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Abstract
Purpose: The incidence of breast cancer has been increasing in recent years, and monotherapy approaches are not sufficient 
alone in the treatment of breast cancer. In the combined therapy approach, combining two or three different agents in lower 
doses can mitigate the side effects on living cells and tissues caused by high doses of chemical agents used alone. ABT-263 
(navitoclax), a clinically tested Bcl-2 family protein inhibitor, has shown limited success in clinical trials due to the develop-
ment of resistance to monotherapy in breast cancer cells. This resistance shows that monotherapy approaches are inadequate 
and more effective treatment strategies are needed. It is the ability of HSP90 inhibitors to destabilize many oncoproteins that 
are critical for the survival of cancer cells. This study aimed to examine the anticancer activity of the combination of ABT-
263 with BIIB021, a new generation HSP90 inhibitor, on two widely used breast cancer cell lines: MCF-7 (ER-positive) 
and MDA-MB-231 (triple-negative breast cancer, TNBC). These cell lines were selected to represent distinct breast cancer 
subtypes with different molecular characteristics and clinical behaviors. Methods: Single and combined cytotoxic effects 
of this agents on MCF-7 and MDA-MB-231 breast cancer cell lines were determined using the MTT cell viability test. 
The combined use of these two agents showed a synergistic effect, and this effect was assigned using the Chou and Talalay 
method. mRNA and protein levels of apoptosis-related genes Bax, Bcl-2, Casp9, and Heat Shock Proteins HSP27, HSP70, 
and HSP90 were analyzed using Quantitative Real-Time Polymerase Chain Reaction (qRT-PCR) and Western Blotting, 
respectively. Results: The cytotoxicity analysis, combined with the application of the Chou-Talalay method, demonstrated 
that the BIIB021 and ABT-263 combination exhibited significantly greater anticancer activity compared to the individual 
effects of either BIIB021 or ABT-263 in breast cancer cell lines. The analysis of mRNA and protein levels indicated that the 
BIIB021+ABT-263 combination may have triggered the intrinsic apoptotic pathway in breast cancer cells. Conclusion: This 
study showed that co-administration of ABT-263 and BIIB021 agents exhibited synergistic cytotoxic effects and increased 
the expression of apoptosis-related genes in breast cancer cell lines 
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Introduction

Breast cancer is characterized by the uncontrolled prolif-
eration of epithelial cells within the breast tissue and is 
the most frequently diagnosed cancer type among women 
globally [1]. In 2020, an estimated 2.3 million new cases 
of breast cancer were reported, which contributed to 
approximately 16% of cancer-related deaths in women, 
with around 685.000 deaths recorded [2]. Breast cancer 
has a complex origin, involving various signaling path-
ways whose biological mechanisms have not yet been fully 
elucidated [3, 4]. Conventional treatments include surgery 
as the primary approach, often followed by chemotherapy 
or radiotherapy. In cases where tumor size is substantial, 
preoperative systemic therapies such as chemotherapy are 
employed to reduce the tumor volume, enabling breast-
conserving surgery and minimizing the need for extensive 
lymph node dissection [5]. Since these treatment meth-
ods are not target-specific, the side effects they cause in 
healthy cells and tissues cause mental and physiological 
problems in patients [6].

Navitoclax (as known ABT-263) is an inhibitor of the 
B-cell lymphoma 2 (BCL-2) protein family, a regulator of 
programmed cell death. The BCL-2 family consists of anti-
apoptotic and pro-apoptotic proteins that determine the sur-
vival of cells. BCL-2 family inhibitors are pharmaceuticals 
studied in the treatment of cancer, fibrotic, and autoimmune 
diseases with the approach of strengthening the intrinsic 
apoptotic pathway by targeting anti-apoptotic proteins [7, 
8]. ABT-263 is an oral drug and has been tested alone and 
in combination with drugs targeting different mechanisms in 
various types of cancer [9]. It has been a subject of numer-
ous in vitro, preclinical, and phase I and phase II clinical 
studies due to its potential effects.[8, 10–12]. Despite its 
promising potential, ABT-263 demonstrated limited efficacy 
in clinical trials, attributed to the development of resistance 
to monotherapy specifically in breast cancer cells [13]. 
Combination therapy is one of the most commonly used 
approaches in cancer treatment and aims to increase treat-
ment effectiveness by using different drugs together [14]. 
Compared to monotherapy, in this approach, the combined 
use of pharmaceutical medications targeting other molecular 
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mechanisms increases anticancer effectiveness while over-
coming the adverse side effects caused by high doses on 
healthy cells and tissues [15].

Heat shock protein 90 (Hsp90) is an important molecular 
chaperone protein responsible for the folding, activity, and 
stability of client proteins [16] These Hsp90 proteins are 
known to be overexpressed in the proliferation, survival, 
and even tumorigenesis of cancer cells [17, 18]. Over 400 
HSP90 client proteins have been identified and are involved 
in a wide variety of important biological activities, including 
DNA damage repair, hormone receptor activation, signaling 
cascades, and protein transport [16]. These client proteins 
include signaling protein (SRC and AKT), transcription fac-
tors (TP53 and HIF-1), receptor tyrosine kinases (EGFR, 
HER2, IGF-1R, and MET), and cell cycle regulatory pro-
teins (CDK4 and CDK6) [19].

In breast cancer cells, some oncogenes often show irreg-
ularity in cancer cells, such as Bcl-2, EGFR, and HER-2. 
Hsp90 plays important roles in the activation and stabiliza-
tion of the proteins expressed by these oncogenes, making 
cancer cells resistant to treatment and ensuring their survival 
[20]. BCL-2 inhibitors, such as ABT-263, increase apoptosis 
by neutralizing anti-apoptotic proteins, but their efficacy is 
often limited as monotherapy due to compensatory survival 
pathways regulated by HSP90 [21]. Simultaneous inhibi-
tion of HSP90 and BCL-2 offers a strategy to target these 
interconnected mechanisms, destabilize oncogenic proteins, 
and promote apoptosis in resistant breast cancer cells. This 
dual inhibition approach in breast cancer may potentially 
improve treatment outcomes by addressing underlying resist-
ance mechanisms. The new generation of Hsp90 inhibitors 
have been synthesized to prevent the growth and survival 
of cancer cells by inhibiting Hsp90 protein activity. These 
new generation agents targeting Hsp90 protein activity have 
become a promising new approach in cancer treatment [22]. 
As a result of Hsp90 inhibition, the stability and activation 
of oncogenic proteins can be impaired, or irregular folding 
may occur, which can lead to the death of cancer cells [23]. 
Therefore, in recent years, the treatment effectiveness of 
Hsp90 inhibitors on various types of cancer has been inves-
tigated through in vitro and clinical studies [24, 25]. Hsp90 
regulates not only proteins related to tumorigenesis but also 
the activities of many different proteins. There are studies 
to develop more target-specific Hsp90 inhibitors by under-
standing the effects, molecular mechanisms, and off-target 
effects of Hsp90 inhibitors on cancer cells. Considering all 
this information, the importance of Hsp90 inhibitors in can-
cer treatment is an unquestionable fact [23–28].

BIIB021 (3’,5’-dimethyl-4’-methoxy-2’-pyridyl deriva-
tive) is the first orally bioavailable drug among the new gen-
eration Hsp90 inhibitor. BIIB021 has been investigated to 
elucidate anti-cancer effectiveness with in vitro, in vivo, and 
clinical studies [29–31]. Blocking HSP90 ATPase activity 

using BIIB021 prevents oncogenic client proteins from fold-
ing properly. For this reason, BIIB021 is included in the lit-
erature as a promising drug with new-generation approaches 
to cancer treatment [29, 30, 32].

