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Due to the lack of markers (ER, PR, and HER-2/Neu) for 
the molecular-targeted therapies triple-negative breast 
cancer (TNBC) is more challenging than other subtypes 
of breast cancer. Moreover, the conventional chemother-
apeutic agents are still the mainstay of most therapeutic 
protocols and eventually turn into a refractory drug-re-
sistance , hence, more efficient therapeutic regimens are 
urgently required. The present study aimed to elucidate 
the effects of PU-H71 combined with DHEA on triple-
negative breast cancer cell line MDA-MB-231 and to as-
sess the synergy using the Chou-Talalay method. The 
combined therapy controlled the expression of an array 
of antioxidants and metabolizing enzymes, leading to 
the induction of oxidative stress which in turn induced 
apoptotic cell death. Our results indicated that the com-
bined treatment with PU-H71 and DHEA exerts a syner-
gistic anti-tumor effect on MDA-MB-231 triple-negative 
breast cancer cell line. 
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INTRODUCTION

Breast cancer (BC) is a complex disease, the most fre-
quently diagnosed cancer, and the most leading cause 
of death among females all over the world (Godone et 
al., 2018; Bray et al., 2018). According to the GLOBO-
CAN database, BC is the most frequent cause of death 
in women in less developed regions, and the second in 
more developed countries, but compared to other can-
cers it is more equally distributed across regions  (Bray 
et. al., 2018). Triple-negative breast cancer (TNBC) is one 
of the most biologically aggressive subtypes of breast 
tumors, very often lethal and represents 15–20% of all 
diagnosed BC cases (Pareja et al., 2016; Fabbri et al., 
2020). TNBC is characterized by lack of the expression 

of estrogen receptor (ER), progesterone receptor (PR) 
and human epidermal growth factor receptor-1 (HER-
2; also known as ERBB2) and therefore is one of the 
most puzzling women tumors and appears to be a poor 
candidate for a standardized sufficiently active therapeu-
tic strategy (Fabbri et al., 2020; Diana et al., 2018; Dai et 
al., 2018; Dai et al., 2015). TNBC shows an unfavorable 
prognosis due to the early relapse within about 1-3 years 
and metastasis to other organs initiating new tumors 
(Dai et al., 2015). Although TNBC patients initially show 
a good response to the conventional chemotherapy, they 
suffer from a chemo-resistance after disease relapses and 
respond neither to hormonal therapy nor to anti-HER2 
agents as they lack their targets which makes the treat-
ment more challenging (Pareja et al., 2016; Nakai et al., 
2018). TNBCs are characterized by fast proliferation, 
poor differentiation, histopathological heterogeneity and 
higher ambiguity at the molecular level. These charac-
teristic features offer few recurrent actionable targets to 
the clinicians, moreover, they direct the future roadmap 
of therapeutic regimens toward the combination therapy, 
which achieves superior therapeutic outcomes in com-
parison to monotherapy (Fabbri et al., 2020; Chalakur-
Ramireddy & Pakala, 2018; Lu et al., 2013). Heat shock 
proteins (HSPs) are a group of proteins (also known as 
molecular chaperones) that function in response to stress 
or high temperature to reverse or inhibit denaturation or 
unfolding of cellular proteins. Based on their molecular 
weights, HSPs are classified as Hsp27, HSP40, Hsp60, 
Hsp70, Hsp90 and large HSPs (Hsp110 and glucose-
regulating protein 179, GRP170 ) (Wu et al., 2017). Heat 
shock protein 90 (Hsp90) is one of the most conserved 
HSPs that act as a defense mechanism during stressful 
conditions since they are overexpressed to reverse or in-
hibit the denaturation of cellular proteins and guarantee 
their proper folding (Hoter et al., 2018; Joshi et al., 2018; 
Ikwegbue et al., 2018). Cancer cells rely on the molecular 
chaperones to survive as well as to acquire and maintain 
their malignant phenotype through the proper folding of 
the client proteins responsible for these functions (Sidera 
& Patsavoudi, 2014). Molecular chaperones are thought 
to play significant roles in molecular mechanisms lead-
ing to cancer development and metastasis, therefore, 
inhibiting the function of Hsp90 is a promising thera-
peutic target, which exhibits a combinatorial effect per se. 
PU-H71 (8-[(6-iodo-1,3-benzodioxol-5-yl)sulfanyl]-9-[3-
(propan-2-ylamino) propyl] purin-6-amine) is a synthetic, 
water-soluble, purine-based Hsp90 inhibitor that was de-
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veloped by NCI and Chiosis and others (Caldas-Lopes et 
al., 2009) at Memorial Sloan-Kettering Cancer Center. It 
selectively binds to ATP-binding site in the N-terminal 
domain (NTD) of Hsp90, blocking its chaperoning func-
tion, and resulting in degradation of the client proteins 
(Speranza et al., 2018). Further studies revealed that it 
downregulates a group of clients including elements of 
the RAS/RAF/MAPK pathway, cell-cycle regulators, 
anti-apoptotic factors, and Serine Threonine Protein Ki-
nase B (Akt) (Fulda et al., 2010). It showed a potent an-
ti-tumor effect in TNBCs mouse xenografts with doses 
well tolerated by the host (up to 75 mg/kg). This dose 
showed a complete and durable response in TNBCs 
xenografts suggesting that TNBCs could be treated us-
ing PU-H71 over several cycles during over five months 
without exhibiting host toxicity (Calda-Lopes et al., 2009; 
Trendowski, 2015). Unfortunately, like for other target-
ed drugs, it was reported that the viability of PU-H71-
treated MDA-MB-231 cells was rescued , and the cells 
acquired resistance via two mechanisms. First, by the 
development of single nucleotide polymorphism (SNP) 
in the locus encoding the NTD of the Hsp90, which in 
turn decreased the sensitivity to bind the inhibitors, but 
not ATP. Second, by overexpression of Hsp90, which 
would protect the malignant cells from the proteotoxic 
stress of the misfolded proteins and from the effect of 
Hsp90 inhibitors, regardless of any mutations modifying 
the structure and/or conformation of Hsp90 (Miller et 
al., 2016). Therefore, including Hsp90 inhibitors like PU-
H71 in combination therapy is assumed to be a good 
approach to avoid the development of resistance by si-
multaneous targeting of several pathways, especially with 
aggressive tumors like TNBCs.

