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Abstract
Background  Recent studies have demonstrated that autophagy plays a critical role in reducing the drug sensitivity of doc-
etaxel (DTX) therapy. Disulfiram (DSF) has exhibited potent autophagy inducing activity in multiple studies. We hypoth-
esized that DSF co-treatment could sensitize breast cancer cells to DTX therapy via autophagy modulation.
Methods  Breast cancer cells, MCF7, and 4T1, were treated with DTX and DSF, alone and in combination. The effects were 
analyzed by evaluating cytotoxicity, induction of apoptosis, induction of autophagy, and reactive oxygen species (ROS) 
generation. In addition, the consequence of autophagy and ROS inhibition on the DTX + DSF mediated cytotoxicity was 
also evaluated.
Results  Significant synergism in cytotoxicity was observed with DTX + DSF combination in breast cancer cells, MCF7, and 
4T1. Hyper induction of ROS and autophagy was also found with the combination treatment. ROS inhibition by N-Acetyl 
Cysteine (NAC), as well as autophagy inhibition by ATG5 silencing significantly reduced the autophagy level as well as 
cytotoxicity of the DTX + DSF combination, indicating that the induction of autophagy mediated by high ROS generation 
played a critical role behind the synergistic cytotoxicity.
Conclusions  This study indicates that DTX + DSF combination therapy can effectively sensitize cancer cells by hyper induc-
ing autophagy through ROS generation and can be developed as a therapeutic strategy for cancer treatment in the future.
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Introduction

Docetaxel (DTX), a microtubule-stabilizing agent, is con-
sidered as one of the most potent cancer chemotherapeutic 
drugs. As a monotherapy, it was found to have high activity 
against a variety of solid tumors and also against metastatic 
tumors [1], including breast cancer [2]. However, the devel-
opment of DTX resistance and treatment failure is common 
in patients [3, 4]. For improving the anticancer effect and 
patient survival, different combination therapies of DTX 
with other chemotherapeutic drugs have been tested with 

variable success [5–8]. Previously, most of the study for 
combination cancer therapy was done using two or more 
cytotoxic drugs. Recently, the focus has been shifted to non-
cytotoxic drug molecules, which can potentiate the activity 
of chemotherapeutic drugs.

Breast cancer is one of the most prevalent tumors in 
women. DTX therapy is highly potent and effective at the 
initial stage of the disease. However, a majority of patients 
exhibit therapy failure [9]. Many studies have shown that 
cancer cells induce autophagy as a protective mechanism 
against DTX treatment that leads to acquired resistance 
to DTX [10–12]. To increase DTX sensitivity, autophagy 
inhibitors have previously been evaluated [13, 14]; however, 
their clinical outcome was not very satisfactory [15]. Con-
trarily, autophagy inducers can also potentiate the cytotoxic 
efficacy of DTX. In many recent studies, it has been proven 
that the induction of autophagy can promote cell death [16, 
17]. Hence, we aimed to investigate the effect of autophagy 
induction in the DTX-treated breast cancer cells to establish 
an alternative treatment strategy.
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In the current study, we evaluated the efficacy of disulfi-
ram (DSF) in combination with DTX. DSF, which is used to 
treat alcoholism, has been shown to have potent autophagy 
inducing activity through proteasomal inhibition [18, 19]. 
DSF has also been reported to have synergistic activity and 
increase the cytotoxicity of many anticancer drugs [20]. In 
the current study, we have observed that DSF had a high 
synergistic effect on DTX activity. The mechanism of this 
synergism and the role of autophagy in the combination 
effect was also evaluated.

Materials and methods

Cell line and reagents

4T1 cell lines were purchased from American Type Culture 
Collection (ATCC), and MCF7 Cell lines were purchased 
from the National Centre for Cell Science (NCCS), Pune. 
Docetaxel and disulfiram were procured from TCI chemicals 
(India) Pvt. Ltd. In multiple studies, it has been reported that 
the anticancer activity of DSF is dependent on the presence 
of Cu2+ ion [21, 22]. For our study, we have established that 
1 µM Cu (Copper (II) chloride dihydrate, Sigma-Aldrich) 
is non-toxic in our assay system (data available on request), 
and the same concentration was used with DSF in all the 
studies.

Cell culture

MCF7 and 4T1 cells were cultured in DMEM media (Gibco) 
with 10% fetal bovine serum (Himedia), 50 units/ml penicil-
lin, and 50 mg/ml streptomycin (Thermo scientific) at 37 °C, 
5% CO2. Trypsin–EDTA solution (0.05%) was used for the 
detachment of cells.

MTT (3‑(4,5‑Dimethyl‑2‑thiazolyl)‑2,5‑diphe‑
nyl‑2H‑tetrazolium bromide) assay (cell viability 
assay)

For MTT (3-(4,5-Dimethyl-2-thiazolyl)-2,5-diphenyl-
2H-tetrazolium bromide, Sigma) assay, cells were seeded 
in 96-well plate (4T1 at 1500 cells/well and MCF7 at 2000 
cells/well). After 24 h, cells were treated with drug solutions 
and incubated for 72 h. Then cells were treated with 1 mg/
ml MTT in cell culture media for 4 h. After that, the MTT 
solution was removed, and 200 µl of DMSO was added to 
dissolve formazan crystals formed in viable cells. Finally, 
absorbance was measured at 570 nm using ELISA plate 
reader with a reference wavelength of 630 nm. The per-
centage of viable cells was calculated using the following 

formula: Viability (%) = (mean absorbance value of drug-
treated cells)/(mean absorbance value of the control) × 100. 
The  results were represented as mean ± SEM values. The 
analysis of the data was done using two-way ANOVA fol-
lowed by Bonferroni posttests.

