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of current therapies while minimizing their negative side 
effects (Lainetti et al. 2020). An appropriate molecular tar-
get is one that affects many components of one or more 
signaling pathways simultaneously. HSP90 is a chaperone 
that promotes the maturation of a wide range of effectors 
known as client proteins (CPs) that are important in cell 
growth, differentiation, and survival (Ghadban et al. 2016). 
HSP90 is a potentially interesting therapeutic target, par-
ticularly in breast cancer, because human epidermal growth 
factor receptor 2 (HER2), estrogen receptor (ER), and 
progesterone receptor (PR) are recognized CPs of HSP90 
(Wang et al. 2022). MPC-3100 was specifically chosen as 
a promising next-generation Hsp90 inhibitor to explore its 
therapeutic potential in the context of breast cancer cells. 
This conclusion was driven by its excellent pharmacologi-
cal characteristics, which make it a desirable candidate for 
further research. Furthermore, the restricted scope of prior 
experimental and clinical investigations on breast cancer 
utilizing MPC-3100 adds to its relevance, emphasizing the 

Introduction

Breast cancer is the most prevalent type of cancer diag-
nosed worldwide. In 2020, there were about 2.3  million 
new instances of breast cancer and 685,000 deaths (Arnold 
et al. 2022). Breast cancer has a complicated origin that 
involves several signaling pathways. However, the bio-
logical features of these pathways are still unknown (Yer-
sal and Barutca 2014; Arnold et al. 2022). Chemotherapy 
is the most vital phase in breast cancer treatment. The most 
common approach to cancer therapy is to utilize a combina-
tion of pharmaceuticals that increase the anticancer activity 
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Abstract
Purpose: Combination therapy is a strategy aimed at the combined use of agents targeting different mechanisms in cancer 
treatment. This study aimed to examine the cytotoxic and apoptotic effects of the traditional chemotherapeutic agent doxo-
rubicin (DOX) and the next-generation HSP90 inhibitor MPC-3100 on breast cancer cell lines. Methods: Firstly, molecular 
docking analyses were performed, and then the MTT test was conducted to evaluate the individual and combined cytotoxic 
effects of DOX and MPC-3100 on MCF-7 and MDA-MB-231 breast cancer cell lines. The effect of two drugs combination 
was assessed by the Chou and Talalay approach. To further investigate the underlying molecular mechanism responsible 
for this synergistic effect, the gene expression levels of apoptotic and heat shock proteins (HSP), as well as the protein 
expression levels, were examined using quantitative Real-Time Polymerase Chain Reaction (qRT-PCR) and Western Blot-
ting, respectively. Results: Based on the molecular docking results, it was observed that MPC-3100 specifically binds to 
the ATP binding pocket of Hsp90, exhibiting an estimated free binding energy of -7.9 kcal/mol. MTT results indicated 
that both DOX and MPC-3100, as well as their combination, exhibited dose-dependent cytotoxicity. The drug combination 
showed a synergistic effect on both MCF-7 and MDA-MB-231 cell lines. Finally, the investigated molecular mechanism 
demonstrated that the combination of DOX and MPC-3100 induced apoptosis in breast cancer cells more efficiently than 
either drug alone. Conclusions: This study showed a possible coordinated mechanism of action between DOX and MPC-
3100, pointing to the possibility of a more effective therapeutic strategy for breast cancer therapy.
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possibility for unique insights and achievements in breast 
cancer treatment (Kim et al. 2012).

DOX is the most often used chemotherapy in the treat-
ment of breast cancer. DOX has considerable dose-limiting 
disadvantages, mainly cardiotoxicity, despite its anticancer 
potency (Sohail et al. 2021; Gökşen Tosun et al. 2023).