Glucose-6-phosphate dehydrogenase (G6PD) is a 
housekeeping protein that is constitutively expressed in 
all cells and overexpressed in numerous types of cancers 
including breast cancer. It regulates the first rate-limiting 
step of the oxidative branch of the pentose phosphate 
pathway (PPP), the main source of the reduced nicoti-
namide adenine dinucleotide phosphate (NADPH) that 
is crucial to maintain the reduction and oxidation (re-
dox) homeostasis and has a role in lipids biosynthesis as 
well (Nagashio et al., 2019; Benito et al., 2017; Cernaj, 
2016; Cho et al., 2018). Therefore, G6PD is one of the 
vital enzymes activated during oxidative stress to protect 
the cells from damage by reactive insults. Unlike normal 
cells, cancer cells are characterized by metabolic aberra-
tions and activation of oncogenic signals that cause ex-
tensive accumulation of reactive oxygen species (ROS), 
so they are more vulnerable to oxidative damage and 
more dependent on their antioxidant mechanisms (Wang 
et al., 2019; Trachootham et al., 2009). Therefore, block-
ing G6PD activity would disrupt the G6PD-mediated 
redox homeostasis by decreasing the cellular antioxidant 
capacity and finally induce a state of oxidative stress, 
which causes preferential cancer cell death. Dehydroepi-
androsterone (DHEA) is one of the circulating steroids 
in humans, which is endogenously secreted from adre-
nal cortex and gonads as a precursor for the synthesis of 
male and female sex hormones (Cho et al., 2018). It is a 
non-competitive inhibitor of G6PD that shows anti-pro-
liferative and anti-migratory effects against TNBCs both 
in vitro and in vivo when used at pharmacological doses 
(Cho et al., 2018; Hakkak et al., 2017; Di Monaco et al., 
1997; Lopez-Marure et al., 2011; Coli-Val et al., 2017). 
In addition, it overcame the acquired chemo-resistance 
against paclitaxel in TNBCs caused by increasing the 
cellular antioxidant capacity (Cho et al., 2018). Knock-
ing down G6PD rendered cancer cells more vulnerable 

to oxidative stress induced by pro-oxidants. Likewise, 
experiments including genetic deletions in mouse em-
bryonic stem cells revealed that G6PD was not vital for 
proliferation nor pentose phosphate synthesis, but it was 
a key defender against oxidative stress. Accordingly, the 
in vitro growth of cancer cells was marginally affected by 
knocking down G6PD alone without incorporating any 
exogenous oxidative insults (Sukhatme & Chan, 2012). 
Therefore, inhibitors of G6PD could be good candidates 
to be included in combination therapy targeting the cel-
lular oxidative homeostasis.

MATERIALS AND METHODS

Chemicals and biologicals. Neutral red dye, dime-
thyl sulfoxide (DMSO) and 2’,7’-dichlorofluorescein di-
acetate (H2DCFDA) (Cat. no. D6883) were purchased 
from Sigma-Aldrich (St. Louis, Missouri, USA). PU-H71 
and DHEA were purchased from Bio-Vision Inc. (Mil-
pitas, California, USA). Dulbecco’s Modified Eagle Me-
dium-High glucose with glutamine (DMEM) and Fetal 
Bovine Serum (FBS) were purchased from Biowest (Riv-
erside, Missouri, USA). RNeasy Mini kit was purchased 
from Qiagen (Cat. no. 74104, Germany). AMV Reverse 
Transcriptase was purchased from Promega Inc (Cat. no. 
M5108). SensiFAST™ SYBR® NO-ROX kit was pur-
chased from Bioline (Cat. no. BIO-98005). BD Pharmin-
gen™ FITC Annexin V Apoptosis Detection Kit II was 
purchased from BD Biosciences (Cat. no. 556570). 

Cell culture. MDA-MB-231 breast cancer cell line 
was purchased from the American Type Culture Collec-
tion (ATCC, Manassas, VA, USA). Cells were cultured in 
DMEM supplemented with 10% FBS, 100 U/mL peni-
cillin and 100 mg/mL streptomycin and incubated in a 
humidified incubator containing 5% CO2 at 37°C. The 
cells were passaged when they reached about 80–90% of 
confluency.

Experimental design of combinations analysis. 
The cytotoxic effect of different combinations was as-
sessed to quantitatively determine their pharmacody-
namics as synergism, additive effect or antagonism us-
ing CompuSyn software program (ComboSyn Inc., Pa-
ra-mus, NJ.  USA). Four concentrations of each drug 
were chosen; (0.25×IC50, 0.5×IC50, 0.75×IC50 and IC50) 
and the pharmacodynamics of all the possible binary 
combinations raised from these four concentrations was 
screened (16 combinations including 4 combinations 
based on constant ratio approach, for which the results 
were previously reported (Elwakeel et al., 2019), and 12 
combinations based on the non-constant ratio approach, 
which were assessed to reveal the optimum combination 
ratio to obtain the maximal synergistic effect). 