Combination index analysis

Based on the cytotoxicity assay of DTX and DSF individu-
ally on 4T1 and MCF7 cell lines, the non-fixed drug ratio of 
DSF and DTX was used for combination index analysis. The 
combination index of this drug combination was analyzed 
using Compusyn software (version 1.0) by the Chou-Talalay 
method.

Apoptosis assay

The measurement of apoptosis was performed by flow 
cytometry and PI/Annexin V-FITC staining. MCF7 cells 
were exposed to DTX (10 nM), DSF (100 nM) and DSF 
(100 nM) + DTX (10 nM) for 48 h. After completion of 
treatment, cells were collected by trypsinization into 15 ml 
centrifuge tubes. Following this, trypsin was removed by 
centrifugation of cells at 3000 rpm for 10 min. Then the cells 
were washed twice with 1 ml of cold phosphate-buffered 
saline and the cells were suspended in 500 μl of 1× binding 
buffer (Annexin Binding Buffer (5X) for flow cytometry, 
Thermo fisher scientific). Further, the cells were stained with 
4 μl Annexin V-FITC (Annexin V-FITC, Invitrogen™) and 
10 μl of PI (propidium iodide solution, FluoroPure™ Grade, 
Invitrogen™). The samples were incubated for 15 min at 
room temperature (25 °C) in the dark. The cytometric analy-
sis was performed in a flow cytometer (CytoFLEX, Beck-
man Coulter), and the data were analyzed by CytExpert soft-
ware. Apoptosis was calculated over all viable cells and after 
subtracting the autofluorescence of cells. The results were 
represented as mean ± SEM values. The analysis was done 
using two-way ANOVA followed by Bonferroni posttests.

MDC (Monodansylcadaverine) assay for autophagy

MDC, an autophagosomal marker, was used to analyze 
autophagy induction. Cells were cultured on glass coverslips 
and treated with DTX (10 nM), DSF (100 nM) and DSF 
(100 nM) + DTX (10 nM) for 24 h, then cells were incubated 
with 0.05 mM MDC (D4008, Sigma) at 37 °C for 10 min 
in dark. After that, the coverslips with cells were washed 
with PBS and mounted with antifade DAPI (S36938, Ther-
moFisher Scientific). The resultant MDC punctate dots were 
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captured at 40× or 63× magnification under a fluorescence 
microscope (ZEISS, India).

For flow cytometric analysis of MDC fluorescence, cells 
were grown in a 6-well plate. After treatment, cells were 
incubated with MDC for 10 min in the dark, followed by 
PBS wash, and then collected by trypsinization. Samples 
were then acquired using a flow cytometer (CytoFLEX, 
Beckman Coulter).

Immunoblotting

After treatment, the MCF7 cells were lysed in a modified 
RIPA buffer (Sigma-Aldrich), and the protein content was 
measured using the Bradford reagent. Then 5× loading 
buffer was added to the lysates followed by heat denaturation 
(100 °C for 10 min) and cooling on ice. Equal concentrations 
of protein lysates were loaded in denaturing polyacryla-
mide gels (5% stacking and 12% resolving). Subsequently, 
it was transferred to the PVDF membrane (Millipore), then 
blocked with 5% skimmed milk (HiMedia). The blots were 
probed with primary antibody of protein of interest at their 
specified dilution including LC3B-II (3868S-100uL, Cell 
Signaling Technology) or Bax (BB-AB-0250, Biobharthi) 
or Bcl-2 (BB-AB0230, Biobharthi) or p62 (BB-AB0130, 
Biobharthi) or ATG5 (BB-AB0225, Biobharthi) and loading 
control GAPDH (sc-365062, Santa Cruz Biotechnology) at 
1:2000 dilution. The secondary antibodies used were horse-
radish peroxide-conjugated goat anti-rabbit IgG or goat anti-
mouse IgG. The protein intensity was detected using the 
enhanced chemiluminescence by the Bio-Rad ChemiDoc™ 
XRS + imaging system. The protein expression was densito-
metrically quantified using Image-J software and normalized 
to control. Results were represented as mean ± SEM values 
and the analysis was done using one-way ANOVA followed 
by post hoc Tukey’s test.

Reactive Oxygen Species (ROS) assay

ROS production was detected by DCFH-DA (2′,7′-dichlor-
ofluorescein diacetate) fluorogenic probe. Once inside the 
cell, the de-esterified product becomes the fluorescent com-
pound 2′,7′-dichloro- fluorescin (DCF) on oxidation by ROS 
and the fluorescent signal (Ex. 490 nm/Em. 535 nm) is pro-
portional to ROS production [23]. N-acetyl cysteine (NAC), 
a ROS scavenger (5 mM), was added 1 h before treatments. 
Cells were treated with DTX (10 nM), DSF (100 nM) and 
DSF (100 nM) + DTX (10 nM) in triplicate in a 96 well plate 
for 24 h. Later, cells were washed with PBS, and then they 
were treated with 10 µM DCFH-DA solution in PBS for 
60 min. Readings were taken at the fluorescent signal (Ex. 

490 nm/Em. 535 nm) using BioTek fluorescent plate reader. 
Fluorescent microscopic images of the cells were also taken 
at 40× magnification using Inverted microscope Axio Vert.
A1 FL-LED (ZIESS, India). Results were represented as 
mean ± SEM values. The analysis was done using one-way 
ANOVA followed by post hoc Tukey’s test.