There are two major molecular subtypes of breast 
cancer: hormone receptor-positive and triple-negative. 
Approximately 80% of breast cancers are hormone-receptor 
positive, whereas the remaining 20% are triple-negative 
(Feng et al. 2018). The purpose of this study was to see 
how the drug combination affected hormone-receptor-pos-
itive MCF-7 breast cancer cells and triple-negative MDA-
MB-231 breast cancer cells. By utilizing these specific cell 
lines, which represent distinct breast cancer subtypes, the 
study aimed to assess the efficacy of the drug combination 
in a targeted manner, considering the unique characteristics 
and vulnerabilities of each subtype. This study focused on 
investigating the effects of DOX and MPC-3100 alone and 
in combination on breast cancer cells. A molecular docking 
investigation revealed that MPC-3100 specifically interacts 
with the ATP binding pocket of Hsp90 NTD. In this study, 
it was observed that the combined treatment of MPC-3100 
and DOX effectively suppressed the chaperone activity of 
Hsp90 and induced apoptosis in breast cancer cells. This 
was achieved through the modulation of gene and protein 
expression levels associated with both the apoptotic and 
anti-apoptotic pathways. The findings suggest that the com-
bination of MPC-3100 and DOX exerts a synergistic effect 
in promoting apoptotic cell death in breast cancer cells by 
targeting Hsp90 and regulating key molecular pathways 
involved in apoptosis. In addition, heat shock proteins 
related to HSP90 inhibition, such as HSP90, HSP70, and 
HSP27, were analyzed. These findings point to the combi-
nation of DOX and MPC-3100 as viable treatment options 
for triple-negative and hormone receptor-positive breast 
cancer. These findings suggest that the combination treat-
ment could be an effective drug candidate in addressing the 
treatment needs of these specific breast cancer subtypes.

Materials and methods

Chemicals and reagents

MPC-3100 was purchased from AdooQ® Bioscience. 
Doxorubicin HCI was obtained by Gold Biotechnology 
Incorporated, USA. 3-(4,5-dimethylthiazol-2-yl)-2,5-di-
phenyltetrazolium bromide (MTT), BCA protein assay 
kit, and RIPA lysis buffer were supplied from Serva. Poly-
vinylidene difluoride (PVDF) membrane (741260) was 
from Macherey-Nagel. Anti-HSP27 (ab5579), anti-HSP70 

(ab79852), anti-HSP90 (ab2928), Anti-Bax (ab53154), 
Anti-Bcl-2 (ab59348), and goat anti-rabbit IgG H&L (HRP) 
(ab205718) antibodies were purchased from Abcam. Anti-
pro-Casp-9 (M00080-1) antibody was purchased from 
Boster Bio. Anti-GAPDH (10494-1-AP) antibody was pur-
chased from Proteintech. Primers were synthesized from 
Metabiomics. SYBR Green master mix was from Bioline. 
The enhanced chemiluminescence (ECL) substrate kit 
(1705060) was from Bio-Rad. Dulbecco’s Modified Eagle’s 
medium (DMEM) High Glucose, fetal bovine serum (FBS 
heat-inactivated), penicillin-streptomycin solution, L-glu-
tamine, phosphate buffer saline (PBS), and trypsin–EDTA 
was purchased from Biological Industries. MDA-MB-231 
and MCF-7 cell lines were from ATCC (American Type 
Culture Collection). Other chemicals and reagents were 
supplied from Sigma-Aldrich.

Molecular docking

The chemical structure of MPC-3100 was retrieved from 
the NCBI PubChem database, while the three-dimensional 
(3D) structure of the Hsp90-NTD protein was obtained 
from the Protein Data Bank (PDB). Specifically, the HSP90 
protein structure from PDB, which was in complex with 
ATP (PDB ID: 3T0Z) and had a resolution of 2.19 Å, was 
utilized. Before docking, the ATP molecule was removed 
from the complex, preparing the HSP90 NTD for docking 
analysis. Both MPC-3100 and the HSP90 protein were visu-
alized using Chimera 1.16 software. To prepare the ligand 
(MPC-3100) and protein (HSP90) for docking, the Chimera 
1.16 DocPrep tool was employed. The docking calculations 
were performed using AutoDock Vina, which involved 
identifying the potential interaction site between the target 
protein and ligand by creating a grid box. The grid box had 
specific x, y, and z coordinates of 9.63, -5.88, and 16.34, 
respectively, with a size of 22 × 22 × 22. After completing 
the docking analyses, Biovia Discovery Studio was utilized 
to visualize the interaction between the MPC-3100 ligand 
and the active site residues of the HSP90 protein.