In this study, the effect of the combination of BIIB021 
and ABT-263 on breast cancer cell lines MCF-7 and MDA-
MB-231 was investigated. Although each of these agents is 
well established as monotherapy, previous studies have not 
evaluated the combination of these agents in breast cancer 
cells. The aim is to use lower doses of both drugs, reduce 
side effects and at the same time increase anticancer effec-
tiveness. The cytotoxic effect of BIIB021 and ABT-263 on 
breast cancer cells was analyzed by MTT test, and the pos-
sible effect of the combined use of the drugs was revealed 
by the Chou-Talalay method. Finally, when the drugs were 
administered to cells alone and in combination, the changes 
in the expression levels of apoptosis-related genes and heat 
shock protein genes were investigated by qRT-PCR and 
Western Blotting.

Materials and methods

Materials

Navitoclax (ABT-263) was obtained by MedChem-
Express. BIIB021 was purchased from AdooQ® The 
3-(4,5-dimethylthiazol-2-yl)−2,5-diphenyltetrazolium bro-
mide (MTT) and Polyvinylidene difluoride (PVDF) mem-
brane (741,260) were provided by Macherey–Nagel. The 
BCA protein assay kit and RIPA lysis buffer were obtained 
from Serva. Abcam supplied the following antibodies: 
Anti-Bax (ab53154), Anti-Bcl-2 (ab59348), anti-Casp-9 
(ab25758), Anti-HSP27 (ab5579), anti-HSP70 (ab79852), 
anti-HSP90 (ab2928), and goat anti-rabbit IgG H&L (HRP) 
(ab205718). SYBR Green master mix was procured from 
Bioline. Primers were synthesized by Metabiomics. Favor-
gen Biotech Corp. provided the total RNA isolation kit. 
Bio-Rad supplied the cDNA synthesis kits and the enhanced 
chemiluminescence (ECL) substrate kit (1,705,060). Dul-
becco's Modified Eagle's medium (DMEM) High Glu-
cose, penicillin–streptomycin solution, phosphate buffer 
saline (PBS), fetal bovine serum (FBS), trypsin–EDTA and 
L-glutamine were obtained from Biological Industries. The 
MCF-7 and MDA-MB-231 cell lines were purchased from 
ATCC (American Type Culture Collection).

Cell culture

Breast cancer cell lines MCF-7 and MDA-MB-231 were cul-
tured in DMEM High Glucose medium supplemented with 
10% FBS and 0.1% penicillin–streptomycin. The MCF-7 cell 
line is an estrogen receptor-positive (ER+) human breast 
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cancer cell line. MDA-MB-231 is a triple-negative breast 
cancer (TNBC) cell line, which lacks estrogen, progesterone, 
and HER2 receptors [4]. The cell lines were then incubated 
at 37 °C in a humidified atmosphere with 5% CO2. Upon 
reaching 90% confluence, the cells were passaged and these 
cell lines were passaged no more than 10 times [33].

Cell viability assay

The in vitro cytotoxic effects of BIIB021 and ABT-263 on 
breast cancer cell lines were determined by MTT test. The 
breast cancer cell lines were seeded in 96-well culture plates 
(5 × 104 cells per well) and treated with BIIB021 and ABT-
263 for 24 and 48 h at concentrations ranging from 1.56 to 
100 nM and 1.56 to 100 µM, respectively. After the incu-
bation period, the culture medium was removed, and then 
each well was supplemented with MTT solution (5 mg/mL), 
followed by an additional incubation at 37 °C for 3 h. Subse-
quently, the formazan products resulting from the reduction 
of MTT by viable cells were dissolved in DMSO, and their 
absorbance was measured at a wavelength of 570 nm. The 
determination of IC50 values were performed using Graph-
Pad Prism 8.01 software. At least three independent experi-
ments were performed [34]. CompuSyn software, based on 
the median-effect equation, is widely utilized for evaluating 
drug combination effectiveness through the calculation of 
combination indices (CIs). This program analyzes dose-
dependent drug interactions in detail, categorizing effects as 
follows: CI = 1 indicates an additive effect, CI < 1 denotes a 
synergistic effect, and CI > 1 suggests an antagonistic effect 
[35]. The drug interactions between ABT-263 and BIIB021 
were assessed in CompuSyn, using certain concentrations.

Quantitative RT‑PCR

MCF-7 and MDA-MB-231 cells were treated with BIIB021, 
ABT-263 and BIIB021 + ABT-263 for 48 h at the calculated 
IC50 values. RT-PCR was used to investigate the change in 
the expression of the apoptosis-related proteins Bax, Bcl-2, 
Casp-9 genes, and heat shock proteins Hsp27, Hsp70, Hsp90 
genes in these cells. RT-PCR was performed according to 
the protocol detailed previously [4]. Briefly, total RNA was 
isolated from cells treated with both individual drugs and 
their combinations, and cDNA synthesis was subsequently 
carried out using the isolated RNA samples. A qRT-PCR 
assay using the Bio-Rad CFX96TM system was performed 
with a 25 µL reaction volume. The reaction mixture included 
1 µL cDNA, 1 µL primer mix (10 mM stock), 11.5 µL SYBR 
Green qPCR master mix, and 10.5 µL RNase-free water. The 
thermal cycling conditions consisted of an initial denatura-
tion at 95 °C for 10 min, followed by 40 cycles of dena-
turation at 95 °C for 15 s and annealing/extension at 60 °C 
for 60 s. The primer sequences are shown in Table 1. Gene 

expression levels were analyzed using the 2−ΔΔCt method. 
The data were normalized using GAPDH as the house-
keeping gene. At least three independent experiments were 
performed.

Western blotting

The Western blotting method was employed to assess 
changes in the expression levels of apoptosis-related proteins 
(Bax, Bcl-2, and Casp-9) and heat shock proteins (Hsp27, 
Hsp70, and Hsp90) in MCF-7 and MDA-MB-231 cells 
treated with BIIB021, ABT263, and BIIB021 + ABT263 at 
their respective IC50 doses for 48 h. Following the previously 
described protocol [15], the cells were harvested by trypsin 
treatment, and total protein isolation was performed with 
RIPA buffer. The concentration of total protein in the lysates 
was determined using the BCA protein assay kit. Subse-
quently, 30 μg of proteins per well were separated by 12% 
SDS-PAGE gel electrophoresis and transferred onto PVDF 
membranes using a Trans-blot turbo transfer device from 
Bio-Rad. The membranes were blocked using 5% non-fat 
milk in Tris-buffered saline/Tween 20 (TBST) for 1 h. The 
primary antibodies, including anti-HSP27 (1:1000), anti-
HSP70 (1:500), anti-HSP90 (1:500), anti-Bax (1:1000), anti-
Bcl-2 (1:500), and anti-Casp-9 (1:500), were then incubated 
overnight at 4 °C. After washing with TBST, membranes 
were incubated with a secondary antibody [goat anti-rabbit 
IgG H&L (HRP)] (1:10,000) for 1 h at room temperature 
The data were normalized relative to GAPDH (anti-GAPDH 
primary antibody diluted 1:5000). Protein bands were visu-
alized using ChemiDoc™ imaging equipment (Bio-Rad) 
and an ECL substrate. ImageLab 6.1 software was used to 
analyze protein expression levels. At least two independent 
experiments were performed.

