION 

In this study, the combination of low-dose 

metronomic VRL and alpelisib revealed a sig-

nificant reduction of cell viability and prolif-

eration with synergistic anti-tumor effects in 

HR-positive, HER2-negative, PIK3CA-mu-

tated BC cell lines. The growth of triple-neg-

ative, PIK3CA wild-type cell lines was signif-

icantly inhibited by VRL but not by alpelisib 

alone. These results confirm the hypothesis 

that PI3K inhibitors may potentiate cytotoxic 

activity of anti-microtubule agents in 

PIK3CA-mutated BC cell lines, as previously 

described (Badinloo and Esmaeili-Mahani, 

2014; Morgillo et al., 2017; Rajput et al., 

2019). Taselisib, a selective inhibitor of class 

I PI3Kα, δ-, and γ-isoforms, and ipatasertib, 

an AKT inhibitor, plus anti-microtubule 

chemotherapy showed significant synergism 

in terms of antiproliferative, pro-apoptotic, 

and anti-metastatic effects in PIK3CA-mu-

tated BC cells (Morgillo et al., 2017). In par-

ticular, MCF-7 (HR-positive, HER2-nega-

tive), BT474 (HR-positive, HER2-positive), 

KPL-4 (HR-negative, HER2-positive), and 

SUM159 (triple-negative) BC cell lines with 

PIK3CA mutation were treated for 3 days 

with taselisib or ipatasertib and VRL, eribu-

lin, and paclitaxel in concentrations of IC50. 

Combined treatment with taselisib and anti-

microtubule agents exerted a strong reduction 

of cell viability with synergistic effects and a 

significant increase of apoptotic cells in all 

cell lines tested compared to single treatment. 

In addition, the combination of taselisib or 

ipatasertib and eribulin significantly inhibited 

motility and migration of SUM159 mesen-

chymal cells compared to single-agent treat-

ment. Here, by way of comparison, we in-

tended to simulate the metronomic dosing 

regimen by continuously treating the cells 

with low-dose chemotherapeutic agent over 

an extended period of time and observed sim-

ilar results with combination of alpelisib and 

VRL. In both PIK3CA-mutated BC cell lines, 

we observed a CI<1, assuming synergistic ef-

fects of low-dose VRL and alpelisib. The syn-

ergistic cytotoxic effects were after 7 days of 

treatment even stronger compared to 3 days of 

treatment, suggesting a favorable impact of 

continuous long-term administration of VRL 

and alpelisib. In the Western blot analyses, 

the p110α expression was not affected or 

downregulated in the PIK3CA-mutated cell 

lines MCF-7 and T-47D, respectively, and not 

significantly upregulated in the PIK3CA wild-

type cell lines MDA-MB-231 and BT-549. It 

may be assumed that the p110α expression 

did not show any clear dependance on al-

pelisib at concentrations tested in HR-posi-

tive, HER2-negative cell lines with an over-

activation of p110α due to the PIK3CA muta-

tion. In contrast, the triple-negative PIK3CA 

wild-type cell lines showed regulatory mech-

anisms associated with upregulation of the 

non-overactivated protein as a response to 

treatment with alpelisib. 

Serum concentration achieved in patients 

taking 300 mg alpelisib once daily on a regu-

lar basis averages 1000 ng/ml (Juric et al., 

2018). Here, we showed that even lower al-

pelisib concentrations (10 ng/ml and 100 

ng/ml) combined with low-dose metronomic 

VRL led to a significant reduction of cell via-

bility of PIK3CA-mutated cells, and the anti-

tumor activity was comparable with the ef-

fects at 1000 ng/ml alpelisib. This indicates 

that above a certain concentration of VRL and 

alpelisib, no significant potentiation of the 

anti-tumor effect could be observed. The 

combination of the agents in lower doses may 

reduce side effects, so the efficacy and tolera-

bility will be further evaluated in vivo. 

Hyperactivation of PI3K/AKT/mTOR 

pathway has also been associated with triple-

negative breast cancer (TNBC) via loss of 

phosphatase and tensin homolog (PTEN), a 

direct counterpart of PI3K (Lopez-Knowles et 

al., 2010). Therefore, Rajput and colleagues 

(2019) assessed the combinatory effect of 

eribulin and buparlisib, a pan-class I PI3K in-

hibitor, in TNBC cell lines and patient-de-

rived xenograft (PDX) models. In the BT-

549, HCC1806, and MBA-MB-231 TNBC 

cell lines as well as WHIM3 and WHIM12 

PDX derived cell lines with loss of PTEN, re-

duction of cancer stem cell population and 

synergistic cytotoxic effects between eribulin 
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and buparlisib were observed. In the random-