Cell culture

To culture, the MCF-7 and MDA-MB-231 cancer cell lines, 
DMEM High Glucose medium supplemented with 0.1% 
penicillin-streptomycin, 1% L-glutamine, and 10% FBS 
was used, and the cancer cell lines were incubated at 37 °C 
in a humid environment containing 5% CO2. Monolayer 
proliferating MCF-7 and MDA-MB-231 cell lines were 
cultured in polystyrene, sterile T75 flasks. These breast 
cancer cell lines proliferated as monolayers and were pas-
saged when they reached 90% confluency. The number of 
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passages of breast cancer cell lines was performed not to 
exceed 10 times.

Cell viability assay

The MTT cell proliferation test was preferred to deter-
mine the in vitro cytotoxic effect of MPC-3100 and DOX. 
The cancer cell lines were grown in 96-well culture plates 
(5 × 104 cells per well) and treated with MPC-3100 and 
DOX for 48 h at concentrations ranging from 50 g/mL to 
0.8 g/mL. After the incubation period, MTT solution (5 mg/
mL) was added to each well and incubated at 37  °C for 
3 h. The formazan product was then dissolved in 100 µL 
of dimethyl sulfoxide (DMSO) after MTT was removed. 
The absorbance was measured at 570 nm using a microplate 
reader, and the viability of cancer cells was calculated as a 
percentage of the control group.

Quantitative real-time RT-PCR

RT-PCR was used to investigate the expression of Hsp27, 
Hsp70, Hsp90, Bax, Bcl-2, Cas-9, p53, and cytC genes in 
MCF-7 and MDA-MB-231 cells treated with MPC-3100 
and DOX. Cancer cell lines were treated with IC50 doses of 
MPC-3100 and DOX for 48 h. Total RNA was then extracted 
from these cells, and gene expression was determined using 
the RT-PCR technique detailed previously (Tosun et al. 
2021). The total RNA isolation kit was from Favorgen Bio-
tech Corp. RT-PCR primers were synthesized from Meta-
biomics Corp. SYBR Green mastermix and cDNA synthesis 
kits were supplied from Bio-Rad. Total RNA of treated cells 
with IC50 values of drugs were isolated using a commercial 
kit by referring to the manufacturer protocol. Synthesis of 
cDNA was carried out with a first-strand cDNA synthesis 

kit. RT-PCR (Bio-Rad CFX96TM) was set up with SYBR 
Green qPCR master mix in a 25 µl volume (1 µl cDNA 1 
ml primer mix (10 mM stock), 11.5 µl SYBR Green mas-
termix, 10.5 ml RNase-free water) with following cycling 
condition: 1 cycle: 95 °C for 10 min, 40 cycles: 95 °C for 
15 s. and 60 °C for 1 min. The primer sequences are shown 
in Table 1. The 2−ΔΔCt technique was used to analyze the 
expression levels of genes. The GAPDH gene was used as a 
housekeeping gene.

Western blotting

Protein expression levels of Hsp27, Hsp70, Hsp90, Bax, Bcl-2, 
and Cas-9 were assessed using Western blotting. After treating 
MCF-7 and MDA-MB-231 cells with IC50 concentrations of 
MPC-3100 and DOX for 48 h, the cells were trypsinized and 
lysed with RIPA buffer. The protein content in the cell lysates 
was quantified using a BCA protein assay kit. Subsequently, 
30 µg of protein per well was separated by 12% SDS-PAGE 
and transferred to PVDF membranes using a Trans-blot turbo 
transfer device (Bio-Rad). The membranes were then blocked 
with 5% skim milk powder in TBST for 1 h and incubated 
overnight at four °C with primary antibodies targeting HSP27 
(1:1000), HSP70 (1:500), and HSP90 (1:500). After washing 
with TBST, the membranes were incubated with a second-
ary antibody (goat anti-rabbit IgG H&L (HRP)) (1:10000) for 
1 h at room temperature. Protein bands were visualized using 
ChemiDocTM imaging equipment (Bio-Rad) and an ECL sub-
strate. ImageLab 6.1 software was utilized to quantify the lev-
els of protein expression.