ATG5 silencing

To inhibit macroautophagy, cells were transiently trans-
fected with ATG5 shRNA (procured from Indian Institute 
of Science, shRNA repository) by using Lipofectamine 3000 
Reagent (Thermo Scientific) according to reagents protocol. 
Studies were performed in MCF7 cells pre-incubated with 
2 µg shRNA of ATG5 for 48 h, followed by exposure to 
drugs.

Autophagy flux inhibition

Chloroquine diphosphate (CQ) was used to inhibit 
autophagy flux as it inhibits the fusion of the autophago-
some with the lysosome. CQ was used at the concentration 
of 10 µM in all the experiments. In the case of co-treatment 
with other drugs, cells were pretreated with CQ, 1 h before 
the addition of other drugs.

Statistical analysis

The obtained data were analyzed using GraphPad Prism 
software version 8. One-way ANOVA was used when ≥ 2 
groups were compared to the same control; posthoc Tukey’s 
test was performed to compare the means of each group 
with every other group. Two-way ANOVA was used to com-
pare groups that have been split into two independent vari-
ables; posthoc Bonferroni multiple comparison tests were 
performed to compare between means of each group. Data 
were represented in mean ± SEM. In the figures, the level 
of significance was indicated using different symbols as * 
(comparison with control), # (comparison with DTX), $ 
(comparison with DSF), @ (comparison with DTX + DSF).

Results

Evaluation of DSF for potentiating the anticancer 
activity of DTX

To determine the effect of DSF on the cytotoxicity of DTX, 
we first compared the cytotoxicity of DTX alone, DSF alone, 
and DTX + DSF combination against two different breast 
cancer cell lines, 4T1 (murine breast cancer) and MCF7 
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(human breast cancer). We have used DSF at the constant 
dose of 100 nM (non-cytotoxic dose, based on previous 
reports [24–26]) and three different doses of DTX (1, 10, 
and 50 nM). The percentage of cell death was analyzed using 
the MTT assay. DSF at 100 nM dose exhibited 70–80% cell 
viability in both the cell lines. DTX + DSF combination 
exhibited significantly enhanced cytotoxicity compared to 
DTX alone in both the cell lines indicating synergistic activ-
ity (MCF7: F(2,12) = 746.8; 4T1: F(2,12) = 241.07) (Fig. 1a, b).

Combination index analysis of DTX and DSF 
co‑treatment to find the effective dose ratio

After observing synergistic cytotoxicity of DTX + DSF, to 
find the most effective dose ratio of DTX and DSF, MTT 
assay on 4T1 and MCF7 cells was performed using a varied 
concentration of DSF (1 nM, 10 nM, 100 nM, 1000 nM, 
and 10,000 nM) with a fixed concentration of DTX (10 nM) 
(Fig. 1c, d).The resulted cytotoxicity of the combination 
therapy was used to analyze the combination index (CI) by 
the Chou-Talalay method [27] using CompuSyn software 
(version 1.0). In both 4T1 and MCF7 cell lines strong syn-
ergy was observed at 1:10 ratio of DTX and DSF (DTX 

Fig. 1   DSF synergistically potentiates the cytotoxic activity of 
DTX both in 4T1 and MCF7 cells. a, b MTT assay on 4T1 and 
MCF7 cells with constant dose of DSF (100 nM) and variable con-
centration of DTX (1, 10 and 50  nM). In both the cell lines, DSF 
(100  nM) + DTX (1  nM) (MCF7: p = 0.000003; 4T1: p = 0.000001) 
and DSF (100  nM) + DTX (10  nM) (MCF7: p = 0.000002; 4T1: 

p = 0.000001) showed significant increase in cytotoxicity compared to 
DTX alone at same dose. Results were mean ± SEM values. Analysis 
was done using two-way ANOVA followed by Bonferroni posttests. c, 
d MTT assay on 4T1 and MCF7 cell lines with DTX, DSF and DTX 
(10 nM) + DSF (variable dose), results were obtained by experiments 
conducted twice independently in triplicates

Table 1   Level of synergy of 
DTX + DSF at 1: 10 ratios in 
both 4T1 and MCF7 cells

Cell line Drug combination Combination index Synergy

4T1 DSF (100 nM) +DTX (10 nM) 0.19815 Strong synergism
MCF7 DSF (100 nM) +DTX (10 nM) 0.16345 Strong synergism
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[10 nM] + DSF [100 nM]) (Table 1). Based on this observa-
tion, in all further experiments, DTX and DSF were taken in 
a 1:10 molar ratio (DTX 10 nM and DSF 100 nM).

Apoptotic cell death analysis with DTX + DSF treat‑
ment

Next, we wanted to find out the contribution of apoptosis 
in the cell death observed with the DTX + DSF combina-
tion. Apoptotic cell death was analyzed by flow cytometry 
using Annexin V-FITC/PI staining. MCF7 cells were treated 
with either DTX alone (10 nM), or DSF (100 nM) alone, or 
DTX (10 nM) + DSF (100 nM) combination. Treatment with 
DSF alone showed a lower level of apoptosis. In contrast, a 
moderate increase in  % of total apoptotic cells (early + late 
apoptosis, total Annexin V positive cells) was found with 
DTX + DSF combination (60.5 ± 0.5) over DTX treatment 
(57.3 ± 0.3%). However, a significant increase in the percent-
age of the late apoptotic cells (Annexin V + PI-positive cells) 
was observed with the combination treatment compared to 
DTX alone (DTX: 7.1 ± 0.1%; DTX + DSF: 13.7 ± 0.2%; 
p = 0.000021) (F(9,24) = 4365.06) (Fig. 2a, b). These data 
indicated that DSF co-treatment augmented the DTX medi-
ated apoptosis. Such synergistic activity of DTX and DSF 
combination on apoptosis supports and complements the 
MTT assay results, as recorded earlier (Fig. 1).

