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Background: 2-thio-6-azauridine (TAU) is a nucleoside analog and potential
antiviral drug. The antiproliferative activity of TAU has been evaluated in limited
cancer cell lines. The present study is aimed to evaluate the effect of TAU on drug
sensitization mechanism in paclitaxel (PTX) resistant triple-negative breast cancer
(TNBC) cells.
Methods: The cell death mechanism was determined using MTT, BrdU incorporation,
apoptosis, and DNA damage Western blot and RT-PCR assays. A specific ELISA method
was used to determine the caspase-3 activity and expression levels of MRP1, MDR1, BCRP,
and MRP8. Western blot analysis was used to assess the expression of CD151, MRP1,
MDR1, and BCRP in CD151 overexpressing PTX-resistant TNBC cells.
Results: The combination of TAU and PTX (10:20nM) synergistically inhibited
the 50% viability of 12-fold PTX-resistant TNBC cells. Mechanistically, the
combination inhibited the proliferation by arresting the cell cycle at the G2M phase
and induced apoptosis by altering cell integrity and nuclear morphology as well as
damaging DNA. The combination sensitized the PTX-resistant TNBC cells by
increasing BAX and decreasing Bcl-2 expression, activating caspase-3, and reducing
the expression of ABC transporters MRP1 and MDR1. The combination reduced the
expression of MRP1 and MDR1 in CD151 overexpressing PTX-resistant TNBC
cells, indicating the role of CD151in TAU mediated sensitization of PTX-resistant
TNBC cells. The combination also reduced the mammosphere formation efficiency
of PTX-resistant TNBC cells.
Conclusion: Overall, the present study illustrated the promising ability of TAU in
sensitizing drug-resistant TNBC cells to PTX.
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INTRODUCTION
Triple-negative breast cancer (TNBC) is a clinically
challenging heterogeneous subtype with poor
differentiation, high proliferation ability, reduced fiveyear survival, increased relapse, and rapid drug
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resistance development.1 Among the subtypes, 10–
20% is TNBC, which is highly aggressive due to the
absence of typical hormone receptors and amplified
Her2/neu. Paclitaxel (PTX) is a first-line chemotherapeutic drug for breast cancers. Approximately 1/3 of
PTX-resistant breast cancers are triple-negative.
The combination of PTX with conventional chemotherapeutics was reported to enhance the survival of
TNBC patients. The combination of PTX with a
weekly dose of 5-Fluorouracil exhibited high efficacy
against metastatic breast cancer in the phase II study.2
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Several clinical trials explored the possibility of
combining the PTX with other cytotoxic drugs with
proven efficacy against breast cancer.2-4 However, the
development of resistance limited conventional therapeutics in combination with PTX against TNBC.5
Thus, elucidating the molecular mechanism of the PTX
resistance and developing a new combination drug
therapy for TNBC are urgently needed to decrease
TNBC related mortality.
The integration of targeted and conventional
antitumor chemotherapeutics could support the design
of combination strategies for breast cancer treatment.6
Naturally-derived small molecules are being documented to discover cancer drugs.7 Previously, 2-thio-6azauridine (TAU) was reported to be an antiviral agent
against viruses.8 It is known to inhibit HIV-1 infection
in HeLa cells and antitumor agents against L1210
Leukemia.9,10 TAU also targeted CD151 and inhibited
the viability of the MDA-MB-231 cells.11
Therefore, the development of novel combinations
containing PTX with targeted therapeutics to combat
drug-resistant TNBC is the focus of current research.
This study is intended to establish the role of TAU in
sensitizing PTX-resistant MDA-MB-231(mesenchymal stem-like; basal B) and -MDA-MB-468 (basal-like
1; basal A) TNBC cells. In the present study, we
demonstrate that a combination of TAU and PTX
synergistically inhibits the viability of PTX-resistant
TNBC cells. We show that, mechanistically, the
combination inhibits the proliferation of PTX-resistant
TNBC cells by arresting the cell cycle at the G2M
phase and induced apoptosis by altering cell integrity,
nuclear morphology, and damaging DNA. Another
finding of the study is that the combination sensitizes
the PTX-resistant TNBC cells by increasing BAX and
decreasing Bcl-2 expression, activating caspase-3, and
reducing the expression of ABC transporters MRP1
and MDR1. The combination also reduces the
expression of MRP1 and MDR1/p-glycoprotein in
CD151 overexpressing PTX-resistant TNBC cells
indicating the role of CD151in TAU mediated
sensitization of PTX-resistant TNBC cells. The specific objective of this study is to sensitize PTX-resistant
TNBC cells by targeting mammospheres formation
and ABC transporters using antiviral drug TAU.
Overall, the present study shows the effectiveness of
TAU in the treatment of PTX-resistant TNBC cells.
METHODS
Cell lines and culture
TNBC cell lines (MDA-MB-231 and MDA-MB468) were procured from NCCS (Pune, India) and
cultured in DMEM (Invitrogen, USA) that contained
100 units of pen-strep antibiotic and 10% FBS
(Invitrogen, USA) under 5% CO2 atmosphere in the
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incubator. Chemicals, TAU (98% pure) and PTX (97%
pure), were commercially purchased (Sigma, USA).
Resistant cell line generation
An alternating, stepwise treatment method was used
to develop PtxR-MDA-MB-231 and PtxR-MDA-MB468 cell lines. The wild types of MDA-MB-231 and
MDA-MB-468 cells were exposed to PTX at IC30 for
five days. Then, cells were grown in a medium without
the drug for 5 days and again treated with PTX (IC40).
This step was repeated until the cells effectively
expanded to 70% confluency under PTX (IC40) treatment. Then, cells were maintained in the presence of
PTX (IC60) for 5 days. Single-cell clones (PtxR/TNBC) were then attained by serial dilution in a 96well plate and expanded.
Population doubling time (PDT)
PtxR/MDA-MB-231 and PtxR/MDA-MB-468 cells (2.0×105 cells/ml) were cultured for 3 days, and the
number of cells was determined by an automated cell
counter (Invitrogen, USA) after staining with trypan
blue at every 24 h. The PDT was calculated using an
online algorithm software provided at http://www.doubling-time.com.
MTT cytotoxic assay
The PtxR/ TNBC cells (3.0x103 cells/well) in a 96well plate were treated with TAU (10-50nM) or PTX
(10-50nM) or with various combinations (5:10, 10:20,
15:30 and 20:40nM) for 48h. 200ul of MTT solution
(Sigma, USA) at a concentration of 5mg/ml was added
to each well. After 3 h of incubation, absorbance has
been measured by using a microplate reader at 570nm.
Cytotoxicity was presented as a percent of untreated
PtxR cells. Experiments were repeated three times
(n=3), and the results were statistically expressed as
mean ± SD.12
Drug interaction analysis
The synergistic, additive, or antagonistic cytotoxic
impact of TAU and PTX was analyzed by the
combination index (CI) method.13 The dose-effect
curve for individual and combination treatments was
generated and CI value for each treatment and
consequent fraction affected (fa); the fraction results
and data were calculated using CompuSyn software.
The Fa–CI plots were constructed for evaluation of
drug interactions by the simulation of CI values against
fa levels ranging from 0.1 to 0.95. Experiments were
repeated three times (n=3), and the results were
statistically expressed as mean ± SD.
BrdU proliferation assay
The effect of TAU (10nM), PTX (20nM), and their
effective combination (10:20nM) on PtxR/TNBC cell
proliferation was assessed using the BrdU cell
proliferation assay kit (Millipore, USA) as described
earlier.14 Overnight-grown cells with 80% confluence
were treated with TAU, PTX, and their combination
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for 48h. Then, cells were treated with diluted BrdU for
12h. After fixing with a fixative solution, cells were
incubated for 30min, followed by an anti-BrdU
antibody (1:100) for 1h. Subsequently, cells were
washed and incubated with conjugated secondary antibody (1:500) for 30min. Then, cells were incubated
with tetramethylbenzidine in the dark for 15min.
Immediately after adding a stop solution, the absorbance was determined using a multi-well plate reader
at a dual-wavelength of 450 and 540nm. Experiments
were repeated three times, and the results (n=3) were
statistically expressed as mean ± SD. Twenty PTXresistant (PaxR/TNBC) cell line clones were
recognized by limiting the dilution cloning method.
The fold change of IC50 compared to parental cell lines
was plated using Origin software (Version, 2021).
Cell cycle analysis
Overnight-grown PtxR/TNBC cells with 80%
confluence were exposed to a combination of TAU
(10nM) and PTX (20nM) for 48h. After treatment,
cells were washed with 1X phosphate buffer saline
(PBS). Then, cells were exposed to propidium iodide
containing RNase A (10μg/ml) for 30min in dark. The
content of DNA in the cells (1.0x104) at various phases
was analyzed using a Flow Cytometer with ≥10,000
events from each sample with Ex/Em wavelength of
488/530 nm. The distribution of cells in each phase was
expressed in percent control.15 Experiments were
repeated three times (n=3), and the results were
statistically expressed as mean ± SD.
Apoptosis by TUNEL assay
PtxR/TNBC cells were treated with TAU (10nM),
PTX (20nM) and their combination (10:20nM) for 48
h. Then, cells were incubated with TUNEL reagent
(R&D Systems, USA) for 1h. After staining with
DAPI, cells were visualized under fluorescent
microscopy. The percentage of green fluorescent cells
(TUNEL-positive) was expressed by comparing with
DAPI-stained cells.16 Experiments were repeated three
times (n=3).
Dual AO/EtBr fluorescent staining
PtxR/TNBC cells (2.0×103cells /well) were treated
with TAU (10nM), PTX (20nM) and their combination
(10:20nM) for 48h. Untreated wells were considered as
control. Cells were incubated with 100μg/ml of
acridine orange (AO) and ethidium bromide (EtBr) for
1h. The morphological features of cells were recorded
using a fluorescent microscope,17 and the percentage of
cell damage index was calculated.18 Experiments were
repeated three times (n=3).
Reverse transcriptase-PCR (RT-PCR) analysis
TRIzol reagent was used to isolate total RNA
PtxR/TNBC cells.19 The isolated RNA was
transformed to cDNA and amplified with PCR reagent
(Invitrogen, USA) and gene-specific primers using
RT-PCR set under conditions of initial denaturation
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(95°C for 3min), 35 cycles of amplification: 94°C
(45s); 55°C (30s); and 72°C (90s) and subsequent
extension (72°C) for 10min. GAPDH was used as an
internal control. The PCR products were resolved in
1% agarose electrophoresis gel.20 The primers are
GAPDH (F) 5'-GAGTCAACGGATTTGGTCGTAT3' (R) 5'-AGCCTTCTCCATGGTGGTGAAGAC-3';
BAX (F) 5'-AGTGGCAGCTGACATGTTTT-3' (R)
5'-GGAGGAAGTCCAATGTCCAG-3'; Bcl-2 (F)5'CCGGGAGATCGTGATGAAGT-3'
(R)5'ATCCCAGCCTCCGTTATCCT-3'.
Experiments
were repeated three times (n=3). The images were
analyzed using Image J software and the results were
statistically expressed as mean ± SD.
Western blotting
After treatment, total protein was extracted with
RIPA buffer (Sigma, USA) and resolved by SDSPAGE, blot transferred to a Polyvinylidene fluoride
(PVDF) membrane, and incubated with specific
primary antibodies (1:1000) (Millipore, USA),
followed by HRP tagged secondary antibodies
(1:5000) (Millipore, USA).21 The densitometry was
performed using Image J software (NIH, USA).
Experiments were repeated three times (n=3).
Caspase 3 activity assay
Cleaved caspase-3 activity was assessed using
colorimetry-based assay (Chemicon International Inc.,
Temecula, CA). Following the treatment, cell lysate
from treated and untreated PtxR/TNBC cells was
transferred to a microplate and incubated overnight
with Ac-DEVD-pNA. Then, the activity of caspase 3
was determined.22 Experiments were repeated three
times (n=3), and the results were statistically expressed
as mean ± SD.
ELISA for MRP-1, MDR1, BRCP, MRP-8
The MRP-1, MDR1, BRCP, and MRP-8 protein
levels in PtxR/MDA-MB-231 and PtxR/MDA-MB468 cells untreated or treated with a combination of
TAU and PTX were measured using specific ELISA
kits (MyBiosource.com, USA). Then, cells were
washed with PBS and pelleted down by centrifugation
(3000rpm, 5min). After lysis of cells, protein content
was determined by the BCA method (Invitrogen,
USA), and was distributed (20µg/well) into 96-well
plate pre-coated with antibodies specific to MRP-1,
MDR1/p-glycoprotein, BRCP, and MRP-8. Then,
wells were incubated with HRP-conjugated secondary
antibody for 30min. Following incubation, the reaction
was arrested by the addition of stop solution, and absorbance was computed with an ELISA reader set at 450
nm. Experiments were repeated three times (n=3), and
the results were statistically expressed as mean ± SD.
Transfection with a CD151 expression plasmid
After attaining 80% confluence, PtxR/TNBC cells
(approx. 3.0x105 cells/well) in 6-well plates were
transfected with 1µg of full-length CD151 expression
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the Student t-test. For statistical significance, confidence level was set at 5% (P<0.05).