Table 1  The primer sequences of genes (F: Forward, R: Reverse)
Primer Sequence PCR product length
Bax F

R
5’-TCAGGATGCGTCCACCAAGAAG-3’
5’-TGTGTCCACGGCGGCAATCATC-3’

103 bp

Bcl-2 F
R

5’-ATCGCCCTGTGGATGACTGAGT-3’
5’-GCCAGGAGAAATCAAACAGAGGC-3’

127 bp

Cas-9 F
R

5’-GTTTGAGGACCTTCGACCAGCT-3’
5’-CAACGTACCAGGAGCCACTCTT-3’

129 bp

P53 F
R

5’-CCTCAGCATCTTATCCGAGTGG-3’
5’-TGGATGGTGGTACAGTCAGAGC-3’

128 bp

Cyt C F
R

5’CGTTGTGCCAGCGACTAAAAA-3’
5’ GATTTGGCCCAGTCTTGTGC-3’

129 bp

Hsp27 F
R

5’-CTGACGGTCAAGACCAAGGATG-3’
5’-GTGTATTTCCGCGTGAAGCACC-3’

104 bp

Hsp70 F
R

5’-ACCTTCGACGTGTCCATCCTGA-3’
5’-TCCTCCACGAAGTGGTTCACCA-3’

122 bp

Hsp90 F
R

5’-TCTGCCTCTGGTGATGAGATGG-3’
5’-CGTTCCACAAAGGCTGAGTTAGC-3’

128 bp

Gapdh F
R

5’-GTCTCCTCTGACTTCAACAGCG-3’
5’-ACCACCCTGTTGCTGTAGCCAA-3’

131 bp
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2.32Å, and 3.02Å, respectively. MPC-3100 also had a Van der 
Waals interaction with amino acids Phe128, Gly125, Val126, 
and Asn96. In addition, alkyl and pi-alkyl hydrophobic inter-
actions were found between the amino acids Leu38, Val176, 
Ile81, Leu97, Met88, Tyr129, and MPC-3100 (Fig. 1B C).

The viability of MCF-7 and MDA-MB-231 cell lines was 
assessed using the MTT assay to evaluate the effects of DOX 
and the HSP90 inhibitor MPC-3100, both as single agents and 
in combination. As depicted in Fig. 2A and B, both DOX and 
MPC-3100 exhibited a dose-dependent inhibition of cell via-
bility in MCF-7 and MDA-MB-231 cells. The half maximal 
inhibitory concentration (IC50) of DOX was determined to be 
227.4 nM (MCF-7) and 237.0 nM (MDA-MB-231), whereas 
the IC50 of MPC-3100 was 598.0 nM (MCF-7) and 1185 nM 
(MDA-MB-231). MCF-7 cells displayed relatively higher sen-
sitivity to both drugs. Additionally, the combined treatment of 
MPC-3100 and DOX demonstrated stronger inhibitory effects 
on cell viability in both cell lines compared to the individual 
agents alone (Fig. 3A and B). These findings suggest a poten-
tial synergistic effect of MPC-3100 and DOX in suppressing 
cell viability in breast cancer cells.