Cytotoxicity assay for different combinations of 
the tested drugs. PU-H71 and DHEA were dissolved in 
DMSO to prepare 10 mM stock solutions then serial dilu-
tions were made in a complete growth medium and these 
were used to prepare the different concentrations used in 
cytotoxicity experiments. Cytotoxicity of each drug against 
MDA-MB-231 cell line was assessed using the neutral red 
uptake assay. Then, the dose-effect curve of each drug 
alone was created using CompuSyn Software (Elwakeel et 
al., 2019). In addition, using the same software, the fol-
lowing parameters were automatically determined for each 
drug alone: Dm which is the half-maximal inhibitory con-
centration of the drug (i.e. IC50), r that represents the lin-
ear correlation coefficient of each dose-effect curve and m 
which describes the curve’s shape (Chou & Martin, 2005; 
Chou, 2006). The cytotoxic effect of all combinations was 
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tested after 48 hours of incubation using the neutral red 
uptake assay (Repetto et al., 2008). Briefly, MDA-MB-231 
cells were seeded at a density of 4500–5000 cells/well and 
incubated at 37ºC in a CO2 incubator overnight. Cells 
were then treated with different concentrations of the 
tested drugs (six replicates per each concentration) and 
incubated for 48 hours at 37ºC in a CO2 incubator. Af-
ter the incubation, drug solutions were discarded, the cells 
were washed twice with PBS (pH=7.4) and the neutral red 
medium was added (40 µg/mL) with subsequent incuba-
tion for two hours at 37ºC in a CO2 incubator. Then the 
cells were washed twice with PBS (pH=7.4) and the neu-
tral red dye was extracted from the cells with the destain-
ing solution (50% ethanol, 49% de-ionized water and 1% 
glacial acetic acid). The plates were vigorously shaken for 
10  and the optical density (OD) was measured at 540 nm 
using a microplate reader (Spectro star, BMG Labtech). 
Then the % inhibition and the fraction affected (fa) for all 
used combinations were calculated using equation (1) and 
(2) respectively.

Where, ”OD treated cells” was the mean of the ab-
sorbance readings of cells exposed to the used drugs; 
”OD vehicle control” was the mean of the absorbance 
readings of cells exposed to the maximum used concen-
tration of the solvent compound (DMSO); and finally, 
”OD media blank’” was the mean of the absorbance 
readings of wells containing media without cells as the 
neutral red non-specific binding control. 

Analysis of the pharmacodynamic interactions of 
the tested drug combinations. According to the Chou-
Talalay method the combination index (CI) and the dose 
reduction index (DRI) for each combination have to be 
determined and both values were automatically calculated 
using the CompuSyn software. CI and DRI of each drug 
combination were calculated based on equations (3) and 
(5) (Chou, 2006), respectively.

Where: (Dx)1 is the dose of the drug D1 alone, which 
inhibits the growth of the cells by x%, (Dx)2 is the dose of 
the drug D2 alone, which inhibits the growth of the cells 
by x%, (D)1 and (D)2 are the doses of the drugs D1 and 
D2 in combination, which inhibit the growth of cells by 
x%. The (Dx)1 and (Dx)2 values can be easily calculated 
by rearranging the Median-Effect Equation (4) as follows: 

Where: DRI>1 represents favorable dose reduction, 
while DRI<1 indicates unfavorable conditions and finally 
DRI=1 indicates no dose reduction.

Morphological changes. MDA-MB-231 cells were 
seeded at a density of 1×106 cells / T-75 flask, then 
the flasks were incubated at 37°C in 5% CO2 overnight. 
Next day, the flasks were treated with the indicated con-
centrations of each drug alone, the combinations and the 
vehicle control. After 48 hours of incubation, the cells 
were visualized and photographed using an inverted mi-
croscope (Olympus-IX70) at magnification X100 and 
X200 to observe the difference in the percentage conflu-
ency between the different treatments and at magnifica-
tion X400 to examine the cellular morphological changes 
caused by each treatment (Rahman et al., 2016).

Quantitative polymerase chain reaction, qPCR. 
Total RNA was isolated from the cells treated with 
PU-H71 and DHEA alone and in combination and 
with the control vehicle using RNeasy Mini Kit (Qia-
gen, Germany), with a DNase digestion step following 
the manufacturer’s protocol. The elution step was per-
formed using 50 μL nuclease-free water. The concentra-
tion, purity, and integrity of the isolated purified total 
RNA were determined using Nanodrop. One microgram 
of the prepared total RNA was reverse transcribed into 
the first strand cDNA using High-Capacity cDNA re-
verse transcription kit (ThermoFischer ) using the ran-
dom hexamer primers according to the manufacturer’s 
instructions. Quantitative real-time PCR was carried out 
in triplicates using Maxima SYBR Green qPCR Master 
Mix (ThermoFischer). Primers used were as follows: 
Nrf2 forward: 5’-GTTTCTTCGGCTACGTTTCA-3’; re-
verse, 5’-TCAATGTCCTGTTGCATACC-3’; Caspase-3 
forward, 5’-TTTTTCAGAGGGGATCGTTG-3’; re-
verse, 5’ CGGCCTCCACTGGTATTTTA-3’; Caspase-8 
forward: 5’- CCTGGGTGCGTCCACTTT-3’; reverse, 
5’-CAAGGTTCAAGTGACCAACTCAAG-3’; Caspase-9 
forward: 5’-GTGGACATTGGTTCTGGAGGAT-3’; re-
verse, 5’-CGCAACTTCTCACAGTCGATG-3’; Hsp90 
forward: 5’-GTGAACCTATGGGTCGTGG-3’; reverse, 
5’-GGGATATCCAATAAACTGAG-3’; CDK-1 for-
ward: 5’-GTAGTAACACTCTGGTACAG-3’; reverse, 
5’-CAATTTCTGAATCCCCATGG-3’; Ki-67 forward: 
5’-GAGGTGTGCAGAAAATCCAAA-3’; reverse, 
5’-CTGTCCCTATGACTTCTGGTTGT-3’ and GAP-
DH forward; 5’-AGAAGGCTGGGGCTGATTTG-3’, 
reverse 5’-AGGGGCCATCCACAGTCTTC-3’. Prim-
ers were added to the reaction mixture at a final con-
centration of 250 nM. The reaction was prepared in a 
final volume of 20 µL by mixing 5 µL of each cDNA 
sample (diluted 1:5), 12.5 µL of SYBR Green, 0.5 µL of 
each primer, and the final volume was adjusted through 
the addition of RNase/DNase-free water. The reaction 
conditions used were as follows: 10 min at 95°C for 
1 cycle followed by 40 cycles of 15 s at 95°C, 30 s at 
56°C (58°C for caspase 9 and 8), and 30 s at 72°C. The 
specificity of each primer pair was verified by the pres-
ence of a single melting curve peak. Results were ana-
lyzed for the relative expression of mRNA normalized 
against GAPDH as a house-keeping gene. Finally, the 
results were analyzed using the equation, n=2-∆∆CT where 
n represents the fold of induction or inhibition of genes 
under investigation.