plasmid (OriGene, Cat# SC319271) using 3mL of
Lipofectamine transfection reagent (Invitrogen, USA).
After 24h of transfection, cells were washed and left
untreated or treated with a combination of TAU and
PTX for 48h. The expression of CD151, MRP1,
MDR1, and BCRP proteins was determined by western
blotting. Experiments were repeated three times (n=3).
Mammosphere assay
After treatment with a combination of TAU and
PTX
(10:20nM),
PtxR/MDA-MB-231
and
PtxR/MDA-MB-468 cells were supplemented with
tumorsphere-XF medium and incubated in a
humidified chamber at 37˚C with 5% CO2 for seven
days. Then, TAU treated mammospsheres were
dissociated and cells were analyzed for the expression
of CD44 and CD24 by flow cytometry. Untreated cells
were served as control. After incubation, the image of
tumorospheres were captured under phase-contrast
microscopy at 40X magnification, and the number of
mammospheres was counted. The mammosphere
formation efficiency was calculated using the formula:
Mammosphere formation efficiency (%)=No. of
mammospheres per well/No. of cells seeded per
well×100. Experiments were repeated three times
(n=3), and the results were statistically expressed as
mean±SD.
Statistical analysis
Every experiment was performed separately for
three times, and the results were statistically expressed
as mean±SD. Statistically significant differences between control and target groups were determined using