Table 1   The primer sequences of genes (F: Forward, R: Reverse)

Primer Sequence

Bax F 5’-TCA​GGA​TGC​GTC​CAC​CAA​GAAG-3’
R 5’-TGT​GTC​CAC​GGC​GGC​AAT​CATC-3’

Bcl-2 F 5’-ATC​GCC​CTG​TGG​ATG​ACT​GAGT-3’
R 5’-GCC​AGG​AGA​AAT​CAA​ACA​GAGGC-3’

Casp-9 F 5’-GTT​TGA​GGA​CCT​TCG​ACC​AGCT-3’
R 5’-CAA​CGT​ACC​AGG​AGC​CAC​TCTT-3’

Hsp27 F 5’-CTG​ACG​GTC​AAG​ACC​AAG​GATG-3’
R 5’-GTG​TAT​TTC​CGC​GTG​AAG​CACC-3’

Hsp70 F 5’-ACC​TTC​GAC​GTG​TCC​ATC​CTGA-3’
R 5’-TCC​TCC​ACG​AAG​TGG​TTC​ACCA-3’

Hsp90 F 5’-TCT​GCC​TCT​GGT​GAT​GAG​ATGG-3’
R 5’-CGT​TCC​ACA​AAG​GCT​GAG​TTAGC-3’

Gapdh F 5’-GTC​TCC​TCT​GAC​TTC​AAC​AGCG-3’
R 5’-ACC​ACC​CTG​TTG​CTG​TAG​CCAA-3’
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Protein–protein interaction network analysis 
and pathway enrichment analysis

In silico analyzes were performed to understand in more 
detail the molecular pathway of the effect of co-adminis-
tration of two drugs. First, a protein–protein interaction 
network consisting of genes associated with apoptosis 
and six genes selected from the heat shock protein family 
was created. This was accomplished using the Search Tool 
for the Retrieval of Interacting Genes (STRING) with the 
Cytoscape v3.10.2 software for assessing gene interactions. 
Pathway enrichment analysis Kyoto Encyclopedia of Genes 
and Genomes (KEGG) ve Gene Ontology (GO) biological 
process analyzes were performed using the ClueGo v2.5.10 
and CluePedia v1.5.10 platform via Cytoscape v3.10.2 
software.

Statistical analysis

GraphPad Prism 8.0 software was used to perform a two-
way ANOVA test with Sidak and Dunnett tests. Statistical 
significance was defined as probability values of p < 0.05 To 
evaluate the combined effect and calculate the combination 
index of the drug combination, the Chou-Talalay method 
was performed using CompuSyn software version 1.0.

Results and discussion

In this study, the effects of HSP90 inhibitor BIIB021 and 
BCL-2 inhibitor ABT-263 on breast cancer cell lines MCF-7 
and MDA-MB-231 were investigated. The cytotoxic effects 
of BIIB021, ABT-263 and BIIB021 + ABT-263 combina-
tion on MCF-7 and MDA-MB-231 cell lines were evaluated 
by MTT test. BIIB021 and ABT-263 exhibited dose- and 
time- dependent cytotoxic effects on both cell lines. The 
IC50 values for BIIB021 and ABT-263 were 11.57 nM and 
16.21 µM, respectively, in MCF-7 cells, and 10.58 nM and 
10.33 µM, respectively, in MDA-MB-231 cells (Fig. 1). 
MDA-MB-231 cells were more sensitive to both drugs 
compared to MCF-7 cells. Previous studies have reported 
that ABT-263 may be a potential treatment option for breast 
cancer cells, but resistance to monotherapy occurred in clini-
cal trials. Additionally, monotherapy with BCL-2 family 
inhibitors has not induced cell death in some breast cancer 
cell lines [7, 36, 37]. Lee et al. revealed that ABT-263 has 
different potencies on MDA-MB 231 and MCF-7 cell lines. 
While ABT-263 treatment led to resistance in MCF-7 cells 
against ABT-263, it induced cell death in MDA-MB-231 
cells. The findings of this study were compared with the 
study by Lee et al. published results, further confirming 
that a 48-h treatment period was more effective. Consist-
ent with this research, MCF-7 cells demonstrated greater 

resistance to ABT-263 compared to MDA-MB-231 cells. 
In the study by Lee et al., MCF-7 and MDA-MB-231 cells 
were treated with up to 5 µM ABT-263 for 48 h, resulting 
in approximately 20% cell death in MCF-7 cells and 85% in 
MDA-MB-231 cells. By contrast, the present study reported 
IC50 values of 16.21 µM for MCF-7 cells and 10.33 µM for 
MDA-MB-231 cells, highlighting differences in sensitivity 
while maintaining the overall trend observed in both stud-
ies. However, the combination treatment of ABT-263 and 
everolimus (a survivin inhibitor) was effective in inducing 
an intrinsic apoptotic pathway in MCF-7 cells [13].

The dose-dependent cell viability was assessed at two-
time points: 24 and 48 h. Comparative analysis of the IC50 
values revealed that 48 h of incubation resulted in greater 
cytotoxic efficacy in both MCF-7 and MDA-MB-231 cell 
lines. Therefore, the combined effect of the ABT-263 and 
BIIB021 was assessed within 48 h on MCF-7 and MDA-
MB-231 cells using the Chou-Talalay method. The Chou 
and Talalay method emerge as a fundamental approach in 
the examination of drug combinations. Its framework is 
based on the median impact equation derived from the law 
of mass action, which combines both single- and multi-
asset scenarios. The adoption of the median effect equation, 
based on mass action principles, has accelerated its practi-
cal application in research [38, 39]. The Chou and Talalay 
approach gained popularity with the release of the Com-
puSyn software in 2005 [40]. CompuSyn's integration with 
the Chou and Talalay method significantly improved the 
analysis process, enabling comprehensive evaluations cov-
ering dose ranges, combination ratios, design layouts, and 
computerized simulations of drug interactions. This program 
represents a powerful tool for uncovering the complexity of 
drug combinations [41]. The research proposes that the com-
bined effects of two agents, whether synergistic, additive, or 
antagonistic, can be characterized as follows: A combination 
index (CI) value is equal to 1, it indicates an additive effect; 
if it is greater than 1, it suggests an antagonistic effect, and 
if it is less than 1, it implies a synergistic effect [35]. In this 
study, the CI values were calculated as 0.65620 and 0.39182 
for MCF-7 and MDA-MB-231 cells, respectively. Therefore, 
co-administration of ABT-263 and BIIB021 showed syner-
gistic cytotoxic effect in both MCF-7 and MDA-MB-231 
cell lines. The CompuSyn software calculated total dose val-
ues corresponding to synergistic effects for both cell lines, 
and the results are summarized in Fig. 2. Specifically, the 
combination indices determined as CI = 0.65620 for MCF-7 
cells and CI = 0.39182 for MDA-MB-231 cells, with cor-
responding total dose values of 18.0812 and 7.55305 µM, 
respectively. The concentration-dependent cell viability 
graphs shown in Fig. 2A, B were compared to these total 
dose values. The results revealed that the total doses identi-
fied by CompuSyn, where synergy occurs, were more effec-
tive than the doses of the drugs when used individually. This 
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highlights the potential enhanced efficacy of the combined 
treatment for both cell lines.

Previous studies have shown that co-administration of 
HSP90 inhibitors with various anticancer agents, includ-
ing Bcl-2 inhibitors, exhibits synergistic effects. An HSP90 
inhibitor, Ganetespib, and the BCL-2 inhibitor, ABT-199, 
were found to synergistically inhibit cell proliferation, with 
8 nM Ganetespib combined with 4 µM ABT-199 in the 
cervical cancer cell line HeLa cells [42]. In our previous 
study, the traditional chemotherapeutic agent doxorubicin 
and the new generation HSP90 inhibitor MPC-3100 showed 
a synergistic effect on breast cancer cell lines MCF-7 and 
MDA-MB-231 and induced apoptosis [4]. Subaiea et al. 
reported that the co-administration of Ganetespib with the 
chemotherapeutic agent Methotrexate demonstrated effective 
inhibition of lung cancer cell proliferation [43].