Monitoring the accumulation of ROS. Intracellular 
accumulation of ROS was monitored using the fluores-
cent probe H2DCFDA. MDA-MB-231 cells were seeded 
onto sterile glass cover slips in 6 well plates at a density 
of 7×104 cells per cover slip and incubated overnight at 
37°C. The next day, the cells were treated with the cho-
sen drug combination or 0.25% DMSO for 1.5, 3, 5, 7 
and 24 hours. After the incubation period, the cells were 
washed once with 1X PBS, then 10 µM of H2DCFDA 
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in incomplete medium  was added and the incubation 
was continued for 30 minutes at 37oC in the dark. Final-
ly, the cells were washed again with 1X PBS twice and 
examined under a confocal microscope at magnification 
X200 with fluorescent excitation at 488 nm and detec-
tion at 530 nm (Kim et al., 2013; Ling et al., 2011). A 
positive control was prepared by treating the cells with 
0.1% (v/v) hydrogen peroxide (H2O2) for one hour. Fi-
nally, the fluorescence intensities were analyzed using 
ImageJ software. 

Apoptosis detection. Apoptosis was analyzed using 
Annexin V-FITC apoptosis detection kit (Miltenyi Bio-
tec). Cells were seeded at a density of 3.5×105 into T-25 
flask and incubated overnight at 37°C in 5% CO2. Next 
day, the cells were treated with the indicated drug doses 
or the vehicle control and after 48- and 72-hours incuba-
tion periods (to check the signal strength), floating cells, 
and the attached cells were collected by trypsinization 
and centrifuged at 2000 rpm for 5 minutes. The super-
natants were decanted, and the cell pellets were washed 
twice with 1× PBS and once with 1X binding buffer and 
resuspended in 1 mL 1X binding buffer. One hundred 
microliters were then transferred to a clean tube and 
5 µL of annexin V-FITC and 5 µL of PI were added 
and the tubes were incubated at room temperature for 
15 minutes in the dark. Finally, 400 µL of 1X binding 
buffer was added and the stained cells were analyzed at 
the Flow Cytometry Service core facility at the Center 
of Excellence for Research in Regenerative Medicine and 
its Applications using BD FACS Calibur flow cytometer 
(BD FACSCalibur, BD Biosciences ).

Statistical analysis. Statistical analysis was performed 
using GraphPad Prism 5 software (GraphPad Software, 
Inc .). Student’s t test (two-tailed) was used to compare 

two groups. When more than two groups were com-
pared, differences among the groups were assessed us-
ing one-way ANOVA (Analysis of Variance) with Tuk-
ey’s post-hoc test for unpaired non-parametric variables. 
Outliers were identified using ROUT with Q=1%. Data 
were expressed as mean ± S.E.M. or ± S.D. from at least 
two independent experiments and two replicates. 

RESULTS

Assessment of the pharmacodynamic interactions of 
combining PU-H71 and DHEA

To determine the nature of the interaction between 
PU-H71 and DHEA as synergism, additive effect, or an-
tagonism, the dose-effect curves for PU-H71 and DHEA 
applied alone to MDA-MB-231 TNBC cell line were 
constructed using the CompuSyn Software. This step 
also generated the parameters (Dm), (m), and (r), which 
are prerequisite for the further analysis of the combina-
tions. Previously, it was reported that the Dm values (i.e. 
IC50) of PU-H71 and DHEA were about 155 nM and 
250 µM, respectively (Elwakeel et al., 2019). Then, to as-
sess the pharmacodynamic interactions of PU-H71 and 
DHEA combined at different ratios, MDA-MB-231 cells 
were treated with equipotent constant ratio combina-
tions (1:1) and non-constant ratio combinations (Supple-
mentary File 1 at https://ojs.ptbioch.edu.pl/index.php/
abp/). Moreover, to evaluate drug interactions between 
PU-H71 and DHEA in more detail, the CI values and 
the DRI values for each drug within each combination 
were automatically calculated (Supplementary File 2 at 
https://ojs.ptbioch.edu.pl/index.php/abp/). Earlier in-

Figure 1. Light microscopy analysis of MDA-MB-231 TNBC cells morphology (magnification, X400) grown for 48 hours
(A) vehicle control cells, (B) cells grown in the normal growth medium, (C) cells treated with 116 nM PU-H71, (D) cells treated with 50 
µM DHEA and (E and F) combined PU-H71/DHEA drugs-treated cells.  Red arrows indicate cell shrinkage, membrane blebbing and de-
tachment from the substratum. 