RESULTS
Development of PTX-resistant cell clones
To develop PTX-resistant cell line clones, MDAMB 231 and MDA-MB-468 cells were exposed to
19nM (IC30), 24nM (IC40), and 32nM (IC60) of PTX in
an intermittent and stepwise manner. Twenty PTXresistant (PtxR/TNBC) cell line clones were
recognized by limiting the dilution cloning method
(Supplementary Figure 1). Only 12-fold PtxR/TNBC
clones were chosen for further study. The cell-line
growth curves were usually applied for the determination of population doubling time, maximum
growth rate, and best time range for evaluating the
effect of drugs.23 As a preliminary study, population
doubling time (PDT) of PtxR/MDA-MB-231 and
PtxR/MDA-MB-468 cell clones and their parental cell
types was evaluated by counting Trypan blue-stained
cells.24 The PDT of the PtxR/MDA-MB-231 cell
clones was 72±1h, and that of MDA-MB-231 was
38±1h, whereas the PDT of PtxR/MDA-MB-468 cell
clones was 72±1h and that of MDA-MB-468 cells was
47±1h (Supplementary Figure 2). High PDT indicates
a slower growth rate of drug-resistant cells. The drugresistant cells with reduced growth rate potentially alter
the inhibitory activity of chemotherapeutic drugs
compared to cells with a higher growth rate.25

Supplementary Figure 1. Development of PTX-resistant cell
lines. MDA-MB-231 cells were exposed first to 19nM (IC30),
followed by 24nM (IC40) and finally 32nM (IC60) in an
intermittent manner for 5 days. Similarly, MDA-MB-468 cells
were treated with 19.36 (IC30), 26.1 (IC40), followed by 38.74
(IC60). Single clones were obtained by serial dilution, clones
were grown to 80-90% confluency and IC50 value of PTX was
determined. Changes in IC50 compared to parental cell lines
were determined. The experiment was repeated 3 times (n=3).
The results were expressed as mean±SD.