Analysis of apoptosis induction by Bax/Bcl‑2 ratio

After observing an increase in the apoptotic cell popula-
tion, we further analyzed the Bax/Bcl-2 ratio to study the 
effect of DTX + DSF on the induction of apoptosis using 
MCF7 cells. With docetaxel (10 nM), we did not observe 
any significant change in Bax and Bcl-2 expression. With 
DSF (100 nM) treatment, we detected a moderate reduc-
tion in Bax while Bcl-2 expression remained unaltered in 
comparison to control. In contrast, with DTX + DSF treat-
ment there was significant increase in Bax (p = 0.000009) 
along with significant reduction in Bcl-2 (p = 0.000005) 
(Bax: F(3,8) = 108.8; Bcl-2: F(3,8) = 84.6), thereby increas-
ing the Bax/Bcl-2 ratio 72 ± 4-fold compared to control 
(p = 0.000002) (F(3,8) = 254.4). These data indicated that 
there was a significant apoptosis induction in DTX + DSF 
treatment by upregulating pro-apoptotic Bax and downregu-
lating anti-apoptotic Bcl-2 (Fig. 2c–e).

Determination of the effect of DTX + DSF combina‑
tion on autophagy

As both DTX and DSF can induce autophagy, we per-
formed MDC assay using both MCF-7 and 4T1 cells treated 

with DTX, or DSF, or their combination (10 nM, 100 nM, 
10 nM + 100 nM, respectively). Fluorescent microscopic 
imaging of the MDC stained cells demonstrated a similar 
response in both MCF-7 and 4T1 cell lines. The majority 
of the cells in the DTX + DSF group were found to show 
MDC fluorescence, whereas, with DSF treatment, a limited 
number of cells were found to have MDC fluorescence. With 
DTX treatment, the number of cells with MDC fluorescence 
was negligible (Fig. 3a). To quantify the number of cells hav-
ing MDC fluorescence, we further analyzed MDC stained 
MCF7 cells by flow cytometry. A significant shift in the 
MDC positive cells was observed in DTX + DSFtreated cells 
(10.6 ± 0.1%) compared to DTX (0.3 ± 0.02%, p = 0.000002) 
and DSF (1.3 ± 0.13%, p = 0.000001) treatment, indicating 
hyper-induction of autophagy with the DTX + DSF combi-
nation treatment (F(3,8) = 3468) (Fig. 3b).

An increase in the MDC fluorescence is an indicator of 
the accumulation of autophagic vacuoles in the cell [28]. 
To further confirm the effect of DTX + DSF treatment on 
autophagy, we quantified the level of the autophagy marker 
LC3B-II in drug-treated MCF7 cells through western blot-
ting. With DTX treatment, there was no significant change 
in LC3B-II expression compared to control (p = 0.930440), 
whereas with DSF (p = 0.000550) or DTX + DSF 
(p = 0.000217), a significant increase in LC3B-II expression 
was observed compared to control (F(3,8) = 34.28) (Fig. 3c).

To explore whether the DTX + DSF combination acti-
vates autophagic flux, we analyzed p62 expression in DTX, 
or DSF, or DTX + DSF treated cells. With DTX treatment, 
no change in LC3B-II expression was found; nonetheless, a 
significant reduction in p62 expression (p = 0.000720) was 
observed, indicating low autophagic induction and increased 
autophagic clearance. With DSF treatment, there was a sig-
nificant increase in both LC3B-II, and p62 (p = 0.000002), 
which signifies a high level of autophagosome formation, 
yet decreased activity in the downstream autophagy. In 
DTX + DSF treatment, a significant increase in LC3B-II 
expression and significant reduction in p62 (p = 0.000884) 
expression was observed, implying induction of high level 
of functional autophagy (F(3,8) = 199.5) (Fig. 3d).

Both MDC data and LC3B-II/p62 expression analysis 
collectively indicate that there is a significant increase in 
autophagy with DTX + DSF treatment compared to DTX 
and DSF alone.

Estimation of ROS with DTX + DSF treatment

Intracellular ROS is a major inducer of autophagy [29, 
30]. ROS induction has been reported previously with both 
DSF as well as DTX treatment [31–33]. To study whether 
ROS has any role in the synergistic cytotoxic activity of the 
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DTX + DSF combination, we have analyzed ROS levels in 
MCF7 and 4T1 cells after treatment with DTX or DSF or 
DTX + DSF combination (10 nM, 100 nM, 10 nM + 100 nM, 
respectively) for 24 h. ROS generated was quantified using 
DCFH-DA fluorescent probe by fluorescent microscopy 
as well as by fluorescent plate reader (Fig. 4a–c). Total 
fluorescence was normalized with respect to control cells. 
A significant increase in ROS levels in the cells treated 
with the combination of DTX + DSF (MCF7: 2.8 ± 0.06; 
4T1: 3.6 ± 0.03) was observed compared to DTX (MCF7: 
1.8 ± 0.09, p = 0.000001; 4T1: 1.4 ± 0.02, p = 0.000002) 
or DSF (MCF7: 2.3 ± 0.1, p = 0.001664; 4T1: 2.5 ± 0.17, 
p = 0.000005) alone in both the cell lines. When the cells 
were pretreated with ROS inhibitor NAC (N-Acetyl-l-
Cysteine), ROS was found to decrease to the basal level 
(MCF7: F(5,12) = 142.9; 4T1: F(5,12) = 216). These data indi-
cate that enhanced ROS generation with the DTX + DSF 
combination may play a critical role in their synergistic 
activity.