To unravel the mechanism underlying the cytotoxic 
effects of ABT-263, BIIB021, and their combination on 

breast cancer cell lines, the mRNA and protein expression 
levels of apoptosis-related proteins (Bax, Bcl-2, Casp-9) and 
heat shock proteins (Hsp27, HSP70, HSP90) were analyzed 
using RT-PCR and Western Blotting. Figure 3 illustrates the 
changes in mRNA and protein levels of apoptosis-related 
proteins and HSPs in MCF-7 cells treated with BIIB021, 
ABT-263 and BIIB021 + ABT-263. According to Fig. 3A, 
BIIB021 resulted in increased mRNA levels of Bax, Bcl-2, 
and Casp-9 when administered to MCF-7 cells. The increas-
ing trend in the Bax/Bcl-2 ratio, which is an indicator of 
the susceptibility of cells to apoptosis, was not statistically 
significant. The HSP90 inhibitor BIIB021 induced a signifi-
cant increase in HSP70 and HSP90 mRNA levels in MCF-7 
cells, while the slight increase in HSP27 was statistically 
insignificant. When the changes in the protein levels of these 
genes are examined (Fig. 3B, C), it was observed that the 
protein amounts of Bax and Bcl-2 increased in parallel with 
their mRNA levels. However, the Bax/Bcl-2 ratio decreased 

Fig. 1   The dose- and time-dependent effects of ABT-263 and 
BIIB021 on the viability of MCF-7 and MDA-MB-231 cell lines, 
along with the calculated IC50 values of ABT-263 and BIIB021. The 
cell viability of MCF-7 (A) and MDA-MB-231 (B) cells after expo-

sure to various doses of ABT-263 after 24 and 48 h. The cell viability 
of MCF-7 (C) and MDA-MB-231 (D) cells after exposure to various 
doses of BIIB021 after 24 and 48 h
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at the protein level when compared to control cells, despite 
the increase observed at the mRNA level. There was a 
significant increase in the level of cleaved Casp-9. While 
changes in HSP70 and HSP90 protein levels increased in 
parallel with mRNA levels, HSP27 protein level decreased. 
In MCF-7 cells exposed to the BCL-2 family inhibitor ABT-
263, there was an increase in the mRNA and protein levels 
of Bax and Bcl-2. Although the increase in Casp-9 mRNA 
levels was statistically insignificant, a slight increment was 
observed, and this increase was also present in cleaved 
Casp-9 protein levels. These findings suggest that ABT-
263 could induce apoptosis in MCF-7 cells. Examining the 
HSP mRNA and protein changes in MCF-7 cells subjected 
to ABT-263 treatment revealed a decrease in HSP27 and 
HSP70 levels, while an increase was observed in HSP90 
levels. The co-administration of ABT263 + BIIB021 in 

MCF-7 cells resulted in an increase in the Bax/Bcl-2 ratio 
and cleaved-Casp-9 at both mRNA and protein levels, sug-
gesting that apoptosis-related pathways may have been 
influenced. Analyzing HSPs, there was a decrease in both 
HSP27 and HSP70, while HSP90 exhibited an increase in 
both mRNA and protein expression levels.

Figure 4 depicts the changes in mRNA and protein levels 
of apoptosis-related proteins and HSPs in MDA-MB-231 
cells treated with BIIB021, ABT-263 and BIIB021 + ABT-
263. MDA-MB-231 cells treated with BIIB021 exhibited a 
similar profile to MCF-7 cells. Bax, Bcl-2, Cleaved-Casp-9, 
HSP70, and HSP90 increased. In contrast to MCF-7 cells, an 
increase in HSP27 protein was observed in MDA-MB-231 
cells. The data indicate that each cell line responds differ-
ently to BIIB021 treatment. The upregulation of HSP70 
in both breast cancer cell lines upon inhibition of HSP90 

Fig. 2   The combined cytotoxic effects of ABT-263 and BIIB021 
in MCF-7 (A) and MDA-MB-231 (B) cancer cell lines. Fraction 
Affected (Fa) vs Combination Index (CI) plots derived from Chou-
Talalay median-effect analysis for MCF-7 (C) and MDA-MB-231 (D) 
cell lines, respectively. These plots illustrate the relationship between 

the fraction of affected cells (Fa) and the combination index (CI), pro-
viding insights into the synergistic, additive, or antagonistic effects 
of the drug combination. Additionally, the terms ED30, ED50, and 
ED75 denote the doses at which 30, 50, and 75% of cells or organ-
isms are effectively inhibited
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activity by BIIB021 can be linked to the separation of mono-
mers of heat shock factor 1 (HSF1) from HSP90. This sepa-
ration triggers the trimerization of HSF1, its translocation 
to the nucleus, and the subsequent transcriptional activa-
tion of HSP70 [44, 45]. MDA-MB-231 cells treated with 
ABT-263 exhibited a distinct protein expression profile 
compared to MCF-7. In these cells, the Bax/Bcl-2 ratio and 
cleaved Casp-9 increased, suggesting a potential involve-
ment of apoptosis-related pathways. HSP27 increased, 
HSP70 decreased, and HSP90 remained unchanged. The 
differential protein expression profile in cells exposed 
to ABT-263 may contribute to the heightened sensitivity 
of MDA-MB-231 cells compared to the lower sensitivity 
observed in MCF-7. When BIIB021 and ABT-263 were co-
administered, apoptotic markers, including the Bax/Bcl-2 

ratio and cleaved-Casp-9, increased in MDA-MB-231 cells. 
The protein level of HSP27, HSP70, and HSP90 increased, 
but the slight increase in HSP70 and HSP90 protein levels 
was not statistically significant.

To summarize the effects of the study groups on mRNA 
and protein levels, it was observed that BIIB021 increased 
Bax, Bcl-2 and Casp-9 mRNA levels in MCF-7 and MDA-
MB-231 cells. However, an increase in HSP27 protein was 
observed in MDA-MB-231 cells, unlike MCF-7 cells. These 
findings indicate that both cell lines respond differently to 
BIIB021. HSP70 was determined to be upregulated in both 
breast cancer cell lines by inhibiting HSP90 activity by 
BIIB021. With the use of ABT-263, an increase in Bax and 
Bcl-2 mRNA and protein levels were observed in MCF-7 
and MDA-MB-231 cells. However, it was determined that 

Fig. 3   Changes in the expression of apoptosis-related proteins (Bax, 
Bcl-2, Casp-9) and heat shock proteins (Hsp27, HSP70, HSP90) in 
MCF-7 cells after a 48-h treatment with BIIB021, ABT-263, and 
BIIB021 + ABT-263. Gene expression (A) and protein expression 

(B) changes in apoptosis-related proteins (Bax, Bcl-2, pro-Casp-9) 
and HSPs (HSP27, HSP70, HSP90), the abundance of apoptosis-
related proteins and HSPs in MCF-7 (C). (*p < 0.05, **p < 0.01, 
***p < 0.001, and ****p < 0.0001)
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the increase in the Bax/Bcl-2 ratio and cleaved Casp-9 lev-
els, which are associated with apoptosis-related pathways, 
was more pronounced in MDA-MB-231 cells. Finally, 
the combination of BIIB021 and ABT-263 appeared to 
enhance apoptosis-related gene expression in MCF-7 and 
MDA-MB-231 cells. This combination led to an increase 
in the Bax/Bcl-2 ratio at both mRNA and protein levels in 
both cell lines and elevated cleaved Casp-9 levels. These 
findings suggest that the drug combination may influence 
apoptosis-related pathways, potentially activating caspases 
and contributing to programmed cell death processes for 
maintaining tissue homeostasis, eliminating damaged cells, 

and regulating development. A complex protein network 
including pro-apoptotic proteins (e.g., Bax and Casp-9) and 
anti-apoptotic factors (e.g., Bcl-2) closely regulates apopto-
sis [46]. In addition, in order to have a deeper understanding 
of the functional relationship between the two drugs and 
the roles and pathways of the analyzed genes, the interac-
tions of these proteins and molecular pathway analyses were 
performed (Fig. 5A, B). Figure 5A illustrates the interac-
tion network between apoptosis-related proteins (Bax, Bcl-
2, Casp-9) and heat shock proteins (HSP90 (HSP90AA1), 
HSP70 (HSPA1A), HSP27 (HSPB1)). Figure 5B shows 
the biological processes these proteins regulate. Although 

