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Abstract
Chemoresistance is the leading cause of limiting long-term treatment success in cancer cells. Anticancer drugs usually kill 
cells through apoptosis induction and defects in this signaling pathway lead to chemoresistance. Apoptotic protease activat-
ing factor 1 regulates cellular stress evoked by chemotherapeutic agents through facilitating apoptosome assembling but can 
be degraded by proteasome. This study examined the role of proteasome inhibitor Bortezomib in the cytotoxic effects of 
Docetaxel on MCF7 cells response and its correlation with Apaf-1 expression level. MTT assay, caspase 3/7 activity assay, 
propidium iodide staining, adenosine triphosphate and reactive oxygen species amount measurements were utilized to dem-
onstrate the role of Bortezomib in Docetaxel efficacy with and without Apaf-1 overexpressing. Meanwhile, two-dimensional 
cell migration assay was performed by scratch wound assay. The combination of Docetaxel with Bortezomib was signifi-
cantly more cytotoxic compared single drug, more effectively delayed cell growth, reduced ATP level and increased ROS 
production. In Apaf-1 overexpressing, Docetaxel was more efficient in preventing cell migration, however, Docetaxel plus 
Bortezomib were not significantly effective; and fluorescence images supported the interpretation. Our findings demonstrated 
MCF7 resistance to Docetaxel is due in part to low Apaf-1 level and Apaf-1 overexpression resulted in the increase of cell 
susceptibility to Docetaxel stimulus. We assume that proteasome inhibitor may restore apoptotic proteins like Apaf-1 and 
prevent the degradation of cytosolic cytochrome c released by Docetaxel, consequently triggering intrinsic apoptosis and 
promoting cancer cell death. Collectively, treating MCF7 breast cells with proteasome inhibitor sensitizes cells to Docetaxel-
induced apoptosis and possibly overcomes chemoresistance.
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Introduction

Apoptosis pathway is an essential event in the regulation of 
a variety of cellular processes [1, 2]. Intrinsic apoptosis is 
initiated by cytochrome c release from mitochondria into 
cytosol after apoptotic stimuli [3]. Cytochrome c forms a 
cytosolic complex with apoptotic protease activating factor 
1 (Apaf-1) in the presence of dATP or ATP, termed apopto-
some. The apoptosome complex binds with procaspase 9 
and triggers signaling cascade of caspase family. Procaspase 
9 is cleaved into active form, resulting in the activation of 
caspase 3/7 [3–5].

Apoptosis dysregulation leads to pathological conditions 
and undesirable cell responses. Disturbance of apoptotic 
machinery is implicated in many diseases, especially cancer 
[6], and failure to activate the apoptotic signaling can result 
in resistance to the anticancer drugs [7, 8].

Resistance to chemodrugs is one of the most important 
features of cancer cells [9]. Cancer chemoresistance is caus-
ally associated with apoptotic resistance and contributes to 
tumor recurrence and cell migration [6, 10]. In general, the 
development of most anticancer drugs relies on inducing 
apoptosis cascade [7], whereas the identification of inhibi-
tors of apoptosis and properly induced apoptosis might be 
more useful in controlling cell responses. In most of cyto-
toxic anticancer drugs, cytochrome c appears to be released 
and apoptosome complex formed.

The ubiquitin proteasome is a significant pathway in the 
regulation of cellular function dealing with the survival 
and cell death. Generally it has been established that as a 
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cell-protective mechanism, inhibition of proteasome activ-
ity plays an important role in apoptosis induction [11, 12]. 
Proteasome degradative enzyme complex is involved in the 
catabolism of about 70–90% of cellular proteins [13], there-
fore many cellular events are regulated by the proteasome as 
directly or indirectly. Substances that inhibit the proteasome 
activity can act as anticancer drugs. Bortezomib is the first 
approved proteasome inhibitor used in clinical for a variety 
of solid tumors [13–15] and acts by inhibiting the 26S pro-
teasome [15, 16].