https://ojs.ptbioch.edu.pl/index.php/abp/
https://ojs.ptbioch.edu.pl/index.php/abp/
https://ojs.ptbioch.edu.pl/index.php/abp/
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vestigation showed that the combination of PU-H71 
and DHEA at equipotent constant-ratio manner (1:1) re-
sulted in synergistic effects proportional to the increasing 
concentration  of both drugs (Elwakeel et al., 2019). The 
non-constant combination ratios were also examined in 
order to find the optimum and two synergistic combi-
nations were identified (Supplementary Files S2, S3 and 
S4 at https://ojs.ptbioch.edu.pl/index.php/abp/). There-
fore, from the present experimental data points of all the 
tested combinations (including constant ratio and non-
constant ratio), the optimum combination was chosen 
and it was the one which showed the highest fa (i.e. the 
highest % inhibition), the lowest CI value below 1 (i.e. 
the highest degree of synergism) and the highest DRI 
value especially for the most potent drug (PU-H71) (i.e. 
the lower expected toxicity). Therefore, the resulted op-
timal combination was 116 nM (0.75×IC50) of PU-H71 
with 250 µM (IC50) of DHEA, where the cellular viabil-
ity decreased by 83.13%, a moderate synergistic effect 
was present (CI=0.76) and the DRI value of DHEA was 
1.34, while that of PU-H71 was 84.86. Although defin-
ing the pharmacodynamic effect of any combination is a 
crucial issue per se, this combination was chosen to be 
subsequently studied to, at least, overview some of the 
molecular events, underlying its mode of action.

Morphological changes

Morphological changes of MDA-MB-231 TNBC cells 
were examined after treatment with PU-H71 at a con-
centration of 116 nM, DHEA at 250 µM separately and 
in a combination for 48 h (Fig. 1A–F). It was observed 
that the confluency of cells was significantly reduced 
in a combination group compared to the other groups 
(Fig. 1E and F). Morphological changes were observed 
such as cells rounding and detachment from substratum, 
shrinkage, and reduction in size and membrane blebbing 
as compared to the control group (Fig. 1A and B) sug-
gesting a decrease in the cell viability.

Analysis of gene expression of Hsp90, CDK-1, Ki-67, 
Nrf2, caspase 3, caspase 8 and caspase 9 by qPCR

The effect of PU-H71, DHEA alone and in combina-
tion on the expression levels of Hsp90 mRNA in MDA-
MB-231 cells was studied and it was observed that the 
level of gene expression of the molecular chaperone 
Hsp90 was significantly up-regulated in PU-H71- and 
DHEA-treated cells by 8.6 and 2.7 folds, respectively, as 
compared to the control untreated cells (Fig. 2). Surpris-
ingly, upon using a combination of PU-H71 and DHEA, 
the expression levels of Hsp90 were decreased as com-
pared to the cells treated with either PU-H71 or DHEA 
alone but still significantly higher than in the control un-
treated cells by 3 folds (Fig. 2). To examine the effect 
of different treatments on the cell cycle and the prolif-
erative potential of MDA-MB-231 cells, gene expression 
levels of cycle-dependent kinase-1 (CDK-1) and Ki-67 
were determined. In cells subjected to the PU-H71/
DHEA combined therapy the expression level of CDK-1 
was decreased as compared to the PU-H71 treated cells 
(Fig. 2), while there was no significant change in CDK-1 
mRNA level in comparison to the control (p>0.05) and 
DHEA-treated cells (p>0.05). The gene expression of 
Ki-67 was significantly upregulated (3 folds) in PU-H71 
treated cells while a PU-H71/DHEA combined therapy 
resulted in highly significant downregulation of Ki-67 ex-
pression compared to PU-H71 treated cells (Fig. 2).

To examine the effect of the combined drug therapy 
on redox homeostasis of MDA-MB-231 cells, the lev-

el of gene expression of Nrf2 was determined. It was 
observed that the expression of Nrf2 was significantly 
downregulated in cells subjected to the combined drug 
therapy compared to PU-H71-treated cells and the con-
trol group (0.7-fold) (Fig. 2). Moreover, the expression 
of Nrf2 was also downregulated in DHEA-treated cells 
when compared to the control cells (Fig. 2). 

To investigate the effect of the selected drug combi-
nation on apoptosis, the level of gene expression of cas-
pase 3, caspase 8 and caspase 9 was analyzed in all the 
tested groups. It was observed that the PU-H71-treated 
cells and the DHEA-treated cells showed a highly sig-
nificant decrease of the expression levels of caspase-3 
compared to the control cells by 0.66 and 0.43 fold, 
respectively (Fig. 2). On the other hand, the combined 
drug therapy exhibited a highly significant increase in 
the expression of caspase-3 in comparison to the con-
trol cells (1.4 fold), PU-H71 alone and DHEA alone. 
Regarding caspase-8, the combined therapy caused a sig-
nificant upregulation of its expression when compared to 
the DHEA-treated cells and the control cells (1.7 fold), 
while there was no significant change in comparison to 
the PU-H71-treated cells (p>0.05) (Fig. 2). In contrast, 
the combined therapy resulted in a significant down-
regulation of caspase-9 expression in comparison to the 
PU-H71 alone and DHEA alone, while both of them 
caused a significant increase in the expression of caspase 
9 compared to the control cells by 4.7 and 3.7 fold, re-
spectively.