Effect of ROS and autophagy on cell death observed 
with DTX and DSF

After observing a significant increase in ROS, autophagy, 
and cell death with DTX + DSF combination therapy, we 
wanted to find out whether this ROS had any potential role 
in cell death. For this, we inhibited ROS by using NAC 
(5 mM), 1 h before treating cells with DTX or DSF or 

DTX + DSF combination (10 nM, 100 nM, 10 nM + 100 nM, 
respectively) and analyzed the cell death using MTT assay 
after 72 h treatment, on 4T1 and MCF7 cell lines (Fig. 5a, 
b). NAC treatment produced a differential effect on the cyto-
toxicity of the DTX or DSF or DTX + DSF treated cells. No 
significant change in the  % survival was observed with NAC 
co-treatment in the DTX treated cells (MCF7: p = 0.536127; 
4T1: p = 0.094975), indicating ROS generation was not the 
major pathway for DTX cytotoxicity. With DSF, a moderate 
increase in cell survival was noted with NAC co-treatment 
(MCF7: p = 0.000004; 4T1: p = 0.000003). However, NAC 
co-treatment was found to have a significant impact on 
the DTX + DSF treated cells, where it almost completely 
reversed the cell death observed in both MCF-7 and 4T1 
cell lines (MCF7: p = 0.000001; 4T1: p = 0.000001) (MCF7: 
F(6,14) = 223; 4T1: F(6,14) = 251.6). This data indicate that 
cell death with DTX + DSF treatment was mainly via ROS 
generation.

To study the contribution of autophagy in the enhanced 
cell death seen with the DTX + DSF combined treatment, we 
have inhibited autophagy using CQ (10 µM) 1 h before treat-
ing MCF7 cells with DTX or DSF or DTX + DSF combina-
tion (10 nM, 100 nM, 10 nM + 100 nM, respectively) and 
analyzed the cell death using MTT assay. CQ pre-treatment 
was found to enhance cell death in all the treatments, DTX 
(p = 0.000038), DSF (p = 0.009377) and DTX + DSF com-
bination (p = 0.001817) (F(5,12) = 390.8) (Fig. 5c).

CQ treatment results in autophagy inhibition at a late 
stage, preventing auto-lysosomal fusion. To understand the 
effect of autophagy inhibition at an early stage, we have used 
ATG5 silencing to prevent the formation of autophagic vacu-
oles, which interrupt the whole autophagy process [34]. We 
have transiently inhibited autophagy in MCF7 cells using 
ATG5 shRNA which resulted in significant reduction in 
ATG5 expression to 0.29 ± 0.011 in comparison to control 
(p = 0.000003, F(2,6) = 290.9) (Fig. 5d). We treated those 
cells with DTX (10 nM) or DSF (100 nM) or DTX + DSF 
(10 nM + 100 nM), and  % cell viability was analyzed using 
MTT assay after 72 h of treatment. Interestingly, it was 
observed that with ATG5 silencing, a significant increase 
in survival of the DTX + DSF treated cells (p = 0.000543), 
which indicates that autophagy is playing a pivotal role for 
the increased cell death found with DTX + DSF co-treat-
ment (F(9,20) = 544.5) (Fig. 5e). With both DTX alone and 
DSF alone treatment, there was a significant increase in cell 
death with ATG5 silencing (p = 0.001185), indicating that 
the autophagy induction in the DTX or DSF treatment was 
a pro-survival autophagy.

Fig. 2   Effect of DTX + DSF on apoptosis. a Dot-plot of the FACS 
analysis for the apoptosis assay on MCF7 cells with control, DTX 
(10 nM), DSF (100 nM), and DTX (10 nM) + DSF (100 nM). b Anal-
ysis of the  % of cells at various stages of apoptotic cell death.  % of 
late apoptotic cells were significantly high in DTX + DSF compared 
to DTX and DSF alone (p = 0.000021). Results were mean ± SEM 
values. The analysis was done using two-way ANOVA followed by 
Bonferroni posttests. c Immunoblotting of Bax protein with DTX 
(10  nM), DSF (100  nM), and DTX + DSF treated MCF7 cells after 
24  h. Compared to control there was no significant difference in 
Bax protein expression in DTX (p = 0.316266), in DSF there was 
significant decrease (p = 0.004183) and in DTX + DSF there was 
significant increase (p = 0.000009). d Immunoblotting of Bcl-2 pro-
tein with DTX, DSF, and DTX + DSF treated cells. Bcl-2 protein 
expression was not significantly different in DTX and DSF (DTX: 
p = 0.981617, DSF: p = 0.974966) whereas it was significantly 
decreased in DTX + DSF (p = 0.000005) compared to control. e Bax/
Bcl-2 ratio in DTX, DSF and DTX + DSF. Bax/Bcl-2 ratio was not 
changed significantly in DTX (p = 0.999797) and DSF (p = 0.998654) 
compared to control whereas with DTX + DSF treatment it was sig-
nificantly increased compared to control (p = 0.000002). Results were 
mean ± SEM values. The analysis was done using one-way ANOVA 
followed by post hoc Tukey’s test
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Effect of different autophagy inhibitors in the DTX 
and DSF treated cells