Taxanes like Docetaxel and Paclitaxel are widely used in 
treating breast cancer patients [17]. Docetaxel (Dtx) func-
tions through disrupting the microtubular network of cells 
[18]. MCF7 as a well-known model of breast cancer cell 
line is extensively used to examine cytotoxic drugs in vitro. 
The current study aimed to investigate the cytotoxic effects 
of Dtx and to correlate with the proteasome inhibitor Bort-
ezomib (Bor) and the expression level of Apaf-1 on cell 
apoptotic rate and cell migration in MCF7.

Material and methods

Cell line, plasmids and drugs

Human breast cancer cell line MCF7 from ATCC was cul-
tured in DMEM supplemented with 10% FBS and 100 units/
ml penicillin/streptomycin antibiotics. Plasmid pcDNA3.1 
from Invitrogen and pcDNA3.1/Apaf-1 generated by our 
team previously were extracted by Qiagen plasmid extrac-
tion kit. Dtx was obtained from Sigma and Bor (Velcade) 
purchased from Janssen-Cilag and the desired concentra-
tions prepared.

Cell transfection and drug treatment

Plasmid pcDNA3.1/Apaf-1 was transient transfected 
into MCF7 cells using polyethylenimine (PEI, 25 KD) in 
serum-free medium. After 3–4 h, medium was exchanged 
with fresh 10% FBS media. Western blotting was utilized to 
confirm the expression level of Apaf-1 with transfection [19, 
20]. About 24 h after transfection, cell treatment by fresh 
medium containing drug was performed. In drug combina-
tion, following 2 h treatment with Bor (5 nM), Dtx (100 nM) 
was added.

Cell viability and proliferation assay

Cell viability was measured based on colorimetric MTT 
assay [21]. Briefly, growth media was removed from the 
cells plated in 96-well 24 h after treatment, next 5 mg/ml 
of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 
bromide (MTT) was added and incubated for 4 h. Then 

supernatant was removed and dissolved by DMSO and 
absorbance measured at 570 nm. Proliferation assay was 
also carried out by trypan blue. Cell suspension of treated 
cells was mixed with equal volume of trypan blue solution, 
incubated for 5 min and then the ratio of number of viable 
cells to total cells was calculated.

ATP assay

Following treatment, cells were washed with PBS and lysed 
in hypotonic lysis buffer containing 20 mM HEPES, 10 mM 
KCl, 1.5 mM MgCl2, 1 mM EDTA, 1 mM DTT, 0.1 mM 
PMSF, and 1 mM Sucrose, pH 7.6 [19, 22]. Following cen-
trifugation, same protein concentration of supernatants as 
cytosolic extract were used for ATP assay by the firefly lucif-
erase assay, then normalized based on ATP standard curve 
[19, 23].

ROS amount measurement

Cells were incubated in presence or absence of drug for the 
desired times. Changes in the intracellular levels of reactive 
oxygen species (ROS) were measured using 2′-7′-dichloro-
dihydro-fluorescein diacetate (DCF-DA). Cells were rinsed 
with PBS and incubated in 5 μmol/l of DCF-DA for 30 min, 
excited at 480 nm and emission evaluated at 530 nm, as 
reported previously [19, 23].

Caspase 3/7 activity assay

At 24 h post-treatment, cytosolic extracts were prepared by 
hypotonic lysis buffer. Three wells in each treatment group 
were mixed, cell extract was centrifuged and protein con-
centration estimated using Bradford method [24]. Equal 
protein concentration was incubated with the luminescent-
based Caspase-Glo 3/7 reagent (Promega) on ice and activ-
ity measured with a luminometer (Berthold) based on light 
production as relative light unit (RLU) per second (RLU/
Sec) [19, 23].