To confirm the synergism, a fixed ratio combination of the 
two agents was administered to the cells, and the combination 
index (CI) was calculated using CompuSyn software, following 
the methodology described by Chou and Talalay (Chou 2014). 
The analysis revealed the following combination effects: CI < 1 
indicates synergism, CI = 1 suggests additivity, and CI > 1 
indicates antagonism (Chou 2018). The combined treatment 

Statistical analysis

GraphPad Prism 8.0 software was used for statistical analy-
sis, and p < 0.05 probability values were defined as statistical 
significance. To examine the efficacy of the combination of 
MPC-3100 and DOX, the combination index (CI) was cal-
culated using CompuSyn software version 1.0. Chou-Talalay 
approach was used to determine CI. The percentage of viable 
cells was calculated with the GraphPad 8.0 program, and the 
negative control without substance is considered 100% viable 
by the program. Statistical analysis for cell viability: Values 
are expressed mean ± SEM (n = 3). p < 0.05. Statistical analy-
sis and comparable data sets were evaluated with a two-way 
ANOVA with Sidak test and Dunnett’s test using GraphPad 
Prism 8.0 software for Real-time and Western Blot analysis.

Results and discussion

Through the implementation of molecular docking, the pre-
dicted binding conformation of MPC-3100 on Hsp90 NTD was 
obtained. The docking results revealed that MPC-3100 exhibits 
selective binding to the highly conserved ATP binding pocket, 
with a calculated binding energy of -7.9 kcal/mol (Fig. 1A). In 
the docking analysis, a conventional hydrogen bond was cal-
culated between the Asp83, Asn41, Gly127, and Lys102 amino 
acid residues of the HSP90 protein and the MPC-3100 mol-
ecule. The bond distances were determined as 2.47Å, 2.32Å, 

Fig. 1  A MPC-3100 binding sites on the Hsp90 NTD. B Detailed illustration of the MPC-3100 and Hsp90 NTD interaction area C 2D illustration 
of the MPC-3100 and Hsp90 protein interaction surface
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genes whose expressions were examined. The decrease is not 
statistically significant.

Changes in the expression of apoptotic protein and HSP 
proteins in breast cancer cells in which MPC-3100 and DOX 
were treated with a single agent or in combination were ana-
lyzed by Western Blotting (Fig. 5).

The Bax/Bcl-2 ratio increased in MCF-7 cells exposed to 
the HSP90 inhibitor MPC-3100 for 48 h. Hsp27, Hsp70, and 
Hsp90 protein levels were increased. MPC-3100 treatment in 
MDA-MB-231 cells caused an increase in the Bax/Bcl-2 ratio, 
and there was no significant change in the pro-Cas-9 level. In 
contrast to MCF-7 cells, inhibition of Hsp90 reduced all three 
HSP proteins tested in MDA-MB-231 cells. DOX administra-
tion created an apoptotic profile in MCF-7 cells with increased 
Bax/Bcl-2 ratio, increased Hsp27, Hsp70, and Hsp90 protein 
levels, and decreased pro-Cas-9 levels. Similarly, in MDA-
MB-231 cells, the Bax/Bcl-2 ratio increased, all the tested HSP 
proteins were decreased, and there was no significant change in 
the pro-Cas-9 level.

When MPC-3100 and DOX were combined, there was a 
large increase in Bax/Bcl-2 cells in both cells. The combina-
tion reduced the amount of pro-Cas9 protein in both cells. In 

of MPC-3100 and DOX demonstrated synergistic anticancer 
activity in both MCF-7 (Fig. 3C) and MDA-MB-231 (Fig. 3D) 
breast cancer cells. To investigate the underlying mechanism 
of this synergism, the impact of DOX and MPC-3100, both 
individually and in combination, on apoptotic and heat shock 
proteins in breast cancer cell lines was assessed through Real-
Time PCR and Western Blot experiments.