To confirm the differential effect of CQ and ATG5 shRNA 
treatment on cell survival, we have analyzed the level of 
autophagy using MDC fluorescence after pretreating MCF7 
cells with CQ or ATG5 shRNA followed by DTX + DSF 
treatment for 24 h. A significant increase in MDC fluores-
cence was observed with CQ + DTX + DSF as compared to 
DTX + DSF, indicating a higher level of autophagosome 
accumulation. On the contrary, with ATG5 shRNA treat-
ment, there was a significant reduction in MDC fluores-
cence, implying a reduction in autophagy (Fig. 6a). To fur-
ther confirm this observation, we have analyzed the LC3B-II 
expression with the same treatments. A significant increase 
in LC3B-II expression in CQ + DTX + DSF (27.08 ± 0.528, 
p = 0.000001) compared to DTX + DSF (5.42 ± 0.218) 
was detected, whereas ATG5-shRNA + DTX + DSF 
(2.44 ± 0.052, p = 0.000016) has shown decrease in LC3B-
II expression compared to DTX + DSF; (F(5,12) = 1757) 
(Fig.  6b). Both MDC fluorescence study and LC3B-II 
expression analysis indicated that DTX + DSF treatment 
resulted in hyper induction of autophagy and accumulation 
of autophagic vacuoles, which triggered apoptotic cell death. 
The autophagic flux inhibition with CQ led to even higher 
accumulation of autophagic vacuoles, whereas autophagy 
inhibition with ATG5 shRNA reduced autophagosome for-
mation and cytotoxicity.

Analysis of ROS and autophagy in synergistic cyto‑
toxicity of DTX + DSF

ROS generation is a known trigger for the induction of 
autophagy [35]. Hence, we wanted to find out whether 
autophagy induction by the DTX + DSF combination is 
ROS dependent or not. MCF7 cells were given NAC pre-
treatment along with DTX + DSF treatment, and MDC 
fluorescence was analyzed using fluorescent microscopy. 
NAC pre-treatment was found to reduce MDC fluores-
cence in the DTX + DSF treated cells (Fig. 7a). Concur-
rently, LC3B-II expression analysis by western blotting 
had also shown ROS inhibition by NAC pre-treatment, 
which restored the LC3B-II to the basal level in the 
DTX + DSF treated cells, suggesting ROS was responsible 
for the overall autophagy state in the DTX + DSF treated 
cells. LC3B-II expression in DTX + DSF was 6.21 ± 0.865 
and NAC + DTX + DSF was 1.14 ± 0.08 (p = 0.000174, 
F(3,8) = 33.42) (Fig. 7b). Both these data together indicated 
ROS was the major pathway for autophagy induction with 
this treatment.

Discussion

The most common problem of cancer chemotherapy is the 
desensitization of the tumor cell towards the drug, which 
leads to therapy failure and relapse of the disease. DTX is 
a potent anticancer agent, against which tumor cells can 
develop resistance by inducing autophagy [10–12]. The 
importance of autophagy for the generation of drug resist-
ance has been reviewed extensively [36]. It has been pro-
posed that autophagy modulation can sensitize the can-
cer cells towards chemotherapeutic drugs [36]. Mostly 
autophagy inhibitors have been tested for this purpose as 
autophagy helps in the survival of the cancer cells. However, 
it has been demonstrated that autophagy acts as a double-
edged sword in tumor cells. Low autophagy induction has 
been linked with the development of resistance, whereas 
hyper-induction of autophagy has shown to promote cell 
death [37]. Thus, multiple autophagy inducers are under 
clinical trial or clinically used for cancer treatment [38].

As the use of autophagy inhibitors with DTX co-treat-
ment did not result in favorable clinical outcomes [15], 
we wanted to evaluate the other extreme: hyper-induction 
of autophagy to potentiate DTX activity. The potential of 
an autophagy inducer to enhance DTX activity has been 

Fig. 3   MDC assay and LC3B-II expression together indicate the 
induction of autophagy in DTX + DSF treatment. a MDC assay using 
fluorescent microscopy with DTX, DSF, and DTX + DSF treated cells 
showing increased green fluorescence in DTX + DSF treatment com-
pared to control, DTX, and DSF in both MCF7 and 4T1 cell lines. 
The scale bar in the image indicates 50 µm. b MDC assay using flow 
cytometry with DTX, DSF, and DTX + DSF treated MCF7 cells, 
indicating increased MDC fluorescent cells in DTX + DSF treat-
ment compared to DTX and DSF alone. c Immunoblotting of LC3-
II protein with DTX, DSF, and DTX + DSF treated MCF7 cells. 
LC3B-II expression in DTX group was not significantly different 
from control (p = 0.930440) whereas there was significant increase 
in DSF (p = 0.000550) and DTX + DSF (p = 0.000217). Results were 
mean ± SEM values. The analysis was done using one-way ANOVA 
followed by post hoc Tukey’s test. d Immunoblotting of p62 protein 
with DTX, DSF, and DTX + DSF treated MCF7 cells. p62 expression 
in DTX was significantly decreased (p = 0.000720), in DSF it was 
increased significantly (p = 0.000002) and in DTX + DSF it was sig-
nificantly decreased (p = 0.000884) compared to control. Results were 
mean ± SEM values. The analysis was done using one-way ANOVA 
followed by post hoc Tukey’s test
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demonstrated previously. Buoncervello et al. have shown 
that combination treatment of DTX with apicidin, which is 
an autophagy inducer, improves cytotoxic potency of DTX 
[39]. However, apicidin is not very potent: it is effective 
at a very high dose of 1000 nM. Also, it is not a clinically 
approved drug. To find an alternative to such drawbacks, we 

wanted to evaluate a clinically available, potent autophagy 
inducer to enhance DTX activity.