Effect of TAU and PTX on the viability of
PtxR/TNBC cells
The nucleotide analog TAU reduced the
proliferation of TNBC cells as well as CD151
expression.11 The cell-line growth curves were usually
applied for the determination of population doubling
time, maximum growth rate, and best time range for
evaluating the effect of drugs. The cells were treated
with TAU (10-50nM) for 24h and IC50 value was
Marni et al. Arch Breast Cancer 2022; Vol. 9, No. 1: 50-65

precalculated as 29.91nM against MDA-MB-231 and
32.28nM against MDA-MB-468 cells. By considering
the double-time, the cytotoxic effect of TAU or PTX
on PtxR/MDA-MB231 and PtxR/MDA-MB-468 cells
was determined at 65 h. The viability of untreated PtxR
MDA-MB-231 and PtxR/MDA-MB-468 cells was
considered 100%, and viability of treated cells was
expressed in percent control.
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Supplementary Figure 2. Population doubling time of
PTX resistant TNBC cell clones. PtxR/MDA-MB-231
and PtxR/MDA-MB-468 cells (2×105 cells/ml) were
cultured for 3days, and the number of cells was
determined by an automated cell counter (Invitrogen,
USA) after staining with trypan blue at every 24h. The
experiment was repeated 3 times (n=3). The PDT was
calculated using an online algorithm software provided
at http://www.doubling-time.com. The results were
expressed as mean±SD.

The viability of PtxR/MDA-MB-231 and 468 cells
was reduced with 10, 20, 30, 40 and 50nM of TAU,
respectively at 72h (Figure 1a). The percentage of
reduction in viability was shown in the Table 1. The
result shows that the percentage of viability was
decreased with an increase in the concentration of TAU
from 10-50nM.
The viability of PtxR/ MDA-MB-231 and 468 cells
was also decreased with 10, 20, 30, 40 and 50nM of

PTX, respectively (Figure 1b). The percentage of
reduction in viability was shown in the table 1. The
result shows that the percentage of viability was
decreased with an increase in the concentration of PTX
from 10-50nM. The IC50 value of TAU was found to
be 22.91 and 23.72nM against PtxR/MDA-MB-231
and PtxR/MDA-MB-468 cells, respectively, while
PTX was 41 and 42nM, respectively at 72h.

Table 1. Effect of TAU and PTX on the viability of TNBC cells
Cell type

Concentration (nM)
TAU

PTX

10

37.86±0.44

27.30 ± 0.32

20

46.88±0.42

34.81 ± 0.56

30

59.96±0.62

48.72 ± 0.21

40

76.89±0.69

57.94 ± 0.78

50

85.84±0.72

61.92 ± 0.51

10

33.46±0.28

26.12 ± 0.64

20

41.66±0.52

29.14 ± 0.44

30

56.64±0.54

43.32 ± 0.86

40

70.84±0.68

49.61 ± 0.66

50

79.84±0.64

54.42 ± 0.97

The combination of TAU and PTX on the viability
of PtxR/TNBC cells at 24h with 5:10,10:20,15:30, and
20:40nM was evaluated. The viability of PtxR/MDAMB-231 cells was reduced by 35.24 ± 0.82, 49.42 ±
0.69, 75.22 ± 0.39, 86.12 ± 0.55 and 95.24 ± 0.71%,
whereas the viability for PtxR/MDA-MB-468 cells
was reduced by 31.24 ± 0.37, 47.31 ± 0.29, 75.62 ±
0.61 ± 0.88, and 94.1 ± 0.99% with 5:10, 10:20, 15:30
and 20:40nM combination of TAU and PTX,
respectively (Figure 1c). The results indicated that the
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Viability

viability of both PtxR/MDA-MB-231 and PtxR/MDAMB-468 cells was reduced to 50% with a combination
of TAU and PTX at 10:20nM combination. These
results indicated that the combinational treatment of
PTX and TAU was more significant at low doses than
the individual drug treatments against PtxR/TNBC
cells.
The synergistic cytotoxicity of TAU and PTX on
PtxR/TNBC cells was calculated by the combination
index method, and the combination index (CI) was
Marni et al. Arch Breast Cancer 2022; Vol. 9, No. 1: 50-65
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determined.15 The CI values from 0 to 3 and their
corresponding effect levels were plotted in
combination index curve (Fa–CI plot) (Figures 1d and
e). The CI index at actual experimental points was 0.22,
0.94, 0.85 and 0.90 and Fa was 0.22, 0.96, 0.82 and
0.96 at 5:10, 10:20 ,15:30 and 20:40nM for combination of TAU and PTX for PtxR/MDA-MB-231
cells. The CI index of TAU and PTX for PtxR/MDAMB-468 cells was 0.32, 0.31, 0.57 and 0.79, whereas,
Fa value was 0.23, 0.30, 0.55 and 0.78. The CI index
was less than 1, indicating a synergistic interaction
between TAU and PTX against PtxR/TNBC cells.13
Effect of TAU and PTX on proliferation of
PtxR/TNBC cells
BrdU incorporation assay was used to assess the
effect of TAU and PTX on the proliferation of
PtxR/TNBC cells. The BrdU positive PtxR/MDA-MB231 and PtxR/MDA-MB-468 cells were decreased by
62.44 ± 0.45 and 59.21 ± 0.67%, respectively with

10nM of TAU and 41.52 ± 0.22 and 42.12 ± 0.54%,
respectively, with 20nM PTX and 96.42 ± 0.19 and
95.34 ± 0.79%, respectively, with combination of TAU
and PTX (10:20nM) (Figure 1f). The Trend analysis
(Microsoft Excel, version 2016) of results indicate
that TAU caused a significant (P<0.05) decrease in
the PtxR/TNBC cell proliferation with a combination
of PTX compared to individual treatments (P<0.10)
(Supply Figure 3). The cell cycle drives the
proliferation of cells. The halting of cell cycle
progression inhibits tumor cell proliferation.26 To
determine the suppression of proliferation was caused
by the cell cycle arrest, the effect of TAU and PTX on
cell cycle progression of PtxR/TNBC cells was
evaluated. The results show that the combination of
TAU and PTX (10:20nM) arrested both PtxR/TNBC
cell types at the G2M phase of the cell cycle (Figs. 2a
and b).