The effect of DOX and MPC-3100 administered as a single 
agent and in combination on HSP genes (Hsp27, Hsp70, and 
Hsp90) and apoptotic genes (Bax, Bcl-2, Cas-9, p53, and Cyt 
C) was evaluated by RT-PCR (Fig. 4). In the MCF-7 cell line 
treated with MPC-3100, the Bax/Bcl-2 ratio, Cas-9, p53, and 
CytC gene expression levels were increased. In MDA-MB-231 
cells, on the other hand, while Bax/Bcl-2 ratio and CytC 
increased, the p53 level decreased. There was no significant 
change in the Cas-9 gene level. When the changes in HSP gene 
expressions were examined, the level of HSP27 decreased in 
MCF-7 cells, while the level of HSP70 and HSP90 increased. 
However, the change in HSP70 and HSP27 gene expression 
was not statistically significant. In MDA-MB-231 cells, on the 
other hand, there was a decrease in the expression of three HSP 

Fig. 2  Cytotoxic effect and IC50 values of DOX (A) and MPC-3100 (B) in MCF-7 and MDA-MB-231 cells at 48 h
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MPC-3100, an HSP90 inhibitor, and DOX, a chemotherapy 
agent, was examined on MCF-7 and MDA-MB-231 breast 
cancer cell lines. Within the scope of this study, MPC-3100 
molecular docking analysis was first performed. MPC-3100 
exhibited selective binding to the highly conserved ATP 
binding pocket.

In the context of the molecular docking analysis, it is cru-
cial to emphasize the selective binding of MPC-3100 to the 
ATP binding pocket of Hsp90 NTD. The calculated binding 
energy of -7.9 kcal/mol indicates a strong affinity between 
MPC-3100 and the target protein. This interaction is fur-
ther supported by the identification of specific amino acid 
residues (Asp83, Asn41, Gly127, and Lys102) involved 
in conventional hydrogen bonding with MPC-3100. The 
determined bond distances provide valuable insights into 
the strength and specificity of these interactions. Further-
more, the Van der Waals interactions with Phe128, Gly125, 

general, the combination increased the quantity of HSP27 and 
HSP70 proteins in MCF-7 cells while decreasing the amount 
of these proteins in MDA-MB-231 cells. In both cell lines, the 
drug combination reduced the total amount of HSP90 protein.

Discussion

In recent years, the combined effects of molecules target-
ing different mechanisms have been frequently investigated 
in research on breast cancer treatment. In addition to the 
combined use of chemotherapy and phototherapy agents, 
the effects of new-generation targeted agents are examined 
when used together with chemotherapy agents used in exist-
ing treatments. Heat shock protein inhibitors attract atten-
tion among new-generation agents (Kryeziu et al. 2019; 
Ye et al. 2021). In this study, the combined therapy of 

Fig. 3  Cytotoxic impact of DOX and MPC-3100 combination in 
MCF-7 (A) and MDA-MB-231 (B) cancer cell lines, as well as frac-
tion, affected (Fa) vs. Combination index plots generated from Chou-
Talalay median-effect analysis for MCF-7 (C) and MDA-MB-231 (D). 

*Fa, fraction affected; CI, combination index, ED30, ED50, and ED75 
represent the doses required to inhibit 30%, 50%, and 75% of cells or 
organisms, respectively, indicating the potency of a drug or treatment 
in achieving the desired effect
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degradation of mutant p53 via the proteasome, which trig-
gers apoptosis in a p53-dependent way (Muller et al. 2008). 
Our findings show that treatment of MPC-3100 resulted in a 
decrease in mutant p53 protein levels in MDA-MB-231 cells 
while at the same time increasing wild-type p53 expression 
in MCF-7 cells. Consequently, this treatment triggered the 
activation of the apoptotic pathway. On the other hand, in 
mutant p53 MDA-MB231 and BT-474 cells, DOX treatment 
has been shown to induce NF-kB translocation, DNA bind-
ing, and the upregulation of NF-kB-dependent transcription. 
However, this pathway did not exhibit functionality in wild-
type p53 MCF-7 cancer cells. A comprehensive analysis of 
human breast tumors treated ex vivo with DOX revealed a 
significant correlation between the p53 status and the ability 
of DOX to induce a tumorigenic and anti-apoptotic NF-kB 
response (Dalmases et al. 2014).