Monitoring the intracellular accumulation of ROS

To further assess the effect of the selected drug com-
bination therapy on the redox biology of MDA-MB-231 
cells the intracellular accumulation of ROS after treat-
ment with PU-H71, DHEA, PU-H71/DHEA combined 
drugs, 0.1% H2O2 (a positive control) and without treat-
ment (normal complete growth medium) was assessed 
after 5 h for all the treatments except 0.1% H2O2, which 
was assessed after 1 h. The H2DCFDA staining of 
MDA-MB-231 cells revealed a high level of accumulated 
ROS in cells grown in the normal growth medium, ve-
hicle control cells and cells treated with 0.1% H2O2 for 
1 h as shown in Fig. 3A, B. On the other hand, MDA-
MB-231 cells treated with either PU-H71 or DHEA 
alone, showed a highly significant decrease in the accu-

Figure 2. Quantification of the gene expression for the different 
treatments by qPCR. 
The (#) symbol represents a significant difference compared to the 
vehicle control, while the (*) symbol represents a significant differ-
ence compared to the indicated groups. */#p<0.05, **/##p< 0.01, 
***/###p<0.001 and ****/####p<0.0001. The results are presented 
as the mean fold ± S.E.M. (n=3).

https://ojs.ptbioch.edu.pl/index.php/abp/
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mulation of ROS as compared to the control cells (Fig. 
3B), while the cells treated with PU-H71 and DHEA 
combination showed a highly significant increase in ROS 
levels in comparison to all the other treatments (Fig. 3).   

Apoptosis detection

To elucidate the apoptotic effects of PU-H71, DHEA 
alone and in combination, MDA-MB-231 cells were 
treated with the indicated drug concentrations and af-
ter the incubation period of 48 and 72 hours, the cells 
were double-stained with PI and annexin V-FITC and 
analyzed using a flow cytometer. The treatment for 48 
hours showed no significant differences between none 
of the treatments neither in early apoptotic cells nor 
late apoptotic cells/dead cells. On the other hand, af-
ter increasing the incubation period to 72 hours the 
cells subjected to the combined therapy showed a sig-
nificant increase in the population of the early apoptotic 
cells compared to the DHEA-treated cells (p<0.05), the 
PU-H71-treated cells (p<0.001) and the vehicle control 
cells (p<0.0001). Moreover, DHEA alone significantly in-
creased the population of early (p<0.001) and late apop-
totic cells (p<0.05), while PU-H71 alone caused a highly 
significant increase in early apoptotic cells only (p<0.001) 
compared to the vehicle control (Fig. 4A and B). 

DISCUSSION

Triple-negative breast cancer is one of the most ag-
gressive subtypes of BC that has the highest mortality 
rates and the worst prognosis (Shengling et al., 2019). A 
better molecular characterization of TNBCs during the 
last decade has led to the development of new treatment 

strategies such as DNA damaging agents, poly-ADP-
ribose polymerase inhibitors, androgen receptor block-
ade, and immunotherapy (Collingnon et al., 2016; Bian-
chini et al., 2016). Despite these advances, no targeted 
therapies have been approved for TNBCs. Therefore, it 
is of great importance to identify novel drugs that can 
effectively prevent and treat TNBC and have fewer side 
effects. Several signaling pathways and biomarkers were 
shown to be implicated in TNBC progression such as 
BAX/BCl2, Hsp90α, EGFR, VEGF, surviving, CDK-1, 
caspases, mTOR, and Ra/Raf/MEK/ERK (Sami et al., 
2020; Nedeljkovic & Damjanovic, 2019; Pellegrino et 
al., 2020; Garrido-Castro et al., 2019; Wang et al., 209; 
Kordezngeneh et al., 2015; Chatterjee & Burns, 2017; Su 
et al., 2016). Many targeted therapies are currently com-
bined based on the function of their targets or the evi-
dence of additive or synergistic effects in a cell line (Su 
et al., 2016). In this aspect, the focus of the current work 
was to investigate the therapeutic role of a combination 
of PU-H71/DHEA in MDA-MB-231 TNBC cell line. 
First, the cytotoxic effect of each drug alone was tested 
to generate the dose-effect curve of each drug and to 
determine Dm,, m and r parameters as a prerequisite for 
drug combination analysis using CompuSyn Software. 
Then different combinations (Supplementary File 1 
at https://ojs.ptbioch.edu.pl/index.php/abp/) were 
analyzed using the constant and non-constant ratio ap-
proach (Elwakeel et al., 2019). Our results indicated that 
the combination with the highest synergistic effect was 
116 nM of PU-H71 (0.75×IC50) and 250 µM of DHEA 
(IC50). This combination of PU-H71/DHEA drugs was 
found to decrease the viability of MDA-MB-231 cells by 
83.13% with a moderate synergistic effect (CI=0.76) and 
the higher DRI value (i,e. for PU-H71) was 84.86 while 

Figure 3. Confocal microscopy analysis (magnification X200) showing the accumulation of intracellular ROS in MDA-MB-231 TNBC 
cells grown in vehicle control medium and growth medium (A); cells treated with PU-H71/DHEA drugs combination, 116 nM PU-H71 
alone, 250 µM DHEA alone and cells treated with 0.1% H2O2 (positive control).

https://ojs.ptbioch.edu.pl/index.php/abp/
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that of DHEA was 1.43. Moreover, this drug combina-
tion was subsequently investigated in detail to elucidate 
the molecular events by which it acted on TNBC cell 
line.

The upregulation of Hsp90 mRNA expression upon 
using a single drug, PU-H71 could be attributed to 
the development of a resistance mechanism by MDA-
MB-231 cells (Rouhi et al., 2017). Interestingly, the 
combined drug therapy, PU-H71/DHEA resulted in a 
significant reduction in Hsp90 expression suggesting a 
better therapeutic outcome in comparison to the single 
drug, PU-H71, although the level of Hsp90 gene expres-
sion was still higher than in the control cells. In TN-
BCs, Hsp90 forms a complex with regulatory proteins of 
the cell cycle including CDK-1 and checkpoint kinase 1 
(ChK-1) which are crucial for Gap-2 (G2)-mitosis (M) 
progression. PU-H71 was found to trigger a decline in 
CDK-1 protein level in a dose-dependent manner and 
this was sufficient to delay the G2-M progression and 
subsequently stimulate the cell death of MDA-MB-231 
cells (Calda-Lopes et al., 2009). It causes downregulation 
of Hsp90 client proteins since inhibition of Hsp90 ac-
tivity causes accumulation of the unfolded/miss-folded 
client proteins which are further degraded via the ubiq-
uitin-proteasome system (Trendowski, 2015). Therefore, 
the significant increase in the mRNA level of CDK-1 