Cell survival assay by PI staining

Assays employing propidium iodide (PI, Sigma) were done 
as follows: cells were seeded in 24-well plates, treated with 
drug for 24 h, attached cells rinsed with PBS and then 
stained with PI solution (1 μg/ml) for 5 min. Following 
washing, fluorescence imaging was done at excitation 535 
and emission 620 nm wavelengths by fluorescence micros-
copy [23].
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Scratching assay analysis

At 24 h post-transfection, cells were scratched and after 
about 2 h, treatment with drug performed. At the desired 
times, cells were photographed and the cells motility moni-
tored. The distance of each scratch closure was assessed by 
images analysis by Image J and calculated as percent cell 
invasion of 0 h [23, 25].

Statistical considerations

All graphs represent mean and independent data from three 
independent experiments. All statistical assessments were 
obtained by a student’s t test. P values < 0.05 were consid-
ered significant.

Results

Bor enhances Dtx‑induced cell death level in MCF7 
cells

Blocking proteasome activity by inhibitors results in the 
death of different cells [13, 26, 27]. The mode of cell death 
induced by anticancer drug Dtx was investigated here in 
MCF7 cell line alone and in combination of proteasome 
inhibitor Bor. The primary step was to establish the cell via-
bility and cell proliferation of Bor and Dtx treatment alone 
in MCF7 cells. The secondary step was to assess MCF7 
cells response rate to Dtx in combination with Bor; evalu-
ate cell viability using MTT analysis and cell proliferation 
by trypan blue assay. These results indicated the potency of 

each agents in cell death induction. However, as shown in 
Fig. 1a, b, MCF7 cells were appeared to be more sensitive 
to dual treatment of the proteasome inhibitor Bor plus Dtx.

Bor accelerates ROS generation and ATP depletion 
in apoptosis induced by Dtx

The level of intracellular ATP indicates the cell viability and 
cell death. Depletion of cellular ATP results in apoptotic cell 
death [28]. Moreover, cell death stimuli lead to the loss of 
cell membrane integrity, enhance mitochondrial membrane 
permeability and increase ROS production [29]. To further 
determine the role of proteasome inhibition in chemo drug 
Dtx-induced cell death, intracellular ATP and ROS levels 
were evaluated. The total ATP level in MCF7 cells undergo-
ing apoptosis was measured by a luciferin-luciferase assay 
following lysis of the cells, and the level of ROS determined 
using cell permeable DCF-DA in intact cells [19, 23]. As 
demonstrated in Fig. 1c and d, the inhibition of proteasome 
with Dtx treatment caused a decrease in the level of ATP, as 
well as an increase in ROS content.

Bor plus Dtx promotes caspase 3/7 activation 
in MCF7 cells

In apoptosis pathways, various caspases are implicated in 
the initiation or execution process. Caspase 3/7 is neces-
sary factor for stimuli-induced apoptotic cell death [5]. To 
further evaluate the apoptosis induced by proteasome inhi-
bition by Bor and cytotoxic drug Dtx, caspase 3/7 activity 
was measured. The results showed that the pretreatment of 

Fig. 1   Effects of Dtx and Bor 
alone and combined on cell 
viability and proliferation, 
and in vitro assay of Dtx with 
and without Bor on intracel-
lular ROS and ATP levels of 
MCF7 cell line. a Cell viability 
effects of Dtx or/and Bor were 
determined by MTT assay. b 
Anti-proliferative impacts were 
measured by trypan blue assay. 
c The level of intracellular ATP 
was measured in cells treated 
with Dtx or/and Bor for 24 h. 
d Intracellular ROS amounts 
of cells were determined by 
DCF-DA after treatment. Data 
are representative results from 
three independent experiments 
as means ± S, (*P < 0.05; 
**P < 0.01; ***P < 0.001 com-
pared to 0 as the control)
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MCF7 cells with Bor caused elevated caspase 3/7 activity 
of Dtx (Fig. 2a).