Figure 1. Paclitaxel resistant MDA-MB-231 and
MDA-MB-468 cells (5×103/well) were treated with
TAU (a) or PTX (b) at 10-50nM concentration for 48h
and cytotoxicity was determined by MTT assay.
Viability was expressed in percent control, mean ± SD
(n=3) and *P<0.05. (c) Effect of combination of TAU
and PTX on the viability of PtxR/MDA-MB-231 and
PtxR/MDA-MB-468 cells at 5:10, 10:20, 15:30 and
20:40nM combination in 48h. The results were
expressed as percent control from three independent
experiments, as mean±SD (n=3) and statistical significance was set at P<0.05. Combinational index values of
TAU and PTX on PtxR/ MDA-MB-231 (d) and
PtxR/MDA-MB-468 (e) were calculated by the method
of Chou–Talalay using CompuSyn software. (f) Effect
of TAU, PTX and combination of TAU and PTX on the
proliferation of PtxR/MDA-MB-231 and PtxR/MDAMB-468 cell lines. Cells (5×103/well) were treated with
TAU (10nM), PTX (20nM) and combination of TAU
and PTX (10:20nM) for 48h. Cell proliferation was
determined by BrdU incorporation assay and results
were represented as BrdU positive cells in % control.
Results from three independent experiments were
shown as mean ± SD (n=3) and statistical significance
was set at P<0.05.

Effect of TAU and PTX on the integrity of
PtxR/TNBC cell lines
To investigate whether the inhibition of cell
proliferation was due to cell death, morphological
changes in PtxR/TNBC cells were assessed after 48 h
of treatment with TAU and PTX. The results showed
that the combination treatment of TAU and PTX
altered the morphology of both PtxR/MDA-MB-231
(Figure 2c) and PtxR/MDA-MB-468 cells (Figure 2d).
The impact of TAU and PTX on the integrity of
PtxR/TNBC cells was determined by the differential
Marni et al. Arch Breast Cancer 2022; Vol. 9, No. 1: 50-65

staining method using AO/EtBr. AO stains both viable
and non-viable cells, while EtBr stains only non-viable
cells. Accordingly, the nuclei of untreated PtxR/TNBC
cells were only stained with AO and exhibited green
fluorescence. However, the nuclei of TAU and PTX
treated cells exhibited orange fluorescence by staining
with both AO and EtBr. This shows the loss of integrity
of both PtxR/TNBC cells (Figures 2e and f) with a
combination of TAU and PTX. The cell damage index
was calculated from the score of non-viable and viable
55
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PtxR/MDA-MB-231 and PtxR/MDA-MB-468 cells as
61.01 ± 0.08 and 59.45 ± 0.89%, respectively.

Figure 2. Effect of TAU and PTX on the integrity of PtxR/TNBC cells. Cell cycle distribution of PtxR/MDA-MB-231 (a) and
PtxR/MDA-MB-468 cells (b). PtxR/MDA-MB-231 and PtxR/MDA-MB-468 cells were treated with TAU (10nM), PTX (20nM),
and their combination (10:20nM) for 48h. Propidium iodide-stained cells (1.0x105) were analyzed for DNA content using flow
cytometry. The data represent one of three independent experiments. Values are mean ± SD of three different experiments. Effect
of TAU and PTX on the morphology of PtxR/MDA-MB-231 (c) and PtxR/MDA-MB-468 (d). After 48h of treatment, cell
morphology was captured under a phase-contrast microscope at 40X resolution. PtxR/MDA-MB-231 (e) and PtxR/MDA-MB468 (f) cells were treated with TAU (10nM), PTX (20nM) and combination of TAU and PTX (10:20nM) for 48h. Cells were
stained with AO and EtBr and images were captured under the fluorescent microscope at 20x magnification. Green fluorescence
indicates live cells and orange-red fluorescence indicates dead cells. The data shown are from a representative experiment.
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Supplementary Figure 3. Trend analysis of PtxR/TNBC
cell proliferation with TAU (10nM) , PTX (10nM) and
combination of TAU and PTX (10:20nM).