Differences in HSP27 expression levels can be due to a 
variety of reasons. To begin, it is critical to recognize the 
underlying biological heterogeneity of two breast cancer 
cell lines, MCF-7 and MDA-MB-231. These cell lines may 
respond differently to applied treatments due to differences 
in their genetic structure and signaling pathways. In addi-
tion, the response to MPC-3100 and DOX, both individu-
ally and in combination, may be affected by the presence 
or absence of specific regulatory elements or mutations in 
the HSP27 gene in these cell lines. These genetic variations 
can lead to differential transcriptional activity and subse-
quent protein expression levels. It is also worth noting that 
although there are observable changes in HSP27 expres-
sion, some of these changes did not reach statistical signifi-
cance. This may be attributed to the limited sample size in 
our study. Larger sample sizes or additional replicates could 
potentially provide more robust statistical support for these 
observations. Finally, it is crucial to consider the dynamic 
nature of cellular responses to drugs. The complex net-
work of cellular pathways and feedback mechanisms can 
lead to complex and sometimes contradictory outcomes. 
These responses may be affected by various factors, such 
as administration time, dosage, and interaction between dif-
ferent cellular processes. In summary, the observed differ-
ences in HSP27 expression levels highlight the complexity 
of cellular responses to MPC-3100 and DOX treatments. 
Further research, including molecular studies and functional 
analyses, may be necessary to elucidate the underlying 
mechanisms driving these observed differences. This could 
potentially reveal new information regarding the interaction 
between HSP27 and apoptotic pathways in these breast can-
cer cell lines.

The findings clearly indicate that the combination of 
drugs activates caspases, resulting in programmed cell death 
known as apoptosis. Apoptosis is an important process for 
assessing cell responses to cytotoxic and tumor-related 

Val126, and Asn96, as well as the hydrophobic interactions 
with Leu38, Val176, Ile81, Leu97, Met88, and Tyr129, 
underscore the comprehensive binding profile of MPC-3100 
within the binding pocket. These interactions collectively 
contribute to the stabilizing effect of MPC-3100 on Hsp90 
NTD. Additionally, the comparison with other inhibitors, 
such as Debio-0932, highlights the superior binding affinity 
of MPC-3100, as evidenced by the higher calculated bind-
ing energy. the HSP90 inhibitor Debio-0932 exhibited a 
binding energy of -7.24 kcal/mol, whereas MPC-3100 dem-
onstrated a superior binding energy of -7.9 kcal/mol (Özgür 
et al. 2021). This suggests that MPC-3100 holds significant 
promise as an HSP90 inhibitor in the context of next-gener-
ation cancer drug discovery.

In vitro, cytotoxic effects of MPC-3100 and DOX were 
tested individually and in combination on MCF-7 and 
MDA-MB-231 cell lines. The cytotoxic effect of MPC-3100 
on MCF-7 and MDA-MB-231 breast cancer cell lines has 
not been previously investigated. In this study, the cytotoxic 
effect of MPC-3100, a new generation HSP90 inhibitor, was 
investigated on breast cancer cell lines, individually and in 
combination with DOX, and it was found that it exhibited a 
synergistic effect when combined with DOX.

In this study, the effects of DOX and MPC-3100 on Hsp 
genes and apoptotic genes were also examined both individ-
ually and in combination. In both DOX-treated breast cancer 
cells, the Bax/Bcl-2 ratio, Cyt C, and Cas-9 gene expression 
levels increased. DOX increased p53 gene expression in 
MCF-7 cells while decreasing it in MDA-MB-231 cells. In 
MCF-7 cells, the effect of DOX on HSP genes resulted in 
a statistically insignificant decrease in HSP27 and HSP70 
gene expression and an increase in HSP90 expression. While 
neither HSP27 nor HSP90 levels changed significantly in 
MDA-MB-231 cells, HSP70 gene expression increased.