in PU-H71-treated cells might not be necessarily a re-
sult of a higher level of the protein. In addition, our 
results revealed that there was no significant change in 
the expression level of CDK-1 in DHEA-treated cells 
compared to the control cells, so DHEA might not in-
fluence the cell cycle. It was previously reported that 
DHEA had no effect on the cell cycle of ER-negative 
cell lines including MDA-MB-231 cells treated with 100 
µM of DHEA for 48 hours (Lopez-Marure et al., 2011). 
Ki-67 is a proliferation marker located inside the nucleus 
in the course of interphase and during mitosis, and it is 
transferred to the chromosome’s surface. It is present 
in the cells during the division phases of the cell cycle, 
Gap-1 (G1), synthesis (S1), G2 and M while it is absent 
during the resting phase, G0. It was reported that Ki-67 
is overexpressed in ER-negative breast cancer cells and 
its expression in breast carcinoma cells was much higher 
than in normal tissue (Yadav et al., 2015). CDK-1 is the 
key kinase which promotes entry into mitosis. Ki-67 is 
phosphorylated by CDK-1 during M phase, resulting in 
progression through mitosis (Menon et al., 2019). Since 
both CDK-1 and Ki-67 were significantly downregu-
lated in the combined therapy-subjected cells compared 
to PU-H71-treated cells, we suggested that DHEA might 
potentiate the effect of PU-H71 to decrease the prolif-
erative potential of MDA-MB-231 cells and trigger cell 

Figure 4. 
(A) Flow cytometric analysis of MDA-MB-231 TNBC 
cells treated with 116 nM PU-H71 alone, 250 µM 
DHEA alone, PU-H71/DHEA combination and control 
untreated cells after 48 and 72 hours incubation pe-
riod. Cells were stained with PI and Annexin V-FITC. 
Numbers represent the % population in each quad-
rant (one number was selected as a representative of 
the replicates). Red dots in the lower right quadrant 
represent cells in early apoptosis, and dots in the up-
per right quadrant represent cells in late apoptosis. 
(B) Apoptosis detection after an incubation period 
of 48 and 72 hours. The (#) symbol represents a sig-
nificant difference compared to the vehicle control, 
while the (*) symbol represents a significant differ-
ence compared to the indicated groups. */#p<0.05, 
**/##p<0.01, ***/###p<0.001 and ****/####p<0.0001. 
The results are presented as the mean fold ± S.E.M. 
(n=2).
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cycle arrest but, more studies at the protein level are still 
needed to confirm this finding. Nrf2 regulates the ex-
pression of different cytoprotective (detoxifying) genes 
and metabolic genes and hence it plays a vital role in 
cancer progression via modulating the cellular metabo-
lism and maintaining the redox homeostasis (O’Loughlin 
et al., 2018). Therefore, the decrease in Nrf2 expression 
level (Fig. 2) would disrupt the redox homeostasis via 
declining the antioxidant capacity, resulting in oxidative 
damage of cancer cells and hence apoptotic cell death. 

Apoptosis is an energy-consuming process involving 
activation of cysteine-aspartic proteases, caspases, which 
belong to two types: initiator caspases such as caspase 8 
and 9 and the executioner or effector caspases like cas-
pase 3 (Shengling et al., 2019; Collingnon et al., 2016). 
Caspase 8 is a key initiator caspase inducing apoptosis 
via the cell death receptor pathway (extrinsic pathway), 
while caspase 9  has a vital role in initiating apoptosis 
via the mitochondrial pathway (intrinsic pathway) (Bian-
chini et al., 2016). Our results showed that the combined 
PU-H71/DHEA drug therapy induced a highly signifi-
cant increase in the expression of caspase 3 and caspase 
8 compared to the control untreated cells, by 1.4 and 
1.7 fold respectively, suggesting apoptosis induction via 
at least the extrinsic pathway. Thus, to verify the apop-
tosis induction flow cytometric analysis was carried out 
and it was observed that there were no significant differ-
ences between different treatment groups after 48 hours 
incubation period while after increasing the incubation 
period to 72 hours, the combined PU-H71/DHEA drug 
therapy-subjected cells showed a significant increase in 
the population of apoptotic cells compared to the con-
trol cells and each tested drug alone (Fig. 4A and B). 
Moreover, MDA-MB-231 cells treated with PU-H71 at 
a concentration of 116 nM alone for 72 hours displayed 
a highly significant increase in the early apoptotic cells 
(Fig. 4A and B). However, it was reported that PU-H71 
induced apoptosis of the same cell line at 1 µM applied 
for 48 hours (Korkola et al., 2003). The mechanism by 
which PU-H71 induces apoptosis of TNBCs is attrib-
uted to Akt and B-cell lymphoma-extra-large (BCL-xl) 
proteins (Korkola et al., 2003). DHEA was reported to 
significantly increase the late apoptotic cells population 
of HeLa cells in a dose-dependent manner. This effect 
is due to the increased production of ROS inducing oxi-
dative stress which in turn resulted in triggering apop-
tosis (Hotter et al., 2018). In this study, treating MDA-
MB-231 cells with 250 µM DHEA for 48 hours did 
not induce apoptosis which is consistent with a previ-
ous study where treating the same cells with 100 µM of 
DHEA for 48 hours also did not result in apoptotic cell 
death (Nakai et al., 2018). However, our results revealed 
that treating MDA-MB-231 cells with DHEA at a con-
centration of 250 µM for 72 hours significantly increased 
the population of early and late apoptotic cells (Fig. 4A 
and B). Since caspases have a vital role in initiation as 
well as in the regulation of apoptosis, it could be sug-
gested that the apoptosis induction in the PU-H71- and 
DHEA-treated cells might be at least via activation of 
the intrinsic apoptotic pathway since the expression level 
of caspase 9 was significantly increased compared to the 
control untreated cells (Fig. 2). However, the expression 
level of caspase 3 did not increase. While PU-H71 and 
DHEA drugs alone caused apoptotic cell death, their 
combination was still more effective because it targeted 
more than one pathway at the same time. The combi-
nation strategy decreases the chances of the resistance 
development that might be caused by using each drug 

alone, particularly during the treatment of the most ag-
gressive and complicated cancers like TNBC.