Effects of TAU and PTX apoptosis in PtxR/TNBC
cells
Apoptosis is an important mechanism that
contributes to reduced tumor growth. TUNEL assay is
used to evaluate TAU and PTX induced cell death. The
3' OH nicks of DNA labeled with TUNEL exhibited
green fluorescence. The findings indicate that the
PtxR/TNBC cells exhibited a significant number of
TUNEL-positive cells with a combination of TAU and
PTX (10:20nM) (Figures 3 a and b). The percentage of
TUNEL positive untreated, TAU, PTX and TAU+PTX
treated PtxR/MDA-MB-231 cells was 7.83 ± 0.73,
54.62 ± 0.29, 52.16 ± 0.62% and 72.22 ± 0.83%,
respectively. However, the percentage of untreated,
TAU, PTX and TAU+PTX treated TUNEL positive
PtxR/MDA-MB-468 cells was 9.14 ± 0.14, 39.84 ±
0.47, 39.14 ± 0.29% and 70.24 ± 0.16%, respectively
(Figure 3c).
To understand the TAU and PTX induced apoptotic
mechanism, the expression of the apoptotic related
genes, BAX and Bcl-2, was examined by RT-PCR
(Figures 3d and e). The results show that the expression
of BAX was moderately increased with separate
treatments of TAU and PTX but significantly increased
with the combination of TAU and PTX in both
PtxR/MDA-MB-231 and PtxR/MDA-MB-468 cells.
However, the expression of Bcl-2 was slightly
decreased with TAU, but moderately with PTX and
significantly with a combination of TAU and PTX. The
comparative expression of BAX in PtxR/MDA-MB231 was 1.27, 1.29, and 1.45-folds, respectively, and
MDA-MB-468 cells were 1.42, 1.53, 1.93-folds with
TAU, PTX, and combination of PTX and TAU,
respectively, whereas controls were 0.35- and 0.81folds, respectively. However, Bcl2 expression was
0.78-, 0.76- and 0.57-folds in PtxR/MDA-MB-231
cells and 0.76-, 0.75-, 0.62-folds in PtxR/MDA-MB468 cells with TAU, PTX, and combination of PTX
and TAU, respectively, while untreated controls were
1.31- and 1.13-folds, respectively (Figure 3f).
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The expression pattern of Bcl-2, as well as BAX
proteins, was analyzed by immunoblotting (Figures 3g
& h). The results showed that the expression of BAX
protein was heightened in both PtxR/MDA-MB-231
and PtxR/MDA-B 468 cells with TAU, PTX, and more
significantly with a combination of TAU and PTX
compared to untreated controls. However, the
expression of Bcl-2 was decreased with all three
treatments compared to untreated controls. The
expression of BAX was enhanced by 1.41, 1.51- and
1.6- folds in PtxR/MDA-MB-231, whereas 1.50-, 1.57and 1.69- folds in PtxR/MDA-MB-468 with TAU,
PTX, and combination of TAU and PTX, respectively,
compared to controls (P*<0.05). However, the
expression of Bcl-2 protein was diminished by 1.3-,
1.21- and 0.9-folds in PtxR/MDA-MB-231 and 1.7-,
1.1- and 1.1-folds in PtxR/MDA-MB-468 cell with
TAU, PTX, and combination of TAU and PTX,
respectively, in comparison to the control (Figure 3i).
The TAU and PTX induced apoptosis in PtxR/TNBC
cells was confirmed by determining the active capsase3
levels using the ELISA method. The results showed
that functional caspase levels were increased to
40±2.34, 61±3.11, and 80±4.22 with TAU, PTX, and
combination of TAU and PTX in PtxR/MDA-MB-231
cells, whereas the levels 42±2.73, 63±3.28, and
82±4.36 with TAU, PTX and combination of TAU and
PTX in PtxR/MDA-MB-468 cells (Figure 3j).
Effects of TAU and PTX drug resistance mechanism
of PtxR/TNBC cells
ELISA was used to determine the effect of the
combination of TAU and PTX on ABC transporters,
MRP1, p-glycoprotein (MDR1), BCRP, and MRP8
levels, since these proteins have been reported to be
involved in the development of drug resistance in
breast cancer.27,28 The results display that the expression level of MRP1 was 0.11 and 0.12ng/mL of lysate
from TAU+PTX treated PtxR/MDA-MB-231 and
PtxR/MDA-MB-468 cells, respectively, while untreated PtxR/MDA-MB-231 and PtxR/MDA-MB-468
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cells showed 0.38 and 0.36ng/mL of cell lysate,
respectively (Figure 4a). In addition, the levels of
BCRP were 0.28 and 0.31ng/mL in lysate from
untreated PtxR/MDA-MB-231 and PtxR/MDA-MB468 cells, while 0.09 and 0.07ng/mL in TAU+PTX
treated cells (Figure 4b). Further, the expression levels
of MRP8 were 0.42 and 0.41ng/mL lysate from
untreated PtxR/MDA-MB-231 and PtxR/MDA-MB468 cells, respectively, whereas 0.13 and 0.11ng/mL
lysate from TAU+PTX treated PtxR/MDA-MB-231
and PtxR/MDA-MB-468 cells (Figure 4c). The levels
of MDR1 were 0.39 and 0.36ng/mL of lysate from
untreated PtxR/MDA-MB-231 and PtxR/MDA-MB468 cells, respectively, whereas 0.04 and 0.06ng/mL of

lysate from TAU+PTX treated PtxR/MDA-MB-231
and PtxR/MDA-MB-468 cells (Figure 4d).
As TAU targets CD151 in TNBC cells,11 and drugresistant proteins in PTX resistant TNBC cells, the
possible role of CD151 in drug resistance was further
explored. For this study, CD151 was overexpressed in
PTX resistant TNBC cell types, and the expression of
ABC transporters was determined by western blot
analysis. The results showed that the expression of
ABC transporters MRP1, MDR1, and BCRP levels
were significantly reduced with a combination of TAU
and PTX treatment in CD151 overexpressing
PtxR/MDA-MB-231 and PtxR/MDA-MB-468 cells
(Figures 4e and f).