Dtx‑induced cell death increases in Apaf‑1 
transfected MCF7 cells

Low efficacy of chemodrugs is often correlated with dys-
regulation of apoptotic pathways, and overexpression of 
apoptotic effectors might enhance drug sensitivity [7]. To 
investigate the effects of proteasome inhibitor and expres-
sion levels of each apoptotic factor on cytotoxic drug effi-
cacy, Apaf-1 overexpression with Bor were examined in 
apoptosis induction rate by Dtx. At first, to confirm the 
expression levels of exogenous Apaf-1 in cells, western blot 
analysis was performed (data not shown). Next, the caspase 
3/7 activity in pcDNA transfected and pcDNA/Apaf-1 trans-
fected MCF7 cells was checked. As displayed in Fig. 2b, 
Apaf-1 transfected MCF7 cells contained significant levels 
of the active caspase 3/7 in each drugs alone and combined. 

Taken together, these results indicate that more caspase 3/7 
activity was stimulated in Apaf-1 transfected MCF7 cells 
thereby indicating that apoptosome level and apoptotic rate 
enhanced by addition of exogenous Apaf-1.

Apaf‑1 overexpressing with Bor potentiates 
apoptotic DNA‑fragmentation proceed by Dtx

To compare the cellular characteristics of Dtx-induced cell 
death, with or without Apaf-1 expression and/or protea-
some inhibitor, PI staining was used to assess the nuclear 
morphology of MCF7 cells. As would be expected, fluo-
rescence images showed that both Apaf-1 transfected and 
control MCF7 cells exhibited relatively strong red fluores-
cence signals after treatment with Dtx; negligible staining 
was also observed in untreated cells (Fig. 3). However, it was 
found that there were notable differences in damaged cell 
membranes in Apaf-1 expression with Dtx/Bor compared 
to Dtx alone without Apaf-1.

Fig. 2   Effect on the caspase 3/7 activity of the MCF7 cells after 24 h 
of treatment with Dtx or/and Bor alone and combined with Apaf-1 
overexpression. a The activation of caspase 3/7 was evaluated upon 
Dtx or/and Bor treatment in MCF7 cells. b Caspase 3/7 activity of 

MCF7 cells was determined after Apaf-1 transfection and Dtx treat-
ment with and without Bor. Data are representative results from 
three independent experiments as means ± S, (*P < 0.05; **P < 0.01; 
***P < 0.001 compared to 0 as the control)

Fig. 3   Nuclear fragmenta-
tion in MCF7 cells expressing 
Apaf-1 treated with Dtx alone, 
or Dtx + Bor for 24 h. Follow-
ing transfection, treatment with 
Dtx alone, or combined Bor was 
carried out and stained with PI 
dye. Cell images was obtained 
using fluorescent microscopy
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Bor enhances Dtx‑effect on cell migration inhibition 
but not significant in Apaf‑1 overexpressing cells

The common method for assessing 2D cell migration is to 
use scratch wound assay for measuring cells ability to move-
ment in response to external signals [30, 31]. To evaluate the 
involvement of proteasome inhibition and Apaf-1 levels in 
Dtx-induced apoptosis, scratching assay was carried out. In 
a first set of experiments, Dtx and Bor alone were examined 
in MCF7 cells migration as represented in Fig. 4a. Then, 
cells were treated with Dtx in combination with Bor. Dtx/
Bor exhibited synergistic effect on inhibition of migration. 
In the second test, to further determine the role of Apaf-1 
with cytotoxic drugs on cell motility, the effect of exogenous 
Apaf-1 on the cell migration in the presence of Dtx/Bor was 
investigated. The findings demonstrated Dtx treatment in 
Apaf-1 transfected cells was more effective in preventing of 
migration, however, Bor/Dtx treatments did not significantly 
affect MCF7 cell migration (Fig. 4b).