ized phase III trials BELLE-2 and BELLE-3, 

treatment with buparlisib and fulvestrant 

demonstrated efficacy with significant pro-

longation of PFS compared to fulvestrant 

alone in pretreated HR-positive, HER2-nega-

tive MBC patients. However, the unfavorable 

toxicity profile of buparlisib including eleva-

tion of liver enzymes, hyperglycemia, depres-

sion, and rash led to terminate further devel-

opment of the agent (Baselga et al., 2017; Di 

Leo et al., 2018). In the randomized phase III 

study SANDPIPER, taselisib in combination 

with fulvestrant also met its primary endpoint 

and underlined the efficacy in HR-positive, 

HER2-negative, PIK3CA-mutated MBC pa-

tients. However, the combination did not 

demonstrate clinical utility given its safety 

profile and modest clinical benefit (Dent et 

al., 2021). Combination of fulvestrant and al-

pelisib (300 mg once daily) versus placebo 

was evaluated in the randomized phase III 

study SOLAR-1. The addition of alpelisib 

demonstrated a significant 5.3-month im-

provement in median PFS and a 7.9-month 

improvement in median OS in HR-positive, 

HER2-negative, PIK3CA-mutated MBC pa-

tients. In the cohort without PIK3CA-mutated 

BC, there was no significant difference in the 

median PFS (7.4 months versus 5.6 months), 

suggesting that the PIK3CA gene may repre-

sent a predictive biomarker for alpelisib activ-

ity in this population (Andre et al., 2019). In 

the overall population, the most frequent ad-

verse events of grade 3 or 4 were hyperglyce-

mia (36.6 % versus 0.7 %) and rash (9.9 % 

versus 0.3 %). In the SOLAR-1 PIK3CA-mu-

tated cohort, only 5.9 % of patients had previ-

ously received cyclin-dependent kinase 4/6 

inhibitor (CDK4/6i). Since endocrine therapy 

combined with CDK4/6i has become the 

standard first-line treatment for HR-positive, 

HER2-negative MBC, a phase II trial, BY-

Lieve (NCT03056755), was conducted to 

evaluate alpelisib plus fulvestrant in MBC pa-

tients who had progressed on immediate prior 

CDK4/6i plus aromatase inhibitor. In a cohort 

A, alpelisib plus fulvestrant met its primary 

endpoint, with 50.4 % of patients alive with-

out progression after 6 months of treatment 

(Rugo et al., 2021). 

Considering that clinical trials evaluating 

the combination of alpelisib plus endocrine 

therapy have shown favorable efficacy and 

manageable toxicity profile in HR-positive, 

HER2-negative, PIK3CA-mutated MBC pa-

tients, there is a promising approach to inves-

tigate alpelisib with chemotherapeutic agents 

as well. VRL, an orally available anti-micro-

tubule agent, represents a standard treatment 

option in MBC (Aapro et al., 2019; Huang et 

al., 2020). In addition, VRL is one of the most 

commonly used agents for MCT with proven 

efficacy and excellent safety profile 

(Cazzaniga et al., 2019b; Liu et al., 2021). 

Based on the growing body of evidence, MCT 

can be considered as a suitable treatment op-

tion in selected MBC patients. Especially pa-

tients with HR-positive, HER2-negative met-

astatic disease resistant to endocrine-based 

therapy and not requiring rapid tumor re-

sponse are generally suitable for MCT 

(Cazzaniga et al., 2019a; Krajnak et al., 

2022). Alpelisib is an approved, orally bioa-

vailable, α-selective inhibitor of PI3K for use 

in combination with fulvestrant to treat HR-

positive, HER2-negative, PIK3CA-mutated 

MBC patients after endocrine-based therapy 

(Andre et al., 2019). Alpelisib targets the two 

most common PIK3CA mutations and is 50 

times more potent against PI3Kα than other 

isoforms (Fritsch et al., 2014). As there is ev-

idence that inhibition of the PI3K pathway 

may prevent resistance to chemotherapy and 

potentiate its efficacy, the combination of 

PI3K inhibitors with MCT affecting angio-

genesis, immune response, and tumor cells 

via direct cytotoxicity may represent a new 

promising approach for the treatment of 

MBC, aiming to achieve synergistic effects, 

overcome drug resistance, or decrease the 

drug dose and toxicities. The fact that both 

agents are specifically indicated for the treat-

ment of HR-positive, HER2-negative MBC 

after CDK4/6i pretreatment also supported 

the investigation of the substances in combi-

nation. 
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In this study, HR-positive, HER2-nega-

tive cell lines with a PIK3CA mutation and tri-

ple-negative cell lines without a PIK3CA mu-

tation were analyzed, so we cannot clearly 

state whether the significant reduction in the 

cell viability and proliferation shown de-

pended on the PIK3CA mutation alone re-

gardless of HR and HER2 status. Although 

we hypothesize that the PIK3CA mutation 

was primarily responsible for the synergistic 

effects and the effect of alpelisib shown, we 

consider the evaluation of HR-positive, 

HER2-negative cell lines without PIK3CA 

mutation as well as the evaluation of triple-

negative cell lines with a PIK3CA mutation to 

be of particular importance. 

In conclusion, the present work revealed a 

significant reduction of cell viability and pro-

liferation with synergistic effects of low-dose 

metronomic VRL and alpelisib in HR-posi-

tive, HER2-negative, PIK3CA-mutated BC 

cell lines. In addition, we showed that even 

lower doses of alpelisib in combination with 

low-dose VRL result in significant anti-tumor 

effects, providing a rationale for further ef-

forts to evaluate this combination in vivo with 

the intent of improving the toxicity profile. 
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