Figure 3. Effect of TAU and PTX on the induction of apoptosis in PtxR/TNBC cell lines. PtxR/MDA-MB-231 (a) and
PtxR/MDA-MB-468 (b) were treated with TAU (10nM), PTX (20nM) and combination of TAU and PTX (10:20nM) for 48h.
Cells were stained with TUNEL reagent. The data shown are from a representative experiment. c) Quantification of apoptotic
cells expressed as the percentage of TUNEL positive cells compared to DAPI stained cells. mRNA expression of BAX and Bcl2 compared with GAPDH on MDA-MB-231(d) and MDA-MB-468 cells (e). Quantification of BAX, and Bcl-2 mRNA levels
by Reverse Transcriptase-PCR (f). The values were represented using Image J analysis. Relative Expression of BAX and Bcl-2
proteins in TAU and PTX treated MDA-MB-231 (g) and MDA-MB-468 cells (h) by performing western blotting. Relative folds
changes in the expression of apoptotic proteins in comparison with GAPDH. The results were interpreted in terms of fold change
using image J analysis (i). Caspase-3 activity in MDA-MB231 and MDA-MB468 cell lines (j) were treated and measured by
ELISA. Bars represent the mean ± SD (n=3), P≤0.05.
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Figure 4. Effect of TAU and PTX on expression levels of ABC transport proteins. Effect of TAU and PTX on the expression of
MRP 1 (a) BCRP (b) MRP-8 (c) and P-glycoprotein or MDR1 (d) The PtxR/MDA-MB-231 and PtxR/MDA-MB-468 cells were
treated with a combination of TAU and PTX at 10:20nM. After 48 h treatment, the levels of MRP-1, MDR1, BCRP, and MRP8 were determined by specific ELISA method. The cumulative data of each assay was from three independent experiments as
shown as mean ± SD (n=3), P≤*0.05. Effect of TAU and PTX on the expression of MRP-1, BCRP and p-glycoprotein in CD151
overexpressed PtxR/MDA-MB-231 and PtxR/MDA-MB-468 cells (e) CD151 overexpressed cells were treated with a
combination of TAU (10nM) and PTX (20nM) for 48h. The expression of MRP-1, BCRP and MDR1 were determined by
western blotting. The cumulative data of each assay was from three independent experiments.

Studies have reported that breast tumors treated
with chemotherapy are enriched with breast cancer
stem cells (BCSCs), which are responsible for drug
resistance and tumor relapse. If so, then targeting the
BCSCs could be a promising strategy for reducing
breast cancer growth. In view of this, stem cells were
isolated from PtxR/MDA-MB-231 and PtxR/MDAMB-468 cell clones and treated with the combination
of PTX and TAU. The results showed that cells from
the mammospheres expressed high levels of CD44 and
low levels of CD24 [Data not shown]. One of the most
characteristic features, mammosphere formation, was
assayed after 24h of treatment. The results showed that
Marni et al. Arch Breast Cancer 2022; Vol. 9, No. 1: 50-65

the size, as well as the number of the mamospheres,
was significantly reduced in PtxR/MDA-MB-231 and
PtxR/MDA-MB-468 cells with combination treatment
compared to untreated controls (Figure 5a). The
mammosphere formation efficiency was reduced to
36% in PtxR/MDA-MB-231 with the combination of
TAU and PTX (10:20nM) compared to untreated
control (100%), whereas 42% in PtxR/MDA-MB-468
compared to control (100%) (Figure 5b). These results
indicated that a combination of TAU and PTX
sensitized stem cell character of drug-resistant TNBC
cells.
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Figure 5. Effect of TAU and PTX on stemness of drug
resistant TNBC cells. Effect of TAU and PTX on
mammosphere formation (a) mammosphere formation
efficiency (b). After treatment with combination of TAU
and PTX (20:40nM), PtxR/MDA-MB-231 and
PtxR/MDA-MB-468 cells were supplemented with
tumorsphere-XF medium and incubated in a humidified
chamber at 37˚C with 5% CO2 for seven days. Untreated
cells were served as control. After incubation, the image of
tumorospheres was captured under phase-contrast
microscopy at 40X magnification and number of
mammospheres was counted. The mammosphere
formation efficiency was calculated using the formula:
Mammosphere formation efficiency (%)=No. of
mammospheres per well/No. of cells seeded per well×100.

DISCUSSION
Studies have reported that anthracyclines,
alkylating agents, taxanes, and platinum agents show
significant treatment benefits to TNBC patients.29,30
Studies have reported that chemotherapy using PTX
improve the outcome of TNBC but brought limited
clinical benefits due to the development of resistance.31,32 Studies have also reported that PTX induces
apoptosis by binding in the Bcl-2 loop domain.33 PTX
with various combinations has been evaluated in
patients with TNBC.33-39 Co-delivery of PTX and
cisplatin using hydrogel showed synergistic effect on
MDA-MB-231 cells by inducing apoptosis.40
A recent clinical trial has reported on the use of
PTX with the combination of targeted agents,41 which
disrupt microtubules,42 induce DNA damage,43 inhibit
cell cycle,44 induce apoptosis,45 and reduce angiogenesis.46 Earlier studies have demonstrated that antiangiogenic agents, tyrosine kinase inhibitors, and
EGFR inhibitors, along with chemotherapy, show
moderate gains and have a similar effect on the survival
of TNBC patients.47
McDermott et al. (2014) have described that a 2- to
12-fold increase in drug resistance is clinically relevant
acquired drug resistance.48 Generally, clinically-related
60