Fig. 4   Changes in the expression of apoptosis-related proteins (Bax, 
Bcl-2, Casp-9) and heat shock proteins (Hsp27, HSP70, HSP90) in 
MDA-MB-231 cells after a 48 h treatment with BIIB021, ABT-263, 
and BIIB021 + ABT-263. Gene expression (A) and protein expression 

(B) apoptosis-related proteins (Bax, Bcl-2, pro-Casp-9) and HSPs 
(HSP27, HSP70, HSP90), the abundance of apoptosis-related pro-
teins and HSPs in MCF-7 (C). (*p < 0.05, **p < 0.01, ***p < 0.001, 
and ****p < 0.0001)
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HSP90 inhibitors have limited clinical use due to their 
restricted activity, their ability to target multiple pathways, 
including various apoptotic routes, makes them potential 
candidates for combination therapies. HSP90 inhibitors pro-
mote the proteasomal degradation of HSP90 client proteins 
such as IGF1R, AKT, EGFR, IKK, RAF-1, c-KIT, NPM-
ALK, v-SRC, and P53, thereby inhibiting AKT and MAPK 

signaling. Given that NF-kB activation is known to induce 
anti-apoptotic effects, blocking NF-kB may enhance the 
synergistic anti-cancer effects when combined with BCL-2 
inhibitors [21]. Several studies have reported that HSP90 
inhibitors can induce apoptosis by decreasing anti-apoptotic 
proteins and increasing pro-apoptotic proteins [47]. HSP70 
(HSPA1A) has been demonstrated to influence both intrinsic 

Fig. 5   A Protein–protein interaction network analysis of heat shock 
proteins (HSP90, HSP70, HSP27) and apoptosis-related proteins 
(Bax, Bcl-2, Casp-9) using the STRING database and visualized 
with Cytoscape v3.10.2. This network highlights the interactions and 

potential functional relationships between these proteins. B Pathway 
enrichment analysis using KEGG and Gene Ontology (GO) biologi-
cal processes performed with ClueGo v2.5.10 and CluePedia v1.5.10 
via Cytoscape v3.10.2
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and extrinsic apoptotic pathways. In the TNF-α-induced 
apoptosis model, the HSP70-CHIP complex suppresses 
JNK and p38 via increasing the degradation of apoptosis 
signal-regulated kinase 1. JNK stimulates the intrinsic apop-
totic pathway by releasing cytochrome c from mitochondria. 
JNK-dependent apoptosis requires the activation of Bax and 
Bid via p53. Furthermore, HSP70 suppresses the apoptosis-
inducing factor (AIF), which is essential for DNA degrada-
tion. In the extrinsic pathway, HSP70 interacts with TNF-
related apoptosis-inducing ligand receptors (TRAIL-R1 and 
TRAIL-R2) to block the development of the death-inducing 
signaling complex (DISC). This may also hinder caspase-8 
from cleaving Bid. Thus, HSP70 reduces apoptosis by inhib-
iting JNK and AIF and interacting with death receptors [48]. 
In this study, the combination of BIIB021 and ABT-263 in 
both cell lines may have played a role in driving the cells to 
apoptosis by reducing the HSP70 expression level. HSP70 
can play a pivotal role in regulating apoptosis by interfer-
ing with the assembly of the apoptosome, a critical struc-
ture in the intrinsic apoptotic pathway. Specifically, HSP70 
interacts with Apaf-1, inhibiting its ability to recruit and 
activate procaspase-9, thereby preventing the formation of 
an active apoptosome complex. This disruption hinders the 
subsequent cascade of events leading to apoptosis [49]. In 
the context of this study, the observed reduction in HSP70 
levels following the combination treatment of BIIB021 
and ABT-263 may have alleviated this inhibition, allow-
ing for the enhanced activation of caspase-9, as evidenced 
by the increase in cleaved Casp-9 levels. Given the central 
role of Casp-9 in propagating the intrinsic apoptotic path-
way through downstream caspase activation, these findings 
highlight a potential mechanism by which the combination 
treatment promotes apoptosis in the cell lines.

HSP27 (HSPB1) supports the activation of Akt (protein 
kinase B). Akt regulates cell survival signals and inhibits 
apoptosis. The activation of Akt leads to the inhibition of 
apoptotic proteins (such as Bax and Bad) and the activation 
of anti-apoptotic proteins (such as Bcl-2). HSP27 also inhib-
its JNK activity [50]. Inhibition of HSP90 and Bcl-2 proteins 
causes other HSP proteins, including HSP90, HSP70, and 
HSP27, to alter the expression of apoptotic and pro-apop-
totic proteins, leading cells to undergo apoptosis.

In this study, the impact of BIIB021, ABT-263, and 
BIIB021 + ABT-263 combination on the expression of 
genes involved in the mitochondrial intrinsic apoptotic 
pathway was examined in breast cancer cell lines. The 
BIIB021 + ABT-263 combination significantly elevated 
the Bax/Bcl-2 expression ratio in both MCF-7 and MDA-
MB-231 cells compared to controls and individual sub-
stances. Bax, through interaction with anti-apoptotic Bcl-2 
and Bcl-xL, orchestrates the intrinsic apoptotic pathway. 
Overexpression of Bax promotes Cyt-c release from the 
mitochondria to the cytosol and permeabilization of the 