Since it was postulated that the cells subjected to the 
combined therapy might suffer from oxidative stress, it 
was particularly interesting to investigate the difference 
in the level of the intracellular accumulated ROS level 
between the different treatments. We observed a persis-
tent, high basal level of ROS in the control cells grown 
in the normal complete medium and the vehicle control 
(Fig. 3) which could be attributed to the high glucose 
concentration in the growth medium (25 mM) in which 
the MDA-MB-231 cells were sustainably cultured. It 
was previously reported that MDA-MB-231 cells grown 
in high-glucose medium (20 mM), showed high expres-
sion of Thioredoxin-Interacting Protein (TXNIP), which 
reduced the activity of thioredoxin (TXN) and hence 
increased the ROS level (Turturro et al., 2007). Moreo-
ver, the significant decrease in the ROS level in MDA-
MB-231 cells treated with PU-H71 alone (Fig. 3) could 
be explained in analogy to a previous study that showed 
that Hsp90 inhibitors 17-AAG and 17-DMAG attenu-
ated the oxidative stress via induction of some antioxi-
dant enzymes such as manganese superoxide dismutase, 
glutathione peroxidase and catalase, which decrease the 
ROS level (Li et al., 2018). In addition, the NADPH oxi-
dases (Nox), a family of seven enzymes, are the major 
source of ROS that consume NADPH to produce su-
peroxide (Chen et al., 2011). Inhibition of Hsp90 caused 
destabilization of some of the Nox enzymes such as 
Nox 1, 2, 3 and 5, leading to a subsequent decrease 
in the production of superoxide since these Nox en-
zymes are considered Hsp90 client proteins. Regarding 
the DHEA-treated cells, a highly significant reduction 
of ROS level was observed (Fig. 3) and this observa-
tion was supported by a previous study, where DHEA 
reduced the death of muscle cells induced by H2O2 in 
a dose-dependent manner via induction of Nrf2 nuclear 
translocation and subsequent increase in the antioxidant 
capacity of the cells (Jeon et al., 2015). This finding is 
also in consistence with the results of a previous study in 
which DHEA acted as an antioxidant since it eliminated 
the high glucose-induced ROS and nitric oxide (NO) in 
the endothelial cells. DHEA also decreased the oxidative 
stress stimulated in rats by selenium and vitamin E defi-
ciency in a dose-dependent manner (Huerta-Garcia et al., 
2012). Consequently, 250 µM of DHEA was suggested 
to act as an antioxidant and decrease the basal ROS 
level during at least the first five hours of incubation 
with MDA-MB-231 that were chronically cultured under 
high-glucose condition. Finally, the cells subjected to the 
combined therapy showed a highly significant increase 
in the ROS level compared to the other treatments (Fig. 
3). Under physiological conditions, Nrf2 is bound to  
Kelch-like ECH associated protein 1 (Keap-1) as it is 
ubiquitinylated and subsequently degraded via the protea-
somal pathway. Under oxidative stress conditions, Keap-
1 becomes unstable, while Nrf2 is stabilized, translocated 
to the nucleus and then binds to the oxidative response 
element (ARE) initiating the transcription of the cyto-
protective genes (Mitsuishi et al., 2012). Consequently, 
if the level of Nrf2 is decreased, it reduces the cellular 
antioxidant capacity and aggravates the oxidative stress 
and its subsequent events. It could be expected that the 
tested combination therapy concurrently blocked the 
main presenters of the ROS-scavenging systems, the glu-
tathione (GSH) and TXN systems. Decreasing the level 
of Nrf2 would reduce the pool of both GHS and TXN, 
whilst inhibiting the activity of Hsp90 would cause deg-
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radation of TXN as TXN-1 is one of the Hsp90 client 
proteins (Kraika-Kuzniak et al., 2017). 

Based on these finding, a possible molecular mecha-
nism by which PU-H71/DHEA combined therapy-in-
duced apoptosis could be hypothesized. Nrf2 was down-
regulated in the cells subjected to the combination ther-
apy which induced oxidative stress via depletion of the 
cellular antioxidant capacity and hence the levels of ROS 
elevated above the cellular threshold level. Therefore, 
the combined drug therapy might induce apoptosis via 
the intrinsic pathway because of increasing the oxidative 
stress, although the level of gene expression of caspase 9 
was significantly decreased. Moreover, the tested combi-
nation could induce apoptosis via the extrinsic pathway 
as elucidated by the significant upregulation of caspase 8 
and caspase 3.

In conclusion, the pharmacodynamic assessment of 
combining PU-H71 as an Hsp90 inhibitor and DHEA as 
a G6PD inhibitor resulted in a synergistic effect against 
MDA-MB-231 TNBC cell line via the downregulation of 
Nrf2 which is a crucial transcription factor controlling 
the expression of an array of antioxidants and metabo-
lizing enzymes. As a result, cellular antioxidant capacity 
was decreased leading to an increased level of intracel-
lular ROS which exceeded the death threshold level and 
led to apoptotic cell death.
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