drug-resistant cell lines can be developed by growing
continuously in the presence of the drug. In the present
study, MDA-MB-231 and MDA-MB-468 cell lines
with 12-fold resistance to PTX were developed by
interm-ittent and alternative exposure to PTX. Hence,
the developed PtxR/TNBC cell lines are clinically
relevant models for drug discovery studies. The PTX
resistant TNBC cells exhibited a higher population
doubling time (PDT) compared to normal TNBC cells.
Generally, increased cell proliferation and reduced
apoptosis are associated with drug resistance. Hence,
we exploited these cellular functions to study the
impact of TAU and PTX on PtxR/TNBC cells. For
optimization of dose schedule, the experiments of
screening for the optimal combination ratio of TAU
and PTX were carried out by MTT and CI assays. This
study observed significant cytotoxicity against
PtxR/TNBC cell lines with a combination of TAU and
PTX compared to individual agents. Analysis of
interaction between TAU and PTX using CompuSyn
software revealed that a combination of TAU and PTX
have significant cytotoxicity against PtxR/TNBC cell
lines at 10:20nM concentration, which is 50% less than
individual treatment concentrations. Further, the
Marni et al. Arch Breast Cancer 2022; Vol. 9, No. 1: 50-65
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combination index (CI)≤1, indicated the synergetic
effect of TAU and PTX on PtxR/TNBC cells in line
with earlier studies.16,49
Cell proliferation and cell cycle are critically related
to the viability of cells.50 Therefore, it is reasonably
important to evaluate the effect of TAU and PTX on
the proliferation and cell cycle of PtxR/TNBC cells. In
the present study, we found that the combination of
TAU and PTX induced morphological changes and
loss of cell integrity, reducing the proliferation and
inhibited cell cycle progression of PtxR/TNBC cells at
the G2M phase. This inhibition may be mediated by
loss of cell integrity, the hallmark of apoptosis.51
The Bcl-2 family proteins are key regulators of
apoptosis, including Bcl-2 and BAX.52 Interestingly,
Bcl-2 is found to be overexpressed while BAX is
downregulated in TNBC cells.53 It has also been
reported that Bcl-2 promotes PTX resistance by
enhancing the phosphorylation of Bcl2.54 However, the
upregulation of BAX sensitizes cancer cells to PTX by
enhancing programmed cell death.55 The combination
of TAU and PTX enhanced the expression of BAX
with simultaneous downregulation of Bcl2 in
PtxR/TNBC cell lines. The ratio of Bcl-2 to Bax is the
best-characterized regulator of apoptosis and
contributes to caspase-3 mediated apoptosis.21 In line
with this, the present study observed an increase in
BAX to Bcl-2 ratio and activity of caspase-3 with a
combination of TAU and PTX in PtxR/TNBC cell
lines. The combination of TAU and PTX significantly
reduced the expression of ABC transporters, MRP-1
and MDR1 but moderately BCRP in PtxR/TNBC. The
expression of MRP1 and MDR1 was also decreased in
CD151 overexpressed PtxR/TNBC cells, indicating
that CD151 mediated PTX drug resistance.
CD151, a member of the tetraspanin family, plays a
key role in the organization of signaling platform,
tetraspanin enriched microdomains (TEM).56 CD151 is
associated with various partners in TEM and has a
scaffolding role in cell survival, proliferation,
adhesion, migration, and angiogenesis.57 Targeted
therapeutics against CD151 showed promising results
in xenografts of solid tumors.58 Blocking of LEL using
specific monoclonal antibodies, recombinant EC2
domains, small molecule inhibitors, or silencing using
siRNA inhibited the functions or disrupted the
interaction of CD151 with its partners.59, 60 CD151
contributes to drug resistance in glioma initiating
cells.61 Recently, Soonyean et al., (2019) have reported
that CD151 supports drug resistance in MDA-MB-231
TNBC cells.62
From these studies, it is reasonable to conclude that
the addition of two drugs of different mechanisms of
action could dramatically augment cytotoxicity in
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TNBC cells. Further, the anticancer activity of TAU
and PTX is probably complementary, which may
contribute to a synergistic effect. Interestingly, PtxR/
MDA-MB-231 and PtxR/MDA-MB-468 cell lines
showed uniform response towards TAU and PTX,
which may be due to the presence of common genes
with a similar expression trend.63 Breast tumors treated
with PTX are enriched with cancer stem cells.64 The
present study observed that stem cells from PTX
resistant TNBCs were sensitized by the combination
treatment with PTX and TAU. An earlier study
reported that PTX is ineffective in targeting BC stem
cells, but a combination with other therapeutics sensitized the cells and reduced the number of mammospheres.65 As far as we are aware, this is the first
report to demonstrate the role of TAU in the
sensitization of PTX resistance in TNBC cells.
CONCLUSION
In the current study, a traditionally and widely
used anticancer drug, PTX, was selected as a model
drug to develop resistance in MDA-MB-231, MDAMB-468 cells. TAU, an inhibitor of CD151, showed
significantly higher cytotoxicity in 12-fold PTX
resistant TNBC cells with a 50% lower dose of PTX.
This combination inhibited the most common drugresistant cellular mechanisms, including cell
proliferation, cell cycle progression of PtxR/TNBC
cells, but induced apoptosis. Mechanistically, TAU
and PTX combination reduced the expression of Bcl2,
simultaneously inducing the BAX and caspase 3
expressions. They reduced the expression of common
ABC transporters, MRP1 and MDR1, in PtxR and
CD151 overexpressed TNBC cell lines. These
findings show that TAU sensitizes 12-fold PTX resistant TNBC cells at lower effective dosages by
inhibiting the expression of CD151. In conclusion, the
present data describes the potential therapeutic value
of CD151 in TAU-mediated sensitization of PTXresistant TNBC cells.
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