mitochondrial outer membrane, but overexpression of 
Bcl-2 may inhibit this process. Following that, Cyt-c binds 
to Apaf-1 to form the apoptosome complex, which initiates 
cell death by activating Casp-3 and/or Casp-7. The apopto-
some complex facilitates the activation of Casp-9, leading 
to the occurrence of apoptosis [51]. Hsp90 overexpression 
inhibits the apoptotic process, allowing cancer cells to sur-
vive. As a result, inhibiting Hsp90 chaperone function has 
become an important technique in cancer research [19]. Spe-
cifically, preclinical studies have demonstrated the effective-
ness of BIIB021, a promising candidate Hsp90 inhibitor, and 
it is now being included in clinical trials for breast cancer, 
Kaposi's sarcoma, and gastrointestinal stromal tumors [32]. 
BIIB021 inhibits HSP90 ATPase activity by interfering with 
the correct folding of oncogenic client proteins. Experimen-
tal studies reveal that BIIB021 exhibits a higher affinity for 
the NTD region of HSP90 compared to other inhibitors 
[30]. Therefore, BIIB021 plays a crucial role in evaluating a 
promising HSP90 inhibitor and contributing to the discovery 
of next-generation cancer drugs. Several studies have inves-
tigated the combined effects of BCL-2 inhibitors and HSP90 
inhibitors on cancer cells. The Bcl-2 family plays an impor-
tant role in the intrinsic pathway of apoptosis. Overexpres-
sion of Bcl-2 occurs in about 41% of triple-negative breast 
cancers, 50% of HER2-positive tumors, 85% of ER-positive 
tumors. The expression of these pro-survival Bcl-2 family 
proteins is linked to resistance against chemotherapeutic 
drugs [13]. Wang et al. reported that the combination of 
BCL-2 inhibitor (–)-gossypol and HSP90 inhibitor 17-AAG 
in hepatocellular carcinoma cells promoted (–)-gossypol-
induced apoptosis by suppressing protective autophagy and 
reduced Mcl-1 accumulation [52]. Yang et al. reported that 
the combination of the BCL-2 inhibitor ABT-737 and the 
HSP90 inhibitor NVP-AUY922 exhibited synergistic anti-
cancer effects in small cell lung cancer (SCLC), especially 
when ABT-737 showed limited clinical efficacy. The com-
bination treatment synergistically triggered apoptosis in 
SCLC cells expressing BCL-2. This effect was achieved by 
reducing the interaction of AKT and ERK with MCL-1 and 
inhibiting NF-kB activation by NVP-AUY922. The findings 
suggest that the combination of BCL-2 inhibitor and HSP90 
inhibitor may be more effective than each inhibitor, particu-
larly in SCLC expressing BCL-2 [21]. In a recent study on 
cervical cancer cells, the combination of Ganetespib and 
ABT-199 demonstrated a synergistic effect, reducing cell 
proliferation. This combination decreased Hsp90 protein 
levels and significantly inhibited Hsp90 chaperone activ-
ity. Furthermore, it decreased anti-apoptotic markers and 
increased pro-apoptotic markers by inducing apoptosis. The 
study revealed that the Ganetespib-ABT-199 combination 
was more effective in inducing toxicity and apoptosis in cer-
vical cancer cells compared to individual drugs [42].
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In this study, the effect of co-administration of BIIB021 
and ABT-263 was investigated in breast cancer cell lines, 
MCF-7 and MDA-MB-231. The combination of BIIB021 
and ABT-263 reduced the viability of breast cancer cells 
by modulating the expression levels of anti-apoptotic and 
pro-apoptotic genes, thereby stimulating apoptotic signaling 
pathways. The results of this study suggest that the combi-
nation of BIIB021 and ABT-263 may exert a synergistic 
effect against breast cancer cells by affecting the mitochon-
drial apoptotic pathway. The combination of BIIB021 and 
ABT-263 may have cytotoxic effects on breast cancer cells 
by modulating the mitochondrial intrinsic apoptosis path-
way. This study is based on in vitro cell culture models and 
therefore may not fully reflect the complexity of the tumor 
microenvironment and interactions with neighboring cells. 
Breast cancer is divided into different molecular subtypes 
based on the presence of estrogen receptor (ER), progester-
one receptor (PR) and human epidermal growth factor recep-
tor (HER2) expression [53]. In this study, the use of only the 
luminal A type (ER+/PR+/−/HER2-) cell line MCF-7 and 
the triple-negative breast cancer (ER-, PR-, HER2-) cell line 
MDA-MB-231 may not fully represent the heterogeneity of 
breast cancer subtypes. Investigating the effects of BIIB021 
and ABT-263 in a broader range of cell lines, including those 
derived from different subtypes, would increase the general-
izability of our results. Additionally, this study focused on 
a specific set of apoptosis-related and heat shock proteins. 
Future studies using in vivo models and broader proteomic 
approaches are necessary to confirm and extend our findings. 
Furthermore, future clinical studies are important to con-
firm the therapeutic potential of the combination of BIIB021 
and ABT-263 in breast cancer patients. These studies should 
also consider long-term treatment effects and the develop-
ment of potential resistance mechanisms not addressed in 
our 48-h treatment study. By addressing these limitations in 
future research, it may provide a better understanding of the 
therapeutic potential of BIIB021 and ABT-263 combination 
therapy in the treatment of breast cancer.

Conclusion

In conclusion, this study highlights the effective anticancer 
activity of the BIIB021 + ABT-263 combination, exceed-
ing the individual efficacy of BIIB021 or ABT-263 alone in 
breast cancer cell lines. The combination of BIIB021 + ABT-
263 may have stimulated the intrinsic apoptotic pathway in 
breast cancer cells. The synergistic effects observed in the 
combination of BIIB021 and ABT-263 suggest a promis-
ing therapeutic strategy for the treatment of breast cancer. 
Our findings elucidate the potential synergistic mechanism 
between an HSP90 inhibitor BIIB021 and the BCL-2 family 

inhibitor ABT-263, pointing to the possibility of a more 
effective therapeutic approach for breast cancer treatment.

Monotherapies in cancer treatment carry with them sig-
nificant challenges associated with chemotherapy, such as 
dose-related adverse effects and drug resistance, which are 
major limitations. Combination therapies have emerged as 
a superior strategy, as they not only enhance therapeutic 
efficacy but also allow for dose reduction, thereby minimiz-
ing toxicity. The observed synergy in this study underscores 
the importance of carefully designed combination therapies 
in maximizing therapeutic benefits and overcoming the 
limitations of conventional cancer treatments. In this study, 
the promising effect of the BIIB021 + ABT-263 combina-
tion therapy was demonstrated in vitro using both ER (+) 
MCF-7 and TNBC cell lines. Future studies should explore 
the effects of this combination across various breast cancer 
subtypes, including those with specific genetic or molecu-
lar profiles, which could provide important insights into its 
broader applicability and therapeutic potential in personal-
ized medicine. Additionally, investigating the in vivo effi-
cacy of this combination therapy will be crucial for assess-
ing its potential for clinical translation.

Acknowledgements  The authors would like to thank Prof. Dr. İsa 
GÖKÇE for contributions.

Author contribution  NGT: Investigation, Methodology, Formal analy-
sis, Writing-review & editing, Visualization, Methodology, Resources. 
ÖK: Investigation, Methodology, Formal analysis, Writing-review & 
editing, Visualization, Methodology, Resources.

Funding  Open access funding provided by the Scientific and Tech-
nological Research Council of Türkiye (TÜBİTAK). In this study, the 
facilities of Tokat Gaziosmanpasa University Faculty of Engineering 
and Architecture Bioengineering Department laboratories were used.

Data availability  Data and materials are available from the authors 
upon request. No datasets were generated or analysed during the cur-
rent study.

Declarations 

Conflicts of interest  The authors declare no competing interests.

Ethical approval  Not applicable.

Open Access  This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article’s Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

http://creativecommons.org/licenses/by/4.0/


505Breast Cancer Research and Treatment (2025) 210:493–506	

References

	 1.	 Łukasiewicz S, Czeczelewski M, Forma A, Baj J, Sitarz R, 
Stanisławek A (2021) Breast cancer-epidemiology, risk factors, 
classification, prognostic markers, and current treatment strate-
gies-an updated review. Cancers (Basel). https://​doi.​org/​10.​3390/​
cance​rs131​74287

	 2.	 Fuentes JDB, Morgan E, de Luna AA, Mafra A, Shah R, Giusti F 
et al (2024) Global stage distribution of breast cancer at diagnosis: 
a systematic review and meta-analysis. JAMA Oncol 10:71–78

	 3.	 Arnold M, Morgan E, Rumgay H, Mafra A, Singh D, Laversanne 
M et al (2022) Current and future burden of breast cancer: Global 
statistics for 2020 and 2040. The Breast 66:15–23

	 4.	 Gökşen Tosun N (2023) Enhancing therapeutic efficacy in breast 
cancer: a study on the combined cytotoxic effects of doxoru-
bicin and MPC-3100. Naunyn Schmiedebergs Arch Pharmacol. 
https://​doi.​org/​10.​1007/​s00210-​023-​02807-9

	 5.	 Wang J, Wu SG (2023) Breast cancer: an overview of current 
therapeutic strategies, challenge, and perspectives. Breast Can-
cer (Dove Med Press) 15:721–730. https://​doi.​org/​10.​2147/​bctt.​
S4325​26

	 6.	 Lainetti PdF, Leis-Filho AF, Laufer-Amorim R, Battazza A, 
Fonseca-Alves CE (2020) Mechanisms of resistance to chemo-
therapy in breast cancer and possible targets in drug delivery 
systems. Pharmaceutics 12:1193

	 7.	 Chen J, Jin S, Abraham V, Huang X, Liu B, Mitten MJ et al 
(2011) The Bcl-2/Bcl-XL/Bcl-w inhibitor, navitoclax, enhances 
the activity of chemotherapeutic agents in vitro and in vivo. Mol 
Cancer Ther 10:2340–2349

	 8.	 Mohamad Anuar NN, Nor Hisam NS, Liew SL, Ugusman A 
(2020) Clinical review: Navitoclax as a Pro-Apoptotic and Anti-
Fibrotic Agent. Front Pharmacol 11:564108