Discussion

A basic factor limiting long-term treatment success in can-
cer therapy is chemoresistance. Combining cytotoxic drugs 
with unique mechanism of action may improve potential 
efficacy and overcome drug resistance. Inhibition of the 
catalytic core of 26S proteasome has emerged as an anti-
neoplastic strategy. Bor as boronate-based dipeptide pro-
teasome inhibitor targets the chymotrypsin-like activity of 
proteasome complex [15, 32]. Disrupting the ubiquitin–pro-
teasome proteolytic system can affect tumor cell homeostasis 
through multiple mechanisms, hence is an attractive target 
for cancer cell sensitization to chemotherapeutic drugs [12, 

16, 33]. Dtx is one of the most extensively used cytotoxic 
drugs in treating breast cancer [17]. There is no evidence of 
a drug interaction between Dtx and Bor [34].

In the present study, some experiments were designed 
to investigate the lethal effects of anticancer drug Dtx and 
proteasome inhibitor Bor on the human breast cancer MCF7 
cells as alone and in combination with each other. The first 
study examined the effect of Dtx and Bor on the viability 
of MCF7 cells to determine the effect of each drugs. As 
indicated in Fig. 1a, Dtx and Bor alone induced apoptosis 
in MCF7 cells and viability was decreased. Following, com-
bined Dtx/Bor treatment demonstrated a degree of apoptosis 
that was only achievable at much higher doses of either drug 
alone. Likewise, it was observed synergistic growth inhibi-
tion induced by Dtx/Bor in MCF7 cell line (Fig. 1b).

Apoptosis signaling is an energy-dependent process and 
cytotoxic drugs-triggered apoptotic cell death accompanied 
with ATP depletion [19, 28, 35]. Furthermore, apoptotic cell 
death can lead to mitochondrial damage and accumulation 
of reactive oxygen species [23, 29, 36]. To reflect cell death 
levels in chemodrug Dtx with and without proteasome inhi-
bition, the treated MCF7 cells were analyzed by ATP assay 
and ROS measurements. These findings showed that Dtx or 
Bor-induced apoptosis was associated with reduction of ATP 
content (Fig. 1c) and increased ROS production (Fig. 1d). 
These results indicated that, as compared with either drug 
alone, the combination of Dtx and Bor showed an enhanced 
lethal effect on cells by lower ATP and higher ROS levels.

Caspases are the essential proteins that induce biochemi-
cal changes through apoptotic pathways, and caspase 3/7 
is major factor involved in the apoptosis [37]. MCF7 cells 
are caspase 3 deficient but apoptosis induction is possible 
via activation of caspase 7 and/or 6 that are expressed [38, 
39]. Actually, MCF7 cells act through sequential activation 

Fig. 4   Effect of Dtx treatment alone or combined Bor on the cell 
migration of Apaf-1 transfected MCF7 cells and untransfected 
control. a Migration was estimated using comparing cell-covered 
regions at 30 and 60 h afterwards of scratching and drug treatment. 
b Apaf-1 transfected MCF7 cells response to Dtx or/and Bor were 

measured using scratching analysis at given time points according 
to image analysis using Image J. Data are representative results from 
three independent experiments as means ± S, (*P < 0.05; **P < 0.01; 
***P < 0.001 compared to 0 as the control, and ns means non-signif-
icant)
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of caspases 9 and 7 or 6 [40]. Hence in the next section, the 
specific substrate of caspase 3/7 was used to detect whether 
this cysteine protease was involved in the cell death induced 
by the treatment of Dtx and/or Bor. The results indicated that 
caspase 3/7 was involved in the apoptosis of the MCF7 cells 
by Dtx and/or Bor (Fig. 2a), suggesting that the treatment 
of Dtx and/or Bor induced apoptosis through the intrinsic 
pathway. According to these results, while Dtx activated 
caspase 3/7, its combination with Bor enhance caspase 3/7 
activity even more.