When MPC-3100 and DOX cells were combined, both 
showed an apoptotic profile with an increase in the Bax/
Bcl-2 ratio, Cyt C, and Cas-9 expression levels. In MCF-7 
cells, this combination enhanced p53 gene expression while 
reducing it in MDA-MB-231 cells. While the change in 
HSP27 gene expression was statistically insignificant in 
both cell lines, HSP70 expression increased in the MDA-
MB-231 cell line. MCF-7 cells have more HSP90 expres-
sion than MDA-MB-231 cells. In terms of HSP gene 
expression, gene expression analysis revealed that both cell 
lines behaved differently to the drug combination.

The expression of the p53 gene increased in MCF-7 cells, 
whereas it decreased significantly in MDA-MB-231 cells. 
This might be because the two cell lines have distinct p53 
statuses. The tumor suppressor protein p53 is an essential 
HSP90 client protein that is mutated in more than half of 
all human malignancies. Previous research has shown that 
inhibiting HSP90 activity can enhance ubiquitination and 
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Bax/Bcl-2 expression ratio and the reduction in pro-Cas-9 
protein levels emerge as vital biomarkers capable of stimu-
lating apoptosis in cancer cells and indicating the initiation 
of apoptotic processes (Ramalingam et al. 2021).

HSP90 inhibitors that specifically target the N-terminus 
of the protein have been observed to induce the transloca-
tion of the transcription factor HSF-1 into the nucleus. This 
translocation event triggers a series of cellular responses, 
leading to the upregulation of various heat shock proteins, 
including HSP70 and HSP90. Activation of the heat shock 
response survival cascade plays a vital role in cellular stress 
adaptation. Notably, HSP70, a prominent member of the 
heat shock protein family, acts as a pro-survival factor with 
implications in the regulation of cell survival and apoptosis. 
Its upregulation in response to HSP90 inhibition contributes 
to the suppression of apoptosis induction and can confer 
resistance to therapeutic interventions. This phenomenon 

damage. The expression levels of pro-apoptotic proteins 
(such as Bax) and anti-apoptotic proteins (such as Bcl-2) 
might provide vital information about a cell’s apoptotic 
profile. Both pro-apoptotic and anti-apoptotic proteins care-
fully regulate cytochrome-c release during the apoptotic 
process. In this mechanism, cytochrome-c, pro-cas-9, and 
APAF-1 create a complicated apoptosome complex, which 
eventually leads to Cas-9 activation by proteolytic cleavage. 
Cas-9, once triggered, activates caspase-3 and caspase-7, 
activating the intrinsic processes that cause apoptotic cell 
death within the cells. Consequently, the increase in the 

Fig. 4  Expression of apoptotic genes (Bax, Bcl-2, Cyt C, p53, Cas-
9) and HSP genes (HSP27, HSP70, HSP90) at 48  h in MCF-7 (A) 
and MDA-MB-231 (B) cells treated with MPC-3100, DOX and 
DOX + MPC-3100. The results are presented as mean ± SEM (n = 3). 
Statistical significance was determined using *p < 0.05, **p < 0.01, 
***p < 0.001, and ****p < 0.0001 compared to the control group

Fig. 5  Analysis of apoptotic (Bax, Bcl-2, pro-Cas-9) and HSP (HSP27, 
HSP70, HSP90) protein expressions at 48 h in MCF-7 (A) and MDA-
MB-231 (B) cells treated with MPC-3100, DOX and DOX + MPC-

3100. The results are presented as mean ± SEM (n = 2). Statistical sig-
nificance was determined using *p < 0.05, **p < 0.01, ***p < 0.001, 
and ****p < 0.0001 compared to the control group
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and the combination of the drugs dramatically increased 
apoptotic cell death compared to their alone usage.

Conclusion

In this study, we proved the synergistic effect of DOX and 
MPC-3100 on MCF-7 and MDA-MB-231 breast cancer 
cell lines. It has been demonstrated that DOX and MPC-
3100 agents may be more effective when used in combina-
tion than when used alone. The findings in our study are the 
first for the use of DOX and MPC-3100 in breast cancer 
cells and may form the basis for future combination cancer 
therapy research. The results of the synergistic effect offer 
a possible path for more effective anticancer treatments in 
future treatment techniques.
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