	 9.	 Nor Hisam NS, Ugusman A, Rajab NF, Ahmad MF, Fenech M, 
Liew SL et al (2021) Combination therapy of navitoclax with 
chemotherapeutic agents in solid tumors and blood cancer: a 
review of current evidence. Pharmaceutics 13:1353

	10.	 Cleary JM, Lima CMSR, Hurwitz HI, Montero AJ, Franklin C, 
Yang J et al (2014) A phase I clinical trial of navitoclax, a tar-
geted high-affinity Bcl-2 family inhibitor, in combination with 
gemcitabine in patients with solid tumors. Invest New Drugs 
32:937–945

	11.	 Gandhi L, Camidge DR, De Oliveira MR, Bonomi P, Gandara 
D, Khaira D et al (2011) Phase I study of Navitoclax (ABT-263), 
a novel Bcl-2 family inhibitor, in patients with small-cell lung 
cancer and other solid tumors. J Clin Oncol 29:909

	12.	 Kipps TJ, Eradat H, Grosicki S, Catalano J, Cosolo W, Dyagil IS 
et al (2015) A phase 2 study of the BH3 mimetic BCL2 inhibitor 
navitoclax (ABT-263) with or without rituximab, in previously 
untreated B-cell chronic lymphocytic leukemia. Leuk Lymphoma 
56:2826–2833

	13.	 Lee EY, Gong EY, Shin JS, Moon JH, Shim HJ, Kim SM et al 
(2018) Human breast cancer cells display different sensitivities to 
ABT-263 based on the level of survivin. Toxicol In Vitro 46:229–
236. https://​doi.​org/​10.​1016/j.​tiv.​2017.​09.​023

	14.	 Bayat Mokhtari R, Homayouni TS, Baluch N, Morgatskaya E, 
Kumar S, Das B et al (2017) Combination therapy in combat-
ing cancer. Oncotarget 8:38022–38043. https://​doi.​org/​10.​18632/​
oncot​arget.​16723

	15.	 Kaplan Ö (2023) Synergistic induction of apoptosis in liver 
cancer cells: exploring the combined potential of doxoru-
bicin and XL-888. Med Oncol 40:318. https://​doi.​org/​10.​1007/​
s12032-​023-​02181-9

	16.	 Wei H, Zhang Y, Jia Y, Chen X, Niu T, Chatterjee A et al (2020) 
(2024) Heat shock protein 90: biological functions, diseases, and 

therapeutic targets. MedComm 5:e470. https://​doi.​org/​10.​1002/​
mco2.​470

	17.	 Schopf FH, Biebl MM, Buchner J (2017) The HSP90 chaperone 
machinery. Nat Rev Mol Cell Biol 18:345–360

	18.	 Lianos GD, Alexiou GA, Mangano A, Mangano A, Rausei S, Boni 
L et al (2015) The role of heat shock proteins in cancer. Cancer 
Lett 360:114–118

	19.	 Li ZN, Luo Y (2023) HSP90 inhibitors and cancer: Prospects for 
use in targeted therapies (review). Oncol Rep. https://​doi.​org/​10.​
3892/​or.​2022.​8443

	20.	 Giménez Ortiz A, Montalar Salcedo J (2010) Heat shock proteins 
as targets in oncology. Clin Transl Oncol 12:166–173

	21.	 Yang H, Lee M-H, Park I, Jeon H, Choi J, Seo S et al (2017) 
HSP90 inhibitor (NVP-AUY922) enhances the anti-cancer effect 
of BCL-2 inhibitor (ABT-737) in small cell lung cancer express-
ing BCL-2. Cancer Lett 411:19–26. https://​doi.​org/​10.​1016/j.​
canlet.​2017.​09.​040

	22.	 Sanchez J, Carter TR, Cohen MS, Blagg BSJ (2020) Old and 
new approaches to target the Hsp90 chaperone. Curr Cancer Drug 
Targets 20:253–270. https://​doi.​org/​10.​2174/​15680​09619​66619​
12021​01330

	23.	 Sidera K, Patsavoudi E (2014) HSP90 inhibitors: current devel-
opment and potential in cancer therapy. Recent Pat Anti-Cancer 
Drug Discov 9:1–20

	24.	 Costa TE, Raghavendra NM, Penido C (2020) Natural heat shock 
protein 90 inhibitors in cancer and inflammation. Eur J Med Chem 
189:112063

	25.	 Ren X, Li T, Zhang W, Yang X (2022) Targeting heat-shock 
protein 90 in cancer: an update on combination therapy. Cells 
11:2556

	26.	 Neckers L, Workman P (2012) Hsp90 molecular chaperone inhibi-
tors: are we there yet? Clin Cancer Res 18:64–76

	27.	 Karagöz GE, Rüdiger SG (2015) Hsp90 interaction with clients. 
Trends Biochem Sci 40:117–125

	28.	 Li L, Wang L, You Q-D, Xu X-L (2019) Heat shock protein 90 
inhibitors: an update on achievements, challenges, and future 
directions. J Med Chem 63:1798–1822

	29.	 Dickson M, Okuno S, Keohan M, Maki R, D’adamo D, Akhurst 
T et al (2013) Phase II study of the HSP90-inhibitor BIIB021 in 
gastrointestinal stromal tumors. Ann Oncol 24:252–257

	30.	 Lundgren K, Zhang H, Brekken J, Huser N, Powell RE, Timple 
N et al (2009) BIIB021, an orally available, fully synthetic small-
molecule inhibitor of the heat shock protein Hsp90. Mol Cancer 
Ther 8:921–929. https://​doi.​org/​10.​1158/​1535-​7163.​Mct-​08-​0758

	31.	 Saif MW, Takimoto C, Mita M, Banerji U, Lamanna N, Cas-
tro J et al (2014) A phase 1, dose-escalation, pharmacokinetic 
and pharmacodynamic study of BIIB021 administered orally in 
patients with advanced solid tumors. Clin Cancer Res 20:445–
455. https://​doi.​org/​10.​1158/​1078-​0432.​CCR-​13-​1257

	32.	 He W, Hu H (2018) BIIB021, an Hsp90 inhibitor: a promising 
therapeutic strategy for blood malignancies. Oncol Rep 40:3–15

	33.	 Gökşen Tosun N, Erden Tayhan S, Gökçe İ, Alkan C (2023) 
Doxorubicin-loaded mPEG-pPAd-mPEG triblock polymeric 
nanoparticles for drug delivery systems: preparation and in vitro 
evaluation. J Mol Struct 1291:135959. https://​doi.​org/​10.​1016/j.​
molst​ruc.​2023.​135959

	34.	 Kaplan Ö, Gök MK, Pekmez M, Erden Tayhan S, Özgümüş S, 
Gökçe İ et al (2024) Development of recombinant protein-based 
nanoparticle systems for inducing tumor cell apoptosis: In vitro 
evaluation of their cytotoxic and apoptotic effects on cancer cells. 
J Drug Deliv Sci Technol 95:105565. https://​doi.​org/​10.​1016/j.​
jddst.​2024.​105565