DSF is a clinically approved drug. Though it is primarily 
used for the treatment of alcoholism, it is reported to have 
autophagy inducing activity, targeting different pathways 
such as proteasomal inhibition, NFĸB inhibition, ALDH 
inhibition, etc. [20]. DSF has shown to synergistically 
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improve the cytotoxic efficacy of multiple anticancer drugs, 
including 5-fluorouracil [40], doxorubicin [41], and gem-
citabine [42]. In a Phase IIb clinical trial, DSF co-treatment 
exhibited enhanced efficacy with cisplatin and vinorelbine 
against non-small cell lung cancer [43].

In the current study, we have observed highly syner-
gistic cytotoxic activity with DTX and DSF co-treatment 
(Fig. 1, Table 1). DSF was found out to be highly potent 
(with 100 nM dose) in augmenting the cytotoxic activity of 
DTX, compared to apicidin. Analysis of the  % of apoptotic 
cells pointed out the increased conversion of early apoptotic 
cells to the late apoptotic cells with this combination, point-
ing towards higher apoptosis induction (Fig. 2a, b). While 
analyzing the involvement of Bax/Bcl-2, it was observed 

that DTX treatment did not cause any significant change in 
the Bax/Bcl-2 ratio (Fig. 2c, d), indicating Bcl-2 independ-
ent cell death. Bcl-2 independent cytotoxicity of DTX has 
been reported earlier [44, 45]. With DSF treatment, no sig-
nificant change in the Bax/Bcl-2 ratio was observed, as the 
tested dose of DSF did not cause any significant apoptosis 
(Fig. 2a, b). However, with DTX + DSF, there was a signifi-
cant increase in the Bax/Bcl-2 ratio indicating the induc-
tion of Bax and Bcl-2 dependent apoptosis. Bcl-2 plays an 
important role in both apoptosis and autophagy: it can also 
inhibit autophagy by binding to Beclin-1, an autophagy 
inducer [46]. The decreased Bcl-2 level has been associated 
with the induction of autophagy [47].

In our study, an increased accumulation of autophagic 
vacuoles was found with this combination compared to 
both DTX and DSF alone (Fig. 3a, b). DTX treatment was 
found to induce autophagic flux (no change in LC3B-II and 
decreased p62), whereas, with DSF treatment, there was 
higher autophagosome formation, and reduced autophagic 
flux (increase in both LC3B-II and p62). An increase in both 
LC3B-II and p62 with DSF treatment has been reported 
earlier as well [48]. In the DTX + DSF treated cells, both 
autophagosome formation and increased flux were observed 
(increase in LC3B-II and reduction in p62) (Fig. 3c, d). This 
combined treatment was also found to induce intracellular 
ROS generation, and inhibition of ROS by NAC was found 
to abolish almost all the cytotoxicity of the combination 
(Figs. 4 and 5a, b), pointing a major role of ROS. ROS is 
known to be a major inducer of autophagy [29], and this 
combination may work through that pathway.

Increased autophagy is observed in many cell death situa-
tions, which may be a failed attempt to attenuate cell damage 
[49]. On the other hand, autophagy itself can also induce 

Fig. 4   Hyper induction of ROS in DTX + DSF treatment. a Flu-
orescent microscopic images of DCFDA stained MCF7 and 
4T1 cells after treatment with DTX, DSF, DTX + DSF, NAC 
and NAC pretreated DTX + DSF showing increased DCF fluo-
rescence in DTX + DSF compared to control, DTX, and DSF. 
Scale bar in the image indicates 100  µm. b, c ROS analysis by 
DCFDA assay using fluorescent plate reader with DTX, DSF, 
DTX + DSF, NAC and NAC pretreated DTX + DSF of MCF7 and 
4T1 respectively. In case of MCF7, DCF fluorescence increased 
significantly in DTX (p = 0.000012), DSF (p = 0.000001) and 
DTX + DSF (p = 0.000001) compared to control. DCF fluores-
cence in DTX + DSF also increased significantly compared to DTX 
(p =0.000001) and DSF (p =0.001664) alone. In case of 4T1, DCF 
fluorescence increased significantly in DTX (p = 0.046288), DSF 
(p = 0.000001) and DTX + DSF (p = 0.000001) compared to control. 
DCF fluorescence in DTX + DSF also increased significantly com-
pared to DTX (p = 0.000001) and DSF (p = 0.000005) alone. With 
NAC + DTX + DSF the DCF fluorescence decreased almost equal to 
control in both 4T1 and MCF7 indicating NAC inhibition of DCF flu-
orescence in DTX + DSF. Results were mean ± SEM values. Analysis 
was done using one-way ANOVA followed by post hoc Tukey’s test
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cell death [50]. It is critical to understand whether any 
autophagy observed is a survival attempt or it would lead to 
autophagy-dependent cell death (ADCD) [51]. In the case 
of the ADCD, inhibition of autophagy would protect the cell 
from death. To evaluate whether the autophagy induced by 
the DTX + DSF combination was responsible for ADCD, we 
tested two autophagy inhibitors, one autophagic flux inhibi-
tor (CQ) and another autophagosome formation inhibitor 
(ATG5 silencing [ATG5Si]). Surprisingly, inhibition of 
autophagy at these two different stages resulted in two oppo-
site outcomes: inhibition with CQ resulted in higher cell 
death, whereas ATG5Si produced lower cell death (Fig. 5c, 
e). To decipher this contradiction, we analyzed the number 
of autophagic vacuoles formed with these two inhibitors. 