Furthermore, the overall effective cell killing by cyto-
toxic drugs and proteasome inhibition may correlate with 
the level of apoptosome formation, and overexpression of 
apoptosome component like Apaf-1 may enhance chemo-
sensitivity. Apoptosome level has important biological sig-
nificance in the progression of tumor treatment, and numer-
ous chemotherapy cytotoxic drugs exert an antitumor effect 
by inducing the apoptosome formation. So, transfection of 
apoptotic component Apaf-1 was performed and the impact 
of relative expression of Apaf-1 on drug sensitivity and cell 
response measured, which allowed to compare efficiently 
both low and high level of Apaf-1 in drug efficacy. West-
ern blotting revealed that MCF7 contained relatively low 
endogenous amount of Apaf-1, while this level significantly 
altered by transfection of pcDNA/Apaf-1 (data not shown). 
Caspase 3/7 activity assay was also carried out with same 
approach and the results clearly showed the association of 
the Apaf-1 expression levels with the response to induction 
treatment. As demonstrated in Fig. 2b, our data displayed 
synergistic effect of Apaf-1 overexpressing and Dtx and/or 
Bor on MCF7 cells and transfected cells with proteasome 
inhibition showed higher response to Dtx.

Assessing cell membrane integrity is one of the most 
widely used approaches to viability assessment. As already 
mentioned above, the drug resistance of MCF7 cells is 
probably due to a decrease at the apoptosome levels and an 
increase in cell viability. To investigate the effect of Apaf-1 
levels on the cell function after Dtx and Bor treatment alone 
and also combined, PI imaging as an indicator dye for dead 
cells was evaluated. PI is used as a DNA stain to evaluate 
cell viability and to visualize the nucleus, as PI was believed 
to only stain cells with irreparably damaged membranes that 
can be described as nonviable cells. PI staining data were 
interestingly showed that, Apaf-1-transfected MCF7 cells 
were more sensitive to cytotoxic drug Dtx as compared with 
pcDNA-transfected control (Fig. 3). Moreover, the fluores-
cent images demonstrated that after Apaf-1 expression, 
inducing death of cells by Dtx/Bor occurred a little more 
intense. This indicated that the treatment of Dtx with high 
Apaf-1 level like Dtx/Bor synergistically improved the rate 
of cell death.

It is noteworthy that, Dtx or Bor treatment showed that 
either of the drug alone have the inhibitory effect on MCF7 

cells migration. Furthermore, Dtx in combination with Bor 
was more effective than each drug alone on cell migration. 
Indeed, the combinatorial use of proteasome inhibitor Bor 
with Dtx was improved drug efficiency and prevented or 
delayed cell motility (Fig. 4a). More importantly, when com-
pared to drug treatment, Apaf-1 overexpression combined 
Dtx treatment was significantly more effective in preventing 
of the cells migration. As can be seen in Fig. 4b, Apaf-1 
expression in combination with Dtx treatment was strongly 
decreased the migration of cells. However, Apaf-1 expres-
sion with combined Dtx/Bor treatments did not significantly 
affect the level of cell motility than the Apaf-1 with Dtx 
alone. It seems that in Apaf-1 overexpression mode, this key 
apoptotic protein not only sensitized cells to Dtx-induced 
apoptosis, but also significantly increased background apop-
tosis (Fig. 3b) and decreased cell migration (Fig. 4b) in the 
transfected MCF7 cells.

Cytosolic cytochrome c attached to Apaf-1 cannot 
degrade, while cytochrome c that is unable to bind Apaf-1 
is targeted for ubiquitination and degradation by proteasome 
[41, 42]. According to the information obtained from this 
study, we propose that the proteasome inhibition via Bor 
resulting in accumulation of cytosolic cytochrome c released 
by Dtx, which in turn leads to apoptosome formation. The 
enhanced susceptibility of Apaf-1 overexpressing cells can 
be explained by the findings that Apaf-1 adaptor molecule 
is involved in cytochrome c absorption thereby multiply-
ing the impact of a drug death stimulus. Our findings sug-
gest that increase expression of Apaf-1 may be prevent the 
ubiquitination and degradation of cytosolic cytochrome c, 
without proteasome inhibition, and Dtx stimulus cytochrome 
c release is sufficient to induce apoptosis.
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