	35.	 Chou T-C (2018) The combination index (CI < 1) as the definition 
of synergism and of synergy claims. Synergy 7:49–50. https://​doi.​
org/​10.​1016/j.​synres.​2018.​04.​001

https://doi.org/10.3390/cancers13174287
https://doi.org/10.3390/cancers13174287
https://doi.org/10.1007/s00210-023-02807-9
https://doi.org/10.2147/bctt.S432526
https://doi.org/10.2147/bctt.S432526
https://doi.org/10.1016/j.tiv.2017.09.023
https://doi.org/10.18632/oncotarget.16723
https://doi.org/10.18632/oncotarget.16723
https://doi.org/10.1007/s12032-023-02181-9
https://doi.org/10.1007/s12032-023-02181-9
https://doi.org/10.1002/mco2.470
https://doi.org/10.1002/mco2.470
https://doi.org/10.3892/or.2022.8443
https://doi.org/10.3892/or.2022.8443
https://doi.org/10.1016/j.canlet.2017.09.040
https://doi.org/10.1016/j.canlet.2017.09.040
https://doi.org/10.2174/1568009619666191202101330
https://doi.org/10.2174/1568009619666191202101330
https://doi.org/10.1158/1535-7163.Mct-08-0758
https://doi.org/10.1158/1078-0432.CCR-13-1257
https://doi.org/10.1016/j.molstruc.2023.135959
https://doi.org/10.1016/j.molstruc.2023.135959
https://doi.org/10.1016/j.jddst.2024.105565
https://doi.org/10.1016/j.jddst.2024.105565
https://doi.org/10.1016/j.synres.2018.04.001
https://doi.org/10.1016/j.synres.2018.04.001


506	 Breast Cancer Research and Treatment (2025) 210:493–506

	36.	 Oakes SR, Vaillant F, Lim E, Lee L, Breslin K, Feleppa F et al 
(2012) Sensitization of BCL-2–expressing breast tumors to 
chemotherapy by the BH3 mimetic ABT-737. Proc Natl Acad 
Sci 109:2766–2771

	37.	 Vaillant F, Merino D, Lee L, Breslin K, Pal B, Ritchie ME et al 
(2013) Targeting BCL-2 with the BH3 mimetic ABT-199 in estro-
gen receptor-positive breast cancer. Cancer Cell 24:120–129

	38.	 Keith CT, Borisy AA, Stockwell BR (2005) Multicomponent ther-
apeutics for networked systems. Nat Rev Drug Discovery 4:71–78. 
https://​doi.​org/​10.​1038/​nrd16​09

	39.	 Chou TC (2011) The mass-action law based algorithms for quan-
titative econo-green bio-research. Integr Biol (Camb) 3:548–559. 
https://​doi.​org/​10.​1039/​c0ib0​0130a

	40.	 Zhang N, Fu JN, Chou TC (2016) Synergistic combination of 
microtubule targeting anticancer fludelone with cytoprotective 
panaxytriol derived from panax ginseng against MX-1 cells 
in vitro: experimental design and data analysis using the combi-
nation index method. Am J Cancer Res 6:97–104

	41.	 Banerjee V, Sharda N, Huse J, Singh D, Sokolov D, Czinn SJ et al 
(2021) Synergistic potential of dual andrographolide and mela-
tonin targeting of metastatic colon cancer cells: using the Chou-
Talalay combination index method. Eur J Pharmacol 897:173919. 
https://​doi.​org/​10.​1016/j.​ejphar.​2021.​173919

	42.	 Karademir D, Özgür A (2023) The effects of STA-9090 
(Ganetespib) and venetoclax (ABT-199) combination on apop-
totic pathways in human cervical cancer cells. Med Oncol 40:234. 
https://​doi.​org/​10.​1007/​s12032-​023-​02107-5

	43.	 Subaiea G, Rizvi SMD, Yadav HKS, Al Hagbani T, Abdallah 
MH, Khafagy ES et al (2023) Ganetespib with methotrexate acts 
synergistically to impede NF-κB/p65 signaling in human lung 
cancer A549 cells. Pharmaceuticals (Basel). https://​doi.​org/​10.​
3390/​ph160​20230

	44.	 Trepel J, Mollapour M, Giaccone G, Neckers L (2010) Targeting 
the dynamic HSP90 complex in cancer. Nat Rev Cancer 10:537–
549. https://​doi.​org/​10.​1038/​nrc28​87

	45.	 Augello G, Emma MR, Cusimano A, Azzolina A, Mongiovì S, 
Puleio R et al (2019) Targeting HSP90 with the small molecule 
inhibitor AUY922 (luminespib) as a treatment strategy against 
hepatocellular carcinoma. Int J Cancer 144:2613–2624. https://​
doi.​org/​10.​1002/​ijc.​31963

	46.	 Elmore S (2007) Apoptosis: a review of programmed cell death. 
Toxicol Pathol 35:495–516. https://​doi.​org/​10.​1080/​01926​23070​
13203​37

	47.	 Walsby EJ, Lazenby M, Pepper CJ, Knapper S, Burnett AK (2013) 
The HSP90 inhibitor NVP-AUY922-AG inhibits the PI3K and 
IKK signalling pathways and synergizes with cytarabine in acute 
myeloid leukaemia cells. Br J Haematol 161:57–67. https://​doi.​
org/​10.​1111/​bjh.​12215

	48.	 Albakova Z, Armeev GA, Kanevskiy LM, Kovalenko EI, Sapozh-
nikov AM (2020) HSP70 multi-functionality in cancer. Cells. 
https://​doi.​org/​10.​3390/​cells​90305​87

	49.	 Beere HM, Wolf BB, Cain K, Mosser DD, Mahboubi A, Kuwana 
T et al (2000) Heat-shock protein 70 inhibits apoptosis by prevent-
ing recruitment of procaspase-9 to the Apaf-1 apoptosome. Nat 
Cell Biol 2:469–475

	50.	 Choi S-K, Kam H, Kim K-Y, Park SI, Lee Y-S (2019) Targeting 
heat shock protein 27 in cancer: a druggable target for cancer 
treatment? Cancers 11:1195

	51.	 Murphy KM, Ranganathan V, Farnsworth ML, Kavallaris M, 
Lock RB (2000) Bcl-2 inhibits Bax translocation from cytosol 
to mitochondria during drug-induced apoptosis of human tumor 
cells. Cell Death Differ 7:102–111. https://​doi.​org/​10.​1038/​sj.​cdd.​
44005​97

	52.	 Wang B, Chen L, Ni Z, Dai X, Qin L, Wu Y et al (2014) Hsp90 
inhibitor 17-AAG sensitizes Bcl-2 inhibitor (-)-gossypol by sup-
pressing ERK-mediated protective autophagy and Mcl-1 accumu-
lation in hepatocellular carcinoma cells. Exp Cell Res 328:379–
387. https://​doi.​org/​10.​1016/j.​yexcr.​2014.​08.​039

	53.	 Testa U, Castelli G, Pelosi E (2020) Breast cancer: a molecularly 
heterogenous disease needing subtype-specific treatments. Med 
Sci (Basel). https://​doi.​org/​10.​3390/​medsc​i8010​018

Publisher's Note  Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.1038/nrd1609
https://doi.org/10.1039/c0ib00130a
https://doi.org/10.1016/j.ejphar.2021.173919
https://doi.org/10.1007/s12032-023-02107-5
https://doi.org/10.3390/ph16020230
https://doi.org/10.3390/ph16020230
https://doi.org/10.1038/nrc2887
https://doi.org/10.1002/ijc.31963
https://doi.org/10.1002/ijc.31963
https://doi.org/10.1080/01926230701320337
https://doi.org/10.1080/01926230701320337
https://doi.org/10.1111/bjh.12215
https://doi.org/10.1111/bjh.12215
https://doi.org/10.3390/cells9030587
https://doi.org/10.1038/sj.cdd.4400597
https://doi.org/10.1038/sj.cdd.4400597
https://doi.org/10.1016/j.yexcr.2014.08.039
https://doi.org/10.3390/medsci8010018

	Dual targeting of HSP90 and BCL-2 in breast cancer cells using inhibitors BIIB021 and ABT-263
	Abstract
	Graphical abstract

	Introduction
	Materials and methods
	Materials
	Cell culture
	Cell viability assay
	Quantitative RT-PCR
	Western blotting
	Protein–protein interaction network analysis and pathway enrichment analysis
	Statistical analysis

	Results and discussion
	Conclusion
	Acknowledgements 
	References