Autophagic flux inhibition with CQ resulted in a signifi-
cantly higher vacuole accumulation, whereas inhibition of 
autophagosome formation with ATG5Si led to lower vacuole 
accumulation (Fig. 6a). The same observation was found 
with LC3B-II level as well: CQ produced increased LC3B-II 
level, and with ATG5Si, LC3B-II level decreased (Fig. 6b).

CQ inhibits autophagosome fusion with the lysosome, 
thereby preventing clearance of the autophagic vacuoles 
[52]. Hence, CQ pre-treatment would result in hyper-accu-
mulation of autophagic vacuoles, which can cause oxida-
tive stress, DNA damage, and cytotoxicity [53]. Whereas, 
ATG5 silencing would prevent the formation of autophago-
some, which interrupts the whole autophagy process [34]. 
Higher cell death with the CQ treatment may be attributed to 
increased accumulation of autophagic vacuole and enhanced 
autophagic load. Similar observation with CQ treatment has 
been reported previously as well [54]. On the other hand, 
autophagy inhibition at an early stage with ATG5 silencing 
produced decreased autophagic vacuole and reduced cell 
death. This data indicate that autophagy is playing a pivotal 
role in the cell death found with DTX + DSF co-treatment. 
ATG5 silencing in the DTX treated cells resulted in a sig-
nificant increase in cell death, indicating DTX produced 
pro-survival autophagy, which is also supported by previ-
ous studies [55].

Lastly, we found out that the autophagy induction by 
DTX + DSF treatment was dependent on ROS and ROS 
inhibition resulted in decreased autophagosome formation 
(Fig. 7a). Also, ROS inhibition restored the LC3B-II to the 
basal level in the DTX + DSF treated cells (Fig. 7b), sug-
gesting ROS was the major pathway for autophagy induction 
with this treatment. It has been demonstrated that ROS can 
also downregulate Bcl-2 expression [56]. Altogether, these 
data indicate that the DTX + DSF treatment-induced ROS 
production, which resulted in both autophagy and apoptosis 
mediated cell death.

This study demonstrated that DSF could effectively sen-
sitize breast cancer cells for DTX therapy by modulating 
ROS and autophagy. Hence, this strategy can be developed 
as a therapeutic approach for cancer treatment in the future.

Fig. 5   Analysis of the effect of ROS and autophagy inhibition 
on the cytotoxic potency of DTX + DSF combination. a, b MTT 
assay on 4T1 and MCF7 cells with DTX, DSF, DTX + DSF, and 
NAC pretreated DTX + DSF. In both 4T1 and MCF7 there was 
no significant difference in cytotoxicity of DTX and NAC + DTX 
(MCF7: p = 0.536127; 4T1: p = 0.094975) indicating there was 
no effect of ROS on cytotoxicity of DTX (10  nM). In case of DSF 
(MCF7: p = 0.000004; 4T1: p = 0.000003) and DTX + DSF (MCF7: 
p = 0.000001; 4T1: p = 0.000001), NAC treatment significantly 
decreased the cytotoxicity, indicating ROS was playing a signifi-
cant role in their cytotoxicity. Results were analyzed using one-way 
ANOVA followed by post hoc Tukey’s test. c MTT assay on MCF7 
cells with DTX, DSF, DTX + DSF, and along with CQ (10 µM) co-
treatment. CQ co-treatment significantly increased the cytotoxic-
ity of DTX (p = 0.000038), DSF (p = 0.009377) and DTX + DSF 
(p = 0.001817). Results were analyzed using one-way ANOVA 
followed by post hoc Tukey’s test. d ATG5 silencing by shRNA in 
MCF7 cell lines. When ATG5 was silenced by transient transfection 
of shRNA, expression of ATG5 decreased to almost 30% compared 
to control as well as scrambled. Results were analyzed using one-
way ANOVA followed by post hoc Tukey’s test; error bars indicate 
SEM. e MTT assay on MCF7 cells with DTX, DSF, DTX + DSF, 
and after ATG5 silencing with ATG5 shRNA. With DTX, there 
was a significant increase in cytotoxicity after ATG5 silencing 
(p = 0.001185). With DSF, there was no significant change after 
ATG5si (p =0.343044), whereas with DTX + DSF, there was a sig-
nificant decrease in cytotoxicity with ATG5si (p = 0.000543). There 
was no significant change in cytotoxicity between DTX + DSF and 
DTX + DSF + Scambled (p = 0.863452), indicating there was no 
effect of scrambled on cytotoxicity. Results were mean ± SEM values. 
It was analyzed using one-way ANOVA followed by post hoc Tukey’s 
test
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Fig. 6   Differential effects 
of CQ and ATG5 silenc-
ing on the autophagosome 
formation in the DTX + DSF 
combination-treated MCF7 
cells. a MDC fluorescence 
microscopic images showing 
an increase in MDC fluores-
cence in DTX + DSF + CQ 
treatment and a decrease 
in DTX + DSF + ATG5Si 
compared to DTX + DSF. The 
scale bar in the image indicates 
50 µm. b Analysis of LC3B-
II expression in DTX + DSF, 
CQ + DTX + DSF, and ATG5-
ShRNA + DTX + DSF. With 
DTX + DSF + CQ, there was a 
significant increase in LC3B-
II compared to DTX + DSF 
(p = 0.000001). With 
DTX + DSF + ATG5Si, there 
was a significant decrease in 
LC3B-II expression compared 
to DTX + DSF (p = 0.000016). 
Results were mean ± SEM 
values. The analysis was done 
using one-way ANOVA fol-
lowed by post hoc Tukey’s test
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